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Abstract
This work presents the feasibility study of utilizing neat plastic oil TiO

2
 nanoparticle is added as additive in the propor-

tion of 100, 150, and 200 ppm fuelled in a stationary single cylinder diesel engine to asses the performance, emission and 
combustion characteristics. From the local municipality, the waste plastic bottles are collected and it it fed into the pyrolysis 
reactor to convert into pyrolysis oil. The results from performance analysis revealed that the enrichment of neat plastic with 
TiO

2
 nanoparticle enhanced the brake thermal efficiency than without any additives in the raw oil (plastic oil). Similarly, 

the results of emission revealed that smoke, and hydrocarbon are considerably reduced with increased proportion of nano 
additive. Results also revealed that the formation of NOx is higher with POAL200 than plastic oil and other concentration 
of TiO

2
 nanoparticle and diesel fuel. This is due to the higher availability of oxygen content in the fuel, higher quality of 

fuel and reduced ignition delay.

Keywords Pyrolysis · Plastic oil · Nanoparticle · Performance · Emission

Introduction

Due to higher torque and efficiency produced by diesel 
engines, it is predominately used for transportation, agricul-
ture, and industrial application for generation of power and 

as a prime mover in automobiles [1–4]. The most commonly 
used fuel in any light or a heavy vehicle is diesel. Due to the 
larger crisis in oil, an alternative solution for diesel came 
into effect [5–9]. Also, a mission produced using conven-
tional diesel as fuel in the IC engine was higher, which leads 
to global warming, greenhouse effect, and climate change. 
The alternative to diesel is found in such a way that the 
emissions and cost of fuel are reduced. Several research-
ers made several studies in the use of vegetable oil such as 
jatropha, Karanja, sunflower, coconut, cottonseed oil in the 
diesel engine [10–17]. Among the several waste oil after 
usage, cooking oil finds a prominent and promising alterna-
tive for blending with diesel fuel. Various food processing 
units, fast food shops, restaurants produce tonnes of waste 
cooking oil, whereas only a small proportion of cooking oil 
is wasted from domestic purposes. Although vegetable oil 
is widely used as alternative fuel, pyrolysis oil is gaining 
more importance to reduce the waste with increased energy 
[18–21]. Nearly about million tons of plastic are dumped 
into the atmosphere every year which make the soil infer-
tile. Recent studies have attracted the use of waste plastic to 
energy [22, 23]

Kaimal and Vijayabalan [24] studied the potential use 
of waste plastic oil produced by the pyrolysis method in a 
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diesel engine. The performance and emission characteristics 
of diesel fuel in a diesel engine without any modification 
were compared with three different blends of plastic oil-
diesel blends, namely PO25, PO50, and PO75. The blends 
of plastic oil with diesel fuel were prepared on a volumetric 
basis. The properties of diesel and waste plastics were char-
acterized, and it showed similar characteristics. Results of 
performance analysis showed that the engine fuelled with 
diesel fuel produced the maximum thermal efficiency of 
about 30.9% whereas, the biodiesel blend with PO25, PO50, 
and PO75 was found as 29.9, 29.1, and 28.2%, respectively. 
The engine thermal efficiency of the engine was found to 
be decreasing with an increasing blends of waste plastic oil 
(WPO) composition with diesel. Due to the heavier hydro-
carbon chain present in waste plastic oil, the density as well 
as viscosity increased, which results in lower thermal effi-
ciency. Also, it was concluded that the increased calorific 
value of WPO and its blends resulted in heat loss during 
the combustion process which simultaneously resulted in 
reduced thermal efficiency. On analysing the CO emis-
sions, PO25 exhibited similar composition of CO while the 
engine is operated with diesel fuel. While the engine was 
operated with pure plastic oil at no-load condition, the CO 
was higher, and it gradually decreased at full load condition. 
The increase in CO emission from the engine with pure plas-
tic oil as the amount of oxygen available in the fuel is less 
which in turn leads to incomplete combustion as compared 
to that of biodiesel blends and conventional diesel. The NOx 
formation from biodiesel blends was lower as compared to 
that of pure plastic oil. The NOx formed in the cylinder 
using pure plastic oil was higher due to longer delay in igni-
tion and increased in-cylinder pressure.

