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ABSTRACT. 

The present experimental investigation focuses on deriving waste plastic oil (WPO) and its usage as a fuel in a CI 

engine, along with ethanol and graphene–ferric oxide (Gr–Fe) nanoparticles to control exhaust emissions and improve the 

engine performance. A batch-type pyrolysis reactor was developed to produce waste plastic oil from heterogeneous waste 

plastics such as HDPE, PVC, PPE, and LDPE. WPO exhibited a higher density and viscosity, along with a lower flash point. 

These properties were improved by the addition of ethanol, an oxygenate, at concentrations of up to 10%. Gr–Fe nanofluids 

were prepared using the ultrasonication technique in the presence of sorbitan monooleate as a surfactant. Diesel was blended 

with WPO at a 20% blend ratio. Experiments were conducted using D80WPO20, D80WPO20E10, D80WPO20E10Gr–Fe50, 

D80WPO20E10Gr–Fe75, and D80WPO20E10Gr–Fe100. The test fuel blends were prepared on a volumetric basis and 

evaluated in a Kirloskar TV1 CI engine to investigate their combustion behavior and emission characteristics. The studies 

revealed that the addition of Gr–Fe nanoparticles to the diesel–WPO–ethanol up to 50 ppm improved brake thermal efficiency 

by 5.21% at full load, with a marginal reduction in BSFC at low load. Notable reductions in UBHC and smoke emissions of 

up to 2.47% and 3.12%, respectively, were observed with the addition of Gr–Fe nanoparticles. Oxides of nitrogen (NOx) 

increased by up to 3.21% due to the catalytic activity of Gr–Fe nanoparticles. Enhanced oxidation and a superior premixed 

combustion phase increased the peak in-cylinder pressure by 1.42% with a noticeable improvement in the rate of heat release. 

The findings of the present investigation demonstrated that Gr–Fe nanoparticle concentration contributed to achieving cleaner 

combustion with reduced exhaust emissions. The study also examined the regulatory and standardization requirements 

necessary for the potential commercialization of waste plastic oil–diesel blends in compression ignition engines. 

Keywords: Waste plastic oil; Pyrolysis; Physicochemical properties; Combustion, Emissions; Graphene–ferric oxide 

nanoparticles. 

 

1. INTRODUCTION 

Globally, environmental pollution and energy 

crisis are the two correlated factors that need immediate 

attention (Chacko and Jeyaseelan, 2020). Rapid 

industrialization and higher population growth are the 

main reasons behind the energy crisis. Additionally, 

escalated usage of plastic materials and their increased 

accumulation as waste plastics resulted in significant 

concerns over human health, flora and fauna, and 

environmental factors, including water, air, and soil 

pollution. The levels of toxicity have emerged as a major 

perturbation for the future human population on Earth. 

Nowadays, plastic materials have become inseparable 

from human life due to their longevity, friendliness, light 

weight, and cost effectiveness (Soudagar et al. 2018). It 

is estimated that only 19% of single-use plastics are being 

recycled worldwide. Approximately 69% are disposed of 

in landfills, while the remaining plastic waste is 

discharged into the oceans and the environment (Kumar 

and Muniamuthu, 2024). Recently, the sustainable 

production of bio-oils from waste plastics has gained 

considerable attention among researchers due to its high 

energy content and value-addition potential. One such 

technique is pyrolysis, in which plastic waste is 

converted into pyrolysis oil through thermal degradation 

in the absence of oxygen under an inert atmosphere 

(Gopinath et al. 2021). 

Haseeb et al. (2024) studied the efficacy of 

using diesel–PPO in a CI engine on its thermodynamics, 

emissions, and sustainability. High-density polyethylene 
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grocery bags were used as the feedstock to produce PPO. 

15% of PPO was blended with commercial diesel and 

fueled a single-cylinder multi-speed CI engine to assist 

its energy and sustainability features. They noted that a 

lower concentration of PPO up to 5% produced 

maximum brake thermal efficiency of 51.6% with a 

superior sustainability index in an unmodified engine. 

Suresh et al. (2024) optimized the pyrolysis reaction by 

augmenting the process parameters like reaction 

temperature, reaction time, and heating rate in achieving 

a larger quantity of waste plastic oil. The derived WPO 

was characterized using FTIR and ASTM methods. The 

test engine was fueled with emulsified diesel–WPO 

blends containing 5%, 10%, and 15% water. The outcome 

indicated that reaction temperature, reaction time, and 

heating rate of 403 °C, 96.30 min, and 17.3 °C/min 

yielded the maximum quantity of WPO. Fueling the 

engine with WPO-diesel blends significantly reduced the 

brake thermal efficiency and adversely affected 

combustion characteristics; however, the incorporation 

of 10% water into the WPO–diesel blend notably 

enhanced BTE by 11.75% and significantly reduced CO, 

HC, and NOx emissions. 

Mohammed et al. (2025) explored the 

possibilities of amalgamating plastic pyrolysis oil, waste 

cooking oil, and commercial diesel as a fuel in a CI 

engine. The fuel injection pressure was varied between 

170 bar and 230 bar to study the engine behavior in terms 

of exhaust emissions and performance. Optimal engine 

performance and better combustion were observed for 

10% WPO–20% WCO and 15% WPO–15% WCO fuel 

blends with diesel at an elevated fuel injection pressure 

of 230 bar. The interrelation between the influential input 

factors and the outcomes was modeled using a Python-

based statistical analysis, which also confirmed that the 

fuel injection pressure is one of the most important 

factors influencing the engine's performance. 

Gopinath et al. (2025) examined the synergetic 

effect of amalgamating graphene quantum dots (GQDs) 

with a diesel 80–WPO 20 fuel blend. The infusion of 

GQDs was confirmed using ultrasonication testing with 

homogenization. The addition of 40 ppm GQDs to the 

diesel–WPO blend resulted in improved combustion 

characteristics and a 5.17% increase in BTE. Inclusion of 

GQD nanoparticle additive significantly reduced the 

NOx emission by 1.63% across all loading conditions, 

along with 233% of smoke emission decrement. 

