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ABSTRACT 

The recovery of fuel oil and gas from waste has sparked global interest in energy 

security and environmental problems. It has encouraged researchers to investigate 

affordable alternative fuels, such as alcohol and biodiesel, that have qualities 

similar to standard petroleum-based fuels, particularly for use in internal 

combustion engines. The abundant availability of municipal mixed plastic waste 

(MMPW), containing high calorific value hydrocarbons, makes them ideal 

sources of alternative fuels. MMPW consists of low-density polyethylene (LDPE), 

Polyethylene (PE), High-density polyethylene (HDPE), Polystyrene (PS), 

Polyethylene terephthalate (PET), polyvinyl chloride (PVC) and Polypropylene 

(PP) along with filler and binders. Plastic waste is primarily generated from 

different sectors, including agriculture, construction, industry, food packaging, 

and household consumption. Once these plastic products fulfill their intended 

purposes, they are typically discarded, collected by the municipality, and dumped 

into municipal garbage houses. However, this indiscriminate disposal poses a 

significant environmental and public health threat. Therefore, recycling MMPW 

is necessary to reduce the quantity of plastic waste. There are various 

thermochemical recycling roots, such as incineration, combustion, gasification, 

hydrolysis, pyrolysis, etc., for fuel generation. However, pyrolysis is the most 

pertinent technology that involves heating MMPW at elevated temperatures in an 

inert atmosphere to produce solid, gas, and liquid fuel.  

The current study investigated both conventional and advanced (catalytic) 

pyrolysis processes. Two types of catalysts, namely commercial FCC catalyst and 

fuller earth, were employed, significantly influencing the yield of plasto oil (PO), 

char, and gas formation. Initially, conventional pyrolysis of the MMPW was 

conducted at 400 °C, 450 °C, 500 °C, 550 °C and 600 °C temperatures with 10 

°C/min heating rate for 3 hours of residence time. It resulted in plastic oil yield of 

43.2 wt.%, 47.7 wt.%, 52.1 wt.%, 53.9 wt.%, and 48.3 wt.%, respectively and 

observed that on increasing the temperature, the gaseous yield also increased, 

while concurrently decreasing the yield of PO. Catalytic thermal degradation of 
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the MMPW was carried out with different proportions of fuller earth and 

Commercial FCC catalyst (2 wt.%, 4 wt.%, 6 wt.%, 8 wt.%, 10 wt.% of 

feedstock) at 500 °C temperature at 10 °C/min heating rate for 3 hr. residence 

time. The highest yield of PO was achieved with 8 wt.% of Fuller Earth, resulting 

in yields of 78.9 wt.% and 76.2 wt.% for Fuller Earth and Commercial FCC 

catalyst, respectively. Further investigations were carried out on a higher yield of 

PO obtained by 8 wt.% fuller earth as a catalyst. The fractional distillation of the 

obtained PO was carried out at temperature ranges 20 to 180 °C and 180 to 340 

°C and yielded 340 gm/kg plasto oil light (POL) in gasoline range and 580 gm/kg 

plasto oil heavy (POH) in diesel range respectively. Additionally, 70 gm/kg of tar 

or residue was obtained as the remaining byproduct. The physicochemical 

characteristics of the POH were assessed using ASTM methods. A single-cylinder 

4-stroke compression ignition (CI) engine was tested with PO and diesel blends 

such as PO25D75, PO50D50, PO75D25, and neat plasto oil. PO fueled in CI 

engine produced lower brake thermal efficiency (BTE) by 6.90% than diesel at 

higher engine load. This is caused by higher viscosity and longer hydrocarbon 

chains (C10–C30), leading to inadequate fuel atomization and ineffective 

combustion in the cylinder. However, increasing the PO in the diesel blend 

increased the Hydrocarbon (HC), carbon monoxide (CO), and oxide of nitrogen 

(NOx). However, carbon dioxide (CO2) was decreased by 5.60, 10.87%, 19.06%, 

and 21.81% for PO25D75, PO50D50, PO75D25, and PO100, respectively, at 

higher engine load. It has been observed that PO produced from the MMPW 

pyrolysis has higher density and viscosity, which may cause higher emissions and 

poor combustibility. Therefore, fractional distillation of PO was carried out at 20-

180 oC and 180-340 oC temperatures to obtain the plasto oil light (POL) and 

plasto oil heavy (POH), respectively. The heavier plasto oil was utilized in the 

modified CI engine. The conventional direct injection (DI) compression ignition 

engine was modified to a partially premixed charge compression ignition (PCCI) 

engine by incorporating the fuel vaporizer. The experimental study was conducted 

in PCCI engine mode with 2 and 3 ml/min induction of POH vapor through the 
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intake manifold with direct injection of diesel, POH10D90, and POH20D80. In 

PCCI mode, employing 2 and 3 ml/min of POH vapor induction with diesel (DI) 

resulted in a lower BTE by 2.96% and 4.64%, respectively, than conventional CI 

engine fueled with diesel at full engine load. In PCCI engine mode, direct 

injection of POH10D90 with 2 and 3 ml/min POH vapour induction decreased the 

BTE by 3.42% and 6.33%, respectively, compared to the POH10D90 fueled in a 

conventional CI engine. However, direct injection of POH20D80 with 2 and 3 

ml/min POH vapour induction decreased the BTE by 4.63% and 7.20%, 

respectively. The NOx emission was reduced by 16.78% and 25.65% for 2 ml and 

3 ml POH vapor induction with diesel (DI), compared to the conventional CI 

engine fueled with diesel at maximum engine load. However, the smoke opacity 

was diminished by 16.98% and 22.64% for the same conditions. Similarly, the 

direct injection of POH20D80 with 3 ml of POH vapour induction decreased the 

NOx by 19.86% compared to the conventional CI engine fueled with POH20D80 

at a higher engine load. However, combining 10% EGR reduced the NOx 

emission and inversely increased the smoke opacity without much affecting the 

BTE in PCCI engine mode. 
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CHAPTER 1: INTRODUCTION 

1.1 Necessity of developing sustainable alternative fuel  

Transportation has become an essential energy-consuming sector, accounting for 

30% of global energy consumption (Energy Institute, 2022). Despite the 

introduction of a fleet of new E-vehicles, 90% of transportation is currently 

powered by oil to sustain the staggering 1.4 billion automobiles, 100,000 ships, 

and 29,000 aircraft currently in use (The Drive, 2023). A statistical report 

revealed that global proven oil in 2023 was 1.6 trillion barrels and consumption 

was 0.03 trillion barrels per annum, suggesting that it may last barely for 50 more 

years (Statistical Review of World Energy, 2022). On the other hand, the total 

CO2 emission from fossil fuels' energy use reached 39 giga tons. Thus, the twin 

sustainability issues of the long-term availability of petroleum and global 

warming caused by CO2 emission from its use have created energy security and 

environmental concerns. The increasing population and transportation needs, 

particularly in the aviation and shipping sectors, which are not expected to be 

electrified soon due to technological constraints, will increase oil consumption 

further. Fossil fuel resources, also suffer from supply interruptions and price 

volatility often due to geopolitical conflicts. Petroleum is non-renewable as it 

takes millions of years to form from plant and animal remnants by the action of 

high pressure and heat that prevails at the earth's subsurface compared to its 

consumption rate (Okolie et al., 2020; Dey et al., 2021). Therefore, a sustainable 

alternative fuel is required to reduce the dependency on petroleum-derived 

transportation fuel. Biomass-derived fuels such as bioethanol, biodiesel, and 

biogas are the important solution to the stated problem as they are renewable and 

carbon neutral from a life cycle viewpoint and easily adopted by the automobile 

sector. 
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However, biomass suffers from low energy density, higher oxygen content, 

feedstock availability, and supply chain constraints, appropriate pretreatment 

methods, and operational issues involving biomass conversion to biofuels. 

On the other hand, the production of synthetic plastics, fiber, and rubber is 

increasing, most of which is produced from petroleum. Plastics have become an 

integral part of society due to their wide use in everyday life owing to their 

lightweight, moldability, pliability, durability, versatility, and economic viability.  

Hence, plastic utilization increased from 6,800 kilotons per annum in 2010 to 

20898 kilotons per annum in 2021, as a result per capita plastic consumption 

increased from 5.5 kg in 2010  to 15 kg in 2021 in India (Figure 1.1). However, 

plastics produced in 2022 reached 430 million metric tons due to its increased 

packaging application. 

 

Figure 1.1: Plastic consumption and per capita plastic consumption in India 

(India - Net Plastic Consumption 2021 | Statista, 2024; India - per Capita Plastic 

Consumption in India | Statista, 2024) 

There are various sectors, such as packaging, automotive, electrical and 

electronics, agriculture, building and construction, and household, where plastics 

are used. Figure 1.2 shows the plastic consumption by the different sectors in 
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India shows that approximately 59% of plastics are consumed by the packaging 

industry. The average service life required for packaging is hardly minutes to 

days, whereas the average lifetime of plastics that make up the packaging varies 

from a minimum of 20 years to several hundred years, resulting in waste.  It is 

evident from the fact that global plastic waste was 6.3 billion metric tons in 2015, 

and is expected to reach 12 billion metric tons by 2050. 

 

Figure 1.2: Plastic consumption by different sectors in India by 2018 (India: 

Plastic Consumption Share by Sector | Statista, 2024) 

Plastics discarded into wastes include single-use plastic products, end-of-life 

products, manufacturing waste, packaging waste, and improperly disposed items. 

These are typically collected by local authorities and disposed of alongside other 

solid waste, known as municipal solid waste (MSW). Within MSW, there exists a 

category termed municipal mixed plastic waste (MMPW), which encompasses 

plastic waste originating from households, offices, and institutions within a 

municipality or city (Figure 1.3). 
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Figure 1.3: Municipal solid waste (Nitter Kathrine, 2022) 

Municipal mixed plastic waste can be challenging to manage because of its 

heterogeneity and non-plastic contaminants such as food residues, paper, glass, 

and metals, as shown in  Figure 1.4.  

 

Figure 1.4: Composition of municipal solid waste (Srivastava et al., 2020) 

Figure 1.5 illustrates the categorization of plastics present in the 10.54% of plastic 

waste found within MSW, mainly HDPE (57.4%) and LDPE (17.4%), owing to 

their wide usage in the packaging industry. Different types of plastic waste pose 
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various challenges due to their composition, recycling feasibility, and 

environmental impact. Plastic waste contaminates ecosystems, including seas, 

rivers, and land. Plastic waste presents a significant threat to marine life as 

animals often confuse it with food, leading to ingestion and entanglement. 

Moreover, the prolonged decomposition process of plastic, spanning hundreds of 

years, not only occupies land space but also damages the environment and poses 

risks to wildlife and human health. Tackling these issues requires a 

comprehensive strategy encompassing regulations to segregate plastic waste from 

the rest of MSW at source,  restriction on its disposal by landfill, plastic waste 

utilization,  investment in recycling infrastructure, development of sustainable 

materials, and public awareness initiatives promoting responsible waste 

management practices. 

 

Figure 1.5: Classification of various types of plastic waste (Areeprasert et al., 

2017) 

Hence, there has been a heightened emphasis on developing suitable techniques 

for utilizing waste plastic and preventing its harmful effects on the environment. 

Therefore, several thermochemical technologies such as incineration (Franke et 

al., 1999; Murakami et al., 2009; Dong et al., 2018), gasification (Lee et al., 2014; 
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Lopez et al., 2015; Bai et al., 2019), plasma gasification (Q.Zhang et al., 2012; 

Sanlisoy et al., 2017; Munir et al., 2019), pyrolysis (Davi et al., 2019; Kofi et al., 

2019; Won et al., 2020) and hydrogenation (Aznar et al., 2006) have been 

developed to utilize the MMPW for the energy recovery. Among them, pyrolysis 

was reportedly the most viable and promising technology (Ali et al., 2022).  

1.2 Significance of Pyrolysis of MMPW 

Pyrolysis of MMPW is the heating of plastic waste at 350-800 oC in an inert 

atmosphere leading to its thermal decomposition into plasto oil (PO), gases, and 

solid (residue char) (Fernandez et al., 2022; Walendziewski et al., 2002). Among 

the products, plasto oil is a potential transportation fuel and thus substantially 

reduces the reliance on finite conventional fossil fuel resources. Pyrolysis of 

MMPW facilitates waste material reuse, recycling, and recovery, thereby closing 

the loop and paving the way for a circular economy (Yang et al., 2022). Thus it 

provides a strategy for adequately managing this waste stream into energy and 

mitigating the greenhouse gas emissions. Further, it provides a pivotal solution to 

address the aforementioned environmental challenges involving MMPW disposal 

by diverting the MMPW from ending up in landfills, as litter in land and marine 

environments. Thus, the pyrolysis of MMPW is a single-point solution to multiple 

challenges such as MMPW management, environmental impact, energy security, 

and circular economy. 

Researchers have introduced the premise hypotheses and innovation for 

converting MMPW into plasto oil. Many small-scale pyrolysis plants have been 

developed in different countries and copious studies were conducted on the 

pyrolysis of unmixed and MPW collected from various sources (Kaminsky et al., 

1996; S.M. Al-Salem et al., 2019; Bhoi & Rahman et al., 2022; Lubongo et al., 

2022; Y. Wu et al., 2022). Introducing the catalyst into the pyrolysis process 

diminishes the required temperature, and residence time and increases the yield of 

plasto oil making it more energy and material-efficient. 
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1.3 Significance of catalyst in pyrolysis of MMPW 

Catalytic pyrolysis also known as the catalytic thermal degradation process, 

involves the use of a catalyst to enhance the rate of reaction and increase the 

plasto oil yield at lower temperatures and reaction time. Catalysts are often 

employed to improve the conversion and product selectivity by lowering the 

process's activation energy. Thus catalytic pyrolysis increases the yield of C2-C4 

olefins having high demand since they are the feedstock for the manufacture of 

plastics themselves (Elordi et al., 2009). This will again reduce the consumption 

of fresh petroleum as its distillate naphtha is the feedstock for the production of 

C2-C4 olefins. Besides the quality of plasto oil obtained by catalytic pyrolysis of 

MMPW is high and comparable to conventional petroleum-derived fuels 

including gasoline and diesel.  

1.4 Compression ignition (CI) engine and emissions  

A CI engine is a mechanical device used to convert the fuel chemical energy into 

mechanical output. CI engines are widely utilized for electricity and 

transportation due to their high combustion efficiency and cost-effectiveness. 

According to the statistical review of world energy, the transportation sector used 

42.8% of world liquid fuel in 2022. If current trends continue, liquid fuel 

utilization in the transportation industry may reach 72% by 2035 (M. Z. A. Khan 

et al., 2023). The IC engines harm the environment, prompting several countries 

to impose limitations on exhaust pollutants.  CI engines emit harmful emissions 

such as NOx, CO, HC, and smoke opacity. Therefore, higher power output and 

reduction in emissions are the key research aspects for the CI engine. Engines are 

designed to be efficient while meeting emission standards. However, there is a 

trade-off between emissions performance and efficiency. Diesel particulate filters 

(DPF) and selective catalytic reduction (SCR) catalysts are employed to minimize 

NOx, HC, CO, and soot (Guan et al., 2014). However, The primary cause 

continues to be CO2, a greenhouse gas that is responsible for global warming. CI 

engines have an essential role in the Indian transportation industry as original 
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equipment manufacturers (OEMs) aim for high performance and low emissions to 

fulfill Bharat stage-VI pollution requirements starting April 1, 2020. However, 

due to engine performance limitations, clogging of the filter generates 

backpressure; nevertheless, it requires periodic maintenance. 

Several experimental studies have been conducted on the plasto oil application in 

CI engine. Chalita kaewbuddee et al. investigated CI engine fueled with plasto oil, 

resulting in higher NOx, HC, and CO emissions than diesel (Kaewbuddee et al., 

2020). This is caused by the higher density, viscosity, and lower calorific value of 

the plasto oil. Damodharna et al. studied the plasto oil application in CI engine 

and observed that NOx emission increased by 6.39 % more than diesel. This may 

lead to a higher proportion of premixed combustion and a longer ignition delay, 

which raises the temperature of the cylinder and heat release rate (Damodharan et 

al., 2018). 

Moreover, the nitrogen content in the plasto oil may increase the nitrogen oxides 

by the fuel mechanism. However, the Smoke opacity was 21.5% and 57.6 % for 

diesel and plasto oil, respectively. The higher smoke opacity occurs due to 

aromatic compounds, which increases the delay period, which could lead to the 

incomplete combustion of the fuel. Various studies have been conducted on plasto 

oil and have been observed that high viscosity, density, lower calorific value, and 

higher aromatic compounds available in plasto oil increase the exhaust pollutants. 

Higher emissions from plasto oil are necessary to be controlled. This may be 

achieved by modifying the engine technology. It seems more viable if newer 

advanced engine technology can be made to be retrofitted to existing and future 

engines. Studies show that vehicle exhaust regulations have constantly challenged 

engine design. Since internal combustion engine emissions, especially the NOx 

and smoke opacity from diesel are harmful to human health, it becomes inevitable 

to reduce emissions emitting from the engine. Exhaust gas recirculation (EGR) 

effectively reduces NOx emissions in DI diesel engines by diluting excess O2 in 

the intake air. The heterogeneous mixture of diesel and air represents another 

crucial factor, influencing the atomization and vaporization of injected fuel, 
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pivotal in forming a combustible mixture thus affecting ignition delay, and NOx, 

PM, and HC emissions. 

Homogeneous charge compression ignition (HCCI) is a potential approach to 

improve CI engine performance and emissions. The HCCI combustion technology 

reduces NOx and PM emissions without compromising thermal efficiency. 

However, it has significant drawbacks, including high HC and CO emissions and 

uncontrolled combustion when using high-cetane-rating diesel. A minor 

modification in the existing CI engine modifies the combustion strategy and is 

operated in HCCI mode. However, the combustion chamber is crucial in 

improving the engine characteristics. However, due to the uncontrolled 

combustion, lean mixture formation restricts the HCCI engine at all engine load 

conditions. The HCCI technique is very effective in reducing NOx and smoke 

opacity. However, the uncontrolled combustion phase is the main flaw in HCCI 

mode. This led to the development of a new combustion strategy, i.e. PCCI 

combustion. Modifying in-cylinder parameters provides a more cost-effective and 

practical alternative to HCCI combustion. PCCI combustion is an advanced 

prioritizing premixed combustion over mixing controlled combustion. PCCI 

combustion produces slightly more particulate and NOx emissions than HCCI 

combustion but is substantially lower than conventional CI combustion. PCCI 

engine could be another useful strategy for existing engines. The primary aim of 

this technique is to achieve low emissions without compromising engine thermal 

efficiency as compared to CI engine. This may be done by using a homogenous 

mixture. Two methods for achieving PCCI combustion are internal in-cylinder 

preparation and external mixture preparation. Internal mixture formation may 

occur either by late or early fuel injection throughout a cycle. Kanda et 

alinvestigated the impact of earlier start-of-injection (SoI) timing on diesel PCCI 

engine performance. Optimising SoI timings and retarding inlet valve closure 

(IVC) timings significantly reduced NOx emissions during low-temperature 

combustion (LTC) in the engine cylinder. (Kanda et al., 2005). Jia et al. studied 

the effect of IVC and SoI timing on engine combustion characteristics of PCCI 
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engine fueled with diesel (Jia et al., 2011; Kanda et al., 2005). However, 

advanced start of main injection (SoMI) timings led to a slight reduction in 

indicated specific fuel consumption (ISFC). 

The external mixture formation approach involves attaching a low-pressure fuel 

injection system with an air intake manifold and fumigation (Pandey et al., 2019) 

or by port fuel injection (F.Q. Zhao et al., 1995). Using an external mixture 

formation approach has significantly reduced NOx and smoke in CI engines. 

However, both CO and HC emissions increased in the same way. To overcome 

this constraint, the fuel must be partly injected by the intake manifold and the rest 

via conventional DI, with limited exhaust gas recirculation (EGR). Using a 

limited amount of EGR in the PCCI engine addresses two key issues: reducing 

NOx and net heat release rate by charge dilution. 

1.5 Research gaps 

 Virgin and source-segregated household plastic municipal mixed plastic waste 

have been studied extensively for their pyrolysis to plasto oil. A handful of 

researchers have studied the pyrolysis of the MMPW comprised of plastics 

differing in chemical composition and thermal decomposition behavior in the 

presence of different catalysts under different process conditions.  

 Researchers have conducted pyrolysis with different catalysts such as Zeolite, 

clay and bimetallic material, fly ash, sulphated zirconia, zeolite-Y, and ZSM-5 

to improve the PO yield. These catalysts have higher production costs, which 

enhance the cost of liquid fuel production through the pyrolysis process. 

Hence, there is a scope for exploring cost-effective catalysts to enhance the 

yield of PO from the MMPW pyrolysis.  

 Characteristics of crude PO obtained by the pyrolysis of MMPW do not match 

petroleum-derived transportation fuels. Hence, they are unsuitable for direct 

use in the IC engine. Therefore, distillation of the crude plasto oil may improve 

the physicochemical characteristics by separating the lighter and heavier 

fractions in the plasto oil.  
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 A conventional compression ignition engine produces higher NOx and smoke 

emissions, which depend on fuel injection parameters, ignition parameters, 

different inlet conditions of air and fuel, etc. Research needs to be done to 

reduce the emission characteristics of the CI engine by a few modifications. To 

the best of our understanding, no attempt has been made over modification of 

the CI engine to examine the engine characteristics fueled with sustainable 

alternative fuel. 

1.6 Problem statement  

The escalating worry over the depletion of natural resources is evidenced 

globally. Rapid population growth and the intensification of industrial activity 

place significant stress on the planet's finite resources, leading to shortages in 

many areas. This is particularly relevant for critical resources like soil, water, and 

energy (J. Wang et al., 2024). The loss of these essential resources seriously 

threatens the existence of humans and the economy's advancement. The scarcity 

of fossil fuel resources is a significant concern in maintaining energy 

requirements. Achieving sustainability independent of fossil fuels necessitates the 

adoption of an eco-friendly alternative fuel. This fuel must fulfill these criteria, 

including economic viability, abundance, and the ability to regenerate from 

natural sources (Rui et al., 2017; Z. Zhang et al., 2018; Bukkarapu et al., 2018). 

Moreover, using fossil fuels is a significant source of CO2, a greenhouse gas 

contributing to global warming and other environmental issues. Although, for the 

past three decades, plastic production has had a consistent annual growth of 

approximately 3-4% (Bukkarapu et al., 2018). This increase in plastic production 

can be attributed to factors such as its versatility, longevity, and resistance to 

corrosion. These characteristics have motivated various sectors to incorporate 

plastic into their processes. Thus, plastic is used in various sectors to manufacture 

useable products for consumers. The excessive application of plastic in 

households, industries, agriculture, and other sources generates waste plastic 

dumped into nearby municipal dumping yards mixed with municipal solid waste 

(Munir et al., 2019). Besides being non-degradable, waste plastic affects the food 
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cycle of living beings by harming nature. Thus, municipal mixed plastic waste is a 

challenge to society due to the exceeding production and consumption of plastic 

materials by various growing sectors. However, a hydrocarbon long chain in 

MMPW is the better source of alternative fuel production. Therefore, chemical 

recycling of waste plastic may be crucial for MMPW. Pyrolysis is the most 

promising approach for the chemical recycling of the MMPW to produce valuable 

products, especially plasto oil (Onu et al., 1999). Plasto oil overcome the 

dependency on conventional fossil fuels, which are on the verge of ending on 

earth. Although the world population is increasing rapidly, sustainable alternative 

fuel is required to meet the growing population's energy demand. Therefore, 

catalytic thermal degradation of the MMPW may play a vital role in producing a 

higher yield of the plasto oil. The application of the plasto oil in the CI engine is 

not viable caused of poor fuel characteristics. A modified CI engine may 

overcome the difficulty of lower thermal efficiency and higher emissions. 

Therefore, the PCCI engine has been used to improve thermal efficiency, and the 

gas emission recirculation system has been used to reduce NOx emissions. Hence, 

the overall aim was to recycle the MMPW for fuel recovery and its application in 

CI engine for energy recovery. 

1.7 Motivation  

The increasing global population has sparked significant concern. Plastic items, 

utilized across diverse sectors like packaging, construction, and healthcare, are 

indispensable for maintaining human living standards. Hence, a pressing 

requirement for heightened plastic production is needed to meet this growing 

population's demands. Although higher production of plastic would increase the 

rate of plastic waste, it will increase pollution. However, a growing population 

would also affect natural resources. There will be a need for extensive energy to 

meet the energy demand of the growing population. Therefore, increasing 

population and plastic waste will spoil the balance of the environment. Although 

it will be a challenge for the world to transform these severe problems into 

opportunities (Chintala Subramanian et al., 2014). In recent years, various 
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techniques have been utilized to recycle plastic waste through incineration, 

landfilling, gasification, and other processes but these are not sufficient to reduce 

the plastic waste, and somewhere they pollute the atmosphere. Therefore, a viable 

option is needed to utilize plastic waste appropriately to fulfill the emerging 

demand of the population. Extensive utilization of traditional materials and 

depletion of the materials globally have affected the perspective of the various 

sectors, including transport. Thus, all kinds of waste materials should be utilized 

in other valuable applications that have become a necessity. Among these waste 

materials, plastic waste has the potential to be used as an energy source in the 

transportation sector as well as construction industries. Plastic is more durable and 

it takes billions of years to decompose, it inevitably encounters wide applications 

in different aspects of our everyday lives (Aisien et al., 2021). Although our 

dependency has increased, the growing population is depleting conventional fossil 

fuel and this is due to extensive consumption. Plastic waste is generally made of 

hydrocarbon molecules in chains the same as petroleum-based fuel. There are 

various technologies to produce energy from waste like incineration, hydrolysis, 

combustion, and gasification. However, pyrolysis is pivotal in recycling plastic 

waste and providing energy for the transportation sector (Huang et al., 2022). 

The current research work aims at the collection and characterization of MMPW, 

subjecting the same to catalytic pyrolysis using economically viable catalysts to 

get plasto oil, its characterization, and evaluation in  CI engines under varying 

conditions as detailed below.  

1.8 Objective  

1. To enhance the yield of the plasto oil from the thermal decomposition of 

municipal mixed plastic waste by using the catalyst. 

2. To modify the physicochemical properties of the obtained plasto oil through 

fractional distillation. 

3. Performance evaluation of modified fuel derived from municipal mixed plastic 

waste in CI engine modified with fuel vaporizer.  
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CHAPTER 2: LITERATURE REVIEW 

The chapters described the literature review pertaining to municipal mixed plastic 

waste, the pyrolysis process, and the catalytic effect on the end product yield. 

Moreover, reviewing the performance of plasto oil as fuel in the CI engine and 

evaluating the engine characteristics and how the PCCI approach can fill the gap 

of higher CI engine emission, especially NOx and smoke. 

2.1 Municipal mixed plastic waste  

MMPW is obtained from municipal solid waste (MSW). MSW contains various 

wastes including food, paper, glass, metals, and plastics. Despite sorting attempts, 

some plastic waste remains mixed owing to causes such as contamination, poor 

disposal, or the difficulty of sorting specific types of plastics. This mixed plastic 

waste may include a variety of plastics with different properties, colors, and 

compositions. The selection of waste plastic, the mixture of PET, PP, HDPE, PS, 

LDPE, PP, PE and PVC is known as municipal mixed plastic waste. 

2.2 Worldwide scenario of plastic waste 

Plastics are rapidly displacing conventional materials in all segments due to 

advancements in polymer science, processing machinery, and cost-effective 

manufacturing methods. Continuous innovation accounts for the nearly 10% 

average annual increase in plastic production globally since 1950. Figure 2.1 

illustrates the regional share of global plastic production over five years. It has 

been observed that China emerged as the leading producer, contributing 32% to 

the world's plastic production. The rest of the Asian countries collectively account 

for 19% of global production, while North America contributes 17%. 
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Figure 2.1: Global plastic materials production (Madhumitha Jaganmohan, 

2024) 

In 2019, the United States claimed the top spot as the globe's foremost generator 

of plastic waste, churning out more than 73 million metric tons (MMT), while 

China trailed closely behind at nearly 65 MMT. Together, these nations accounted 

for 40% of that year's plastic waste production. Meanwhile, India's contribution 

stood at 18.52 MMT. (Bruna Alves et al., 2023) . In 2015, global plastic waste 

generation soared to 6.3 billion tons. However, 9% of this waste was recycled, 

12% incinerated and 79% ended up in landfills or the natural environment (Ncube 

et al., 2021). Projections indicate that the global volume of plastic waste will 

triple by 2060, surpassing the one billion metric ton mark. This dramatic surge is 

anticipated to be propelled by increasing demographics and economic progress. 

Effective waste management will mitigate the environmental threat due to this 

escalating waste output. Nevertheless, forecasts indicate that landfilling will 

remain globally's primary disposal method by 2060, with recycling accounting for 
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less than 20%. Packaging is poised to significantly contribute to the substantial 

growth of plastic waste generated over the next four decades (Bruna Alves et al., 

2023). Plastic waste generation is the most significant global environmental 

challenge because plastic products have become integral to our daily lives. 

MMPW is produced from various sources, such as residential sources, including 

plastic bottles, containers, bags, wrappers, disposable cutlery, plates, cups, straws, 

packaging materials from groceries, household goods, and personal care products. 

Commercial sources include retail and supermarkets: packaging materials, plastic 

bags, and containers used for product display and transportation contribute to 

plastic waste. Restaurants and food services: Single-use plastic items like food 

containers, cups, lids, and utensils are prevalent in the food service industry. 

Institutional activities include plastic packaging from office supplies, electronics, 

and other workplace materials, contributing to municipal plastic waste. Moreover, 

construction and demolition, public space and events and illegal dumping and 

littering contribute to the MMPW. The generation of MMPW varies substantially 

across the globe and within individual countries, depending on population size, 

level of economic development, consumption patterns, waste management 

infrastructure, and cultural norms.  Efforts to reduce municipal mixed plastic 

waste generation rely on waste reduction, reuse, recycling, and effective waste 

management techniques. Some measures to reduce plastic waste generation in 

communities include education and awareness campaigns, policies promoting the 

adoption of alternatives to single-use plastics, and increasing recycling 

infrastructure. 

2.3 Municipal mixed plastic waste plastic affects the environment and public 

health 

Plastics are valuable in several applications, and their post-use may significantly 

impact the world's parameters if not managed appropriately. Some of these 

consequences could affect the environment. To effectively manage waste plastic, 

it is essential to understand the adverse effects of improper handling. Poor waste 
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management and non-biodegradability may pose environmental risks, including 

clogging drains in metropolitan areas (Gu et al., 2021). Plastic physicochemical 

characteristics contribute to their utility, while their products after usage are 

discarded. Around 10-12% of municipal mixed waste comprises plastic waste, 

which undergoes combustion. The gases discharged into the atmosphere during 

burning contribute to air pollution and greenhouse impacts. The elements 

discharged into the atmosphere include dioxins, polychlorinated biphenyls, furans 

and mercury. Immediate action is required to handle and manage these issues 

effectively, ensuring environmental protection. Plastic products in aquatic 

environments can absorb hydrophobic toxins, reducing their availability to 

wildlife, particularly when these plastics are buried on the seafloor (Abdul–Latif 

et al., 2021). Improper discarding and mistreatment of waste plastic may 

negatively impact animals, public health, and the environment. Pollution is the 

disposal of unneeded or dangerous products into the environment after usage. 