Kaimal and Vijayabalan [25] used diethyl ether as an 
additive with waste plastic oil and performed experiments 
in a diesel engine to assess the performance, emission, and 
combustion characteristics. Diethyl ether was added in volu-
metric composition of 5, 10, and 15% with plastic oil. On 
testing the fuel properties, the viscosity of plastic oil was 
higher, and with the addition of diethyl ether with plastic oil, 
the viscosity decreases. The performance analysis showed 
that the use of diethyl ether as an additive improved the ther-
mal efficiency of the engine by 1.45, 6.9, and 9.2 for DEE 
with plastic oil of 5, 10, and 15%, respectively, as compared 
to that of raw plastic oil. Also, it was found that the thermal 
efficiency using plastic oil and DEE additive was lower than 
diesel fuel. The poor atomization of fuel inside the cylinder 
is completely due to viscosity which increased ignition delay 
period of fuel for combustion. The in-cylinder pressure was 
increased with increased engine loading. The peak cylinder 
pressure for diesel and plastic oil with DEE (15%) exhibited 
similar pressure at maximum loading of engine whereas, the 
pressure developed inside the cylinder pressure was higher 
with raw plastic oil and plastic oil with DEE (5 and 10%) 

as the rate of combustion is higher at maximum loading of 
engine. It was also obvious that the increased proportion 
of DEE reduced the in-cylinder pressure, the temperature 
which simultaneously increases the ignition delay period. 
On analysing the potential use of DEE as an additive along 
with waste plastic oil, emission characteristics play a vital 
role. Results of emission at full load condition showed that 
there is a significant reduction of CO, NOx, and smoke 
using DEE (15%) as an additive with plastic oil whereas, 
unburnt hydrocarbons increased, which may be due to its 
lower evaporation of fuel.

Mani et al. [26] used neat waste plastic oil in a diesel 
engine with exhaust gas recirculation. EGR percentage used 
in their study was 10 and 20% and compared with that of 
diesel and raw plastic oil. The result of thermal efficiency 
showed that the EGR flow rates with 10 and 20% reduced 
the thermal efficiency as the demand for oxygen content was 
higher as compared to that of raw plastic oil. There was 
also a significant reduction in the exhaust gas temperature 
with an EGR flow rate of 20%, and it was lower than diesel 
fuel. NOx formation using the EGR flow rate of 20% was 
reduced by 24%, whereas the UHC increased to about 19.6% 
as compared to that of raw plastic oil without EGR. Results 
exhibited that neat plastic oil produced lower CO and smoke 
emission compared to diesel fuel and EGR concentration 
increases the CO and smoke.

Murugan et al. [27] used tyre pyrolysis oil produced by 
vacuum pyrolysis of blends 20% to 70% mixed with diesel 
compared the engine characteristics without any modifica-
tion with the prepared fuel to find its suitability in CI engine. 
Results from the performance analysis revealed that the ther-
mal efficiency of increased blends of biodiesel was lower 
with higher specific fuel consumption while compared to 
that of diesel. Emissions such as NOx, HC, CO, and smoke 
were higher using TPO70 compared to that of conventional 
diesel. The increase in emission was completely due to 
the lower volatility of the fuel and higher viscosity. Simi-
larly, with increasing blends of TPO, the ignition delay was 
higher, and a decreasing trend is found with increasing load.

Murugan et al. [28] used distilled tyre pyrolysis oil and 
blended 10% diesel fuel and studied the combustion, perfor-
mance, and emission characteristics of the CI engine. Two 
different blends of DTPO, namely DTPO20 and DTPO90, 
were tested in a diesel engine without any modification and 
compared it with that of diesel fuel. It was concluded that 
the thermal efficiency was higher with increased blends of 
DTPO, and it was low while compared to that of diesel. 
On increased blends of DTPO with diesel, the exhaust gas 
temperature reduces, which simultaneously reduced the for-
mation of NOx and CO compared to that of diesel. How-
ever, there is an significant increase in HC and smoke was 
observed. The cylinder pressure was higher with DTPO90 
by 2.8 bar and lower with DTPO10 by 3.9bar compared to 
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diesel. The in-cylinder pressure depends on several param-
eters, such as the amount of fuel burnt, preparation of mix-
ture, and ignition delay. It was concluded that the optimum 
blend was 20% with diesel fuel.