Enhanced oxidation of the GQD additive showcased 

notable decrements in UBHC and CO emissions, leading 

to a cleaner combustion phenomenon. Jayashri et al. 

(2025) collected various heterogeneous plastic materials, 

including HDPE, LDPE, PE, PS, and others; they used 

them to derive waste plastic biodiesel through the 

pyrolysis thermal degradation reaction. The derived 

WPO was blended with diesel in the presence of 1-

butanol in a ternary blend formation along with alumina 

nanoparticles at low proportions to fuel the compression 

ignition engine. Statistical models using a random forest 

machine learning approach were developed on the 

aspects of performance and emission outcomes to predict 

the actual scenario. All the developed models were 

validated, and their significance was evaluated using 

analysis of variance (ANOVA) by understanding their 

interactions. The developed model accurately predicted 

the reduction in UBHC and CO emissions by 18.6% and 

9%, respectively, with the addition of 1-butanol. Further, 

infusing the fuel blend with 100 ppm of alumina 

nanoparticles reduced the UBHC and CO emissions by 

up to 18.5% and 12.5%, respectively. 

Faisal et al. (2023) conducted a review on CI 

engines' combustion, performance, and emission 

characteristics when fueled with waste plastic pyrolytic 

oil. They have observed that the density and viscosity of 

PPO were higher with relatively lower cetane index and 

flash points, leading to elevated ignition delay at 

premixed combustion duration. Raw PPO oil reduced the 

BTE by 17.26% and increased the BSFC by 17.88%. 

Blends of PPO with diesel reduced the NOx emission by 

44.06% with relatively higher CO₂ formation. Bisrul et 

al. (2024) improved the physicochemical properties of 

rubber seed biodiesel (RSB) with plastic pyrolysis oil 

(PPO) as an additive. RSB was derived using a jacket 

reactor with potassium hydroxide as a catalyst. RSB and 

PPO were blended in volumetric ratios in an incremental 

factor of 10%. RSB60:PPO40 showcased superior engine 

performance due to its escalated calorific value. An 

incremental ratio of PPO by 10% increased the UBHC 

emission marginally with relatively similar CO 

emissions. The CO2 emission was found to have a 

marginal negative effect with respect to commercial 

diesel. 

The literature review reported a lack of studies 

on the use of metal-based nanoparticles in waste plastic 

oil–diesel blends, which have significant potential to 

improve combustion and overall performance in the CI 

engine. This highlights a promising avenue for exploring 

engine behavior in the present experimental 

investigation. In the present study, WPO was derived 

using a batch-type pyrolysis reactor under laboratory 

conditions. Its physicochemical properties were analyzed 

to assess its suitability for use in a CI engine. Ternary 

blends with ethanol and Gr–Fe nanoparticles were 

prepared at a volumetric ratio for fueling the CI engine. 

The engine characteristics were evaluated based on 

performance, combustion, and emission phenomena. 

Exergy, energy, and sustainability analyses were also 

conducted in the present investigation.     

2. MATERIALS AND METHODS 

2.1 Batch Type Pyrolysis Reactor 

The batch-type pyrolysis reactor was designed 

and developed using the SolidWorks tool with an overall 
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dimension of 400 x 458 x 200 cm, as shown in Fig. 1. 

The reactor consists of two layers of SS316L stainless 

steel in cylindrical cross-section, formed by rolling and 

forging techniques. The inner diameter and the outer 

diameter of the batch-type reactor were maintained at 66 

cm and 76 cm, respectively, with a wall thickness of 5 

mm. The intermediate compartment between the 

cylinders was filled with glass wool to enhance the 

thermal cycling process, thereby preventing heat loss to 

the atmosphere. The batch-type reactor was designed 

with a conical lid with an exhaust chute covering the 

upper portion of the cylindrical chamber. The batch-type 

reactor is equipped with three Koyo’s induction flexible 

coils, which are capable of heating the system to 750 °C 

in incremental values. The system has a temperature 

controller to prevent overheating problems. The exhaust 

chute has an arm that directs the pyro-gas into the 

condensation chamber. During the pyrolytic reaction 

process, the condensation chamber was filled with 8 L of 

distilled water. The pyro-gas from the reactor reaches the 

condensation chamber and amalgamates with the 

distilled water, forming a pyrolytic liquid in the upper 

layer of the condensation chamber. An outlet 

arrangement in the condensation chamber at 45 cm from 

the ground level separates the pyrolytic liquid from the 

distilled water. 

 

Fig. 1: Batch-type pyrolysis reactor 

The batch-type pyrolytic reactor was designed 

to handle 8–10 kg of preprocessed waste plastic per cycle 

between the working temperatures of 450–550 °C. The 

heterogeneous plastics were segregated and thoroughly 

washed using distilled water. The processed waste 

plastics were cut into smaller pieces using a shredder 

machine and dried. In a single batch, 8 kg of preprocessed 

heterogeneous waste plastics were fed into the batch-type 

pyrolysis reactor, and the top conical lid was closed to 

prevent the entry of oxygen. The heating coils were 

gradually switched on one after the other in an 

incremental manner to raise the temperature from 

ambient to 550 °C. During this process, this state of 

change of plastic materials was witnessed from solid to 

liquid and gaseous form. Thereafter, when the 

temperature reaches 400 °C, pyro-gas starts flowing 

through the exhaust chute and reacts with the distilled 

water in the condensation chamber, resulting in the 

formation of waste plastic pyrolytic oil in the upper layer 

of the condensation chamber. Further increment in the 

working temperature up to 550 °C, escalated the yield of 

pyro-gas, resulting in further accumulation of pyrolytic 

oil in the condensation chamber. This technique yielded 

1.69 L of WPO in a single batch.  

2.2 Preparation of Nanofluid 

 

Fig. 2: Preparation of Gr–Fe nanofluid  

 

Fig. 3: SEM image of Gr–Fe nanoparticles 

The nanofluid composed of Gr–Fe 

nanoparticles was prepared using ethanol as a solvent. 

Gr–Fe nanofluid preparation is depicted in Fig. 1 and the 

SEM image of Gr–Fe nanoparticles is shown in Fig. 2. 

