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Abstract. Biodiesel is considered a suitable substitute for petroleum diesel because it is renewable, environment-friendly, and has a low carbon
footprint. However, its high density, high viscosity and low heating value prevents it from replacing petroleum diesel completely. This study
investigates the performance and emission characteristics of a compression ignition engine operating on oleander and croton biodiesel doped with
graphene nanoparticles. Five fuel samples are used, including diesel (D100), diesel - 80% blended with oleander and croton biodiesel - 20% (OCB20)
and OCB20 dosed with graphene nanoparticles at mass fractions of 50 ppm (mg/L), 75 ppm (mg/L) and 100 ppm (mg/L), respectively. The chemical
composition of biodiesel and graphene nanoparticles is analyzed using Fourier Transform Infrared (FTIR) spectroscopy while the morphology of the
nanoparticles is analyzed using Scanning Electron Microscope (SEM). Engine tests reveal a significant improvement in brake thermal efficiency,
especially at 75 ppm concentration which is 2.76% and 18.93% higher than diesel and OCB20, respectively, and a reduction in brake specific fuel
consumption by 2.44% and 16.67% compared to diesel and OCB20, respectively. Carbon monoxide (CO) and unburnt hydrocarbon emissions (UHC)
decreases for the 50 ppm sample, recording 8.58% and 21.65% reduction in CO and 52.2% and 50% in UHC compared to the diesel and OCB20,
respectively. However, Oxides of Nitrogen (NOx) emissions increase. The results indicate that graphene nanoparticle-enhanced biodiesel can
adequately substitute petroleum diesel, albeit with NOx reduction techniques.
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1. Introduction the engine parts (Fazal et al., 2013). Besides, its application does
not require any engine modification.

Biodiesel is derived from animal fats and edible and non-
edible oil feedstock such as croton, sunflower, oleander and
castor oils through transesterification process. Oils from non-
edible and drought-resistant feedstock are recommended to
guard against food insecurity and reduce land competition with
edible oil plants (Bhattacharyya, 2022). However, the
performance of diesel engines run on biodiesel is a little inferior
relative to fossil diesel owing to its high viscosity, high density
and low heating value, which, if applied directly in
compression ignition (CI) engines or in high proportion in
diesel-biodiesel blends may lead to clogging of fuel lines, poor
atomization and incomplete combustion as well as carbon
deposits in the engine (Agarwal et al,, 2017).

Recent studies have shown that certain fuel additives in
the form of nanoparticles (NPs) can enhance combustion while
reducing emissions from diesel engines. Hence, many

The decline in fuel reserves, global industrialization and
the increase in the number of vehicles on the road and the ever-
growing world population have led to increased energy
demand, especially for diesel engines, which are used widely in
different sectors including power generation, automobile and
industrial applications. Diesel engines are robust, more durable
and have low fuel consumption compared to spark ignition
engines, making them more attractive for most commercial
applications. However, petroleum diesel is non-renewable and
is associated with air pollution and global warming.

Due to the pressing energy concerns, health and
environmental impacts, several researchers have investigated
exhaust gas emission reduction techniques, including exhaust
gas after-treatment, engine modification, combustion
management and use of alternative fuels and fuel additives.
Recent studies have shown that biodiesel fuel is a promising

substitute for petroleum diesel since it is not only environment-
friendly and renewable but also biodegradable (Yakasuwa et al.,
2013), sulphur free, oxygenated (Pattanaik et al., 2017) and has
a low carbon footprint (Hanaki et al, 2018). Additionally,
biodiesel is a good lubricant, thus reducing the tear and wear of
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researchers have tested the application of different metal-based
and non-metal NPs to enhance biodiesel combustion while
reducing exhaust emissions (Devarajan et al, 2018). High
thermal conductivity coupled with exceptionally high surface
area per unit volume possessed by NPs provides a wide
dynamic surface for chemical reactions which improves
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combustion and reduces exhaust emissions (Mahdi and Nsofor,
2017). However, due to environmental and health concerns on
the effect of metal-based NPs, non-metal NPs and specifically
carbon-based NPs have gained prominence (Goswami et al.,
2017) since they are devoid of any metal components, with a
host of desirable chemical, physical, mechanical, and electrical
characteristics. These additives possess attractive attributes
such as excellent thermal conductivity and high surface area
which makes them preferred candidates for biodiesel nano-
additives (El-Seesy et al., 2018). Carbon-based NPs participate
in exothermic reactions thus increasing the total released heat
that eventually increases the calorific value of the base fuel
(Sisim, et al., 2020). Carbon-based nano-additives form a long-
term stable dispersion in the base fuels with minimal particle
agglomeration compared to metallic additives and thus do not
necessarily require the use of a surfactant (Soudagar et al,
2018). They are also combustible and therefore do not form any
deposits in the CI engines hence reducing the chances of fuel
system blockage, unlike metal-based NPs which may get
deposited in engine components.