Frigoa et al. [29] synthesized the fuel desired from waste 
tyres. Blends 20 and 40% along with diesel was used in the 
diesel engine. Results showed that the HC and NOx emis-
sion was reduced with increased blends of TPO. However, 
the CO emission increased the combustion characteristics of 
TPO 40 was poor as the ignition delay. They also concluded 
that the poor combustion characteristics with TPO40 with 
higher ignition delay lead to knocking as the quantity of fuel 
present inside the combustion chamber was larger.

Ayodhya et al. [30] performed experiments on CRDI 
Engine fuelled with WPO blends. Along with WPO, EGR 
with a composition of 10 and 20% was used. Results showed 
that the blend WPO30 exhibited better thermal efficiency 
than diesel fuel. This may be influenced by parameters such 
as lower cetane, lower calorific value, and higher ignition 
delay. With 10 and 20% EGR, the BTE decreases as there 
was no sufficient oxygen present in the fuel for better com-
bustion. The formation of NOx depends on the combustion 
temperature. NOx emission was reduced with EGR. How-
ever, other emissions such as HC, CO, and soot increased 
with EGR. Incomplete combustion, oxygen deficiency, poor 
mixture lead to increased CO.

Preetham et al. [31] derived the waste plastic oil through 
catalytic pyrolysis process and tested the prepared fuel in a 
diesel engine and the combustion characteristics were exam-
ined. They stated conflicting results with fuel consumption 
and emissions while operating on diesel engines. They sug-
gested that the difference was caused due to the difference 
in the conversion process and the plastic feedstock used. 
The fuel properties such as cetane number, viscosity could 
significantly be varied depending on the process employed. 
They reported a reduction in the premixed combustion 
phase, which resulted in high cylinder temperature during 
the combustion process, but the fuel consumption remained 
constant. The performance characteristics of the engine 
remained almost similar to the diesel operation. However, 
the emission profile showed significant variations.

Daniel et al. [32] carried out investigation using waste 
plastic oil and its blend with diesel along with exhaust gas 
recirculation system in diesel engine. It was reported that the 
engine thermal efficiency was reduced using waste plastic 
oil and the engine specific fuel consumption was higher with 
higher amount of plastic oil in the diesel blends. Adding 
ethanol and palm methyl ester to the blends increased the 
stability of the mixture and also improved the thermal effi-
ciency of the fuels. The pyrolysis oil–ethanol blend showed 
lower NOX and lower unburned hydrocarbon content in the 
exhaust. While operating with EGR and ethanol additive, the 
levels of HC and CO increased considerably. The authors 

concluded that a 10% EGR rate for plastic oil–diesel–ethanol 
blends and a 15% EGR rate for methyl ester blend could be 
successfully implemented without much reduction in per-
formance and emission.

To assess the suitability of biodiesel blend, Mani et al. 
[33] used plastic oil and its blends in a DI CI engine. The 
performance results showed that the engine efficiency using 
neat plastic oil and its blends were higher while the engine 
was operated with 75% load. The emission characteristics 
such as NOx, UHC and CO increased upto 25, 15 and 5% 
than diesel fuel, whereas, the smoke emission was reduced 
by 40%. Mani and Nagarajan [34] studied the effect of 
injection timing as a influential parameter on engine per-
formance using waste plastic oil as a substitute to diesel 
fuel. It was concluded that the emission from engine such 
as NOx, UHC and CO reduced whereas, the engine perfor-
mance and smoke increased. Devraj et al. [35] used DEE 
as an additive with waste plastic oil and performed experi-
ments in diesel engine. It was concluded that the effect of 
adding DEE as additive along with the plastic oil decreased 
the ignition delay and formation of NOx produced. It was 
also concluded that the improvement in efficiency of engine 
is greatly influenced by DEE additive and the engine also 
produced higher HC emission. Rinaldini et al. [36] carried 
out experiments in a indirect injection multi-cylinder diesel 
engine and assessed the performance and emission char-
acteristics with the use of waste plastic oil. Damodharan 
et al. [37] used a catalytic pyrolysis process to extract the 
waste plastic oil from collected mixed waste plastic and 
used the extracted neat oil in diesel engine. The two influ-
ential parameters, namely (i) injection timing and (ii) EGR 
was studied experimentally. The thermal efficiency of the 
engine is influenced by injection timing and EGR, while in 
their investigation, the improvement in thermal efficiency 
was observed by advancing the injection timing and on the 
other hand increased EGR concentration reduced the ther-
mal efficiency. The increased EGR concentration exhibited 
increased the exhaust gas temperature which simultaneously 
increased the formation of NOx. CO, smoke emissions, and 
HC emissions was increased with lower EGR concentration 
and reduced by advancing the timing of injection.