Initially, for Gr–Fe 100 ppm fuel preparation, 0.01 mg of 

graphene oxide and ferric oxide, respectively, were 

mixed thoroughly with 75 mL of laboratory-grade 
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ethanol in a sterile conical flask. The mixture was 

continuously agitated at 200 rpm in the ambient 

temperature to prevent sedimentation and agglomeration 

for 15 min. Further 5 mL of sorbitan monooleate, a 

surfactant, was mixed to prevent clustering of the 

nanoparticles and to ensure regimentation with a higher 

surface area and energy. 500 mL of waste plastic 

pyrolytic liquid was added to the mixture, which was then 

ultrasonicated at 75 Hz and 500 rpm for 30 min. The pH 

value was maintained between 5.2 and 6.1 throughout the 

processing. The presence of sorbitan monooleate 

surfactant prevented agglomeration and sedimentation 

for a longer period of time. Likewise, 75 ppm and 50 ppm 

of Gr–Fe nanoadditive-based test fuel were prepared. 

2.3 Test Fuel Preparation 

In the present investigation, experimental runs 

were conducted with straight diesel as the base. Based on 

the literature reviews, waste plastic pyrolytic oil replaced 

diesel up to 20%, and its effect on the engine performance 

was also verified. To improve the engine's efficacy, 

ethanol up to 10% was blended with diesel–WPO (as a 

ternary fuel blend). Further, Gr–Fe nanoparticles were 

infused with a ternary fuel blend at multiple ratios 

between 50 ppm and 100 ppm using the ultrasonication 

technique to ensure homogeneity in the test fuel. Utmost 

care was ensured during the preparation of test fuel 

blends, as it would reflect in the performance, 

combustion, and emission characteristics throughout the 

experimentation (Faisal et al. 2023). The composition of 

test fuel blends is presented in Table 1, and the fuel 

samples are shown in Fig. 4. 

Table 1. Composition of test fuel blends (volumetric ratio) 

S. 

No. 

Test 

Fuel 

Volumetric Blend Ratio Gr–Fe 

Nanoparticles 

(ppm) Diesel WPO Ethanol 

1 
D100 – 

Straight 
diesel 

100 - - - 

2 
D80 

WPO20 
80 20 - - 

3 

D80 

WPO20 
E10 

72.73 18.18 9.09 - 

4 

D80 

WPO20 

E10 Gr–
Fe50 

72.73 18.18 9.09 50 

5 

D80 

WPO20 

E10 Gr–
Fe75 

72.73 18.18 9.09 75 

6 

D80 

WPO10 
E10 Gr–
Fe100 

72.73 18.18 9.09 100 

 

 

Fig. 4: Test fuel blends 

2.4 Properties of Test Fuels  

The physicochemical properties of the test fuels 

provide insight into the performance and behavior of the 

fuel combinations. These properties, including kinematic 

viscosity, calorific value, flash point, density, and ash 

content, were critically analyzed to assess their suitability 

for use in the CI engine. Kinematic viscosity is a vital 

parameter that affects the fuel spray pattern, fuel 

injection, and atomization, thereby influencing 

combustion efficiency. The lowest flammability limit, 

termed the flash point of the fuel, relates directly to the 

fuel's flammability and volatility. It also supports safer 

handling and storage. Generally, fuels with higher 

calorific value are preferable for use in a CI engine to 

produce more power with limited fuel consumption. The 

quantity of inorganic carbon deposits after fuel 

combustion, termed ash content, is measured in weight 

%. This parameter influences the fuel's evaporation 

characteristics, which directly affect emission and 

performance parameters (Hariram et al. 2021). Table 2 

illustrates the variation in the physicochemical properties 

with increasing Gr–Fe nanoparticle concentration in the 

diesel–WPO–ethanol blend. 

2.5 Experimental Setup 

A single-cylinder Kirloskar TV1 diesel engine 

was used in the present investigation (Fig. 5). It is a four-
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stroke water-cooled compression ignition engine with an 

overall power of up to 5.2 kW at 1500 rpm. The volume 

of the engine is 661 cc with a bore and stroke length of 

87.5 mm and 110 mm, respectively. The engine runs at 

the factory set compression ratio of 17.5, and the loading 

was accomplished with a water-cooled eddy current 

dynamometer. The combustion data were derived using a 

5000-psi-range piezo sensor coupled with a crank angle 

encoder, which can resolve 1 degree at 5500 rpm. The 

piezo sensor is powered using an AX-409 piezo powering 

unit, and a NIUSB-6210 data acquisition system was 

employed to gather and segregate the engine data. RTD 

PT100, a K-type thermocouple-based temperature 

sensor, was used to identify the inlet and outlet 

temperatures of air and fuel, respectively. An AVL 444 

five-gas analyzer was employed to measure HC, CO, 

CO₂, O₂, and NOx. An AVL 437C smoke meter was used 

to measure the smoke levels. 

 

Table 2. Physicochemical properties of the test fuels 

Physicoche

mical 

Properties 

Die

sel 

(D1

00) 

D80 

WP

O20 

D80 

WP

O20 

E10 

D80 

WP

O20 

E10 

Gr–

Fe 

50 

D80 

WP

O20 

E10 

Gr–

Fe 

75 

D80 

WP

O20 

E10 

Gr–

Fe 

100 

ASTM 

Standa

rds 

Kinematic 

viscosity 
(mm2/s) 

2.1

4 

1.89

9 

1.99

4 

2.04

3 

2.05

9 

2.10

4 

ASTM 

D445 

Calorific 

value 
(MJ/kg) 

43.
5 

43.8
4 

44.0
2 

44.5
7 

45.4
1 

45.9
8 

ASTM 
D240 

Flash point 
(oC) 

51 44.7 45.3 46.1 46.9 47.3 
ASTM 

D93 

Density @ 

15 oC 
(kg/m3) 

808 
804.

4 
806.

3 
808.

9 
810.

7 
811.