Graphene is one of the common organic additives
considered by most researchers in recent decades owing to its
remarkable properties which include high thermal conductivity
of about 3000-5000 W/m/K (Sang et al., 2019), high electron
mobility, high electrical conductivity and lightweight (Tony
Pallone, 2018). Graphene is an allotrope of carbon, one atom
thick with a 2D structure consisting of sp? bond. It has a high
theoretical surface area of 2629 m?/g (Igor Ivanov, 2019) the
highest of all known materials which provides a wide dynamic
surface for chemical reactions which improves combustion and
reduces exhaust emissions (Mahdi & Nsofor, 2017). The small
particle size coupled with the low density which is 2.0-2.25
g/cm® (Daud, Hamidi and Mamat 2022) makes it easily
dissolvable in many hydrocarbon fuels without agglomerating,
thereby forming stable colloids with the base fluid (Chehroudi,
2016). Graphene is preferred over other carbon-based nano
additives such as graphene oxide and multi-wall carbon tubes
(MWCT) because of its high calorific value (CV), superior engine
performance and low emissions (EL-Seesy & Hassan, 2019).
The doped GNPs are converted to CO, during combustion and
taken up by plants during photosynthesis, unlike metal-based
NPs which are emitted directly from the exhaust to the
environment, causing environmental pollution. Because GNPs
are fully oxidized in high-temperature combustion regions with
nearly no additional residues other than the common
combustion products, they can be regarded as fuel supplements
that not only contribute towards energy density but also
environment-friendly.

Debbarma et al, (2020) doped palm biodiesel-30%
blended with diesel-70%, with GNPs at mass fractions of 50, 75
and 100 mg/L. They observed that the inclusion of GNPs
resulted in 2.5% increase in BTE, 17% and 34% reduction in
UHC and CO emissions, respectively, and 3.8% increase in NOx
emission. Similarly El-Seesy et al, (2018) mixed graphene
nanoplatelets (GNPs) at 25, 50, 75 and 100 ppm on a mixture of
80% neat diesel and 20% Jatropha biodiesel. The results
revealed a rise of 25% in BTE and a 20% reduction in BSFC
relative to the neat biodiesel at 50-75 ppm dosing level. On the
other hand, UHC, NOx and CO emissions decreased by 50%,
40%, and 60%, respectively, at 25-50 ppm concentration.
Optimal engine performance and lowest emissions were
realized at 50 ppm dosage. Razzaq et al., (2021) experimented
the effect of GONPs and DMC10 additives doped in palm
biodiesel-30% and diesel-80% mixture at 40, 80 and 120 mg/L
concentrations, on the performance and emissions of CI engine.
They recorded a 22.80% increase in BTE, 3.65% and 5.05%
reduction in NOx and BSFC, respectively, for the 40 ppm
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concentration and a 25% and 4.41% reduction in HC and CO
respectively, for the un-doped fuel relative to all tested samples.

Mallikarjuna et al., (2022) demonstrated that the inclusion
of GNPs to JME -20% and diesel - 80% (JME20), at
concentrations of 25, 50, 75 and 100 ppm improves
performance characteristics significantly, especially at 50 ppm
concentration. NOx, CO, HC emissions and smoke are reduced
significantly for the nano-enhanced blends compared to JME20.
Bhagwat et al., (2015) doped HOME with GNPs at 25 ppm and
50 ppm concentrations. They observed that doping the fuel with
GNPs increased BTE and decreased UHC, CO, and NOx
emissions relative to HOME. Optimal performance and
minimum emission characteristics were achieved at 50 ppm
concentration. Likewise, Nair et al, (2021) added GNPs to a
mixture of 80% diesel and 20% Karanja (Pongamia pinnata)
biodiesel at 25, 50 and 75 ppm. From the results obtained, the
performance and emission characteristics of the nanoparticle-
enhanced fuel were comparable to those of petroleum diesel.
BTE for the nanoparticle-enhanced fuel increased significantly
while BSFC, NOx and CO emissions reduced relative to Karanja
biodiesel. The lowest HC emission was achieved at 75 ppm
concentration except at zero load where diesel recorded the
lowest. Sunilkumar et al., (2017) conducted a study using
WCOME doped with GNPs at 20, 40 and 60 mg/L
concentrations and reported increased BTE, decreased BSFC
and ignition delay, improved calorific value and lower HC and
CO in comparison to the biodiesel, while NOx increased slightly.

In this work, Oleander and Croton oils are considered
suitable feedstock for the synthesis of biodiesel since they are
non-edible oils and therefore pose no threat to food security. In
addition, the crops are drought resistant and can be grown on
marginal land. Yellow Oleander seeds have a high oil content of
more than 60% and a biodiesel yield of more than 80% and
therefore can be harvested for large-scale biodiesel production
(Yakasuwa, et al, 2013 and Basumatary & Deka., 2014).
However, Yellow Oleander Methyl Ester (YOME) is not
preferred for application in cold regions owing to its high cloud
and pour points which are 12 °C and 2 °C respectively (Oseni
& Obetta, 2012) which are higher compared to those of
conventional diesel of 4 °C and -2 °C, respectively (Osawa et al,
2014). On the other hand, Croton megalocarpus oil (CMO) has
remarkable cold flow properties of -1.5 °C - cloud point and -6.5
°C- pour point, which has rendered it useful in cold regions
(Osawa et al., 2014). However, the low seed yield and low oil
content render Croton feedstock unsustainable. From the
foregoing, biodiesel from the two feedstocks complements each
other.

