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We investigated how to extract energy from algal oil and convert it to biodiesel by transesterification in this study. In addition to
performing engine performance tests with varying quantities of fuel mixture, parameters such as power, hourly torque
consumption, specific consumption, and emissions of dioxide and monoxide were evaluated as an alternate solution to the
pollution problem caused by fossil fuels. A 5.2 kW diesel engine powered the engine. The production of algal oil-based
biodiesel was carried out effectively. The algal oil extraction procedure resulted in the production of biodiesel, which was then
blended with commercial diesel in the amounts of 20, 40, and 60%. The engine performance testing revealed no statistically
significant difference between the power and torque delivered by the various commercial diesel blends. Both hourly and
particular consumption showed an increase of 15% and 20%, respectively, regarding commercial diesel consumption. However,
the most significant advantage is the reduction in pollutant emissions, as demonstrated by the reduction in carbon dioxide
emissions by more than 20% in any mixture of commercial diesel and biodiesel when compared to commercial diesel.

1. Introduction

As a result of the increasing need for oil, biodiesel has
emerged as a valuable source of energy and a viable alterna-
tive to the production of clean energy through the use of
internal combustion engines, stoves, and other burners [1].
The growing use of biodiesel of the first generation in each
country has occurred due to the introduction of policies that
encourage the production and widespread use of this biofuel
in the respective countries. In some countries, the growth of
oil palm has been encouraged to manufacture biodiesel,
which can be used to meet the demand for fuel in the crea-

tion of electricity [2]. In addition, it should be highlighted
that first-generation biofuels have several drawbacks, includ-
ing competition with crops for human consumption and the
requirement of large amounts of water for their production.
This results in a debate about food and fuels derived from
these, which is a crucial point to consider when designing
new policies in some countries. As a result, new alternatives
and raw materials are being developed to address these
issues; most of these initiatives are geared toward developing
second-, third-, and fourth-generation biofuels derived from
nonedible crops and other raw materials [3]. The
manufacturing of biodiesel from these nonedible basic
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materials, as well as the use of this biodiesel, as a result, there
is a disagreement over the food and fuel that can be gotten
from these sources, which is an important matter to examine
when new legislation is being drafted in some nations. Sev-
eral authors from throughout the world have conducted sub-
stantial research into the performance of internal
combustion engines [4]. A valuable review of the properties
and performance of biodiesel derived from nonedible vege-
table oils is available online. Numerous researchers looked
examined raw materials such as rubber seed oil, cottonseed
oil, jojoba oil, tobacco oil, flaxseed oil, and Jatropha as
potential sources of raw materials, as well as other plants.
For example, in some countries, the growth of oil palm has
been promoted to manufacture biodiesel to meet the need
for fuel in power generation [5]. In 2012, biodiesel from
olive oil was created in one of these countries, the Philip-
pines. In addition, it should be highlighted that first-
generation biofuels have several drawbacks, including a
rivalry with crops for human consumption and the high
need for water during the cultivation process. As a result,

there is a dispute regarding food and energy obtained from
them, which is essential to address when developing new leg-
islation in various jurisdictions. It was demonstrated that it
is possible to produce biodiesel from algae oil while adhering
to international environmental regulations and norms [6].
The researchers used a similar approach to generate biodie-
sel using an integrated catalytic process that included a com-
posite membrane and sodium methoxide. This group of
researchers concluded that it was possible to create this bio-
fuel under optimal conditions with 98.1% of the total trans-
esterification conversion rate. It is an important area of
research in which various authors have contributed to recent
years, and the use of biodiesel as a source of energy in inter-
nal combustion engines is one of them. Most of the research
that has been conducted in recent years, however, has
focused on the performance of internal combustion engines
utilized in the transportation industry [7].

2. Materials and Method

2.1. Biodiesel Production. According to the FAO, the process
begins with extracting algae oil using heating operations that
yield around 10 liters of oil. A sample of this oil is used for
acidity analysis. When free fatty acids are present in a tri-
glyceride, its acidity is indicated by its acid number (acidity
number). It is necessary to titrate using potassium hydrox-
ide, and the acidity is measured using an index known as
the acid number. The acid number of the oil will be deter-
mined through this analysis; if it finds a value that is not
greater than 5, it will be possible to work without problems;
acidity index values greater than 5 are not recommended for
the production of biodiesel due to the high acid number;
however, the use of this is recommended for other products
other than biodiesel production. For the acidity test, 5 grams
of sample was weighed and diluted with 50mL of ethyl alco-
hol neutralized at 50°C before being placed in an Erlenmeyer
flask with a few drops of phenolphthalein and then titrated
with potassium hydroxide solution 0.1N [8]. Figure 1 shows
the transesterification process.

Biodiesel is a mixture of monoalkyl esters of long-chain
fatty acids derived from renewable lipids such as vegetable
and animal oils and obtained by the transesterification pro-
cess. The procedure consisted of pouring the ten liters of
algae oil into a container; then, methanol 20% (v/v) was
added about the amount of sample. The amount of catalyst
was calculated by adding an excess depending on the acid
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Figure 1: Transesterification process.

Figure 2: The separation of glycerol from biodiesel.

Figure 3: Biodiesel mixes in nanoparticles.
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number. KOH (potassium hydroxide) was taken as 8 grams.
The catalyst was mixed with methanol (methoxide), the
methoxide mixture was added to the sample, and the mix-
ture was mixed at 50-60°C for approximately 2 hours. The
glycerin was decanted and separated, and then, 3 to 4 washes
with water (20-30% (v/v) depending on the yield of biodie-
sel) were carried out, followed by drying and filtering [9].
The separation of glycerol from biodiesel is shown in
Figure 2.

2.2. Fuel Samples. Figure 3 shows photographs of the biodie-
sel mixes in nanoparticles. It was created by mixing 20% bio-
diesel and 80% diesel on a volumetric basis in a magnetic
stirrer to create the C. vulgaris algal methyl ester blend
(B20), which was then tested. As previously reported, ZnO
nanoparticles were also disseminated into B20 fuel test sam-
ples at dose levels of 50 and 100 parts per million (ppm)
using an ultrasonicator. This experiment employed B20,
B20+50 ppm ZnO, and B20+100 ppm ZnO as the starting
materials. To measure the qualities of these fuels, we used
ASTM D 6751, a standard procedure for testing fuel param-
eters [10]. The properties of fuel blends are shown in
Table 1.

2.3. Experimental Set-Up. The engine used for the experi-
mental analysis was a one-cylinder four-stroke CI engine
(Make: Kirloskar, TV1 model engine with overhead valves
controlled by pushrods) with a water-cooled system, which
was employed for the experiments. The engine can provide
5.2 kW of output power at 1500 rpm when operating at full
load. The fuel injection pressure and timing were main-
tained at 23° before TDC and 210 bar, respectively, by the
manufacturer’s recommendations. The coolant was circu-
lated through the water jackets in the cylinder, and the tem-

perature of the coolant was maintained at 80°C throughout
the process. To measure the in-cylinder pressure, a piezo-
electric transducer was flush-mounted on the cylinder head
of the engine. The engine was equipped with an eddy current
dynamometer, which measured torque. The experimental
set-up is schematically depicted in Figure 4, which illustrates
the schematic diagram. The engine specification is shown in
Table 2.

3. Result Analysis

Statistically, general and mixed linear models were made
using fuel type and load as factors with all the data. To ana-
lyze the assumption of errors with normal distribution, the
normality was analyzed using the Shapiro-France test for
each parameter of all the measured variables.

4. Performance Analysis

4.1. Power Test. Each type of fuel mixture is represented in
Figure 5, with the power developed by the engine operating
at a fixed speed of 3600 rpm and four variable loads
increased by 25% for each type of fuel mixture being used
as a baseline. The power developed by the mixture B20
+100 ppm ZnO is being used as a reference. The power
values for each type of mixture differ by an average of
0.01 kw, indicating that there is no significant change in this
operational feature compared to the base power. Figure 5
depicts the results for each load applied to the engine and
for each of the various blends. The power does not change
about the power deemed to be the base (B20). In the same
way, the power increases as the load increases, demonstrat-
ing the distinctive line that is commonly observed [11].

4.2. Torque Test. Figure 6 shows that the engine torque
values are practically the same for each load group and each
type of mixture, showing an increasing trend practically lin-
ear as the load increases. The figure shows that the types of
fuel do not influence the result of the engine torque [1]. This
corresponds to each load imposed on the engine, and its ten-
dency is growing as the imposed load grows (B20+100ppm
ZnO), as shown by the trend line.

4.3. Consumption Test. The results of Figure 7 show that in
commercial fuel, the hourly consumption is lower than the
consumption with the mixtures almost in the entire range
of load [12]. This increased consumption in the mixture of
commercial fuel with algae biodiesel is due to a kind of com-
pensation due to the lower calorific value of biodiesel com-
pared to B20. Figure 7 shows the trend that the hourly
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Figure 4: Experimental set-up.

Table 1: Properties of different fuel blends.

S. no Properties Diesel (D100) Algae methyl ester (B20) B20+50 ppm of ZnO B20+100 ppm of ZnO

1 Kinetic viscosity, cSt 5.6 6 6.12 6.18

2 Density, kg/m3 890 888 893 896

3 Calorific value, MJ/kg 39.5 40 41 41.6

4 Flashpoint, °C 96 92 128 137

5 Fire point, °C 115 118 136 151
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consumption curve has with any of the mixtures used
depending on the loads adjusting to the expected
characteristic [13]. The minimum hourly consumption is
given with a biodiesel mixture. The consumption is lower
for all types of fuel.

5. Emission Analysis

5.1. CO Emission Test. Figure 8 shows that the values of the
emissions both in a low load or high load close to the
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Figure 5: Variation of power vs. load.

Table 2: Engine specification.

Engine type Make Kirloskar 1 cylinder, 4 stroke water-cooled, diesel (computerized), modified to VCR engine

Model TV1

Bore diameter 87.50mm

Stroke 110.00mm

Combustion principle Compression ignition

Engine capacity 661 cc

Peak pressure 77.5 kg/cm2

Power 5.2 kW at 1500 rpm

Dynamometer Eddy current dynamometer cooled by water includes a loading unit

Airbox Fabricated by MS including an orifice meter and U-tube manometer

Fuel tank Maximum capacity of 15 liters including metering column

Piezoelectric sensor Range 345 bar, including no noise cable

Encoder 1 degree resolution, 5500 RPM speed including TDC pulse

Data acquisition system NI USB-6210, 250 kb/s, bit-16

Digital voltmeter 0-200mV range mounted on panel

Temperature detector RTD type, K-type thermocouple, and PT100

Load indicator 0-50 kg range, digital type

Load sensor Strain gauge with 0-50 kg range

Direction of rotation Clockwise (looking from flywheel end side)

Idle speed range 750 rpm to 2000 rpm

Min. running speed 1200 rpm

Fuel timing for the engine 230 BTDC

Valve clearance At inlet 0.18mm

Valve clearance At exhaust 0.20mm

Bumping clearance 0.046 inch to 0.052 inch

BMEP at 1500 rpm 6.35 kg/cm2

Lubricating oil pump Gear type

Lub. oil pump 6.50 lit/min
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maximum power increase its emission of CO [14]. Accord-
ing to the theory, the scarcity of oxygen produces an increase
in CO. It means that the richness of the fuel is greater than
the ratio of the fuel-air mixture [13]. In Figure 8, it can see
that in the range of operation, the CO emission is lower
for any mixture, also being the mixture with B20+100 ppm
ZnO has lower emissions than B20 [15].

5.2. CO2 Emission Test. From the data shown in Figure 9, it
is observed that the emission of CO2 increases proportion-
ally to the increase in all loads. In the case of fuel mixed with
algae biodiesel, these figures drop considerably reduction of
20% to 25% in CO2 emissions in general [16]. In Figure 9,
it can see that the CO2 emission for each load to which it
is subjected to the engine with B20. The highest proportion
of CO2 in general is for the mixture of B20 blend [17]. It
can ensure that the mixture of B20+100 ppm ZnO consider-
ably reduces this greenhouse gas emission.

6. Conclusion

Algae oil represents an important source of input to be used
in biodiesel production due to a large amount of consump-
tion at the national level and world. Biodiesel made from
algal oil is a third- or fourth-generation renewable fuel that
does not impact food security. Using algal oil as a biodiesel
raw material discharges a lower rate of harmful gases into
the atmosphere. The energy capacity of algae oil biodiesel
is higher than that of commercial diesel. The mechanical
effects of blended biodiesel with ZnO nano additives are
similar to those of commercial diesel, increasing power,
and reduced emission than B20.
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Many researchers are interested in biofuels because it isenvironmentally friendly and potentially reduce global warming.
Incorporating nanoparticles into biodiesel has increased its performance and emission characteristics. The current study
examines the influence of magnesium oxide nanoadditions on the performance and emissions of a diesel engine that runs on
C. vulgaris algae biodiesel. The transesterification process produced methyl ester from C. vulgaris algae biodiesel.The
morphology of nanoadditives was studied using scanning electron microscopy, transmission electron microscopy, and energy-
dispersive X-ray spectroscopy. The fuel sample consisted of biodiesel blends with and without magnesium oxide nanoadditives.
The fuel properties of the prepared C. vulgaris methyl ester were found to conform with the ASTM standards. The
experimental results were determined by running a single-cylinder four-stroke diesel engine at different load conditions. When
compared to B20, a B20 blend containing 100 ppm magnesium oxide nanoparticles enhanced brake thermal efficiency while
reducing specific fuel consumption, according to the research. When MgO nanoparticles were introduced to B20, engine
emissions of HC, CO, and smoke were decreased.

1. Introduction

Depleting fossil fuels, rising fuel consumption, uncertainty
in fuel price, and serious environmental concerns have
prompted us to research alternative fuels for compression
ignition engines [1]. Biodiesel is a feasible alternative fuel
for diesel engines compared to other fuels. Biodiesel is an
oxygenated fuel that is biodegradable, non-toxic, and envi-
ronmentally friendly [2]. Many studies have shown that bio-
diesel is made from various seeds. Blending, pyrolysis,
microemulsion, and transesterification have all been sug-
gested as processes for producing biodiesel.

Transesterification is the most powerful biodiesel
production technology due to its high conversion rate. Bio-
diesel has a higher viscosity than diesel; using biodiesel alone
in current diesel engines will be challenging. As a result, it is
preferable to mix biodiesel with diesel to get the required
blend properties for present diesel engines. Biodiesel appears
to have significant drawbacks, including a low heating value,
high density, and higher viscosity. It affects fuel atomization
in the combustion chamber, lowering the combustion pres-
sure and temperature [3]. To improve biodiesel’s perfor-
mance and emission characteristics as fuel to CI engines,
various researchers promoted the usage of nanoparticles as
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additives. They resulted in better performance and emission
characteristics due to high surface reactivity. Maximum of
the studies on nanoparticle additive on the fuel has collective
consent that metal additives at nanoscale improved catalytic
action during combustion progression, which stimulates and
promotes complete combustion [4]. They assessed the per-
formance and emission characteristics of mahua biodiesel
that included copper oxide nanoparticles. The CuO blended
fuel improved BTE by 2.2% while decreasing BSFC margin-
ally. In addition, CuO nanoadditive blended fuel decreases
hydrocarbon, carbon monoxide, and smoke emissions by
5.34, 32, and 12.6%, respectively [5]. They discovered that
adding silver oxide nanoparticles to BD100 increased BTE
and reduced BSFC in diesel engines. When BD100+ Ag2O
(10 ppm) was utilized to replace BD100, CO, HC, NOx,
and smoke emissions were decreased by 16.47%, 14.21%,
6.66%, and 8.34%, respectively [6]. Compared to a blend
without copper oxide, the pongamia methyl ester with cop-
per oxide blends reduces HC, CO, NOx, and smoke. Brake
thermal efficiency increased by 4.01% during the same
period, while specific fuel consumption decreased by 1%
[7]. The performance and emission characteristics of mahua
methyl ester blends with aluminum oxide nanoparticles
were investigated in this study. According to the findings,
aluminum oxide nanoparticles incorporated in biodiesel
have a significant advantage over mineral diesel in brake
thermal efficiency [8]. Mahua oil blended with
nanoadditions emits less CO, HC, NOx, and smoke than
standard fuel. According to a literature survey, only a few
tests have been undertaken in single-cylinder compression
ignition engines using algal biodiesel with nanoadditions.
Magnesium oxide nanoadditives are incorporated in varying
amounts in C. vulgaris algae biodiesel in this study (50 ppm
and 100ppm). The prepared fuel blends’ performance and
emission characteristics were examined using the CI engine,
and the results were compared to B20.

2. Materials and Method

2.1. Biofuel from Microalgae.Microalgae have a less complex
structure, comparatively faster growth rate, higher photo-
synthetic rates, and high oil contents that make them unique
over first-generation biofuel feedstock. As algae can be culti-
vated in shallow water, pond, and bioreactor, it could help in
saving the agricultural land to cultivate more food crops.
The main reason for selecting C. vulgaris algae is that these
photosynthetic microalgae are available as fresh water and
marine algae growing in normal climatic conditions. It is a
great source of biomass, and the methyl ester extracted from
it is seen as a promising alternative to fossil fuel. The high
lipid content in the algae makes it suitable for the extraction
of methyl ester and its use as an alternate fuel.

2.2. Chlorella vulgaris Algae Biodiesel. C. vulgaris is a prom-
inent source of attraction for biodiesel production since it
contains hydrocarbons in 40-75% of its dry mass. C. vulgaris
can survive in various kinds of environments. C. vulgaris can
grow in various conditions, including calm freshwater with
low nutrient content.

2.3. Transesterification of C. vulgaris Algae Biodiesel. The
transesterification method is used to reduce the viscosity of
Chlorella vulgaris oil. The 5.3 grams of NaOH and 300ml
of methanol are blended to avoid methanol evaporation in
a closed container. The raw C. vulgaris oil is next heated to
40°C with continual uniform stirring. Every 30 minutes, a
burette is filled with NaOH and methanol, which is subse-
quently blended with raw C. vulgaris oil. In addition, the
temperature should be between 50 and 60°C. This tempera-
ture may be measured using a thermometer. A container
containing a mixture of raw C. vulgaris oil, methanol, and
NaOH is taken, and the combination is thoroughly mixed
using a stirrer. The combination is heated using a heating
instrument, and the mixture’s temperature is recorded. With
raw C. vulgaris oil, a combination of methanol and NaOH is
placed in a container and left to settle for 10 hours. Figure 1
depicts the transesterification of C. vulgaris biodiesel. At the
end of 10 hours, the ester and glycerol are separated.
Figure 2 depicts the chemical process of transesterification.

2.4. Nanoparticle Characterization. The interaction of the
high-energy electron beam with the sample enables the scan-
ning electron microscope to obtain information on the
topography, morphology, and composition of solids.
The detector in SEM observes X-rays, backscattered elec-
trons, and secondary electrons and converts them into a sig-
nal to produce a final image. EDX is one of the standard
analytic surface techniques used for an unknown sample’s
elemental detection and composition. EDX technique is gen-
erally associated with the SEM instrument. Sometimes, EDX
is also used to work in combination with the transmission
electron microscope and scanning transmission electron
microscope. The X-rays of different wavelengths emitted
by the specimen atoms are energy-specific and carry infor-
mation about a particular atom. The position of the peak
in the histogram plot represents the energy correlated with
the concerned element, and the area under the peak provides
information about the number of atoms irradiated in the

Figure 1: After the transesterification process of C. vulgaris methyl
ester.
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selected area. The crystalline structure, particle shape, and
elemental composition of MgO were investigated morpholo-
gically using a JEOL-JSM-IT 200 scanning electron micro-
scope armed with only an Energy-Dispersive X-ray
analyzer. The sample was accelerated between 0.5 and
30 kV. The nanoparticle pictures were acquired using a JEOL
JEM-1200EX transmission electron microscope.

2.5. Fuel Samples. Figure 3 depicts photographic views of the
various biodiesel blends. The C. vulgaris algae methyl ester
blend (B20) was produced using a magnetic stirrer by blend-
ing 20% biodiesel and 80% diesel on a volumetric basis. Fur-
thermore, using an ultrasonicator, MgO nanoparticles were
disseminated into B20 fuel test samples at dose levels of 50
and 100 ppm. B20, B20 + 50 ppmMgO, and B20 + 100 ppm
MgO were used in this experiment. Table 1. Properties of
these fuels are measured using ASTM D 6751, which is a
prescribed method for testing fuel properties.

2.6. Experimental Set-Up. The test rig used for experimental
analysis was a one-cylinder four-stroke CI engine (Make:
Kirloskar, TV1 model engine with over-head valves con-
trolled by pushrods) with a water-cooled system. The engine
can deliver an output power of 5.2 kW at 1500 rpm at full
load. The fuel injection pressure and timing were kept at
23° before TDC and 210 bar as recommended by the manu-
facturer. The coolant was circulated through the water
jackets in the cylinder, and the coolant temperature was
maintained at 80°C. A piezoelectric transducer was flush-
mounted on the cylinder head to measure the in-cylinder
pressure. Eddy current dynamometer was fitted to the
engine to measure torque. Figure 4 shows the schematic dia-
gram of the experimental set-up.

3. Results and Discussion

3.1. Scanning Electron Microscope. Figure 5 shows an SEM
image of magnesium oxide nanoparticles. These findings
indicate that particles with flat surfaces were approximately
spherical. In certain instances, the particles were found to
be evenly dispersed, and in others, they were discovered
to be consolidated. The black color in the particles repre-
sents the carbon concentration with some oxygen distrib-
uted among them. Overall, the distribution of particles is
found to be homogeneous. It demonstrates the existence of
roughly spherical nanoparticles varying in size from 20 to
38 nm.

3.2. Energy-Dispersive X-Ray Analyzer. The EDX spectrum
was used to analyze components quantitatively and qualita-
tively. The EDX analysis of magnesium oxide nanoparticle
samples revealed Mg and O component peaks compared to
other elements, as shown in Figure 6. The structure of the
remaining elements is relatively insignificant. The elements
notified in magnesium oxide nanoparticles are magnesium,
oxygen, iron sulfide, silicon dioxide, and sodium. On a
weight basis, about 50.74% of oxygen, 45.36% of magnesium,
3.24% of silicon dioxide, and 0.66% of sodium were
recorded.

3.3. Transmission Electron Microscope. The transmission
electron microscope examination can also elucidate the
processed magnesium oxide size, structure, and composi-
tion. TEM is an essential technique to extract a clear under-
standing of particle size distribution and nanoparticle size.
After interactions, the electrons transmitted and pass
through the nanoparticles provide an image or spectra on
the imaging screen. Figure 7 TEM image represents that
the magnesium oxide formed takes on unusual forms, with
diameters ranging from 9.24 to 14.94 nm.

3.4. Brake Specific Fuel Consumption. Brake-specific fuel
consumption is the engine’s fuel consumption per unit
power generated per unit time and is expressed in kg/kWh.
The change in specific fuel consumption as a function of
load is seen in Figure 8 for all blends. As the load on the
engine increments, the BSFC values decrease. The SFC
values for B20, B20 + 50 ppmMgO, and B20 + 100 ppm
MgO fuel blends are 0.45 kg/kWh, 0.41 kg/kWh, and
0.38 kg/kWh, respectively. The presence of MgO nanoparti-
cles provides further oxidation and stimulates complete
combustion, and hence it results in the reduction of BSFC
at a constant speed. This was mainly because of the higher

Figure 3: Biodiesel with nanoadditive blends.
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oxygen content in magnesium oxide nanoadditives, which
promotes further combustion and decreases the combustion
chamber’s fuel-rich region. These results concur with previ-
ous research on biodiesel and nano-additives [9].

3.5. Brake Thermal Efficiency. BTE of the engine is the ratio of
fuel energy to mechanical energy. Fuel energy depends on
many parameters such as fuel blend types, carbon and hydro-
gen atoms present, cetane number, heating value, and specific
gravity. Figure 9 shows the changes in BTE for a variety of
blended fuels under different engine loads. The brake thermal
efficiency for B20, B20 + 50 ppmMgO, and B20 + 100 ppm
MgO fuel blends are 24.9%, 25.8%, and 27.3%, respectively.
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Pressure
guage

Air filter

Air tank

Diesel engine
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Figure 4: Experimental set-up.

Figure 5: SEM image of MgO.
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Table 1: Properties of different fuel blends.

S. no Properties C. vulgaris methyl ester (B20) B20 + 50 ppm of MgO B20 + 100 ppm of MgO

1 Kinetic viscosity cSt 6.01 6.19 6.21

2 Density kg/m3 886 891 893

3 Calorific value MJ/kg 39.14 40.23 40.52

4 Flash point °C 91 126 135

5 Fire point °C 116 134 149

14.94nm

9.24nm10.64nm

100 mn

Figure 7: TEM image of MgO.
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B20 + 100 ppmMgO blend increased brake thermal efficiency
by 2.4% compared to B20. The inclusion of biodiesel reduces
the ignition delay, resulting in longer combustion durations.
This is due to a decrease in indicated power, peak in-
cylinder pressure, and rate of pressure increase, resulting in
decreased biodiesel BTE. The inclusion of magnesium oxide
nanoparticles, which improve oxidation, heat release rate,
and in-cylinder pressure, is primarily responsible for the
increased brake thermal efficiency. Nanoparticles in biodiesel
blends have a larger surface area to volume ratio than B20,
allowing for more combustion within the combustion cham-
ber. Similar outcomes were obtained in the presence of nano-
particles [10].

3.6. Emission of Carbon Monoxide. CO emission occurred
due to partial oxidation of carbon in the fuel. The absence
of fuel-borne oxygen in diesel’s molecular structure might
lead to the production of CO emissions. Due to low flame
temperature, fuel combustion with insufficient oxygen leads
to increased CO.

Figure 10 depicts the fluctuation of CO emissions with
load for all fuel samples. As the engine load incremented,
the engine CO emissions generally decreased. Carbon mon-
oxide emissions varied the minimum at low load and the
maximum at high load. The CO emissions at maximum load
conditions were 0.063%, 0.059%, and 0.051% for B20, B20
+ 50 ppmMgO, and B20 + 100 ppmMgO, respectively.
Adding 100 ppm of MgO nanoparticles to the B20 reduces
CO emissions by 19.02% compared to the B20 at full load.
MgO nanoadditive blended fuels have a more incredible
oxygen content, allowing for complete combustion. The
complete combustion process reduces the CO emission
[11, 12].