9 
ASTM 
D4052 

Ash content 
(wt.%) 

0.0
1 

0.02
4 

0.02
5 

0.01
9 

0.01
8 

0.01
9 

ASTM 
D482 

 

 

Fig. 5: Experimental setup 

Baseline measurements of performance, 

emission, and combustion characteristics were obtained 

using D100 after the engine had been operated on straight 

diesel for 30 min to achieve steady-state conditions. 

Before testing each fuel blend listed in Table 1, the engine 

was operated on diesel fuel for 20 min at high load to 

eliminate residual fuel from the previous test and 

minimize its influence on subsequent measurements. A 

warm-up period of 15 min was allowed before data 

acquisition for each fuel blend. The fuel injection 

pressure was maintained between 170 bar and 200 bar 

with 23° bTDC of injection timing. Engine output was 

recorded at no-load, low-load, part-load, and full-load 

conditions using a data acquisition system. BSFC and 
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BTE were evaluated to assess engine performance, 

whereas HC, CO, NOx, CO2, and smoke emissions were 

measured to evaluate emission characteristics. 

2.6 Uncertainty Analysis 

It is essential to estimate the uncertainty 

associated with the performance, combustion, and 

emission parameters evaluated in the present 

experimental study. The measurements may be subject to 

errors arising from human, environmental, instrumental, 

and standardization factors. Various researchers, 

including Faisal et al. (2023) and Janarthan et al. (2022), 

suggested the root-sum-square (RSS) method for 

estimating uncertainties using Eq. (1). 

     𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 (𝑄)  = √∑ 𝑋𝑗
2𝑛

𝑗=1           … (1) 

where Xj is the uncertainty associated with the 

jth measured parameter. 

Table 3. Uncertainty analysis 

Parameter Range Accuracy 
Uncertainty 

(%) 

Engine 

speed 

0–500 

rpm 
± 100 rpm ± 0.20 

Engine 

torque 

0 −11.2 

Nm 
± 0.2 Nm ± 0.15 

CO 

emissions 

0–5 

g/kWhr 
± 0.01 g/kWhr ± 0.02 

HC 

emissions 

0–8 

g/kWhr 
± 0.01 g/kWhr ± 0.02 

CO2 

emissions 

0–15 

g/kWhr 
± 0.02 g/kWhr ± 0.04 

NOx 

emissions 

0–15 

g/kWhr 
± 0.01 g/kWhr ± 0.04 

BSFC _ ± 0.02 g/kWhr ± 0.12 

BTE _ ± 0.05% ± 0.15 

EGT 0–750 oC ± 5 oC ± 0.02 

Thus, the overall uncertainty of the 

experimental investigation was found to be 1.72%. 

3. RESULTS AND DISCUSSION 

3.1 Brake Thermal Efficiency 

The variation in BTE of the CI engine when 

fueled with the test fuels is shown in Fig. 6. Straight 

diesel (D100) exhibited BTE values of 21.68%, 30.6%, 

33.47%, and 33.79% at low, part, three-quarter, and full 

load conditions, respectively. Addition of WPO up to 

20% with straight diesel marginally increased the BTE at 

low load to 22.07%, but higher engine load showcased 

reduced BTE values of 29.12% and 31.95% at part and 

full load conditions. The addition of 10% ethanol to the 

D80WPO20 fuel blend improved its ignition 

characteristics, resulting in a 4.34% increase in BTE 

under part- and full-load conditions. conditions. 

Amalgamating Gr–Fe nanoparticles with 

D80WPO20E10 fuel blend improved the thermal 

conductivity owing to its larger surface area, thereby 

contributing to enhanced premixing combustion phase. 

Infusing Gr–Fe up to 50 ppm exhibited BTE values of 

19.196%, 27.819%, and 35.6035% at low, part, and full 

load conditions, respectively.  

 

Fig. 6: Variation in BTE at all loads 

Augmenting the Gr–Fe nanoparticles up to 75 

ppm altered the physicochemical properties, leading to 

high localized temperature with reduced heat transfer 

between the in-cylinder wall membranes, especially 

during the premixed combustion phase. 

D80WPO20E10Gr–Fe75 exhibited a higher level of BTE 

at part-load and full-load conditions, as 28.49% and 

37.623%, respectively. This may be due to the catalytic 

reaction between ethanol and Gr–Fe nanoparticles, 

enabling the disintegration of the HC atoms and thereby 

leading to enhanced combustion. This phenomenon was 

also reported by Hariram et al. (2018), Kalargaris et al. 

(2017), and Kumar et al. (2016) in their studies. 

3.2 Brake Specific Fuel Consumption 

The variation of BSFC with BMEP for the test 

fuels is shown in Fig. 7. D100 fuel exhibited BSFC 

values of 27.445 kg/kWhr, 3.025 kg/kWhr, 0.282 

kg/kWhr, and 0.249 kg/kWhr at no, low, part, and full 

load engine operations, respectively. Blending 20% of 

WPO with straight diesel marginally increased the BSFC 

by 2.31%, 1.97% and 1.12%, as 3.126 kg/kWhr, 0.324 

kg/kWhr, and 0.267 kg/kWhr at low, part, and full load 

operations respectively. Amalgamating 10% ethanol with 

D80WPO20 reduced the BSFC significantly by 3.92% at 

full load condition due to its improved calorific value. 

Infusing Gr–Fe nanoparticles with D80WPO20E10 fuel 
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blend considerably reduced the BSFC due to its lower 

latent heat of vaporization, higher surface area, and 

enhanced thermal conductivity, leading to combustion 

homogenization. The addition of Gr–Fe nanoparticles 

thereby reduced the quantity of fuel, notably to produce 

similar power output as that of other fuel combinations. 

Quicker combustion process and reduction in the rate of 

heat release in comparison with diesel–WPO–ethanol 

fuel blends may also be a reason for the reduction in 

BSFC. D80WPO20E10 Gr–Fe50 fuel blend exhibited 

BSFC values of 2.917 kg/kWhr, 0.521 kg/kWhr, and 

2.031 kg/kWhr at low, part, and full load conditions, 

respectively, whereas the same fuel with 75 ppm of Gr–

Fe nanoparticles showcased 2.888 kg/kWhr, 0.4856 

kg/kWhr, and 1.879 kg/kWhr of BSFC at similar loads. 