From the review, it is evident that a blend of diesel and
biodiesel doped with nanoparticles is a promising technique for
enhancing engine performance and reducing exhaust
emissions. However, there is scarce literature on the use of
GNPs with biodiesel from certain feedstocks such as Oleander
and Croton oil as fuel for diesel engines. The current work,
therefore, seeks to establish the effects of adding GNPs to
Oleander-Croton biodiesel and petroleum diesel blends on the
performance and emission characteristics of a CI engine, as well
as the most suitable GNPs concentrations for optimal engine
performance.

2. Materials and Methods
2.1 Fuel Samples Preparation
2.1.1 Biodiesel and Nanoparticle Supplies

Petroleum diesel, Oleander and Croton biodiesels used in the
current study were acquired commercially from local outlets
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Table 1

Specifications of the nanoparticles
Description Graphene nanoparticles
Manufacturer Nano Shel-India
Carbon content 99.5%
Average particle size 2-4 nm thick, 5 pm wide
Thermal conductivity 3000 W/mK
Appearance Black
Specific surface area 120-140 m*/g
Morphology Flaky
State Amorphous powder

Average number of layers 3-6 layers

while graphene nanoparticles were sourced from NanoShel
Company, India where it was synthesized using exfoliation
method, the most preferred as it yields superior, defect-free,
few-layered graphene with a larger surface area (Abbasi et al,
2016). The specifications of GNPs are shown in Table 1.

2.1.2 Biodiesel blends preparation

Five fuel samples were used for the study including neat diesel
denoted by D, diesel (80%) blended with 20% of Oleander and
Croton biodiesel, denoted by OCB20 and OCB20 dosed with
GNPs at mass fractions of 50 mg/L (50 ppm), 75 mg/L (75 ppm)
and 100 mg/L (100 ppm) denoted by GNP50-OCB20, GNP75-
OCB20 and GNP100-OCB20, respectively.

Oleander and Croton biodiesels were mixed in different
proportions in a bid to establish the ratio that would yield a
blend with the most desirable characteristics. From the results
obtained, a mixture of 70% Oleander biodiesel and 30% Croton
biodiesel yielded the lowest density and viscosity without
compromising the calorific value. This blend was denoted by
OCB. OCB-20% was blended with petroleum diesel-80% using
a magnetic stirrer for about 20 min at 1000 rpm to form OCB20.
The 20:80 biodiesel to diesel ratio was arrived at based on
previous studies conducted by Sabapathy et al, (2021) and
Jalaludin, et al, (2020). The physicochemical properties were
evaluated according to ASTM D7467 and EN 14214
international standards.

2.1.3 Dispersion of GNPs to Oleander-Croton biodiesel / Diesel blend

GNPs were weighed accurately at a mass of 50 mg using a
precision electronic balance and dispersed in a 2000 ml beaker
containing 1 liter of OCB20 and mixed thoroughly using an
ultrasonicator (Hielscher ultrasonic Model UP200S40) set at a
frequency of 24 kHz, for 40 minutes, to prevent GNPs
agglomeration in the OCB20 blend. The sample formed was
denoted by GNP50-OCB20. The procedure was repeated for 75
ppm and 100 ppm to prepare GNP75-OCB20 and GNP100-
OCB20 samples, respectively. The 50-100 ppm GNPs range was
informed by a previous investigation by Debbarma et al., (2020).
The stability of the prepared samples was investigated using
sedimentation and centrifugation techniques (Saxena et al.,
2017), and was found stable and homogeneous for
approximately 96 hours. Thereafter, the viscosity, density and
calorific value of the sample fuels were measured using
Redwood Viscometer model AN-823 manufactured by Nihon
Abura Shikenki, Tokyo-Japan, hydrometer and adiabatic bomb
calorimeter manufactured by Yoshida Seisakusho co, 1td Tokyo-
Japan, respectively, using D- 445, D-240 and D-1298 ASTM
testing methods respectively. The results were compared with
those of EN14214 and ASTM 7467 international standards for
conformity. The prepared samples were tested on a stationary
single-cylinder four-stroke multi-fuel CI engine and
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Fig. 1 Schematic of biodiesel production and fuel blends
preparation process

performance parameters, including, BSFC and BTE as well as
NOx, UHC and CO emissions investigated. Fig.1 illustrates a
schematic of the biodiesel production process and tests in the
engine.

2.2 Determination emission
characteristics.

of engine performance and

2.2.1 Engine experimental setup

The experimental set-up consists of a four-stroke, single-
cylinder compression ignition engine integrated with an eddy
current dynamometer for loading and controlling the speed of
the engine. The setup comprises a separate panel box that
consists of a fuel tank, air box, fuel gauge unit, and fuel and air
gauge transmitters. Measurement of calorimeter water and the
engine cooling water flow rates is accomplished with the aid of
a rotameter. A proximity switch connected to the engine shaft
is used to determine the instantaneous position of the piston
TDC while the crank angle is determined using a crank encoder
with a resolution of 1°, 5500 RPM with a TDC pulse.
Piezoelectric pressure sensor model 601A was employed for
measuring instantaneous in-cylinder pressure while the
temperature of exhaust gases and cooling water was
determined using K-type thermocouples. Signals from the
pressure sensor, air flow sensor, speed sensor, load sensor,
crank angle sensor and fuel flow sensor are transmitted to the
Data Acquisition Device model NI USB-6210, 16-bit, 250kS/s
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Table 2
Diesel Engine and Exhaust Gas Analyzer Specifications
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Engine parameters