Ananthakumar et al. [38] used lower blend concentra-
tion of waste plastic oil in diesel and carried out experi-
ments using variable compression ratio. The compression 
ratio was varied from 12 to 20 and biodiesel concentra-
tion varied from 2.5 in the incremental of 5% and limited 
to 12.5%. The efficiency of engine and the biodiesel blend 
with concentration of 2.5% exhibited similar trend and it was 
increased by increasing the compression ratio. The forma-
tion of NOx is lower at minimum compression ratio (CR) 
and on increasing CR the NOx formation and in-cylinder 
temperature increased for neat waste plastic oil. Senthilku-
mar and Sankaranarayanan [39] used jatropha methyl ester 
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as additive in waste plastic oil on a stationary diesel engine 
as a alternative fuel. Kumar et al. [40] assessed the char-
acteristics of waste plastic oil and its use in diesel engine. 
The concentration of plastic oil was limited to 30% in diesel 
fuel and made a comparison with neat diesel and plastic 
oil in engine. Results exhibited that the engine with neat 
plastic oil reduced the CO

2
 and formation of NOx, while 

the increment in HC and CO emissions was observed. With 
the engine operated at peak load condition the thermal effi-
ciency exhibited was higher and found as 39.44% using neat 
plastic oil and it was improved by 12.55% than 30% plastic 
oil blend in diesel.

From the comprehensive review carried out by various 
researchers, it can be concluded that only a few research 
was carried out using neat plastic oil. In this study, TiO

2
 

nanoparticles were added to neat plastic oil in composition 
of 100, 150 and 200 ppm and the performance, emission and 
combustion characteristics are analysed in comparison with 
diesel fuel on a stationary single cylinder engine.

Pyrolysis oil and fuel preparation

Extraction of pyro oil

In the present experimental investigation waste plastic 
bottles were collected from the local dump yard and the 
unwanted materials are removed. Then the plastic bottles 
are sieved into uniform size and given as input to the reac-
tor. The reactor is made of 5 mm thickness mild steel plate 
converted into a cylindrical unit with height of 500 mm and 
diameter of 120 mm. An electrical heater is placed at the 

bottom of reactor with capacity of 2 kW which is used to 
heat the reactor. The temperature maintained in the reactor 
is between 450 and 700 °C. The reactor chamber is filled 
with 5 kg of plastic bottles. Normally pyrolysis process is 
carried out in the absence of oxygen, so in the present study, 
the reaction takes place in vacuum. Through the top lid con-
densable and non-condensable gases are taken into a liquid 
cooled condenser where the vapour is condensed. Figure 1 
shows the graphical representation of the extracting waste 
plastic oil through pyrolysis process.

Preparation and properties of raw plastic oil

From the literature review, it is found that the diesel engine 
can be fuelled using neat plastic oil as an alternative source 
(fuel). Furthermore, the nanoparticle can be added as an 
additive with neat plastic oil to enhance the availability of 
oxygen present in the fuel. The SEM image of the procured 
nanoparticle is shown in Fig. 2. From figure it can be seen 
that the average size of the nanoparticles was ranged between 
15 and 22 nm. Initially, the nanoparticles are dispersed in 
raw plastic oil and homogeneously mixed for 1 h using an 
magnetic stirrer. Furthermore, to attain the homogeneity, 
the samples are sonicated using an probe type sonicator for 
30 min. The Three blends were prepared on a volume basis 
with raw plastic oil, namely, POAL100 (100% raw plastic 
oil with 100 ppm TiO

2
 nanoparticle), POAL150 (100% raw 

plastic oil with 150 ppm TiO
2
 nanoparticle), and POAL200 

(100% raw plastic oil with 200 ppm TiO
2
 nanoparticle). 