Pollutants are non-used items that harm natural or artificial arrangements. They 

can be categorized as natural (such as plants, volcanic ash, and animal secretions) 

or artificial (including waste and byproducts from food, beverage, pharmaceutical, 

and cosmetics). Pollutants from these activities significantly affect the quality of 

water, marine life, air quality, and land use posing challenges for agriculture.  

Land pollution is caused by anthropogenic activities such as city development, 

using organic fertilizers, and introducing artificial chemicals into the soil, which 

can alter its acidity and alkalinity levels (Zubris et al., 2005). Plastic waste 

contaminates land through chemical degradation during organic decomposition. 

Plastic waste contains plastics, which are easily penetrated and make their way 

into the environment. Plastics in aquatic ecosystems, air, and soil have received 

little attention in environmental contamination studies. Microplastics have been 

found in several products, including sea salt, bottled water, tap water, sugar, and 

honey, raising concerns about their possible influence on human health and the 

environment (Pannetier et al., 2019). The earth's ecosystem, primarily water at 

70%, is dispersed across water reservoirs, rivers and seas. Water pollution arises 
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when detrimental substances, predominantly chemicals and microorganisms, 

infiltrate streams, rivers, seas, and other small water bodies, deteriorating their 

quality and posing toxicity risks to living beings and the environment (Bhateria et 

al., 2016). Due to its chemical composition, the breakdown of plastic waste emits 

various toxic gases that can impact the atmosphere. The release of gases such as 

carbon dioxide can lead to several issues, including climate change, acidic rain,  

global warming, and nosocomial infections. Additionally, it aids in the spreading 

of airborne diseases like COVID-19, which is currently impacting globally 

(Ahmed et al., 2019). Inadequate waste disposal can have varying effects on 

animals, serving as vectors for pathogens and parasites and exposing them to 

chemical toxicity (Vanapalli et al., 2021). Plastic waste interacting with other 

antigen bodies within animals, such as cattle, can significantly affect their 

physiological functions in various ways. Specifically, the digestive systems of 

animals are unable to break down plastics. Anatomically, cattle possess various 

parts, including 3- non-glandular fore-stomach compartments: the rumen, 

reticulum, and omasum. These compartments aid in the digestion of various 

molecules, excluding plastic materials (De Weerdt et al., 2020). Inadequately 

disposal methods of waste plastics pose severe health risks, both directly and 

indirectly (Bilal et al., 2020). Carbon-based plastics include a variety of harmful 

components, including bisphenol-A, polyfluorinated, phthalates compounds, 

antimony trioxide and brominated flame retardants, all of which may harm the 

environment and human health. Chemical pollution or exposure may have both 

immediate and long-term negative consequences. These impacts may include 

reproductive and genital organ abnormalities in both men and women, as well as 

malignant tumors, weakened immunity, congenital disabilities, endocrine 

disorders, ophthalmological disorders, leukemia, and other infectious illnesses. 

Plastic may be a disease vector between persons and animals (Evode et al., 2021). 

Electronics waste plastic products are a massive global environmental and public 

health concern, primarily due to their extensive manufacturing and insufficient 

waste management strategies globally (V. Yadav et al., 2020). 
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2.4 Management of MMPW 

Managing municipal mixed plastic waste involves strategies to promote recycling 

and implement proper waste management practices. Two factors merit attention 

when managing waste plastics. Firstly, if not promptly and thoroughly managed, 

waste plastic can undergo slow decomposition, resulting in the wastage of 

significant energy and resources. Secondly, improper recycling techniques may 

lead to adverse environmental impacts or escalate treatment costs. Methods for 

managing municipal mixed plastic waste encompass landfilling, incineration, 

mechanical recycling, and chemical recycling. 

Landfills are a simple and easy way to dispose of plastic waste, but they are not 

the best option since plastics take a long time to degrade and pose a danger to the 

sustainability of the ecosystem. Due to its low density, plastic waste has a huge 

volume and fills landfills, exacerbating the already dire situation of limited land 

resources (Ware et al., 2017). However, plastic waste is difficult to decompose, 

making it permanent waste after landfilling. This significantly reduces the ability 

of surface water to seep in and groundwater to circulate. Hazardous plastic 

composition seeps into the soil, endangering the ecology and agricultural fields 

(Swift et al., 2015). Moreover, plasticizers and pigments are examples of 

additives in plastics that may lead to secondary contamination, which is contrary 

to sustainable development. In incineration, plastic waste is burned at high 

temperatures to produce energy, usually heat or electricity. At the same time, it 

could offer an efficient means to diminish the quantity of waste transported to 

landfills while generating energy. In the process, the main products of plastic 

waste are CO2 and water. However, polycyclic aromatic hydrocarbon compounds, 

carbon monoxide, and other harmful substances are also produced due to changes 

in plastic composition and incineration conditions. For example, hydrochloric 

acid is produced when polyvinyl chloride breaks down thermally and 

polyacrylonitrile that produces hydrogen cyanide (Huang et al., 2018). 
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Additionally, the waste plastics could include compounds made of heavy metals, 

including lead (Pb), cadmium (Cd) and mercury (Hg). These heavy metal 

compounds are released into the air during the incineration process together with 

the soot, where they remain as incineration residues and continue to contaminate 

the surroundings (Ni et al., 2016). As a result, incineration of waste plastics is not 

the ideal way to dispose of waste plastic since it needs a sophisticated system for 

treating and purifying pollutants. 

Mechanical recycling is essential to sustainable waste management initiatives, 

which process the waste plastic into secondary raw materials or products without 

changing the chemical structure (Ragaert et al., 2017). It provides a realistic and 

scalable method to reduce plastic pollution and promote resource efficiency. 

Plastics with low carbon footprints are ideal for reducing overall environmental 

effects. For instance, the deposit return plan, which collects plastic drink bottles 

selectively, can potentially build an efficient recycling loop. The material may be 

reprocessed back into plastic bottles with minimum quality loss. The process steps 

include sorting, cleaning, shredding, melting, extrusion and manufacturing 

(Briassoulis et al., 2013). The quality of plastic materials tends to deteriorate with 

each recycling cycle because of various factors like contamination, processing-

related deterioration, and additive accumulation. Eventually, plastic could become 

unusable for high-value applications due to quality degradation, which would 

need downcycling or disposal. 

Chemical recycling, often called feedstock advanced recycling, is an alternate 

method of handling plastic waste by decomposing polymers into their component 

chemicals or converting them into energy products such as fuel (Rahimi et al., 

2017). Chemical recycling procedures often begin with depolymerization. This 

may be performed in numerous ways, such as gasification, hydrolysis and 

pyrolysis (Hahladakis et al., 2018). 

Gasification is the process by which plastic waste is transformed into a synthesis 

gas, or syngas, that contains several gases such as CO and H2. The syngas may be 
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processed further to produce chemicals and fuels, or it may be used as a fuel to 

produce heat and electricity (Acomb et al., 2014). 

In hydrolysis, water or acids break the waste plastic into monomers or oligomers. 

The resultant monomers may be refined and utilized to create new polymers and 

materials (Silva et al., 2023). 

Pyrolysis is the thermal degradation process, a continuous chemical reaction 

process in which organic waste polymer is decomposed into combustible gas, oil, 

and solid carbon by heating at elevated temperatures without oxygen (Osman Y. 

Yansaneh et al., 2022). 

These methods involve exposing waste plastic to elevated temperatures in the 

absence of O2, producing PO or synthetic diesel. These options are viable 

alternatives to replace conventional fossil fuels (Nasution et al., 2022). Among all 

the technologies available for treating municipal mixed plastic waste, pyrolysis 

emerges as the most suitable and promising option, capable of generating valuable 

products such as plasto oil, solids, and gases (P. K. Ghodke et al., 2021). Many 

studies have investigated the economic, environmental, and technical aspects of 

pyrolysis as a method of transforming waste plastic into sustainable alternative 

fuels (Onu et al., 1999; Saad et al., 2015; I. Mohan et al., 2023). Kaminsky et al. 

carried out a study on pyrolysis of the MMPW containing 25% polystyrene (PS) 

and 75% polyolefins (PE, PP) with a minimal amount of polyvinyl chloride 

(PVC) at 730 oC. They obtained 48.4 wt% of plasto oil (Kaminsky et al., 1996). 

Demirbas et al. examined the pyrolysis of MMPW and found 46.6 wt% plasto oil, 

35 wt.% gas, and 2.2 wt.% solid char. The PO contained 4 ppm of chlorine (Cl), 

attributed to the presence of residual PVC materials (Demirbas et al, 2004). The 

presence of Cl did not affect the oil quality, as it was below the minimum Cl limit 

typically required in petrochemical processing, which is usually less than 10 ppm. 

However, the remaining Cl was found in the solid char. Researchers deduced that 

to ensure the production of high-quality oil, the Cl content in the feedstock should 

not be more than 1 wt.%. Donaj et al. also investigated the pyrolysis potential of 
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polyolefin-mixed polymers. LDPE comprised 75% of the MPW, HDPE 30%, and 

PP 24%. The experiment was conducted at 650 oC and 730 oC. They revealed that 

plasto oil was 48.4 wt.% and gas was 36.9 wt.% at 650 oC. Nonetheless, heavy 

fractions such as carbon black, heavy oil, and wax made up 52% of the oil 

fraction (Donaj et al., 2012). In comparison, the pyrolysis plasto oil was 44.7 

wt.% and 42.4 wt.% at an operating temperature of 730 oC. This may conclude 

that pyrolysis is the most viable technology to obtain sustainable alternative fuel 

at elevated temperatures. However, increasing the temperature raised the gas's 

product yield.  

2.5 Economic feasibility of MMPW pyrolysis  

The chemical recycling of MMPW into a petrochemical feedstock that can be 

utilized as fuel or as a starting substance for chemicals and polymers.  Pyrolysis is 

the thermal degradation of materials at elevated temperatures without an oxidant.. 

Other chemical recycling included gasification. In the process, waste plastic 

reacted with the gasified agents, i.e. oxygen, air and steam, at higher temperatures 

up to 1300 oC to produce flue gases. Moreover, chemolysis converts the PET into 

the monomers. The return on investment of gasification and chemolysis is lower 

than that of the pyrolysis process. Moreover, landfilling and incineration of waste 

plastic is threatening the environment. However, the pyrolysis process is more 

eco-friendly than other processes. Although, the pyrolysis process has been 

reported for mixed or multi-layered plastic waste. Very few studies have been 

carried out to address the economic feasibility. Riedewald et al. conducted an 

economic analysis for a 40,000-ton/year MPW pyrolysis facility in Belgium. An 

internal rate of return was 20% estimated (i.e., the plant had a positive net present 

value up to a 20% waiver), with revenue of €210/t, even though the price of PO 

was considered in the calculations at a 15-year low (Frank Riedewald et al., 

2021). The study revealed that the economic viability was influenced by factors 

such as the quality and volume of plastic waste, feedstock expenses, capital, and 

operational costs, revenues generated from the PO sale, tipping fees, and the 

feasibility of co-locating the plant. Fivga and Dimitriou et al. investigated the 
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economic viability of converting waste plastic to PO fuel at 1,000, 10,000, and 

100,000 kg/h sizes (Fivga & Dimitriou et al., 2018). The various authors 

conducted techno-economic assessments of waste plastic-to-fuel plants, and their 

findings showed that, in most cases, competition from traditional refineries and 

prices for produced oil and feedstock limit the profitability of waste plastic to PO 

conversion (Fivga & Dimitriou, 2018; Larrain et al., 2020; Qureshi et al., 2020; 

Frank Riedewald et al., 2021). M. Ghodrat et al. analyzed the techno economics 

of waste plastic pyrolysis plants established in Australia. The economic study was 

conducted on 40 tons of waste plastic feed per day. Equipment prices are either 

derived from literature or computed. The economic study indicates that collecting, 

transporting, and shipping waste plastic to the plant location for free can result in 

a 54% ROI over 25 years for a capital expenditure of AUD 5220531. Scaling up 

the suggested plastic pyrolysis factory can increase its return on interest (ROI) 

(Ghodrat et al., 2019). The techno-economic study was carried out in Aspen Plus 

for pyrolysis, which processes 10,000 tons of HDPE waste annually. The 

pyrolysis product's minimum selling price was $302.50 per ton, with a net present 

value of the process costing $12,594,659.7, and the profit period was 15 months. 

The results show that pyrolysis is economically feasible and potentially profitable 

(Hasan et al., 2024). Westerhout et al. performed a techno-economic study of 

MPW pyrolysis for PO production in the Netherlands, using ROI as an economic 

performance indicator. Therefore, we examined how ROI varies with MPW 

feeding capacity for three pyrolysis plants: Bubbling Fluidized Bed (BFB), 

Circulating Fluidized Bed (CFB), and Rotating Cone Reactor (RCR), 

respectively. The plant capacity significantly impacts the economics of plastic 

pyrolysis facilities. The profitability of PO from urban waste plastics depends on 

the pyrolysis process types and parameters. The pyrolysis plant with RCR 

technology for 20k ton/year plant capacity at an operating temperature of 625 oC, 

which has the highest ROI, followed by CFB and BFB operating temperatures of 

740 and 840 oC. The necessity of high temperatures in CFB and BFB reactors 

needs significant capital investments and energy expenses. The MMPW pyrolysis 
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may be economical at a scale of 30 kTon/year. Still, the least possible process 

capacity of 50 kTon/year is required to attain a 25% ROI before tax return on 

investment. Hence, studies have been carried out on MPW pyrolysis, which has 

the potential to produce energy with economic viability and profitability 

(Westerhout et al., 1998). 

2.6 Analysis of the MMPW 

2.6.1 Proximate analysis  

A proximate analysis of the different waste plastic and MPW is given in Table 

2.1. Proximate analysis is a chemical analysis determining the number of various 

components in a sample. In the case of MMPW, proximate analysis can provide 

important information about the composition and properties of the plastic, which 

can help identify potential uses or recycling options. Some of the critical 

information that can be obtained through proximate analysis of waste plastic 

includes: 

Moisture content: The amount of water in the MMPW can affect its physical and 

mechanical properties. Proximate analysis can help determine the moisture 

content, which can be useful in determining the appropriate processing conditions 

for recycling. 

Volatile matter: Volatile matter refers to plastic components that can be vaporized 

under specific conditions. The amount of volatile matter can indicate the quality 

of MMPW.  

Fixed carbon: Fixed carbon refers to the non-volatile components of the MMPW, 

which can provide information about the chemical composition of the MMPW. 

Ash content: The ash content of the MMPW can indicate the impurities, such as 

`inorganic fillers or contaminants. 

The volatile matter content of plastic can have an impact on the plasto oil yield 

during pyrolysis. Usually, higher volatile matter content in the plastic can lead to 

a higher plasto oil yield during pyrolysis. This is because volatile matter refers to 
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plastic components that can be vaporized under specific conditions, such as high 

temperatures. During pyrolysis, the plastic is heated to high temperatures, causing 

the volatile components to evaporate and form a vapor phase. This vapor phase 

can then be condensed to form a liquid product, which can be used as a feedstock 

for other processes. Therefore, if a plastic sample has a higher volatile matter 

content, it can result in a higher PO yield during pyrolysis, as more volatile 

components are available to be condensed into a liquid product.  

Table 2.1: Proximate analysis of the plastic waste 

Type of 

plastic  

Fixed 

carbon 

Moisture 

content  

Ash Volatile 

matter 

References  

PET 13.9 NA NA 84.1    

(Chattopadhyay 
et al., 2016) 

PET 14.5 NA 0.7 84.8    (Suriapparao 
et al., 2022) 

HDPE NA NA 0.8 97.15    

(Chattopadhyay 
et al., 2016) 

HDPE 0.00 0.00 0.01 99.99    (Rahman et 
al., 2021) 

HDPE 16.85 NA NA 83.15    (Bhoi & 

Rahman, 2022) 

LDPE 0.051 0.11 0.023 99.816    (Janajreh et 
al., 2020) 

LDPE 0.68 0.30 3.37 95.61    (H wijayanti, 
C Irawan, 2022) 

PP 1.0 NA NA 96.9    

(Chattopadhyay 
et al., 2016) 

PP 1.62 0.16 4.45 93.77    (Hakeem et 
al., 2018) 

PP 0.5 NA 0.00 99.5    (X. Liu et al., 
2020) 

PP 0.43 0.29 0.00 99.28    (Bai et al., 
2020) 

PS 0.071 0.09 0.025 99.814    (Janajreh et 
al., 2020) 

PS 0.22 0.00 0.00 99.78    (N. Ahmad et 
al., 2020) 

PS 1.05 0.32 0.09 98.54    (S. Zhao et 
al., 2022) 
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PE 0.00 0.2 0.4 99.4    (Duque et al., 
2020) 

PE 0.07 NA NA 99.93    (Y. Wu et al., 
2022) 

PVC 4.10 0.00 0.01 95.89    (Q. Wang et 
al., 2018) 

PVC 1.97 0.65 0.11 97.92    (Wei et al., 
2022) 

PA 0.69 0.00 0.00 99.7    (Wan 
Nurdyana wan 
mansor et al., 
2021) 

ABS 0.04 0.10 0.99 98.87    (Kasar et al., 
2020) 

ABS 9.6 0.00 13.6 76.8    (Mortezaeikia 

& Tavakoli, 

2022) 

PBT 2.88 0.16 0.00 97.12    (Kasar et al., 
2020) 

MPW 3.5 0.00 3.3 93.2    (Lazzarotto et 
al., 2020) 

MPW 5.34 0.86 1.21 93.45    (P. K. Ghodke, 
2021) 

 

2.6.2 Elemental analysis (CHNS-O) 

CHNS-O analysis is a type of elemental analysis that reports the amounts of 

carbon (C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen (O) present in a 

sample. This type of analysis can be useful for characterizing the composition of 

plastic waste and understanding its potential applications or recycling options, as 

given in Table 2.2. CHNS-O analysis of plastic waste can provide information 

about the types of polymers that are present, as well as any impurities or additives 

that may be present in the plastic. For example, the carbon content of the plastic 

can provide information about the amount of polymer present. In contrast, the 

hydrogen and oxygen content can provide information about the degree of 

polymerization and additives including plasticizers. Additionally, the nitrogen and 

sulfur content can provide information about any impurities that may be present in 

the plastic waste. For example, some plastics may contain sulfur-based additives 

for UV stabilization or flame retardancy, which can be detected through CHNS-O 



27 

 

analysis. CHNS-O analysis can be a valuable tool for characterizing plastic waste 

composition and understanding its potential uses or recycling options. By 

understanding the elemental composition of plastic waste, researchers and waste 

management professionals can develop more effective strategies for recycling or 

disposing of this material. 

Table 2.2: Elemental analysis (Moorthy Rajendran et al., 2020) 

Type of plastic   Carbon  Hydrogen  Nitrogen sulfur Oxygen  

Polypropylene  77.52-86.1 14.22-13.7 0.1 0 7.46-0.2 

Polystyrene  83.10-92.7 7.82-7.9 0.21 0.0 0-8.88 

Polyethylene  69.67-85.4 10.12-14.4 0.09 0.0 0.03-18.5 

HDPE 83.9 14.9 0.05 0.0 0.74 

LDPE 69.67-85.7 10.12-13.0 0.09 0.00 0.9-18.5 

MMPW 70.14 6.81 3.27 0.00 14.73 

 

Proximate and elemental analysis is critical for understanding the composition 

and characteristics of feedstock before introducing it to pyrolysis. This feedstock 

analysis is required to develop efficient and sustainable pyrolysis processes, 

optimize product yields, and reduce environmental impact. 

2.7 Pyrolysis process 

Pyrolysis is the thermal decomposition of feedstock materials in a non-oxidizing 

environment at elevated temperatures. Heating material is the cause of physical 

(e.g., deformation, melting) and chemical (e.g., bond breaking) changes, 

depending on its characteristics and heating circumstances. The broken bonds 

form radicals, which may propagate across the chemical structure and recombine 

with other radicals. Heat breaks bonds, producing tiny products that evaporate and 

leave a solid residue. The volatilized products may degrade and react with other 

products to generate different chemical compounds. Some compounds can be 

condensed into liquid form, whereas others are permanent gases. The final 

products include liquid, solid residue (char), and gases.  

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 
𝐸𝑙𝑒𝑣𝑎𝑡𝑒𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 
→                  𝐿𝑖𝑞𝑢𝑖𝑑 + 𝑆𝑜𝑙𝑖𝑑 + 𝐺𝑎𝑠𝑒𝑠  Eqn. (2.1) 
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2.8 Conventional (Thermal) pyrolysis of MMPW 

Conventional pyrolysis refers to the thermal degradation of MMPW that employs 

an electrical heater as a heating source. Numerous studies have investigated 

conventional pyrolysis using various types of plastics, e.g., PS, LDPE, PS, PP, 

HDPE, and MPW (Kaminsky et al., 2000; Obeid et al., 2014; I. Ahmad et al., 

2015; R. K. Singh et al., 2022). Plastic pyrolysis can be conducted using semi-

batch, batch, or continuous reactors, which have their pros and cons.  

Ghodke et al. conducted the conventional pyrolysis of virgin mixed plastic and 

MMPW at 500 oC and found 62.5 wt.%  PO yield with MMPW. Heating is the 

primary source and bottleneck in pyrolysis (P. K. Ghodke et al., 2021). The 

substantial costs associated with conventional pyrolysis methods stem from 

ineffective heating mechanisms and heat loss. Therefore, researchers are switched 

to utilizing other heating sources, such as solar (Chintala et al., 2017), microwave 

(Suriapparao et al., 2018), and other renewable energy sources, (Moorthy 

Rajendran et al., 2020; Sivagami et al., 2021). 

2.8.1 Type of Pyrolysis Process  

The pyrolysis process decomposes organic matter by heating it to an elevated 

temperature without atmospheric oxygen. Heat is essential to break down the 

hydrocarbon molecules at suitable temperatures in the pyrolysis reactor and 

produce solid, liquid, and gaseous fuels. The quantity of these pyrolysis products 

is influenced by factors such as the feedstock, temperature, heating rate, and the 

type of reactor employed for the process. Pyrolysis is classified as a slow, fast, 

and flash process based on reaction temperature and heating rate. The product 

distribution of slow, fast and flash pyrolysis processes with their respective 

temperature range is given in Table 2.3. However, the pros and cons of different 

pyrolysis processes are outlined in Figure 2.2. 
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Table 2.3: Recent developments in the pyrolysis process (Sipra et al., 2018; Lu 

et al., 2020) 

Name of 

pyrolysis 

Temperature 

range 

Residence 

time 

 

Heating 

rate 

(oC/sec) 

Feedstock 

size 

(Mm) 

Liquid 

(wt%) 

Solid 

(wt%) 

Gases 

(wt%) 

Slow  

pyrolysis 

 

300-700 oC 10-100  

Minute 

0.1 -1 5-50 30 35 35 

Fast  

pyrolysis 

 

400-800 oC 0.5-2 sec 10-100 < 3 40-70 15-25 10-20 

Flash 

pyrolysis 

700- 1200 oC  

or above 

< 0.5 sec 1000 < 0.2 10-20 10-15 60-80 

 

 

Figure 2.2: Development in pyrolysis technique (Pal et al., 2022) 

2.8.1.1 Slow Pyrolysis Process 

Slow pyrolysis occurs at lower operating temperatures and slower heating rates, 

promoting the production of coke, tar, and char (Sogancioglu et al., 2017). During 
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slow pyrolysis, the feedstock is subjected to a low heating rate ranging from 

approximately 0.1 to 0.8 oC s−1. This slow heating rate, coupled with an extended 

residence time of the feedstock, leads to increased char production. Slow 

pyrolysis is conducive to synthesizing H2, CO, CH4, and C5H12 and is aided by a 

significantly lower non-isothermal heating rate, while fast pyrolysis yields 

predominantly gases (Harussani et al., 2022).  Das et al. demonstrated in their 

study that thermally degraded PP and PE wastes produce light hydrocarbon plasto 

oil fractions (C6–C20) at low temperatures (400 oC) (P. Das et al., 2018). 

Conversely, slow pyrolysis results in higher char yields. Therefore, the 

carbonization method was introduced as an innovative approach for producing 

charcoal as a valuable product for underserved areas. The process requires a 

proximate feedstock analysis to analyze the moisture, ash, fixed carbon, and 

volatile matter. Although temperature has an essential role in product distribution, 

particle size, heating rate and moisture content also substantially influence the 

outcome of pyrolysis products (Moorthy Rajendran et al., 2020). 

2.8.1.2 Fast pyrolysis  

Fast pyrolysis represents an advanced and promising technology that 

contemplates rapid thermal degradation with increased heating rates and high 

process temperatures, followed by swift product quenching to facilitate liquid 

product formation. This process enables good-quality liquid fuel (R. K. Singh et 

al., 2019). Fast pyrolysis of plastic waste results in the yielding of gas with 

minimal char and plasto oil yields. This rapid decomposition process facilitates 

the breakdown of plastic molecules into more minor carbon chain compounds 

such as methane, ethane, propane and others. During fast heating, the dissociation 

reaction of the waste plastics triggers β-scission, followed by inter- and 

intramolecular H2 transfer, leading to a larger quantity of short-chain 

hydrocarbons (R. K. Singh et al., 2019). The process requires a higher heating rate 

of around 10 to 100 oC s−1, and the feedstock particle size must be less than 3 mm. 

Mass transfer rate, heat, and chemical kinetics are essential in deciding the 

pyrolysis product chemistry. Various researchers conducted studies on fast 
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pyrolysis and produced higher plasto oil yield at a temperature range of 500–550 

oC (Sharuddin et al., 2018; Sipra et al., 2018; R. K. Singh et al., 2019; Hussein et 

al., 2021; Lubongo et al., 2022). The process produces byproducts such as residue 

char and gases. The state-of-the-art shows that the generation of pyrolytic gases 

increases as the yield of plastic oil and solid char decreases (Sharuddin et al., 

2018; Kasar et al., 2020; Hussein et al., 2021).  

2.8.1.3 Superfast/Ultra-Fast / Flash pyrolysis  

Superfast pyrolysis is the most advanced technique, renowned for producing 

higher amounts of operable PO and gases with lower water content. Operating 

with a high-temperature range of 700 to 1200 oC or above, which requires a 

higher heating rate of approximately 1000 oC s−1 or above to achieve the requisite 

temperatures for the feedstock. Particle size is crucial, with feedstock particles 

ideally less than 0.2 mm due to the accelerated heating rate (Kataki et al., 2018). 

The pyrolysis process efficiently converts 80% energy contained in feedstock into 

valuable products, producing higher energy-dense products than the raw 

feedstock. However, the plasto oil often contains a significant amount of oxygen 

content, rendering the product unstable for further use. Additionally, it may 

contain impurities such as nitrogen and heavy metals. Removing these pollutants 

requires a substantial amount of H2, which can increase the overall cost of the 

process (Fang et al., 2018). 

2.9 Effect of process parameter in pyrolysis  

Pyrolysis of MMPW has been affected by the process parameters essential in 

optimizing product yield and quality. The parameters include temperature, 

pressure, residence time, type of reactor, and catalyst. 

2.9.1 Effect of Temperature 

Temperature is the essential parameter for MMPW pyrolysis due to its regulation 

of polymer chain cracking and its influence on product distribution. Temperature 

controls the breakdown process of the hydrocarbon molecules, thereby adjusting 

the amount of gaseous and plasto oil. Moreover, it also affects the char produced. 
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The Vander Waals force attracts molecules together, preventing them from 

collapsing (Mahdavi et al., 2022).  

As the system temperature increases, molecules experience heightened vibration 

and tend to evaporate from the feedstock surface. The energy produced by the 

Vander Waals force along polymer chains increased the enthalpy of the C-C 

bond, leading to the break of the carbon chain. In polymers, carbon bonds are 

nonpolar, stable, and highly tight, requiring much energy to break. Therefore,  

300–800 oC temperature is required. Various studies demonstrate the effect of 

temperature on plasto oil yield with various feedstocks (Mastral et al., 2002; 

Kalargaris et al., 2017; Susastriawan Sandria et  al., 2020). For instance, Adnan et 

al. studied polystyrene waste material at 500 oC, obtaining more than 80 wt.% PO. 

The lower temperature range resulted in the formation of a long hydrocarbon 

chain. However, a higher temperature range resulted in the short carbon chain 

formation caused by the breaking of C–C bonds and the production of aromatic 

hydrocarbons (Adnan et al., 2015). 

2.9.2 Effect of Pressure 

Pyrolysis is usually performed at atmospheric pressure, leading to limited 

exploration of the effect of pressure on pyrolysis in existing literature and 

presenting a significant research gap. However, some researchers have performed 

pyrolysis under vacuum (lower than atmospheric pressure) or higher-pressure 

conditions (higher than 1 atm). Low pressures favor forming primary products, 

such as monomers, whereas high pressures favor complex liquid fractions. 

Increasing pressure increases pyrolytic compounds' boiling point, resulting in 

heavy hydrocarbons being hydrolyzed rather than vaporized at a given operating 

temperature (Osman Y. Yansaneh et al., 2022). Lopez et al. examined the waste 

tire pyrolysis process under vacuum at 25 kPa and 50 kPa under atmospheric 

pressure at 500 oC (Lopez et al., 2010). Their findings revealed a higher yield of 

diesel fraction similar to plasto oil above the atmospheric pressure. The principal 

impact of a vacuum pressure over an atmospheric pressure is the yielding of 
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liquid fuel. Additionally, Minimizing pore blockage enhanced the surface area of 

the carbon black, positively affecting the porous structural characteristics of the 

remaining carbon black. Vacuum conditions facilitate the devolatilization of the 

feedstock and promote the diffusion of volatiles inside the particle. Conversely, 

increasing pressure resulted in higher production of gaseous products and a higher 

yield of lower molecular weight of PO (Krishnamoorthy et al., 2018). 