Specifications

Engine model

Bore

Compression ratio range
Stroke

Cooling system

Rated power

Ignition system

Kirloskar, 1-cylinder, 4-stroke, diesel engine

87.5 mm

12:1-18:1

110 mm

Water cooled

3.5 kW@1500 rpm
Compression ignition

Gas analyzer specifications

Gas Measuring range Resolution Accuracy

CcoO 0-5000 ppm 1 ppm +5% of reading or +10 ppm
CO: 0 —20% by vol. 0.1% by vol. 0.5% of reading

UHC 0-40000 ppm 1 ppm +0.3% of reading

NOx 0 -500 ppm 1 ppm +5% of reading or +5 ppm
02 0 —25% by vol. 0.01% by vol. +0.3%

and controlled by ICEngineSoft 9.0 software, developed by
Apex Innovations Pvt Ltd-India. A Testo Eassy Emission
analyser 350 (software 2.9) and calorimeter are attached to the
engine’s exhaust for the measurement of emissions and
estimation of the heat carried away by exhaust gases,
respectively. Table 2 shows the specifications of the engine and
emissions analyzer.

2.2.2 Experimental procedures

Engine performance tests were conducted on a stationary
single-cylinder four-stroke CI engine with a compression ratio
set at 17:1 and loads of 0%, 25%, 50%, 75% and 100% chosen

‘ TFuel tank \

Exhaust
gas

analyzer

Exhaust gas

based on previous experiments conducted on the same engine.
The fuel tank was filled with diesel and ran for approximately 10
minutes to attain steady-state conditions, after which
measurements were recorded at zero set load at a constant
speed of 1250 rpm.

Measurement of CO, UHC and NOx emissions was
accomplished using an emissions analyzer while engine
performance characteristics (BTE and BSFC) were obtained
using ICEngineSoft 9.0 software. Ten consecutive emission
values for every fuel sample were recorded and averaged for
accuracy. After taking measurements at no load, the engine was
then loaded to 25%, 50%, 75%, and finally to 100% loads, each

Data DAQ
acquisition
. pc
- device

T4

'

[ Calorimeter

;

T;

‘ M2 \ ‘ M1 \
1. Fuel flow sensor
2. Air flow sensor

3. Pressure sensor

4. Speed sensor

5. Crank angle sensor
6. Load sensor

CI engine

Eddy current
dynamometer

T1 Temperature of cooling water to the engine

T2 Temperature of cooling water from the engine
T3 Temperature of cooling water to calorimeter
T4 Temperature of cooling water to calorimeter
M1 Engine cooling water flow meter

M2 Calorimeter cooling water flow meter

Fig. 2 Schematic of the engine setup
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load at a time, for every sample after which emissions and
engine performance characteristics were recorded.

The neat diesel was then drained and the tank was filled with
the OCB20 blend and other samples, each at a time and the
process repeated. For every load, the engine parameters were
recorded and transmitted to the Data Acquisition Device for
analysis and subsequent conversion from analogue to digital
format, then displayed in real-time on the DAQ PC, in both
graphical & numerical formats. Eventually, the engine was run
on neat diesel to flash out any residuals of the sample fuel from
the injection system. The schematic of the engine setup is
illustrated in Fig. 2.

2.3 Experimental uncertainty

Uncertainty analysis is essential for quantifying the uncertainty
in the measured data. It aids in the determination of the
repeatability and precision of the experimental results. The
sources of error include instruments used for the measurement,
human errors, or environmental conditions. The size of the error
was minimized by considering the mean of three readings under
a constant operating condition, which showed a spread about
the mean (Soudagar, Nik-Ghazali, et al., 2020). The current study
employed a student's t-test for the error analysis since the
sample size was small.

The mean (%), Variance (¢2) and standard deviation (o) for
the sample size (n) were obtained using equations (1), (2) and (3)
respectively while the error was calculated using equation (4)
(Jeyaseelan & Chako, 2020).

f=%§:xi W

1 N
0'2 = mZ(Xi - JE)Z
i=1

1 - :
0= (mZm —”2)
i=1

tXo
Error,A = T (4)

Where t is the value obtained from student’s t-table with a
degree of freedom of n -1 at 95% confidence level (or 0.05
significance level). The error margin for BTE and BSFC for the
5 fuel samples tested is as shown in Table 3 while that of CO,
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Table 3
Error margin for BTE and BSFC at 95% confidence level and
degree of freedom of n-1.

Test fuels Parameter measured
BTE BSFC
D100 +0.024 +0.0024
OCB20 +0.051 +0.0014
GNP50-OCB20 +0.051 +0.0024
GNP75-OCB20 +0.030 +0.0024
GNP100-OCB20 +0.033 +0.0014

HC and NOx is * 5%, £ 0.3% and *+ 5% respectively, provided
by the manufacturer. From Table 3, it can be seen that the
values for the mean for the three runs in each treatment are less
than 0.05 implying there is no significant difference between the
values obtained for each run for the treatment in consideration.
Table 4 shows the measurement range and accuracy of
instruments used in the study.