3.7. Hydrocarbon Emission. Incomplete combustion of fossil
fuels in an engine, be it petrol or diesel, which are hydrocar-
bons, has become the primary sources of emissions of hydro-
carbons, and it is expressed in terms of ppm. Figure 11 depicts
the variance in HC emissions as a different load function for
all the samples. For all test fuels, increasing load showed
higher HC emission. The HC emission of B20 + 100 ppm
MgO is 27.9% lower than that of B20. The magnesium oxide
nanoparticle improves the combustion process within the
combustion chamber by enhancing the ignition delay time,
increasing the efficiency of the fuel explosion cycle, and boost-
ing the rate of heat escape during fuel combustion. It was con-
cluded that adding magnesium oxide nanoparticles to
biodiesel blends decreased hydrocarbon emissions [13, 14].

3.8. Smoke Emission. This was due to a higher amount of fuel
with the increasing load, which resulted in rich mixture for-
mation and incomplete combustion. The quantity of
unburned hydrocarbons produces ample reasons for smoke
emission. Under full load engine conditions, Figure 12 dis-
plays the HC emission results for all test fuels. The smoke
opacity percentage for B20, B20 + 50 ppmof MgO, and B20
+ 100 ppm of MgO test fuels were 28.2%, 26.4%, and
24.5%, respectively. The maximum reduction in smoke
opacity is obtained for B20 + 100 ppm of MgO. Compared
to B20, the smoke emission of the B20 + 100 ppmMgO
blend was reduced by 3.7% at full load. Magnesium oxide
nanoparticles accelerate evaporation, and material oxidation
ensures complete combustion. The catalytic activity of nano-
particles in biodiesel blends enhanced further oxidation of
soot particles, resulting in more reduction of smoke emis-
sions than biodiesel blends without additives [15, 16].
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3.9. Nitrogen Oxide Emission. The emission of oxides of
nitrogen takes place from an internal combustion engine
when nitrogen present in the air combines with oxygen. This
occurs at a high temperature in the engine cylinder. The var-

iation of NOX formation versus different engine load is
shown in Figure 13, for B20, B20 + 50 ppmMgO, and B20
+ 100 ppmMgO. The combustion temperature of B20 + 50
ppm of MgO and B20 + 100 ppm of MgO blends
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Figure 9: Brake thermal efficiency vs. load.
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substantially increased due to an increase in O2, resulting in
a high combustion temperature in the cylinder. The B20 +
100 ppm MgO blend emits more NOx than the B20 blend.
This could be due to the presence of oxygen in nanoaddi-
tions, causing biodiesel blends with additives to burn

entirely than B20. For biodiesel blends with additives, this
raises the maximum temperature within the cylinder.
Because of the nitrogen oxidation processes in the engine
cylinder, biodiesel with additives releases more NOX [17,
18].
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4. Conclusion

The performance and emission characteristics of MgO nano-
particle incorporated C. vulgaris fuel were investigated using
a single-cylinder diesel engine under different load conditions.
The properties were determined following ASTMD6751 stan-
dards. Because of its enhanced combustion properties, the
MgO nanoparticle impregnated C. vulgaris fuel improved
engine performance. In addition, the MgOmixed fuel resulted
in lower levels of HC, CO, and smoke emissions. The follow-
ing conclusions were drawn based on the experimental results.
Due to its higher density, viscosity, and lower calorific value,
the B20 test fuel had a 15.8% increase in BSFC compared to
B20 + 100 ppm of MgO. Compared with B20, brake thermal
efficiency increases of 1.9% and 2.4% are obtained for B20 +
50 ppmMgO and B20 + 100 ppmMgO. Carbon monoxide
emissions for B20 + 50 ppmMgO and B20 + 100 ppmMgO
are reduced by 13.5% and 19.04%, respectively, compared to
B20. CO emissions were reduced when the nanoparticle con-
centration was increased. Hydrocarbon emissions are reduced
by 12.81% and 27.9% for B20 + 50 ppmMgO and B20 + 100
ppmMgO, respectively, compared to B20. The MgO nanoad-
ditives added to biodiesel-diesel blends resulted in better com-
bustion. The MgO nanoparticle blended fuel has lower HC
emissions when compared with B20. Compared to B20, smoke
emissions for B20 + 50 ppmMgO and B20 + 100 ppmMgO
are reduced by 1.9% and 3.7%, respectively. When the concen-
tration of nanoparticles was raised, smoke emissions were low-
ered. The higher oxygen content in B20 + 100 ppm of MgO
fuel blend leads to higher combustion temperature, resulting
in higher NOx emission.
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The production of biodiesel as an alternative fuel and its use as a mixture and other additives are presented. In the present research
work, additive blends with diesel biodiesel from algae oil are physically characterised and an analysis of pollutant emissions is
carried out when used in an ignition engine by compression. The measurement of pollutant emissions is carried out through a
combined emission analyzer adapted to a system of valves attached to the experimental facility. The properties of each mixture
with the polluting emissions are compared with that of the reference diesel. It was found that each of the properties improves
compared to that of diesel, reducing most emissions in the use of mixtures with biodiesel.

1. Introduction

Natural resources such as oil, natural gas, and coal have a
wide range of applications in science and technology; these
resources and their derivatives are widely utilised in power
plants, boilers, and some car engines to meet people’s
demands worldwide. On the other side, the rapid growth
of humanity has increased energy demand, which is pre-
dicted to increase by 50% by 2040 compared to current
levels. This has resulted in a faster depletion of these nonre-
newable resources, which are the study of renewable energies
which aim to ensure energy security in some form [1]. The
energy resources from oil, natural gas, and coal are not
sustainable to meet energy demand. The fields identified
are dwindling, and there are environmental constraints for

their exploration and development and geopolitical issues.
It leads to possible oil and gas reserves and gas becoming
scarcer and the exploitation of more restrictive carbon regu-
lations. The increasing industrialization, the motorization of
the world, and climate changes have resulted in the hunt for
alternative fuels that may be generated using raw materials
available in any country. The world’s vehicle fleet is powered
by gasoline and diesel, which pollute the environment due to
their polluting emissions, so bioenergetics such as biomass,
biogas, primary alcohols, vegetable oils, animal oils, and bio-
diesel have been studied. Although the fuels above are part
of the solution to the challenge of being environmentally
friendly, advantages and disadvantages in their use must be
examined in each of them. It is crucial to note that some
of the fuels mentioned above can be used directly. Still,
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others must be treated or formulated so that their qualities
are comparable to those of the conventional fuel being
replaced. Biodiesel and bioethanol are the most widely used
biofuels in the world [2]. It is critical to have a clean fuel that
does not pollute like traditional diesel and is also nontoxic as
it can be used as a mixture with diesel to improve the
mechanical efficiency of the engines. High lubricating prop-
erties and improved thermal efficiency due to a high
compression ratio decreased fuel consumption, reduced
sulphur dioxide emissions, and increased engine operating
safety due to its high flash point [3]. The massive accumula-
tion of tyre waste, a result of the number of vehicles that
exist all over the world, causes us to look at another medium
problem environmental, uncontrolled disposal and nonbio-
degradability of tyres, which leads to the need for careful
action regarding recycling of tyres used to solve this prob-
lem. The waste refinery entails thermochemical processes
to produce fuels, materials, and chemicals from wastes such
as tyres, plastics, sludge, and other wastes due to their chem-
ical composition and carbon and hydrogen richness. They
constitute a possible source for the manufacture of fuels.
The performance of biofuels and diesel engine emissions is
increasingly being studied globally [4]. Because biodiesel is
clean, energy-efficient, and highly biodegradable and has
strong lubricating properties, it has been explored exten-
sively. Improving diesel fuel’s physical and chemical quali-
ties is important to use 100% biodiesel cleanly. Biodiesel as
a fuel alternative can only be utilised in compression ignition
engines, provided it meets the worldwide standard biodiesel
criteria. Chains of unsaturated fatty acids and the double
bond in the parent molecule reacting with oxygen during
combustion and storage cause the fuel to become acidic,
creating a rubber and insoluble silt that can clog filters. Bio-
diesel’s thermophysical properties influence its performance,
combustion, and emission characteristics. The viscosity,
density, cetane number, calorific value, flashpoints and igni-
tion, cloud point, and pour point of biodiesel are important
parameters to consider. According to several types of
research, its properties are dependent on fatty acid concen-
tration and chemical composition [5]. So, before utilising
biodiesel in a diesel engine with compression ignition, it
must meet the ASTM D6751 and EN 14214 criteria. The
physicochemical qualities of the fuel used in an engine are
vital in determining performance and emissions: injection
pressure, compression ratio, ignition delay, air-fuel ratio,
and chamber turbulence. Combustion and other factors
directly affect compression ignition performance. The most
common ternary mixture studied is ethanol-biodiesel-
diesel. According to the high latent heat of vaporisation
and lower combustion temperature, ternary fuel mixing
yields reduced NOx, smoke, and higher HC and CO emis-
sions. Increasing the quantity of ethanol in blended fuels
reduced the peak smoke emission peaks. The ethanol in bio-
diesel/diesel blends is ideal for lowering NOx emissions. The
binary biodiesel-diesel mixture reduced particle concentra-
tion and mass emission. Adding ethanol in biodiesel
mixtures results in higher fuel consumption and CO and
HC emissions, but decreased NOx emissions [6]. This
research examines the physicochemical properties of binary

and ternary mixes and their environmental pollution
emissions. In a compression ignition engine, each fuel is
characterised by its harmful emissions of NOx, CO,
CO2, HC, and PM.

2. Polluting Emissions

The study of harmful emissions from engines is currently
very important because of the high degree of pollution they
create as a factor. It has been changed into the main axis
while developing a machine due to the strict rules that have
been set today for environmental protection and mitigation.
Within the pollutants of a diesel engine, this research finds
nitrogen oxide, unburned hydrocarbons, carbon monoxide,
dioxide carbon, and particulate matter [5]. When oxygen
and nitrogen are combined at high temperatures, these gases
are formed: nitrogen monoxide, nitrogen dioxide, nitrous
oxide, dinitrogen trioxide, and dinitrogen pentoxide are the
principal nitrogen oxides that occur in combustion cham-
bers and have a significant influence on the environment
and human health due to their toxicity. Fuel that has not
been properly burned when it departs the engine’s internal
combustion chamber through the exhaust is known as
unburned hydrocarbons. Because of the low concentration
of HC in the exhaust gas, the typical unit of measurement
is parts per million (ppm). Carbon dioxide is another name
for carbonaceous anhydride and carbonaceous gas (II).
Despite its critical relevance for all living things as the pri-
mary carbon source, carbon dioxide is significant. The use
of fossil fuels has resulted in a rapid increase in carbon diox-
ide content in the atmosphere, resulting in global warming
[6]. They are a collection of small solid entities or liquid
droplets scattered in the atmosphere due to anthropogenic
or natural activities. Many microscopic soot particles are
created mostly caused by the incomplete burning of fossil
fuels and coal. It is critical to emphasise that particulate
matter does not all have the same physical and chemical
properties; it varies in size, shape, and chemical makeup.

3. Experimental Installation

The diagram of each of the engine components is shown in
Figure 1. The experimental installation consists of a diesel
engine, a mass flow sensor, an IR rpm sensor, a data acqui-
sition and control system, and an analyzer of gases. The die-
sel engine in the installation is a 4-cylinder engine, 5.9 L, 180
HP @2500 rpm 6BTA model, which is shown in Figure 1.
For engine, rpm control has a metal gear servo motor model
RB-330 MG and an infrared sensor model E18-D80NK for
rpm. It has a control system in the LabVIEW software
through which it is activated and speeds up and slows down
the engine as required. The gas analyzer that the experimen-
tal installation has is a gas analyzer combined with gases.
The analyzer consists of basic equipment, gas analyzer and
opacimeter in a high-quality plastic housing with an inte-
grated display unit and keyboard, a grating measuring probe
of 600mm steel, 2000mm probe hose, one LAN interface
with LAN cable (RJ 45), a power supply 110V-230V, 50/
60Hz, a transparent hose for condensate separation with
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the receiver, one main filter, point filter zero and condensate
filter, an electrochemical O2 sensor, trigger clamps for MET
6.4 for the inductive recording of the number of revolutions
in ignition cables, and measurement value software for
continuous measurement.

4. Experimental Protocol

Experimental protocol for measuring polluting emissions:
once the physicochemical characterisation of the established
mixtures has been carried out; the polluting emissions are
measured. The medicines are injected into the Cummins 4
cylinder engine, model 6BTA 5.9 L, 180 HP using the com-
bined gas analyzer MET. The equipment’s method is to pass
an infrared light through a gas cell and measure each gas’s
energy absorbed with chemical gas sensors. The MAHA
Emission and Viewer software communicates via an Ether-
net connection to the analyzer. Through this software, tests
are carried out of tightness and the zero adjustment required
when starting the measurements and controlling the begin-
ning and end of the test. Similarly, the MAHA Emission
Viewer software monitors the test since its interface allows
you to view sizes in real time. It is important to highlight
that all the tests are carried out under the same conditions
for the same period where the engine runs empty without
any load. Five trials are performed on the test bench for each
experimental trial to verify repeatability in the sampling.
Then, averages are obtained, minimum value and maximum
value to be graphed later. In each test, the exhaust gases CO2,
CO, NOx, HC, and PM are measured and monitored oxy-
gen, rpm, and oil temperature. Verification of equipment
connection and operation of the LabVIEW user interface:
once the experimentation starts in the laboratory of the
SCR begins by verifying that all the equipment of the instal-
lation necessary for the measurement is connected and

working correctly. The computer is turned on, and in the
LabVIEW program, the file test 14 is opened, where the
engine control interface will appear. It is important to
emphasise that you must check that the signal module box
is turned on before running the program. The gas analyzer
is then connected to its wiring network to prepare for the
start of trials.

5. Result and Discussion

This section shows the results of the polluting emissions of
each of the mixtures of the importance of CO, CO2, HC,
NOx, and PM. The results obtained from the present inves-
tigation are shown below. A comparison is made with the
properties of the reference diesel. The polluting emissions
measured in the present investigation for defined mixtures
are CO, CO2, NOx, HC, and PM. Five measurements were
made during a time of 1 minute for each of the mixtures
from which a weighted average and said value are the pub-
lished ones. The analyzer used performs simultaneously
measuring each one of the reported emissions. The engine
was operated in all tests at 1000 rpm without load; the power
and the specific fuel consumption are not measured in the
experiment. It is important to mention that the oil tempera-
ture was monitored in each of the measurements to take
them at the same temperature, in the range of 86 to 88°C.

5.1. CO Emissions. The formation of carbon monoxide
depends on the oxygen content and the combustion temper-
ature so that combustion with a supply of inadequate oxy-
gen results in the production of carbon monoxide.
Figure 2 represents the raw values of CO emission from pure
diesel and other blending fuels [7]. The CO values are for
mixtures B20+CeO2100ppm, B20+CuO100ppm, B2O, and
D100 at 1000 rpm. Figure 2 shows how the combination of
biodiesel and nanoparticle affects slightly polluting emis-
sions. In the case of biodiesel, the trend line shows that
adding biodiesel to diesel causes CO to decrease which coin-
cides with the literature where they report that carbon

Figure 1: Experimental setup with engine and analyzer.
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monoxide emissions of carbon blend with biodiesel are
lower due to the presence of extra oxygen in biodiesel mol-
ecules. It is observed that as the percentage of algae oil is
increased, the value of monoxide is closer to the diesel value.
Light oil is a naphthenic fluid composed of carbons and
hydrogens like diesel and is not an oxygenated compound
like biodiesel [8].

5.2. CO2 Emission. The CO2 emission is the result of the com-
plete combustion of the fuel. Figure 2 represents the raw
values of CO2 emission of pure diesel and other blending
fuels. The carbon dioxide values are for mixtures B20
+CeO2100ppm, B20+CuO100ppm, B2O, and D100 at

1000 rpm. It is seen in Figure 3 that the importance of
carbon dioxide that emits the combination with biodiesel
participation is within the same rank [9]. In the case of algae
oil, as its percentage of participation increases, the amount of
CO2 decreases, possibly due to less complete combustion
with increasing percentage. However, if you compare the ref-
erence diesel and all the mixtures, when 100 ppm of algae oil
is added, values are below the value of the diesel; these are the
mixtures that emit the less amount of carbon dioxide.
Figure 3 shows the dimensionless values concerning diesel
from reference, where it is observed that for B20
+CeO2100ppm and B20+CuO100ppm of biodiesel, the addi-
tion of nanoparticles does have a great impact [10].
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Figure 3: Variation of CO2 with load.
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5.3. HC Emissions. HC emissions occur when a rich mixture
is delivered to the cylinder. The cross does not burn
completely, which can be reduced by delaying the ignition
associated with fuels with a higher cetane number [11].
Figure 4 shows the effects of test fuels on HC emissions.
The highest HC emission is obtained for pure diesel, B2O,
B20+CeO2100ppm, and B20+CuO100ppm. The lowest HC
emission for mixtures is obtained for B20+CeO2100ppm;
this value is less than that for diesel, due to which its naph-
thenic characteristics need more energy to break its bonds
and have complete combustion. For mixtures with biodiesel,
the opposite occurs. Due to the oxygen content, the explo-
sion of this is more complete. For all varieties, the same
effect occurs as in the mixtures of a decrease in HC for nano-
particle mixtures. The addition of nanoparticles has the
same impact when comparing the diesel mixture. There is
no noticeable variation when adding one or the other; how-
ever, all combinations decrease the amount of HC [12–14].

5.4. Nitrogen Oxides. The emissions of nitrogen oxides in
combustion result from the combustion temperature in the
cylinder, which if it is approximately higher than 1600°C,
the nitrogen molecules begin to participate in the reaction
and, therefore, produce NOx [15]. The variation of the emis-
sions of nitrogen oxides concerning 1000 rpm for all test
fuels is presented in Figure 5. In the nanoparticle mixture,
slight increases in NOx emissions are compared with B20
+CeO2100ppm, B20+CuO100ppm, B20, and diesel. This is
a consequence of the high content of oxygen in biodiesel
which causes higher NOx emission rates; as the amount of
participation of these nanoadditives increases, the oxides of
nitrogen increase [16, 17]. Figure 5 shows that the number
of nitrogen oxides was lower for all ternary mixtures evalu-
ated for the same engine speed. It is observed in the graph
of dimensionless values for the ternary mixtures that the
emission of NOx has a very particular trend by increasing
the percentage of nanoadditives for each quantity of bio-
diesel in the mix, which can be attributed to the fact that
the additive would be accelerating the ignition time of the
diesel and reducing the amount of mixture in the combus-
tion premixed resulting in NOx reduction. It is important
to mention that the formation of NOx is not only a func-
tion of the temperature of combustion, factors such as the
geometry of the piston and the fuel play a vital role in
their formation [18].

5.5. Particulate Matter (PM). The amount of particulate
matter emitted into the atmosphere is a consequence of a
combination of parameters such as engine speed, load, strat-
egy of injection, combustion process, and ultimately the
after-treatment system. Particles are considered any material
in the exhaust gases in a liquid or solid state under approx-
imately ambient conditions [19]. Figure 6 shows the partic-
ulate matter for the mixtures, managing to observe that,
compared to the reference diesel, the PM emissions for all
the mixtures decrease in speed conditions of 1000 rpm on
the engine—the PM concentration of the mixtures B20
+CeO2100ppm, B20+CuO100ppm, B20, and diesel [20]. As
the percentage of nanoparticle concentration of particulate

material rises, the mixture with higher PM is diesel [21].
As seen in Figure 6, as the mixtures increase, the PM con-
centration does not significantly impact. However, the par-
ticulate material for mixtures with biodiesel decreases with
more oxygen molecules. However, more studies should be
done to carry out a deeper discussion of the behaviour
found. In the same way, it was observed that the nitrogen
oxides decreased as an effect of the addition of nanoparticles,
which would cause a decrease in the particulate matter pos-
sibly caused by a shorter duration of the combustion and the
increase of the oxygen concentration in the mixture of air
and fuel or also due to complete combustion [22, 23].

6. Conclusions

This study is aimed at analyzing polluting emissions from
mixtures between B20+CeO2100ppm, B20+CuO100ppm,
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B20, and diesel to evaluate its use in compression ignition
engines. Pollutant emissions from mixtures: the CO emitted
by pure diesel is higher than that by all mixtures with biodie-
sel and nanoadditive blends. CO2 emissions from blends
with biodiesel are lower compared to those from pure diesel
fuel. In the medicines, the diesel had a greater effect on the
emission of CO, although adding biodiesel mixture with
nanoadditives, due to its content of oxygen, decreases the
percentage of CO. All the mixtures studied in this investi-
gation showed that their HC emissions are lower com-
pared to the pure fuel diesel. NOx emissions for blends
with biodiesel with nanoadditives are higher than those
of diesel due to their oxygen content. The particulate mat-
ter for all the mixtures evaluated in this study is below the
reference diesel. The mixtures with the highest particulate
matter emitted mixtures with higher concentrations of bio-
diesel, which was of a maximum of 20% for this study. In
the varieties, as biodiesel content was increased, NOx
emissions increased while PM emissions decreased, as
mentioned in the literature.
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Numerous Algae oils with low and medium viscosity were investigated as fuel for CI engines. However, high viscous algae oil has
not been explored in detail as a replacement for diesel in CI engines due to operational problems and poor performance
characteristics. Esterification of neat algae oil to obtain its biodiesel is a complex process. The biodiesel obtained also has
viscosity nearly five times more than diesel viscosity. Hence, research efforts on CI engines using algae oil methyl ester are
lacking, particularly in combustion characteristics. This work focuses on utilizing algae oil as a fuel in CI engines. Algae oil has
more affinity for alcohols due to a higher percentage of ricinoleic acid which aids in forming a homogeneous mixture. Alcohols
with better fuel properties improve the combustion capability of algae oils with low and medium viscosity. However, not much
research has been carried out in alcohols with very high viscous algae oil. Hence, in this work, higher and lower-order alcohols
were blended with algae oil in their neat form and their biodiesel with Al2O3 nanoadditives for performance improvement.

1. Introduction

Extensive research has been carried out worldwide in com-
pression ignition (CI) engines using algae oils with low and
medium viscosities, particularly nonedible algae oils. Biodie-
sel obtained from nonedible sources is a viable option in CI
engines for commercial applications. Compared to mineral
diesel, biodiesel has many advantages such as biodegradabil-
ity, safer storage, better lubricity, low toxicity, and environ-

ment friendly [1]. Algae oils with low to medium viscosity
can be modified to obtain the properties equivalent to diesel
by a suitable chemical process. However, high viscous algae
oils such as Chlorella protothecoides oil cannot be esterified
easily to obtain biodiesel. They require a complicated trans-
esterification process and cannot match the diesel viscosity.
As a result, not much experimental research was carried
out using high viscous nonedible algae oil for diesel engine
applications. In particular, the combustion behavior of heavy
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viscous oils either in raw form or biodiesel is not available in
the literature [2].

The present work focuses on this direction by investigat-
ing neat C. Protothecoides oil (CPO) with higher and lower-
order alcohols as a fuel substitute for CI engines. Numerous
nonedible vegetable oils with low and medium viscosity were
investigated for CI engines. However, high viscous nonedible
vegetable oil such as algae oil has not been explored in detail
as a replacement for diesel in CI engines due to operational
problems and poor performance characteristics [3]. Esterifi-
cation of neat C. Protothecoides oil to obtain biodiesel is
complex. The biodiesel obtained also has viscosity nearly five
times of diesel viscosity. Hence, research efforts on CI
engines using neat C. Protothecoides oil or its methyl ester
are lacking, particularly in combustion characteristics. This
work utilizes C. Protothecoides oil as a fuel in CI engines.
C. Protothecoides oil has more affinity for alcohols due to a
higher percentage of ricinoleic acid which aids in forming
a homogeneous mixture [4].

Alcohols with better fuel properties improve the com-
bustion capability of vegetable oils with low and medium
viscosity [5, 6]. However, not much research has been car-
ried out in alcohols with very high viscous C. Protothecoides
oil. Hence, in this work, higher and lower-order alcohols
were blended with C. Protothecoides oil in its neat form
and its biodiesel for performance improvement. A literature
survey was done on the following methods to improve the
performance of a CI engine operating on vegetable oil or
its biodiesel. It evaluated the use of canola biodiesel (COME)
and diesel blends in a CI engine on the performance and
emission behavior. COME was blended with diesel in
proportion on a volume basis [7].

It was observed that pour point and cetane number of
biodiesel were better, while density, viscosity, and calorific
value were poor compared to diesel. They observed that
engine power output was reduced with biodiesel and diesel
blends. Based on the experimental results, they concluded
that 25% blend of COME with diesel would be the best
alternative to diesel, based on emission and performance
parameters. It was performed as experiments in a CI
engine at a rated speed of 1500 rpm with diesel-ethanol
and biodiesel-ethanol blend as fuel. Ethanol was blended
by volume with both diesel and biodiesel to assess the per-
formance parameters of a CI engine in comparison with
diesel and biodiesel [8]. They observed that in comparison
to the biodiesel-ethanol blend, the diesel-ethanol blend
produced higher indicated thermal efficiency and showed
mean effective pressure. Both the parameters increased
with ethanol proportion in the blend. Ignition delay was
longer with higher ethanol concentration in the blend,
and the delay period was longer with biodiesel-ethanol
blend compared to diesel-ethanol blend. Also, the combus-
tion duration for ethanol blended with biodiesel was
higher than diesel. NOx and HC emissions were higher
and increased with ethanol proportion. They observed that
CO emission increased proportionally to ethanol concen-
tration with diesel and biodiesel blends. The objectives of
the present research work are to improve the combustion,
emission, and performance of very high viscous algae oil

with lower and higher-order alcohol and Al2O3 nanoaddi-
tives fueled compression ignition engines [9].