Similar trends were reported by Kaimal et al. (2017), 

Kalargaris et al. (2017), Faisal et al. (2023), and Hariram 

et al. (2025).  

 

Fig. 7: Variation in BSFC at all loads 

3.3 Engine Exhaust Emissions 

3.3.1 Unburnt Hydrocarbon Emissions 

Improper air-fuel mixing, poor atomization, and 

sub-optimal combustion phenomena may lead to 

incomplete combustion, resulting in the discharge of 

unburnt hydrocarbon atoms to the environment through 

the exhaust. Fig. 8 depicts the variation in UBHC 

emissions of various test fuels. Straight diesel (D100) 

exhibited a UBHC emission of 0.305 g/kWhr, 0.249 

g/kWhr, and 0.164 g/kWhr at low, part, and full load 

operations. Blending WPO up to 20% with diesel had a 

significant effect on the UBHC emissions (0.312 g/kWhr, 

0.245 g/kWhr and 0.2015 g/kWhr), which is 3.19% 4.2% 

increase in UBHC emissions. Adding 10% ethanol in 

diesel–WPO fuel blend reduced the UBHC emissions by 

3.167%. This may be due to the supply of additional 

oxygen atoms, which may have contributed to the 

oxygenation process during the combustion 

phenomenon. At low, part, and full load conditions, the 

fuel blend with Gr–Fe50 ppm exhibited UBHC emissions 

of 0.3001 g/kWhr, 0.2179 g/kWhr and 0.1846 g/kWhr, 

whereas an increase in Gr–Fe concentration up to 75 ppm 

showcased reduced UBHC emissions of 0.2875 g/kWhr, 

0.2015 g/kWhr and 0.1789 g/kWhr at the same loading 

condition. This can be attributed to higher surface area 

and improved catalytic reaction of Gr–Fe nanoparticles, 

thereby leading to enhanced combustion process (Kaimal 

and Vijayabalan, 2017). Further increase in Gr–Fe 

concentration up to 100 ppm showcased a marginal 

increase in UBHC emissions, especially during the part 

load operation owing to the dissolution effect of Gr–Fe 

in the diesel–WPO–ethanol fuel blend. 

 

Fig. 8: Variation in UBHC emissions at all loads 

3.3.2 Carbon Monoxide Emissions  

Availability of surplus oxygen, which 

contributes to completing the combustion process have 

significant effect on CO emissions. Fig. 9 demonstrates 

the variation in CO emissions when the CI engine is 

fueled with D100, D80WPO20, D80WPO20E10, 

D80WPO20E10 Gr–Fe50, D80WPO20E10Gr–Fe75, 

and D80WPO20E10Gr–Fe100. Blending WPO of 20% 

with straight diesel significantly increased the CO 

emissions by 2.12%, 1.97% and 1.45%, as 12.95 g/kWhr, 

10.98 g/kWhr and 7.47 g/kWhr at low, part, and full load 

conditions respectively. Ethanol addition up to 10% with 

D80WPO20 fuel marginally reduced the CO emissions 

by 3.15%, 2.97% and 2.43%, as 12.01 g/kWhr, 10.67 

g/kWhr and 6.47 g/kWhr at the above loads respectively, 

which may be due to the supply of surplus oxygen during 

the premixed combustion phase as a result of oxidizing 

the carbon molecules to form CO₂, thereby achieving a 

better combustion process. Furthermore, the addition of 

oxygen–bearing Gr–Fe nanoparticles up to 50 ppm in 

D80WPO20E10 fuel blend notably reduced the CO 

emissions by promoting the oxidation of CO to CO₂. 

D80WPO20E10Gr–Fe50 exhibited CO emissions of 

11.79 g/kWhr, 9.72 g/kWhr, and 6.18 g/kWhr at low, part, 
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and full load conditions, respectively, whereas increasing 

the Gr–Fe concentration up to 75 ppm further reduced the 

CO emissions to 10.98 g/kWhr, 9.49 g/kWhr, and 5.78 

g/kWhr. This indicates the enhanced oxidation of CO to 

CO₂ due to the increased thermal conductivity and the 

availability of surplus oxygen during the combustion 

process, resulting in lower CO emissions (Faisal et al. 

2023). Increasing the Gr–Fe nanoparticle concentration 

up to 100 ppm showcased a marginal increase in CO 

emission up to 1.02%, as shown in Fig. 9.  

 

Fig. 9: Variation in CO emissions at all loads 

3.3.3 Oxides of Nitrogen (NOx) Emissions 

 

Fig. 10: Variation in NOx emissions at all loads 

Blending waste plastic oil up to 20% with 

straight diesel represented a marginal decrement in NOx 

emissions at all engine loads. D100 fuel showcased NOx 

emissions of 6.489 g/kWhr, 7.26 g/kWhr and 14.98 

g/kWhr at low, part, and full loading conditions, whereas 

D80WPO20 represented 6.257 g/kWhr, 7.03 g/kWhr, and 

12.98 g/kWhr, respectively (Fig. 10). Amalgamating 

ethanol upto 10% in D80WPO20 fuel blend improved the 

combustion phenomenon, while relatively raising the 

peak flame temperature, thereby producing a higher 

concentration of NOx when compared with straight diesel 

at low and part engine loads, with a marginal decrement 

at the full load condition. The addition of Gr–Fe 

nanoparticles significantly increased NOx emissions due 

to the improved combustion efficiency promoted by the 

nanoparticles. Stable combustion process and quicker 

propagation of combustion flame during the premixed 

combustion phase favored superior combustion (Faisal et 

al. 2023; Yaqoob et al. 2023). It can be observed that 

D80WPO20E10Gr–Fe50 test fuel registered NOx 

emissions of 7.92 g/kWhr, 8.719 g/kWhr and 15.79 

g/kWhr at low, part, and full load conditions, 

respectively. A further increase in Gr–Fe concentration to 

100 ppm resulted in a slight decrease in NOx emissions, 

with values of 8.03, 9.78, and 14.69 g/kWh under low, 

part, and full load conditions, respectively.  