2.9.3 Residence time  

The residence time (RT) is stated as the duration of time of MMPW spent in a 

pyrolysis reactor as long as the products continue to be produced and have a high 

impact on product yield and quality (Kalargaris et al., 2017; P. Ghodke & Krishna 

etal., 2018). Higher residence times tend to increase the higher liquid production 

due to the pyrolysis reactor's secondary reaction. Al-Salem et al conducted a study 

on residence time, demonstrating that increasing the residence time led to a higher 

yield of plasto oil. Studies have shown that residence time influences plasto oil 

yield at a given temperature and that increasing residence time may ultimately 

decrease the yield of plasto oil (Al-Salem et al., 2017). Similarly, Mastral et al. 

examined the thermal cracking of HDPE and observed the impact of RT. The 

experiments were performed at temperatures ranging from 650 oC to 850 oC, with 

residence time ranging from 0.64 s to 2.6 s. It has been observed that plasto oil 

yield was 79.7 wt.% at 650 oC for 0.64 s., which decreased by 14.05% with 

increasing the residence time by 2.6 s at the same temperature (Mastral et al., 

2002). Moreover, the yielded gas was 11.4 wt.% and 31.5 wt.% at an RT of 1 sec 

and 1.5 sec, respectively. At 780°C, a lower plasto oil yield of 9.6 wt.% was 

achieved, accompanied by a substantial increase in gaseous hydrocarbons, 

reaching 86.4 wt.%. This increase primarily stemmed from heightened methane, 

ethane, and hydrogen yields (Al-Salem et al., 2017). Hence, increasing residence 

times led to higher gaseous products. However, along with residence time, other 

factors, including heating rate, temperature, catalyst, and reactor design exert 

significant concurrent influences on hydrocarbon fuel quality (R. K. Singh et al., 

2022). 
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2.9.4 Type of Reactor 

Fluidized bed (bubbling and circulation), rotary kiln, ablative, screw, and auger 

reactors are among the most typical pyrolysis reactors used to produce PO from 

MMPW. To ensure successful pyrolysis, two essential design characteristics must 

be addressed. Firstly, the reactor should efficiently blend the feedstock with the 

catalyst, ensuring uniform distribution. Secondly, it must effectively deliver 

substantial heat to the feedstock while maintaining a short residence period within 

the reactor (Musale et al., 2013). Extended residence times coupled with low heat 

transfer rates can generate large volumes of solid and gaseous hydrocarbons. 

2.9.4.1 Fixed-Bed Reactor 

The pyrolysis process commonly employs a fixed-bed reactor (FBR), often 

operated in batch mode. The reactor design is simple to construct and suitable for 

the uniform size of the feedstock, as shown in Figure 2.3. However, larger 

particles or polymers lead to feeding issues into reactors. Heat is supplied to the 

reactor for the thermal breakdown of feedstock either externally or by minimal 

combustion. As the gas volume expands, the products flow out of the pyrolyzer 

reactor, while char remains stored at the bottom of the reactor. However, a sweep 

gas is often employed to remove the volatiles from the reactor effectively (Hasan 

et al., 2021). In a few cases, a solid catalyst was used as a packed bed, allowing 

the volatiles to pass over the bed and improve the efficiency. However, FBR is 

often associated with the challenges related to feeding irregularly shaped 

polymers with poor heat conductivity. Moreover, researchers entertained the FBR 

for secondary pyrolysis, facilitating the primary product to be easily transferred to 

the secondary reactor (Fogler et al., 2016). The catalytic process of polyethylene 

with Y-zeolite produced 85 wt.% plasto oil. However, the plasto oil increased to 

95 wt.% at 500 oC without a catalyst. Additionally, they concluded that increasing 

the temperature decreased plasto oil yield, accompanied by higher production of 

gaseous products (Palomar-Torres et al., 2022). Traditional fixed-bed reactors 

encounter several limitations, including a slow heating rate, an extended residence 
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period, and uneven sample temperatures within the reactor. Moreover, their batch-

scale nature renders them economically inefficient. 

 

Figure 2.3: Fixed bed reactor (Pal et al., 2022) 

2.9.4.2 Fluidized-Bed Reactor 

A fluidized-bed reactor, as presented in Figure 2.4, is the most viable reactor and 

is being used on the industrial scale to process crude oil. The reactor is utilized 

comprehensively in industries due to the continuous provision of feedstock to 

produce plasto oil. The upward motion of the co-reactant feed in the reactor 

suspends tiny catalyst particles in suspension. A gas is frequently employed as the 

fluid in a fluidized-bed reactor, which promotes particle mixing by maintaining a 

high flow rate within the reactor. The particle size is much lower than in FBR, 

ranging from 10 to 300 µm with a constant temperature. Thermal and catalytic 

thermal processes can occur at 290–850 oC in the reactor (Palomar-Torres et al., 

2022). Luo et al. conducted a comparative study on LDPE on a fluidized-bed 

react, producing a higher plasto oil yield (Luo et al., 2021). Additionally, the 

fluidized-bed reactor provides considerably more significant mass enhancement 

and heat transmission, thereby reducing temperature gradients within the reactor 
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(Elordi et al., 2009; Chetna Mohabeer et al., 2022). This implies that fluidized bed 

reactors may offer greater economic sustainability for large-scale operations, 

despite batch reactors being equally efficient at the laboratory scale. 

 

Figure 2.4: Fluidized bed reactor (Pal et al., 2022) 

2.9.4.3 Conical Spouted-Bed Reactor (CSBR) 

CSBR is employed in the pyrolysis and gasification of waste plastic. As 

illustrated in Figure 2.5, the CSBR comprises several components such as a 

hopper, feeding system, gas mixture, gas preheater, reactor, and condenser. The 

conical spouted reactor is conical from the end and has a cylindrical part at the top 

(Moorthy Rajendran et al., 2020). The CSBR finds application in processing 

materials with a wide particle size distribution while ensuring adequate mixing. 

The principal advantages of the CSBR over the fluidized-bed reactor include fast 

heat transfer rates and negligible defluidization issues, particularly when handling 

highly sticky inputs such as PE and PP at specific temperatures. The reactor uses 

a slow pyrolysis process at low temperatures, yielding higher wax content. A 

study investigating the pyrolysis of HDPE with HZSM-5, HY, and Hβ zeolite-

based catalysts in a conical spouted-bed reactor (CSBR) at 500°C and 
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atmospheric pressure found that the HZSM-5 zeolite-based catalyst was highly 

selective for light olefins, Conversely, the Hβ and HY zeolite-based catalysts 

were notably successful in generating non-aromatic C5–C11 products (Orozco et 

al., 2021). Elordi et al. conducted a study on the catalytic pyrolysis of 

polyethylene (PE) in a CSBR using an FCC catalyst (Elordi et al., 2009). 

Conversely,Hβ and HY produce high yields of non-aromatic C5–C11 products 

(approximately 45 wt.%). However, catalyst deactivation due to coke generation 

increased wax yield as the reactions progressed, particularly notable with HY and 

Hβ zeolite-based catalysts. Fernandez et al. studied biomass steam pyrolysis in a 

CSBR and achieved 75.4 wt.% bio-oil at 500–800 oC temperature range 

(Fernandez et al., 2022). Arabiourrutia et al. employed CSBR to obtain wax 

products from polyolefin plastics. Their findings revealed that the design of the 

spouted bed was particularly well-suited for extracting wax through pyrolysis at 

low temperatures, as the wax yield decreased with increasing temperature. 

(Arabiourrutia et al., 2012).  

 

Figure 2.5: Conical spouted-bed reactor (Pal et al., 2022) 

The decrease in wax yield with increasing temperature could be attributed to the 

higher likelihood of waxes breaking down into liquid or gaseous products as 

temperatures rise. Hence, it can be inferred that CSBR provides efficient heat 
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transmission between phases, ensures proper mixing, and can handle large 

particles of varying densities. However, challenges persist with feeding and 

entrapping the catalyst within the reactor. 

2.9.4.4 Rotary Kiln Reactor 

Figure 2.6 depicts the schematic diagram of the rotary kiln reactor. A rotary kiln 

reactor is more efficient due to its proper mixing. The reactor efficiently mixes 

feedstock very well compared to other reactors. However, these reactors operate 

on a slow pyrolysis process, indicating moderate heating rates. The heating rate is 

typically limited to 100 °C/min, with a residence time of one hour (Fantozzi et al., 

2006). Rotary drums, furnaces, and kilns are steel drums walled internally with 

high resistance. Reactors are intended for prolonged RT of 20 min or exceed and 

feature inclined low-speed rotational movements. The product in rotary kilns 

varies significantly due to the huge temperature differential in the system. The 

rotation of the kiln aids in the appropriate mixing of the feedstock. Then, it is 

progressively heated as pyrolysis gases are produced as it moves down the 

cylinder and carbonizes (D. Chen et al., 2014).  

 

Figure 2.6: Rotary kiln reactor (Pal et al., 2022) 

Several advantages are evident, such as ensuring proper feedstock mixing, 

offering flexibility in adjusting residence time, accommodating heterogeneous 
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materials, eliminating the necessity for feedstock pre-treatment, and facilitating 

maintenance tasks. 

2.9.4.5 Auger Reactor 

The auger reactor is also known as the screw reactor because of having a screw, 

as shown in Figure 2.7. The reactor consists of various components, such as a 

hopper, a tubular shape, and a screw responsible for continuously transporting the 

feedstock during operation. The spinning of the screw facilitates the transfer of 

feedstock, while the necessary heat for pyrolysis is transferred by the reactor 

tubular wall. Remarkably, external heat sources have proven adequate for heating 

reactor tubes with smaller diameters (Park et al., 2022). This design allows for 

closer contact between feedstock particles as they go through the reactor tubes. 

Solid carriers can be built of steel or ceramic pellets. An auger reactor can be 

constructed to be extremely small and even portable in certain situations. It can 

also be strategically located near municipal plastic waste (MPW) disposal sites. 

 

Figure 2.7: Auger reactor (Pal et al., 2022) 

Hence, different reactors may be used in the pyrolysis process. The most 

employed reactors for the pyrolysis process are given in Table 2.4.  It has been 

observed that batch reactors are more feasible for the waste plastic pyrolysis 

process to obtain a higher plasto oil yield than other reactors. 
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Table 2.4: Product yield distribution with different reactors 

Reactor type Heating 

rate 

(OC/min) 

Reaction 

temperature 

(OC) 

Concentration 

of catalyst 

Type of catalyst Liquid 

(%) 

Solid 

(%) 

Gas 

(%) 

References 

Semi batch 

reactor 

20 440 10% ZSM-5 56.9 3.2 40.4 (Lopez-

Urionabarrenechea 

et al., 2012) 

Batch reactor - 240 - Activated carbon 82.43 15.22 2.35 (Senthil Kumar et 

al., 2017) 

Batch reactor - 240 - Charcoal 95.54 2.33 2.13 (Senthil Kumar et 

al., 2017) 

Batch reactor 20 500 

 

33.3% Calcium bentonite 81.3 12.7 6 (K.panda, 2018) 

Batch reactor 15 510 

 

5% 

1:1:2 

Red mud : Ca(OH) : 

Ni/SAPO 

64.2-71.9 - - (Fekhar et al., 

2019) 

Batch glass 

reactor 

5 350 10% Al-Si 93.11 9.27 0.36 (Sangpatch et al., 

2019) 

Batch reactor 10 500 

 

Pelletized MgO 88 10 2 (Inayat et al., 

2021) 

Batch reactor 5.5 400 

 

- - 86 8 6 (Paula costa et al., 

2021) 

Fixed bed 

reactor 

10 600 

 

100% 

 

FCC 69 28 3 (Onwudili et al., 

2019) 
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Vertical tube 

reactor 

- 600 100% Ca(OH)2 52.2 9.0 27.7 (Kumagai et al., 

2015) 

Vertical tube 

reactor 

- 600 100% CaO 46.7 31.8 17.6 (Kumagai et al., 

2015) 

Vertical reactor - 500 10% USY -Zeolite 70-80   (Kassargy et al., 

2018) 

Vertical tube 

reactor 

20 500 

 

- CaCO3 68 5.7 26.3 (R. K. Singh et al., 

2022) 

Stirred tank 

reactor 

10 450 1kg/hour – 60 

gm catalyst 

Fe-restructured clay 83.73 - - (Lei et al., 2018) 

TL- 200 Tube 

furnace 

10 480 10% Organic vermiculite 80.6 0.1 19.4 (zicai chen, Yiqian 

wang, 2021) 

TL-200 Tube 

furnace 

10 480 10% Co/Vermiculites 73.2 0.1 26.7 (zicai chen, Yiqian 

wang, 2021) 

TL-200 Tube 

furnace 

10 480 10% Ni/Vermiculites 70.7 1.3 28.0 (zicai chen, Yiqian 

wang, 2021) 

TL-200 Tube 

furnace 

10 480 10% Co-Ni/Vermiculites 73.9 0.1 26.0 (zicai chen, Yiqian 

wang, 2021) 

Continuous 

microwave-

assisted 

pyrolysis 

system 

- 620 200gm 

pelletized form 

ZSM-5 48.9 - 49.0 (N. Zhou et al., 

2021) 
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2.10 Catalytic Thermal Degradation (CTD) 

The catalytic thermal degradation (CTD) process represents a significant 

advancement over the conventional pyrolysis process as it occurs within a catalyst 

environment, leading to enhanced quality of liquid fuels compared to traditional 

thermal methods. Hence, selecting a suitable catalyst plays a vital role throughout 

the process. By employing a catalyst, the reaction rate of thermal degradation is 

heightened. Catalysts lower the activation energy and the process temperature 

required to improve the pyrolysis process and conversion efficiency. The thermal 

degradation process demands substantial energy input, as it necessitates high 

temperatures to degrade waste plastic and produce a high-quality end product, 

potentially obviating the need for additional upgrading processes (Hussein et al., 

2021). Therefore, the CTD process is economically feasible for yielding valuable 

products like low molecular weight plasto oil with enhanced quality, requiring 

less thermal and energy input. This plasto oil boasts a higher heating value (HHV) 

of 38–46 MJ kg−1, nearly comparable to conventional diesel, which has an HHV 

of 45.5 MJ kg−1 (Hafeez et al., 2018). The first stage is related to the 

disintegration of short-length branches, whereas the second stage is associated 

with the degradation of the molecular backbone of the main chain. Moreover, 

increasing the wt.% of the catalyst leads to increased solid residue char due to 

non-decomposable content within the catalyst and carbon deposition on the 

catalyst surface. Hence, it can be inferred that catalyst concentration directly 

influences thermal degradation. The significance of the catalyst lies in its ability 

to initiate decomposition at a lower temperature, a characteristic that is directly 

proportional to the concentration of the catalyst.  

2.10.1 Type of Catalyst 

Catalysts enhance product quality while reducing the temperature and retention 

time, thereby optimizing the overall process. Catalytic thermal degradation is 

more appealing than thermal cracking alone since it is faster and needs lower 

temperatures, resulting in considerable energy savings. Furthermore, catalytic 

cracking using catalysts such as zeolites produces high-quality products in a range 
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of motor engine fuels, reducing the need for additional upgrading processes. 

Thermal pyrolysis is limited to areas with existing oil refineries since its products 

require additional refining (Hafeez et al., 2019). Catalysts have several beneficial 

effects in the pyrolysis process: they lower the required pyrolysis temperature, 

shorten reaction times, facilitate the formation of diesel within the optimal boiling 

point range of 390–425°C, enhance selectivity towards gasoline, and expedite 

isomerization reactions (Butler et al., 2011). Catalysts are widely employed in 

refineries and in waste plastic pyrolysis to recover hydrocarbons from waste. The 

global market for refinery catalysts has experienced significant growth despite 

stringent regulations and rising demand for petroleum products. This growth is 

primarily driven by the increasing need for transportation fuel. Additionally, 

stringent emission control regulations worldwide have highlighted the necessity 

for efficient, sustainable, and high-yield techniques, driving advancements in the 

market. As a consequence of this environmental concern, demand for refinery 

catalysts has increased, enhancing the efficiency of the process. The type of 

catalyst used has a considerable influence on the process outcome, since the 

catalyst's large surface area can change the nature of pyrolysis and hence 

considerably impact the products (Lin et al., 2010; Yang et al., 2022). Thermal 

degradation of plastic waste used two primary types of catalysts: heterogeneous 

and homogeneous. Heterogeneous catalysts involve reactions where the catalyst 

and reactant exist in different phases, while homogeneous catalysts operate within 

a single phase (where the reactant and catalyst are in the same phase). The 

Fe/Al2O3 ratio catalysts are a prevalent form of homogeneous catalysts employed 

in plastic waste pyrolysis (Yang et al., 2022). However, heterogeneous catalysts 

are predominantly favored by plastic waste pyrolysis due to their ability to 

facilitate easy separation of the liquid product from the catalyst, along with 

convenient regeneration and reuse. Among the most widely used heterogeneous 

catalysts are nanocrystalline zeolites, ordinary acid solids, and mesostructured 

catalysts such as metal-supported carbon and basic oxides (Rasul Jan et al., 2013) 

Heterogeneous catalysts have been demonstrated to withstand extreme reaction 
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conditions of up to 1300°C and 35 MPa while being easily separated from the 

gaseous and liquid reactants and products. Acid solids, mesostructured catalysts, 

and nanocrystalline zeolites are typical heterogeneous catalysts (Ruhul et al., 

2015). Various researchers have shown interest in nanocrystalline zeolites due to 

their significant role in product distribution (Figueiredo et al., 2016; Ubando et 

al., 2022; Yansaneh et al., 2022). In addition, various other catalysts, such as fly 

ash, bentonite, silicate, silica-alumina, ceramic, activated char, and MVM-41, 

have recently attracted researchers’ attention. Table 2.4 summarizes the catalytic 

effect on solid, liquid, and gaseous hydrocarbons with different heating rates and 

reactors. 

2.10.1.1 Zeolite Catalyst 

In thermo-catalytic processes, zeolite has been extensively recognized as an 

efficient and selective material catalyst for biofuel production. Due to its robust 

catalytic properties, ZSM-5 is a comparatively inexpensive catalyst for converting 

waste plastic into plasto oil. The catalyst has greater thermal stability, activity, 

selectivity, and coke deactivation than others (Hedlund et al., 2022). Zeolites, also 

known as aluminosilicate crystalline sieves, are solid crystalline structures defined 

by a 3-D framework in which O2 atoms link tetrahedral sides with open pores and 

ion exchange capabilities. The reactivity and efficacy of zeolite are influenced by 

the SiO2/Al2O3 ratio, which influences the type and quality of the pyrolysis-

yielded products. The proportion of silica-alumina in various zeolites varies, and 

the ratio has a distinct reactivity. Ates et al. proved this with varied SiO2/Al2O3 

ratios of 30, 80, and 280, utilizing the catalyst HZSM-5 zeolite. SiO2/Al2O3 (30) 

has an average pore diameter, higher surface area and higher acid strength. Higher 

acidity of the catalyst is obtained with a SiO2/Al2O3 ratio of 30, sufficient to crack 

the wax and lead to the yielding of light olefins and lower the heavy fraction 

(C12–C20) . Conversely, decreasing the SiO2/Al2O3 ratio from 280 to 30 led to an 

increase in light olefins output from 35.5 to 58 wt.%, accompanied by a decrease 

in the C12–C20 and C5–C11 from 28 to 5.3 wt.% and 28.8 to 15.2 wt.%, 

respectively (Ateş et al., 2013). Various zeolite base catalysts' pore size and 
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acidity vary, affecting the final product. For instance, catalysts with larger pore 

sizes facilitate plastic conversion into polyalkyl aromatics, whereas those with 

smaller pore sizes primarily produce aromatic compounds with small dynamic 

diameters. According to his findings, choosing the appropriate zeolite catalyst in 

the pyrolysis reaction significantly influences the resulting end product. The 

variation in pore size and acidity among different zeolite-based catalysts directly 

impacts the yield (Fadillah et al., 2021). Wong et al. studied LDPE pyrolysis over 

ZSM-5 zeolite and found that catalytic cracking produced the C1–C8 hydrocarbons 

caused by effective heat exchange between the catalyst and polymer chain (Wong 

et al., 2017). Sivagami et al. The pyrolysis of LDPE with synthesized ZSM 5 

catalysts at 500 oC temperature produced 70 wt.% plasto oil yield with 16 wt.% 

gas and 14 wt.% solid char (Sivagami et al., 2021). The strong acidic properties 

and microporous crystalline structure of the synthesized ZSM-5 catalyst enabled 

enhanced cracking and isomerization reactions, leading to more significant 

fragmentation of larger molecules into smaller ones and increased oil production 

during pyrolysis experiments. Susastriawan et al. studied the impact of zeolite 

size on the low-temperature pyrolysis of LDPE. The researchers observed that 

reducing the size of the zeolite could enhance reaction rates, pyrolysis 

temperature, heat transfer rates, and oil production during the pyrolysis process, 

attributed to the larger surface area-to-volume ratio associated with smaller 

particles. Maximum oil yields were obtained when the zeolite particle size was 1 

mm; however, the difference in oil production was insignificant when the particle 

size ranged from 1 to 3 mm (Susastriawan et al., 2020). A related study by Kim et 

al. suggested that phenolic functional groups in lignin may increase the aromatic 

hydrocarbons by 39% in the final products over zeolite catalysts. The available 

hydroxyl group on the zeolite surface accelerates the condensation, facilitating the 

formation of aromatic hydrocarbon molecules through pathways such as 

oligomerization, isomerization, aromatization, and dihydroxylation (J. Y. Kim et 

al., 2018). Moreover, researchers have demonstrated that heat and acid activation 

can enhance the zeolite properties (Miandad et al., 2016). However, researchers 
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have also proven that heat and acid activation may improve the catalytic 

capabilities of natural zeolite. Rashid et al. investigated natural zeolite modified 

by heat and acid activation, which was used in the pyrolysis of MPW. It was 

discovered that acid-activated zeolite has higher catalytic activity than thermally-

activated zeolite (Miandad et al., 2019). Another benefit of this catalyst is that the 

used zeolite catalyst may be recovered and used in a similar process with the same 

purpose, but with different performance. Additionally, it helps reduce sulfur 

impurities in the liquid product generated (Subhaschandra et al., 2020). 

2.10.1.2 Fluid Catalytic Cracking Catalyst 

The fluid catalytic cracking (FCC) catalyst is vital in cracking the heavier 

petroleum fractions into valuable fuels, viz. LPG, gasoline, and diesel (Saeaung et 

al., 2021). FCC catalysts have been widely reported, primarily consisting of 

zeolite Y modified to enhance effectiveness, cracking activity, coke selectivity, 

and stability. These modifications typically involve introducing an additional 

aluminum framework into the zeolite structure (Palos et al., 2022). Aisien et al. 

evaluated that pyrolysis of PE with FCC catalyst reduced the PO yield from 83.3 

wt.% to 77.6 wt.%; however, it led to an increase in the gaseous hydrocarbons 

from 13.2 wt.% to 19.7 wt.% and decreased in solid char formation from 3.0 wt.% 

to 2.7 wt.% (Aisien et al., 2021). Similarly, Abbas et al. examined the FCC 

catalyst in the proportion of 10 wt.% to 60 wt.% at 450 oC and found no 

significant impact on the non-condensable gaseous hydrocarbons (Abbas-Abadi et 

al., 2013). However, the FCC catalyst increased the solid char, potentially due to 

enhanced dehydrogenation and aromatization processes occurring on the catalyst 

surfaces. This phenomenon led to an accumulation of solid hydrocarbons on the 

catalyst surface. Moreover, coke deposition on the catalyst resulted in 

deactivation, rendering it less effective in breaking down waxes. Monitoring of 

catalyst activity indicated that an equilibrated catalyst exhibited favorable 

performance for MPW pyrolysis. Abadi et al. suggested that the FCC catalyst is 

particularly effective in polypropylene (PP) pyrolysis, enabling a yield of plasto 

oil exceeding 90 wt.% (Abbas-Abadi et al., 2014). Sharuddin et al. examined the 
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use of wasted FCC catalysts in the pyrolysis of waste plastics, obtaining an 80 

wt.% yield of PO. As pyrolysis evolves as a technique for recycling plastic waste, 

FCC catalysts have gained prominence in this industry (Anuar Sharuddin et al., 

2016). The fluid catalytic cracking unit (FCCU) turns heavy oil fractions into 

high-octane petrol, augmenting the refinery gasoline pool. This underscores the 

potential of FCC catalysts in the pyrolysis of plastic waste in the foreseeable 

future (Orozco et al., 2021). 

2.10.1.3 Bimetallic Catalyst 

Bimetallic catalysts have been used in the pyrolysis reaction to produce plasto oil 

from plastic waste. Wen et al. investigated Ni-loaded carbon nanotubes (CNTs) 

for polyolefin pyrolysis and reported favorable outcomes attributed to the higher 

carbon content present in the catalyst. This is caused by high surface area and 

stability, bimetallic catalysts offer a synergistic effect in pyrolysis (Wen et al., 

2014). Chen et al. studied the effects of Fe-Ni bimetallic alteration of MCM-41, 

with each metal containing 10 wt.%, resulting in a large 49.9 wt.% liquid 

hydrocarbon yield, 65.9% of which was composed of single styrene hydrocarbons 

(T. Chen et al., 2020). The large surface area allows polymers to penetrate the 

pore structure and break. While Fe functions as a catalyst for converting raw 

materials into styrene, the inclusion of nickel metal oxides improves the acidity of 

the catalyst, permitting the transformation of multi-ring compounds into single 

hydrocarbon structures. The chemisorption process is governed by the external 

surface properties and pore size, which may be controlled using synthetic 

techniques. In this case, higher pore widths in the FeNi catalyst result in enhanced 

hydrogen desorption. Similar to the high pore size of Co/SBA-15 (Han et al., 

2018). Additionally, Mo and Ni have various benefits as pyrolysis catalysts, 

including cheap cost absorbent, excellent stability and performance, large surface 

area, and simplicity of manufacture (Sridhar et al., 2020). However, the 

sulfurization procedure influences the bimetallic catalyst’s reactivity. The 

improved sulfurization process may consistently improve the proportion of oil 

conversion to fuel oil, which now stands at 86.9%. Zhou et al. conducted the 
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study on the Ni–Fe/ZrO2 catalyst, resulting in the excellent degradation of the 

polystyrene (PS) at a temperature of 500 oC. Hence, the bimetallic catalyst has 

good selective conversion in the pyrolysis process and may improve the catalytic 

activity (H. Zhou et al., 2020). The combined characteristics of Ni–Fe might 

lower the water gas shift reaction and other reforming reaction activation energies 

(P. Wu et al., 2020). 

2.10.2 Catalyst effect on physicochemical characteristics of the plasto oil 

Table 2.5. presents the physicochemical characteristics of the PO produced from 

municipal plastic waste pyrolysis with and without a catalyst. The 

physicochemical properties of gasoline and diesel fuels play a vital role in their 

utilization in the transport sector. In recent years, alternative fuels have been used 

in engine vehicles. It has been observed from the table that conventional fuel 

density for diesel and gasoline is 0.807 gcm−3 and 0.780 gcm−3, respectively, 

which is in line with fuels produced from plastic wastes with zeolite and kaolin 

catalysts of 0.871 and 0.800 gcm−3, respectively (Damodharan et al., 2019). 

Herein, in a combustion chamber, the kinematic viscosity of the fuel appears as a 

spray pattern and atomization behavior. Excessively viscous oil can lead to 

inadequate fuel atomization and fuel injector leakage, consequently 

compromising engine performance (Sharma et al., 2016; K. Khan et al., 2018). 

Therefore, the kinematic viscosity of the fuel should be lower for proper 

atomization and complete fuel combustion in an engine cylinder. Pyrolysis with a 

zeolite catalyst obtained a 1.99 cSt lower than other catalysts and close to the 

diesel viscosity. Calorific value is the essential characteristic of the obtained 

plasto oil. The calorific value of the plasto oil obtained with zeolite and kaolin is 

46.67 MJ/kg and 46.47 MJ/kg, close to the conventional diesel. 

Moreover, studies have shown that higher calorific values consume less fuel than 

lower calorific values, leading to complete combustion in the cylinder and 

improving the power efficiency of the engine (Chintala et al., 2019; Sharma et al., 

2020). However, the higher pour point of the plastic plasto oil lowers the flow 
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characteristic because it may cause the wax to form in the cylinder and make it 

troublesome in the engine. However, plastic pyrolysis with kaolin clay obtained 

the pour point at a very low temperature of 18 oC. The flashpoint of the liquid 

hydrocarbon is much less than conventional diesel, indicating the safety hazards 

of plasto oil in terms of explosion and fire during fuel transportation (Sharma et 

al. 2016; Sekar et al., 2021). Hence, it is concluded from Table 2.5 that plasto oil 

has the same characteristics as conventional fuel, so plasto oil may be used to 

blend diesel and some additives for transportation. 
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Table 2.5: Physicochemical characteristics of the plasto oil 

Characteristics  

Properties   

No 

catalyst 

(P. K. 

Ghodke, 

2021) 

Silica–

alumina 
(Choi et 

al., 

2010) 

Natural  

Zeolite 

 

(Syamsiro 

et al., 

2014) 

Fly ash  

(Nalluri 

et al., 

2020) 

FCC 

(N. 

Zhou et 

al., 

2021) 

Kaolin 

(Wan 

Nurdyana 

wan 

mansor et 

al., 2021) 

Calcium 

bentonite  

(Aisien et 

al., 2021) 

Gasoline  

(I. Ahmad 

et al., 2015) 

Diesel  

(I. 

Ahmad et 

al., 2015) 

Density @ 15oC 

(g/cm3) 
0.860 0.770 0.868 0.800 0.752 0.800 NA 0.780 0.807 

Viscosity (cSt) 2.48 2.21 2.191 0.145 2.273 2.72 2.32 1.17 1.9-4.1 

Calorific value 

(MJ/kg) 
40.42 NA 45.58 41.93 43.28 46.479 43.28 42.5 43.5 

Octane number NA NA NA NA NA NA NA 81-85   NA 

Pour point (oC) 18 NA 24 NA -11 -18 NA NA 6 

Flash point (oC) 35 NA <10 NA 29 40 NA 42 52 

Aniline point (oC) 60 NA NA NA NA NA NA 71 77.5 

API gravity@ 

60oF 
38.1 NA NA NA NA NA NA 55 38 

Moisture % vol 2.4 NA NA NA NA NA NA 0.4-0.5 0.1-0.3 
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2.10.3 By-products of the catalytic pyrolysis process 

The catalytic pyrolysis of municipal mixed plastic waste yields plasto oil as the 

main product, along with by-products such as solid char and gaseous 

hydrocarbons. The effects of catalysts on byproducts are described in the 

following.  

2.10.3.1 Catalyst effect on solid residue and its potential  

The solid residue, char, represents the unburnt waste plastic remnants in the 

pyrolysis reactor. The solid char formation is contingent upon temperature, 

heating rate, and residence time. Generally, lower values of these parameters 

correspond to a higher proportion of char formation (Thahir et al., 2019). The 

state-of-the-art has reported that char is comparatively lower than the gas and 

liquid yield (Senthil Kumar et al., 2017; Kassargy et al., 2018; Sangpatch et al., 

2019). The presence of a catalyst tends to increase the hydrocarbon content in the 

char residue. However, char deposition on the catalyst surface can diminish the 

effectiveness of the reaction, potentially leading to reduced pyrolysis efficiency 

and increased production of ash content as byproducts (Ratnasari et al., 2017; 

Sembiring et al., 2018; Qiu et al., 2018). Jamradloedluk et al. conducted pyrolysis 

of HDPE at 400 and 450°C, collecting and analyzing the resulting char. 