These prepared test fuels are then used to run the diesel 
engine. Exhaust gas parameters such as NOx, CO, HC, 
and smoke emissions are measured while the in-cylinder 

Procurement of waste
plastic bottles from local

dump yard

Cleaning the waste plastic
bottles to remove unwanted

materials

Sieving into even
size

Filling the reactor
with waste plastics

Consensable gas

Consensable andLiquid cooled
condensor

Waste pyro plastic
oil non-condensable

Non-consensable gas

gases

To atmosphere

Char

Fig. 1  Graphical representation pyrolysis process
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pressure and heat release were logged using data acquisition 
system. The various properties of prepared test fuels such as 
cetane number, density, viscosity, flash point, calorific value 
of raw plastic oil and raw plastic oil with different proportion 
of TiO

2
 nanoparticle additive are measured and compared. 

The properties of raw plastic oil and plastic oil with TiO
2
 

nanoparticle nanoadditive fuel are given in Table 1.
The TiO

2
 nanoparticles are added to the neat plastic oil in 

the proportion of 100, 150 and 200 ppm with an increased 
the specific gravity by 1.52, 3.79, and 5.95%, respectively. 
Similarly, the addition of nanoparticle in neat plastic oil also 
increased the viscosity by 3.64, 6.71, and 10.20% for 100, 
150 and 200 ppm TiO

2
 nanoparticle respectively than neat 

plastic oil. Furthermore, the addition of TiO
2
 nanoparticle 

in raw plastic oil exhibited higher cetane number, calorific 
value, and flash point.

Experimental setup and Uncertainty analysis

Experimental setup

An experimental set up is established with direct injec-
tion, single-cylinder light-duty diesel stationary engine 
(Table 2). The experimental setup is designed in such a way 
that the engine performance, emission, and combustion 

characteristics can be estimated while the engine is oper-
ated at different loads and fuel additives. The graphical rep-
resentation of the test rig is shown in Fig. 3. In the present 
investigation, a naturally aspirated, four-stroke, single-cyl-
inder water cooled stationary DI diesel engine with a rated 
power and speed of 3.7 kW and 1500 rpm respectively is 
used to perform the experiment under different engine load-
ing condition. As per the manufacturer’s recommendation, 
the injector opening pressure is fixed at 200 bar. Provision 
is provided in the cylinder head to set the piezoelectric pres-
sure transducer for measuring the in-cylinder pressure. A 
high precision encoder is used to acquire the TDC and crank 
angle. Initially, the engine is continuously fuelled with diesel 
fuel, and the steady-state is achieved. The injector and fuel 
are cleaned before a new blend of plastic oil are used. The 
in-cylinder pressure is continuously monitored and recorded 
using a data acquisition system, and the average value is 
taken from the 100 cycles. The test facility consists of the 
following systems and measuring instruments:

• The engine was coupled to an alternator and a rheostat, 
for electrical loading. Two separate fuel tanks for diesel 
and plastic oil supply. A burette and a stopwatch arrange-
ment for the flow measurements.

• An orifice plate and a U-tube manometer arrangement 
are used for airflow measurements. Thermocouples are 
placed at different locations (inlet, exhaust, cooling water 
inlet and outlet) to measure the temperatures.

• Piezoelectric transducer with a charge amplifier for the 
cylinder is used to measure the in-cylinder pressure 
measurements. A high precision optical position encoder 
is fixed in the flywheel to locate the TDC position.

• Exhaust gas analyzer arrangements for measuring the 
amount of HC, CO, and NOx in the exhaust. Smoke 
meter for measuring the exhaust smoke.

 Uncertainty analysis

Errors are occurred during the experimentation on devices 
and calculated parameters. The accuracy, range and uncer-
tainty of instruments used are listed in Table 3. The overall 
uncertainty is calculated using Eq. (1). The overall experi-
mental uncertainty of the present experimental investigation 

Fig. 2  SEM image of TiO
2
 nanoparticle

Table 1  Properties of neat PO, 
and nano enhanced PO

Properties PO POAL100 POAL150 POAL200

Specific gravity 0.837 0.85 0.87 0.89
Kinematic viscosity/cSt at 40 °C 2.64 2.74 2.83 2.94
Calorific value/kJ kg−1 44,200 44,280 44,345 44,415
Cetane number 55 45 47 48
Flash point/°C 54 60 62 68
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is found as 2.46% and it is within the overall experimental 
uncertainty.