2. Experimental Setup

The test engine was a four-stroke single-cylinder CI engine
with a water-cooled and direct fuel injection system. It devel-
oped a maximum rated output of 3.5 kW at 1500 rpm with
maximum load condition. The engine made was Kirloskar, a
TV1 model engine with over-head valves controlled by push
rods. The fuel injection timing and pressure were maintained
23° before TDC and 200bar as recommended by the manufac-
turer. The engine coolant was circulated through the water
jackets in the cylinder, and the temperature of the coolant
was maintained at 80°C. A pressure transducer (piezoelectric)
was fitted on the cylinder head to measure in-cylinder pres-
sure. The engine was loaded by coupling it with an eddy
current dynamometer.

Tests were conducted in four load conditions, namely,
25, 50, 75, and 100% of maximum brake power. Engine per-
formance parameters like speed, load, exhaust temperature,
fuel consumption, and emissions like smoke, hydrocarbon,
carbon monoxide, and NO were measured at all load condi-
tions. This experimental study tested the following fuels:
diesel, CPO, CPO with lower/higher-order alcohol, and
CPOAl2O3 nanoadditives. The size of the nanoadditives is
less than 100nm. The experiments were conducted at a con-
stant speed of 1500 rpm. The tests were conducted after the
engine attained a stable condition. The fuel injection pres-
sure was set at 200 bar. The engine output was varied in steps
from 25% to 100% loading under the single fuel mode. The
DAQ system recorded pressure crank angle data of hundred
consecutive cycles. This data was analyzed to interpret the
variation in average pressure at the corresponding crank
angle. The first phase of the test was conducted to compare
the emission and performance behavior of the base fuels
such as diesel, CPO, CPO with lower/higher-order alcohol,
and CPO Al2O3 nanoadditives with variable load at the rated
speed of 1500 rpm. The emission and performance behavior
of the engine with ternary blends of diesel, ethanol, and
hexagonal and Al2O3 nanoadditives were studied.

3. Result and Discussion

3.1. Engine Operation with Ternary Fuel Blends of NCO,
Diesel, and Ethanol. In this phase of research work, the pro-
portion of diesel fuel is maintained constant at 20% for all
the blends. Binary fuel blend of CPO and diesel is blended
with ethanol, hexagonal, and Al2O3 in different proportions
[10]. Experiments were conducted with the following three
ternary fuel blends: (i) neat algae oil 80% and hexagonal
20% by volume (PCO80 + Hex20); (ii) neat algae oil 100%
(PCO 100%) and (iii) neat algae oil biodiesel (PCOME
100%); and (iv) neat algae oil 80% and ethanol 20% by
volume (PCO80 + Eth20) and neat algae oil 100% with
100 ppm Al2O3 (PCO100% + 100ppm Al2O3).

Figure 1 shows the BTE variation with BP for various
test fuels. CPO +Hex has a BTE of 33%, whereas CPO has
a BTE of 22%. CPO has a significantly lower BTE [11]. More
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energy is released during the diffusion phase, resulting in
more heat energy squandered in the exhaust. CPO + Eth,
on the other hand, has a BTE of 31.25%, which is similar
to CPO+Hex (33%). Ethanol was combined with PCO
and diesel to increase CPO combustion. Blending improves
atomization and the creation of air-fuel mixtures [12].

Figure 2 shows the HRR with an appropriate crank angle
for various fuels at full load. CPO +Hex has a maximum
HRR of 67 J/°CA at 100% load, whereas CPO has a maxi-
mum HRR of 45 J/°CA. Because hexagonal has a reduced
viscosity and a high flame speed, ethanol addition in
ternary fuel blends results in a significant increase in
premixed combustion [13]. For CPO, it can be seen that
primary combustion occurred during the diffusion phase.
HRR for the optimal CPO + Eth combination is 62 J/°CA.
This blend’s premixed combustion is more similar to
CPO +Hex. Compared to CPO and other trifuel blends,

this leads to higher BTE, higher peak pressure, and
reduced smoke emission [14].

Figure 3 shows the in-cylinder pressure related to the
crank angle at full load for several test fuels. Because of the
reduced HRR and poor combustion with CPO, the peak
pressure is limited to 61 bar, which is lower than with CPO
+Hex (70 bar). Adding ethanol to CPO raises the peak pres-
sure for CPO + Eth (66 bar), bringing it closer to that of
CPO +Hex. Ignition delay is more significant, and oxygen-
ated hexagonal is stored during the delay time, giving the
injected fuel more oxygen to burn, resulting in a quicker
HRR and higher peak pressure [15].

Figure 4 shows the fluctuation of ignition delay (ID) with
BP. The ID of CPO and CPO +Hex at full load is 14°CA and
9°CA, respectively. Because of its low volatility, CPO has a
higher ID than CPO +Hex. This contributes to incorrect
air-fuel mixture creation and poor atomization, which
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increases ignition delay. Hexagonal blending reduces viscos-
ity while increasing volatility, resulting in better atomization,
vaporization, and air-fuel mixing [16]. The ignition delay for
the optimal CPO + Eth blend is 12°CA.

Figure 5 shows the variance in smoke emission with BP
for several test fuels. The smoke opacity of CPO operation
approaches 100% at full load; however, smoke emission
lowers with ternary fuel blend of diesel, CPO, and ethanol
[17]. Ternary fuel mixes have low density and viscosity,
resulting in improved combustion. Ternary mixture with
high ethanol concentration emits less smoke for CPO + Eth
optimal blend is 69% opacity due to the blend’s improved
volatility. CPO +Hex emits smoke with a 58% opacity.

Figure 6 illustrates the variance in NO emission with BP
for several test fuels. In comparison to CPO +Hex, CPO
emits extremely little NO. Because of incorrect air-fuel mix-
ture preparation, combustion is lower with CPO premixed.
As a result, less heat is generated, resulting in a lower in-
cylinder temperature and lower NO emissions [17]. At full
load, CPO and CPO +Hex release NO emissions of 5.3 g/
kWh and 8.2 g/kWh, respectively. The addition of hexagonal
improves the premixed combustion phase for tri-fuel blends
because hexagonal has a greater flame velocity, which raises
the in − cylinder temperature, favouring NO production
significantly [18, 19]. The NO emission for the CPO + Eth
optimal blend at full load is 7.6 g/kWh.

4. Conclusion

In summary, NCO was successfully used in a CI engine after
running the engine at full load for 15 minutes with diesel.
However, in the current study, CPO demonstrates relatively
poor combustion behavior compared to CPO +Hex. This is
evidenced by a longer ignition delay, a lower HRR, a longer
combustion duration, and so on. CPO has significantly
superior combustion, performance, and emission behavior.

The strategies examined to improve the performance and
combustion of CI engines were ternary fuel mixing of
CPO, hexagonal, ethanol, and Al2O3 blending with NCO
as the primary fuel. Among the approaches investigated, CI
engine running with CPO +Hex is the best, comparable to
diesel operation.
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Kinetics of catalytic esterification between propionic acid and n-butanol has been studied in a batch reactor by using a Ti-
supported SBA-15 catalyst with sulfonic acid. The synthesized catalyst is used to test the efficacy of catalyst for esterification
reaction. The SBA-15 acidity is tied to incorporation of Ti and -SO3H groups through and the use of Si/Ti with Si/S molar
ratios. The results are mesoporous materials with a typical hexagonal structure of the Ti SBA-15 and wide areas and high pore
diameters that are operated with sulfonic groups. The addition of SBA to Ti leads mainly to catalytic materials with Bronsted
and Lewis acid sites. Ti SBA-15 is the most effective catalyst for sulfonic acid, with the highest consents of Lewis acid sites and
deactivation resistance and low hydrophilicity. The effect of temperature, catalyst amount, and molar ratio on reaction kinetics
has been studied. The conversion of propionic acid is found to be 91% at 115°C at a 2 : 1 ratio of n-butanol to propionic acid
molars with 2% of sulfonic acid supported Ti SBA-15. The Eley-Rideal kinetic model is used to fit the experimental data. The
activation energy and kinetic factor are found to be 29.63 kJmol–1 and ko 0.549 L

2 g-1mol-1, respectively.

1. Introduction

Catalysis was first introduced as part of the growth of indus-
trial technology in the 1960s, with a focus on refinery and pet-
rochemical operations. Catalysis has advanced at a rapid rate
over the last two decades, and it is now recognized as a multi-
disciplinary discipline requiring synergistic interactions
among a diverse spectrum of professionals, including mate-
rials, electrical, and mechanical engineers, physicists, biolo-
gists, and physicians. Catalysis provides and develops new,
efficient, and cost-effective strategies and tools, as a leading
technology toward a sustainable future and a clean environ-
ment, thereby improving people’s quality of life [1].

Propionic acid + Butanol↔ Butyl propionate +Water ð1Þ

In amultitude of goods, carboxylic acid esters are essential,
from fragrances to biofuels. The latter would be of specific
importance because of increasing crude oil prices and environ-
mental issues. There are several hybrid routes for the produc-
tion of organic esters [2]. The widely used technique for ester
synthesis is an esterification reaction between carboxylic acids
and alcohol. The reaction could be performed conventionally
in batch reactors in a liquid state using powerful liquid nutri-
ent acids like H2SO4, HI, and HCl as the catalyst [3, 4]. How-
ever, the handling strategy needs extra measures of catalyst
removal and segregation with the substrate being disposed of
salts, which usually adds to the processing cost. Alternatively,
it is easy to separate strong catalysts from response products
that can be used for various reaction cycles in most instances
[4]. Furthermore, strong catalysts are used more readily in
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ongoing processing activities, enhancing the ester manufactur-
ing economy. For these reasons, the development of strong
acid catalysts for esterification applications is of considerable
concern [5]. The mathematical model and response mecha-
nism for alkene esterification using homogeneous catalysts
were well documented during a protonatedmethyl ester which
was assaulted by a molecule of nucleophile alcohol, resulting
in ester and water. With strong acid precursors containing
mainly Bronsted acid clusters, esterification reaction could
be expected with an analogous process to the homogeneous
regime that mediates conversion [6, 7]. The results were
uncertain in the literature on a basic strong acid-catalyzed
esterification reaction. Two processes were suggested mainly
for the esterification of heterogeneous catalysts. One is a single
site mechanism, and the other one is a double site mechanism.
Acetic acid esterification reaction with methanol by using
SAC-13 was carried out with Bronsted acid sites as a single-
site system. It is a gas stage with a range of temperatures of
90-140°C or within a condensed stage with temperature of
660°C, based on mainly the outcomes of studies with pyridine
poisoning. An Eley-Rideal kinetic equation was developed to
predict the experimental results with an accuracy of 8% for
1-octanol and hexanoic acid esterification utilizing zeolite
and SAC-13 as catalysts [8].

The objective of the present research is the preparation
and characterizations of an environmental catalyst for the
esterification of propionic acid after the integration of Ti
and sulfonic groups in SBA-15. The kinetics studies at differ-
ent parameters have been carried out to find the conversion
of propionic acid under various parameters. The Eley-Rideal
model fitted with experimental data.

2. Experimental

2.1. Catalyst Preparation. Pluronic P123 is a discreet, linear
substitute, triblock copolymer made up of polyethylene
oxide (PEO) and polypropylene oxide (PPO). In an experi-
ment 5 g of triblock copolymer (i.e., P123), structured meso-
porous components such as SBA-15 are used as a backbone
to be dispersed into distilled water of 116.25 g, and 29.13 g
hydrochloric acid is inputted into the solution. Final 11 g
of tetra-ethyl-ortho-silicate as a drug additive of silica was
applied to tetraisopropoxide titanium (Si/Ti = 100) during
steady 24-hour temperature mixing. The resulting slurry
was accompanied by N-butanol and washed with distilled
water. The material dried at 110°C for 12 hours and then cal-
cined at 500°C for 8 hours [9].

2.2. Characterization. The pattern in the Ultima IV diffrac-
tometer is the powder X-ray diffraction (XRD). The follow-
ing statistical figures are obtained within the range of 0.1-5°

with a phase of 0.008° and a scanning speed of 0.5° per
minute, using the nonfiltered Cu Kα radiation source, in
the form of a T = 0:54178Å with 30mA and 40 kV. TES-
CAN and VEGA 3 LMU, Australia, used for surface mor-
phology study a scanning electron microscope (SEM). The
photos of the samples were analysed with a 200 kv accelera-
tion voltage using a tool JEOL Australia. Sample pores and
surface area are specified in liquid nitrogen (77K) and the

Chinese surface inspection system, Quanta Chrome Nova-
1000, and also the de Boert map, BET, and pore size. Sam-
ples were obtained at 1 : 10KBr room temperature with 10
scans from FTIR, PerkinElmer, Spectrum 100, USA. A Fou-
rier transform spectra registered the samples [10]. On Evolu-
tion 300 Thermo Science, the sample spectrum was recorded
with UV-visible spectrometer, USA, and BaSO4 as reference,
diffuse UV-visible spectrum (UV-Vis-DRS).

2.3. Reaction Kinetics Study. The reactor was filled with one
mole of propionic acid and one mole of n-butanol. The heat
input is supplied by rotating the heating knob to a desired
temperature. The stirrer is adjusted to 480 rpm to mix the
catalyst with reactants. When there is no temperature, the
recalculated amount of catalyst is transferred into the reac-
tion mixture. This time onwards the actual reaction time
counted. The samples have been withdrawn in the regular
intervals and analysed for propionic acid conversion by
titration with standard NaOH solution. The reaction is con-
tinued till there is no change in the concentration of propio-
nic acid concentration with time. This indicates the reaction
reached chemical equilibrium.

3. Results and Discussions

The synthesized sulfonic acid-functionalized Ti SBA-15 cat-
alyst is analysed for its characterization and used for kinetic
investigations for reaction temperature of 85°C to 115°C, cat-
alyst loading of 1wt% to 3wt%, and mole ratio of acid to
alcohol 1 : 1 to 1 : 4.

3.1. Transmission Electron Micrograph Analysis (TEM).
Figure 1 shows Ti-supported SBA-15 functionalized with
sulfonic acid, revealing a hexagonally well-organized meso-
porous catalyst with severe parallel channels, close to porous
configuration. Ti-supported SBA-15 functionalized with sul-
fonic acid; TEM images functionalized with sulfonic acid
[11]. In the long-range mesoporous ordering determined as
opposed to the Ti-supported SBA-15 functionalized with
sulfonic acid, there were uniform morphologies of the mac-
rostructure of silica materials sulfonated.

3.2. Diffuse Reflectance Ultraviolet-Visible Spectroscopic
Analysis. The Ti-supported SBA-15 functionalized with sul-
fonic acid spectrum of UV-Vis-DRS is shown in Figure 2.
Two large peaks of ~210-230 nm and 330-350nm were
observed confined to the presence and integration of the tet-
rahedral environment and the homogeneous distribution of
Ti ions in the Ti-supported SBA-15 functionalized with sul-
fonic acid matrix [12].

3.3. Fourier Transform Infrared Spectroscopic Analysis
(FTIR). Figure 3 displays the Ti-supported SBA-15 function-
alized with sulfonic acid composite FTIR spectrum of sul-
fonic acid. The 1088 cm-1 peak suggests the Si-O-Si bond
in a Ti SBA-15 fused sulfonated binding. The vibrations of
Si–O–Si symmetrically stretching were 802 cm–1 and
466 cm–1, respectively. Due to Ti-O-infrastructure Si’s vibra-
tion, peaks 910 and 960 cm–1 resulted, which means that Ti
is strongly indicated in the SBA-15 matrix [13]. The exact
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location of the pictures was found to contribute both to the
chemical composition and the calibration and resolution of
the instrument used in the studies. In the Ti-supported
SBA-15 functionalized with sulfonic acid catalyst, the maxi-
mum strength of the band is 960 cm-1. Due to hydrogen
interaction, breaks between the silanol groups and the water
molecules adsorbed were seen at 1630 and 3400 cm-1 (SI-
OH). The peaks of 1052 and 1140 cm-1 confirm that the
functional groups -SO4H have symmetrical and asymmetri-
cal vibrations.

3.4. Powder X-Ray Diffraction (XRD). Synthesized sulfonic
acid pattern of powder X-ray diffraction (XRD) composites
functionalized by Ti-supported SBA-15 shown in Figure 4.
In the X-ray diffraction study, two weak peaks and a
strong, extreme peak were noted [14]. The weak peaks
found by 2θ were 1.4 and 1.7, and the sharp peak by 2θ
was 0.8, which specify the periodicity of the high structures
as a result of higher condensation between the silanol and
titanium groups.

3.5. Thermogravimetry/Differential Thermal Analysis.
Figures 5 and 6 display the Ti-supported SBA-15 functional-
ized with sulfonic acid materials from the TG-DTA analysis
of sulfonic acid. It explains preliminary weight loss from 0°C
to 300°C (4.31%) by loss in mesoporous composite of water
adsorbed and ethanol molecules [15]. Therefore, the decom-
position of the pattern that is trapped within the Ti-
supported SBA-15 functionalized with sulfonic acid and its
remainder shown to be steep weight loss between 350°C
and 600°C is 29.86% to 58.75%.

The DTA plot proposed that the patterns of the mesopo-
rous material should be heated. A weight loss of initial 0°C to
300°C of 0°C is observed in the data track of the sulfonic acid
functionalized composite Ti-SBA-15 (4.06%). A further
weight loss in sulfonic acid pores of Ti-SBA-15 (42.89%)
was found to be 52.3% due to the oxidative decomposition
of obstructed patterns, and residual mass was 52.3%. A large
exothermic peak at 308.7°C has been reported. The Ti-
supported SBA-15 functionalized with sulfonic acid com-
posite has no weight loss observed in 500-700°C. These Ti-
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SBA-15 composites with sulfonic acid function are also ther-
mally stable up to 700°C.

3.6. N2 Adsorption-Desorption Studies. Information on the
surface area, the pores of composites Ti-supported SBA-
15 functionalized with sulfonic acid have been provided
through adsorption isothermal studies and is shown in
Figure 7. Subsequently, it was noted that the silicon com-
posites were shown to indicate their mesoporosity as the
type IV nitrogen isotherms with the deposal H1 hysteresis
loop [16]. The distribution of mesoporous sizes extends
when the Ti is incorporated in the SBA-15 framework.
These results have been validated using the distribution
curve for pore size. The results show that when the Ti
was integrated into the SBA-15 functionalized with sul-
fonic acid framework, the consistency of the mesoporous
size distribution has declined. It was also noted that the
pore volume, surface area, pore diameter, and also peak
intensities were decreased sharply with increased incorpo-
ration of Ti into the SBA-15 functionalized with sulfonic

acid samples [17]. This could be due to the blocking by
titanium-based mesoporous canals. In order to define the
texture properties of the mesoporous catalysts, the BJH
pore size distribution approach and the BET surface anal-
ysis are employed in Table 1.

4. Catalytic Performance (Sulfonic Acid
Functionalized Ti SBA-15)

4.1. Effect of Reactant Molar Ratio. The mole ratio of propio-
nic acid with n-butanol varied from 1 : 1 to 1 : 4 at a temper-
ature of 115°C and a speed of 240 rpm for conversion of
propionic acid with Ti-supported SBA-15 functionalized
with sulfonic acid [18]. The conversion of propionic acid
as function of molar ratio is shown in Figure 8. The propio-
nic acid conversion increases as the molar ratio increases
due to excess n-butanol. From the figure, it could be
observed as 79.90%.

4.2. Effect of Temperature. The effect temperature on the
conversion of propionic acid at 2% by wt catalyst loading
and at 1 : 1 mole ratio is shown in Figure 9. The conversion
of propionic acid is increased as temperature increases.
Higher the temperatures, the time required to reach equilib-
rium is lesser [19]. It shows that the reaction is kinetically
controlled.

4.3. Effect of Catalyst Amount. The effect of catalyst amount
on the propionic acid conversion kinetics is shown in
Figure 10 at a temperature of and mole ratio of 1 : 1. The
experiments employ separate catalyst concentrations of 1,
2, and 3wt%. The conversion of propionic acid increases
as the catalyst loading increases [20]. When the catalyst
quantity increased in the reaction mixture, the reaction rate
increases due to availability of H+ ions which in turn provide
more catalyst surface area. The experiments were conducted
for 4 runs with the same catalyst. The propionic acid conver-
sion is the same under 1% error.

4.4. The Ti-Supported SBA-15 Functionalized with Sulfonic
Acid for the Kinetic Analysis. The initial reaction rate of pro-
pionic acid with n-butanol has been carried out under differ-
ent catalyst loadings ðrAo = ΔCAo/ΔtÞ for this catalyst [21].
The general kinetic expression for the catalyzed heteroge-
neous esterification reaction can be written as

−rA =
kf wcat CACB − CRCw/Keq

� �� �

1 + KACA + KBCB + KECE + KwCwð Þn , ð2Þ

where rA is the reaction rate and ðwcatÞ is the catalyst
weight on dry basis. A, B, E, and W represent propionic
acid, n-butanol, butyl propionate, and water. K is the
adsorption constant, Ke is the equilibrium constant, and
kf is the forward reaction rate constant. In equation (2),
when n = 0, it is a PH model; when n = 1, it is ER model;
and when n = 2, it is a LHHW model.

As can be seen in Figure 11, the starting reaction rate
instead of the plated one is a linear feature, which means
the adsorption of propionic acid on the Ti-supported
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Figure 5: TGA analysis of Ti-supported SBA-15 functionalized
with sulfonic acid.
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SBA-15 functionalized with sulfonic acid catalyst surface is
not possible, and at the same time, the initial rate of reac-
tion increases in line with n-butanol concentrations.
Therefore, we can infer that at low concentrations of n-
butanol, it adsorbed n-butanol extremely low and almost
continuously increases the concentration. This study con-
cludes that the reaction mechanism is defined in the
Eley-Rideal model, i.e., reaction between adsorbed butanol
molecules and propionic acid molecules in the bulk solu-
tion. In the single site, only one reactant is adsorbed on

the catalyst and the remaining reactant is in the bulk reac-
tion. In the double site, two reactants are at the catalyst
surface and reaction proceed at this place and formed
products desorbed from the catalyst surface. The literature
found the solvent (dioxane) and ester adsorption to be
insignificant. The rate determination step is to specifically
take the stoichiometric and corresponding reaction rate
as the Eley-Rideal (ER) model of a surface-reaction equa-
tion. After excluding terms of adsorption of acid and ester,
ER form can be written as

−rA =
kf wcat CACB − CRCw/Keq

� �� �

1 + KBCB + KwCwð Þ : ð3Þ

The Arrhenius law expresses the dependence of tem-
perature on reaction rate as given in the following.

Equation (3) behavior is used for speed expression rather
than concentration, because the predictions of models
adapted to the measured film data result in improved predic-
tion [22]. Relocation of equation (4) can be described as
equation for the initial reaction rate without a product pres-
ent, shown in

CAoCBo

−rAo
=

1
kf wcat
� � +

KB

kf wcat
CBo: ð4Þ

Figure 12 shows the plot of CAoCBo/−rAo versus CB,o
results in a direct slope line KB/kf wcat and intercept 1/kf
wcat as shown in the figure.

Slopes and intercepts in these figures indicate the con-
stants in rates and adsorption constants kF , KB, KW , and
their estimated values at three temperatures as shown in
Table 2.
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Figure 7: Ti-supported SBA-15 functionalized with sulfonic acid with N2 adsorption/desorption isotherms, pore diameter, and pore volume
distribution.

Table 1: BET–isothermic adsorption and porosity data.

Mesoporous material Pore volume (cc/g) Average pore diameter (Å) Surface area (m2/g)

Ti-supported SBA-15 functionalized with sulfonic acid 1.02 31.78 457
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4.5. Activation Energy and Rate Constants. The Arrhenius
law expresses the dependence of temperature on reaction
rate as given in the following:

ki = koi exp
−Ei/RTð Þ, ð5Þ

where kf is the activation energy for forward reaction
and kio is the frequency factor [23]. Equation (5), a plot of
ln KF , ln KB, and ln KW versus 1/T plot, lists a slope straight
of (E/R) and, as shown in Figure 13, ln kio intercept opposed
to 1/T . In the presence of sulfonic acid functionalized Ti
SBA-15, the activation energy was found to be 39.5 kJmol–
1. The adsorption constants as function of temperature have
arrived from Figure 13 as given in equations (7)–(9).

KF L2g−1mol−1h−1
� �

= exp 232–1109/Tð Þ, ð6Þ

KB Lmol−1
� �

= exp 3125/T–17:83ð Þ, ð7Þ
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Kw Lmol−1
� �

= exp 4856/T–54:9ð Þ: ð8Þ

4.6. Model Prediction. Model predictions with ER model
have been compared with experimental results as shown in
Figure 14, for esterification of propionic acid with butanol
over an entire range of expected parameters [24].

The following equation (9) is used to determine the
experimental reaction rate for different time steps for vari-
ous acid conversions.

−rA,experimental =
ΔCA

Δt
= CAo

ΔX
Δt

: ð9Þ

Figure 14 shows the parity plot between the experimen-
tal value and the calculated values. It can be observed that
the findings fall within ±5 percent error.

5. Conclusions

SBA-15, Ti, and -SO3H were successfully incorporated with
a sol-gel process. It is found that final Ti-and-S contents
were less than anticipated in samples. Moreover, the pres-
ence of sulphur decreases titanium’s inclusion in the SBA-
15. Propionic acid reaction kinetics with n-butanol has been
investigated with this catalyst. Experimental results indicate
that the reaction is kinetic controlled instead of mass trans-
fer controlled. Eley-Rideal (ER) was developed based on an
adsorption analysis to interpret kinetic data. The kinetic
model was well prepared with experimental results. The
EA 29.63 kJ/mol activation energy and kinetic factor ko
0.549 L2/g-mol-h were found.
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Table 2: Kinetics and adsorption constants.