Proximate and elemental analysis revealed that the solid char contained a 

significant proportion of volatile matter (51.40%), moisture content (2.41%), 

fixed carbon (46.03%) and ash content (0.61%) (Jamradloedluk  et al., 2014). The 

char-derived briquettes demonstrated promising potential as a solid fuel for 

heating applications. Additionally, some studies have suggested its utility as a 

heavy metal absorbent in industrial wastewater and for removing toxic gases or in 

graphene production (Jamradloedluk et al., 2014; Moorthy Rajendran et al., 

2020). 

2.10.3.2 Catalytic effect on gaseous hydrocarbons and its potential 

Gaseous hydrocarbons represent one of the byproducts of the pyrolysis process, 

and their production is affected by the type of waste plastic and the temperature 

range. Polyolefins and polystyrene typically yield gaseous hydrocarbons from 5% 
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to 20% by weight. Pyrolysis of MPW at 350°C yields more gaseous products than 

individual waste plastics, with an increase of 8.5% by weight observed upon 

raising the temperature. It has been observed that 1 kg of feedstock generates 

approximately 13% to 26% of gaseous products by weight. Furthermore, the 

catalyst significantly influences the production of gaseous hydrocarbons 

compared to plasto oil. While it enhances gaseous product yield through increased 

cracking processes, it simultaneously reduces plasto oil yield, thus improving the 

quality of the resulting plasto oil (Sivagami et al., 2021). In conventional 

pyrolysis of municipal plastic waste, CO, CO2, hydrogen, methane, ethane, 

propane, butane, and other gaseous hydrocarbons are a source of gaseous products 

from the pyrolysis. The presence of a catalyst leads to the decarboxylation route, 

which may reduce the concentration of CO2 and increase the CO in the gaseous 

products. However, the state-of-the-art shows that the most significant impact of 

kaolin and zeolite on the produced gases increases the H2 and carbon frame 

isomerization, which increases i-butane concentration (López, Adrados, et al., 

2011; P. K. Ghodke et al., 2021). The gases produced by plastic garbage have a 

significant calorific value. Gases generated by the pyrolysis of agricultural waste 

plastic include 45.9 and 46.6 MJ/kg HHV, respectively (Zicai Chen et al., 2021). 

Moreover, the HHV of gases produced by PP and PE pyrolysis is 50 and 42 

MJ/kg, respectively (Jung et al., 2010). In addition, there are comparable findings 

for HHV of tire pyrolysis (45 MJ/kg) (Leng et al., 2015). As a result, the 

generated gases can be used in boilers for heating or gas turbines for power 

generation. Moreover, because of their composition, 1-butene and isoprene may 

be recovered by condensation and used to make tires. After being separated from 

other gases, propane, and ethane can be utilized as chemical feedstock to produce 

polyolefin. 

2.11 Application of plasto oil as fuel  

Exceeding energy demand due to growing population, global warming, waste 

policy, and unstable price of fossil fuels have attracted the researcher to 

emphasize on developing sustainable alternative energy sources to meet the 
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energy demand and replace fossil fuels. Plaso oil obtained from waste plastic 

could be used in various applications including heavy industry boilers, steel 

factories, fuel oil pumps, hot water generation, and other industrial heating 

applications, such as IC engines. However, waste plastic pyrolysis oil (PO) can be 

used as fuel in the transportation sector. Various studies have been carried out on 

producing gasoline-range liquid fuels. However, in the last few years, studies 

have been carried out to produce the diesel range (C13- C20) fuel through the 

thermal recycling of waste plastic for their application in diesel engines from 

light-duty vehicles to heavy-duty vehicles.  

2.11.1 Plasto oil as fuel in compression ignition engine  

As per the United Nations report, India has become the world's largest population 

country with 1,426,296,793 population by 27 April 2023. The growing population 

has a higher demand for energy in daily life. Researchers are unremittingly doing 

studies to attain sustainable alternative fuels and meet the energy demand of the 

growing population. Recycling of waste plastic to energy products is one 

excellence superimposed over another. Therefore, the pyrolysis of plastic waste is 

a promising way to address the issue of MMPW recycling. In addition, the 

process produced plasto oil, which may apply to the compression ignition (CI) 

engine. Therefore, various research studies were conducted to analyze the 

characteristics of CI engines fueled by plasto oil. However, due to their low 

environmental impact, great efficiency in fuel conversion, and durability, CI 

engines dominate the world's power-generating sectors. Various studies 

conducted to find the effect of the CI engine with PO and diesel blends. Revu 

Krishn Mohan et al. studied a light-duty diesel engine with PO. They observed 

diminished BTE and higher BSFC than diesel. This may be caused by higher 

density and lower calorific value of PO. A detailed study has been carried out on 

plastic oil blends in diesel engines and found that BTE decreases by 13.06 % with 

neat plasto oil on increasing the plastic blends. However, cylinder pressure 

increased by 5.9 % with plasto oil at a higher engine load (R. K. Mohan et al., 

2023). This is caused by the higher viscosity of the PO, leading to inadequate 
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atomization, which delays the combustion and heightens the combustion rate 

within the cylinder (Viswanath K. Kaimal et al., 2015). M. Mani et al. study on 

the plasto oil blend resulted in an engine fueled with plasto oil, increasing the 

BTE up to 80% engine load. However, BTE decreased by 1.9% than diesel. This 

may cause of higher heat release rate. Consequently, increasing the exhaust gas 

temperature (EGT) for PO. This may result in the reduction of brake thermal 

efficiency at a high engine load for plasto oil (Mani et al., 2011).  Sachin Kumar 

et al. examined the 40 vol% of the PO and 60 vol% diesel as fuel in CI engi, 

resulting in BTE being 16.73 % lower than diesel. This may cause a lower 

calorific value of 40% PO than reference diesel. However, NOx and CO emissions 

increase with the plasto oil blends. The NOx may cause the availability of the O2 

content in the plasto oil, resulting in proper combustion and a rise in the 

temperature of the cylinder. Meanwhile, CO formation is attributed to poor fuel 

mixing and improper combustion (Kumar et al., 2013). A study was conducted on 

the PO fuel in CI engine and observed that plastic oil produced a lower BTE of up 

to 3-4% than conventional diesel. This may cause higher aromatic compounds in 

the PO, which require high energy to break them. Moreover, there is an increase 

in emissions, including NOx, HC, CO and CO2. Based on the test findings, a blend 

of 60-70% PO operating at 80-90% engine load has the potential to deliver high 

engine performance in the long run (Kalargaris et al., 2017). Hence, plasto oil in 

the CI engine has an adverse effect on the engine characteristics. Further studies 

and their results have been given in Table 2.6. 
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Table 2.6: Plasto oil effect on CI engine characteristics 

Fuel used Major finding Reference 

Waste plasto oil 

(WPO) and diesel 

blends (10, 20, 30, 

40 vol%) 

 

BTE was 13.58%, 17.25%, 13.06% and 

16.73%, lower than diesel on increasing the 

plasto oil blends, respectively. 

The mechanical efficiency of the 10% WPO 

with 90% diesel is higher than diesel at all 

engine load. 

NOx, HC, and CO emissions increased as the 

plastic oil proportion in the blends increased. 

(Kumar et al., 

2013) 

Waste plasto oil, 

Diesel, diethyl 

ether (DEE)  

The BTE of the PO was 27.5%, 11.0% less 

than diesel.  

Blending diethyl ether with 5, 10, and 15 

vol.% increases the BTE by 1.45%, 6.90% 

and 9.25%, respectively, than plasto oil. 

For DEE blends compared to PO, there was a 

reduction in cylinder peak pressure and heat 

release rate, accompanied by prolonged delay 

period. 

15% blending of DDE with plastic reduces the 

amount of smoke opacity and NOx by 25% 

and 29%, respectively. 

(Kaimal & 

Vijayabalan, 

2016) 

 

Waste plasto oil 

and diesel 

The engine could operate stably on plastic oil 

at 75%, 85% and 100% load. 

BTE was 2 - 3% lower than conventional 

diesel at higher engine load. 

NOx, CO, and HC emissions exhibited an 

increase. 

(Kalargaris et al., 

2017) 
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Waste plasto oil 

and diesel blends  

(10, 20, 30, 40, 50 

vol%) 

 

BTE was 30.01% for diesel and 29.88%, 

31.61%, 31.29%, 31.27%, and 31.22% for 

10%, 20%, 30%, 40% and 50%, respectively.   

Crude WPO in diesel blends by up to 50% 

decreases the volume efficiency with 

increased EGT. 

NOx , CO and HC were higher than diesel. 

(R. K. Singh et al., 

2020) 

Waste plasto oil, 

N- hexanol and 

diesel  

(WPO, 

D50WPO30H20, 

D50WPO20H30, 

D50WPO10H40) 

BTE of WPO was 6.31% lower than diesel. 

Adding the hexanol by 20% 

(D50WPO30H20) increased the BTE by 

3.42% more than diesel and 10.39% higher 

than WPO. 

D50WPO30H20 produced 9% and 14.28% 

lower NOx than diesel and WPO, respectively. 

D50WPO30H20 produced 30% and 68.18% 

lower smoke than diesel and WPO. 

(S. P. Venkatesan 

et al., 2020) 

Waste plasto oil 

and diesel  

(WPO, 

WPO80D10) 

BTE was lower for plastic oil and plasto oil 

blends. 

CO emission was increased with plasto oil 

and its blends. 

NOx was higher for WPO, while WPO80D20 

reduced the NOx emission. 

(T. S. Singh et al., 

2020) 

 

 

 

 

Waste plasto oil 

and diesel  

(5, 10, 15 vol%)  

The double bond in the unsaturated compound 

results in high HRR by 0, 7 and 14% for 

blends 5, 10, and 15 vol%, respectively  

 Increased in combustion delay and BTE was 

25% lower than diesel.  

NOx was 12, 21 and 26% higher and HC was 

35, 80 and 90% higher than conventional 

diesel at higher engine loads for blends 5, 10, 

and 15 vol.%, respectively.  

(Mangesh et al., 

2020) 
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Waste plasto oil 

and diesel 

(40 vol %) and 

100ppm TiO2 

 

BTE was 6.45% lower than the diesel for 40% 

plasto oil, 

Adding the 100 ppm TiO2 BTE increased by 

5.17 % more than 40% plastic oil blends, 

while decreased by 1.6% more than diesel. 

The addition of nanoparticles leads to lower 

HC and CO emissions by enhancing the 

combustion, leading to more thorough 

combustion. 

(Praveenkumar et 

al., 2020) 

Waste plasto oil 

and diesel  

(10, 20, 30 vol %)  

Low heat rejection 

engine (LHR) 

The less heat rejection engine produced 

25.93% BTE, 10.75%, 12.95 and 15.65 % 

higher than the 10, 20, and 30 vol.% plasto oil 

blends.  

Exhaust gas temperature was 1.12%, 2.93%, 

and 4.74%, higher than diesel. 

LHR WPO20 emits less CO by 5% than 

diesel at 75% engine load. 

LHRWPO10 emits lower hydrocarbon 

emissions by 7 - 16.2 % at various engine 

loads and 2% less HSU of smoke at moderate 

engine loads. 

(Sambandam et 

al., 2020) 

Waste plasto oil, 

Diesel and 25 ppm 

Al2O3 

Adding 25 ppm of Al2O3 in PO25D75 blends 

increases the BTE and brake power by 35%. 

CO2 and HC emissions were reduced by 60% 

and 45% by diesel. 

NOx emission was reduced by 9% and 15% 

compared to diesel and WPO emissions. 

(Sekar et al., 

2021) 
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Waste plasto oil, 

Methanol, di ethyl 

ether (DEE) and 

diesel  

(PO40, PO40M25, 

PO40M20DEE5) 

BTE of the PO40 was 12.10% lower and 

PO40M25 was 3.48% lower than diesel. 

Adding the DEE (PO40M20DEE5) increased 

the BTE by 6.8% compared to diesel. 

The P40M20DEE5 blend decreased smoke 

HC, and CO by 22.13%, 15.59 and 16.09, and 

respectively, while NOx emissions increased 

by 4.1% compared to the P40 blend. 

However, concentrations of NOx were lower 

than in diesel. 

(Mariappan et al., 

2021) 

Waste plasto oil, 

Diesel and diethyl 

ether  

Adding the 5% vol of the diethyl ether with 

85% diesel and 10% waste, plasto oil 

produced the closer BTE to the diesel and 

higher than other blends of plasto oil at 75% 

engine load condition.  

NOx, CO, and HC emissions increased with 

increasing the PO  proportion. 

(Selvam et al., 

2022) 

 

Hence, Various studies have been carried out on the CI engine fueled with PO 

blends with conventional diesel fuel and other additives. It has been noted that 

blending PO with diesel reduced engine power and increased emissions. These 

emissions are mostly caused by non-stoichiometric combustion, nitrogen 

dissociation, and contaminants in both the fuel and the air. Consequently, 

researchers are interested in modifying the CI engine to improve its 

characteristics.  

2.12 Emissions and its formation from CI engine 

2.12.1 Carbon monoxide emissions  

CO is a colorless, odorless, toxic gas resulting from a fuel-rich equivalence ratio. 

When there is insufficient oxygen in the combustion chamber to convert the 

carbon molecule into carbon dioxide (CO2), some fuel is not burned, and some 
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carbon is converted to CO. CO is not only considered an unwanted emission, but 

it also represents a waste of chemical energy.  

𝐶𝑂 +
1

2
 𝑂2 → 𝐶𝑂2 + 𝐻𝑒𝑎𝑡 

Higher CO formation occurs at higher engine loads or instantaneous emissions, 

which may cause a rich A-F mixture. Even when the A-F mixture is lean or 

stoichiometric, it generates a small amount of CO due to the chemical kinetic 

effect. CO is very harmful to living beings, depending on exposure level and 

duration. Initial symptoms may include weakness, nausea, confusion, and 

dizziness. Although carbon monoxide is strongly affixed to the blood, 

haemoglobin can rapidly absorb it. This may result in asphyxiation. 

2.12.2 Hydrocarbons emissions  

 Hydrocarbon emissions (HC) result from incomplete combustion caused by 

insufficient oxygen and low temperatures, preventing hydrocarbons from fully 

converting into H2O and CO2. It occurs when the A-F mixture is lean and the fuel 

deposits or accumulates near the cylinder wall. Alkane, alkene, and aromatic 

compounds are present in the fuel. The conventional CI engine has a higher 

combustion temperature, resulting in lower HC formation. However, low flame 

propagation speed causes misfire or incomplete combustion. In fuel-lean zones, 

combustion is limited; some fuel is left over in the cylinder and a lesser fuel is 

trapped on the nozzle tip, i.e., the sac volume does not burn completely and 

produces the HC emission. HC emission also occurs in the crankcase, venting, 

and fuel systems. Similar to other pollutants, HC emissions also have detrimental 

effects on human health, hence contributing to the development of ground-level 

ozone, which is highly hazardous. 

2.12.3 Oxide of Nitrogen 

Nitrogen oxide occurs only in engine exhaust combined with nitrogen dioxide and 

nitric oxide. Nitrogen reacts with oxygen at higher temperatures only. Therefore, 

higher temperatures and the availability of oxygen are the key reasons for NOx 
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formation. Combustion in CI engines takes place by igniting highly compressed 

hot air, which typically has a temperature between 900-1400 K (Alrazen et al., 

2018). The compressed air inside the engine cylinder is directed via the air intake 

manifold, while fuel is injected just before the completion of the compression 

stroke. In general, atmospheric nitrogen is naturally sustained and is carried by 

exhaust and other gases. However, suppose the temperature of combustion 

exceeds 1600 K. Under such circumstances, nitrogen undergoes a chemical 

reaction with the existing oxygen to produce nitrogen Oxide (NO) and nitrogen 

dioxide (NO2), with NO accounting for about 85% of the overall NOx output. 

Both gases possess unique physical and chemical characteristics. NO is colorless 

and odorless, but NO2 has a reddish-brown with a pungent smell. Irrespective of 

their color and fragrance, these gases threaten human well-being, resulting in 1.3 

million heart and lung problems annually in India (Shi et al., 2005; Silitonga et 

al., 2013). 

2.12.4 Particulate matter  

Particulate matter (PM) comprises solid carbon soot particles formed during 

combustion within the fuel-rich zones of the cylinder. These emissions, known as 

exhaust smoke, produce unpleasant odorous contaminants. These particles are 

produced during the combustion process because of the formation of small 

particles that may be detrimental to the respiratory system and lungs of humans. 

The primary factor responsible for PM production was inadequate combustion. 

According to Agarwal et al. PM is composed of 31% carbon, 7% unburned fuel, 

25% oil, 14% sulphate, 13% water, 13% ash, and other substances. PM emission 

from the CI engine is 8-10 times higher than that SI engine (Agarwal et al., 2007). 

Moreover, there are three categories of PM from CI engines: inorganic fraction, 

soluble organic fraction, and soot, with soot accounting for 85-90% of the total 

emissions. If not treated appropriately, breathing these may cause asthma, lung 

cancer, and other cardiovascular problems, as well as death. 
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2.13 Emissions control in CI engine  

In the CI engine, the exhaust gases consist of organic and inorganic solid, liquid, 

and gaseous compounds, primarily influenced by factors including the design of 

the engine, operating conditions, quality of fuel, and emission control 

technologies. However, unavoidable emissions, specifically NOx and particulate 

matter, are typically associated with CI engine. NOx and PM are the major cause 

of concern and significant global challenges. Attempts to control the emissions, 

such as engine modification and emission control technologies, have significantly 

improved the environmental performance of CI engine over the years. Several 

techniques have been introduced to reduce the NOx and PM, as shown in Figure 

2.8.  

 

Figure 2.8: NOx reduction technologies in CI engine 

The essential techniques that played a significant role in improving engine 

emissions in the last two decades are discussed below- 

2.13.1 Turbocharging  

A turbocharger is a commonly used device in CI engine. A turbocharger 

comprises a turbine and a compressor directly connected to a single shaft. The 

exhaust gas undergoes expansion in the turbine, generating power that propels the 
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compressor. The compressor increases the density and pressure of the incoming 

air charge before delivering it to the engine intake manifold. The higher airflow 

mass in the turbocharged engines than the naturally aspirated results in emission 

reduction. Higher air mass flow is provided to the engine by turbocharging. More 

than 50% of excess air at rated power conditions can be employed in the CI 

engine. Turbocharged engines attain higher density and air temperature during 

fuel injection than traditional normally aspirated engines. This results in a shorter 

ignition delay time, reducing the fuel quantity used in the premixed phase. 

Turbocharging allows for the retardation of fuel injection time, resulting in a 

reduction of NOx emissions without impacting fuel economy. Conventional 

turbochargers have limits in pressure ratio characteristics at low engine rpm. 

However, this challenge can be addressed by employing a variable geometry 

turbocharger. 

2.13.2 De- NOx catalyst  

A huge amount of oxygen is accessible in the exhaust gas of a CI engine. It uses 

excessive air during operation and provides an oxidizing environment for exhaust 

pollutants. To be converted into innocuous compounds, NOx and CO pollutants 

must be reduced and oxidized in the atmosphere. The SI engine's stoichiometric 

A-F ratio will support oxidizing and reducing atmospheres in the exhaust system. 

On the other hand, the diesel engine is only rich in an oxidizing environment. As 

a result, a novel, non-conventional reducing catalyst is necessary to lower the 

atmosphere of the exhaust system. Reductants are the name given to this reducing 

catalyst. In diesel engine exhaust systems, ammonia and hydrocarbons are 

employed as a reducing agent or reductant. NOx reduction may be accomplished 

in two methods, as mentioned below. 

2.13.3 NOx storage–reduction (NSR) catalyst 

NOx storage reduction catalysts, also known as the NOx trap or NOx absorber, 

have been developed as an aftertreatment technique to minimize the NOx 

emission for application in engine. NO reacts with oxygen and converts it into 

NO2 in the presence of platinum (Pt) reductant.  
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𝑁𝑂 + 𝑂2 
      𝑃𝑡      
→     𝑁𝑂2       

This NO2 reacts with the alkaline BaO (barium oxide) 

𝑁𝑂2 + 𝐵𝑎𝑂 
                 
→      𝐵𝑎𝑂.𝑁𝑂2 

The degradation of this barium nitrate into a harmless substance requires a 

significant amount of hydrocarbons. In a diesel engine, the injection system 

allows for a sudden increase in fuel after reaching the top dead centre. In an SI 

engine, the fuel injection system is synchronized or configured to operate at a rich 

air-fuel ratio for just one second. 

2.13.4 Selective Catalytic reaction (SCR) 

SCR technology has been used to turn NOx into a safe byproduct by using 

ammonia as a reducing agent. The practical use of the SCR process is to use urea 

as the source of ammonia since it is more readily accessible and safer to handle 

and store. The two steps that make up this method's completion are mentioned 

below. 

Urea Hydrolysis 

(𝑁𝐻2)2𝐶𝑂 + 𝐻2𝑂 
                 
→      𝐶𝑂2 + 2 𝑁𝐻3 

NOx Conversion 

4𝑁𝑂 + 4 𝑁𝐻3 + 𝑂2  
                 
→      4 𝑁2 + 6 𝐻2𝑂 

6 𝑁𝑂2 + 8 𝑁𝐻3  
                   
→      7 𝑁2 + 12 𝐻2𝑂 

A 30-40% urea concentration is employed in water. A vanadium and titanium 

oxide mixture was used as an SCR catalyst coated on the ceramic honeycomb 

structure. The exhaust gases containing NOx emission vary with engine load, so 

continuous urea injection variation is required. The concentration of NO2 in 

exhaust NOx is about 10%. A molar ratio of 0.9 of NH3/NOx is required to convert 

NOx efficiently. A higher amount of ammonia is provided to complete the task. 

However, there will be a portion of ammonia that stays unreacted, known as 
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ammonia slip. A strategy is used to dynamically control the ammonia dose to 

reduce the amount of ammonia slip. Figure 2.9 depicts the advanced SCR catalyst 

system for heavy-duty diesel engine. 

 

Figure 2.9: Advance SCR catalyst system using pre-oxidation catalyst 

(Koebel M. et al. 2020) 

2.13.5 Plasma catalyst system (PCS) for NOx reduction 

This concept is inspired by the power generation sector, where flue gases 

containing NOx undergo plasma treatment to convert them into acids, which are 

then combined with ammonia to produce ammonium nitrate. Currently, this 

technology is used for automotive purposes (Chun et al., 2000). In this reduction 

process, plasma is utilized to convert the NO component into NO2, which is 

subsequently reduced to N2 with a catalyst by the HC present in the exhaust gases. 

An advantage of this system is that it achieves NOx conversion without requiring 

hydrocarbon oxidation, like an NSR catalyst. Moreover, it does not facilitate the 

conversion of SO2 to SO3 and sulphuric acid, which is crucial for the catalyst's 

susceptibility to poisoning. The optimal conversion efficiency is achieved when 

the ratio of hydrocarbons (HC) to nitrogen oxides (NOx) is between 3:1 and 6:1, 

within a temperature range of 300 ºC. 
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2.13.6 Diesel particulate filter 

This emission control technology has been in use since 1980. A diesel particulate 

filter (DPF) is a customized device, which is designed to eliminate particulate 

matter (PM) or soot from the emissions of diesel engines. Diesel engines emit 

substantial amounts of particulate matter during the combustion process, which 

may significantly contribute to air pollution and have detrimental impacts on 

human health. The DPF system uses filters, such as alumina-coated wire mesh, 

ceramic fiber and ceramic monoliths in the exhaust system. The honeycomb 

structure is widely used for exhaust gas filtering, with gases passing through 

porous wall cells. It is sometimes referred to as a ceramic wall-flow filter. Figure 

2.10 illustrates the configuration of the ceramic wall filter. There is an open and 

plugged end to the alternating rows (cells). Upstream, gases enter via open cells; 

during filtration, they alter the route flow by entering neighboring cells; 

downstream, gases exit through open cells. The effectiveness of filtration is based 

on the porosity (pore size) and density of the filter. Therefore, it is necessary to 

optimize the size and density of the pores to attain the highest efficiency level.  

 

Figure 2.10: Ceramic wall-flow filter for diesel particulate and exhaust gas 

flow (Xiangjin Kong et al. 2019) 

A filter with lower density will not function as expected, while a filter with high 

density leads to a decrease in the pressure of exhaust gases throughout the 

filtering process. Achieving efficiency close to 98% is within reach. Porous 

cordierite ceramic (2MgO2.Al2O3.5SiO2)  is frequently chosen for DPF (Diesel 
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Particulate Filter) applications due to its chemical inertness, low coefficient of 

thermal expansion, and high melting temperature (1400 ºC). 

2.13.7 Regeneration of diesel particulate filter 

This approach is relatively easy for filtering and collecting particulate matter in 

the trap. Although several techniques are available for filtering exhaust emissions, 

the issue pertains to a significant decrease in pressure during the filtering process 

caused by the accumulation of soot particles, which negatively impacts fuel 

efficiency. Based on design considerations and study, a soot loading of 10 g/l of 

filter capacity leads to a 3-4 times increase in pressure drop, resulting in a 

backpressure increment of 350 mm of water. A vehicle speed of 65 Km/h causes a 

1% decrease in fuel efficiency. Therefore, the DPF renewal became imperative. 

The purpose of the regeneration procedure is to restore the filter to its initial clean 

condition after the filtration process. During regeneration, the accumulated soot in 

the filter is oxidized into carbon dioxide without causing damage to the filter. This 

occurs primarily via the processes of cracking and melting at elevated 

temperatures. The regeneration process may be carried out using two methods: the 

active system and the passive system. An extra heat source engine is used in an 

active system to enhance the exhaust gas temperature. Hence facilitating the 

oxidation of soot during the beginning process. The temperature is raised by 

adjusting the engine's throttle and using an electric heater or burner before the 

filter. In the passive regeneration system, a catalyst is integrated to reduce the 

combustion temperature of soot particles, aligning it with the average temperature 

of the exhaust gas. This catalyst is introduced into the fuel either as an additive or 

by applying a layer onto the surface of the filter substrate. 

2.14 Need of HCCI/PCCI engine  

In the current scenario, electric vehicles are becoming increasingly popular. 

However, diesel engines remain prevalent for mass transportation, public 

transport, maritime vessels, small-scale power, and distant energy generation. 

This might be ascribed to its major benefits, such as increased torque, increased 
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fuel economy, improved performance, cost-effective diesel, and lower carbon 

emissions. Nevertheless, modern diesel engines have difficulties in controlling the 

emission of NOx and PM pollutants because of heterogeneous air-fuel (A-F) 

mixture combustion. The heterogeneous charge formation in diesel engines is 

primarily caused by the short period of air-fuel mixing and the inadequate fuel 

injection characteristics. HCCI technology is a viable solution for addressing 

issues related to producing heterogeneous charges, which leads to NOx and PM 

formation. This technology aims to enhance fuel economy, improve engine 

performance, and reduce emissions. In several countries, strict regulations on 

diesel emissions are becoming the primary concern for Original Engine 

Manufacturers (OEMs), leading them to prioritise the development of technology 

to reduce emissions. 

The objective was to decrease NOx emissions from 3.6 g/kWh under Euro-IV 

standards to 0.5 g/kWh under Euro-VI standards. India has announced its 

intention to transition from Bharat Stage IV (BS-IV) to BS-VI, necessitating a 

decrease of around 76% in nitrogen oxide (NOx) emissions to meet BS-VI 

standards. Researchers are presently focused on cylinder combustion methods to 

reduce future emissions, such as low combustion temperature, homogeneous 

charge combustion, and EGR. Because of the low equivalence ratio, HCCI 

engines achieve combustion at low temperatures, resulting in lower NOx 

emissions and soot formation. Soot is mostly produced during the first stages of 

combustion in the fuel-rich portion of the heterogeneous mixture. However, with 

HCCI technology, where the mixture is uniform throughout, soot formation is 

nonexistent. HCCI technology has various advantages, but it also confronts 

significant hurdles, including regulated auto-ignition, rapid pressure increases 

during combustion, cold starting, and higher carbon-based emissions. Therefore, 

an effort has been made to examine the barriers to HCCI technology and viable 

remedies. 
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2.15 Summary of literature  

The following conclusion is drawn based on the extensive study of the pyrolysis 

process and its application in the CI engine. 

Pyrolysis can transform municipal mixed plastic waste into plasto oil, solid char, 

and gases. However, the resulting products possess considerable calorific value 

and are often utilized by recycling and energy industries. The quality of the liquid 

fuel is greatly influenced by the catalyst employed. Therefore, a bimetallic 

catalyst, such as Ni, Fe, or a Fe-Ni combination, may be utilized as a supported 

catalyst to enhance the yielding and quality of PO. 

Variables including plastic-type, contamination levels, reactor design, pyrolysis 

conditions, and residence time can also impact the output of liquid hydrocarbons. 

These factors may influence the catalytic pyrolysis mechanism, as well as the 

yield and distribution of products. It is crucial to accurately identify and manage 

these influences to ensure the sustainability of the process. 

Pyrolyzed plastic oil can be used as a substitute fuel in a diesel engine without 

alternation because plastic oil and diesel have approximately the same 

physicochemical characteristics. 

Various researchers have studied plastic oil application in CI engine and 

concluded that, for the combustion phenomenon, PO has a more extended ignition 

delay period and a higher heat release rate than conventional diesel. However, 

blending PO with diesel fuel reduces BTE. 

Plasto oil also has a more significant impact on environmental pollution. 

Application of plastic oil in CI engine produced higher emissions than 

conventional diesel. This may cause aromatic compounds in plasto oil, which 

leads to the incomplete combustion of the plasto oil. 

Overall, utilizing a low-cost catalyst in pyrolysis, known as catalytic pyrolysis, 

could be recommended to enhance the liquid yield. Distillation techniques was 

employed to eliminate contaminants and enhance the quality of PO. The 
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purification process improves the physiochemical properties of PO, including 

viscosity, density, and calorific value. Additionally, there has been no study 

conducted on the vaporization of plastic oil in PCCI engine mode with EGR, 

which could potentially lead to better emission behavior of PCCI engines while 

maintaining comparable engine efficiency. 
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CHAPTER 3: MATERIALS AND METHODS 

This chapter entails the systematic approach used to conduct experiments as part 

of the study and a description of the equipment used. The outline contains 

feedstock preparation and characterization, pyrolysis conversion processes setup, 

and product characterization. 

3.1 Feedstock preparation  

In the study, MMPW was collected from the Shishambara waste management 

plant, Dehradun, which was used as feedstock. A pictorial view of the municipal 

solid waste (MSW) dumping yard is shown in Figure 3.1. The MMPW was 

collected manually from the MSW. It has been found that MMPW contains 

various types of plastic waste produced from household, industrial, and 

agricultural sources. It was mainly composed of LDPE (30-40 wt.%), HDPE (12 -

18 wt.%), PP (15-20 wt.%), PET (2 wt.%) and PS (10-12 wt.%) and PVC (2-4 

wt.%).  