3. Results and Discussions
3.1 Characterization of biodiesel and graphene nanoparticles

The chemical composition of the biodiesel and GNPs was
ascertained through Fourier-Transform Infrared (FT-IR)
analysis which identified the presence of various functional
groups in the biodiesels and graphene nanoparticles. The
experiment was conducted using Bruker Alpha FTIR
Spectrometer Model Vertex 70, at a wavelength range of 4000-
500 cm™. The surface and morphological characterization of
GNPs, on the other hand, was investigated using Scanning
Electron Microscope (JEOL JCM 7000).

3.1.1 FTIR analysis for biodiesels and petroleum diesel

FTIR analysis was conducted on Oleander and Croton
biodiesel, petroleum diesel and OCB20, and the spectrum for
the fuels compared, as illustrated in Fig.3. The appearance of
strong absorption peaks at approximately 1750 cm for
Oleander biodiesel, Croton biodiesel and OCB20 spectra
represents C=0O stretching vibrations which indicates the
presence of an ester carbonyl bond (Nandiyanto et al., 2019),
while those at approximately 1165 cm™ represents C-O
stretching vibrations. The appearance of these two sets of peaks
confirms the presence of an ester group in the biodiesel
(Yohannan et al., 2011). These peaks were absent in the diesel
fuel because the latter as no oxygen content nor the ester group
in its structure (Ruhul et al, 2015). The absorbance peaks
observed at approximately 2860 cm™ and 2970 cm™ for all the

Table 4
Accuracy of measuring instruments
S/no. Instrument Measuring range Accuracy (%)
1 Dynamometer 560 Nm 1.68 Nm
2 Air flow meter 160 m*/h 1m*/h
3 Pressure sensor 0-250 bar 1.118%
4 Thermocouples 0-1300 K C
5 Load indicator 250-5000 W 10w
6 Crank angle encoder, degree 0-720 0.5
7 Speed sensor, rpm 0-10,000 5 rpm
8 Fuel burette, cc 153 0.2
9 Torque indicator, Nm 0-200 +1% of reading
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Fig. 3 FTIR spectrum of Oleander and Croton biodiesel, OCB20 and Petroleum diesel.

fuel samples revealed the existence of symmetric and
antisymmetric stretching vibrations of the C-H bond in CHzand
CH. groups respectively, while those at approximately 1480 cm-
tand 723 cm™ represented Methylene C-H bend, both of which
belong to the alkanes family. The existence of C-H bonds
(hydrocarbon) is an indicator that the molecules under
investigation have the potential to be used as fuels. The
percentage transmittance for the OCB20 was lower than that of
diesel which pointed to the introduction of more bonds in the
sample that absorbed the energy at that particular wavenumber.
Qasim, Ansari and Hussain (2017) and Coronado et al., (2017)
reported similar FTIR spectra results from a mixture of waste
Canola and waste transformer oils blended with petroleum
diesel and waste vegetable oil blended with petroleum diesel at
different concentrations, respectively.

3.1.2 FTIR analysis for GNPs

The chemical structure of GNPs was ascertained using the FTIR
spectrum as depicted in Fig. 4. The analysis focused on the

functional group region (1400 cm!- 4000 cm'!) as it is the most
reliable region regarding spectrum interpretation compared to
the fingerprint region (1400-500), (Wade, Jr., 2003). The sharp
narrow peak observed at 1399.86 cm™! was attributed to the C—
C stretch (in ring) vibrations in the aromatic ring, while the peak
at 1597.10 cm! indicates the presence of C=C-C aromatic ring
stretch vibration (Nandiyanto et al., 2019) which is a dominant
covalent bond in the graphene structure (Kamel et al., 2020).
The peak at 3131.87 cm™! denoted the existence of an aromatic
C-H stretching mode (Nandiyanto et al., 2019). Both 1597.10 cm-
'and 3131.87 cm'! peaks belong to the arly functional group to
which graphene is a member (Ujjain et al., 2019).

3.1.3 SEM analysis for GNPs

The structure, shape and form of the crystals is very important
in nanocomposites as it helps to evaluate the mechanical and
chemical properties of the nanoparticles under investigation
(Sivasankaran et al., 2011). Fig. 5 (a) and (b) shows SEM images
of GNPs at x500 and x2000 magnification, respectively. The
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Fig. 4 FTIR spectrum of GNPs
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(b)

Fig. 5 SEM images of GNPs at (a) x500 magnification and (b) x2000 magnification
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Fig. 6 FTIR spectra for petroleum diesel, OCB20 and OCB20 enhanced with GNPs at 50 ppm, 75 ppm and 100 ppm

images show that the nanoparticles are spherical, with a flaky
surface of approximately 5.0 ym wide, amorphous (Antidormi et
al., 2022), and are clustered. A closer look at Fig. 5 (b) reveals
the corrugated structure of graphene (Deng & Berry, 2016),
which contributes significantly to its high surface area leading
to enhanced heat transfer (Begag et al., 2021).