Temperature (°C) kf /L
2mol-1 h-1 KB/Lmol-1 KW/Lmol-1

85 0:78 × 10−4 0.18 0.19

95 0:81 × 10−4 0.20 0.49

105 0:78 × 10−4 0.19 0.51

115 0:90 × 10−4 0.09 0.56
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Antimicrobial resistance is a global health challenge, and the large loads of biocides dumped into the environment augment the
spread of antifungal resistance and environmental contamination. Therefore, eco-friendly antifungal agents must be developed to
combat antibiotic resistance and to reduce environmental contamination. In the present investigation, Allium sativum (Hill garlic-
Malai Poondu) extract was used as a green resource to achieve silver nanoparticle (AgNP) production. AgNPs were characterized
by various spectral and microscopic analyses. In vitro free radical scavenging assays were instigated to determine the antioxidant
capacity of the AgNPs, and the antifungal activity was assessed using Agar well-diffusion assay again pathogenic fungal strains.
The mean particle size of the AgNPs was calculated as 35.1 nm with face-centered cubic (FCC) structure. AgNPs exhibited
free radical scavenging activity against 2,2-diphenyl-1-picrylhydrzyl (DPPH), 2,2-azino-bis (3-etilbenzotiazolin)-6-sulfonic
acid (ABTS), and hydrogen peroxide (H2O2) radicals. Scavenging of DPPH radicals by AgNPs was impressive, and an IC50
value of 6:3 ± 0:4 μg/ml was obtained in this assay. Among the tested Candida strains, the order of the least susceptibility on
exposure to AgNPs synthesized using Hill garlic extract was as follows: C:glabrata ≤ C:tropicalis ≤ C:parapsilosis ≤ C:krusei ≤
C:albicans. The study highlights the synthesis of environment-friendly nanoparticles using Hill garlic extract with enhanced
antifungal properties.

1. Introduction

The discovery of antibiotics has been a milestone in contem-
porary medicine. However, the extensive consumption of
antibiotics has provoked the emergence of antimicrobial
resistance (AMR) which in turn has become a global health

challenge [1]. Antibiotic pollution has a crucial impact on
the environment apart from being a health care crisis. The
overuse and misuse of antibiotics have increased the load
of biocides that are being discarded into the surroundings
as environmental contaminants. At a daily basis, antimicro-
bial agents are being disseminated into land and water
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resources by pharmaceutical industries, hospitals, poultry,
and livestock [2, 3]. The presence of antibiotic residues in
the environment elevates the pressure on the bacteria to
develop AMR through horizontal gene transfer of antibiotic
resistance genes [4]. Antibiotic pollution also has a negative
effect on developmental and behavioural characteristics of
human and animal population. Similarly, aquatic animals
are exposed to a higher dose of antibiotic residues that leads
to bioaccumulation and chronic toxicity. Malformations
including defects in head and body ratio and pericardial
edema were identified in Xenopus tropicalis on tetracycline
exposure [5]. The removal of pathogens from biomedical
wastes has also become a meticulous process since biomedi-
cal wastes do not degrade easily in the environment. This
can have a significant impact on wildlife and human beings
and enhance antimicrobial resistance [6]. However, eco-
friendly antimicrobial agents can be developed by the amal-
gamation of eco-friendly antifungal agents and modern
technologies to combat multidrug-resistant microbes.

The current advancements in nanotechnology proffer
new dimensions to develop unique nanoparticles (NPs) with
enhanced antimicrobial properties. NPs not only act as anti-
microbial agents but can also act as efficient carriers of
herbal formulations and drugs [7]. Different scopes of nano-
materials and NPs have been explored to reveal their antimi-
crobial property; however, metallic nanoparticles such as
silver and gold NPs have gained wide-spread attention due
to their distinctive properties [8]. NPs are considered
favourable agents in combating microorganisms due to their
stability, solubility, feasibility, biocompatibility, and targeted
drug release. The chief advantage of NPs over other conven-
tional antibiotics is their small size and large surface area
proportion [9]. AgNPs are considered the most effective
antimicrobial agents in spite of the reasonable bactericidal
effects exhibited by other NPs such as iron oxide, copper
oxide, gold, and titanium oxide NPs [10–12]. The mecha-
nism of action of NPs against microorganisms varies from
that of the standard antibiotics. NPs interact directly with
the cell of the microbes and inhibit the biofilm formation.
They can also trigger the innate and adaptive immunity of
the hosts. They can kill the microbes by initiating the gener-
ation of reactive oxygen species and effectively interact with
the DNA and proteins of the pathogen [13]. Nevertheless,
NPs can be promising candidates to target multidrug-
resistant microbes.

Green resource employed synthesis of nanoparticles has
several benefits that are not offered by other routes NP syn-
thesis. It is highly feasible, robust, and biocompatible and
can be used to produce stable and nontoxic NPs [8]. Diverse
plant parts have been engaged in the production of green
NPs and evaluated for their antimicrobial properties. For
example, NPs synthesized from whole plant extract of Leo-
nurus japonicus showed antimicrobial potential against
Pseudomonas aeruginosa, Enterobacter cloacae, and Escheri-
chia coli [14]. AgNPs synthesized using below the ground
portion of the plant Polygala tenuifolia possessed antibacte-
rial activity [15], whereas Artemisia capillaris-mediated
AgNPs inhibited the growth of gram positive (+) and gram
negative (-) bacteria [16]. Results of Jalal et al. [17] revealed

that AgNPs synthesized using Syzygium cumini seed extract
conferred antifungal potential against C. albicans and four
other Candida species by suppressing the biofilm and germ
tube formation. NPs synthesized using Allium sativum
extract possessed biocidal property against P. aeruginosa
and antifungal activity against C. albicans [18]. This showed
that plant extract-mediated NPs synthesized in an eco-
friendly approach can combat microbes efficiently. Further,
the use of garlic extracts in NP synthesis and evaluation of
their antifungal property against multiple Candida strains
is limited. Therefore, the current study was carried out to
green synthesize AgNPs using Kodaikanal Hill garlic (Malai
Poondu) extract and evaluate their antifungal property
against pathogenic Candida strains.

2. Experimental Details

2.1. Preparation of Plant Extract. Hill garlic was purchased
from a Hill garlic cultivating farm at high altitudes of Kodai-
kanal Hills (Poombarai village). Garlic sample was processed
by removing the skin and cleaned using distilled water. The
garlic pods were chopped into small pieces and crushed
using a mortar and pestle. Double distilled water was added
in measured amounts to obtain the extract with 1mg/1ml
concentration.

2.2. Biosynthesis of AgNPs. 0.025 l of Hill garlic extract was
added to 0.495 l of the substrate (AgNO3) prepared at a con-
centration of 1mM. Later, the solution was centrifuged at
12,000 rpm and the resultant pellet was thoroughly washed
using deionized water to remove unreacted substances. The
pellets were air-dried and used for experiments [19].

2.3. Characterization of AgNPs. Reduction of silver ions was
monitored at regular intervals with by an Ultra-Violet visible
(UV-Vis) spectrophotometer (Shimadzu). To identify the
functional groups, FTIR analysis was executed using a Per-
kin Elmer spectrum 100N Fourier Transform Infrared
(FTIR) (4000 to 500 cm-1) spectrometer. XRD (X-ray diffrac-
tometer) analysis was performed to identify the particle
nature of the AgNPs (X’ Pert Pro PXRD). Identification of
charge and assessment of stability was determined using a
Malvern instruments Ltd. Zeta potential analyzer, and the
AgNP shapes were recorded using a Joel/Jem 2100 High
Resolution-Transmission Electron Microscopy instrument.

2.4. In Vitro Free Radical Scavenging Activity of AgNPs.
DPPH free radical inhibiting assay was done by adding
0.5ml of 0.1mM DPPH dissolved in methanol to various
concentrations of AgNPs. The solution was mixed well and
kept in the dark for 30min at room temperature. Measure-
ments were recorded at 517nm and DPPH in methanol
served as blank. For ABTS radical scavenging assay, ABTS
was prepared and stored for 16 hours in the dark. To 1ml
of AgNPs, preprepared ABTS was added, and the values
were observed at 734 nm. In order to evaluate the H2O2 rad-
ical scavenging activity, 43mM H2O2 was dissolved using
phosphate buffer and 4ml of this solution was mixed with
calculated amounts of AgNPs. The optical density values

2 Journal of Nanomaterials
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were noted at 230 nm and compared to the values of stan-
dard (ascorbic acid) [20].

2.5. In Vitro Antifungal Activity of AgNPs. The potency of
the AgNPs to inhibit pathogenic fungal strains was evaluated
by agar well-diffusion assay. C. tropicalis, C.albicans, C.glab-
rata, C. krusei and C.parapsilosis were acquired from
“Microbial Type Culture Collection and Gene Bank.” The
organisms were swabbed across the fungal medium, and
6mm wells were cut. To the wells, various concentrations
of AgNPs were added. The antifungal agent amphotericin
B which belongs to the polyene class of antifungals was
employed as the standard, and distilled water served as neg-
ative control. The plates were kept at 37°C, and the inhibi-
tion was measured post 24 h [21].

2.6. Statistical Analysis. In vitro assays were performed in
triplicates and expressed as mean ± standard deviation. Ori-
gin lab software was used for data analysis.

3. Results and Discussion

3.1. Synthesis. AgNPs were obtained in a biodirected and facile
approach using Hill garlic extract. AgNPs were synthesized
previously by Vijayakumar et al. [22] using garlic cloves pro-
cured from Karaikudi Market; AgNPs were successfully syn-
thesized by using 100mg/ml concentration of garlic extract.
Here, synthesis of AgNPs was feasible at a concentration of
1mg/ml by using silver nitrate as the precursor material. The
data revealed that Hill garlic extract had multiple functions
in the synthesis of AgNPs which includes reduction, capping,
and stabilization through organic compounds. Silver ions are
greatly reduced into AgNPs based on the bioactive plant
metabolites and enzymes [23].

3.2. Characterization. The transformation of silver ions into
AgNPs on exposure to Hill garlic extract could be monitored
by the change of color in the solution from pallid yellow to
brown on the completion of the reduction reaction. The
absorption spectra of the AgNPs recorded using a UV-
visible spectrophotometer are shown in Figure 1. The absor-
bance was monitored immediately after the exposure of the
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extract up to 120min. The absorbance spectra gradually
increased with the increase in time. AgNPs showed a strong
absorbance peak at 446 nm, and there was no variance in the
absorption spectra after 48 hours. The FTIR spectrum
(Figure 2) represents the moieties of the AgNPs that are
responsible for its characteristic chemical reactions. Peaks
were recorded at 3438, 1632, 1416, 1075, and 624 cm-1 wave
number. The broad peak at 3438 cm-1 paralleled to O-H
vibrations and peak at 1632 cm-1 designated the occurrence
of phenols. Peaks at 1416 cm-1 and 1075 cm-1 represented
the amine and alkane groups in the AgNPs. The presence
of sulfur groups was correlated to 624 cm-1 wave number.
Spectral studies using UV-visible spectrophotometer and
FTIR spectrophotometer exposed the optical properties
and functional groups present in the AgNPs. The identifica-
tion of sulfur groups in the FTIR spectrum supports the role
of organosulfur compounds present in the Hill garlic extract
in the reduction process. The synergistic activity of Allicin
(Garlic Organosulfur compound) and AgNPs has been
proved to be effective against Methicillin-resistant Staphylo-
coccus aureus [24]. Similarly, another organosulfur com-
pound, diallyl disulfide, was loaded into spherical AuNPs
(Gold nanoparticles), and their toxic effect on colorectal
adenocarcinoma cells (HT-29) cells was evaluated. Diallyl
disulfide loaded gold nanoparticles exhibited potential cyto-
toxic effects against HT-29 and are assumed to have future
possibilities as nanocatalysts and nanocarriers [25].

The XRD pattern with diffraction peaks for the synthe-
sized AgNPs is presented in Figure 3. The crystalline features
of the synthesized AgNPs were witnessed in the PXRD anal-
ysis. The diffraction peaks (Bragg’s reflection) at 38.42°,
44.36°, 64.40°, and 77.49° corresponded to the typical silver
lattice planes (111), (200), (220), and (311). The diffraction
peaks suggest that the biodirected AgNPs were face-
centered cubic (FCC) crystals, indicating the presence of
one full atom on the six centers of the cubic crystal and a
fraction of an atom in each corner. The XRD data was par-
allel to the JCPDS No: 04–0783. The XRD pattern depicted
the FCC nature of the AgNP crystals; according to Shetty
et al. [26], in a FCC crystal, the higher intensity of (111)
plane can enhance the antimicrobial activity of the AgNPs.
In Figure 3, it was witnessed that the AgNPs synthesized
using Hill garlic extract showed higher intensity of (111)

plane and could plausibly have enhanced antimicrobial
potential.

Zeta potential analysis (Figure 4) reflected the charge
and stability of the AgNPs; it was observed that the nanopar-
ticles possessed negative charge (-23.3mV) and were moder-
ately stable. The zeta potential measurements were helpful in
identifying the stability and charge based on electrophoretic
mobility of the nanoparticles. Our results (-23.3mV) were in
comparable to the results obtained on using garlic extract to
synthesize AgNPs in a previous study that showed a zeta
potential value of -26.1mV [22].

The size and shape of the nanoparticles were examined
using HR-TEM technique and are shown in Figure 5. HR-
TEM micrographs showed that the particles were predomi-
nantly spherical shaped, whereas quasispherical and hexago-
nal particles were also observed. The size of the particles was
within the range of 20.3 nm to 60.5 nm. The mean size was
measured as 35.1 nm. Ring patterns were observed in SAED
analysis (Figure 6); the crystalline nature as predicted in the
XRD analysis matched with the results of the SAED pattern
obtained for the AgNPs. Spherical nanoparticles are fre-
quently obtained in the synthesis of AgNPs using plant
extracts; here, multishaped nanoparticles were observed in
HR-TEM micrographs. The antimicrobial potential of mul-
tishaped AgNPs was tested against three microbes including
two gram positive and one negative in a study, which

Spherical

20 nm
Hexagonal

(a)

10 nm

Quasi spherical

(b)

Figure 5: TEM micrograph of AgNPs at (a) 20 nm and (b) 10 nm.
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Figure 6: SAED pattern of AgNPs.
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concluded that the antimicrobial properties of AgNPs were
shape-dependent and Ag ion release was entirely based on
the shape of the nanoparticles [27].

3.3. Free Radical Scavenging Activity of AgNPs. The free rad-
ical scavenging potential of the synthesized NPs was deter-
mined using three different in-vitro free radical scavenging
assays. For all the assays, ascorbic acid (vitamin C) was taken
as the antioxidant standard. Among the different tested con-
centrations, maximum inhibition of molecules containing
unpaired electrons in their valence shell was evidenced at
25μg/ml concentration. The ability of AgNPs to scavenge
DPPH and H2O2 was excellent when compared to ABTS
radicals. The IC50 of DPPH radicals exposed to AgNPs was
8:3 ± 0:4μg/ml, whereas 12:4 ± 1:2μg/ml and 9:6 ± 0:2μg/
ml were recorded as the IC50 for ABTS and H2O2 radicals,
respectively. The inhibition ability augmented with increase
in AgNPs concentration, indicating that the reaction was
concentration/dilution-dependent. Free radical scavenging
percentage recorded for ascorbic acid was 89%, 62.34%,
and 81.12% for DPPH radicals, ABTS radicals, and H2O2
radicals, respectively. The scavenging percentage of AgNPs
was 83.4%, 47.3%, and 79.1% for the above-mentioned rad-
icals in the same order; this was almost similar to the ability
of the standard. The results of the present study were similar
to a study where AgNPs synthesized from A. cepa showed
impressive antioxidant activity when compared to the activ-
ity of ascorbic acid. The free radical capacity of the AgNPs

can be related to the ability of the AgNPs to transfer elec-
trons thus neutralizing the free radical production [28].

3.4. Antifungal Potency of AgNPs. The antifungal activity of
the biosynthesized AgNPs examined by agar well-plate
method is shown in Figure 7. C. albicans was observed as
the least resistant species among the tested pathogens.
AgNPs showed similar inhibitory effect when compared to
the standard antibiotic amphotericin B (Table 1). Interest-
ingly, all the tested pathogens were susceptible to the treat-
ment of AgNPs. The inhibition area obtained for AgNPs
against C. albicans was 20± 0.7mm, and the lowest activity
was observed for C. glabrata (9 ± 0:3mm). Advancements
in the development of antifungal drugs have been limited
due to the eukaryotic nature of the fungi which is similar
to higher organisms. Ergosterol synthesis pathway has
always been a main target in the identification of antifungal
drugs owing to its deviating nature from the mammalian
pathways [29]. 30 different Candida species are estimated
to affect humans; among these, 80% of the candidiasis cases
are caused by C. albicans, C. glabrata, C. parapsilosis, and C.
tropicalis. It has been identified that strains of C. glabrata
and C. krusei are resistant to azole antifungal agents,
whereas C. parapsilosis is less susceptible to the treatment
of echinocandins [30]. Mutation in Candida strains has a
major role to play in their resistance towards azole drugs.
Point mutation in ERG11 gene can confer increased resis-
tance of C. albicans towards azoles. This can also vary in
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Figure 7: Anticandida activity of AgNPs. (a) C. albicans was highly susceptible to AgNP treatment, and (b) C. glabrata was the least
susceptible species.

Table 1: Inhibition zone diameter of synthesized AgNPs.

S. no. Pathogens Inhibition zone (mm)
Distilled water Amphotericin B AgNPs

1 C. albicans Nil 17 ± 0:3 20 ± 0:7
2 C. krusei Nil 17 ± 0:2 18 ± 0:04
3 C. parapsilosis Nil 15 ± 1:2 18 ± 0:1
4 C. tropicalis Nil 13 ± 1:3 12 ± 0:3
5 C. glabrata Nil 13 ± 2:1 9 ± 0:3
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other Candida organisms; for example, C. glabrata does not
show azole resistance based or ERG mutation, but the resis-
tance in developed due to the mutation in CgPDR1 tran-
scription factor [31].

Over a 10-year period, C. glabrata has showed the max-
imum resistance (more than 13%) towards antifungal
agents. This was evidenced in the present study, also, C.
glabrata was the least susceptible strain when exposed to
standard antifungal agent, and similarly, the inhibitory effect
of AgNPs was less on C. glabrata when compared to the
other tested organisms. AgNPs synthesized using Hill garlic
extract have been rarely tested against Candida strains. In a
previous study, AgNPs synthesized using garlic extract were
found to have mild effect on C. albicans but exhibited excel-
lent activity against S. aureus and E. coli [32]. Similarly, in
another study, the antibacterial activity against vaginal bac-
terial strains exerted by eco-friendly AgNPs synthesized
using garlic extract was commendable [33]. Amphotericin
B, the standard antifungal agent used in the study, also
exhibited inhibitory effect on the tested Candida strains.
Amphotericin B belongs to the class of polyene antifungal
agents and acts by inducing pore formation in the outer
membrane of the microorganism. Ergosterol acts as the
main target for amphotericin B to which it binds strongly
and leads to formation of pores. It has also been identified
that this antifungal agent modulates the immune system
and provides a protective effect against pathogens. However,
the toxicity in the host on continuous use of amphotericin B
must be taken into consideration [34]. AgNPs are presumed
to aggravate membrane permeability and cellular damage
that can plausibly lead to the discharge of cell content
including nucleic acids and proteins resulting in the death
of the organism [35]. Our results showed that AgNPs syn-
thesized using Hill garlic extract can be a potential antifun-
gal agent against five different Candida strains.

4. Conclusion

In this study, AgNPs were synthesized using Hill garlic
(“Malai Poondu”) extract by a feasible, robust, and
environment-friendly approach in a single-reduction step
without the use of chemical reducing agents. Multishaped
AgNPs with an average size of 35.1 nm were obtained. The
nanoparticles exhibited high free radical scavenging efficacy
against DPPH, ABTS, and H2O2 free radicals. Strong inhib-
itory potential against five Candida strains was observed
indicating the possibility of AgNPs to act as promising anti-
fungal agents that have the possibility to reduce AMR and
antibiotic pollution.
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A simple hydrothermal method is developed for the synthesis of high-quality type II core-shell CdSe/CdTe quantum dots (QDs).
The XRD results reveal the formation of mixed phases of CdSe and CdTe with a grain size of 12.6 nm. SEM morphology confirms
the uniformly distributed nanoscale CdSe/CdTe with no agglomeration. EDX confirms the elemental presence of Cd, Se, and Te in
the compound. TEM results suggest that the size of spherical CdSe/CdTe core-shell QDs is in the range of 8~10 nm. Significant
results of the SAED pattern confirm the core and shell components as CdSe and CdTe, respectively. The correlation between the
synthesis procedures and the corresponding structures of the core-shell CdSe/CdTe QDs is discussed. The demonstrated
monodispersed lattice structure of core-shell CdSe/CdTe QDs has excellent PL emission properties at λemi ~ 585 nm which is
suitable for photovoltaic applications. The UV-Vis absorption bands at 455 nm and 560 nm confirm exciton emission due to
the type II matrix of CdSe/CdTe QDs.

1. Introduction

Nanoscience and nanotechnology breakthroughs have
unlocked several possibilities in various fields, including
solar cell systems, photodetectors, electrical injection lasers,
and optical waveguides [1]. With the rapid advancement of
synthesis, characterization, and methods, scientists have dis-
covered that combining multicomponent nanomaterials and

tuning their composition profile can result in more desirable
properties such as textural morphology and electrical and
optical behaviour which leads to enhancement of their appli-
cations in a wide variety of fields [2, 3]. Due to the tunable
architecture, nanomaterials especially the core-shell nano-
structures have an impact in most of the thrust research areas
in recent years. Following solar energy conversion and in
conjunction with the use of heterostructures, nanostructures
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give various compensations, one of which is the quick exciton
dissociation. In recent years, CdSe-CdTe heterostructures
have been developed to improve the integration of CdTe
and selenide components in solar cell structures for the com-
pelling benefits of a number of these desirable features [4].
However, a critical factor limiting conversion capability is
going to be the rapid relaxing of high-energy excitons
(photostimulated) into low-energy excitons, resulting in
excess energy from their conversion to heat energy via pho-
ton emission. Another factor affecting performance is photo-
induced excitons dissociating into holes and free electrons,
rather than recombination [5].

In general, the efficiency of unique photovoltaic device
conversion is constrained by the solar energy distribution
system which is associated with the host materials’ bandgap.
As a result, it is critical to synthesize materials with excep-
tional stability, a limited size range, and significant luminous
performance [6]. At the moment, core-shell nanostructures
of CdTe are being developed, in which conduction of core
and valence bands are generally larger (or smaller) in com-
parison to that of the shell. Because of the exciton dispersion
of heterostructure spatial separation, nanostructures can
allow access to longer wavelengths than shell materials or
single-core atoms [7].

This present work deals with CdSe/CdTe core-shell-
based structures of type II QDs that critically rely on their
synthesis processes and are examined with traditional pow-
der X-ray diffraction (PXRD), SEM-EDX, TEM, and SAED
pattern and optical characterization (UV-Vis, PL spectrum).
The correlation between the synthesis procedures and the
corresponding structures of the QD for the photovoltaic
and energy storage applications is discussed.

2. Experimental Section

2.1. Materials. All the chemical reagents are of analytical
grade (AR) and used without any further purification. The
precursors, cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O)
(Merck 99%), sodium selenite (Na2SeO3) (Merck 98%),
sodium borohydride (NaBH4) (Sigma-Aldrich, >98%), Te
(Merck), hydrazine hydrate (N2H4·H2O) (Merck), ammonia
(NH3·H2O), sodium tetra borate (Na2B4O7) (Sigma-Aldrich,
99%), and L-cysteine (C3H7·NO2S) (Sigma-Aldrich, 97%),
are acquired and used for the synthesis of CdSe/CdTe quan-
tum dots. Milli-Q water used for hydrothermal reactions is
collected from Millipore Milli-Q lab water system.

2.2. Synthesis of CdSe/CdTe QDs. CdSe/CdTe QDs have been
synthesized in a two-step process such that the CdSe nano-
particles are prepared separately and mixed with the precur-
sors of CdTe in a hydrothermal process. The precursor
materials used for CdSe synthesis are cadmium nitrate tetra-
hydrate (Cd(NO3)2·4H2O), sodium selenite (Na2SeO3),
hydrazine hydrate (N2H4·H2O), and ammonia (NH3·H2O).
The raw materials Cd(NO3)2·4H2O and Na2SeO3 are taken
in a molar ratio of 2 : 1. The detailed synthesis procedure
of CdSe nanoparticles has been carried out in a similar
method as discussed in the earlier reports of the authors,
Ramalingam et al. and Lin et al. [8, 9]. In order to prepare

CdTe, one of the precursor materials NaHTe is freshly pre-
pared by mixing NaBH4 with Te by a 2 : 1 molar ratio dis-
solved in aqueous solution as mentioned in the following
reaction:

4NaBH4 + 2Te + 7H2O⟶ 2NaHTe + Na2B4O7 + 14H2↑
ð1Þ

Stoichiometry amounts of NaBH4 (0.75 g) is transferred to
a conical flask which has already been chilled with ice,
followed by 10ml of H2O and Te (2.55 g) powder. The reac-
tion of NaBH4 with Te is shown in equation (1). After 2 hours
of stirring, the black Te powder is dissolved in sodium borohy-
dride solution. The reaction of NaBH4 with Te produces
sodium tetra borate (Na2B4O7) white precipitates at the bot-
tom of the flask along with the supernatant sodium hydrogen
telluride (NaHTe). A tiny exit is linked to the flask which
allows the escape of hydrogen pressure developed. The super-
natant NaHTe is separated by filtration for the CdTe prepara-
tion. In order to synthesize CdSe/CdTe core-shell structured
quantum dots, a repeated precursor solution addition along
with an L-cysteine capping agent has been carried out. Cad-
mium nitrate tetrahydrate (Cd(NO3)2·4H2O) is dissolved in
a freshly prepared NaHTe solution along with 1.2 g of L-
cysteine (C3H7·NO2S) in 25ml of Milli-Q water, and progres-
sively CdSe is included. The overall reaction is shown in

NaHTe + Cd NO3ð Þ24H2O + CdSe ⟶
L−Cysteine

CdSe
− CdTe↓+NaOH+N2O↑+4H2O + 2O2↑

ð2Þ

The NaOH formed during the reaction could maintain the
required solution pH as high as possible. The solution is
shifted to a Teflon-lined autoclave and kept in an oven at
180°C for 6 hours. Figure 1 illustrates a step-by-step process
of the CdSe/CdTe quantum dot synthesis process. As illus-
trated in Figure 1, as the first step, the cadmium nitrate tetra-
hydrate and sodium selenite are dissolved in double-distilled
water separately. The dissociated Cd2+ ion in cadmium nitrate
solution is turned into CdðNH3Þ2+4 complex ion when treated
with ammonia. On the other hand, the Se source Na2SeO3 is
dissociated when mixed with hydrazine hydrate, and subse-
quently hydrogen selenide (H2Se) is formed in which the oxi-
dation state of selenium changes to Se2-. A CdSe cluster is
formed when both of these Cd and Se solutions are mixed
together which is then added to the precursor solution of
CdTe as mentioned above. The ligand molecules of CdTe are
bound with the CdSe surface to produce CdSe-wrapped CdTe
quantum dots under hydrothermal treatment at 180°C as
depicted in Figure 1.