3.3.4 Smoke Emissions 

Pyrolysis reaction inside the combustion 

chamber, instead of hydrocarbon oxidation, results in the 

formation of soot particles in the form of smoke. Fig. 11 

depicts the variation in engine smoke emissions for 

various test fuels, plotted against BMEP. An AVL 437 

smoke meter was employed in the present investigation, 

and the quantification of engine smoke was carried out 

using FSN (Filter Smoke Number). D100 test fuel 

emitted 1.49, 3.19, and 8.23 FSN of smoke at low, part, 

and full load conditions, respectively, whereas 

amalgamating straight diesel with WPO up to 20% 

increased the smoke emissions to 5.24%, 4.97% and 

3.78% (i.e., 1.59, 2.89, and 8.99 FSN at low, part and full 

loads respectively. Adding ethanol up to 10% in 

D80WPO20 significantly reduced smoke emissions by 

3.92% due to the additional oxygen supplied during the 

diffusion combustion phase, thereby promoting cleaner 

combustion (Karagoz et al. 2020; Ananthakumar et al. 

2017).  

 

Fig. 11: Variation in smoke emissions at all loads 
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Further adding Gr–Fe nanoparticles improved 

the catalytic effect in oxidizing the available 

hydrocarbons, thereby ensuring limited formation of 

smoke. Supply of surplus oxygen by Gr–Fe nanoparticles 

may also be a reason for reduced engine smoke at part 

and full load conditions. It can be noted that 

D80WPO20E10Gr–Fe50 test fuel emitted the smoke 

values of 1.53, 2.79, and 8.03 FSN at low, part, and full 

load conditions, respectively. Further increase in the 

concentration of Gr–Fe up to 75 ppm limited the NOx 

emissions by 2.12%, 1.94% and 1.57% (i.e., 1.43, 2.12, 

and 7.46) at low, part and full loads respectively. When 

Gr–Fe concentration was increased up to 100 ppm, the 

smoke emissions increased by 2.92% at full load 

conditions (Pote and Patil, 2019; Yusuf et al. 2024). 

3.3.5 CO₂ Emissions 

A complete combustion process indicates the 

liberation of more CO₂ in the engine exhaust. The 

variation in CO₂ emissions for various test fuels is plotted 

against BMEP (Fig. 12). D100 fuel exhibited lower CO₂ 

emissions of 0.679 g/kWhr, 0.548 g/kWhr and 0.619 

g/kWhr at low, part, and full load conditions, 

respectively. The addition of WPO up to 20% in straight 

diesel lowered the CO₂ emissions by 1.12%, 2.43% and 

2.99% at low, part and full load condition. Amalgamating 

ethanol up to 10% (D80WPO20) improved the 

combustion efficiency by liberating a higher quantity of 

CO₂ of 0.712 g/kWhr, 0.554 g/kWhr and 0.601 g/kWhr 

at low, part, and full load conditions, respectively.  

 

Fig. 12: Variation in CO2 emissions at all loads 

The addition of Gr–Fe nanoparticles to the test 

fuel blends promoted increased CO₂ formation, 

indicating more complete oxidation of the fuel, thereby 

improving the combustion efficacy. D80WPO20E10Gr–

Fe50 test fuel showcased CO₂ emissions of 0.734 

g/kWhr, 0.612 g/kWhr and 0.656 g/kWhr at low, part, and 

full load conditions, respectively (Geo et al. 2018; 

Venkatesan et al. 2017). Further increase in Gr–Fe 

concentration up to 100 ppm marginally reduced the CO₂ 

formation by 0.62%. 

3.4 Combustion Characteristics 

This experimental investigation primarily 

focuses on the key combustion parameters, namely, in-

cylinder pressure and heat release rate. The plots 

illustrate the effect of Gr–Fe nanoparticles on ethanol-

oxygenated diesel–WPO blends.  

3.4.1 In-cylinder Pressure and Rate of Heat Release 

Fig. 13 depicts the variation of in-cylinder 

pressure against crank angle for the test fuel blends at full 

load. In-cylinder pressure is a critical combustion 

parameter that reflects combustion efficiency during both 

the uncontrolled and controlled combustion phases. The 

peak in-cylinder pressure for straight diesel was recorded 

as 66.521 bar, whereas D80WPO20 exhibited 63.932 bar, 

corresponding to a 4.05% reduction. Blending ethanol up 

to 10% in D80WPO20 fuel blend improved the in-

cylinder pressure by 3.15% up to 65.627 bar. This may 

be due to enhanced lowering in the ignition delay period, 

leading to enhanced premixing combustion phase 

(Arjharnw et al. 2022). Amalgamating Gr–Fe 

nanoparticles up to 50 ppm in D80WPO20E10 improved 

the in-cylinder pressure by 1.8% due to enhanced 

oxidative kinetic reaction of Gr–Fe nanoparticles at 

reduced ignition delay. Increasing the Gr–Fe 

nanoparticles up to 100 ppm affected the fuel oxidative 

reaction, thereby prolonging the ignition delay slightly at 

full load conditions. D80WPO20E10Gr–Fe100 ppm 

exhibited a higher in-cylinder pressure of 66.08 bar. At 

the outset, it can be noted that Gr–Fe nanoparticle 

concentration up to 75 ppm in diesel–WPO–ethanol fuel 

blend significantly improved the combustion phenomena 

(Catizane et al. 2023; Hariram et al. 2018). 