 

Figure 3.1: Municipal mixed plastic waste collection (Shishambara waste 

management plant, Dehradun) 
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In the study, PVC and other plastic waste were sorted due to the adverse effect on 

the plasto oil yield products, which produced hazardous chlorine as a processed 

product of HCl (Chintala et al., 2018). This MMPW contains chips/biscuit 

packets, plastic carry bags, polyester film, detergent containers, disposable 

packaging, medical devices, laboratory equipment, baby feeding bottles, shopping 

bags, plastic trays, plastic bottles, etc. These wastes were collected, cleaned, 

dried, and shredded into tiny pieces (2-3 mm) and stored for pyrolysis /thermal 

degradation. 

3.2 Characterization of the MMPW 

3.2.1 Proximate analysis 

 Proximate analysis determined the % value of the volatility, ash, moisture 

content, and fixed carbon available in the feedstock (MMPW). The analysis 

explains the amount of ash (DIN51719), volatile matter (DIN51720), moisture 

(DIN51718), and fixed carbon (ASTM E775-78) present in the MMPW. The 

thorough process used to identify each of these compositions is described here. A 

desiccator, an aluminium or silica crucible, an oven with reasonable temperature 

control (±2 °C), a muffle furnace with substantial temperature control, and an 

analytical balance with good sensitivity (±0.5 mg) are the essential apparatus for 

proximate analysis. 

Moisture Content: 1 gm of the MMPW sample was kept in the pre-weighed 

crucible and passed to the drying oven at 107 oC for one hour; the weight was 

measured after cooling in the desiccator. The moisture content was calculated by 

using Equation 3.1 (Mitchual et al., 2014). 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 =  
𝑤𝑖−𝑤𝑑

𝑤𝑖
 × 100     Eqn. (3.1) 

Where, 

wi, is the initial MMPW weight. 

wd, is the MMPW weight after subjecting to 107 oC. 
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Volatile Matter: The dried MMPW was weighed and introduced into the pre-

weighed crucible, covered by a lid, and kept in the muffle furnace at 700 oC for 10 

minutes. The weight difference and the volatile matter were measured by using 

Equation 3.2. (Mitchual et al., 2014). 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 =  
𝑤𝑑−𝑤𝑣

𝑤𝑑
× 100     Eqn. (3.2) 

Where, 

Wd, is the weight of dried MMPW. 

Wv, is the weight of the MMPW after subjecting to 700 oC 

Ash content: The MMPW is heated to 950 oC and allowed to burn completely to a 

constant weight. The residual ash's weight represents the sample's ash content, 

which can be calculated using Equation 3.3 (Mitchual et al., 2014). 

𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  
𝑤𝑎

𝑤𝑣
× 100      Eqn. (3.3) 

Where, 

Wa, is the weight of ashes. 

Wv, is the weight of the MMPW after subjecting to 700 oC 

Fixed carbon: fixed carbon in the MMPW was determined by the difference of 

100% and the total addition of the volatile matter, ash and moisture available in 

the MMPW by Equation 3.4 (Mitchual et al., 2014). 

𝐹𝑖𝑥𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑛 = 100% − (𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 + 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 + 𝐴𝑠ℎ) Eqn. (3.4) 

3.2.2 Elemental analysis / CHNS-O analysis  

CHNS-O analysis determines the amounts of C, H, N, S, and O present in 

MMPW. The CHNS-O analysis was performed using a CHNS-O analyzer (Flash 

2000 series, Thermo scientific) on ASTM D5373 as shown in Figure 3.2. This 

method places 1 gm of the sample in the combustion capsule designed for high-

temperature combustion. The combustion capsule is placed in the combustion 
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chamber of the CHNS-O analyzer, where the sample has been heated up to 1000 

oC temperature in the presence of excess O2. During the combustion process, the 

sample completely oxidizes, producing combustion gases comprising water 

vapour (H2O), CO2, sulfur dioxide (SO2), NOx, and other volatile compounds. 

Following this, the combustion gases pass through a series of scrubbers or traps to 

eliminate moisture, acidic gases, and other contaminants, leaving the desired 

combustion gases (CO2, N2, SO2 and others). The filtered combustion gases are 

routed via the CHNSO analyzer's detecting system. Each element in the 

combustion gases is identified and measured using specialized detection 

technology, such as thermal conductivity detection (TCD), flame ionization 

detection (FID), or infrared (IR). Calibration curves or standards with known 

amounts of each element determine the quantity of C, H, N and S. However, 

oxygen was obtained by Equation 3.4. The HHV of the PO was calculated using 

Dulong’s formula, as given by Equation 3.5. 

𝑂𝑥𝑦𝑔𝑒𝑛 (%) = 100% − ( 𝐶 % + 𝐻 % + 𝑁 % + 𝑆 %)  Eqn. (3.4) 

𝐻𝐻𝑉 (
𝑀𝐽

𝑘𝑔
) = 0.338𝐶 + 1.428(𝐻 −

𝑂

8
)  +  0.95𝑆   Eqn. (3.5) 

 

Figure 3.2: CHNS-O analyser  
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3.2.3 Thermogravimetric analyser  

Thermogravimetric analysis (TGA) was conducted at IIT Roorkee, using SII 6300 

EXSTAR TG/DTA 6300 on ASTM E1131. A pictorial view of the TGA analyser 

is depicted in Figure 3.3. A thermal analyzer has been used to measure the 

optimum temperature for thermal degradation. The mass loss of the sample is 

determined function as a of temperature. A weight of 10 mg of MMPW was 

placed in a platinum crucible and started to heat the MMPW from atmospheric 

temperature to 1000 oC at a 10 oC/min heating rate in the presence of nitrogen 

flow with 200 ml/min. The MMPW mass loss curve of TGA was recorded with 

temperature, which may cause semi-volatile compounds, polymer degradation, 

ash content, moisture, and carbon black present in the MMPW. 

 

Figure 3.3: TGA analysis instrument (IITR) 

3.3 Catalyst preparation  

The study used two different catalysts, fuller earth (FE) was supplied by 

Ecoscience Lab (I) Pvt. Ltd. Mumbai, India, and commercial FCC catalyst was 

provided by Corporate R&D center of Bharat Petroleum Corporation Ltd. Noida, 

India. The catalyst was chosen based on its ease of availability and lower price 

than others. The catalysts received were calcined at 500 oC for 3 hours without 

oxygen to remove the volatile substances. 
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3.4 Characterization of catalyst  

3.4.1 X-Ray Fluorescence  

X-ray fluorescence (XRF) is a nondestructive analytical technique used to 

determine a catalyst's inorganic mineral composition. XRF was carried out using 

the XRF- Siemens SRS – 3000 instruments, which worked on the ASTM E1621 

method. Figure 3.4 depicts a pictorial view of the XRF analyzer. This instrument 

based on the principle of exciting the core electron within an element, followed by 

the emission of characteristic signals. The instrument consists of Rh anode as an 

X-ray tube, and an energy dispersive detector was used for the XRF analysis to 

identify and quantitatively estimate the inorganic minerals present in the catalyst. 

In this method, the catalyst was ground as much as possible to make fine powder 

using mortar to ensure uniformity and dried in an oven at 105 oC temperature. 

Before introducing the catalyst sample, XRF warmed up and calibrated using the 

reference materials to determine the elemental composition and ensure the 

instrument's accuracy. Place the catalyst sample into the sample tray and set the 

parameters such as excitation energy, measurement time, X-ray tube voltage, and 

current to optimize the excitation of elements in the catalyst. A 100 μm thick 

titanium metallic filter was connected to the Rh X-ray tube. Aluminium 

collimators with 6 and 3 mm inner diameters were mounted to the X-ray tube and 

detector, respectively. The X-ray tube and detector were positioned at 45 degrees. 

The detector and sample holder were positioned on a Z-stage to regulate the 

distance between the detector and the sample surface. The x-ray tube was set to 

40 kV, 0.3 mA, and a measurement duration of 500s. 
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Figure 3.4: XRF analysis instrument (WIHG, Dehradun) 

3.4.2 X-ray diffraction analysis  

In X-ray diffraction (XRD), the crystallinity and phase composition of the catalyst 

were identified using the D8 ADVANCE ECO - Bruker instrument following 

ASTM E2860 standards. The pictorial view of the instruments is depicted in 

Figure 3.5. An XRD with a filter of 1D Cu K radiation (wavelength 1.5404) was 

used to produce XRD patterns. In the process, 1 gm of the catalyst sample was 

ground into fine powder for the homogenous sample and spread thinly and evenly 

onto the sample holder. Before analysis, the XRD instrument turned on the 

sample, and warm-up was allowed. Align the X-ray source, sample holder, and 

detector following the instrument's alignment standards for optimum diffraction 

signal capture. D/teX Ultra 250, an X-ray diffractometer, is used as the detector. 

The instrument had an operating voltage of 40 kV and a current of 50 mA X-ray 

diffraction was performed using Bragg’s angle scan axis from 5° to 80° at a 

2°/min scan speed. Now begin the data collection procedure, during which the X-

ray beam is focused on the sample and diffraction patterns are recorded by the 

detector. When the sample is rotated, the detector is moved to scan the range of 

diffraction angles. Process the raw diffraction data to produce a usable diffraction 
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pattern. This may include background removal, smoothing, and adjustment for 

instrumental variables like absorption and scattering. 

 

Figure 3.5: XRD instrument  

3.4.3 Scanning electron microscope analysis  

The pictorial view of Scanning electron microscope (SEM) instrument, as shown 

in Figure 3.6, generates highly magnified images by using electrons rather than 

light to create an image. The instrument model Carl Zeiss EVO 18 on ASTM 

E1508 is used for morphology and elemental mapping of the catalyst. The catalyst 

sample is mounted onto the stub by using conductive adhesive. The sample was 

coated with a thin layer of conductive material using a sputter coater to prevent a 

charging effect during imaging. An electron gun generates an electron beam at the 

top of the microscopy. The electron beam moves vertically through the 

microscope, which is in a vacuum. The beam passes via electromagnetic fields 

and lenses, concentrating on the sample. When the beam strikes the sample, 

electrons and X-rays are expelled. Detectors collect X-rays, backscattered 

electrons, and secondary electrons and transform them into a signal shown on a 

screen like a television screen. 
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Figure 3.6: SEM analysis instrument (UIT, Dehradunn) 

3.4.4 Temperature-programmed desorption of ammonia 

The temperature-programmed desorption of ammonia (NH3-TPD) was measured 

by a FineSorb-3010 from Material Analysis & Research Centre, Bengaluru, 

employed with a thermal conductivity detector (TCD) to analyse the surface 

acidity of the catalyst. The pictorial view of the TPD is shown in Figure 3.7. 

Before characterization, the catalysts were pretreated at 120 °C in He for 2 h and 

then cooled to 80 °C. First, the ammonia was adsorbed on the catalysts for 40 min, 

and then the catalysts were swept with argon. The reactor was heated from 80 °C 

to 700 °C at a heating rate of 10 °C/min with constant flow of NH3. NH3 

molecules will interact with acidic sites on the catalyst surface as the temperature 

increases and lead to their desorption. Mass spectroscopy or thermal conductivity 

detector observed the desorbed ammonia molecule. The desorption profile (signal 

intensity vs. temperature) offers insights into the nature and strength of the acidic 

sites on the catalyst surface. 
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Figure 3.7: Temperature-programmed desorption of ammonia instrument 

(MARC Banglore) 

3.4.5 Brunauer-Emmett-Teller (BET) 

The BET technique derives the sample surface area by measuring the 

physisorption of the gas.  The study BET model Quantachrome Instruments 

v11.05 on ASTM D3037-93 as shown in Figure 3.8 has been used to analyse the 

catalyst's surface area and pore size.  The sample is made in finely powdered form 

and free of large aggregates. Ensure the sample has been thoroughly degassed to 

eliminate any adsorbed gases or moisture that may interfere with the analysis. 

This is commonly accomplished by heating the sample under vacuum at a high 

temperature for several hours. Now, place the sample into the sample chamber of 

the BET instrument. The surface area is measured at a steady temperature. The 

temperature required depends on the inert gas used. Small gas molecules are 

drawn to the solid sample's surface, opening a porous structure and producing an 

adsorbed gas monolayer. After forming the gaseous monolayer, the sample is 

heated in a non-nitrogen environment. This enables the release of adsorbed 

nitrogen gas molecules from the sample's surface. The liberated gas molecules 

measured the surface area and porosity of the sample. 
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Figure 3.8: BET instrument (MARC Banglore) 

3.5 Experimental setup for pyrolysis  

The pyrolysis setup includes a reactor, heater, condenser and an oil collection 

tank. The reactor consists of a cast iron cylinder surrounded by a heating coil 

consisting of nichrome wire, which has a 5 kW heating capacity and 240 V 

single-phase power supply. The reactor has a capacity of 4 kg of feedstock. A 

digital temperature indicator with a PID controller is attached to the reactor. The 

programable PID controller maintains the temperature in the reactor provided by 

the heating coil. The diagram of the digital pyrolysis reactor is depicted in Figure 

3.9. However, heat loss is prevented by placing cotton and ceramics between the 

reactor and the heating coil. The stainless steel condensers are attached to the 

reactor. As the temperature reaches beyond the desired temperature, the power 

supply cuts off automatically. The reactor and condenser outlets are linked via a 

high-temperature-resistant stainless-steel tube. Condensers connected to the 

chiller to maintain the desired water temperature in the water jacket and attached 

to the oil collection tank for condensed plasto oil collection. The outlet of the 

condenser is connected to the balloon to collect the non-condensable gases for 

further use. 
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Figure 3.9: Schematic diagram of pyrolysis setup 

3.6 Pyrolysis process 

A fixed batch pyrolysis reactor established at the Centre for Alternative and 

Renewable Energy, UPES Dehradun, conducts the pyrolysis process in non-

isothermal conditions. Before pyrolysis, the MMPW underwent pretreatment 

steps, including collection, segregation, drying, and shredding, before being 

introduced into the pyrolysis reactor. A sample weight of 1kg was introduced to 

the reactor for each experiment. Before commencing the pyrolysis experiments, 

the reactor is purged with inert N2 gas at a flow rate of 500 mL/min and then 

sealed properly. The whole pyrolysis process is depicted in Figure 3.10.   

The experiments were conducted at various temperatures, such as 400 oC, 450 oC, 

500 oC, 550 oC and 600 oC, with a heating rate of 10 oC/min and held for 3 hours 

at required temperature to ensure the completion of the process. The vapor 

produced in the reactor passes through the condenser and condenses at 6 oC 

temperature. However, non-condensable gases vented from the condenser outlet 
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and collected into the balloons. After completion of the pyrolysis process, leftover 

char was collected from the bottom of the reactor and PO was collected and stored 

in a measuring flask. 

 

Figure 3.10: Conventional pyrolysis process of the MMPW 

3.7 Catalytic Pyrolysis process  

The pyrolysis reaction conducted with catalyst is referred to as the catalytic 

pyrolysis process. The study used two catalysts, fuller earth and commercial FCC 

catalyst, to achieve optimum liquid yield. The schematic diagram of the catalytic 

pyrolysis process is illustrated in Figure 3.11. Different proportions of the fuller 

earth and commercial FCC catalyst (2 wt.%, 4 wt.%, 6 wt.%, 8 wt.% and 10 

wt.%) have been used independently in the catalytic thermal degradation process 

as given in Table 3.1. Hence, a comparative study of both catalysts has been 

conducted to identify the optimum plasto oil yielding the catalytic pyrolysis 

process. 
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Figure 3.11: Schematic diagram of the catalytic pyrolysis process 

Table 3.1: Experimental matrix catalytic thermal degradation process 

 Fuller earth Commercial FCC 

catalyst 

Conventional pyrolysis process  0 % 0 % 

 

 

Catalytic thermal degradation  

2 % 2 % 

4 % 4 % 

6 % 6 % 

8 % 8 % 

10 % 10 % 

 

3.8 Fractional distillation of plasto oil  

The distillation assembly consists of a heating mantle, two neck round bottom 

flasks, a thermocouple, a condenser and a collecting vessel, as depicted in Figure 

3.12. Distillation is when heavy hydrocarbons available in crude oil transform 

into lighter hydrocarbons based on their boiling points. PO is poured into the 

round bottom flask and put on the heating mantle. The heating mantle provides 

heat to the crude plastic oil, which increases the temperature to evaporate the PO. 

The vapors in the flask pass through the condenser and are condensed into liquid 
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form, which is collected into the collecting vessel. Initially, the distillation process 

was carried out up to 20 oC to 180 oC and the process was held for 40 minutes at 

180 oC to obtain the distillated plasto oil of the gasoline range, i.e, plasto oil light 

(POL). Thereafter, the temperature was increased from 180 to 340 oC, the process 

at 340 oC for 40 minutes, and the distillated plasto oil of diesel range, i.e. called 

the plasto oil heavy (POH). In the process, it has been observed that the initial 

boiling point (IBP) of the PO was 90 oC, and the final boiling point (FBP) was 

340 oC.   

 

Figure 3.12: Distillation of the plasto oil 

 

3.9 Characterization of the Plasto oil   

3.9.1 Physicochemical characteristics  

Physicochemical characteristics of crude plastic oil and distillate plastic oil, such 

as density, viscosity, gross calorific value, flash point, fire point, cloud point, pour 

point, distillation boiling range and cetane index, determined by the ASTM 

methods given in Table 3.2. 
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Table 3.2: Standard methods for physicochemical characteristics 

Physicochemical characterization Methods 

Density (kg/m3)   ASTM D 4052 

Viscosity (cSt)   ASTM D 445 

Gross heat of combustion (MJ/kg)  ASTM D240 

Cloud point (°C) ASTM D97 

Pour point (°C)  ASTM D97 

Flash point (°C)  ASTM D93 

Fire point  (°C)  ASTM D93 

 

3.9.2 Chemical characteristics  

3.9.2.1 Fourier transform infrared spectroscopy (FTIR) 

The functional group in the pyrolysis oil was analyzed using the FTIR 

spectroscopy carried out by the model Frontier FT-IR/FIR, Perkin Elmer, as 

depicted in Figure 3.13 worked on ASTM E168. Both solid (catalyst) and liquid 

(plasto oil) samples can be analyzed using FTIR spectroscopy. A pallet is 

prepared for solid samples by pressing with potassium bromide (KBr). However, 

a small droplet should be placed over the KBr pallet for the liquid sample. Place 

the prepared sample in the sample container or cell and insert it into the sample 

compartment of the FTIR instrument. Select the appropriate measurement 

parameters, such as wavelength range, resolution, and number of scans based on 

the sample type and expected spectral features. Since KBr is transparent to 

infrared light at wavelengths between 4000 and 4000 cm-1, it makes an excellent 

window material. Perform baseline correction, normalization, and other 

preprocessing processes to improve spectral characteristics and eliminate 

artefacts. Identify distinct peaks in the spectrum that correspond to functional 

groups, chemical bonds, or molecular vibrations in the material. Compare the 

experimental spectrum with reference spectra or databases to help with chemical 

identification and structural analysis. 
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Figure 3.13: FTIR analysis instrument 

3.9.2.2 Gas Chromatography and Mass spectroscopy  

The Perkin Elmer's Auto system GC-MS analyzer, as shown in Figure 3.14 

worked on ASTM D5769 and was used to conduct the GC-MS analysis on plasto 

oil samples. A steady flow of helium gas (1.51 mL/min) used as a carrier gas. The 

PO sample was dissolved into a dichloromethane solvent before being injected 

into the inlet port. The 10 µL PO was injected by splitting method and kept the 

injected temperature up to 300 oC to ensure complete vaporization. Set the 

ionization energy to 70 eV, which is standard for electron ionization. Gaseous 

components are separated as they pass through the column by winding it within a 

customised oven with temperature settings ranging from 20 oC to 320 oC.  A 

substance that will separate the different chemical components in the sample 

according to size and polarity is applied to the column surface. Smaller and more 

volatile sample components will pass through the column more rapidly than 

others. The separated components go out of the column immediately and enter the 

MS, which goes through three internal phases as follows -  

Ionization source: Components are blasted with electrons, causing them to break 

up and turn into positively charged ions. 
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Filter: The ions pass through an electromagnetic field and are selectively filtered 

according to their mass. Analysts specify a predefined range of masses permitted 

to pass through when masses leave the ionisation source. 

Detector: A computer receives the data, counts the number of filtered ions, and 

creates a mass spectrum distribution of ions of various sizes. 

 

Figure 3.14: GC-MS instrument 
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CHAPTER 4: RESULT AND DISCUSSION OF SAMPLES 

ANALYSIS  

This chapter gives insights into MMPW characterization, such as proximate 

analysis, elemental analysis, heating value, and TGA Analysis. MMPW 

characterization is crucial to predict the efficiency of the pyrolysis process and 

composition of end products, which are summarized in the chapter. However, the 

catalyst affects the yield of the end products and makes the pyrolysis process 

more economical by reducing the residence time and increasing the reaction rate. 

Therefore, Catalyst characteristics such as proximate analysis, elemental analysis, 

XRF, FTIR, XRD, SEM EDX, BET, and TPD- NH3 were conducted  to find the 

catalyst's potential in pyrolysis. Moreover, the yield of the pyrolysis plasto oil 

with and without catalyst and their characteristics, and the effect of the fractional 

distillation process on physicochemical characteristics are summarized 

significantly.  

4.1 Analysis of the MMPW 

4.1.1 Proximate and elemental analysis of MMPW 

From Table 4.1. the experimental GCV of MMPW was found to be in good 

agreement with its theoretical GCV. The results of proximate and ultimate 

analysis of the MMPW were found to deviate subtly from the reported values, 

particularly higher in ash content, despite being sourced from the same site earlier  

from the same site earlier (Pal et al., 2023). Praveen Godkhe et al. carried out the 

proximate and elemental analysis on municipal mixed plastic waste and reported 

93.45 wt.%, 5.34 wt.%, 1.21 wt.% volatile matter, fixed carbon and ash content. 

However, C, H, N, S and O were 83.23%, 12.45%, 2.71%, 0.41% and 1.21% 

respectively (P. K. Ghodke, 2021). 
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Table 4.1: Analysis of MMPW 

Properties   Municipal Mixed Plastic Waste 

(MMPW)  

Moisture (wt.%) 1.6 

Volatile matter (wt%) 91.37 

Ash (wt%) 5.57 

Fixed carbon (wt%) 1.46 

Carbon (wt%) (dry, ash free basis) 81.63 

Hydrogen (wt%) (dry, ash free basis) 12.15 

Nitrogen (wt%) (dry, ash free basis) 2.69 

Sulfur (wt%) (dry, ash free basis) 1.05 

Oxygen (wt%) (dry, ash free basis) 2.48 

Higher Heating value (MJ/kg) 45.48 

Theoretical Higher Heating Value 

(MJ/kg) 

44.55 

 

4.1.2 Thermogravimetric analysis of MMPW 

The Thermo gravimetric analysis (TGA) curve of MMPW (Figure 4.1) has shown 

that wt.% of MMPW left at 99.7 and 200 oC were 98.5 and 98.1% of its initial 

weight respectively. Thus, the weight loss of 1.5 to 1.9 Wt.% may be attributed to 

its moisture content which is in agreement with the 1.6 Wt.% moisture content of 

MMPW as determined by ASTM E790 method (Table 4.1). Much of the thermal 

decomposition of the MMPW occurred between 300 and 500 oC and the Wt.% 

left at 1010 oC was 8.9%, which was comparable to the sum of the ash and fixed 

carbon content of MMPW of 7.03 Wt.% (Table 4.1). Lopez et al. studied 

municipal plastic waste, resulting in 500 oC. Temperature is the optimal 

temperature for the maximum mass loss Similarly, observations were reported by 

another study (López et al., 2010; R. K. Singh et al., 2019). Praveen Godkhe  and 

Irma Kremer which possibly suggests that the MMPW used in the study had an 

identical chemical composition to the MMPW used in the literature (P. K. Ghodke 

et al., 2021; Irma Kremer, et al., 2021). 
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Figure 4.1: Thermogravimetric analysis of the MMPW 

4.2 Characterization of catalyst  

4.2.1 X-Ray fluorescence  

The chemical composition of the catalysts determined by XRF are presented in 

Table 4.2. The SiO2 content was less whereas Al2O3 , Fe2O3 and MgO were higher 

than the reported values for FE (Subbareddy et al., 2020)  

Table 4.2: Chemical composition of the catalysts 

Inorganic Materials  Fuller earth Commercial FCC Catalyst 

SiO2 57.11 40.70 

Al2O3 15.13 43.76 

Fe2O3 6.89 0.52 

MgO 5.71 0.26 

K2O 2.35 0.20 

TiO2 0.99 0.41 

Na2O 0.75 0.20 

CaO 0.37 0.09 

P2O5 0.06 1.00 

MnO 0.05 0.02 
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since the composition of fuller earth varies depending on  the source. While the 

Al2O3 content of commercial FCC was comparable,  SiO2 content was less than 

the reported values (Ribeiro et al., 2013), may be due to the difference in the 

proportions of zeolite-Y, matrix and binder. 

4.2.2 FTIR analysis of the catalyst  

The FTIR spectra of the fuller earth and commercial FCC catalysts are depicted in 

Figure 4.2. Both the catalysts have shown bands over 3400 – 3500 cm-1 and 

around 1650 cm-1, which were attributed to the stretching and bending vibrations 

of H-O-H respectively while the bands over 1040 – 1095 and 450 – 480 cm-1 were 

due to the asymmetric stretching and bending vibrations of Si–O respectively 

(Chen et al., 2019; Subbareddy et al., 2020). The band observed over 830 – 880 

cm-1 for both the catalysts was due to Al-OH deformation while the band at 2977 

cm-1 shown by fuller earth may be due to the C-H symmetric stretching, owing to 

the presence of polyatomic Cn-H-O (Saikia and Parthasarathy et al., 2010). 

 

Figure 4.2: FTIR spectra of catalysts 
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4.2.3 XRD analysis 

The x-ray diffraction patterns of fuller’s earth and commercial fluidized cracking 

catalyst (FCC), used as catalysts in the pyrolysis of MMPW are presented in 

Figure 4.3. The strong peaks observed for fuller’s earth at the 2θ positions of 8.6 

and 26.9o  indicated the presence of palygorskite and quartz respectively as major 

phases, while weak peaks at  12.5 and 35.2o suggested the presence of kaolinite 

and montmorillonite as minor phases (Ravikanth et al., 2020).  

 

Figure 4.3: XRD pattern of catalyst 

The XRD pattern of the commercial FCC catalyst has shown peaks at 2θ positions 

of 6.4, 10.4, 12.2 and 16.1o, typically of zeolite-Y, the catalytically active phase 

reportedly present ( Salahudeen et al., 2017; Chen et al., 2019). 

4.2.4 Scanning electron microscopy  

Scanning electron microscopy (SEM) images were used to study the surface 

morphology or distribution of particles of fuller earth and commercial FCC 

catalysts at 1k magnifications depicted in Figure 4.4 (a) and (b). SEM image of 

the fuller earth catalyst (Fig. 4.4a) has shown agglutinated heterogeneous 

particles, in accordance with the XRD results which confirmed the presence of 

different phases and is similar to the reported FE SEM images (Atun et al., 2003). 
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SEM image of the commercial FCC catalyst (Fig. 4.4b) has shown the zeolite-Y 

crystallites embedded in the matrix (Farshi et al., 2012). 

 

 

Figure 4.4: SEM image of (a) Fuller earth (b) Commercial FCC   

a 

 

b 



94 

 

4.2.5 BET and NH3 -TPD analysis  

Nitrogen adsorption-desorption isotherms of the commercial FCC catalyst has 

shown the combination of IUPAC type II and IV (a) isotherms with the hysteresis 

loop of type H4 at the relative pressure (p/po) of 0.4 onwards (Fig. 4.5a).  

 

 

Figure 4.5: (a) Adsorption-desorption isotherm of the catalysts (b) Pore-size 

distribution of the catalysts  

 

a 

b 
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This indicated the presence of both the microporous and mesoporous materials of 

pores larger than 4 nm (Thommes et al., 2015) which may be of zeolite-Y and 

matrix respectively, the typical components of FCC catalyst (Zakariyaou et al., 

2023), reaffirmed from its pore-size distribution (Fig. 4.5b). Fuller earth has 

shown the IUPAC type IV(a) adsorption isotherm with type H3 hysteresis loop, 

typically of clay materials containing mesopores (Thommes et al., 2015). Its pore-

size distribution has shown two distinct peaks, unlike commercial FCC catalysts 

of which one is a sharp peak covering micropores, and smaller mesopores and a 

broader peak covering larger mesopores of 10 to 25 nm. The physicochemical 

properties of the catalysts are presented in Table 4.3. Commercial FCC catalyst 

has higher BET surface area, but lower pore volume compared to fuller earth 

whereas their average pore diameter is almost the same. 

Table 4.3: Physicochemical properties of the catalysts 

Catalyst BET 

surface 

area 

(m2/g) 

Total 

pore 

volume 

(cc/g) 

Average 

pore 

diameter 

(nm) 

Acidity 

(mmol/g) 

Weak Medium Strong Total 

Fuller earth  94.196 0.290 3.536 0.002 0.015 0.001 0.018 

Commercial 

FCC 

catalyst 

146.039 0.146 3.540 0.004 0.007 0.001 0.014 

 

The NH3 TPD indicated the presence of three distinct peaks, the first one up to 

300oC, second one from 300 to 700oC and third one above 700oC corresponding 

to weak, medium and strong acidic sites (Fig.4.6). From their values (Table 4.3), 

the medium acidity of fuller earth was found to be more than double and total 

acidity was marginally higher than that of the commercial FCC catalyst. 
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Figure 4.6: NH3 TPD of catalysts  

4.3 Pyrolysis process of the MMPW 

In conventional pyrolysis, a digital pyrolysis reactor is used to heat the MMPW in 

an inert atmosphere. The process was conducted at various temperatures 400, 450, 

500, 550, and 600 oC at a 10 oC/min heating rate for 3 hours. The yield of the 

pyrolysis products is depicted in Figutre 4.7. The solid, liquid and gaseous 

products can calculated by Equations 4.1, 4.2 and 4.3, respectively (Parku et al., 

2020).  

𝐿𝑖𝑞𝑢𝑖𝑑 (𝑤𝑡.%) =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐿𝑖𝑞𝑢𝑖𝑑 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝑀𝑃𝑊  
×  100     Eqn. (4.1) 

𝑆𝑜𝑙𝑖𝑑 (𝑤𝑡.%)  =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑐ℎ𝑎𝑟

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝑀𝑃𝑊
× 100    Eqn. (4.2) 

𝐺𝑎𝑠𝑒𝑜𝑢𝑠 (𝑤𝑡.%) = 100 − (𝐿𝑖𝑞𝑢𝑖𝑑 − 𝑆𝑜𝑙𝑖𝑑)    Eqn. (4.3) 

It is elucidated from Figure 4.7, a lower plasto oil yield (42.3 wt.%) was obtained 

at 400 oC temperature while the remaining 26.6 wt.% was gaseous product and 
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20.1 wt.% was solid char. The lower liquid product may cause insufficient 

temperature for complete pyrolysis (Islam et al., 1999.). However, on increasing 

the temperature, the plasto oil yield increased and it has been observed that 550 

oC is the optimal operating temperature to attain the higher yield of PO (53.3 

wt%). 