3.1.4 Comparison of FTIR spectra for OCB20, Petroleum diesel and
GNPs-enhanced fuels.

The FTIR spectra for petroleum diesel, OCB20 and OCB20
enhanced with GNPs at 50 ppm, 75 ppm and 100 ppm
concentrations were analysed and presented as shown in Fig. 6.
The peak at wave number 3500 cm™ was strong and broad for
the OCB20 sample compared to that of the petroleum diesel and
nano-enhanced samples, with that for petroleum diesel being
the weakest. This was attributed to the existence of hydroxyl
functional group O-H which is absent in graphene (Kamel et a/.,
2020) and petroleum diesel (Masera & Hossain, 2017). OCB20
recorded the lowest intensity peaks (percentage transmittance)
especially at approximately 1730 cm™, 1480 cm™, 1165 cm™ and
725 cm™ compared to those of petroleum diesel and GNP-

enhanced samples. The reason could have been that; C=C and
C-C bonds in GNPs have a higher peak intensity of
approximately 10% compared to the C-O, C=0 and C-H bonds
in biodiesel which is less than 5%, as can be seen in the GNPs
IFTR spectrum (Fig. 4). The increase in peak intensities in the
FTIR spectra points to the inclusion of GNPs in the biodiesel
blend.

3.2 Fuel physicochemical properties

The physicochemical properties of D100, OCB20,
GNP500CB20, GNP750CB20 and GNP1000CB20 fuels were
measured according to the prescribed testing methods and the
results were compared with those of EN14214 standards for
conformity. Table 5 presents the physicochemical properties of
the test fuels.

3.3 Engine performance characteristics

Engine performance tests were done on a stationary CI engine.
BTE and BSFC for all fuel samples were analysed and discussed
in the following sub-sections.
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Table 5
Properties of the test fuels
Fuel Property Testing Method Diesel OCB20 GNP500 GNP750C  GNP1000 EN14142
CB20 B20 CB20
Density @15 °C, g/cm?® ASTM D-1298 0.827 0.850 0.852 0.854 0.856 0.860-0.900
Kinematic viscosity @40  ASTM D-445 2.02 3.60 8.638 8.756 9.757 3.5-5.0
°C, mm?/s
Calorific value, kJ/kg ASTM D-240 42,462 41,759 42,657 41,427 41,167 -
18

16 { #®Diesel
14 4 = OCB20
12 1 = GNP500CB20
# GNP750CB20

0 25

50 75 100
Load (%)

Fig. 7 Change of brake thermal efficiency with load

3.3.1 Brake thermal efficiency (BTE)

Brake Thermal Efficiency (BTE) is the ratio of the power input
to the engine to the power output from the engine shaft. It
specifies the ability of the engine to convert chemical energy in
the fuel to mechanical power. Fig. 7 illustrates the variation of
BTE with load for D100, OCB20 and fuel blends with GNPs.
From the figure, BTE for all samples increased with the load up
to 75% and then decreased marginally at full load. The BTE
observed for OCB20 was 13.6% lower than that of D100 while
that for GNP500CB20 was on average 3.48% lower compared
to that of D100 and 11.72% higher than that of OCB20 especially
at higher loads. GNP750CB20 recorded the highest BTE
overall, which was 2.76% and 18.93% higher than that of D100
and OCB20, respectively, while OCB20 recorded the lowest.
BTE for GNP1000OCB20 was 2.09% lower than that of D100 and
13.33% higher than that of OCB20.

The increase in BTE with load was probably caused by the
increase in the fuel supply, hence the availability of more fuel for

combustion, while the decrease at full load could have been
occasioned by the increased fuel-to-air ratio which reduced the
combustion efficiency. This trend agrees with that reported by
Debbarma et al., (2020) and Sunilkumar et al, (2017). On the
other hand, the reduction in BTE for OCB20 compared to D100
was traced to the reduced CV, increased viscosity and density
of the fuel blend relative to D100, while the reduction in relation
to the doped fuels was ascribed to the absence of GNPs which
resulted in reduced fuel atomization and consequently lowered
combustion efficiency. Bhagwat et al., (2015) observed similar
results for HOME with GNPs. The reduction of BTE for the
GNP500CB20 sample relative to D100, more so at higher loads
was probably occasioned by the presence of biodiesel and GNPs
in the fuel blend which increased the density and viscosity of
the fuel. On the other hand, its increase compared to OCB20
was possibly due to the increased CV and the inclusion of GNPs
which enhanced chemical reactivity and thermal conductivity.
The highest BTE recorded for the GNP750CB20 fuel may have
been occasioned by the increase in GNPs concentration whose

1.4

1.2 A

BSFC (kg/kwh)

B Diesel % OCB20
# GNP500CB20 1 GNP750CB20
# GNP1000CB20

50 75 100
Load (%)

Fig. 8 Change of BSFC with load
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Fig. 9 Change of carbon monoxide with load

catalytic activity improved chemical reactivity significantly.
Besides, the presence of GNPs improved thermal conductivity
and oxidation of carbon hence ensuring efficient combustion
(El-Seesy, et al., 2018). This observation is in line with the
findings of Mallikarjuna et al, (2022) for Jatropha biodiesel
blend enhanced with GNPs. The inferior BTE for
GNP1000OCB20 relative to D100 was attributed to increased
concentration of GNPs which increased the density and
viscosity of the nanoparticle-enhanced fuel, that not only caused
poor fuel atomization during combustion but also may have
resulted in degradation of the thermal performance of the
Nanofluid, while the increase relative to OCB20 was probably
due to increased catalytic activity and high energy content of
GNPs. These results closely agree with those obtained by El-
Seesy et al,, (2018) and Debbarma et al.,, (2020) for GNPs in
Jatropha biodiesel and GNPs in Palm biodiesel, respectively.