Fig. 14 illustrates the variation of the heat 

release rate against crank angle for D100, D80WPO20, 

D80WPO20E10, D80WPO20E10Gr–Fe50, 

D80WPO20E10Gr–Fe75, and D80WPO20E10Gr–

Fe100 fuel blends at full load conditions. Analysis of the 

heat release rate is important because it influences NOx 

formation, which is commonly explained by the 

Zeldovich mechanism. It can be noted that D100 

exhibited a heat release rate of 58.521 J/CAD at full load 

conditions (Fig. 14). Blending WPO up to 20% in diesel 

marginally improved the heat release rate up to 53.661 

J/CAD at the same load, which may be due to a slight 

prolongation in the ignition delay period. Amalgamating 

ethanol up to 10% in diesel–WPO fuel improved the heat 

release rate to 56.672 J/CAD, attributed to a prolonged 

progressive combustion phase due to more fuel 

accumulation. Infusing Gr–Fe nanoparticles up to 50 

ppm released more thermal conduction ability uniformly 
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throughout the fuel, enhancing the surface reactiveness 

of the fuel atoms. This enabled a superior progressive 

combustion phase releasing an enormous amount of heat 

energy (Gopinath and Devan, 2020). Further increase in 

Gr–Fe nanoparticles to 75 ppm and 100 ppm in the 

diesel–WPO–ethanol fuel blend increased the heat 

release rate to 60.8485 J/CAD and 60.021 J/CAD, 

respectively, under full-load conditions.  

 

Fig. 13: Variation in In-cylinder pressure 

 

Fig. 14: Variation in heat release rate 

3.5 Energy Analysis 

The first law of thermodynamics forms the basis 

for the energy analysis performed in the present study to 

understand the distribution of input chemical energy 

among brake power, cooling losses, exhaust gas losses, 

frictional losses, and other heat losses. The input 

chemical energy was determined from the fuel mass flow 

rate and calorific value, whereas the useful output energy 

was obtained from the brake power delivered at the 

engine crankshaft. The losses considered in the energy 

analysis include cooling losses through the engine jacket, 

exhaust gas energy losses, frictional losses associated 

with mechanical components, and losses arising from 

incomplete combustion (Kumar et al. 2016; Kumar et al. 

2020). The energy analysis was conducted using Eqs. 3–

10. Fig. 15 depicts the variation in energy efficiency with 

engine brake power. D100, D80WPO20, 

D80WPO20E10, D80WPO20E10Gr–Fe50, 

D80WPO20E10Gr–Fe75, and D80WPO20E10Gr–

Fe100 test fuels exhibited energy efficiencies of 28.9%, 

27.92%, 29.71%, 28.23%, 29.05% and 27.91% at low 

load, whereas at 3.11 kW brake power, the energy 

efficiency was increased to 34.9%, 34.59%, 35.79%, 

35.19%, 36.79% and 35.70%, respectively; at full 

loading conditions, the energy efficiency shows higher 

values of 40.9%, 37.9%, 39.48%, 39.74%, 38.1%, 

41.98%, and 38.90%. Generally, it could be observed that 

energy efficiency was increased considerably in the 

presence of Gr–Fe nanoparticles at all loading conditions, 

with a notable reduction in engine exhaust emissions.       

∑ 𝑋𝑛𝑖𝑛 =  ∑ 𝑋𝑛𝑜𝑢𝑡  (𝐼 𝑙𝑎𝑤 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠)         … (2) 

𝐸𝑥𝑎𝑖𝑟 + 𝐸𝑥𝑓𝑢𝑒𝑙 = 𝐸𝑥𝑤 + 𝐸𝑥𝑒𝑥ℎ + 𝐸𝑥𝑙𝑜𝑠𝑠      … (3) 

𝐸𝑥𝑎𝑖𝑟 =  𝑚𝑎𝑖𝑟ℎ𝑎𝑖𝑟 =  𝑝𝑎𝑖𝑟𝑣𝑎𝑖𝑟ℎ𝑎𝑖𝑟   … (4) 

𝐸𝑥𝑓𝑢𝑒𝑙 =  𝑚𝑓𝑢𝑒𝑙𝐻𝑢  … (5) 

    𝐸𝑥𝑤 =  𝜔𝑇                     … (6) 

     𝑊 =  
2𝜋𝑛

60
    … (7) 

𝐸𝑥𝑒𝑥ℎ =  ∑ 𝑚𝑖ℎ𝑛
𝑗=𝑖 𝑖 =  𝑚𝑐𝑜ℎ𝑐𝑜 + 𝑚𝑁𝑂𝑥

ℎ𝑁𝑂𝑥
+ 𝑚𝑐𝑜2

ℎ𝑐𝑜2
      ….  (8) 

𝑛𝑒𝑛 =  
𝐸𝑥𝑤

𝐸𝑥𝑎𝑖𝑟+ 𝐸𝑥𝑓𝑢𝑒𝑙
  … (9) 

 

Fig. 15: Variation in energy efficiency at all loads 

3.6 Exergy Analysis 

Exergy analysis of the CI engine was carried out 

based on the second law of thermodynamics. Fig. 16 

depicts the variation in exergy efficiency with engine 

brake power for various test fuels at all loading 

conditions. The total measure of molecular disorder in the 
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system increases with time and, in turn, influences the 

spontaneity of the process. Exergy efficiency further 

indicates the degree of useful energy conversion and 

irreversibility in the system. In the presence of external 

work input, heat transfer from a colder region to a hotter 

region can occur, consistent with the second law of 

thermodynamics. Eqs. 11–17 present the exergy 

efficiency analysis of the investigation (Kalargaris et al. 

2016; Kaimal et al. 2017, John et al. 2017). It was 

observed that exergy efficiency increased with increasing 

engine load. At low load, the engine exhibited exergy 

efficiencies of 25.79%, 21.7%, 24.9%, 26.7% 27.16% 

and 27.90% for D100, D80WPO20, D80WPO20E10, 

D80WPO20E10Gr–Fe50, D80WPO20E10Gr–Fe75, and 

D80WPO20E10Gr–Fe100, respectively; with an 

increase in engine load to 4.65 kW, the test fuels 

exhibited values of 31.92%, 28.46%, 32.30%, 34.50%, 

35.71% and 34.95%, respectively. A further increase in 

the engine load increased the exergy efficiency to 38.4–

41.89%, particularly for Ge–Fe nanoparticles, which 

exhibited enhanced combustion and reduced exhaust 

emissions. Improved air–fuel mixing and fuel 

atomization may also contribute to the higher exergy 

efficiency at elevated load conditions.  