After cooling down the hydrothermal reactor, the result-
ing solution is then transferred to a refluxing conical flask
and heated to 110°C under refluxing in different duration
to control the size of CdSe/CdTe QDs. The resultant solu-
tion is then centrifuged, and the precipitates are extracted
through filtration. The precipitates are repeatedly washed
with Milli-Q water and ethanol in order to remove traces
of NaOH and impurities if any. The precipitates are
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extracted through vacuum suction filtration followed by heat
treatment at 110°C for three hours. After heat treatment, a
deep crimson CdSe/CdTe powder sample is obtained. The
final powder is investigated by XRD, SEM-EDX, TEM, and
SAED to confirm the formation of nanoscale CdSe/CdTe
core-shell structure.

2.3. Characterization Techniques. The powder XRD patterns
of the as-prepared nanocomposites are documented on a
rich SEIFER alongside nickel-filtered (monochromatic)
CuKα radiation of 1.5406Å with a 0.02°/sec scanning rate.
A JEOL Scanning Electron Microscope (SEM) at 10 kV
along with EDX (energy-dispersive X-ray analyzer) (JSM
6310) is used for investigating the morphology of the nano-
structured materials. A Transmission Electron Microscope
(TEM) (JEOL-JEM 2010) with a 200 kV acceleration voltage
is used to capture microscopic images of nanostructures. All
samples are cleaned using hexanes, methanol extraction, and
acetone precipitation. Copper grids covered with an ultra-
thin carbon film or formvar film are dipped into a toluene
or hexane solution. A 120 cm camera is used to record
“SAED (selected area electron diffraction patterns).” The
absorption spectrum is acquired using a UV-Vis-NIR spec-
trometer in the 200nm to 900 nm range (CARY 5E double
beam). The emission spectrum is recorded using a spectro-
photometer (FLOUROLET-3) in a spectral range of
300nm to 600 nm with a xenon lamp with 380nm excitation
wavelength as a source.

3. Results and Discussion

3.1. Powder X-Ray Diffraction (XRD). The as-prepared
CdSe/CdTe compound is characterized by powder XRD,
and the corresponding XRD pattern is shown in Figure 2.
The diffraction peaks observed at 24.19°, 27.62°, 42.28°, and
56.95° are ascribed to the planes (002), (101), (112), and
(002), respectively, which reveals CdSe hexagonal phase for-
mation. The diffraction peaks observed at 13.70°, 24.19°,
35.38°, and 39.87° are assigned to the planes (100), (111),
(211), and (220) of the CdTe cubic phase, respectively. The
characteristic peaks indicate the formation of the hexagonal
CdSe and cubic CdTe polycrystalline compound. The dif-
fraction peaks are of best match with JCPDS card no. 77-
2304 and JCPDS card no. 89-3011 corresponding to CdTe

and CdSe, respectively. The signatures of diffraction peaks
are wider because of the constrained particle size. Though
the CdSe is wrapped by CdTe, the diffraction peaks corre-
sponding to the cubic structure of CdSe are revealed [8].

The crystallite size as well as the induced strain is calcu-
lated by the Williamson-Hall method [10] as per

β cos θ =
Kλ
D

+ 4 ε sin θ, ð3Þ

where β is the full width at half maximum of the intensity
(FWHM), θ is Bragg’s angle, K is the shape factor which
could be used as 0.9, λ is the wavelength of the X-ray used,
D is the crystallite size, and ε represents the strain. The grain
size of CdSe/CdTe is found to be 12.6 nm by using the
Williamson-Hall formula which indicates quantum dot
(QD) formation. The unique nature of QD nanocrystals lies
in the size of the particle and coordinated shape. In order to
understand the shape and presence of elements, SEM-EDX
and TEM measurements are carried out.

3.2. SEM-EDX Analysis. Figure 3(a) shows the SEM image of
CdSe/CdTe nanoparticles. The surface morphology indicates
uniform particle size distribution of CdSe/CdTe nanoparti-
cles throughout the surface. The spherical nanoparticles are
monodispersed without agglomeration. The surface view
reveals circular shapes of the nanoparticles with particle

Cd2+

Metal Cations
in Solution
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molecules (.) Δ 180 °C
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Formation
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Figure 1: Schematic diagram of synthesis of CdSe/CdTe quantum dots.
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Figure 2: The X-ray powder diffraction patterns of CdSe/CdTe
core-shell quantum dots.
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sizes in the range of 10~20 nm. However, the size of QDs is
not precisely determined from SEM morphology for which
TEM analysis is performed. The EDS spectrum of CdSe/
CdTe indicates the presence of Cd, Se, and Te elements as
shown in Figure 3(b). The atomic and weight percentage of
Cd is high which reveals the presence of Cd bonding with
both Se and Te as in CdSe and CdTe compounds.

3.3. TEM Analysis. The size and shape of QDs are investi-
gated by using TEM imaging. Nonetheless, due to the pres-
ence of a fuzzy projection of the thin shell and to justify
the lower contrast of electron density between the shell
and core atmosphere, a vivid core-shell nanostructure illus-
trated by TEM images is reported by Sheu et al. [11]. In
order to realize the particle size and shape of QDs, an effort
is made to observe TEM morphology. The TEM images
observed for CdSe/CdTe nanostructures are shown in
Figures 4(a)–4(e). The TEM images observed at the 50-
100nm scale indicate extraordinarily highly monodispersive
and spherical-shaped nanoparticles as shown in Figures 4(a)
and 4(b). Further magnifications to the 20 nm scale as shown
in Figure 4(c) reveal the most precise particle size in the
order of 8~10nm sized quantum dots which is in concur-
rence with XRD and SEM results.

The TEM morphology at higher magnifications also
exemplifies freestanding particle dispersion without any
agglomerates which is in good agreement with SEM mor-
phology results. It is interesting to note that the as-
prepared CdSe/CdTe nanostructures are found without any
agglomeration which is naturally detected while using most
of the alternative solvents. During the synthesis of CdSe/
CdTe, L-cysteine is used as a capping agent which plays a
major role in tuning the size of QDs and alleviating the
agglomeration by producing freestanding nanoarchitectures
[8, 9]. In order to reveal the core-shell structure of the
CdSe/CdTe compound, further magnifications are per-
formed at the particle level scale. On very high magnifica-
tions at 5 nm scales, the particle surface shows a merging
of two different crystal structures which might be corre-

sponding to CdSe QDs surrounded with CdTe QD patches
as shown in Figures 4(d) and 4(e).

The surface of CdSe and wrapping compound CdTe are
indicated in circles in Figure 4(d). A mixed crystal phased
regions are apparently evidenced in Figure 4(e) which
reveals the presence of two different crystal structures in
the compound. The TEM results at higher magnifications
significantly at the 5 nm scale clearly evidence the core-
shell structure of CdSe/CdTe quantum dots. The CdSe
QDs are bound with the top layer CdTe in a heterojunction
that forms an excellent core-shell structure as confirmed by
TEM morphology.

The heterojunction core-shell structured QDs offer sig-
nificantly more impacts on photovoltaic applications. When
combined with effective exciton production and dissocia-
tion, they result in discrete channels for the transport of sep-
arated charge carriers [9]. It is now practically possible to
construct heterojunction core-shell QDs with control at
the atomic level over the core and shell positions as well as
the composites throughout the interface using current col-
loidal chemistry techniques combined with a hydrothermal
method. As a result, new routes to identify high or effective
luminescence materials for photovoltaic device application
have been unlocked [12]. In order to clarify the core and
shell components, the SAED pattern is observed at a selected
region as shown in Figure 4(f). The SAED pattern depicts
two regions with different crystal structures. The inner circle
region is attributed to the (002) plane of CdSe, and the outer
circle region is attributed to the (100) plane of CdTe. The
remarkable SAED pattern results evidently reveal the
mixture of crystal phases corresponding to CdSe as a core
and CdTe as a shell in the core-shell structured QDs. A
schematic representation of core-shell structured CdSe/
CdTe growth orientation and electron-hole trapping at the
interface in the core-shell structure is demonstrated in
Figures 5(a) and 5(b)).

The nonpolar interfaces ð10�10Þ of the surface facet are
guided towards the wurtzite (0001) direction as shown in
Figure 5(a). At the interface of the core-shell structure, a

500 nm

(a)

Cd

Element Weight% Atom%

41.22 46.64

31.50

21.86

32.68

26.10

Se

Te

1.00 2.00 3.00 4.00 5.00
Energy-kev

6.00 7.00 8.00 9.00 10.00 11.00 12
0

194

Te

Se

Cd

Cd
Te

Te

389

583

778

972

(b)

Figure 3: (a) SEM morphology and (b) EDX spectrum of CdSe/CdTe.
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fraction of holes are trapped. The trapped holes at the
interface might be acting as a cracking site or electron-
hole recombination. It is predicted to be a dangling bond
defect which is related to the defect centre due to the crack-
ing site process and as a least possibility of which may be a
recombination centre as illustrated in Figure 5(b). As dis-
cussed in TEM analysis, due to a significant lattice mis-
match among many core-shell nanoparticle locations, a
substantially less uniaxial pressure is required which could
be due to the influence of band offsets or bandgap through-
out the surface [13].

3.4. Nucleation Growth Mechanism. High-quality monodis-
persive quantum dots have been reported extensively; how-
ever, the following KHSe or NaHSe reagents have produced
broadly with the source of “Se” as the Na2SeO3 compound that
has been condensed by sodium borohydride (NaBH4) at nor-
mal reaction conditions to create Se2- [14]. In the present
work, hydrogen selenide (H2Se) and sodium hydrogen tellu-
ride (NaTeH) are used as reagents along with cadmium nitrate
for CdSe and CdTe, respectively. The reaction has been per-
formed in an open-air condition which makes the process eas-
ier and less time-consuming. The nucleation growth followed
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Figure 4: (a–e) TEM images and (f) SAED pattern of CdSe/CdTe core-shell quantum dots.
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by a larger enhancement at higher temperature may increase
the quantum efficiency and possible growth mechanism. The
surface and interface nature of the CdSe/CdTe core-shell
quantum dots may have the available source of interactions
between the interfacial charge-carrier boundaries which are
caused by trapping due to the variance of lattice direction
[15]. The defects of the interface of the CdSe/CdTe core-
shell quantum dots are due to the greater variance between lat-
tices and impact of graded interfaces. In our knowledge, the
graded core-shell creation could perhaps have multifolded
benefits such as (i) possible production of defects at the inter-
face and (ii) generation of variance in energy bands that could
enhance charge transfer flowing across the interface that leads
the internal electric field. The band alignment creates tunnel-
ling of charge carriers across the interface of the core-shell
structure. The schematic diagram displays a charge transfer
mechanism using core-shell activities along with the reverse
path of electron-hole recombination in the CdSe/CdTe
QDs [16].

3.5. Optical Absorption and Photoluminescence Properties.
Figure 6 shows both emission and absorption spectra of
CdSe/CdTe QDs. The UV-visible absorption spectrum of
CdSe/CdTe QDs has been recorded in the 200nm to
800nm spectral range. The CdSe/CdTe QDs shows an exci-
tonic peak at 560nm as shown in Figure 6(a). On the other
hand, Figure 6(b) suggests the monodispersed CdSe/CdTe
QDs and narrow size distribution of PL emission spectra at
λemi ~ 585 nm which indicates emission near the band edge.
Moreover, it is indicated that there is an increase in emission
due to HOMO and LUMO charge carriers implying direct
recombination when PL emission spectral maximum lies
closer to its absorption onset [17]. The absorption spectrum
of CdSe/CdTe QDs indicates a formation of type II core-
shell nanostructure characteristics. Therefore, the charge
spatial separation transport of quantum yield reduction is
because of wave function (focused) coverage among holes
trapped at the shell surface and localized electrons at the het-

erostructure matrix. The UV-Vis absorption band at 455nm
and a broad band at 560nm along with a PL emission peak
at 585nm indicate exciton emission of the type II matrix
which has a wider band due to the trapping mode as
observed in emission spectra [18].

The emission observed in the λemi ~ 560‐590 nm wide
regions is resulted by the existence of several structural
defects in the synthesized CdSe/CdTe material. The possible
reason for visible emission may be due to the surface to
volume (s/v) substantial ratio that resulted in creating inter-
stitials as well as vacancies (high-density surface defects)
which can cause a trap level. The nature of defects and dop-
ants at grain boundary leads to decreasing free carrier move-
ment and bulk counterpart surface [19].

Even though free carriers are scattered when in contact
with charged dopants or closer defects, there is a possible
decrease in mobility which restricts carrier separation [20].
In this context, the CdTe doping at low concentration results
in the development of radiative recombination with extra
centres at the CdSe which leads to the improvement in pho-
toluminescence emission intensity. The graded core-shell
formation offers a multifold benefit as evidenced from UV-
Vis and PL emission spectral analyses. Based on the optical
properties, three different arguments are categorized such
as (i) band alignment experiences at the heterointerfaces
with a lesser amount of strain at the graded core-shell in
comparison with ungraded conditions, (ii) a decrease in
defect locations at the interface, and (iii) the positioning
ending up with cascading of charge transfer locally. These
factors of CdSe/CdTe core-shell structured QDs contribute
greatly to enhancing the yield of charge separation and
charge carrier mechanism which might have an effect on
the photovoltaic device efficiency enhancements. The uni-
form spherical core-shell structured CdSe/CdTe QDs with
excellent size and shape properties could be utilized as an
electrode in energy storage applications which may have
excellent electrochemical properties.

4. Conclusions

In summary, the particular work emphasizes a controlled
synthesis of core-shell structured CdSe/CdTe quantum dots
by a colloidal chemistry approach equipped with the hydro-
thermal technique. The CdSe/CdTe compound has been
investigated by powder XRD which reveals the mixture
phase polycrystalline hexagonal CdSe and cubic CdTe for-
mation. The grain size determined from XRD results by
the Williamson-Hall method indicates 12.6 nm. The SEM
morphology indicates uniform monodispersed spherical
nanoscale particles of CdSe/CdTe. The EDX confirms the
presence of Cd, Se, and Te in the CdSe/CdTe compound.
TEM investigations confirm the spherical-shaped core-shell
structured quantum dots and precise particle sizes ranging
between 8 and 10nm which is in good agreement with
XRD and SEM results. The SAED analysis of CdSe/CdTe
confirms the core and shell components as CdSe and CdTe,
respectively, which significantly proves the core-shell struc-
ture elements. With the existence of an absorbance charac-
teristic, the SAED pattern that approximated the core-shell
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Nanoparticles are an emerging concept for increasing fuel properties. The purpose of this research work is to determine the effect
of magnesium oxide nanoparticles on the performance and emission characteristics of diesel engines that run on a spirulina
microalgae biodiesel blend (B20) as a fuel. The ultrasonication was used to disperse MgO nanoparticles in B20 fuel at various
concentrations (25, 50, 75, and 100 ppm). The significant findings indicated that B20+100 blends reduced specific fuel
consumption by 20.1% and had a 5.09% higher brake thermal efficiency than B20. B20+100 blends reduced CO, hydrocarbon,
and smoke emissions by a maximum of 32.02%, 30.03%, and 26.07%, respectively, compared to B20.

1. Introduction

Fossil fuels are considered conventional and nonrenewable
sources. These fossil fuel resources gradually decrease, and
their adverse effects on the atmosphere increase day by
day. Diesel engines, in particular, are a significant contribu-
tor to major environmental issues such as global warming,
ozone depletion, and unpredictable climate change. There
are various effective methods for lowering diesel engine
emissions, including engine modification, combustion
enhancement, and exhaust gas treatment systems. Engine
combustion appears to be the most preferred method, as it
requires only minimal changes to existing engine systems
rather than new designs. This is performed by modifying
the fuel injection system, using fuel additives, and adjusting
the fuel characteristics. The fast depletion of petroleum fuel
stocks and severe environmental impacts have motivated
us to seek environmentally friendly alternative energy
sources. In comparison to other crops, algae are the most

promising source of oil due to their rapid development,
capacity to grow in various situations, the potential for larger
yields, and similar qualities to standard biodiesel. The
amount of oxygen present in a microalgae-based bio-oil is
more significant than that in fossil fuels. However, biodiesel
has several disadvantages, such as lower fuel atomization
and higher viscous nature, resulting in lower NOx emissions
and BTE reductions. Recent advancements in nanotechnol-
ogy have allowed nanotechnology to develop nanosized mol-
ecules, which aid in improving thermal properties, thus
assisting combustion with its significant volume-surface
ratio to improve fuel characteristics and performance while
lowering diesel engine emissions [1]. Metal oxide nanoparti-
cles have been used as a viable additive with fuels to enhance
their performance and combustion characteristics. The vari-
ous metal oxide nanoadditives are aluminum, titanium, and
zirconium. Manganese, copper, cerium, and zinc have been
used as catalysts for complete combustion and reduced
emissions from the exhaust. In a single-cylinder diesel
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engine, they were tested using hinge methyl oil esters and
carbon nanotubes. The carbon nanotube blended biodiesel
with a concentration between 25 ppm and 50ppm improved
the engine performance with reduced emissions. They con-
clude that B20 using 40 ppm titanium oxide nanoparticles
improved performance and combustion properties [2]. With
the use of nanoadditions, engine exhaust emissions were
reduced dramatically. The titanium oxide nanoparticle addi-
tive with Calophyllum inophyllum biodiesel has reduced the
brake-specific fuel consumption increasing the brake ther-
mal efficiency [3]. In conjunction with various biodiesel frac-
tions, the impact of titanium oxide on engine performance
and emission characteristics was investigated. They discov-
ered a significant enhancement in thermal efficiency and
reduced pollutants such as hydrocarbons, carbon monoxide,
and nitrogen oxides [4]. The effects of alumina nanoparticles
in biodiesel generated from spent cooking oil have been
studied. The carbon monoxide and hydrocarbon emissions
are decreased by 2.94 and 20.56%, respectively, whereas N
Ox emissions increased by 43.61% [5]. According to the lit-
erature review, incorporating nanoparticles into blends is
the most inventive strategy for improving performance and
emission characteristics. The current study investigates the
extraction of oil from spirulina microalgae and its transester-
ification to methyl ester. The magnesium oxide nanoparti-
cles were mixed with a spirulina methyl ester at various
doses, including 25, 50, 75, and 100 ppm. The compression
ignition engine’s performance and emission characteristics
were assessed.

2. Materials and Methods

2.1. Spirulina Algae Oil. Spirulina represents biomass called
cyanobacteria. Spirulina thrives in an alkaline environment
at a pH of around 8.5 and above and a temperature around
30°C. They are autotrophic in nature. Biodiesel made from
dried spirulina algae would be made available as an excellent
replacement fuel for diesel engines. It may thrive in both
freshwater and saltwater. Spirulina has a lipid content rang-
ing from 10% to 25% by weight. The primary benefit would
be the cost and abundance of this fuel since spirulina algae
can be quickly harvested regularly. Because of the consistent
availability of this fuel, the demand for it can be easily sup-
plied [6]. The spirulina biomass is shown in Figure 1. Its
production can be doubled in less time if grown in con-
trolled climatic conditions. The high lipid content in the
algae makes it suitable for the extraction of methyl ester
and its use as an alternate fuel. Table 1 shows the biomass
and lipid productivity of the selected microalgal species.

2.2. Transesterification. In most cases, biodiesel is made by
reacting vegetable oil with methanol in the presence of a
catalyst to form monomethyl esters and glycerine as a by-
product. The reaction temperature, the molar ratio of alco-
hol and oil, the catalyst, the reaction time, and the presence
of FFA concentration all influence the conversion of methyl
esters from vegetable oil. The temperature of reaction at
atmospheric pressure between 45 and 70°C gives maximum
yields of methyl ester. The percentage of biodiesel yield

mainly depends on the type of transesterification it
undergoes. During the transesterification process, the molar
ratio of alcohol used plays a vital role in forming methyl
esters. Most studies reported that a molar ratio of 5 : 1 yields
the maximum biodiesel yield during the transesterification
process. The type of catalyst used in the process enhances
the reaction during the production of biodiesel. Acid or alka-
line catalyst is used depending on the type of transesterifica-
tion process during the reaction. The reaction time normally
is 8-12 hours for acid transesterification to reduce the FFA
content below 2%. Then, the process undergoes alkaline
transesterification due to alcohol and a catalyst for 6-8 hours
for yielding maximum biodiesel. The reaction time of bio-
diesel yields varies from oil to oil and the type of FFA con-
tent in it. The glycerine was the denser liquid, which
collects at the bottom after a few hours of settling. This
phase was completed within 3-4 hours of settling. After
transesterification of spirulina microalgae biodiesel, the vis-
cosity was reduced, which is closer to the diesel.

2.3. Magnesium Oxide Nanoparticle. Magnesium oxide has
been the subject of intense study due to its unusual charac-
teristics, including a heavy ionic character, simple stoichi-
ometry, crystal structure, and surface structural defects.
Due to the peculiar composition of nanoscale, magnesium
oxide possesses unique optical, electrical, electromagnetic,
thermal, mechanical, and chemical properties. Table 2 indi-
cates the physical and chemical properties of magnesium
oxide nanoparticle.

2.4. Preparation of Samples with Nanoparticle. The nano-
mixes were made one at a time with B20 made from spiru-
lina methyl ester and the nanoparticle MgO, with B20
concentrations of 25, 50, 75, and 100 ppm added to each
blend using an ultrasonicator. Ultrasonication is the most
appropriate technique for dispersing nanoparticles in a base
solution since it enables the reaggregation of nanoparticles
to the nanometre scale. The nanoparticles were scattered in
both biodiesel blends, weighted to 25 ppm of volume con-
centrations, and stretched for 30 minutes in both blended
fuels using a 120-watt and 40 kHz ultrasonicator, respec-
tively, to produce nanoparticle-based biodiesel fuel B20

Figure 1: Spirulina biomass.

2 Journal of Nanomaterials



RE
TR
AC
TE
D

RE
TR
AC
TE
D

+25 ppm of MgO. Biodiesel fuels with mass fractions of 50,
75, and 100 ppm were mixed using the same method. The
test fuel qualities were analyzed in the American Society
for Testing and Materials standards after the blend was pre-
pared, as shown in Table 3.

2.5. Experimental Setup. A single-cylinder, water-cooled die-
sel engine was used to test the fuel samples. The cylinders are
87.5mm in diameter and 110mm in length. With a steady
speed of 1500 rpm and a compression ratio of 16.5 : 1, the
engine’s maximum performance is 5.2 kW. The injection
pressure was 210 bar, with a 23° bTDC injection timing.
The diesel engine was inherently related to the dynamome-
ter used to change the load. The load for the engine is
between 0% and 100%, with every phase increasing by
25%. The AVL 437 C smoke meter was used in this study.
A smoke meter was used to determine the test engine’s
smoke opacity. The pollutants produced by the engine are
composed of numerous gases and smoke evaluated using a
five-gas pollution analyzer. The exhausts of CO, HC, and
NOx were examined using a five-gas contaminant analyzer.
Table 4 shows that the emissions were measuring instru-
ments with accuracy. A schematic arrangement of the exper-
imental setup is shown in Figure 2.

3. Results and Discussion

3.1. Brake-Specific Fuel Consumption. The BSFC is a ratio
computed by dividing the amount of fuel spent by the
amount of energy produced over a given period. For all test
fuels, the variation in brake-specific fuel consumption as a
function of load is illustrated in Figure 3. The average drop
in BSFC was 4.2%, 13.5%, 18.3%, and 20.1% for MgO con-
centrations of 25, 50, 75, and 100 ppm, respectively. When
B20+100 ppm is substituted for B20 at full load, the BSFC
decreases by 20.1%. The BSFC value of B20+100 ppm com-

binations was found to be lower than that of the other
blends. Complete combustion occurs due to the magnesium
oxide nanoparticles acting as oxygen boosters, resulting in
lower fuel use than pure biodiesel [7].

3.2. Brake Thermal Efficiency. Brake thermal efficiency is
related to the engine’s actual braking power and power
transmitted to the engine. Figure 4 depicts the percentage
load vs. the tested fuel blends’ brake thermal efficiency
values. When B20 is compared to B20+25, B20+50, B20
+75, and B20+100, the percentage increase in BTE is 1.8,
2.5, 3.1, and 5.09, respectively. At full load, the maximum
BTE increased by 5.09% when B20+100 ppm fuel was used.
Nanoparticles accelerate the mixing of A/F, resulting in
more efficient fuel burning. Increased oxygen, increased
evaporation, microexplosions, and a larger surface-to-
volume ratio of nanoparticles also contribute to a higher
BTE. It was also discovered that increasing the concentration
of MgO nanoparticles boosts BTE because heat is released
more quickly during the combustion process [8].