3.3.2 Brake Specific Fuel Consumption (BSFC)

BSFC is the specific amount of fuel consumed against the brake
power generated. Fig. 8 illustrates the variation of BSFC with
engine load for D100, OCB20 and blends with GNPs. From the
figure, BSFC is highest at no load condition. It decreases as the
load increases up to 75%, then increases marginally at full load.
The lowest BSFC was recorded at 75% load for all samples. The
BSFC for OCB20 was the highest, which was 17.07% higher than
that of D100, while GNP750CB20 recorded the lowest on
average, which was 2.44% and 16.67% lower than that of D100
and OCB20, respectively. GNP1000CB20 on the other hand,
recorded a BSFC 1.22% higher than that of D100 and 13.54%
lower than that of OCB20.

The BSFC was highest at no load condition owing to the
low temperature in the cylinder which consequently resulted in
low fuel conversion efficiency. Nair et al., (2021) noted a similar
trend for Karanja (Pongamia pinnata) biodiesel- diesel mixture
with GNPs. The reduction in BSFC as the load increased
followed by the marginal increment at full load was possibly
because the engine operates with a lean mixture at lower loads
compared to full load conditions. This observation agreed with
that of Nair et al,, (2021). The high BSFC for OCB20 relative to
all the other fuels could have been occasioned by the high
density, high viscosity and low CV of the blend which resulted
in poor fuel atomization and less efficient combustion compared
to other fuels, while the reduction in BSFC for GNP750CB20
was attributed to the increase in the GNPs concentration that
resulted in enhanced thermal conductivity and chemical
reactivity. The high BSFC recorded for the GNP1000CB20

sample compared to D100 was ascribed to the high viscosity, CV
and density of the fuel compared to D100, while the reduction
compared to that of OCB20 could have resulted from the
catalytic effect of the GNPs. These results agreed with those of
Mallikarjuna et al., (2022), from a mixture of Jatropha biodiesel
blend with GNPs.

3.4 Emission Characteristics

The effect of GNPs on CI engine exhaust gas emissions (CO,
UHC, NOx) at different engine load conditions was analysed
and the results were discussed in the following sections.

3.4.1 Carbon Monoxide (CO)

CO is a toxic hydrocarbon combustion product in CI engines
formed as a result of incomplete combustion occasioned by
insufficient supply of Oz molecules. Deviation of CO with load
for D100, OCB20 and OCB20-GNPs blended fuels is illustrated
in Fig. 9. CO emission increases slightly at 25% load relative to
no load but increases significantly at full load for all fuel samples.
CO emission for OCB20 was the highest, at 16.69% higher than
that of D100 while the lowest CO emission was achieved with
GNP500CB20, which was 8.58%, 21.65%, 15.87%, and 19.56%
lower relative to D100, OCB20, GNP750CB20 and
GNP1000CB20, respectively. On the other hand, CO emissions
for GNP750CB20 and GNP100OCB20 samples were higher
than that of D100. However, CO emission for GNP750CB20 was
6.88% lower than that of OCB20. The marginal increase of CO
at no load and low load was attributed to the low fuel supply
while the subsequent increase at higher loads was possibly due
to the rich fuel mixture hence more emission. The high
emissions for OCB20 relative to D100 and GNPs-enhanced fuels
may have been occasioned by the low CV, high viscosity and
high density compared to D100, and the absence of GNPs,
respectively, which resulted in poor air-fuel mixing that led to
incomplete combustion. The findings agreed closely with those
of Sunilkumar et al.,, (2017) for WCOME blend with GNPs. The
low CO emission achieved with GNP500CB20 was ascribed to
improved combustion occasioned by the addition of GNPs to
the fuel, which enhanced chemical reactivity and thermal
conductivity leading to better conversion of CO to CO.. The
high CO emission recorded for GNP750CB20 and
GNP1000CB20 samples compared to D100 may have been
caused by the increased GNPs concentration in the sample fuels
which increased viscosity and density of the mixture relative to
D100 leading to poor fuel atomization and hence inferior
combustion of the fuel. The density and viscosity of the fuel
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Fig. 10 Change of unburned hydrocarbon emission with load

increased with the increase in GNPs dosage, hence higher CO
emission for GNP1000OCB20 compared to other fuel samples
with NPs. These findings are similar to those of Razzaq et al,
(2021) for Palm biodiesel blends with GONPs and DMCs NPs.