 

Fig. 16: Variation in exergy efficiency at all loads 

∑ 𝐸𝑛𝑖𝑛 =  ∑ 𝐸𝑛𝑜𝑢𝑡 + ∑ 𝐸𝑛𝑑𝑒𝑠𝑡  (𝐼𝐼 𝑙𝑎𝑤 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠) … (10) 

𝐸𝑛𝑎𝑖𝑟 + 𝐸𝑛𝑓𝑢𝑒𝑙 =  𝐸𝑛𝑤 + 𝐸𝑛𝑒𝑥ℎ +  𝐸𝑛𝑙𝑜𝑠𝑠 + 𝐸𝑛𝑑𝑒𝑠𝑡 …(11) 

𝐸𝑛𝑎𝑖𝑟 =  𝑚𝑎𝑖𝑟𝐶𝑝.𝑎𝑖𝑟[(𝑇𝑎𝑖𝑟 −  𝑇0) − 𝑇0 ln (
𝑇𝑎𝑖𝑟

𝑇𝑜
)] … (12) 

𝐸𝑛𝑤 =  𝐸𝑥𝑤 − 𝜔𝑇  … (13) 

𝐸𝑛𝑒𝑥ℎ =  ∑ 𝑚𝑖(𝑒𝑥𝑡𝑚.𝑖 +  𝑒𝑥𝑐ℎ.𝑖)
𝑛
𝑖=1         … (14) 

𝑒𝑛𝑐ℎ.𝑖 = 𝑅𝑇𝑜ln (
𝑦𝑖

𝑦𝑒𝑛𝑣,𝑖
)  … (15) 

ψ =  
𝐸𝑥𝑤

𝐸𝑥𝑎𝑖𝑟+ 𝐸𝑥𝑓𝑢𝑒𝑙
   … (16) 

3.7 Regulatory Framework and Fuel 
Standardization for Waste Plastic Oil–diesel 
Blends 

Globally, alternatives to conventional petroleum 

fuels are being extensively researched. In this study, 

WPO–diesel blends were investigated in a compression 

ignition engine, with the aim of complying with existing 

fuel quality standards and emission regulations to ensure 

legal acceptability and environmental safety. Although 

the fuel is currently in the research phase, its 

commercialization would require compliance with BS VI 

emission norms and Bureau of Indian Standards (BIS) 

fuel specifications, particularly IS 1460. Globally, the 

fuel quality is under frameworks such as the European 

Union EN 590 and the U.S. Environmental Protection 

Agency (EPA) fuel regulations. Therefore, the successful 

development and commercialization of such fuels 

requires certification, life-cycle assessment, and approval 

from statutory regulatory bodies to ensure environmental 

compatibility (Gopinath and Devan, 2020). Hence, 

systematic standardization, regulatory clearance, and 

engine compliance testing are essential to legally position 

Gr–Fe nanoparticle-infused WPO blends as viable 

supplementary diesel fuels in the current energy scenario. 

Future work could focus on improving fuel quality to 

meet or surpass existing standards. 

4. CONCLUSION 

The present investigation highlights two key 

factors: one is the conversion of heterogeneous waste 

plastic material into its pyrolytic oil, and the other is the 

potential capability of Gr–Fe nanoparticles to influence 

the combustion, emission, and performance 

characteristics in a compression ignition engine. The 

effects of Gr–Fe nanoparticles in diesel–WPO blends, in 

comparison with straight diesel, can be summarized as 

follows: 

• The developed batch-type pyrolysis reactor 

yielded 1.69 L of waste plastic oil (WPO) in a 

single batch using 8 kg of preprocessed 

heterogeneous waste plastics. 

• The brake thermal efficiency (BTE) of 

D80WPO20E10Gr–Fe75 was 37.623% at full 

load, which is 7.62% lower than straight diesel. 

Diesel–WPO–ethanol fuel blend also exhibited a 

2.12% higher BTE compared to straight diesel.  

• Unburned hydrocarbon (UBHC) emissions 

showed a decreasing trend with increasing engine 

load. D80WPO20E10 with Gr–Fe nanoparticle 

addition up to 75 ppm exhibited a higher UBHC 

emission of 0.1789 g/kWhr, which was lower than 

that of D80WPO20. A similar trend was observed 

in carbon monoxide emission, with a 2.92% 

reduction for D80WPO20E10Gr–Fe75 compared 

to straight diesel. However, NOx emissions 
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increased with engine load. Gr–Fe-infused fuel 

blends exhibited higher NOx emissions due to 

improved oxidation and catalytic activity.  

• Improved premixed combustion resulted in higher 

in-cylinder pressure for Gr–Fe-infused fuels, 

along with a higher heat release rate due to 

enhanced combustion duration and progressivity. 

• The findings also highlight that, beyond 

performance and emission improvements, 

regulatory compliance and certification are 

critical for the large-scale adoption of Gr–Fe 

nanoparticle-infused WPO blends.  

It can be concluded that the infusion of Gr–Fe 

nanoparticles with oxygenated diesel–WPO fuel blends 

provides a sustainable alternative to conventional fuels. 

Future efforts could focus on compliance with BS VI 

emission norms, BIS IS 1460 standards, and international 

fuel quality frameworks to ensure environmental safety 

and legal acceptability. 

NOMENCLATURE  

PPO Plastic Pyrolysis Oil 

CI Compression Ignition 

WPO Waste Plastic Oil 

FTIR Fourier Transform Infrared 

ASTM American Society for Testing and Materials 

CO Carbon monoxide 

HC Hydrocarbon 

NOx Oxides of Nitrogen 

O2 Oxygen 

CO2 Carbon dioxide 

BTE Brake Thermal Efficiency 

GQD Graphene Quantum Dot 

HDPE High-density Polyethylene 

LDPE Low-density Polyethylene 

PE Polyethylene 

PS Polystyrene 

ANOVA Analysis of Variance 

SEM Scanning Electron Microscope 

TDC Top Dead Centre 

BSFC Brake Specific Fuel Consumption 

BTE Brake Thermal Efficiency 

BMEP Brake Mean Effective Pressure 
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