Results and discussion

The engine was continuously operated at a rated speed of 
1500 rpm in at a rated power of 3.7 kW using neat diesel 
fuel, neat plastic oil and plastic oil with different composi-
tion of TiO

2
 , namely 100, 150 and 200 ppm to assess the 

critical parameters such as performance, emission and com-
bustion characteristics. The in-cylinder pressure, heat release 
rate on combustion characteristics, HC, CO, smoke on emis-
sion characteristics and fuel consumption, thermal efficiency 
on performance characteristics are graphically represented.

Combustion characteristics

In‑cylinder pressure

Figure 4 shows the in-cylinder pressure developed from 
the engine fuelled using diesel, plastic oil and plastic oil 
with 100, 150 and 200 ppm TiO

2
 nanoparticles with engine 

operated at peak load. On increasing engine load, the in-
cylinder pressure developed increases. It is observed that 

(1)
Overalluncertainty =

√

(CO)2 + (BSFC)2 + (BTE)2 + (NOx)2 + (HC)2 + (Speed)2

7

8

6

5

Air in

Fuel
Air
Water line
Exhaust line

Fuel in

Hot water from engine jacket

Hot exhaust gas

Exhaust gas outlet

Cold water in

Hot water out

Water from pump

1

2

3

4

5

6

21 3

Engine

Eddy current dynamometer Calorimeter

Rotameter Air box

Fuel measuring unit Fuel tank

Fuel flow control valve

Fig. 3  Graphical representation of experimental setup

Table 2  Specification of engine used for the present study

Description Specification

Stroke/bore 110/87.5 mm
Make & model Kirloskar/240PE
Compression ratio 17:1
Swept volume 661 cc
Rated power 3.5 kW @ 1500 rpm
Injection timing 23 °bTDC
Type Single cylinder, four stroke, 

water cooled, diesel 
engine

Table 3  Uncertainty percentage Parameter Uncertainty/%

BTE ± 0.7

BSFC ± 0.5

Pressure ± 0.7

Speed ± 1.5

NOx ± 0.8

CO ± 0.7

UHC ± 0.5

Crank angle ± 1.1
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the developed in-cylinder pressure using diesel fuel is higher 
than neat plastic oil. Similarly, on adding 100 ppm TiO

2
 

nanoparticle and further increase in doping of nanoadditive 
with the raw plastic oil, the in-cylinder pressure developed 
inside the cylinder increases. It is more obvious that the neat 
waste plastic oil with increased proportion of nanoparticle 
increases the developed in-cylinder pressure from the start 
of combustion as the ignition delay is longer with the addi-
tion of nano additive. The quality of combustion depends 
on the oxygen present in the fuel. The developed in-cylinder 
pressure by the engine fuelled using diesel, plastic oil, and 
plastic oil with 100, 150 and 200 ppm TiO

2
 nanoparticles 

were found to be 58.17, 56.1, 56.97, 57.99, and 58.1 bar, 
respectively. Ignition delay period of nano additive with fuel 

mainly depends on the surface-volume ratio and it should 
be chemical reactive. The results also exhibited that the 
increased proportion of TiO

2
 nano additive decreased the 

ignition delay. The increased proportion of nano additive to 
200 ppm reduced the ignition delay from 12 to 7.5 °CA with 
increment in loading of engine from no load to full load, 
whereas using 100 ppm and 150 ppm TiO

2
 nano additive 

with neat plastic oil, the ignition delay is reduced from 15 
to 11.5 and 14 to 9.5 °CA, respectively.

Net Heat release rate

Figure 5 is plotted for the variations in HRR during the com-
bustion from the engine fuelled using diesel, PO, POAL100, 
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POAL150 and POAL200 with engine operated at maximum 
loading condition. It is observed that the net HRR is higher 
for increased TiO

2
 nano additive with the fuel as the viscos-

ity of fuel is increased which leads to poor atomization of 
fuel. The influence of increased proportion with nano addi-
tive leads to enhanced combustion in the premixed combus-
tion phase. The net HRR produced from diesel, plastic oil 
and plastic oil with 100, 150 and 200 ppm TiO

2
 nanoparti-

cles were found as 53.05, 45.2, 47.8, 49.06, and 50.2 J/°CA, 
respectively. The presence of nano additive reduced the 
cetane number compared to diesel fuel. The reduced cetane 
number simultaneously reduced the ignition delay of fuel.