3.3. Carbon Monoxide. Carbon monoxide emissions are usu-
ally a consequence of insufficient oxygen in the combustion
chamber, which prevents the fuel from being completely
burnt. Engine speed, fuel type, injection time, injection pres-
sure, and air/fuel ratio are all elements that affect carbon
monoxide emissions [9]. Figure 5 shows the variance in
CO emissions with load for all of the fuels that were evalu-
ated. B20 emits more carbon monoxide than B20 with
MgO nanoparticle combinations because of the lower oxy-
gen concentration of the spirulina methyl ester. The experi-
ment results indicate that the B20+100 ppm fuel produces
less carbon monoxide than the other tested fuels. The CO
emissions of the B20+100ppm blend are 32.02% lower than
those of B20. The greater concentration of oxides in nanoad-
ditive blend fuels ensures enough oxygen for complete com-
bustion. The complete burning of MgO nanoparticle-mixed
SME biodiesel reduces CO emissions.

3.4. Hydrocarbon Emission.When fuel is burned inefficiently
and the flame is quenched near the combustion chamber
walls, hydrocarbons are formed [10]. Figure 6 depicts the
variation in HC emissions as a function of applied load for
all test fuels. B20, B20+25, B20+50, B20+75, and B20
+100 ppm are used in this proportion. HC emissions were
33, 31, 29, 26, and 23. Compared to B20, the percentage drop
in hydrocarbon for B20+100 ppm MgO at maximum load
was 30.03%. The experimental results indicate that B20
+100 ppm blends had a lower hydrocarbon content than
other blends examined. By aiding complete combustion

Table 1: Biomass and lipid productivity of the selected microalgal species.

S. no Microalgae Biomass concentration (mg/L) Lipid content (%) Lipid productivity (mg/L·d) Biomass productivity (mg/L·d)
1. Spirulina 610 ± 0:001 68 ± 0:002 29 ± 0:001 43 ± 0:002
2. Chlorella vulgaris 367 ± 0:002 38 ± 0:001 10 ± 0:001 26 ± 0:001
3. Volvox carteri 226 ± 0:001 33 ± 0:003 5 ± 0:003 16 ± 0:001

Table 2: Properties of magnesium oxide.

Specification of nanoparticles

Supplier M/s Sigma-Aldrich

Chemical formula MgO

Appearance White powder

Density (g/cm3) 3.6

Melting point (K) 3125

Boiling point (K) 3870

Molar mass (g/mol) 40.304

3Journal of Nanomaterials
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and acting as an oxygen shield, MgO nanoparticles contrib-
ute to additional reductions in hydrocarbon emissions by
delivering enough oxygen at greater loads to achieve consis-
tent fuel combustion [10].

3.5. Smoke Opacity. Smoke emissions are attributed to an
overabundance of oxygen in the fuel mixture, low combus-
tion rate, atomization factors, fuel injection phenomena,
and the formation of rich mixer zones [11]. Figure 7 depicts
the influence of load on smoke density for different blends.

Due to several affluent mixing zones within the combustion
chamber, smoke emission increases significantly as load
increases, resulting in inadequate combustion and increased
smoke opacity. According to the graph, the smoke density
for B20+100ppm blends is less than that for B20 fuel. Com-
pared to B20 at full load, the B20+100 ppm sample reduced
smoke opacity by nearly 26.7%. The reduction in smoke pol-
lution resulted from the MgO nanoparticle-blended fuels’
shortened ignition latency, rapid evaporation rate, and
enhanced ignition characteristics [12].

Table 3: Properties of biodiesel and biodiesel with different concentrations of nanoadditives.

Fuel properties Test method B20
Biodiesel with nanoparticle

B20+25 B20+50 B20+75 B20+100

Specific gravity ASTM D891 0.843 0.852 0.858 0.863 0.868

Kinematic viscosity (mm2/s) ASTM D445 2.41 2.46 2.53 3.01 3.03

Flash point (°C) ASTM D93 87 85 76 74 71

Calorific value (kJ/kg) EN 14214 41154 41234 41523 41656 41754

Pour point (°C) ASTM D97-12 4 3 2 1 1

Table 4: Emissions were measuring instruments with accuracy.

S. no Instruments Range Accuracy

1 Exhaust emission analyzer

CO: 0-10% Vol ± 0:01%
HC: 0-10000 ppm ±10 ppm

CO2: 0-20% Vol ± 0:02%
NOx : 0-5000 ppm ±10 ppm

0–100% ±1%
2 AVL smoke meter 0–100% ±1%

Pressure
gauge

Five AVL gas
analyzer

Smoke
meter

Engine
Data acquisition

system

Eddy current
dynamometer

Fuel tank

Fuel
pumpAir

Figure 2: Block diagram of the experimental work.
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3.6. Nitrogen Oxide Emission. NOx is a chemical molecule
generated during the combustion process of an internal
combustion engine when nitrogen and oxygen react at ele-
vated temperatures. Figure 8 depicts the variance in NOx
emissions as a function of applied load for all test fuels.
The graph demonstrates that spirulina methyl ester with
magnesium oxide blends emits more NOx than B20. NOx
emissions in ppm for B20, B20+25, B20+50, B20+75, and
B20+100 were determined to be 785, 815.2, 820, 835, and
851.3, respectively, at maximum load circumstances. The
addition of MgO nanoparticles to the B20 blend increased

NOx emissions. This is because biodiesel contains more oxy-
gen, and the combustion chamber is heated to a high degree.
The thermal process describes the reaction between oxygen
and nitrogen in the combustion chamber at high temperatures
through chemical phases. Improved combustion of biodiesel
blends with MgO additives results in higher NOx emissions,
which leads to higher combustion temperatures [13].

4. Conclusions

These experiments assessed the impact of a 20% spirulina
microalgae biodiesel blend with diesel on magnesium oxide
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nanoparticles. Tests were done to measure the impact of a
spirulina microalgae biodiesel blend of 20% with diesel in
magnesium oxide nanoparticles. A B20 mixture was added
to MgO nanoparticles at 25, 50, 75, and 100 ppm. By
varying the amount of magnesium oxide nanoparticles
added to the test for fuel B20, the performance and emis-
sions of a single-cylinder diesel engine were experimen-
tally tested. Spirulina microalgae biodiesel has poor BTE
and BSFC fuel properties due to its low calorific value.

When MgO was combined with spirulina methyl ester,
its catalytic behavior dramatically increased BTE and
reduced BSFC.

As a consequence of the experiment, substantial reduc-
tions in greenhouse gases such as CO, HC, and smoke
were detected. The BSFC percentage was reduced to
20.1% in the B20+100ppm combination, whereas BTE
was raised by roughly 5.09%. In CO, HC, and smoke
greenhouse gases, emissions from CO, HC, and smoke
dropped by about 32.02%, correspondingly 30.03% and
26.7%, compared to the maximum loaded blend from
B20. Because of the rise in the combustion temperature,
B20+100 ppm blends of nitrogen oxide are at the maxi-
mum load marginally higher than B20. Without incurring
additional expenditures, spirulina biodiesel enhanced with
magnesium oxide nanoparticles may be utilized in diesel
engines to replace diesel.

Abbreviations

BTE: Brake thermal efficiency
BSFC: Brake-specific fuel consumption
B20: 20% spirulina methyl ester+80% pure diesel
B20+25ppm: 20% spirulina methyl ester+80% pure diesel

+25 ppm of MgO
B20+50ppm: 20% spirulina methyl ester+80% pure diesel

+50 ppm of MgO
B20+75ppm: 20% spirulina methyl ester+80% pure diesel

+75 ppm of MgO
B20+100ppm: 20% spirulina methyl ester+80% pure diesel

+100 ppm of MgO
bTDC: Before top dead centre
CO: Carbon monoxide
EDX: Energy-dispersive electron microscope
HC: Hydrocarbon
kHz: Kilohertz
Kw: Kilowatts
MgO: Magnesium oxide
Nm: Nanometer
NOx: Nitrogen oxide
O: Oxygen
ppm: Parts per million
rpm: Revolution per minute
SMB: Spirulina microalgae biodiesel
SME: Spirulina methyl ester
TiO2: Titanium oxide
ZrO2: Zirconium oxide.
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The synthesis of several metal complexes of d-block elements of hexadecanoic acid (palmitic acid) and its antimicrobial activity
was reported in this study. UV-Vis and FT-IR spectroscopy studies were used to characterize and confirm the produced metal
complexes by the shift in the absorbance and the formation of M-O linkage. The X-ray diffraction method was mainly used to
examine the crystallographic faces of the complexes based on the transition metals. Thermal gravimetric investigation revealed
that all metal palmitate complexes had high thermal stability in the range of 250-300°C. The metal complexes of hexadecanoic
acid were examined for microbicidal activity against diverse bacterial strains and fungal pathogens using the agar well diffusion
method. The copper palmitate complex presented excellent antibacterial activity among the other metal complexes. These
outcomes suggest of using fatty acid metal complexes as a suitable candidate in several biomedical applications.

1. Introduction

Metal-ligand complexes have gained much importance in
biomedical research, owing to their physicochemical fea-
tures, as well as their numerous oxidation states and stereo-
chemistry, which make them ideal candidates for the
establishment of innovative metal-based therapeutic agents.
Furthermore, depending on the structure of the ligand, the
biological effects and reactivity of metal-based medications
can be easily modified. As a result of the interaction of metal
ions with physiologically active ligands, a single metal coor-
dination complex integrates multifunctional applications.

Palmitic acid (Hexadecanoic acid) has formula CH3
(CH2)14COOH that is the long-chain fatty acid present in

many plants resources and animals. It is extensively present
in palm oil and coconut oil. It is also naturally found in milk
products, cocoa butter, sunflower oil, and soybean oil. Hex-
adecanoic acid is formed during fatty acid synthesis (lipo-
genesis). As a result, it is found in adipose tissue [1] and
breast milk of humans [2]. Palmitic acid is used in cosmetic
industries as well as in the manufacture of soaps. The alumi-
num salt of palmitic acid is used as a solidifying component
of napalm for military uses [3]. Palmitate ester is adminis-
tered intramuscularly for curing schizophrenia. Retinyl pal-
mitate or vitamin A palmitate is further added to low-fat
milk to compensate the vitamin loss during the removal of
fats in milk. Palmitic acid is noted to increase metastasis in
mice which are similar to that of human oral cancer cells
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[4]. Palmitic acid displays antioxidant properties and helps
in the prevention of atherosclerosis in rats.

Saturated fatty acids with longer chain length like palmi-
tic acid have been reported as potential antibacterial agents
(gram positive and negative bacterial strains) for more than
two decades [5–9]. The lipophilicity of fatty acids promotes
its adsorption to penetrate easily into the cell membrane
which enhances the antimicrobial activity. Also, the unsatu-
rated fatty acids have more bactericidal action than the sat-
urated fatty acids because of the double bonds which
disrupt easily and penetrate into the cell membrane. Kim
et al. also reported the antimicrobial property of various
fatty acids (oleic acid, linoleic acid, and palmitoleic acid)
[10]. Meanwhile, when employing these unsaturated fatty
acids in biomedical products, oxidation instability of the for-
mula must be noted. Abraham et al. reported the effective-
ness of linoleic acid in inhibition of Staphylococcus aureus
biofilms due to the release of protease that increases the cell
disruption [11], because, for instance, linoleic acid degrades
into ketonic compounds via peroxide production which is
not biocompatible [12].

However, no comprehensive reports or research on the
metal complexes of saturated fatty acid for antimicrobial
infections are not done. In this present research work, we
therefore study the synthesis of various transition metals
(M=Mn, Co, Ni, Cu, and Zn) complex with hexadecanoic
acid. The investigation of antimicrobial applications of vari-

ous metal coordinated complexes of hexadecanoic acid has
been well discussed.

2. Experimental Procedure

2.1. Materials. Palmitic acid (formula weight = 256:42) was
purchased from Sigma-Alridch. The transition metal salts
(manganese (II), copper (II), cobalt (II), nickel (II), and zinc
(II)) were purchased from Merck. Ethanol was purchased
from Merck, and its purification process was carried out
according to the Vogel standard procedures. Demineralized
water was used for all experiments.

Table 1: Physical characteristics of metal coordinated complexes of
palmitic acid.

Emprical formula
of the complex

Molecular
weight

m.p
(°C)

Color
Yield
(%)

C32H66O6Mn 600.9 117.2 White 66

C32H70O8Co 640.9 109.1 Purple 75

C32H66O6Ni 604.7 128.2
Light
green

64

C32H66O6Cu 609.5 120 Blue 60

C32H70O8Zn 647.4 123 White 71

Table 2: UV-Vis spectral data for ligand palmitic acid and metal
palmitates.

Compound Wavelength (nm) Assignment

Ligand palmitic acid 273 n⟶ π∗

Manganese palmitate
210
290

π⟶ π∗

n⟶ π∗, CT

Cobalt palmitate
208
284
532

π⟶ π∗

n⟶ π∗

d-d transition,CT

Nickel palmitate
217
264
553

π⟶ π∗

n⟶ π∗

d-d transition, CT

Copper palmitate
233
705

π⟶ π∗

d-d transition, CT

Zinc palmitate 211 π⟶ π∗, CT

200 300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

A
bs

or
ba

nc
e (

a.u
.)

Wavelength (nm)

PA
MnPA
CoPA

NiPA
CuPA
ZnPA

Figure 1: Absorption spectra of palmitic acid and its metal
complexes.
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Figure 2: FT-IR spectra of palmitic acid and its metal complexes.
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2.2. Synthesis of Metal Coordinated Complexes of
Hexadecanoic Acid. Ligand hexadecanoic acid was added
and stirred continuously to dissolve in the ethanol. 0.01M
metal salt solution (Mn2+/Co2+/Ni2+/Cu2+/Zn2+) was added
in dropwise and refluxed for 3 hours at 50-55°C. Sodium
hydroxide solution (0.1M) was further added in drops to
maintain pH9-10. White colored-manganese and zinc,
pink-cobalt, pale green-nickel, and blue-copper complexes
were formed, filtered, rinsed with water and alcohol, and
dried at 50°C.

2.3. Characterization of Metal Complexes of Hexadecanoic
Acid. The absorption spectrum for the formation of metal
complexes of palmitic acid was characterized using UV-Vis
spectrophotometer in the wavelength range of 200-800 nm
(Perkin Elmer Lambda 950). The vibrational frequencies of
metal coordinated complexes were recorded using Nicolet
6700 spectrometer (Thermo, USA). The crystallographic
nature of the complexes was analyzed in the range of 5-90°

using copper source. The XRD peaks of the metal-hexanoic
acid complexes were investigated using Phillips Xpert Pro
(PCPDFWIN.V.2.1). TA (Q-500) instrument was used to
study thermal degradation pattern with consistent weight
loss of the complexes which was studied at a fixed heating
rate (10°C/min) under N2 atmosphere. The morphology of
solid transition metal hexanaotes was photographed through
field emission scanning electron microscopy instrument,
JSM 6500F, JEOL. The composition of corresponding transi-
tion metal, carbon, and oxygen in the complexes was ana-
lyzed from EDS spectrum.

2.4. Cytotoxicity. For cell growth, the cells were placed in 96-
well plates containing 1% glutamine, 1% antibiotic, 10%
FBS, 5% carbon dioxide, and 1% sodium pyruvate incubated

overnight at 37°C with a density of 3:0 × 105 cells per well.
After the cells were grown well, various concentrations of
metal complexes and ligand were added to it. To attain the
final concentration, 5mg/ml MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) was added. The cells
were incubated for the formation of formazan dye for 4
hours, and then absorbance was measured [13]. After com-
paring the untreated cells with the treated cells as a control,
the analytical results were ensuing as the percentage of cell
viability. Each analysis was performed in triplicate to ensure
accuracy. The survival rate of the cells was calculated by the
following expression.

Table 3: Vibrational spectrum data of ligand palmitic acid and metal palmitate complexes.

Palmitic acid
Manganese
palmitate

Cobalt
palmitate

Nickel
palmitate

Copper
palmitate

Zinc
palmitate

Assignment

— 3437 3406 3436 3233 3429 O-H

2917
2849

2918
2849

2851
2918

2954
2918

2915
2849

2951
2918

C-H stretching of CH2 and CH3

1700
1691
1567

1529 1547
1667
1586

1538 Carbonyl and ester group

1466
1431

1466
1426

1467
1468
1427

1447
1470

1461
1397

C-O stretching of COOH

1295
1099

1274
974

1109
946

1295
1095

1111
915

1019
1298

C-C (stretching)

782
722

720 722
763
721

717 723 C-H (bending)

— 552 462 516 472 462 M-O

10 20 30 40 50 60 70 80
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Figure 3: XRD spectrum of metal palmitates.

Percentage of Cell viability = Measured absorbance of the sample treated cells/Absorbance of untreated cellsð Þ × 100 ð1Þ
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2.5. Antimicrobial Potency of Synthesized Metal Complexes

2.5.1. The Antibacterial Activity of Metal Palmitates. Both
gram positive and gram negative bacteria strains (compris-
ing Enterococcus faecalis and Staphylococcus aureus) were
tested for bactericidal activity against metal palmitate com-
plexes. Using ethanol as a solvent, metal palmitates (10mg/

ml) were prepared for the analysis. Nutrient Agar is used
to incubate species on plates. In order to test bactericidal
activity, specific strengths (400, 600, 800, 1000 g/ml) of com-
plexes were added to wells, while tetracycline was used as
standard control. The antibacterial activity was examined
after 24 hours incubated at 37°C, and the growth of an inhi-
bition zone was measured.
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Figure 4: TGA/DTG curves of metal complexes of palmitic acid.
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2.5.2. The Antifungal Activity of Metal Palmitates. Aspergil-
lus Niger fungi species was inoculated on Potato Dextrose
Agar plates at 28°C for consecutive five days. Various
concentrations of complexes were added to each well in
amounts of 400, 600, 800, and 1000 g/ml, respectively, and
incubated for 48 hours at temperature 37°C. Standard con-
trol used was ketoconazole, and zone of inhibition (in diam-
eter) was measured.

3. Results and Discussion

3.1. Physical and Chemical Characterization of Metal
Palmitates. In the binary solvent medium (aqueous-etha-
nol), metal palmitate complexes were synthesized by simple
method through the interaction of respective metal ions with
hexadecanoic acid. All complexes were having high stability.
The physical characteristic properties of the produced metal
palmitates were given in Table 1. The versatile color of the
metal palmitates depends on the metal ions and the oxida-
tion state of the metals. This general reaction given below
could be used to describe the reaction of palmitic acid with
various metal ions.

Mn+ + 2CH3 CH2ð Þ14COO− ⟶M CH3 CH2ð Þ14COO
� �

2↓
ð2Þ

3.2. The Absorption Spectra of Metal Palmitate Complexes.
Electronic absorption spectrum of palmitic acid and metal
complexes was shown in Table 2 and spectrum represented
in Figure 1. The absorption spectra signify the formation
of metal complexes with their shift in wavelength.
Absorption of palmitic acid was attributed to the n⟶
π∗ transition at around 270-280nm which were forbidden
transitions [14]. The complexation of ligand with respec-
tive metal ions could be confirmed by the shift of absorp-
tion to longer wavelengths. Cobalt and nickel complexes
showed absorption bands owing to d-d transition, but
zinc complex did not show significant changes as it has
completely filled d-orbitals. The broad band observed at
longer wave length for the copper complex indicates d-d

transition characterized by octahedral geometry of the
metal atoms [15].

3.3. The Infrared Spectral Studies of Metal Palmitate
Complexes. The vibrational spectra of ligand palmitic acid
and its corresponding metal complexes were depicted in
Figure 2, and stretching vibrational frequencies labeled in
Table 3. The vibration of C=O of the carboxylic acid
appeared at 1700 cm-1 for the pristine ligand. The disappear-
ance of this band at 1700 cm-1and appearance of new band
at 1567, 1529, 1547, 1586, and 1538 cm-1 for all the metal
carboxylates confirmed the complexation. These bands were
due to carbonyl group present in coordinated COO- moie-
ties with metal ions.

The metal complexes exhibited a broad band in 3406-
3437 cm-1 region which was assigned to the OH stretching
of coordinated water molecules [16]. The stretching (both
asymmetric & symmetric) frequencies ν(COO-) of the metal
bound carboxylates were shown absorption in the range of
1700 cm-1 and 1400 cm-1. The appearance of new band in
the range of 462-552 cm-1 was due to M-O bond stretching.
The observation could be correlated to the coordination of
ligand to the metal through oxygen donor atom. IR stretch-
ing frequencies between νass (COO)

- and νs (COO
-) was less

than 200 cm-1 could be associated to bidendate bonding of
metal palmitate complexes in powdered state. The lowering
of νass (COO

-) and rise of νs (COO
-) illustrates the bidendate

nature of the ligand. ν (C-H) of the CH3 group occurs in the
range of 2915-2954 cm-1, and ν(C-H) of methylene also
occurs in the short range of 2848-2851 cm-1.

3.4. Crystallographic Study of the Metal Palmitates. The pow-
dered samples of metal complexes peaks were recorded by
XRD shown in the Figure 3. Sharp and well-defined diffrac-
tion peaks were obtained attributed to the crystalline phase
of the complexes. The manganese (II) palmitate, cobalt (II)
palmitate, nickel (II) palmitate, copper (II) palmitate, and
zinc (II) palmitate complexes have an average crystallite size
of 23, 21, 10, 35, and 12nm, respectively. The experiential
values of Mn (II) and Cu (II) complexes were good fit for
the tetragonal crystal system, whereas Co(II) and Ni(II)

Table 4: TGA/DTG study of metal palmitates.

Complex Temperature range (°C) DTG (°C)
Weight loss (%)

Calc. Obs.
Assignment

Mn(CH3(CH2)14COO)2.2H2O
100-250
300-400

160
304

2.16
72.8

2.42
71.1

2H2O + (C15H31COO)2MnMnO2

Co(CH3(CH2)14COO)2.4H2O
50-100
300-400

83
365

5.76
84.42

5.64
85.11

4 H2O+C30H62O2

Co3O4

Ni(CH3(CH2)14COO)2.2H2O
50-100
300-400

168
349

2.44
74.42

2.58
72.73

2H2O+C12H26

C11H20 +CO+CO2+NiO

Cu(CH3(CH2)14COO)2.2H2O
50-100
250-510

65
270,323,
500

3.48
88.86

3.76
89.57

2H2O+C30H62O2

Cu2O

Zn(CH3(CH2)14COO)2.4H2O
100-150
350-450

134
399

7.38
81.12

7.68
80.14

4H2O+C20H42

C3H4+2 CO+ZnO
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Figure 5: Continued.
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complexes were good fit for the monoclinic system, and Zn
(II) complex was good fit for the triclinic system [17, 18].

3.5. The Study of Thermogravimetric Analysis. The study of
thermal analysis of the synthesized metal palmitate com-
plexes was done to analyze the decomposition behavior
and thermal stability. TGA and DTG thermograms were
presented in Figure 4. The complexes undergo dehydration
initially to give anhydrous complex in the temperature range
of 60-200°C. The dehydration of uncoordinated and lattice
water molecules occurs at less than 100°C. Decomposition
occurs between 100 and 200°C that is due to the loss of coor-
dinated water molecules. The stability of the complexes in
terms of intermediate and volatiles established on the con-
currence between the calculated and observed values were
given in Table 4. It was found that all the theoretical and
experimental values were good in agreement, endorsing the
molecular formula similar to that proposed by other spectro-
scopic techniques.

3.5.1. Manganese Palmitate Complex. The decomposition of
solid complex appeared as endothermic peaks over the range
0-600°C. The first step occurs from 100 to 250°C corre-
sponding to the removal of two water molecules represent-
ing 2.4% weight loss. The second step from 300 to 400°C
corresponding to the disintegration of organic moiety repre-
senting 71.1% weight loss.

3.5.2. Cobalt Palmitate Complex. The thermal destruction of
cobalt palmitate occurred in two stages. The first stage of
decomposition occurred in the range of 50 – 100°C could
be assigned to the elimination of four water molecules repre-
senting 5.63% weight loss. The second step occurred
between 300-400°C with the weight loss of 85.11% due to
the breakdown of organic moiety. Cobalt oxide could be
the final residue [19].

3.5.3. Nickel Palmitate Complex. The first stage of decompo-
sition was in 50–100°C recording a weight loss (2.58%) due
to the dehydration of the complex. The next stage decompo-
sition occurred in the range of 300-400°C due to decomposi-

tion of organic moiety into volatile compounds (72.73%).
The final residue could be nickel oxide [20].

3.5.4. Copper Palmitate Complex. Degradation of the com-
plex in terms of dehydration occurred at 50-100°C. The sig-
nificant decomposition between the range of 250-510°C was
observed for the decomposition and formation of organic
moiety and metallic residue, respectively [21].

3.5.5. Zinc Palmitate Complex. The first step was in the range
of 100-150°C corresponding to loss of four uncoordinated
water molecules representing the weight loss of 7.6%. The
second stage of decomposition occurred at 300-450°C con-
forming to the degradation of organic compound to CO
and ZnO [22].

3.6. Morphology of Synthesized Complexes and EDX Analysis.
The morphology of metal palmitates was displayed in
Figure 5. The formation of micro- and nanostructures could
be attributed to their significant results. Typically, manga-
nese palmitate complex formed thread like structures with
a size of approximately 1.20μm and thickness of approxi-
mately 204nm. The cobalt palmitate complex displayed
petal like structures with a thickness of approximately
285 nm. The nickel palmitate complex showed both petal
and thread like structures. The copper palmitate complex
formed both plate and rod shaped structures with a size of
approximately 4.17μm and thickness of approximately
409 nm. The zinc palmitate complex formed plate like struc-
tures with a size of approximately 1.2μm and thickness of
approximately 132nm [23]. The synthesized complexes were
analyzed on material surfaces by energy dispersive spectral
analysis (EDX). The presence of carbon, oxygen, and respec-
tive metals has been observed. The EDX analysis also con-
firmed there were no other impurities detected in the metal
complexes.

3.7. Cell Viability Study of Ligand and Metal Complexes.
Nemecz et al. studied the cell viability of palmitic acid in
combination with oleic acid on beta cells, and they reported
that the cotreatment enhances the effect of proliferation and
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Figure 5: SEM images and EDS spectra of (a) manganese(II) palmitate and (b) cobalt (II) palmitate, (c) nickel (II) palmitate, (d) copper (II)
palmitate, and (e) zinc (II) palmitate.
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Figure 7: Antimicrobial activities of metal palmitate complexes.
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Figure 6: Cell viability of ligand palmitic acid and metal palmitates.