 

Figure 4.7: Pyrolysis product distribution at different temperatures 

Thereafter, the increase in temperature above 550 oC, plasto oil yield decreased 

significantly. This may cause a secondary reaction or the heavy molecular weight 

compound occurrence at higher temperatures, which leads to non-condensable 

gases (Shadangi et al., 2014).   

Hence, it is evident that 550 oC is the optimized temperature for the pyrolysis of 

the MMPW. Therefore, a further catalytic reaction was carried out at the same 

temperature (550 oC) to obtain the optimum plasto oil yield with less residence 

time of 3 hours. 

4.4 Catalytic pyrolysis process/ Catalytic thermal degradation  

 In the catalytic thermal degradation process, fuller earth and commercial FCC 

catalysts in different proportion ranges of 2 wt.%-10 wt.% of the MMPW have 

been used in the pyrolysis. The process was conducted at 550 oC with a 10 oC/min 

heating rate for 3 hours. In the study, 1 kg of MMPW was introduced to the 



98 

 

reactor. Initially, 25 wt.% of MMPW feeds into the reactor, then a layer of the 

catalyst with 25 wt.% spread over the MMPW repeatedly, as shown in Figure 4.8. 

 

Figure 4.8: Catalyst and MMPW distribution in pyrolysis reactor 

The catalytic thermal degradation process of MMPW produced a liquid, solid, and 

gaseous yield with fuller earth and commercial catalysts are given in Table 4.4. 

 

Figure 4.9: Product yield in catalytic thermal degradation (a) Fuller earth (b) 

Commercial FCC catalyst 
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Plasto oil yield increased with the increase in the proportion of fuller earth and 

commercial FCC catalysts and a decrease in the solid char and gaseous products, 

as shown in Figure 4.9.  

However, it has been found that 8 wt.% (80 gm) fuller earth and Commercial FCC 

catalyst produced the higher plasto oil yield. Increasing the catalyst proportion 

reduced the plasto oil yield and increased the gaseous products.  

Table 4.4: Product yield distribution with fuller earth and commercial 

catalyst 

Catalyst  Fuller earth Commercial FCC Catalyst 

Wt.% (%) (%) 

C
a
ta

ly
st

 

p
ro
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n

  

L
iq
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id

 

 

S
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 c
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s 
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R
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id

 

 

S
o
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d
 c

h
a
r 

 

G
a
s 

 

C
a
ta

ly
st

 

re
co

v
er

y
  

 

0 53.3 20.1 26.6  - 53.3 20.1 26.6 - 

2 65.4 19.2 15.4 16.8 64.2 20.7 15.1 17.29 

4 68.3 18.5 13.2 31.38 69.8 16.65 13.5 36.21 

6 73.8 13.4 12.8 51.83 72.8 14.8 12.4 56.96 

8 78.9 10.2 10.9 77.35 76.2 12.7 11.1 72.83 

10 76.2 12.4 11.4 86.29 69.23 15.98 14.79 92.39 

 

With 8 wt.%, the fuller earth produced higher plasto oil yields than the 

commercial FCC catalyst. Hence, the higher yield of the obtained plasto oil (8 

wt.% of fuller earth) was upgraded to improve for further process. 
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4.5 Analysis of the plasto oil  

4.5.1 Physicochemical characteristics  

The Physicochemical characteristics of crude plastic oil produced with different 

proportions of fuller earth and commercial FCC catalysts are given in Table 4.5. 

Table 4.5: Physicochemical properties with and without catalyst 

Physical 

Propert

ies 

No -

cataly

st 

Fuller earth 

(wt.%) 

Commercial FCC Catalyst 

(wt.%) 

D
ie

se
l 

  2 4 6 8 10 2 4 6 8 10 

Density 

(kg/m3) 
825 816 

82

4 

81

9 

83

5 

83

0 
829 823 818 820 824 

81

0-

84

5 

Viscosit

y 

(Cst) 

3.73 3.25 
3.5

2 

3.3

5 

3.8

0 

3.1

2 
3.82 3.79 3.45 3.69 3.81 

2-

4.5 

Calorific 

value 

(kJ/kg) 

41.29 
41.0

3 

41.

6 

42.

8 

42.

3 

42.

6 

41.9

7 

42.8

7 

42.3

2 

42.6

0 

42.3

9 

45.

2 

Flash 

point 

(oC) 

57 55 58 53 52 53 61 57 59 54 58 50 

Fire 

point 

(oC) 

64 62 62 58 55 57 65 63 65 59 63 58 

Cloud 

point 

(oC) 

19 16 18 15 17 14 21 18 15 17 20 3 

Pour 

point 

(oC) 

12 11 13 11 12 11 18 11 9 11 13 -1 

 

4.5.2 Chemical characteristics  

4.5.2.1 FTIR of the plasto oil  

FTIR spectra of the plasto oil with various proportions of the catalyst are depicted 

in Figure 4.10. Hydrocarbon fuel absorbs infrared light in an FTIR spectrometer, 

which is an approach that reveals information about its molecular structure and 

bond strength at discrete wavelengths. Figure 4.10 depicts the 2900-3000 cm-1 

stretching of the frequency of =C–H, -C-H, C–C, which shows hydrocarbon 

groups including alkanes, alkenes and alkynes (P. K. Ghodke, 2021). The 
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wavenumber 2922 cm− 1 represents alkanes' strong -CH vibrational signal in 

hydrocarbon fuel. Although the frequency range from 2600-2900 cm-1 represents 

the few oxygenating groups. The wave numbers 2854, 1702, 1456 and 1378 cm-1 

depicted the alkane C-H stretching, Aliphatic ketone C=O stretching, -C-H 

scissoring and alkene C=C bending or C-H bending, respectively (Ozdemir et al., 

2013).. 

 

Figure 4.10: FTIR analysis of the plasto oil produced from CTD 

Table 4.6 : Summary of FTIR analysis 

Wave Number (Cm-1) Functional group Remark 

3074 =C-H stretching Alkane 

2922 C-H stretching Alkyl 

2854 C-H stretching Alkane 

1702 C=O stretching Aliphatic ketone 

1456 -CH2- -C-H scissoring 

1378 C=C bending or C-H bending Alkene 

1262 C-O stretching Alkyl ether 

> 900 C-H stretching and fingerprint 

region 

Alkane, Alkene, Alkyne 
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Table 4.6 provides descriptions of the functional groups found in various 

hydrocarbons, along with details regarding their behavior, strength, and modes of 

vibration, which encompass bending and stretching. 

4.5.2.2 GCMS of the plasto oil 

The GCMS analysis of the plasto oil without catalyst and with catalyst (FE 8 

wt.%) has been carried out to identify the presence of chemical composition, as 

depicted in Figure 4.11 and Figure 4.12. However, Table 4.7 and Table 4.8 

summarise the chemical compounds in the plasto oil obtained without catalyst and 

8 wt. % of fuller earth catalyst, respectively. It has been observed that Plasto oil 

contains 25-30 compounds. Hydrocarbons were normalized to 100 wt.% of the 

overall composition using the area percentage determined by mass spectrometry. 

The major composition of plasto oil is carbon aliphatic (alkane, alkene and alkyl 

compounds). However, hydroxyl and oxygenated groups were also revealed in the 

plasto oil. Hydrocarbon fuel comprises straight-chain compounds derived from 

the MMPW pyrolysis and substituted aliphatic hydrocarbons. During catalytic 

pyrolysis, hydrocarbons are randomly cracked, producing many hydrocarbon 

fragments. Chain severing releases a C-C bond in the poly-alkene structure, which 

forms a stable C=C bond during decomposition. 13-Tetradecane and 7-

Dimethoxy-1-tetralone compound contributed the majority of plasto oil without 

catalyst. However, 10-pentadecane, Tetradecane, and 1,11-dodecane were found 

in most plasto oil obtained with fuller earth catalysts. The average composition of 

MMPW hydrocarbon is close to the lower hydrocarbon C10 group, indicating that 

it has more volatile, heating value, and less dense characteristics. 
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Figure 4.11: GCMS chromatography of plasto oil from MMPW without 

catalyst 

 

Figure 4.12: GCMS chromatography of plasto oil from MMPW with 8 wt.% 

FE Catalytic 

Table 4.7: Chemical mass composition of plasto oil obtained without catalytic 

pyrolysis reaction of MMPW 

Peak Compound Retention time Area % 

1 6 Methoxy-3-pyridinamine 3.84 7.97 

2 2-Cycloocten-1-one 3.554 3.73 

3 1,8-Dodecadiene 5.10 3.16 

4 7-Dimethoxy-1-tetralone 7.92 15.92 

5 Cyclododecene 10.71 2.05 

6 4-methyl- 11.28 2.07 

7 Reticulol 12.49 5.30 
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8 E-1,9-Hexadecadiene 17.35 3.92 

9 1,11-Dodecadiene 17.80 4.18 

10 -10-Pentadecenol 23.52 1.38 

11 9-Dodecenol 28.39 3.30 

12 -2,13-Octadecadien-1-ol 29.06 1.23 

13 11(12-Cyclopropyl) dodecen-1-ol 32.84 1.79 

14 12-Methyl-oxa-cyclododec-6-en-2-one 33.54 8.71 

15 E, Z-2,13-Octadecadien-1-ol 36.91 3.81 

16 Z-2,13-Octadecadien-1-ol 38.04 5.89 

17 E-2-Octadecadecen-1-ol 39.64 2.40 

18 13-Heptadecyn-1-ol 40.76 5.31 

19 
Oxacyclotetradecane-2,11-dione, 13-

methyl- 
42.08 4.90 

20 13-Tetradecane 43.54 10.14 

21 E, Z-2,13-Octadecadien-1-ol 36.91 3.81 

22 Z-2,13-Octadecadien-1-ol 38.04 5.89 

 

Table 4.8: Chemical mass composition of plasto oil obtained from catalytic 

pyrolysis reaction of MMPW 

Peak Compound 
Retention 

time 
Area 

1 2-Cyclohexen-1-one, 4,5-dimethyl- 3.60 2.37 

2 2-Cyclohexen-1-one, 4,5-dimethyl- 3.83 4.10 

3 -Dodecen-1-ol 10.70 1.80 

4 2-Pentenoic acid, 4-hydroxy- 11.26 2.7 

5 9-Decenal 15.3 1.68 

6 Cyclooctane, methyl 15.54 2.10 

7 Dodecen 16.37 2.05 

8 1-12 -Tridecadiene 17.04 2.20 
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9 1,11-Dodecadiene 17.72 5.17 

10 -1,9-Hexadecadiene 18.4 1.67 

11 11-Hexadecen-1-ol 22.78 2.20 

12 9,17-Octadecadiena 23.4 1.66 

13 15-Octadecedien-1-ol acetate 28.29 3.40 

14 2-Octadecadecen-1-ol 31.31 1.44 

15 Cyclopentadecan 32.01 2.22 

16 Oxirane 33.17 5.91 

17 5-Octadecedien 36.76 1.76 

18 1,9- Octadecadiene 38.23 2.60 

19 7-Octadecene 39.5 1.21 

20 Cyclooctane 40.77 5.41 

21 11- Tricosene 41.97 4.25 

22 -10-Pentadecane 43.39 8.47 

23 Tetradecane 45.38 6.39 

 

4.6 Fractional distillation of the plasto oil  

Fractional distillation of the plasto oil is required to remove the wax and other 

sand contamination and upgrade the quality of the PO. The plasto oil obtained 

with 8 wt.% of fuller earth was upgraded by fractional distillation. The distillation 

process has been carried out at different temperature ranges from 20-180 oC and 

180-340 oC. The upgraded plasto oil yield obtained at various temperature ranges 

is given in Table 4.9. 

Table 4.9: Distillated plasto oil yield at different temperature ranges 

Temperature Yield (g/kg) 

20-180 oC 350 

180-340 oC 580 

Residue 70 
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The distillation process upgrades the plasto oil quality and improves the 

physicochemical properties. The physicochemical characteristics of the upgraded 

plasto oil are given in Table 4.10. 

Table 4.10: Physicochemical properties of the upgraded plasto oil 

Physicochemical 

properties 

Distillate plasto oil 

temperature range  
 

Diesel 

 

Gasoline 
20-180 (oC) 

(POL) 

180-340 (oC) 

(POH) 

Density (kg/m3) 794 812 836 780 

Viscosity (Cst) 2.31 2.98 3.1 1.7 

Calorific value (kJ/kg) 43.76 42.59 45.2 46.97 

Flash point (oC) 34 41 50 29 

Fire point (oC) 40 48 58 44 

Cloud point (oC) 4 6 3 2 

Pour point (oC) -2 1 -1 -4 

Cetane number  NA 51 56 NA 

 

4.7 Summary  

This chapter concludes that MMPW can decompose effectively via pyrolysis at 

200-550 °C, breaking down long-chain hydrocarbons. FTIR analysis shows the 

presence of various plastics (PE, PP, PET) and functional groups like carbonyls and 

aliphatic hydrocarbons. Using commercial Equilibrium and Fuller earth catalysts, a 

higher liquid yield was achieved with 8 wt.% Fuller earth, its larger pore volume 

and medium acidity, leading to more liquid hydrocarbons and fewer gases. The oil 

was refined through distillation, yielding POL (20-180 °C) and POH (180-340 °C). 

POH was tested in a modified CI engine due to its properties similar to diesel.    
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CHAPTER 5: ENGINE EXPERIMENTAL SETUP  

5.1 CI engine setup  

The experiments were conducted using a single-cylinder, four-stroke compression 

ignition (CI) engine in the Engine Research Laboratory (ERL) at UPES, 

Dehradun. The engine was equipped with a water-cooled eddy current 

dynamometer for precise loading. The load cell was used to measure the applied 

load, and other sensors and instruments were used to measure the characteristics 

of the CI engine. The technical specifications of the CI engine are given in Table 

5.1. 

Table 5.1: Technical specification of the CI engine 

Parameters  Dimensions 

Make  Kirloskar Oil Engine Ltd 

Cylinder bore diameter 87.5 mm 

Piston stroke 110 mm 

Cubic capacity 661 cc 

Compression ratio 18:1 

No. cylinder/injector  One 

Engine speed 1500 rpm 

Type of injection DI 

Capacity of fuel injection pressure  220 bar 

Capacity of fuel injection timing  12 oCA bTDC 

Power rating  7 HP (3.5 kW) 

Electronic control unit  Nira i7r (with solenoid injector driver) 

with programmable ECU software and 

calibration cable 
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The schematic diagram of the conventional engine setup is depicted in Figure 5.1. 

The entire test equipment consists of a conventional CI engine, water pump, eddy 

current dynamometer, rotameter, and a data collection system (DAQ), along with 

other sensors for measuring engine parameters. The DAQ includes a load cell, 

RPM indicator, load indication, crank angle sensor, and an air surge tank. All 

engine parameters are monitored, and results are recorded in the DAQ and saved 

to the computer system. The test equipment allows for the study of cylinder 

pressure, net heat release rate, and performance parameters under different engine 

loads. 

 

Figure 5.1: Schematic diagram of the CI engine 

Different proportions of plasto oil (PO) in conventional CI engines have been 

used with diesel blending. Volumetric experiments were conducted using different 

ratios of plastic oil to diesel fuel. The mechanical stirrer was used for 30 min at 

500 rpm to mix PO-diesel properly. The fuels used in the CI engine were 

PO25D75 – 25 vol.% plasto oil and 75 vol.% diesel, PO50D50 – 50 vol.% plasto 

oil and 50 vol% diesel, PO75D25 – 75 vol.% plasto oil and 25 vol.% diesel, 

PO100 (neat plasto oil). The experiments were performed on the conventional CI 

engine fueled with different fuels and the output parameters evaluated from the 

experiments are mentioned in Table 5.2. 

Fuel tank 

Smoke meter

Exhaust gas 

analyzer

CI engine 

Air

Data acquisition system

Data output 

monitor

Rotameter 

Engine cooling 

Rotameter 

exhaust 

calorimeter 

Dynamometer

Load cell

Proximate sensor 

Intake 

manifold 
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Table 5.2: Experimental matrix for conventional CI engine 

Engine  Fuel  Engine load  Output parameter  

 

 

 

 

 

Single-cylinder 

compression 

ignition engine  

 

 

 

 

 

Diesel 

(D100) 

PO25D75 

PO50D50 

PO75D25 

Neat plasto 

oil (PO100) 

 

 

 

 

 

 

 

25%, 50%, 75%, 

100% 

Engine Performance 

 BTE 

 BSFC 

 EGT 

 Engine Combustion 

 NHRR 

 CP   

Engine Emissions 

 CO 

 HC 

 CO2 

 NOx 

 Smoke opacity 

 

5.2 PCCI engine setup  

The experiments were performed on the PCCI engine by modifying the existing 

conventional CI engine set up at APEX Innovation Pvt. Ltd. Sangli, Maharashtra. 

The technical specifications of the PCCI engine were the same as those given in 

Table 5.1. The schematic diagram of the PCCI engine setup is depicted in Figure 

5.2. There are few modifications made in conventional CI engine. The existing 

manifold carried out the atmospheric air and EGR inside the intake manifold. 

However, in PCCI mode, an additional inlet is provided on the manifold to allow 

the fuel to vapour through the fuel vaporizer system. Therefore, fuel vapour and 

air are mixed in the modified manifold. This partially premixed air-fuel and 

exhaust gas mixture was introduced to the engine cylinder,  
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Figure 5.2: Schematic diagram of PCCI engine 

The fuel vaporizer used in the study has an inlet and outlet; the inlet is connected 

with the separate fuel (Plasto-oil heavy) container, and the outlet was associated 

with the modified intake air manifold.  Hence, a small fraction/ partial amount of 

fuel is injected in vapour form in PCCI operation, and the amount of vapour and 

timing is controlled by the ECU, while the remaining fuel is provided by the 

direct injection (Main injection) through the governor operation. Figure 5.3 

illustrates the experimental setup of the fuel vaporizer. 

 

Figure 5.3: Experimental setup for PCCI engine 
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In the PCCI engine, the experimentations were performed with varying fuel 

quantities of plasto oil heavy (POH) of 2 ml/min and 3 ml/min with different 

engine loads with and without EGR at constant rpm. The output parameter 

obtained is given in Table 5.3. 

Table 5.3: Experimental matrix for the PCCI engine 

Run  Main fuel 

injection 

Constant 

fuel 

(POH) 

vapour  

EGR Engine load 

(%)  

Output parameter  

1 Diesel  -   

 

 

 

 

 

 

 

 

 

25, 50, 75, 100 

 

 

 

 

 

Engine Performance 

 BTE 

 VE 

 EGT. 

Engine Combustion 

 NHRR 

 Pressure-Crank angle 

Engine Emissions 

 CO 

 HC 

 NOx 

 Smoke opacity 

2 Diesel  - 10% 

3 Diesel 2ml/min - 

4 Diesel  2ml/min 10% 

5 Diesel  3ml/min - 

6 Diesel  3ml/min 10% 

7 POH10D90 - - 

8 POH10D90 - 10% 

9 POH10D90 2 ml/min - 

10 POH10D90 2ml/min 10% 

11 POH10D90 3ml/min - 

12 POH10D90 3ml/min 10% 

13 POH20D80 - - 

14 POH20D80 - 10% 

15 POH20D80 2ml/min - 

16 POH20D80 2ml/min 10% 

17 POH20D80 3ml/min - 

18 POH20D80 3ml/min 10% 

 

5.2.1 Engine load measurement  

The engine load was measured using a SAJ AG Series eddy current dynamometer 

from Saj Test Plant Pvt. Ltd., A strain gauge load cell was used to measure the 

load on the dynamometer, and a shaft fitted with a rotary encoder was used to 

track speed. The load cell type 60001, created by Senserotronics, was utilized in 

the experiment.  

The dynamometer consists of a rotor connected to the driveshaft and a stator with 

two coil windings. When direct current flows through these coils, a magnetic field 

forms in the region where the shaft is rotating. The rotation of the shaft generates 
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eddy currents, which produce a braking effect. The load generated by the 

dynamometer was measured using a load indicator, specifically the SV-8 series of 

Universal Process Indicators. Figure 5.4 shows a labeled depiction of the eddy 

current dynamometer.  

 

Figure 5.4: Eddy current dynamometer, shaft encoder 

5.2.2 Rotameter 

A rotameter is used to determine the flow rate of water. It relies on the variable 

area meter principle, which is based on the buoyancy force principle, the weight 

of the float, gravity force, and upthrust force. A metallic float is included in the 

setup and can move up and down inside the tapered tube through which the water 

flows. Until the water and the float's weight are in balance, the water buoyant 

force pushes the float upward. The vertical position of the float is a measurement 

of the instantaneous flow rate, as the scale shows. A centrifugal pump is used to 

keep the flow rate constant. Figure 5.5 shows a labeled graphic that demonstrates 

how the rotameter works. According to the engine manual's usual 

Water outlet 

Rotor Shaft 

housing

Engine 

flywheel

Stator housing

Shaft encoder

Water inlet
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recommendations, the rotameter water flow was set to 100 liters/ hour (lph), and 

the calorimeter water flow was set to 250 lph. A drop in water level may raise the 

possibility of operating an engine at greater loads as the temperature rises, and it 

can even cause an engine to seize. 

 

Figure 5.5: Rotameter 

5.2.3 Data acquisition system 

The engine parameter control panel is called the DAQ. It has an ignition switch, 

gasoline tank, rotameter, temperature sensors, fuel pipe, manometer, orifice, and 

dynamometer load unit. The DAQ system facilitates data extraction into the 

computer system and the graphical analysis of various parameters. The engine 

load was adjusted using the dimmer stat on the dynamometer. 

The fuel tank was placed above the DAQ system, and the fuel consumption was 

measured using a manometer. Additionally, the DAQ system includes many 

sensors for analyzing engine parameters, including load cell sensors, differential 

air pressure transducers, engine/calorimeter inlet and outlet temperature sensors, 

piezoelectric sensors, and engine exhaust temperature sensors. A piezoelectric 

sensor is a transducer designed to compute the pressure variation during 
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compression stroke and combustion stroke and determine engine knocking 

tendency. The engine/calorimeter inlet/outlet temperature sensor provides 

information about the engine's operating temperature. An increase in load should 

be done gradually since temperature increases in proportion to load. Before 

raising the load, the temperature must be stabilized for the engine to operate 

efficiently. The differential air pressure transmitter regulates airflow rates within 

the intake manifold. The DAQ uses the combined data to determine the engine's 

combustion and performance characteristics, ensuring optimal operation. Figure 

5.6 shows a labeled picture of the DAQ. IC engine analysis software was utilized 

to examine combustion and performance characteristics acquired from DAQ. 

 

Figure 5.6: Data Acquisition System, transducer, and display interface 

5.3 Emission measurement  

5.3.1 Emission gas analyser  

Emission analysis is an essential engine parameter for measuring the emission of 

alternative fuel in an engine. It determines CO, NOx, CO2, HC, and O2 levels in 

exhaust gases based on working conditions. The experiment used the emission gas 

analyzer shown in Figure 5.7, the AVL DIGAS 444 gas analyzer manufactured by 
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AVL Engineering, to measure the emissions. Before the analyzer begins 

measuring the emissions, it must adhere to a few standard operating processes. 

The gas analyzer comprises two main components: the probe, responsible for 

collecting sample exhaust gas, and the analyzer itself, which includes sensors to 

deliver accurate results. The exhaust gas enters the sample cell unit of the 

analyzer through the cell inlet. The cell unit is situated between the infrared 

source and the dedicated infrared detector for each gas, except O2 and NOx. A 

decrease in infrared (IR) energy caused by the blockage of gas wavebands is 

quantified to determine emissions. Measurements of NOx and O2 rely on the 

output from electrochemical sensors, which result from chemical reactions 

between the test gases and analyzer chemicals. The probe is connected to the 

analyzer via a hollow rubber hose. Before measuring emissions, a leak test is 

performed to identify any leaks in the pipe connecting the probe. Following the 

leak test, the analyzer requires some time for calibration. Once calibrated, initiate 

the measurement process by inserting the probe into the exhaust outlet. Exhaust 

gas was examined at different engine load levels. 

 

Figure 5.7: AVL DIGAS 444 gas analyzer 

5.3.2 Smoke Meter 

Smoke poses a significant threat to researchers while testing the new fuel in a 

diesel engine. Higher smoke opacity reduces engine performance and increases 

PM emissions. This study used an AVL-437 smoke meter to assess smoke opacity, 

as shown in Figure 5.8. The smoke meter is attached at the end of the exhaust 

piping. The smoke meter was calibrated by drawing ambient air. Before analysis, 
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the quality of the filter paper was tested. The smoke intensity is determined by the 

severe strain on the filter paper caused by the exhaust gases drawn into the smoke 

meter by the pump. 

 

Figure 5.8: AVL 437 smoke meter 

5.4 Fuel vaporizer 

A fuel vaporizer is a device that converts liquid fuel into vapour before it enters 

the combustion chamber of an engine. More effective mixing of the vapourised 

fuel with the air may result in enhanced combustion, higher fuel efficiency, and 

lower pollutants. A heater is used in the vaporizer to evaporate the liquid fuel and 

form the external air-fuel mixture in the HCCI engine (Ganesh et al., 2008; 

Ganesh et al., 2010). A study showed that it is feasible to place the fuel vaporizer 

on the air intake manifold with minor modifications in the air intake manifold.  

Aggarwal et al. utilized an electrically operated fuel vaporizer, where a fuel 

injector sprays atomized fuel into it. The resulting fuel vapor is then mixed with 

air to form the external air-fuel mixture (Agarwal et al., 2013).  Fuel with a higher 

boiling point and lower volatility is more appropriate in vaporization. The fuel 

vaporizer must operate at a temperature higher than the fuel's boiling point to 

effectively generate an external mixture (Ganesh et al., 2011) Numerous studies 

have been carried out with electrically heated vaporizers (Ganesh et al., 2008; 

Ganesh et al., 2010; A. P. Singh et al., 2012). However, it is also possible to 

vaporize the fuel in the intake manifold by using the high intake air temperature 

associated with EGR (D. S. Kim et al., 2006; H. Liu et al., 2011). Several 
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researchers designed the electrically heated vaporizer, and band heaters were used 

to heat the primary vaporizing chamber outside (Ganesh et al., 2008; Ganesh & 

Nagarajan et al., 2010). The ceramic pipe in this vaporizer is filled with a high-

temperature substance that contains liquid fuel, and the heating element consisting 

of nichrome is coiled around the pipe to transfer heat alone. An ECU was 

employed to control the mass flow rate and fuel amount supplied to the vaporizer 

through a straight pipeline. However, a limitation of this method was that the 

residence time of the vapor was not as anticipated, and the time available for 

vaporizing the liquid fuel was inadequate, mainly because of the direct path of the 

liquid fuel flow. Consequently, a larger amount of fuel was present at the outlet of 

the vaporizer. 

In this research study, a fuel vaporizer technique was used. The fuel vaporizer 

comprises heating material and a higher thermal conductivity copper pipe. The 

copper pipe is wound over the heating material in a circular path to carry the 

liquid fuel as shown in Figure 5.9. However, various researchers have studied the 

straight path to carry fuel. They found that a small amount of fuel is not vaporized 

properly and accumulates in the intake manifold to catch the path of the air and 

vapour mixture (Ganesh et al., 2010; Maurya et al., 2014).  

This intended approach caused an increase in the residence duration of the vapour. 

Consequently, only a small amount of liquid fuel was present at the exit of the 

fuel vaporizer, ensuring complete vaporization as it reached the combustion 

chamber. In this experiment, POH vapour was produced by the externally 

powered fuel vaporizer, a temperature controller regulated to ensure a steady 

temperature during engine loads. For plasto oil heavy to turn into vapour, the 

temperature of the fuel must rise over its flash point, which is between 85 and 90 

oC. Copper (Cu) was used for the main vaporizing chamber because it has a 

higher thermal conductivity (384 W/m-k). To prevent the spontaneous ignition of 

plasto oil heavy within the vaporizing chamber, the temperature of the Cu tube 

was carefully controlled at 290 ºC, strategically situated between the oil's boiling 
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point (170 °C) and its auto-ignition temperature (290 °C). This temperature 

regulation was achieved using a temperature controller with a relay. A heating 

element made by nichrome facilitated the heating of the copper (Cu) tube. 

Furthermore, glass wool was employed as a thermal insulator around the copper 

tube to reduce heat dissipation in the environment. The fuel vaporizer has a 

ceramic heating element in its center, and Nichrome conducts the primary heating. 

Figure 5.9. provides a sectional view of the fuel vaporizer. Insulation for the fuel 

vaporizer was achieved using glass wool. The Cu pipe dimensions were 2400 mm 

in length and 6 mm in diameter. 

 

Figure 5.9: Cut-section view of the fuel vaporizer 

warm-up time and the cut-off temperature are the parameters that must be 

regulated for the vaporizer to function compellingly. Thermotech's PID-41S 

temperature controller has been used in the study. The PID controller took 13 

minutes to warm up to 290 °C. The addition of a T-joint substantially eliminated 

gasoline backflow. A T-junction was inserted into the main gasoline line, with one 

arm directly attached to the nozzle and the other connected to the engine return 

line, to guarantee that any excess fuel was routed back to the fuel tank. Figure 

5.10 illustrates the fuel vapour injection patterns. 



119 

 

 

Figure 5.10: Vapour injection pattern 

The properties of the plasto oil heavy (POH) have been used for the fuel vaporizer 

given in Table 5.4. 

Table 5.4: Physicochemical characteristics of plasto oil heavy  

Physicochemical properties  Methods Plasto oil heavy (POH) 

Density (kg/m3) ASTM D 4052 812 

Kinematic Viscosity @ 30 °C 

(m2/S) 

ASTM D445 2.98 

Calorific value (MJ/kg) ASTM D 240 42.59 

Flash point and Boiling point (°C) ASTM D93 41 

Thermal Conductivity of POH 

(W/m-k) 

ASTM D 2717 0.10 

Specific heat (J/kg-K) ASTM D 2890 1903 

Latent heat of Vaporisation (kJ/kg)  ASTM D 5501 283 

Thermal conductivity of copper 

(W/m-k)  

ASTM C 177 401 

Wire diameter (mm) --- 6 

 

5.5 Data analysis  

This section details the data processing related to engine performance and 

combustion. It provides an analysis of cylinder pressure, NHRR, and BTE. The 
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PCCI engine was performed with EGR and a fuel vaporizer. Additionally, the 

section discusses related characteristics such as EGR and premixed ratios. 