Performance characteristics

Brake thermal efficiency

The variations of brake thermal efficiency (BTE) for dif-
ferent loads with engine fuelled with diesel, neat plastic oil 
(PO) and neat plastic oil with different additives of TiO

2
 

nanoparticle is plotted in Fig. 6. It is seen that the engine 
fuelled using diesel produced higher BTE for all engine 
loads while compared to neat plastic oil and neat PO with 
nanoparticle. On adding TiO

2
 nano additive at increased 

concentration, the BTE improved. The BTE is improved by 
1.88, 4.89 and 8.06% for 100, 150 and 200 ppm TiO

2
 nano 

additive with neat PO fuel, respectively. This increased BTE 
of engine with nano additive is due to the increased surface 
area to volume ratio and availability of oxygen to react with 
the air present inside the cylinder augmenting the combus-
tion inside the cylinder. It is also found that the reduced igni-
tion delay predominantly augments the BTE with increased 
TiO

2
 nano additive with neat PO. The BTE for neat diesel, 

plastic oil and plastic oil with 100, 150 and 200 ppm TiO
2
 

nanoparticles are found as 30.83, 27.58, 28.11, 29.4 and 
30.2% respectively at peak engine load.

Brake specific fuel consumption

The variations of brake specific fuel consumption (BSFC) 
for different loads with engine fuelled using diesel, plastic 
oil, and plastic oil with 100, 150 and 200 ppm TiO

2
 nano-

particles are plotted in Fig. 7. It can be seen that the effect 
of TiO

2
 nano additive with neat PO decreased the amount 

of fuel spent during the combustion process as compared to 
neat plastic oil fuelled in the engine to maintain the same 
power developed. On increasing the load of engine, the 
BSFC reduced. At peak loading condition of engine, the 
BSFC were found as 0.262, 0.293, 0.287, 0.278 and 0.269 
kg kW−1 h−1 for neat diesel, plastic oil and plastic oil with 
100, 150 and 200 ppm, respectively. Also, it is observed that 
while the engine is operated with 25% of the rated power, the 
POAL 200 exhibited lower BSFC compared to neat diesel 
fuel.

Emission characteristics

NOx emission

Availability of oxygen with in the fuel and in-cylinder tem-
perature during combustion are the main phenomenon for 
the formation of NOx. The variations in NOx emission 
produced from the engine using neat diesel, plastic oil, and 
plastic oil with 100, 150 and 200 ppm TiO

2
 nanoparticles are 

plotted in Fig. 8. It can be seen that there is an increase in 
formation of NOx is observed with increasing engine. On no 
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load condition, the variation of NOx for all the prepared fuel 
and diesel is found to be similar. During the peak load oper-
ating condition of engine, the NOx formed is increased by 
2.47, 5.18, 6.9 and 7.58% for plastic oil, and plastic oil with 
100, 150 and 200 ppm TiO

2
 nanoparticles than diesel fuel. 

Similarly, the addition of TiO
2
 nanoparticle in the proportion 

of 100, 150 and 200 ppm increased the NOx formation by 
2.77, 4.54 and 5.23%, respectively.

CO
2
 emission

The variations in CO
2
 emission from the engine fuelled with 

neat diesel, plastic oil, plastic oil with 100, 150 and 200 ppm 
TiO

2
 nanoparticles are plotted in Fig. 9. It is observed that 

CO
2
 emission from engine is higher as the neat plastic oil is 

oxygenated. This is a clear evident that during the combus-
tion process CO is converted in to CO

2
 . Also, higher the 

CO
2
 emission clearly indicates the complete combustion and 

better combustion inside the cylinder. Using nano additive in 
neat plastic oil fuel, the CO

2
 emission is increased by 7.46, 

8.82, and 11.42% for 100, 150 and 200 ppm, respectively.