Table 5: Antibacterial and antifungal activity data for metal palmitates.

Complex
Inhibition zone in diameter (mm)
Bactericidal∗ Fungicidal∗∗

Enterococcus faecalis Escherichia coli Pseudomonas aeruginosa Staphylococcus aureus Aspergillus Niger

MnPA Nil Nil Nil 14 16

CoPA Nil Nil 15 Nil 12

NiPA Nil Nil Nil 12 Nil

CuPA Nil Nil 14 13 16

ZnPA Nil Nil Nil Nil 16

Tetracycline∗

Ketaconazole∗∗ 30 30 30 30 28

∗Denotes standard bactericidal drug and ∗∗denotes standard fungicidal drug.
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cell viability [24]. Toxic nature of metal palmitates and
ligand palmitic acid was evaluated by MTT assay. The cell
viability of the ligand (concentration -100μg/ml) was found
to be more than 80% which was represented in Figure 6. The
toxic effect of the metal complexes was very less and coin-
cides with the biocompatibility of the ligand. Cobalt palmi-
tate and copper palmitate complexes seem to have more
viability than other complexes. The biocompatibility of
metal palmitates could be inferred to decide on their biolog-
ical applications from their cell viability.

3.8. Microbicidal Activity of Metal Palmitates. Bactericidal
activities of ligand Palmitic acid were already reported. Pal-
mitic acid coatings exhibited higher bactericidal perfor-
mance against the S. Aureus cells. Few studies showed that
palmitic acid crystallites were shown marked activity against
bacteria. The copper complex of palmitic acid displayed the
strongest activity against different bacterial strains. The anti-
bacterial activity of the metal complexes is due to the metal
chelation effect. The reactive oxygen species induced by the
copper ions causes the toxicity disrupts the cell membrane
which leads to apoptosis. The antibacterial activity of syn-
thesized metal palmitates was studied shown in Table 5 and
represented in Figure 7. The bactericidal activity of manganese
complex, cobalt complex, and nickel complex was found to be
moderate. Zinc complex of palmitic acid was resistant to bac-
teria and did not show any significant bactericidal activity due
to its poor solubility. This weak bactericidal activity may be
due to its low solubility [25]. These reports can throw more
light on the design of bactericidal drugs. Antifungal effects of
metal salts of palmitic acid against S. Apiospernumwere inves-
tigated under different water conditions, indicating that the
combination of palmitic acid soap and ultrapure soft water
had the strongest antifungal activity [26].

4. Conclusion

In the current research work, metal complexes of hexadeca-
noic acid have been synthesized in binary solvent media and
characterized. FT-IR spectra indicated the formation of M-O
linkage for all the complexes. The various morphologies of
complexes of different metal ions were also studied. The
complexes were formulated after interpreting the analytical
data. All the synthesized complexes were proven to have
very less cytotoxicity and to have more than 80% cell viabil-
ity, which will be used for many biomedical applications as
they were biocompatible. Most of the complexes were found
to have promising bactericidal activity. And all the com-
plexes have strong fungicidal activity except the nickel pal-
mitate complex.

Data Availability

No data were used in this study.

Conflicts of Interest

The authors declare that they have no conflicts of interest
regarding the publication of this paper.

Authors’ Contributions

Kavitha Govindarajan and Vijayarohini Parasuraman con-
tributed equally to this work and shared first author.

References

[1] C. A. Francois, S. L. Connor, L. C. Bolewicz, andW. E. Connor,
“Supplementing lactating women with flaxseed oil does not
increase docosahexaenoic acid in their milk,” The American
Journal of Clinical Nutrition, vol. 77, no. 1, pp. 226–233, 2003.

[2] T. Chantadee, W. Santimaleeworagun, Y. Phorom, and
T. Phaechamud, “Saturated fatty acid-based in situ forming
matrices for localized antimicrobial delivery,” Pharmaceutics,
vol. 12, no. 9, p. 808, 2020.

[3] T. Johnson, “Napalm: An American Biography. By Robert M.
Neer. (Cambridge, MA: Belknap Press of Harvard University
Press, 2013. Pp. 352. $29.95),” The Historian, vol. 77, no. 1,
pp. 134-135, 2015.

[4] A. Britschgi, S. Duss, S. Kim et al., “The hippo kinases LATS1
and 2 control human breast cell fate via crosstalk with ERα,”
Nature, vol. 541, no. 7638, pp. 541–545, 2017.

[5] C. B. Huang, B. George, and J. L. Ebersole, “Antimicrobial
activity of n-6, n-7 and n-9 fatty acids and their esters for oral
microorganisms,” Archives of Oral Biology, vol. 55, no. 8,
pp. 555–560, 2010.

[6] A. P. Desbois and V. J. Smith, “Antibacterial free fatty acids:
activities, mechanisms of action and biotechnological poten-
tial,” Applied Microbiology and Biotechnology, vol. 85, no. 6,
pp. 1629–1642, 2010.

[7] G. Agoramoorthy, M. Chandrasekaran, V. Venkatesalu, and
M. J. Hsu, “Antibacterial and antifungal activities of fatty acid
methyl esters of the blind-your-eye mangrove from India,”
Brazilian Journal of Microbiology, vol. 38, no. 4, pp. 739–742,
2007.

[8] Y. García-Cazorla, M. Getino, D. J. Sanabria-Ríos et al., “Con-
jugation inhibitors compete with palmitic acid for binding to
the conjugative traffic ATPase TrwD, providing a mechanism
to inhibit bacterial conjugation,” Journal of Biological Chemis-
try, vol. 293, no. 43, pp. 16923–16930, 2018.

[9] B. K. Yoon, J. Jackman, E. Valle-González, and N. J. Cho,
“Antibacterial free fatty acids and Monoglycerides: biological
activities, experimental testing, and therapeutic applications,”
International Journal of Molecular Sciences, vol. 19, no. 4,
p. 1114, 2018.

[10] C. J. Zheng, J. S. Yoo, T. G. Lee, H. Y. Cho, Y. H. Kim, and
W. G. Kim, “Fatty acid synthesis is a target for antibacterial
activity of unsaturated fatty acids,” FEBS Letters, vol. 579,
no. 23, pp. 5157–5162, 2005.

[11] K. T. Yuyama, M. Rohde, G. Molinari, M. Stadler, and W. R.
Abraham, “Unsaturated fatty acids control biofilm formation
of Staphylococcus aureus and other gram-positive bacteria,”
Antibiotics, vol. 9, no. 11, p. 788, 2020.

[12] J. J. Villaverde, S. A. O. Santos, M. M. Q. Simões, C. P. Neto,
M. R. M. Domingues, and A. J. D. Silvestre, “Analysis of
linoleic acid hydroperoxides generated by biomimetic and
enzymatic systems through an integrated methodology,”
Industrial Crops and Products, vol. 34, no. 3, pp. 1474–
1481, 2011.

[13] G. M. L. Sys, L. Lapeire, N. Stevens et al., “The In ovo CAM-
assay as a xenograft model for sarcoma,” Journal of Visualized
Experiments, vol. 77, no. 77, article e50522, 2013.

9Journal of Nanomaterials



Retraction
Retracted: Evaluation of Physicothermal Properties of Solar
Thermic Fluids Dispersed withMultiwalled CarbonNanotubes and
Prediction of Data Using Artificial Neural Networks

Journal of Nanomaterials

Received 11 July 2023; Accepted 11 July 2023; Published 12 July 2023

Copyright © 2023 Journal of Nanomaterials. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article has been retracted by Hindawi following an
investigation undertaken by the publisher [1]. This investi-
gation has uncovered evidence of one or more of the follow-
ing indicators of systematic manipulation of the publication
process:

(1) Discrepancies in scope
(2) Discrepancies in the description of the research reported
(3) Discrepancies between the availability of data and the

research described
(4) Inappropriate citations
(5) Incoherent, meaningless and/or irrelevant content

included in the article
(6) Peer-review manipulation

The presence of these indicators undermines our confi-
dence in the integrity of the article’s content and we cannot,
therefore, vouch for its reliability. Please note that this notice
is intended solely to alert readers that the content of this
article is unreliable.We have not investigated whether authors
were aware of or involved in the systematic manipulation of
the publication process.

Wiley and Hindawi regrets that the usual quality checks
did not identify these issues before publication and have
since put additional measures in place to safeguard research
integrity.

We wish to credit our own Research Integrity and
Research Publishing teams and anonymous and named
external researchers and research integrity experts for con-
tributing to this investigation.

The corresponding author, as the representative of all
authors, has been given the opportunity to register their

agreement or disagreement to this retraction. We have kept
a record of any response received.

References

[1] K. C. Sekhar, R. Surakasi, I. Garip, S. Srujana, V. V. P. Kumar,
andN. Begum, “Evaluation of Physicothermal Properties of Solar
Thermic Fluids Dispersed with Multiwalled Carbon Nanotubes
and Prediction of Data Using Artificial Neural Networks,” Journal of
Nanomaterials, vol. 2021, Article ID 7306189, 13 pages, 2021.

Hindawi
Journal of Nanomaterials
Volume 2023, Article ID 9785712, 1 page
https://doi.org/10.1155/2023/9785712

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/9785712


RE
TR
AC
TE
DResearch Article

Evaluation of Physicothermal Properties of Solar Thermic Fluids
Dispersed with Multiwalled Carbon Nanotubes and Prediction of
Data Using Artificial Neural Networks

K. Ch. Sekhar ,1 Raviteja Surakasi ,1 ilhan Garip ,2 S. Srujana ,3

V. V. Prasanna Kumar ,1 and Naziya Begum 4

1Department of Mechanical, Lendi Institute of Engineering and Technology, Jonnada, Vizianagaram, India
2Department of Electrical and Electronics Engineering, Engineering and Architecture Faculty, Nisantasi University, Istanbul, Turkey
3Department of Biotechnology, Center for Post Graduate Studies, Jain University, Bengaluru, India
4Department of Chemistry, College of Natural and Computational Science, Debre Berhan University, Debre Berhan, Ethiopia

Correspondence should be addressed to Naziya Begum; drnaziyabegum15@dbu.edu.et

Received 6 November 2021; Revised 19 November 2021; Accepted 20 November 2021; Published 29 December 2021

Academic Editor: Karthikeyan Sathasivam

Copyright © 2021 K. Ch. Sekhar et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A review of multiwalled carbon nanotubes as solar thermic fluids and their thermophysical properties is done in this article. The
basic fluids were ethylene glycol and water in ratios of 100 : 0, 90 : 10, and 80 : 20. To investigate how surface modification impacts
thermophysical properties, three base fluids were combined with surfactant-assisted MWCNTs and oxidized MWCNTs in weight
fractions of 0.125, 0.25, and 0.5 percent, respectively. It takes two months to check whether the dispersion stays constant. Thermal
conductivity and viscosity measurement were done using heated discs and Anton Paar viscometers. Using oxidized MWCNTs to
disperse, the base fluids increased thermal conductivity by 15% to 24%. Surfactant-assisted MWCNTs in nanofluids perform
worse than oxidized MWCNTs. The dynamic viscosity of nanofluids is higher than that of basic fluids between 50 and 70°C.
During a mathematical computation, all of the MWCNT weight fractions and ethylene glycol volume percentages are included.
The correlation may be a good fit for the experimental data within limits. The characteristics are forecasted using feed-forward
backpropagation. In this research, buried layer neurons and factors are examined.

1. Introduction

Studies show suggested nanofluids could be used in a variety
of applications, such as heat exchangers, cooling systems for
engines but also solar thermal systems, and electronic cool-
ing and tribology. Their use may help industrial equipment
transmit heat more efficiently. A nanofluid is a mixture of
one or many nanoparticles in a basic fluid. Nanofluid. The
dispersing in base fluids of a number of nanomaterials
[1–19] is currently being studied. Thermic fluids made of
ethylene glycol and water may be used to heat water. These
fluids may also be utilised in heat exchangers and industrial

applications. The thermophysical characteristics of ethylene
glycol may be adjusted by diluting it with water. An ethylene
glycol-water combination with thermophysical characteris-
tics is given in Table 1. Several researches assessed the
impact of carbon nanotubes on nanofluid thermophysical
characteristics. To improve the nanofluids thermal conduc-
tivity, viscosity and density researchers discovered that
volume percentage increment leads to decreased specific
heat while increasing thermal conductivity. Temperature
enhanced thermal conductivity and specific heat. The
researchers found that raising volume percent reduced spe-
cific heat while boosting thermal conductivity in order to
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enhance nanofluid’s thermal conductivity, density, and vis-
cosity. Thermal conductivity and specific heat increased in
direct proportion to temperature. As the temperature rises,
so do the viscosity and density. Almost all research experi-
ments generate large amounts of foam as a result of a lack
of surface modification techniques and surfactant usage.

1.1. Present Studies. One of the most significant problems
concerning nanofluids is their inappropriate behavior.
Excessive foaming was shown to be a problem in almost
all of the investigations. MWNTs with acid surface functio-
nalization are used to dissolve ethylene glycol. Two months
is an unusually long time for one nanofluid stability
research. Comparison of nanofluids with and without sur-
factants was done for thermal conductivity. Thermic fluids
including EG-water mixes are used in this study, as opposed
to earlier studies that used other fluids. It is possible to heat
ethylene glycol-water mixtures to temperatures up from 100
degrees Celsius to 194 degrees Celsius. In terms of thermo-
physical properties, they are tested from 50°C up to just
below boiling. Prediction of both thermal conductivity and
also viscosity to be affected by temperature and MWCNT
mass fraction.

2. Materials and Methodology

2.1. Materials. CheapTubes Inc., USA, supplied MWCNTs
produced via CVD. The MWCNTs are highly entangled,
95% pure, 30–50 nm in diameter, and 3–15m long. All addi-
tional chemicals and surfactants used are analytical grade
and obtained from M/s Sigma-Aldrich.

2.2. Multiwalled Carbon Nanotube Surface Modification.
Many researches have shown that for nanofluid, there is a
significant function for stability and dispersion in enhancing
the fluid’s thermophysical characteristics, especially its ther-
mal conductivity. Nanofluids were evaluated for their final
properties based on their dispersion stability. Multiwalled
carbon nanotubes, as previously discovered, are very resis-
tant to a variety of chemicals but do not dissolve in polar
solvents. Nanotube clusters form and settle in liquid envi-
ronments due to their hydrophobicity, losing their proper-
ties. To disperse CNTs in base fluids, scientists often use a
surfactant. Surfactants reduce heat transfer rates by increas-
ing fluid foaming. Open-ended pure carbon nanotubes have
been demonstrated by Hou et al. [2] as well as Chen et al.
[3]. Through acid treatment, Rosca et al. [4] and Vaisman
et al. [5] as well as Chiang et al. [6] have shown MWCNTs
are hydrophilic in nature. Two distinct surface modification
methods were used on MWCNTs. There are two methods
used: surface modification using surfactants and oxidation
to generate carboxyl and carbonyl groups. Ultrasonically
dispersing CTAB and MWCNTs for 10 minutes in methanol
is the first technique. Following full evaporation of the sol-
vent, the MWCNTs may be reclaimed. It takes three hours
for MWCNTs to decompose in a solution of H2SO4 :HNO3.
In the morning, the burnt leftovers were washed thoroughly
to a pH of 7 before being baked again at 60°C overnight.
FESEM was used to characterise the structure of MWCNTs.

HRSEM images of unoxidized CNTs are shown in trans-
form infrared spectroscopy for functional group detection
(A and B). Pristine multiwalled carbon nanotubes are
shown in Figure 1(a). Purification of MWCNTs, as shown
in Figure 1(b), allows the tips to be opened.

Figure 2 shows the FTIR spectra both for pure and
oxidized MWCNTs. In contrary to Figure 2(a)’s pristine
MWCNTs, Figure 2(b) displays increases within spectral
at 1125 and 1740 cm1, indicating the production of
hydroxyl and carboxyl groups. These hydrophilic groups
make MWCNTs highly water dispersible. A high dispersi-
bility nanofluid has better characteristics than unsteady
nanofluids.

3. Base Fluid Preparation

In the present research, three different kinds of thermic
fluids are being used. In the coolant configuration shown
in Table 1, oxidized multiwalled CNTs distributed in three
different weight-percentage ranges utilise an ultraprobe
sonicator; the base fluids were mixed with the coolants.

4. Physicothermal Property Evaluation

Thermal conductivity of liquids is difficult to determine dur-
ing a test because of the significant convective heat transfer
in fluids. Thermal conductivity is now measured using the
Hot Disk method, which reduces the possibility of making
errors while evaluating liquid thermal conductivity. In order
to minimise convection, the Kapton sensor 7577 is selected
for the testing. We ran three separate sets of tests with vary-
ing measurement durations on the samples, and the averages
are shown in the following.

The Anton Paar MCR 302 Rheometer is fluid strain
that can be adjusted rapidly and accurately, resulting in
extremely accurate findings for evaluating dynamic viscos-
ity. The samples are put through three rounds of testing,
each with a different temperature, and the average result
is calculated. It is important to make sure the sample is
air-free before placing it in a rheometer, where the results
were recorded at steady-state temperatures. Dynamic viscos-
ity and thermal conductivity are determined for all samples
at temperatures ranging from 50 to just below boiling.

5. Prediction of Data Using ANN

Physicothermal properties of thermic fluids are predicted
using an artificial neural network. Also studied is the
impact of variables and hidden layer neurons on predic-
tion accuracy. For example, in medical diagnosis, financial

Table 1: Base fluid coolant configuration.

S.No Composition

1. Monoethylene glycol (100 : 0)

2. Monoethylene glycol and distilled water (90 : 10)

3. Monoethylene glycol and distilled water (80 : 20)

2 Journal of Nanomaterials
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forecasting, and many engineering applications, artificial
neural networks are a powerful and effective tool. Input
data signals are analysed by ANNs to predict output sig-
nals. This technique can predict, categorise, and estimate

scientific data very accurately. ANNs are a kind of AI
technique. It may be used for nonlinear prediction, opti-
mization, pattern recognition, and other purposes. It may
also be used to model and simulate data from many

EHT = 3.00 kV2 𝜇m⁎

WD = 11.1 mm

Signal A = SE2

Mag = 15.00 K X

(a)

EHT = 3.00 kV2 𝜇m⁎

WD = 11.8 mm

Signal A = SE2

Mag = 20.00 K X

(b)

Figure 1: (a) Pristine multiwalled carbon nanotube and (b) oxidized multiwalled carbon nanotube FESEM image.
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Figure 2: (a) Pristine MWCNT and (b) oxidized MWCNT FTIR analysis.
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sources. Unknown data relationships may be discovered by
ANNs via training. It can also deal with nonlinear, compli-
cated, and noisy data sources. It is known for its accuracy
and speed. Notably, even with little knowledge, the ANN
technique is able to accurately anticipate a dataset’s outcome.

A neural network comprises of three layers: an “input
layer” of neurons, an “input hidden layer” that handles
inputs, and an “output layer” that predicts the model’s out-
put. Experts advise increasing the number of hidden layers
in neural networks to increase their accuracy. The input
layer has input neurons for the ANNs’ hidden layer. The

“hidden layer” transmits data generated as from the input
layer to the output layer. Synapses are “weighted inputs” that
define the output of a neuron when given an input. In an
adaptive system, synapses convert a neural network.

The TC of alumina–water nanofluid was predicted
using an ANN model and experimental data correlation.
Nanofluid TC (25-60°C) is utilised to train ANNs. The
experimental findings suggest a relationship between the
nanofluid thermal conductivity, volume percentage, and
temperature. The correlation predicts the TC of nanofluids.
The ANN model also agreed well with the experimental
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Figure 6: Thermal conductivity for monoethylene glycol (100 : 0)-based fluid validation using a variety of different hidden layer neurons.
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findings which were studied by Esfe et al. [20]. To compare
empirical and ANN-based models for prediction of experi-
mental TC of MgO-water nanofluid, as used by Afrand
and Esfe [21], the seven-neuron network predicted the
results best. Last but not the least, ANN predicted the nano-
fluid TC improvement better than the curve-fit model. You-
sefi et al. [22] developed a DNN to mimic nanofluid TC.
Adding alumina, titania, and silica nanoparticles to nano-
fluids predicted relative viscosity. A base liquid comprising
propylene glycol, ethylene glycol, and water was utilised.
Other models and results were compared [23–25]. The
DNN estimated relative viscosities of dispersions match the

published data. In the current study, backpropagation ANNs
are used to compute the contribution of error by each neu-
ron after a batch of data is processed. The experiments are
performed with pure ethylene glycol-water and ethylene
glycol-water (90 : 10 and 80 : 20) suspended with MWCNTs
in 0.125%, 0.25%, and 0.5% weight fractions of MWCNTs.
The data from the experimentation is taken and modeled
using ANNs. Figure 3 shows the ANN architecture of the
proposed model.

An ANN model with three inputs, two outputs, and 10
hidden neurons was constructed. Heat transfer and viscosity
are calculated using temperature, MWCNT percentage, and
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Figure 7: Thermal conductivity for monoethylene glycol (90 : 10)-based fluid validation using a variety of hidden layer neurons.
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ethylene glycol volume percent. To train the ANN, all neu-
ron weights were modified for expected and measured out-
puts. Performance-wise, we selected pure linear and tangent
sigmoid activation functions. The parameter R2 predicts the
performance of ANNs. R2 compares the experimental and
anticipated values. It improves evaluation precision. The
following equation computes the observed and expected
results.

R2 = 1 −
∑ j t j − oj

À Á2

∑ j oj
À Á2

" #

: ð1Þ

To determine the best fit model, the hidden layer’s
number of neurons is changed from 2 to 10. The experi-
mental values are learned using MATLAB using input and
output values to forecast the error. The constructed net-
work has input values of ethylene glycol volume %,
MWCNT mass fraction, temperature, and output values of
TC and viscosity.

6. Results and Discussions

Figure 4 demonstrates that the thermal conductivity of
ethylene glycol-water which is solar thermic fluid mixes
increases with rising water content and multiwalled carbon
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Figure 8: Thermal conductivity for monoethylene glycol (80 : 20)-based fluid validation using a variety of different hidden layer neurons.
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nanotube weight fraction as the water content and weight
fraction increase. The thermal conductivity of a material
decreases as the temperature rises. If you heat ethylene glycol
at 10% or 20% concentration, the thermal conductivity
increases initially but subsequently decreases as the tempera-
ture increases. Using MWCNTs to disperse fluids, we found
that they performed effectively for all weight and water per-
centages that we tested, including 100 percent water.

Figure 5 shows temperature-dependent dynamic viscos-
ity variation of nanofluids. The temperature connection of
dynamic viscosity for EG/water is projected. Ethylene glycol
with 10% water changes dynamic viscosity from 50 to 150°C,
while ethylene glycol alone changes from 50 to 175°C. The

variation in temperature increase is attributed to the reason
that water influences the substance’s boiling point. Warm
fluids decrease viscosity. It is difficult to tell MWCNT dis-
persion from base fluid. The difference in dynamic viscosity
between nanofluids and base fluids at lower temperatures is
significant.

Thermal conductivity results of predicted values using
ANNs are plotted against experimental values as shown in
the graphs from Figures 6–8.

The influence of number of “hidden layer neurons” on
the error or the network is shown in the following figures.
The optimum number of neurons is found to be 4. Because
as number of hidden layer neurons increases beyond 6, the
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Figure 9: Validation of dynamic viscosity data for monoethylene glycol (100 : 0)-based fluids with varying hidden layer neurons.
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correlation coefficient decreases somewhat, indicating that
prediction noise is strong. Figure 6 shows the thermal con-
ductivity for monoethylene glycol (100 : 0)-based fluid vali-
dation using a variety of different hidden layer neurons.
Figure 7 shows the thermal conductivity for monoethylene
glycol (90 : 10)-based fluid validation using a variety of dif-
ferent hidden layer neurons. Figure 8 shows the thermal
conductivity for monoethylene glycol (80 : 20)-based fluid
validation using a variety of different hidden layer neurons.

The results of values of dynamic viscosity forecasted
using ANNs are plotted against experimental values as
shown in the graphs from 9 to 11. The influence of “number
of hidden layer neurons” on the error or the network is

shown in the following figures. The effect of number of hid-
den layers on the error I found to be negligible with the net-
work predicting the values even with minimum number of 2
hidden layer neurons. This suggests the accuracy of experi-
mentation. Figure 9 shows the dynamic viscosity for mono-
ethylene glycol (100 : 0)-based fluid validation using a variety
of different hidden layer neurons.

Figure 10 shows the dynamic viscosity for monoethylene
glycol (90 : 10)-based fluid validation using a variety of dif-
ferent hidden layer neurons.