5.5.1 In Cylinder pressure  

In-cylinder pressure (CP) is a crucial parameter for diagnosing and regulating 

engine combustion offering valuable insights into the combustion process in 

engine cylinders. The combustion parameters of an engine were examined 

throughout the compression stroke and expansion stroke of the cycle. During 

combustion, CP fluctuates depending on the volume of the cylinder, combustion 

dynamics, and heat transfer to the walls. AVL piezoelectric pressure transducers 

with a capacity of 100 bar (GH14D/AH01) were utilized to detect CP. An 

appropriate adaptor was used to position the AVL pressure transducer in the 

cylinder head. The quartz measuring element and the charge amplifier within the 

plug are integrally connected to capture the fluctuation in pressure throughout the 

combustion duration. Additionally, a 10 mm hole in the head of the cylinder is 

connected to the combustion chamber to monitor the pressure during combustion. 

This setup safeguards the transducer from potential damage caused by flame 

impingement. The pressure transducer produces the appropriate charge output 

based on the pressure within the engine cylinder. The crank angle encoder 

measured the CP with various crank angle positions. 

The following conditions must be met to get an accurate in-cylinder pressure 

reading- 

 Accurate mounting of the probe in the cylinder head. 

 The pressure vs volume phasing is accurate within 0.2. 

 The calibration is affected by temperature variations in the transducer. 

 The compression and expansion process should be well-fitted by a polytrophic. 

 Relationship, PVn = Constant, with n = 1.3 ± 0.5 for conventional fuels. 

5.5.2 Net heat release rate 

In a CI engine, the cylinder functions as a single open system. When the intake 

and exhaust valves are closed, the A-F mixture enters the combustion chamber 
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through the system boundary via mass flow. A single-zone model was used to 

calculate the NHRR. The first law of thermodynamics, expressed as the energy 

equation for an open system, can be stated as follows: 

𝑑𝑄 + ∑𝑚𝑖ℎ𝑖 = 𝑑𝑊 = 𝑑𝑈 

If the flow in the crevice is negligible, then the equation can be written as 

𝑑𝑄

𝑑𝜃
− 
𝑑𝑄𝑤
𝑑𝜃

+𝑚𝑖𝑛𝑗ℎ𝑓 = 𝑃
𝑑𝑉

𝑑𝜃
+
𝑑𝑄

𝑑𝜃
 

 

Where- 

U = Sensible internal energy  

hf = Sensible enthalpy of injected fuel 

Q = Heat release during combustion 

Qw = Heat rejected out of the cylinder 

If hf is negligible, the equation can be written as- 

𝑑𝑄

𝑑𝜃
= 𝑃

𝑑𝑉

𝑑𝜃
+ 
𝐶𝑣
𝑅
 [𝑃
𝑑𝑉

𝑑𝜃
+ 𝑉

𝑑𝑃

𝑑𝜃
] + 

𝑑𝑄𝑤
𝑑𝜃

 

 

𝑑𝑄

𝑑𝜃
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𝛾

𝛾 − 1
[𝑃
𝑑𝑉

𝑑𝜃
] + 

𝛾

𝛾 − 1
[𝑉
𝑑𝑃

𝑑𝜃
] +

𝑑𝑄𝑤
𝑑𝜃

 

Where γ = 1.35 

5.5.3 Exhaust gas recirculation 

 A fuel vaporizer is used to reduce the NOx emission from the engine. However, 

further reduction is needed to fulfill stringent emission standards. Therefore, it is 

essential to maintain control over the peak combustion temperatures to lower NOx 

emissions in the exhaust. The effective method of exhaust gas recirculation (EGR) 

can enable lower NOx emissions. NOx emission depends on the combustion 

temperature; if the combustion temperature is higher and reaches 2000 K, it leads 

to NOx formation. When EGR is combined with diesel engine intake air, it raises 

the temperature of the inlet charge, which may impact the combustion process and 
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compressed-charge temperature. Increasing the temperature of the intake charge 

reduces the density and mass of the charge that enters the engine cylinders. The 

exhaust gas is mostly composed of nitrogen, carbon dioxide, and water vapour. 

When the exhaust gas is recirculated back into the combustion chamber, it works 

as a diluent, thus reducing the O2 concentration in the combustion chamber. 

Additionally, exhaust gas possesses a higher specific heat than fresh air. 

Consequently, EGR increases the intake charge's heat capacity and diminishes the 

temperature and rise for the same amount of heat release. 

𝐸𝐺𝑅 (%) =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐸𝐺𝑅

𝑇𝑜𝑡𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑖𝑛𝑎𝑡𝑘𝑒 𝑖𝑛𝑡𝑜 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 
 × 100 

EGR ratio may be defined using CO2 concentration.  

𝐸𝐺𝑅 (%) =  
[𝐶𝑂2]𝐼𝑛𝑡𝑎𝑘𝑒 − [𝐶𝑂2]𝐴𝑚𝑏𝑖𝑒𝑛𝑡
[𝐶𝑂2]𝐸𝑥ℎ𝑎𝑢𝑠𝑡 − [𝐶𝑂2]𝐴𝑚𝑏𝑖𝑒𝑛𝑡

 

5.5.4 Standard error measurement  

In the experimental study on the CI engine, the possibility of an error occurring 

within the readings is overwhelmingly probable. Random inaccuracies may occur 

in the study, researcher error is also reasonably standard. Therefore, Table 5.5 

reported the instrumental errors and experimental errors as well. Uncertainty-

measured parameters (𝑥1. 𝑥2, 𝑥3 … 𝑥𝑛) such as temperature sensors, pressure 

transducers, etc. The overall uncertainty of the experiments can be computed by 

the given equation 5.1 (A. K. Das et al., 2020). The uncertainty of the engine 

parts, BTE, CO, HC, CO2, and NOx, is shown in Table 5.5. 

Total uncertainty (%). 

𝑞 =  √[∑ (
𝑑𝑄

𝑑𝑥𝑛
∆𝑥𝑛)

2

]      Eqn. (5.1) 

q = f (𝑥1. 𝑥2, 𝑥3 … 𝑥𝑛) (q is the function of x1. x2, x3 … xn).  

x1. x2, x3 ………xn measured variable.  

dq dx1. dq dx2, dq dx3 ……. dq dxn: Partial differential of q (calculated 

parameter) 
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Table 5.5: List of equipment including their make, range, accuracy 

Apparatus Make Approximate 

Range 

Precision Approximate 

Uncertainty 

(%) 

An analyzer for 

Gases 

AVL CO: 0%-10% 

HC: 0.0-20,000 

ppm 

NOx: 0.0-5000 

ppm 

± 0.01 % 

± 1ppm 

± 1ppm 

± 0.50 

± 0.70 

± 0.30 

RPM indicator 

with speed 

sensor 

Selection 

process 

control  

 

4.0 rpm-9999 rpm 
±0.050% 

 
± 2.0 

Mechanical 

crankshaft angle 

gauge 

Kubler  

0o -360o ± 1oCA ± 0.20 

Stress gauge 

(Load cell) 

Sensortronics  

0.0 kg-50 kg 
± 0.1 kg ± 0.10 

An indication of 

the load being 

carried 

ABUS 

Technologies 

 

0.0 kg-100 kg ± 0.20% ± 0.20 

BSFC  - -  ±1.764 

BTE  - -  ± 0.45 

Smoke  - -  ± 0.50% 
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CHAPTER 6: ENGINE PERFORMANCE AND EMISSIONS  

6.1 Investigation of CI engine characteristics fueled with plasto oil  

The engine underwent testing with PO and diesel blends. Volumetric experiments 

were conducted using varying proportions of plasto oil to diesel. A mechanical 

stirrer was employed for 30 min at 500 rpm to mix PO-diesel properly. The fuels 

used in the CI engine were as follows: PO25D75 – comprising 25% plasto oil and 

75% diesel, PO50D50 – comprising 50% plasto oil and 50% diesel, PO75D25 – 

comprising 75% plasto oil and 25% diesel, PO100 – Neat plasto oil.  

6.1.1 Engine Performance  

6.1.1.1 Brake thermal efficiency  

The brake thermal efficiency is the significant engine parameter that addresses the 

effective conversion of fuel chemical energy into thermal energy and, 

correspondingly mechanical output. The BTE of the engine can also be 

determined by Equation 6.1. The deviation of BTE at various engine loads is 

depicted in Figure 6.1. It has been observed that BTE increases with increasing 

the loads of the engine. This may cause a fall short in heat loss, leading to the 

subsequent increase in power due to the improvement in the presence of oxygen 

in combustion (Shrivastava et al., 2020; Rajak et al., 2020). It has been observed 

that the BTE of the plasto oil blends produced lower BTE at all engine load 

conditions than the reference diesel. The BTE of the engine was 31.28% for 

reference diesel fuel at a higher engine load. However, introducing plasto oil with 

diesel blends and neat plasto oil such as PO25D75, PO50D50, PO75D25, and 

PO100 reduced the BTE by 2.50%, 3.70%, 5.08%, and 6.90%, respectively 

than reference diesel at higher engine load. The inferiority owing to the high 

viscosity and lower calorific value (CV) of the plasto oil blends This may be 

attributed to the poor spray formation by poor atomization and vaporization of the 
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plasto oil blends during premixed combustion (Tesfa et al., 2010; Sambandam et 

al., 2020). Thokchom Subhaschandra et al. studied on CI engine fueled with 20 

vol% plasto oil and 80 vol.% diesel, resulting in lower BTE than diesel. This may 

cause lower heat content, increased viscosity and heavier hydrocarbon chains 

(C10-C30) in plasto oil (T. S. Singh et al., 2020).  

 (%) =
Brake power (KW) × 3600

Fuel flow (
Kg

hr
)×Calorific value (

KJ

Kg
)
 × 100   Eqn. (6.1)  

 

Figure 6.1: Variation in BTE at various engine loads 

6.1.1.2 Brake-specific fuel consumption  

The BSFC is the ratio of the rate of fuel consumption to the adequate power 

produced by the engine. The BSFC can also be determined by Equation 6.2. The 

variation of BSFC at various engine loads is shown in Figure 6.2. The BSFC 

varies from 0.486 kg/kWh at minimum engine load to 0.357 kg/kWh at higher for 

reference diesel (D100). Moreover, it varies for plasto oil blends such as 

PO25D75, PO50D50, PO75D25 and PO100 from 0.501 kg/kWh to 0.369 

kg/kWh, 0.517 kg/kWh to 0.378 kg/kWh, 0.537 kg/kWh to 0.387 kg/kWh and 

0.558 kg/kWh to 0.391 kg/kWh respectively, which is 3.36%, 5.88%, 8.40% and 

9.50% higher than reference diesel. It has been observed that BSFC decreased 
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with increasing the load. This is caused by the acceleration of the combustion 

process at higher engine load, attributed to improved fuel atomization, increased 

fuel mixing, and elevated in-cylinder temperatures, which may elucidate the latter 

phenomenon of occurrence at higher engine load (Devaraj et al., 2015). 

Moreover, it has been observed that Plasto oil has higher BSFC than other fuels. 

This may cause of higher viscosity and lower calorific value of plasto oil, which 

requires excess fuel to produce the essential heat in the combustion chamber 

(Saha et al., 2021).  

 

Figure 6.2: Variation in  BSFC at various engine loads 

Venkatesan et al. probed the effect of the BSFC on plasto oil and diesel blends 

and found that 30% of plasto oil with diesel has 5-6% higher BSFC than neat 

diesel. This could be due to higher volatile aromatic hydrocarbon molecules in the 

plasto oil (H. Venkatesan et al., 2018). Consequently, the air-fuel mixture may not 

be optimized, leading to higher fuel consumption and an inability to maintain the 

necessary heat for the brake power output. 

BSFC =
mass flow rate  (kg/h)

brake power (kW)
     Eqn. (6.2) 
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6.1.1.3 Exhaust gas temperature  

The exhaust gas temperature (EGT) of the plasto oil and diesel blends at different 

engine loads is shown in Figure 6.3. The EGT of diesel (D100) was 140.11 oC at a 

low engine load and reached 310.16 oC at a high engine load. Similarly, PO and 

PO-diesel blends increased with various engine loads. EGT increased from 143.91 

oC to 313.09 oC, 149.05 oC to 327 oC, 153.88 oC to 331.38 oC and 158.46 oC to 

334.58 oC for PO25D75, PO50D50, PO75D25 and PO100 respectively at 25% to 

100% engine load. It has been found that the higher proportion of the PO 

increased the EGT and increased with engine load conditions. The average EGT 

of neat plasto oil is 7.8% higher than the reference diesel at maximum engine 

load. The reason for increasing EGT was the prolonged combustion process 

caused by the lower calorific value of the PO than diesel, which required excess 

fuel to produce the extra power or heat essential to take up the extra engine load 

 

Figure 6.3: Variation in  EGT at various engine loads 

 (Viswanath K. Kaimal et al., 2015). Sachin Kumar et al. evaluated the EGT for 

the diesel and plasto oil blends and found that a 40% plastic blend with diesel 

produced 16.33% higher EGT than neat diesel (Kumar et al., 2013). This may 
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cause lower engine BTE, causing less energy conversion to mechanical output 

(Shahir et al., 2018). 

6.1.2 Engine combustion characteristics  

6.1.2.1 Cylinder pressure  

In a CI engine, the maximum cylinder pressure (CP) is caused by fuel combustion 

during the premixed phase, predominantly determined by atomization, 

vaporization, droplet mixing, and chemical reactions. The deviation of CP with 

the crank angle of the engine for diesel and plasto oil blends is depicted in Figure 

6.4. The higher CP  was 54.07 bar/oCA for diesel at a higher engine load. 

However, cylinder pressure for PO25D75, PO50D50, PO75D25 and PO100 was 

52.88 bar/oCA, 53.29 bar/oCA, 54.7 bar/oCA, and 53.01 bar/oCA, respectively, at 

maximum engine load. Increasing the plasto oil proportion with diesel decreased 

the cylinder pressure. This could be due to plasto oil blending with the diesel, 

which increased the viscosity and decreased the self-ignition property. 

Consequently, this setup leads to inadequate spray formation and diminished 

vaporization, which hampers proper combustion, leading to lower peak cylinder 

pressure in both neat plasto oil and PO-diesel blends (Kaimal & Vijayabalan, 

2017; Karishma et al., 2022). The peak CP  for all plasto oil blends is delayed and 

occurs after the top dead center (TDC). The delay is attributed to a deficiency of 

the fuel for auto-ignition, leading to delays in the combustion process, with the 

combustion diffusion phase becoming predominant. Furthermore, the lower 

cetane value contributes to the delay in fuel combustion, which, upon combustion, 

releases high heat, consequently increasing CP. Additionally, the very identical 

viscosity of diesel and PO aids in the regulated injection of ignition fuel into the 

combustion chamber. This facilitates proper mixing of A-F, resulting in enhanced 

combustion efficiency and increased cylinder pressure. (Rajak et al., 2022). 

Manigandan Sekar et al. analyzed the effects of PO blends with diesel on the CI 

engine and found a higher peak pressure of 68 bar/oCA . This could be because of 

a higher calorific value and viscosity. However, a combination of 25% plasto oil 
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and 25% Al2O3 with 75% diesel achieved 71 bar pressure owing to the better-

oxygenated content available in the fuel, which increased the rate of combustion 

(Sekar et al., 2021). 

 

Figure 6.4: Variation of cylinder pressure with  various crank angles full 

engine load 

6.1.2.2 Net heat release rate vs crank angle  

Figure 6.5 illustrates the net heat release rate (NHRR) for plasto oil and diesel 

blends at higher engine loads. The heat release curve has two phases: premixed 

combustion and diffusion combustion. Delayed heat release was observed for PO 

blends in comparison to diesel, with the duration of heat release being extended 

for the blends (Thiyagarajan et al., 2019). The maximum NHRR for diesel is 50.5 

J/oCA at higher engine load. Increased plasto oil in blends produced a maximum 

heating rate of 51 J/oCA, 50.5 J/oCA, 53.9 J/oCA and 54.8 J/oCA for 25%, 50%, 

75% and 100% respectively at maximum load. This is caused by the high 

proportion of plasto oil leading to an incomplete combustion and longer ignition 

delay. The longer delay of ignition time is the primary cause of the higher NHRR 

of the plasto oil blends. The adiabatic flame temperature increased with increasing 
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aromatic content, leading to an immediate release of heat (Damodharan et al., 

2019). M. Mani et al. studied PO and diesel blends and revealed that the NHRR of 

plasto oil was 3.2% higher than diesel (Mani et al., 2011).  

 

Figure 6.5: Variation of  NHRR with various crank angles at full engine load 

This may cause of longer ignition delay period. Plasto oil, characterized by its 

ring structure, contains higher aromatic compounds and a higher adiabatic flame 

temperature. Additionally, the presence of oxygen in plasto oil, at a concentration 

of 3.3 wt.%, enhances the combustion process by reducing the cylinder 

equivalency ratio. However, it's worth noting that the study suggests PO100 may 

not be suitable for prolonged usage due to its tendency to generate more heat and 

combust faster, potentially posing a risk of engine failure. 

6.1.3 Engine emission characteristics  

6.1.3.1 Carbon monoxide   

Carbon monoxide (CO) is a byproduct formed during imperfect fuel combustion. 

The A-F ratio primarily influences CO formation in relation to stoichiometric 

proportions. Rich combustion conditions lead to the production of CO, with 

emissions increasing almost linearly to the deviation from stoichiometry 
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(Kumaravel et al., 2016). The deviation in CO for all fuels at various loads is 

depicted in Figure 6.6. The result signifies that CO emission is higher for all the 

plasto oil blends at higher engine loads. It has been observed that CO was 0.02% 

for diesel at full engine load. However, at maximum engine load, CO emission 

was 0.03%, 0.034%, 0.04%, and 0.043% at 25%, 50%, 75% and 100% plasto oil 

fraction. The finding highlights the severe deterioration in combustion observed 

in PO100 at higher load. This deterioration may stem from lower cetane numbers 

and higher aromatic compounds in plasto oil, leading to prolonged ignition delay 

and shorter combustion periods. Hence, incomplete combustion, inadequate 

mixture preparation, and insufficient oxygen availability are critical factors 

contributing to CO emission formation (Fiore et al., 2020).  

 

Figure 6.6: Variation of carbon monoxide emissions at various engine loads 

Diesel engines exhibit significantly less CO emission owing to their high cylinder 

temperature and low equivalence ratio. Moreover, the CI engine operates on a 

lean mixture, lowering CO emissions (R. K. Singh et al., 2020). Venkatesan, S et 

al. studied plasto oil fueled in CI engine, revealing that plasto oil resulted in a 

2.83% higher CO emission than diesel fuel (S. P. Venkatesan et al., 2020). This 
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may result in insufficient A-F mixture preparation, localized rich zones, and a 

lack of oxygen compounds in PO. 

6.1.3.2 Hydrocarbons emissions 

Hydrocarbon (HC) emission formation depends on incomplete fuel combustion, 

the formation of overly lean mixtures, and low in-cylinder temperatures (Imtenan 

et al., 2015). Moreover, Viscosity, voltality and cold zones contributed to 

hydrocarbon emissions. High viscosity promotes large droplets of fuel, while 

decreased vapour pressure leads to inadequate combustion, thereby increasing the 

HC emissions. However, low vapour pressure causes inadequate combustion, 

increasing unburned hydrocarbon emissions. During low loads, the high A-F ratio 

and low temperatures allow for the simple discharge of unburnt hydrocarbons into 

the exhaust (Kumar et al., 2013). The deviation in hydrocarbon emission at 

different engine loads for diesel and PO blends is represented in Figure 6.7. It has 

been observed that the HC was 18 ppm at a higher engine load for diesel. For 

plasto oil with blend ratios of 25%, 50%, 75% and 100% shown, the value of 20 

ppm, 23 ppm, 31 ppm, and 37 ppm respectively at full engine load. Increasing the 

plasto oil ratio in diesel leads to an uptick in HC emissions because of incomplete 

combustion process leftover HC. Two main factors contribute to the generation of 

hydrocarbons in plasto oil blends. First, the blended plasto oil fails to penetrate 

deeply into the combustion chamber, leading to fuel buildup along the wall of the 

cylinder in crevices, where it remains unburnt. Second, unreactive unsaturated 

hydrocarbons in the fuel persist throughout the combustion process without 

breaking down, ultimately emitted with the exhaust gases (R. K. Singh et al., 

2020; Jacob et al., 2022). Moreover, PO blends may have a higher possibility of 

impinging on the cylinder wall, cause of their higher viscosity and lower cetane 

number than diesel. This prolonged igniting delay may cause higher formation of 

HC emissions (T. S. Singh et al., 2022).  In a study on CI engine Sambandam et 

al. observed that plasto oil emits more HC than diesel. This is caused by the 

presence of higher aromatic content in PO (Sambandam et al., 2020). This 

characteristic reduces the duration of combustion and prolongs the ignition delay, 
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exacerbating the issue of incomplete combustion, and leading to increased UHC 

emissions. 

 

Figure 6.7: Variation of  hydrocarbon emissions at various engine loads 

6.1.3.3 Carbon dioxide emission 

The CO2 emission formation depends on the fuel combustibility in the combustion 

chamber. The appropriate fuel combustion, arising from the complete oxidation of 

carbon atoms within the fuel, causes CO2 emission. While emission legislation 

does not regulate it and is not deemed harmful, CO2 significantly contributes to 

greenhouse gas emissions and exacerbates climate change (Mariappan et al., 

2021). The deviation in CO2 emission at different engine loads for PO and diesel 

blends is depicted in Figure 6.8. The higher CO2 was 13.43% at maximum engine 

load, for plasto oil blends such as PO25D75, PO50D50, PO75D25 and PO100 

produced 12.67%, 11.97%, 10.87% and 10.52 % respectively. It has been 

observed that diesel produced higher CO2 emissions by 3.63% than neat plasto oil 

(PO100). This could potentially lead to incomplete fuel combustion caused by 

delayed ignition of fuel. Although more fuel is being used in the combustion 

process at higher engine load, a higher proportion of plasto oil content still results 

in a reduction in carbon dioxide emissions, indicative of the effectiveness of this 
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approach in enhancing combustion efficiency. (Pal et al., 2019). Sachin Kumar et 

al. examined various blends of plasto oil ranging from 10% to 40%. They found 

that increasing the proportion of PO in diesel decreased carbon dioxide emissions, 

which are caused by inefficient fuel oxidation (Kumar et al., 2013). 

 

Figure 6.8: Variation of  carbon monoxide emissions at various engine loads 

6.1.3.4 Oxides of nitrogen 

Nitrogen oxide (NOx) emissions are primarily composed of nitric oxide (NO) and 

nitrogen dioxide (NO2). NOx is formed when nitrogen present in the air is 

oxidized during the A-F mixture combustion. The ambient temperature and air-

fuel ratio are the two important factors influencing nitrogen oxide formation. 

When combustion is complete, the temperature increases, enabling more free O2 

atoms to interact with N2 increasing the rate of NOx formation (Zhu et al., 2011), 

(Damodharan et al., 2019). However, increased NOx emissions result from the 

thermal process triggered by the heightened cylinder temperature and fuel oxygen 

concentration (Bhurat et al., 2021). The deviation of NOx emissions with varying 

engine loads for plasto oil blends is depicted in Figure 6.9. The NOx emission was 

367 ppm for the diesel at higher engine load. However, an increasing proportion 

of the plasto oil produced 306 ppm, 387 ppm, 427 ppm and 481 ppm for 
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PO25D75, PO50D50, PO75D25, and PO100, respectively. NOx emission 

produced by neat plasto oil was 31.06% higher than diesel at maximum engine 

load.  

 

Figure 6.9: Variation of  NOx emissions at various engine loads 

This is caused by the oxygenated compounds resulting in proper fuel combustion 

and increased NOx formation (İlkil et al., 2012). Kalargaris et al. reported higher 

NOx emissions for plasto oil and diesel blends. The study observed that plasto oil 

produced 2% higher NOx than diesel fuel. This is caused by the higher amount of 

premixed combustion and nitrogen in the plasto oil, contributing to increased NOx 

formation (Kalargaris et al., 2017). 

6.1.3.5 Smoke opacity  

Smoke opacity is composed of solid soot particles suspended in the exhaust gases. 

The deviation in the smoke opacity formation with various engine loads for plasto 

oil and diesel blends is illustrated in Figure 6.10. The result signifies that diesel 

produced 53.60% smoke opacity at full engine load. However, an increasing 

proportion of the plasto oil produced 52.5%, 52.1%, 51.93% and 51.20% smoke 

opacity for PO25D75, PO50D50, PO75D25, and PO100 respectively at maximum 
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engine load conditions. The smoke opacity generated by plasto oil was diminished 

by 4.47% than diesel. The smoke is influenced by carbon atoms and the volume 

of fuel injected.  

 

Figure 6.10: Variation of smoke opacity at various engine loads 

Plasto oil typically contains fewer aromatic groups than diesel, which may lead to 

a reduction in soot particles caused by a lower concentration of compounds in the 

plasto oil (Khairil et al., 2020). Another contributing aspect could be that plasto 

oil contains naphtha and shorter carbon chain compounds, which may affect the 

formation of soot particles in the exhaust. Arjharn et al. studied the plasto oil in a 

CI engine and revealed that diesel produced 16% more smoke opacity than plasto 

oil. This difference may be due to the combustion of  aromatic compounds in 

diesel compared to the lower concentration of such compounds in plasto oil 

(Arjharn et al., 2022). 

6.2 Investigation of PCCI engine characteristics with plasto oil heavy (POH)  

The experiments were performed on plasto oil heavy (POH) blending with diesel 

as a fuel in conventional CI and PCCI engines at Apex Innovation Pvt. Ltd. 

Sangli, Maharashtra. The POH blends with diesel as follows: POH10D90 – 
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comprising 10 vol.% POH with 90 vol.% diesel and POH20D80 comprising 20 

vol.% POH with 80 vol.% diesel. Initially, diesel, POH10D90 and POH20D80 

fuels were used in conventional CI engine mode without EGR and 10% EGR. 

However, in the PCCI engine mode, a fuel vaporizer was used to vaporize the 

POH and obtain the homogenous air-fuel mixture by the external mixture 

formation approach. The PCCI engine was run with two fuel vapour rates of 2 

ml/min and 3 ml/min as a pilot injection (PI) with diesel, POH10D90 and 

POH20D80 as direct injection (DI) without EGR and with 10% EGR at different 

engine loads. The governor regulated the fuel's direct injection and maintained the 

constant engine speed. The start of pilot injection (SoPI) was 40o bTDC, and the 

main injection (direct injection) was 24o bTDC.   

6.2.1 Engine performance  

6.2.1.1 Brake thermal efficiency  

The deviation in  BTE at different engine loads in conventional CI engine mode 

(direct injection) and PCCI mode is shown in Figure 6.11. It is evident that BTE 

increased with increasing the engine load, which demonstrates the combustion 

process's ability to efficiently transform the fuel energy into mechanical output 

while minimizing heat loss (Rajak et al., 2020). Initially, diesel, POH10D90 and 

POH20D80 were employed in the conventional CI engine mode operation and 

produced BTE were 30.37%, 29.97% and 29.58% respectively at maximum 

engine load. It was noted that POH1OD90 and POH20D80 produced lower BTE 

by 1.31% and 2.60% than reference diesel. This may be caused by the lower 

calorific value of  POH-diesel blends. Moreover, EGT and heat release rate 

demonstrated an increase for the blends at a full engine load. This may lead to 

higher heat loss and lower BTE (Arunkumar et al., 2019). Combining  10% EGR, 

BTE was 28.98%, 28.75%, and 28.24% for diesel, POH10D90, and POH20D80 

respectively. It was noted that BTE was reduced with EGR due to the O2 

deficiency in the combustion chamber caused by replacing the fraction of air with 

exhaust gas (Ganesh et al., 2008; Pathak et al., 2021). Figure 6.11 (a) illustrates 

that neat diesel brake thermal efficiency was 30.37% at maximum engine load in 
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conventional CI engine mode operation. However, 2 and 3 ml/min fuel vapour 

induction with DI of diesel showed minimum penalty of BTE, which decreased 

by 2.96 % and 4.64 % respectively, compared to the diesel-fueled in conventional 

mode at higher engine load. Combining 10% of EGR with 2 and 3 ml/min POH 

vapour reduced BTE by 9.41% and 11.19% respectively, at higher engine load. 

Figure 6.11 (b) and (c) shows the BTE of POH10D90 and POH20D80 was 28.75 

% and 28.24% respectively. The BTE produced by the induction of 2 ml/min and 

3 ml/min POH vapour with POH10D90 (DI) decreased by 3.42% and 6.33% 

respectively at higher engine load than POH10D90 used in conventional engine 

mode. Similarly, introducing the 2 and 3 ml/min POH vapour with POH20D80 

(DI) reduced the BTE by 4.63% and 7.20% respectively at full engine load 

compared to the fuel POH20D80 used in a conventional engine.  

 

Figure 6.11: Deviation in brake thermal efficiency at increasing engine 

loads(a) Diesel (b) POH10D90 (c) POH20D80 
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It has been observed that introducing the POH vapour decreased the BTE for 

diesel, POH10D90 and POH20D80. This could be due to the external mixture of 

POH vapour and air in the intake manifold. which could undergo condensation 

due to the difference in temperature between the two fluids (intake air and POH 

vapour). Consequently, reduced fuel availability ensues, impacting charge 

formation and resulting in a decline in BTE with PCCI combustion (Ganesh et al., 

2011). The BTE decreased with increasing the vapour induction, leading to 

increased fuel dilution. At higher engine load BTE for 2 and 3 ml/min POH 

vapour with POH10D90 and POH20D80 was lowered by 11.37% and 12.24%, 

11.01% and 13.11% respectively with 10% EGR as compared to the POH10D90 

and POH20D80 fuel in conventional DI mode. Exhaust gases reduce the average 

combustion temperature within the combustion chamber, resulting in decreased 

BTE across all engine loads (Jayabal et al., 2020). However, the external mixture 

formation of POH vapour and air adds diluting elements that lower the essential 

combustion circumstances and adversely affect the BTE. 

6.2.1.2 Exhaust gas temperature 

The exhaust gas temperature (EGT) variation with different engine loads for 

conventional CI engine and PCCI engine modes is shown in Figure 6.12 (a), (b) 

and (c). EGT increases with increasing the engine load. The increase in EGT 

signifies the higher energy required to produce the substantial engine power 

required to handle the additional load. The EGT of an engine is affected by 

oxygen content and fuel cetane number (Kumar et al., 2013). In conventional CI 

engine mode, the maximum EGT was 384.47 oC produced by the POH20D80, 

which was 4.16% and 6.88 % higher than the POH10D90 and diesel respectively 

at maximum engine load. The higher EGT could be attributed to the engine's 

lower BTE. The lower thermal efficiency indicates that less energy input from the 

fuel gets converted into mechanical output, leading to higher EGT (Nagarajan et 

al., 2002). However, EGT decreased by 6.16%, 20.63% and 19.3% for diesel, 

POH10D90 and POH20D80 respectively by introducing the 10% EGR at higher 

engine load. Figure 6.12 (a) depicted that EGT for 2 and 3 ml/min of POH vapour 
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with diesel (DI) was 331.99 oC and 290.8 oC respectively, which was 7.97% and 

18.97 % lower than the diesel fuel in conventional CI engine. EGT was reduced 

by 22.63% and 31.61% at higher engine load for 2 and 3ml POH vapour with 

10% EGR. This could be due to the presence of non-reactive inert gases such as 

CO2 and water vapor, which possess relatively higher heat capacities than other 

constituents of exhaust gas and absorb the heat generated during combustion. 