3.4.2 Unburned hydrocarbon (UHC)

Change in HC emission with the load for D100, OCB20 and
OCB20-GNPs blended fuels is presented in Fig. 10. At lower
loads, HC emission was low but increased at higher loads. HC
emission for OCB20 increased with reference to D100 at lower
loads and decreased as the load increased, allowing the UHC
emission levels of D100 to be the highest at higher loads. The
lowest emission level was achieved for the GNPs-enhanced
fuels, with GNP500CB20 recording the lowest which was 52.2%
and 50% relative to D100 and OCB20, respectively. However,
the UHC emission increased with an increase in GNPs dosage,
resulting in emissions of GNP750CB20 and GNP1000CB20
doubling relative to those of GNP500CB20 samples. A drop of
11.52% and 5.57% for GNP750CB20 and 7.59% and 1.38% for
GNP1000CB20 compared to D100 and OCB20, respectively,
was observed.

The low UHC emission at low loads and the subsequent
increase as load increased was traced to the fact that at no load
and low loads, minimal fuel is supplied, hence a lean mixture
with improved combustion efficiency. At high loads, the fuel
supply is increased to service the load demand, which in turn
increases the fuel-air ratio which results in higher UHC

90

emission. This agrees with the findings of Gad etal., (2018). The
higher UHC emission for OCB20 compared to D100 at lower
loads was probably due to lower CV and high density and
viscosity compared to that of D100 which resulted in inferior
fuel atomization that led to incomplete combustion. On the
other hand, the high UHC for diesel, specifically at higher loads,
was attributed to less O. available for oxidation of the fuel
compared to biodiesel with additional Oxygen from its
molecular structure. The findings agree with those of Debbarma
etal, (2020).

GNPs-enhanced fuels recorded the lowest UHC emission
with GNP500CB20 taking the lead. This was ascribed to the
high catalytic activity of GNPs coupled with the high O2 content
in the biodiesel which may have improved the combustion of
hydrocarbons to products of complete combustion. On the
other hand, the increase of emission for GNP750CB20 and
GNP1000CB20 relative to GNP500CB20 may have been due
to the increase in viscosity, density and reduction in the CV of
GNP750CB20 and GNP1000CB20 resulting from the higher
quantity of GNPs in the fuel blends.

3.4.3 Oxides of Nitrogen (NOx)

NOx is a toxic gas emitted by CI engines as a result of O:
and nitrogen interacting at high temperatures. Its formation is
directly proportional to the combustion flame temperature
inside the cylinder. Deviation of NOx with load for D100,
OCB20 and GNPs-enhanced fuel samples is demonstrated in

80 r % Diesel + OCB20
# GNP500CB20

#GNP1000CB20

#GNP750CB20

50
Load (%)

Fig. 11 Change of oxides of Nitrogen emission with load
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Fig. 11. NOx emission increased alongside the load for all
samples tested. NOx emitted for nanoparticle-enhanced fuel
samples was higher than that of D100 and OCB20, with
GNP750CB20 recording the highest. D100 recorded the lowest.
The increase in NOx emission alongside the load for all fuel
samples tested was ascribed to the fact that at high load, more
fuel is combusted which in turn releases more heat. This results
in increased average gas temperature which oxidizes the
nitrogen in the air leading to NOx formation (Semakula
&Inambao, 2018). This trend is similar to that observed by
Bhagwat et al, (2015). The low NOx emissions recorded for
D100 were possibly due to less oxygen to react with nitrogen to
form NOx compared to biodiesel, since biodiesel has extra
oxygen in its chemical structure (Pham, 2015). Additionally, the
availability of more oxygen facilitated the combustion of fuel,
which increased the temperature inside the chamber. This high
temperature aided the reaction of oxygen with atmospheric
nitrogen thereby forming NOx. Mallikarjuna et al., (2022) and
Debbarma et al., (2020) reported a similar trend. On the other
hand, the high NOx emission for GNPs-enhanced fuels
compared to that of D100 and OCB20 was ascribed to high
combustion temperatures resulting from enhanced combustion
due to the rich air-fuel mixture occasioned by the addition of
GNPs. This closely agrees with the findings of Mallikarjuna et
al., (2022). GNP750CB20 produced the highest NOx emission
possibly occasioned by the high gas temperature in the
combustion chamber for that concentration which led to the
oxidation of some of the nitrogen in the air to NOx, hence the
increase in NOx emission.

4. Conclusions

Performance and emissions of a compression ignition engine
fueled with Oleander-Croton biodiesel-diesel blend (OCB20)
and OCB20 with GNPs at dosing levels of 50 ppm (50 mg/L), 75
ppm (mg/L) and 100 ppm (mg/L) were investigated. From the
results obtained, it can be concluded that adding GNPs to the
fuel blend improves brake thermal efficiency and reduces
specific fuel consumption significantly, especially at 75%
loading condition, with the optimum performance being
achieved at 75 ppm dosing level. The presence of GNPs
improves emission characteristics by lowering carbon
monoxide and hydrocarbon emissions significantly at 50 ppm
GNPs dosage compared to biodiesel-diesel mixture and neat
diesel. However, it results in an increase in NOx emission
compared to both biodiesel-diesel blend and petroleum diesel.
From the results, it can be concluded that Oleander-Croton
biodiesel-diesel blend mixed with GNPs can be used as a
substitute fuel for diesel engines for the improvement of engine
performance and reduction of UHC and CO emissions.
However, since this is achieved with a slight increase in NOx
emission, suitable NOx reduction techniques can be considered.
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