CO emission

Incomplete combustion and insufficient oxygen present in 
the fuel lead to the formation of carbon monoxide emis-
sion. The variations in carbon monoxide emission using neat 
diesel, plastic oil and plastic oil with 100, 150 and 200 ppm 
are plotted in Fig. 10. It is observed that the CO emission 
reduces with the addition of nanoparticle with the neat plas-
tic oil. Similarly, on operating the engine at maximum load, 
the CO emission produced using neat diesel, plastic oil and 
plastic oil with 100, 150 and 200 ppm TiO

2
 nanoparticle is 

found as 0.6, 0.55, 0.5, 0.4 and 0.3%, respectively. While 
compared to neat diesel, the CO emission is reduced by 8.33, 
16.66, 33.33 and 50% using neat PO, 100, 150 and 200 ppm 
TiO

2
 nanoparticle, respectively.

UHC emission

The Unburrnt Hydro carbons (UHC) emission from the 
engine mainly depends on the amount of fuel burnt and time 
required to burn the fuel completely during the combustion 
process which takes place inside the cylinder. The variations 
in unburnt hydro carbons (UHC) using diesel, plastic oil and 
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plastic oil with 100, 150 and 200 ppm TiO
2
 nanoparticle 

are plotted in Fig. 11. It can be seen that the diesel and neat 
plastic oil produced higher hydrocarbon emission compared 
to nano additive neat plastic oil. On increasing the load of 
engine, the UHC increases. The UHC using 100, 150 and 
200 ppm TiO

2
 nanoparticle are reduced by 2, 8 and 18%, 

respectively, than using neat plastic oil. The maximum UHC 
with engine operated using neat diesel, plastic oil and plastic 
oil with 100, 150 and 200 ppm are found as 63, 50, 49, 46 
and 41 ppm, respectively.

Smoke opacity

Smoke is formed due to the poor combustion, shorter igni-
tion delay in the diffusive combustion zone. The variations 
in smoke opacity using diesel, plastic oil and plastic oil 
with 100, 150 and 200 ppm TiO

2
 nanoparticle are plotted in 

Fig. 12. The smoke opacity increases with increase in engine 
load and composition of nano additive with neat plastic oil 
and neat diesel fuel in engine. Formation of smoke is mainly 
caused due to the aromatic compounds available [41]. The 
maximum smoke opacity produced using diesel, plastic oil 
and plastic oil with 100, 150 and 200 ppm TiO

2
 nanopar-

ticles are found as 42, 48, 52, 38 and 55%, respectively, by 
operating the engine at maximum load. However, the addi-
tion of 150 ppm of TiO

2
 nanoparticle with neat plastic oil 

reduced the smoke opacity.

Conclusions

In the present experimental investigation, waste plastic bot-
tles were collected from the municipality to converted into 
pyro oil produced using pyrolysis process. An attempt was 
made to utilize neat plastic oil with TiO

2
 nano additive in the 

proportion of 100, 150 and 200 ppm as an alternative fuel in 
DI–CI engine. Below are the summarized conclusions from 
the experimental study and follows:

• The developed in-cylinder pressure by the engine fuelled 
using diesel, plastic oil, and plastic oil with 100, 150 and 
200 ppm TiO

2
 nanoparticles was found to be 58.17, 56.1, 

56.97, 57.99, and 58.1 bar, respectively.
• The net HRR produced from diesel, plastic oil, and plas-

tic oil with 100, 150 and 200 ppm TiO
2
 nanoparticles 

was found as 53.05, 45.2, 47.8, 49.06, and 50.2 J/°CA, 
respectively.

• The BTE of neat plastic oil is found to be lower and 
found as 27.58%, whereas, the addition of nano particle 
with the neat plastic oil improved the thermal efficiency. 
There is an improvement of about 2.64% utilizing 200 
ppm TiO

2
 nanoparticle with the fuel reduces.

• BSFC increases with neat plastic oil than neat diesel fuel 
and, while adding increased proportion of nanoparticle 
with the fuel, the BSFC of neat plastic oil.

• UHC from the engine using 200 ppm nanoparticle 
is reduced by 18% than neat plastic oil. Similarly, the 
smoke opacity using 150 ppm TiO

2
 nano additive is 

reduced up to 38%.
• However, the formation of NOx and CO

2
 is increased 

with the addition of nano additive with the fuel.
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