Consequently, they lower the cylinder's overall temperature (Agarwal et al., 

2013). Figure 6.12 (b) depicts the EGT for POH10D90 and POH20D80 with 

engine load. It has been observed 2 and 3ml POH vapour induction with 

POH10D90 EGT decreased by 25.63% and 31.87% respectively than the 

POH10D90 fueled in conventional CI engine.  

 

Figure 6.12: Deviation in exhaust gas temperature at increasing engine loads 

(a) Diesel (b) POH10D90 (c) POH20D80 
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Similarly, Figure 6.12 (c) illustrated that for 2 and 3 ml POH vapour induction 

with POH20D80 EGT was reduced by 22.40% and 33.93% at higher engine load 

as compared to the conventional engine mode operation with POH20D80 fuel. It 

was noted that EGT reduced in PCCI mode due to the lean A-F mixture, which 

leads to a lower combustion temperature (Bhurat et al., 2022). However, at 

maximum engine load, 2 and 3 ml/min induction of POH vapour with POH10D90 

reduced the EGT by 36.56% and 43.90% respectively with 10% EGR as 

compared to the POH10D90 in conventional CI engine mode. Similarly, direct 

injection of POH20D80 with 2 and 3 ml/min EGT was reduced by 36.79% and 

43.03% respectively with 10% EGR. This may cause a lean A-F mixture, which 

lowers the combustion peak temperature. POH vapour enhanced homogeneity, 

initially EGT was reduced due to the lean air-fuel charge decreasing the 

combustion temperature (Ganesh et al., 2008). However, the intake air 

temperature causes a phase shift that precludes contribution to fuel combustion. 

Combining of EGR contributes to charge dilution, resulting in a lean A-F mixture 

(Agarwal et al., 2013). 

6.2.1.3 Volumetric efficiency  

Volumetric efficiency (VE) depicts the engine breathing capacity, which is 

influenced by the exhaust gas recirculation and the vapour induction. The 

deviation in the VE with respect to the engine load is shown in Figure 6.13. It has 

been observed from the trends that VE is reduced when the POH vapour and EGR 

rates are increased. In a conventional CI engine, air flows through the manifold 

during the suction stroke. However, charge formation takes place during fuel is 

injected into the combustion chamber at the compression stroke. The intake air 

fills the whole space in the manifold, resulting in high VE. However, the short 

duration of charge mixing leads to the incomplete utilization of the intake air 

during combustion and leaving a significant amount of the air ineffective. 

In Conventional CI engine mode, a study of diesel, POH10D90 and POH20D80 

was carried out and it has been observed that volumetric efficiency was 81.23%, 
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78.34% and 77.39% at minimum engine load, which decreased by ∼2 % at higher 

engine load for diesel, POH10D90 and POH20D80 respectively. It is noted from 

the trends that VE decreased by increasing the engine load. This is caused by the 

cut-off ratio increase, which leads to a gradual, continuous reduction in 

volumetric efficiency (R. K. Singh et al., 2020). Moreover, the lesser calorific 

value of the fuel increased fuel consumption and generated high heat and pressure 

to sustain engine power. Consequently, this results in a reduction in volumetric 

efficiency for maximum engine load conditions (R. K. Singh et al., 2019). At 

higher engine load, volumetric efficiency has decreased by 9.95%, 9.22% and 

9.10% for diesel, POH10D90 and POH20D80 respectively with 10% EGR. EGR 

reduces the oxygen availability for combustion, lowers the peak temperature in 

the engine cylinder and affects the density of the A-F mixture, causing a reduction 

in volumetric efficiency (Saha et al., 2021). Figure 6.13 (a), (b) and (c) illustrated 

that in PCCI mode, 2 and 3ml/min induction of POH vapour with diesel reduced 

the volumetric efficiency by 2.26% and 6.45%, at a higher load than conventional 

CI mode operation with diesel fuel. However, direct injection of POH10D90 with 

2 and 3 ml induction of POH vapour reduced the volumetric efficiency by 2.97 

and 7.28% compared to POH10D90 fueled in a conventional CI engine. Similarly, 

for the POH20D80 volumetric efficiency was found to be 3.70% and 8.16% lower 

for 2ml and 3ml/min POH vapour induction compared to conventional engines 

operated with POH20D80 fuel. 

However, combining 10% EGR in PCCI engine mode, volumetric efficiency 

decreased by 13.33% and 15.22% with varying POH vapour from 2 to 3 ml/min 

with diesel at maximum engine load compared to conventional CI engine fueled 

with diesel. Similarly, POH10D90 with 2 and 3ml induction of POH vapour 

reduced the volumetric efficiency by 11.71% and 15.63% respectively with 10% 

EGR compared to the POH10D90 in a conventional CI engine. However, in the 

PCCI engine, POH20D80 (DI) with 2 and 3ml induction of POH vapour reduced 

the volumetric efficiency by 13.06% and 16.80% respectively with 10% EGR as 

compared to the POH20D80 fueled in a conventional CI engine. It is evident from 
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the trends that EGR has a more significant impact on the reduction in VE, which 

is higher than the POH vapour induction with fuel. In PCCI mode, the volume of 

fuel vapour in the intake manifold, along with the additional space taken up by 

recirculated exhaust gas, restricts the intake airflow rate, lowering volumetric 

efficiency (Alemayehu et al., 2022). Pre-mixing starts with the suction stroke and 

lasts until the combustion starts, allowing for a longer time of homogenous charge 

generation. Unlike conventional (DI), this process eliminates excess air, 

contributing to high NOx emissions . 

 

Figure 6.13: Deviation in volumetric efficiency at increasing engine loads (a) 

Diesel (b) POH10D90 (c) POH20D80 
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6.2.2 Engine combustion characteristics  

6.2.2.1 Cylinder pressure vs crank angle  

The fuel burning rate significantly influences the combustion pressure within the 

engine cylinder during the premixed phase. Figure 6.14 (a), (b) and (c) show the 

variation in peak cylinder pressure (CP) with various crank angles. In 

conventional engine mode, the Higher peak pressure was 68.87 bar produced by 

the POH20D80 followed by 67.89 bar and 66.86 bar for the POH10D90 and 

diesel at higher engine load conditions. It has been observed that CP increased on 

increasing the proportion of the POH in diesel. This may cause the lower calorific 

value and lower cetane number, which require more fuel at the same time to 

achieve the desired engine power (Sayin et al., 2010). However, introducing the 

10% EGR at high engine load cylinder pressure tends to decrease by 4.84%, 4.08 

and 3.85 % for diesel, POH10D90 and POH20D80 respectively, compared to 

without EGR engine operation. This could be because the recirculated exhaust 

gases lower the combustion chamber cylinder charge temperature by acting as a 

heat-absorbing agent (Mani et al., 2010). In PCCI engine mode, 2ml and 3ml 

POH vapour induction with diesel (DI) is shown in Figure 6.13 (a). It has been 

observed from the trend that increasing the POH vapour quantity from 2ml to 3ml 

cylinder pressure reduced by 3.02 and 5.29% respectively than diesel in 

conventional CI mode at maximum engine load. Similarly, Figure 6.13 (b) 

depicted the 2 and 3ml POH vapour with POH10D90 as the main fuel injection 

reduced the CP by 5.80% and 7.27% respectively at maximum engine load than 

POH10D90 in conventional CI engine mode. Similarly, 2 and 3 ml POH vapour 

with direct injection of POH20D80 reduced the cylinder pressure by 2.91 and 

4.31% respectively at full engine load, compared to the POH20D80 fueled in 

conventional CI engine mode. 

However, combining 10% of EGR with 2ml and 3ml of POH vapor reduced the 

cylinder pressure by 8.82 to 11.02 % for POH10D90 and 9.29 to 13.67% for 

POH20D80 at full engine load condition as compared to the POH10D90 and 

POH20D80 fueled in conventional CI engine respectively. POH vapour induction 
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contributes significantly to peak pressure reduction. Increased diesel vapour 

amount results in a change in peak in-cylinder pressure closer to TDC. Ganesh et 

al. (Ganesh et al., 2008) studied diesel fuel vapour in HCCI engine mode. They 

showed that peak cylinder pressure was obtained at TDC with the induction of 

diesel vapour, which showed better mixture formation in PCCI engine mode than 

conventional CI. However, increasing the POH vapour beyond 3ml deviates from 

the combustion process and may tend to lean towards the rich mixture, causing 

the A-F mixture to pre-ignite. This might raise the peak in-cylinder pressure 

during combustion. The study conducted on full vapour induction is not allowed 

to operate the engine at full engine load (Bhiogade et al., 2016). 

 

Figure 6.14: Deviation in cylinder pressure with the crank angles at higher 

engine load (a) diesel (b) POH10D90 (c) POH20D80 
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6.2.2.2 Net heat release rate  

The engine exhibits a high heat release rate caused by the injection process, 

followed by atomization, vaporization, and mixing of fuel. Figure 6.15 (a), (b) 

and (c) depicted the deviation of NHRR with crank angle. In conventional CI 

engine mode, NHRR was 51.46 J/oCA, 52.38 J/oCA and 54.55 J/oCA for diesel, 

POH10D90 and POH20D20 respectively at full load. It has been found that the 

heat release rate increased by increasing the POH proportion. This may be due to 

the heterogeneity of POH fuel. A high heat release rate results from the 

accumulation after flame generation and the formation of a rich air-fuel mixture 

near the injector (Arunkumar et al., 2019). Figure 5.15 (a) illustrates that in PCCI 

engine mode, NHRR was 48.53 and 45.82 J/oCA for 2 ml and 3 ml POH vapour 

induction with diesel (DI) at higher engine load. However, combining 10% EGR 

NHRR was reduced by 8.23% and 17.75% in PCCI engine mode than 

conventional CI engine fueled with diesel. Figures (b) and (c) depicted that, in 

PCCI mode for 2ml and 3ml POH vapour induction with POH10D90, NHRR was 

48.89 and 44.91 J/oCA. However, for 2ml and 3ml POH vapour induction with 

POH20D80, NHRR was 50.48 and 46.16 J/oCA with POH20D80, which was 

reduced by 7-15% approximately than the referenced fuel in conventional CI 

engine mode operation at higher load.  
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Figure 6.15: Deviation in NHRR with the crank angles at higher engine load 

(a) Diesel (b) POH10D90 (c) POH20D80 

The gas-to-gas diffusion in the fuel induction approach reduces the delay period 

caused by heterogeneity. Additionally, the limited entry of direct injection (DI) 

fuels through injection prevents the formation of rich mixtures, resulting in a 

lower NHRR (Bhurat et al., 2022). At higher engine load, NHRR reduced by 

10.42% and 17.92% for 2ml and 3ml vapour induction with POH10D90 (DI) than 

POH10D90 fueled in a conventional engine. Similarly, NHRR was reduced by 

11.69% and 18.77% for 2ml and 3ml POH vapour induction with POH20D80 as 

compared to the POH20D80 fueled in a conventional engine. It was noted that 

introducing the 10% EGR reduced the NHRR significantly in conventional CI and 

PCCI engine. This could be due to the replacement of oxygen by CO2 reducing 

oxygen concentrations in the combustion chamber. Consequently, there is a 

prolonged ignition delay, allowing more time for fuel and oxygen to mix, 

potentially increasing pre-mixed fuel quantity. However, the reduction in oxygen 
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content diminishes the intensity of pre-mixed fuel combustion and reduces the 

NHRR (Ladommatos et al., 1998). 

6.2.3 Engine emissions  

6.2.3.1 Carbon Monoxide  

The variation in CO with varying engine loads for conventional and PCCI mode 

are depicted in Figure 6.16. The incomplete combustion of fuels leads to increases 

the CO emissions during the combustion due to lower O2, inadequate air mixing, 

and incomplete preparation of the A-F mixture. Carbon monoxide emission poses 

a hazard and requires regulation since it is a byproduct of incomplete combustion 

and is an intermediate in the combustion process (Agarwal et al., 2015). In 

conventional CI engine, CO emission produced by the diesel, POH10D90 and 

POH20D80 was 0.07%, 0.08 and 0.084% respectively at full engine load 

condition. It has been found that increasing the POH blends with diesel produced 

higher CO emissions. The lack of oxygen molecules in POH causes incomplete 

combustion and increases the formation of CO emissions (Sayin et al., 2011). 

However, at higher engine load, CO emission was 0.084%, 0.07 and 0.1 %, with 

10% EGR for diesel, POH10D90 and POH20D80, respectively. Figure 6.16 (a) 

depicts the PCCI engine mode operation with diesel with 2 ml and 3 ml POH 

vapour induction. It has been observed from the trend that 2ml and 3ml POH 

vapour induction increased CO emission by 0.097% and 0.112% respectively. 

While using the 10% EGR with varying POH vapour, CO emission increased by 

0.127% and 0.134% respectively at maximum engine load. Similarly, Figure 6.16 

(b) shows the trend of 2ml and 3ml POH vapour induction with POH10D90 

produced CO was 0.10% and 0.119% at higher engine load. However, Figure 6.16 

(c) depicts that CO was 0.106% and 0.120% for 2 ml and 3 ml POH vapour 

POH20D80 respectively. It has been observed that CO was higher with increasing 

POH vapour at all loads. This may cause an increase in the homogeneity of POH 

vapours, but it also reduces the volumetric efficiency, altering the required air-

fuel ratio and leading to inadequate combustion (Bhurat et al., 2022).  
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Figure 6.16: Deviation in carbon monoxide at increasing engine load (a) 

Diesel (b) POH10D90 (c) POH20D80 

At higher engine loads, combining 10% EGR the CO was increased in PCCI 

engine mode operation at all engine loads. It is evident that as engine load 

increases, the air-vapour ratio adjusts to optimize combustion, resulting in less 

variance in emissions at part load, mid load, and low load conditions. However, at 

low load, the Exhaust gas recirculation (EGR) system inhibits airflow, resulting in 

excess fuel vapour and poor combustion conditions. Consequently, this scenario 

contributes to higher CO emissions (Bhurat et al., 2021).  

6.2.3.2 Hydrocarbons  

The principal source of HC emissions is flame extinction in the cold combustion 

chamber along the cylinder walls. These emissions are also affected by the 

viscosity and volatility of the fuel. High viscosity results in larger droplet size and 

reduces the vapour pressure. HC emissions refer to the incomplete combustion of 
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fuel. At low load, the excess flow of air, low EGT, and lean A-F mixture areas 

may survive and escape into the exhaust and contribute to HC emission 

(Korakianitis et al., 2011). Figure 6.17 depicts the deviation in HC emission with 

varying engine loads for conventional CI and PCCI engine. Conventional CI 

engine hydrocarbon emission was 31 ppm for diesel at higher engine load. 

However, HC emissions increased by 3.22% and 6.45% for POH10D90 and 

POH20D80, compared to the diesel. This could be due to the unsaturated HC in 

the fuel causing a longer duration of combustion and leading to incomplete 

combustion. This occurs because these hydrocarbons release more unburned fuel 

into the exhaust tailpipe without actively participating in combustion (T. S. Singh 

et al., 2020). In Figure 6.17 (a), hydrocarbon emissions recorded 33 ppm and 35.8 

ppm without EGR and 36.9 ppm and 38.87 ppm with 10% EGR at higher engine 

load for 2 and 3 ml of POH vapour induction with diesel (DI). Figure 6.17 (b) and 

(c) show that HC emission was 35.6 ppm and 38 ppm without EGR and 38.7 ppm 

and 39.8 ppm with 10% EGR for 2 ml and 3 ml induction of POH vapour with 

POH10D90 at full engine load. However, on increasing the POH blend up to 20 

vol.% with 80 vol.% diesel, HC emission was 36 ppm and 39 ppm without EGR 

and 40.2 ppm and 42.6 ppm with 10% EGR. It is noted that introducing partial 

fuel vapors increases hydrocarbon emissions.  However, HC and CO emissions 

are the significant drawbacks of fuel vapour induction in combustion, which 

lowers the combustion temperature due to the lean mixture and produces higher 

HC emissions (Juttu et al., 2007). EGR plays a significant role in HC emission 

formation and has dual impacts on HC emissions. Firstly, introducing some 

unburnt HC from exhaust gas into the subsequent cycle reduces HC emissions. 

Secondly, lowering the combustion temperature within the cylinder elevates HC 

emissions (Megaritis et al., 2013). 
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Figure 6.17: Deviation in hydrocarbons at increasing engine load (a) Diesel 

(b) POH10D90 (c) POH20D80 

6.2.3.3 NOx emissions  

Nitrogen oxide emissions contain nitric oxide (NO) and nitrogen dioxide (NO2) 

Nitrogen oxide is generated by the oxidation of nitrogen in the air during 

combustion. The A-F ratio and ambient temperature mainly influence the 

production of nitrogen oxides. Adequate burning raises the temperature, allowing 

more free oxygen atoms to react with nitrogen and increasing the rate of nitrogen 

oxide production. Figure 6.17 (a), (b), and (c) depicted the deviation of NOx with 

various engine loads for CI and PCCI engine modes. In conventional CI engine, 

NOx was 417 ppm for diesel at higher engine load, while the NOx produced by 

the POH10D90 and POH20D80 was 2.15% and 5.03% higher than diesel at 

higher engine load. It was observed that NOx was higher with POH blends. This 

 

25 50 75 100

30

35

40

45

50

55

60

65

70

25 50 75 100
30

35

40

45

50

55

60

65

70

25 50 75 100
30

35

40

45

50

55

60

65

70

H
y
d

ro
 C

a
rb

o
n

 (
p

p
m

)

Engine Load (%)

 Diesel (Direct Injcetion)

 Diesel With 10% EGR

 2ml POH Vapour Without EGR

 2ml POH Vapour With 10% EGR

 3ml POH Vapour Without EGR

 3ml POH Vapour With 10% EGR

(a) (b)
 POH10D90 (Direct Injcetion)

 POH10D90 With 10% EGR

 2ml POH Vapour Without EGR

 2ml POH Vapour With 10% EGR

 3ml POH Vapour Without EGR

 3ml POH Vapour With 10% EGR

H
y
d

ro
 C

a
rb

o
n

 (
p

p
m

)

Engine Load (%)

(c)
 POH20D80 (Direct Injcetion)

 POH20D80 With 10% EGR

 2ml POH Vapour Without EGR

 2ml POH Vapour With 10% EGR

 3ml POH Vapour Without EGR

 3ml POH Vapour With 10% EGR

H
y
d

ro
 C

a
rb

o
n

 (
p

p
m

)

Engine Load (%)



152 

 

may be due to oxygenated hydrocarbons, which lead to proper combustion and 

increase the NOx formation (Maithomklang et al., 2020). However, NOx 

formation decreased by 6.47%, 5.27% and 3.35%, respectively, with 10% EGR 

for diesel, POH10D90 and POH20D80 as compared to diesel at maximum engine 

load. This may cause of replacement of O2 molecules by CO2 in the combustion 

chamber, which lowers the combustion temperature and reduces NOx formation 

(S. Tamilkolundu et al., 2012). 

Figure 6.17 (a) depicted the NOx emission trends for 2ml and 3ml POH vapour 

induction with diesel (DI). NOx was 347 ppm and 310 ppm without EGR, while 

reduced by 28.77% and 31.65% with 10% EGR for 2 ml and 3 ml POH vapour at 

maximum engine load. Figure 6.17 (b) and (c) depicted the NOx formation trend 

for POH10D90 and POH20D80. The NOx was 378 ppm and 331 ppm for 2ml and 

3ml POH vapour induction with POH10D90. However, for 2 and 3 ml POH 

vapour induction with POH20D80, the NOx was 389 ppm and 351 ppm 

respectively at higher engine load. However, introducing the 10% EGR in PCCI 

mode reduces the NOx formation. NOx was decreased by 27.23% and 32.62% for 

2 and 3ml POH vapour with POH10D90 as compared to the POH10D90 fuel in a 

conventional CI engine. Similarly, NOx was reduced by 35.26% and 38.25% in 

PCCI mode, compared to the POH20D80 fuel in conventional CI engine. In PCCI 

mode, the duration for air and fuel vapor premixing surpasses that in conventional 

direct injection (DI), facilitating the formation of a homogeneous charge. 

Additionally, excess air is restricted in PCCI engines due to decreased volumetric 

efficiency. These combined conditions mitigate the likelihood of nitrogen 

reacting, attributed to the reduced presence of free oxygen molecules 

(Ladommatos et al., 1998). EGR can effectively minimize the surplus oxygen in 

the combustion chamber. This is achieved as HC and CO react with O2 present in 

the air, rendering it inaccessible for N2, consequently decreasing NOx emissions 

(El Shenawy et al., 2019). Therefore, combining fuel vapour with EGR offsets the 

rise in NOx emissions. 
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Figure 6.18: Deviation in NOx emission at increasing engine load (a) Diesel 

(b) POH10D90 (c) POH20D80 

6.2.3.4 Smoke Opacity  

Rich mixture formation and EGR increase smoke opacity within the exhaust gas 

(G. Singh et al., 2014). Figure 6.19 (a), (b) and (c) depicted the deviation in 

smoke opacity at increasing engine load for CI and PCCI engine mode. In 

conventional CI engine smoke, opacity for the diesel was 51%, followed by 53% 

and 55% for POH10D90 and POH20D80 respectively at full engine load. An 

increasing trend of smoke opacity was observed with increasing the POH, which 

may cause higher carbon present in the POH, forming the soot after combustion. 

To diminish the smoke opacity, the combustion process should ideally perform at 

the stoichiometric air-fuel ratio. However, introducing the 10% EGR reduced the 

smoke opacity by 9.07%, 11.76% and 19.6 % for diesel, POH10D90 and 

POH20D80, respectively as compared to the reference diesel at maximum engine 

load. At higher load, smoke opacity escalates due to richer A-F mixture 

formation. The increased engine load results in the accumulation of soot, partially 
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burned gases and unburned hydrocarbons, in the exhaust caused by the air 

insufficiency for optimal combustion, thereby exacerbating smoke opacity. Figure 

6.19 (a) depicted that 2 ml and 3 ml POH vapour induction with diesel lowers the 

smoke opacity by 19.06% and 23% than diesel in conventional engine operation. 

However, 10% EGR increased the smoke opacity more than POH vapour, while it 

was lowered by 11.76% and 13.72% more than diesel in conventional mode at a 

higher engine load. Similarly, Figures 6.19 (b) and (c) show smoke opacity for the 

POH vapour with POH10D90 and POH20D80 fuel as a direct injection in PCCI 

mode. It has been observed that 2 ml and 3 ml with POH10D90 results in a 

reduction of smoke opacity by 16.98% and 22.64% respectively without EGR, 

and by 9.43% and 13.20% respectively with 10% EGR, compared to POH10D90 

fueled conventional CI engine at higher engine loads. Moreover, a study has been 

carried out on POH20D80 in PCCI engine mode. It has been observed that 2 ml 

and 3 ml POH vapour induction with POH20D80 produced lowered smoke 

opacity by 18.18% and 21.81% without EGR and 9.09% and 12.72 % with 10% 

EGR at higher engine load conditions than the POH2D80 fuel in conventional CI 

engine mode. The reduction in opacity, relative to conventional Direct Injection 

(DI), may be caused by the pre-mixing of a homogenous air-vapor mixture. This 

pre-mixing prevents the rich mixture formation regions typically observed in 

conventional Compression Ignition (CI) engines (Lü et al., 2005). However, 

combining 10% of EGR dilution is non-beneficial at part load regarding smoke 

opacity. This is because CO and HC tend to enrich the mixture, either through the 

reuse of unburned hydrocarbons or by reducing the essential oxygen from the 

actual air-fuel charge, therefore using the required quantity of oxygen in the air. 
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Figure 6.19: Deviation in smoke opacity at increasing engine load (a) Diesel 

(b) POH10D90 (c) POH20D80 

6.3 Summary  

The BTE of neat plasto oil was 6.9% lower than diesel due to higher volatility, 

viscosity, and longer hydrocarbon chains causing poor combustion. However, 

PO25D75 performed better among blends. In PCCI mode, with 2 ml/min and 3 

ml/min POH vapour induction, BTE decreased by 2.96% and 4.64% compared to 

conventional diesel. NOx emissions were reduced by 16.78% and 25.65%, and 

smoke by 19.06% and 23% respectively. However, CO emissions were 0.097% 

and 0.11%, and HC emissions were 33 ppm and 35.8 ppm for 2 ml/min and 3 

ml/min respectively, which is higher than the conventional CI engine operation 
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CHAPTER 7: CONCLUSION AND FUTURE WORK 

The present PhD research work contained two parts; the first one is the production 

of the plasto oil from the MMPW with different catalysts in a fixed batch 

pyrolysis reactor. A fractional distillation process has been used to separate the 

plasto oil into plasto oil heavy (POH) and plasto oil lighter (POL) with their 

temperature range. The second part demonstrates the engine experiments. A 4-

stroke single-cylinder compression ignition engine has been used directly in 

conventional mode and modified to PCCI engine mode by installing the fuel 

vaporizer on the air intake manifold. The results obtained from the study are 

presented in the chapter. It begins with the summary of plasto oil production and 

physicochemical analysis and their corresponding test result, and the results are 

made subsequently – 

i. Pyrolysis is the most prominent and economically feasible technology for 

recycling municipal mixed plastic waste. Thermal degradation of the MMPW 

has been carried out at various temperatures of 400 oC, 450 oC, 500 oC, 550 oC 

and 600 oC. It has been noted that the higher yield of the PO was 53.3 wt.% 

obtained at 550 oC with 4-hour residence time. Hence, 550 oC temperature was 

identified as the optimal temperature for the conventional pyrolysis of MMPW. 

ii. Continuing with the second phase of the process, two catalysts including fuller 

earth and commercial FCC catalyst were employed in different proportions (2 

wt%, 4 wt.%, 6wt.%, 8wt.%, 10 wt.%) to increase the reaction rate can lead to 

increased yields and improved quality of PO. Additionally, adjustments were 

made to the pyrolysis parameters such as lowered temperature from 550 oC to 

500 oC. The catalytic thermal degradation process was carried out at 500 oC with 

3 hr. residence time. 
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It was observed that a significantly higher yield of PO was 78.9 wt.%, which 

was obtained with 8 wt.% of fuller earth. However, commercial FCC catalyst 

yielded 3.42 % less PO. The physicochemical characteristics of the plasto oil 

were analyzed and found to be approximately closer to the reference diesel. 

Therefore, PO obtained with 8 wt.% of FE catalyst was selected for the 

application in conventional CI engine with PO and diesel blends. 

iii. Different blends of PO and diesel (PO25D75, PO50D50, PO75D25, neat plastic 

oil) have been used in the conventional CI engine and the BTE of the PO was 

6.90% lower than the neat diesel due to the PO increased volatility and 

viscosity, and longer hydrocarbon chains (C10–C30) caused poor atomization and 

inefficient combustion in the cylinder. Emissions, including NOx C and HC, 

increased with the proportion of PO with diesel. However, increasing plastic oil 

blends such as PO25D75, PO50D50, PO75D25 and PO100 lower the CO2 and 

smoke opacity by 5.60%, 10.87, 19.06%, 21.81%, and 2.05%, 2.79%, 3.11%, 

and 4.47% respectively at higher engine load, then reference diesel. 

iv. The plasto oil used in conventional CI engine contains wax, which is refined by 

the distillation process from the initial to the final boiling point of PO. The 

plasto oil light (POL) was obtained at a 350 gm/kg yield with a 20-180°C 

temperature range. Conversely, the plasto oil heavy (POH) yielded 580 gm/kg at 

180 - 340°C temperature range and the remaining 70 gm/kg was residue. 

Moreover, the physicochemical characteristics of POL and POH were analyzed 

using ASTM methods, revealing that POL and POH were close to gasoline and 

diesel respectively. Therefore, POH was opted as fuel for a modified CI engine, 

with a fuel vaporizer installed on the intake manifold. 

v. In PCCI engine mode, experiments were conducted on 2 ml/min and 3 ml /min 

of POH vapour (pilot fuel injection) induction with diesel, POH10D90, and 

POH20D80 as direct injection.  At 2 and 3 ml POH vapour induction with diesel 

(DI) produced lower BTE by 2.96 % and 4.64 % than the diesel used in the 

conventional CI engine at higher engine load. Similarly, the BTE of 



158 

 

POH1010D90 is diminished by 3.42 and 6.33% than conventional CI engine 

fueled with POH10D90. 

vi. To control the combustion in PCCI engine mode, Exhaust gas recirculation 

(EGR) was used up to 10%. EGR led to the delay in combustion. The 

combustion process occurs near the TDC rather than before the TDC. This 

resulted in lower combustion pressure and temperature compared to 

conventional CI engine. 

vii. The CO emission in the PCCI engine was 0.097% and 0.11%, while HC 

emission was 33 ppm and 35.8 ppm for 2 and 3 ml of POH vapour with diesel 

(DI) in PCCI mode, which was higher than conventional CI engine operation at 

full engine load. This caused the lean mixture in the cylinder to reduce the 

combustion temperature. It was noted that CO and HC emissions remained 

higher in PCCI engines than in conventional CI engines. 

viii. In the PCCI engine at 2 and 3ml vapour induction with diesel (DI), the NOx 

emission was 16.78% and 25.65% lower than the diesel in a conventional 

engine. However, HC was 19.06 and 23% lower for the same conditions. 

Moreover, POH10D90 in PCCI mode showed that at 2ml and 3ml POH vapour 

reduced the NOx emission by 8.59 and 11,73% while smoke emission was 

reduced by 11.26 and 22.30% than conventional engine fueled with POH10D90 

at full engine load. However, the same decreasing trend of NOx and smoke 

opacity was noticed at a higher engine load for POH20D80 in PCCI engine 

mode. 

In summary, Pyrolysis of the MMPW-produced plasto oil, This fuel blend 

exhibits promising potential as a sustainable alternative for compression-ignition 

(CI) engines. However, in modifying the CI engine an external mixture formation 

technique can be effectively applied with minimum cost and minor modifications 

to the already existing intake manifold. The lean mixture and low combustion 

temperature diminish the NOx and smoke with minimal effect on BTE. 
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Future scope  

i. Life cycle analysis of the plasto oil in IC engine. 

ii. Applications of the Plasto oil in HCCI engine to analyze the Engine 

Characteristics 

iii. Investigating the performance of CI engine fueled by plasto oil blended with 

nanoparticles under varied injection pressure and timing. 
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