Figure 11 indicates the dynamic viscosity for monoethy-
lene glycol (80 : 20)-based fluid validation using a variety of
different hidden layer neurons.
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Figure 10: Validation of dynamic viscosity data of monoethylene glycol (90 : 10)-based fluid with varying hidden layer neurons.
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7. Conclusions

According to the findings of the research, the following con-
clusions may be drawn:

(1) By adding functional groups to a surface of
MWCNTs, after a period of time, they become more
stable in ethylene glycol-water combinations than
pure MWCNTs

(2) Nanofluid zeta potential study showed that oxidized
MWCNTs were more stable in ethylene glycol-water
combinations than pure MWCNTs

(3) Oxidized MWCNT dispersion for all ethylene
glycol-to-water ratios, the heat conductivity rose by
10 percent to 20 percent on average

(4) A greater dynamic viscosity is seen in nanofluids than
in base fluids when the temperature range is between
50 and 70 degrees Celsius. At higher temperatures,
the viscosity of the base and nanofluids, on the other
hand, does not change much. Thermal conductivity
and dynamic viscosity may be accurately predicted
using artificial neural networks. Best results are
observed when predicted using the backpropagation
method with 2 or 4 number of hidden layer neurons

6

6

5

5

MEG+water (80:20)
2 neurons in a hidden layer

R2 = 0.986

4

4

3

3

2

2

1

1

A
N

N
s p

re
di

ct
ed

 d
yn

am
ic

 v
isc

os
ity

Experimental dynamic viscosity

0
0

6

6

5

5

MEG+water (80:20)
6 neurons in a hidden layer

R2 = 0.986

4

4

3

3

2

2

1

1

A
N

N
s p

re
di

ct
ed

 d
yn

am
ic

 v
isc

os
ity

Experimental dynamic viscosity

0
0

6

6

5

5

MEG+water (80:20)
8 neurons in a hidden layer

R2 = 0.984

4

4

3

3

2

2

1

1

A
N

N
s p

re
di

ct
ed

 d
yn

am
ic

 v
isc

os
ity

Experimental dynamic viscosity

0
0

6

6

5

5

MEG+water (80:20)
4 neurons in a hidden layer

R2 = 0.986

4

4

3

3

2

2

1

1

A
N

N
s p

re
di

ct
ed

 d
yn

am
ic

 v
isc

os
ity

Experimental dynamic viscosity

0
0

6

6

5

5

MEG+water (80:20)
10 neurons in a hidden layer

R2 = 0.983

4

4

3

3

2

2

1

1

A
N

N
s p

re
di

ct
ed

 d
yn

am
ic

 v
isc

os
ity

Experimental dynamic viscosity

0
0

Figure 11: Validation of dynamic viscosity data of monoethylene glycol (80 : 20)-based fluids with varying hidden layer neurons.
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The researchers wanted to see whether MWCNTs changed the physicothermal properties of solar thermal working fluids.
Assessing thermal properties is vital for solar thermal efficiency. Lubricant contains silicone oil resurfaced. It contains 0.25, 0.5,
0.75, and 1.0% multiwalled carbon nanotubes. Before dispersion in thermic fluids, nanomaterials must be properly surface
modified. Between 100°C and 300°C, a fluid’s thermal conductivity and specific heat physical characteristics like viscosity and
density may be inferred from data collected between 50°C and 150°C. Thermal conductivity increases by 15% to 20% when
carbon nanotubes are dispersed. The pressure drop is minimal at 0.5 percent weight fraction, demonstrating the suitability of
nanofluids in closed loop systems. The characteristics are forecasted using feed-forward backpropagation method and GRNN,
and the best of them is selected for prediction. In this research, hidden layer neurons and factors are examined.

1. Introduction

Nanofluid research relies heavily on the study of thermophy-
sical characteristics, which are the primary determinant of
heat transmission and flow behaviour. As is the case with
typical solid-liquid suspensions that may support particles
as small as millimeters or micrometers in size, several studies
show that the average density and specific heat of nanofluids
can be estimated using energy conservation as well as mass
conservation concepts. Due to variances in preparation tech-
nique, measurement methodologies, and data analysis
methods, there are few agreements on other critical thermo-
physical parameters of nanofluids (particularly for thermal
conductivity and viscosity). Numerous researchers [1–6]
examined the progress on nanofluid thermophysical charac-
teristics from various experimental and theoretical studies.

According to their study, adding nanoparticles to base fluid
increased thermal conductivity and viscosity to variable
degrees, depending on nanoparticle attributes, temperature,
and base fluid. Determining the impact of nanoparticle attri-
butes, base liquid types as well as temperature on overall
thermophysical properties of nanoparticles was also based
on experimental data. However, as the improved transport
characteristics of nanofluids may be impacted by various
variables, the present studies have difficulties mostly in
prediction for nanofluid thermophysical properties by
applying the model-based method. As ANNs have signifi-
cant nonlinear mapping capabilities, they may describe
complex mapping connections amongst input components
as well as output targets without the need for accurate math-
ematical modelling. The usage of ANN in thermal research,
including such modelling thermophysical properties and
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forecasting heat transfer behaviour, has increased in recent
years. Unfortunately, despite the fact that some studies
revealed that ANNs were an effective technique for predict-
ing the thermal physical properties of nanoparticles, there
were considerable differences in the types of ANNs used
and the ANN structures determined. The modelling
approach and effectiveness of ANN for predicting nanofluid
thermophysical parameters will need to be further investi-
gated to better comprehend this issue. Thermophysical char-
acteristics of carbon nanotubes and silicone oil are being
studied in the current study.

CNTs are nanometer-sized carbon tubes. CNTs’ atomic
bonding and aspect ratios are unique. Carbon nanotubes
are 100 times stronger than steel. It has two origins. Cova-
lent bonds provide the initial strength. Many uses are possi-
ble because of its unique aspect ratio, strength, and heat
conductivity. Carbon-based materials absorb the most
sunlight. SWCNTs are produced by wrapping graphene
around graphite. CNT nanofluid are also used in solar ther-
mal collectors. This is due to a lack of dispersion in basic
fluids. It is difficult to separate because of hydrophobicity
and strong interparticle interactions. CNTs produce unsta-
ble CNT dispersions. Sadly, previous research was narrowed.
There is stability of dispersion in solar thermal collectors.
Dispersion of CNTs by ultrasonication or surfactants is pos-
sible, but unstable. Use it to create solutions that are stable
even when left open. Choosing the appropriate base fluid,
CNTs, and dispersants is the initial step. So far, several
CNT solutions have not been tested at high temperatures.
STCs’ UV–VIS–NIR stability was tested. The CNTs are
characterized using EDX, HRSEM, and TEM techniques at
each stage of the preparation process. Figure 1 shows the
simple structure of a carbon nanotube.

The structure of silicone oil is shown in Figure 2. Poly-
merized siloxane with organic side chains is silicon oil. For
their stability and lubricating qualities, they are very
commercial. Thermic fluid is the primary benefit of silicone
oil. Alternating silicon and oxygen atoms (Si-O). Linear
polymers and cyclosiloxanes are common.

Silicone oil is a great lubricant since it is nonreactive and
very slippery. Silicone oil is often used because of its distinct
chemical structure, unique combination of properties, low
viscosity temperature change, and lack of corrosiveness.
When it comes to lubricants and hydraulic fluids, silicone oils
are a go-to choice because of their versatility. To heat baths in
labs, they are often employed because of their excellent heat
transmission and stability at a range of temperatures. This
source also powers oil-filled heaters and diffusion pumps.

DPDM400 High Temperature Silicone Heat Transfer
Fluid has a viscosity of 400 cSt at 25°C. High oxidation resis-
tance, dielectric strength, and hydrophobicity characterize
DPDM400 High Temperature Silicone Heat Transfer Fluid
(insoluble in water). Its high viscosity-to-temperature coeffi-
cient allows it to flow easily.

2. Literature Review

According to Agarwal et al. [7], TC of alumina nanofluids
produced from various base liquids were synthesised, char-

acterized, and sensitivity tested. The synthesis combustion
solution technique was used to produce the specimens at
three different temperatures. They discovered that increas-
ing the combustion temperature increases particle size. It
took two steps to scatter alumina nanoparticles of 52 nm
size, combusted at 10000°C, in water and ethylene glycol.
For water- and EG-based nanofluids, the TC increased by
30% and 31%, respectively, from 10 to 700°C and 0 to 2
volume %. The sensitivity analysis shows that TC variation
increases with volume %.

Reddy and Rao [8] investigated ethylene glycol-water
mixtures at three different concentrations of nanoparticles.
It is possible to create nanofluids by dissolving small
amounts of nanoparticles using basic liquids such as water,
40 : 60 ethylene glycol/water, or 50 : 50 ethylene glycol/water.
They discovered that when nanoparticle volume % and tem-
perature rose, the TC climbed from 30°C to 70°C.

Surakasi et al. [9] have done studies using the basic fluids
being monoethylene glycol and water. Nanofluids are
administered at concentrations ranging from 100 : 0 to
90 : 10 to 80 : 20. They were mixed with purified and oxidized
multiwalled carbon nanotubes in 0.125, 0.25, and 0.5 weight
percent weight fractions, respectively.

According to Esfe et al. [10], the TC of an alumina-
water nanofluid was predicted using an ANN model as
well as correlation of experimental data at multiple
temperatures and volume percentages. The training data
employed in the ANNs is the TC of the nanofluids at
several fluid temperatures, extending from 25 to 60°C.
Additionally, centred on the experimental data, a correla-
tion for predicting the thermal conductivity of the nano-
fluid vis-a-vis temperature and volume percentage is
suggested. The findings indicate that the suggested correla-
tion could forecast the TC of the nanofluids. Further, the
ANN model also showed excellent matching with the find-
ings of the experimentation.

Afrand and Esfe [11] compared empirical-based and
ANN-based models for the prediction of experimental of
TC of MgO-water nanofluid by using a curve fit model to
develop a correlation, and then, the data was forecasted
using artificial neural networks (ANNs) with the input vari-
ables as volume fraction of MgO and temperature and the
output variable as TC. The findings revealed that the
network consisting of seven neurons correctly anticipated
the outcomes with the least amount of error. Ultimately, a
comparison of both models has shown that ANN modelling
was more precise than the curve-fit model in forecasting the
TC improvement of the nanofluid.

Yousefi et al. [12] established a diffusional neural
network structure to model the TC of several nanofluids.
They extended the neural network’s technique to forecast
the relative viscosity of nanofluids suspended with nanosized
copper oxide, alumina, titania, and silica. The base liquids
selected were propylene glycol-water, ethylene glycol-water,
distilled water, and ethanol. The results were compared with
other theoretic models as well as experimental values. The
projected relative viscosities of dispersions through diffu-
sional neural networks (DNN) are in line with the data
found in the literature.
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3. Methodology and Experimentation

3.1. Resources. Cheap Tubes Inc. in the United States pro-
vided the CVD-produced multiwalled carbon nanotubes
used in this research. In the CVD process, manufacturers
can combine a metal catalyst (such as iron) with carbon-
containing reaction gases (such as hydrogen or carbon mon-
oxide) to form carbon nanotubes on the catalyst inside a
high-temperature furnace. The CVD process can be purely
catalytic or plasma-supported. MWCNTs have a 20-40 nm
diameter, 25-micron length, and 95% purity. Other than
that, all of the chemicals I have bought have been of the GR
kind. AR grade surfactant was obtained from Sigma-
Aldrich India Pvt Ltd. as part of the project. As a
hydrocarbon-based thermic, silicone oil is used. Pristine
multiwalled carbon nanotubes indicate the presence of impu-
rities like metal particulates and soot entangling CNTs which
form agglomerates. The HRSEM image of oxidized CNTs
indicates the disentanglement of CNTs due to oxidative
treatment with clearly visible open tips. The HRSEM picture
of long-length entangled MWCNTs is shown in Figure 3.

3.2. Surface Modification of MWCNTs. A three-step process
is implemented (calcination, reflection, and cleaning) for the
purification of carbon nanotubes. Pure MWCNTs prefer to

group together when submerged in a liquid. It also causes
the MWCNTs to become more entangled, as well as com-
pressing the MWCNTs. To detangle and stabilise MWCNTs
in liquid, stearic repulsions are created using a surfactant.
MWCNTs have a surfactant added to their surface to assist
keep them stable in liquid environments. Nonionic surfac-
tant span 80 has a hydrophilic-lipophilic balance of 4.6%.
Particle aggregation is inhibited, and surface energy is
reduced, modifying ethylene glycol water mixtures with
cetrimonium bromide.

To make MWCNTs with changed surfaces, scientists
utilise an ultrasonic bath with a surfactant and MWCNTs
in it. The MWCNTs get coated as a result of this reaction.

3.3. Preparation of Nanofluids. The 0.125, 0.25, 0.5, and 1
weight percent surface-modified MWCNTs are dissemi-
nated in silicone oil mixtures by processing them for
approximately 30 minutes in a probe ultrasonicator. The
nanoparticle dispersion in liquid coolant up to some propor-
tions is acceptable, since the thermophysical properties
could alter with higher proportions. Besides, the issue with
nanoparticle stability can be encountered at higher propor-
tions of nanoparticles or nanomaterials that would lead to
increased pumping power due to increased viscosity. Hence,
the nanoparticle percentage was limited up to 0.5%. Light
scattering methods and a zeta sizer are used to assess the
stability of thermic fluids distributed with MWCNTs (Hor-
iba SZ 100). A measure of MWCNT dispersion stability in
liquid media was measured using the zeta potential.

4. Physicochemical Property Evaluation

4.1. Thermal Conductivity. The major reason for developing
nanofluids was to boost a fluid’s thermal conductivity by
adding nanoparticles to the mixture. Recent decades have
seen a great deal of research into the nanofluids thermal
conductivity utilising a number of methodologies including
the transient hot-wire method as well as the temperature
oscillation approach [13]. Nanofluids were shown to

Figure 1: Carbon nanotube.
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improve heat conductivity to variable degrees in most of the
studies that were conducted. Nanofluid thermal conductivity
may increase due to a variety of macroscopic variables,
including decentralised processing techniques, the funda-
mental characteristics of nanoparticles and base fluids, and
temperature. A Hot Disk™ Heat analyzer TPS 500 measures
the discs’ thermal conductivity. A study is being conducted
on the thermal conductivity of fluids containing MWCNTs.

4.2. Dynamic Viscosity. The viscosity of a fluid is a property
that indicates its resistance to flow. It is a word that refers to
a fluid’s internal friction. Viscosity, another critical thermo-
physical parameter, describes the internal flow resistance of
nanofluids. Viscosity affects cranking power as well as heat
transfer rate in industrial settings. To better understand the
rheological properties of nanofluids, further research on
the effect of nanoparticles on base fluid viscosity is needed.
Carbon nanotube-containing nanofluid viscosity is being
investigated experimentally at various CNT mass percent-
ages and temperatures, as previously reported. The viscosity
of liquids and nanofluids is determined using an absolute
viscosity viscometer, such as the Wells-Brookfield C&P. A
cone and plate viscometer are used to precisely measure
torque over a range of rotating speeds. When determining
the rotational resistance of a sample fluid, the torque mea-
surement instrument employs a beryllium-copper spring
calibrated to the fluid’s specific gravity.

4.3. Artificial Neural Networks. Humans have used artificial
neural networks (ANN) to solve problems in fields including
health, economics, and engineering. Like the human brain,
ANNs may learn patterns from input data before predicting
output. That is not all it can do. It is an all-round tool to
model and simulate scientific data. It may be used for
pattern recognition and nonlinear prediction. It is possible
to model and forecast nanofluid thermophysical characteris-
tics using a variety of approaches, the most common of
which are theoretical model-based, empirical correlation-

based, or data-driven. The ANN’s superior modelling, non-
linear mapping, and recognition capabilities have drawn
substantial attention in the recent years when compared to
the other two techniques [14]. ANN was constructed based
mainly on feed-forward back propagation algorithm and
TRAINLM training function in which the weights of all neu-
rons are tuned for predicted and measured outputs.

ANN models are comprise of feed-forward, recurrent
neural networks, “hybrid neural networks,” “radial basis
function,” “multilayer perceptron,” “probabilistic neural
networks,” “generalized regression neural network,” and
“reformulated neural networks.”

As a rule, a neural network consists of three layers: input,
hidden, and output. They recommend adding hidden layers
to improve accuracy of neural networks. The input neurons
feed the buried layer of ANNs. The “hidden layer” moves
data from one layer to another. When an input is given, syn-
apses outline the result. Synapses are flexible components
that make up a system. The hidden layer’s number of
neurons is adjusted from 2 to 6. MATLAB learns the exper-
imental values by comparing input and output values. With
silicone oil's volume percent, MWCNT mass fraction,
temperature taken as input values and TC and viscosity are
taken as output values.

4.4. Back Propagation Method. It is also known as backward
propagation in supervised learning using gradient descent.
This is called “backward error propagation.” It is a common
way of calculating a network’s loss function’s slope.
Reweighting neural networks based on errors are called
backpropagation. Correct weight adjustment reduces errors
and increases model consistency. This method produces
the error gradient function given the ANN values and the
weights of neural networks.

To train a neural network, backpropagation is used to
fine tune the weights (iteration). Weight modification mini-
mises error and improves model reliability.

2 𝜇m⁎ EHT = 3.00 kV
WD = 11.8 mm

Signal A = SE2 A
Mag = 20.00 K X

Figure 3: HRSEM images of pristine MWCNTs.
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4.5. Working of Backpropagation Method. Inputs are sent to
the hidden layer. Actual weights W are chosen to model
input. Each hidden layer neuron computes output from the
input layer to the output layer. Calculate the output predic-
tion error. In case of high error detection, the model uses the
hidden layer to return signals from the output to the input
layer, reducing the error. Iterate until the required output
is achieved with little error.

ErrorB = actual output – desired output: ð1Þ

The typically employed activation functions are “Linear,”
“Step,” “Sigmoid,” “TanH,” and “rectified linear unit”
(ReLu). Figure 4 shows the structure of backpropagation
method for prediction of thermal conductivity and viscosity.
An ANN model with three inputs, two outputs, and 10
hidden neurons was constructed. Thermal conductivity
and viscosity are calculated using temperature, MWCNT
percentage, and silicone oil volume percent. To train the
ANN, all neuron weights were modified for expected and
measured outputs. Performance-wise, we selected pure lin-

ear and tangent sigmoid activation functions. The parameter
R2 predicts the performance of ANNs. R2 compares the
experimental and anticipated values. It improves evaluation
precision. It computes the observed and expected results.

4.6. Generalized Regression Neural Network Function. It has
4 layers: input, pattern, summation, and output. GRNN is a
variant on radial basis neural networks. The first layer is
made up of input vectors. This layer’s outputs are sent to
the summation units of the third layer, which have pattern
units. The output units are covered by the final layer.
Figure 5 depicts the system’s architecture. GRNN uses
Parzen’s nonparametric estimator to estimate the probability
density function instead of the nonlinear activation function
often employed in ANN. Basically, the projected value is a
weighted sum of the expected values of training sets that
are similar to the input pattern. The only parameter that
may be changed is the smoothing factor, which represents
the RBF’s width. The function newgrnn in Matlab generates
GRNN, a parallel distributed radial basis network model.
GRNN model performance was impacted by the number
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of input vectors and the smooth factor ðÞ of the RBF. The
GRNN model’s input vectors were derived from the main
component scores. There were anything from one to ten
primary components. RBF’s regularisation parameter, the
smooth factor, acts as a regularizer. Smoothing the predicted
density with a high smoothing parameter causes it to
become multivariate Gaussian, with covariance 2, in the
limit. The estimated density may take on non-Gaussian
forms with a lower value, but there is a risk that wild points
will have an excessive impact on the estimate.

5. Discussion and Findings

5.1. Nanofluid Stability. When the zeta potential value is less
than 40, it means the system is stable. Higher zeta potential
values are found when surface-modified MWCNTs are
dispersed in liquid samples. Table 1 displays the outcomes
of the experiment.

Thus, poor stability may be inferred from the low zeta
potential with pure MWCNTs. Because of this, surface
modified MWCNTs have the greatest stability. This is
because surfactant exhibits stearic repellent forces, which
reduce agglomeration rates.

5.2. Thermal Conductivity of Silica Nanofluids. Figure 6
shows that dispersion of nanomaterials improves thermal
conductivity. The base fluids, mass fraction, and tempera-
ture all play a function in improving thermal conductiv-
ity. The thermal conductivity of silicone oil-MWCNT
mixes improved more than that of ethylene glycol-water
combinations.

5.3. Dynamic Viscosity of Silica Nanofluids. Figure 7 shows
the changes in viscosity of several test fluids over time. Vis-
cosity increases considerably as temperature decreases, as
shown in the graph below. Higher temperatures, on the
other hand, only cause a little rise in viscosity. Since a
smaller mass percentage of CNTs is employed in the pro-
duction of nanofluids, the rise in viscosity is reduced.

6. Prediction of Data Using ANN

6.1. Backpropagation Method. Counting hidden neurons is
presently a guessing game. Many studies proposed different
ways to distribute ANN hidden neurons. These are pruning
techniques. Begin with a modest network (a few neurons);
then add hidden neurons. The oversized network is initially
pruned to find the smallest size. This study increases the
number of hidden layer neurons from 2 to 6. Figure 8 com-
pares ANN-projected dynamic viscosity to experimental
values. Here are some graphs showing how many hidden
layer neurons affect the error or network. The optimum neu-
ron count is 4. The correlation coefficient falls as the number
of hidden layer neurons rises.

The results of values of thermal conductivity forecasted
using ANNs are plotted against experimental values as
shown in Figure 9. The influence of “number of hidden layer
neurons” on the error or the network is shown in the follow-
ing figures. According to the findings, the hidden layers have
no influence on the network’s ability to predict values even

when the network has just two hidden layer neurons at the
most. This suggests the accuracy of experimentation.

6.2. GRNN Method. Figure 10 compares ANN-projected
dynamic viscosity to experimental values. Here are some
graphs showing how many hidden layer neurons affect the
error or network. The optimum neuron count is 4. The
correlation coefficient falls as the number of hidden layer
neurons rises.

Figure 11 compares ANN-projected thermal conductiv-
ity to experimental values. Here are some graphs showing
how many hidden layer neurons affect the error or network.
The optimum neuron count is 4. The correlation coefficient
falls as the number of hidden layer neurons rises.

Table 1: Zeta potential of silicone oil dispersed with MWCNTs.

Sample Zeta potential (mV)

Silicone oil + 1%pristineMWCNTs 13.8

Silicone oil + 1%surfacemodifiedMWCNTs 54.2
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Figure 8: Validation of dynamic viscosity data for silicone oil based fluids with varying hidden layer neurons (a) 2 neurons, (b) 4 neurons,
and (c) 6 neurons.
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Figure 9: Validation of thermal conductivity data for silicone oil based fluids with varying hidden layer neurons (a), 2 neurons, (b) 4
neurons, and (c) 6 neurons.
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Figure 10: Validation of dynamic viscosity data for silicone oil based fluids with varying hidden layer neurons (a), 2 neurons, (b) 4 neurons,
and (c) 6 neurons.
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7. Conclusions

From the results, it can be concluded that the dispersion of
MWCNTs in thermic fluids improves the thermal proper-
ties. The thermal conductivity increased as the mass fraction
increased, and the rise was in the range of 5 percent to 20
percent. There is no variation for viscosity values. The data
of thermal conductivity as well as dynamic viscosity can be
predicted accurately using artificial neural networks. Predic-
tion of data is done using two methods of ANN that is the
backpropagation method and GRNN out of which the value
of R2 for dynamic viscosity is maximum for backpropaga-
tion method at number of hidden layers at 4. The value of
R2 for thermal conductivity is maximum for backpropaga-
tion method at number of hidden layers is equal to 6. Out
of both, the methods for the prediction of the data backpro-
pagation method are found to be the most suitable method
compared to other methods, and the back propagation
method was given good correlation between experimental
and ANN predicted values. The correlation coefficient (R2)
was attained better and improved the accuracy of predic-
tions using back propagation technique. Thus, the back
propagation technique was chosen (fixed) for prediction
even though other methods were also used. The value of
correlation coefficient is found to be declining if the number
of hidden layers is increased above 6.
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The present study looks into the effect of WEDM process parameters on the material removal rate (MRR) and surface roughness
(SR) responses when machining hybrid composites (Al-Si12/boron carbide/fly ash) using the Taguchi technique. Fly ash and
boron carbide (B4C) particles were used for reinforcement (3%, 6%, and 9% by weight), and aluminium alloy (Al-Si12) was
used as a matrix material. ANOVA was used to find out the importance of machining factors that affect the quality features of
the WEDM process, as well as the relative role of input parameters in determining the WEDM process’ responses. The greatest
impact on the response is finalised by the signal-to-noise (S/N) ratio response analysis. However, as a last step, a confirmation
experiment with the best combination was carried out to predict and validate the accuracy of the observed values. As the pulse
on time and reinforcement increases, MRR also increases. As the gap voltage, wire feed, and pulse off time decrease, it
increases. SR is increased by increasing the gap voltage, pulse on time, and pulse off time, wire feed, and reinforcement. The
maximum MRR of 38.01mm3/min and the minimum SR of 3.24μm were obtained using optimal machining conditions.

1. Introduction

Composite materials are produced by combining two or
additional materials in order that they mechanically func-
tion as one single entity. A hard phase may be incorporated
into a soft phase or vice versa. The hard phase functions as
a reinforcing agent in most composite materials, increasing
elastic modulus, while the soft phase serves as a matrix. The
advantage of using composites is that they can achieve
proved to be beneficial and may end up in a variety of ser-
vice advantages such as enhanced strength, significantly
reduced weight, enhanced wear resistance, and high elastic
modulus [1]. The foremost benefit of composites is the
potential of their mechanical and physical properties to be

aimed at meeting unique design standards. Particulate-
reinforced metal matrix composites (MMCs) possess high
stiffness but low strength, as well as outstanding fabricabil-
ity, less cost, and homogeneity. The traditional reinforce-
ment materials for AMCs are SiC and Al2O3. Because
B4C powder is more expensive than SiC and Al2O3, there
have been few studies on boron carbide-reinforced MMCs.
There is a growing demand for composites with low-den-
sity, low-cost reinforcement particles. Fly ash is a light-
weight, lower cost material that is widely available [2]. As
a result, fly ash-reinforced composites are liable to break
through the price barrier for the widespread use in automo-
biles. The insertion of fly ash particles increases the hard-
ness, rigidity, impact resistance, and damping qualities of
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Al alloys while decreasing their density. Al-fly ash compos-
ites offer potential uses in the automobile, turbocharged
engine, and electrical industries as cloaks, shells, shafts, cov-
erings, plates, manifolds, valve encompasses, brake discs,
and other engine parts.

Metal matrix composites have the potential to outper-
form traditional metals in terms of efficiency, dependability,
and mechanical performance. When compared to continu-
ously reinforced competitors, particle-reinforced MMCs
are particularly appealing since they display isotropic char-
acteristics [3]. Particulate-reinforced MMCs have the added
benefit of being malleable and workable. The fundamental
disadvantage of MMCs is that they have poor mechanical
properties and fracture toughness in comparison to their
matrix material. Stir casting is the most cost-effective of all
MMC industrial uses. It entails mechanically mixing the
reinforcing particles into a liquid metal bath and directly
moving the mix to a mould [4]. The most important aspect
of this technique is achieving adequate wetting between both
the particle reinforcements and the molten metal. Because of
the contact between flocculated ceramic particles and the
solid-liquid interface, it is difficult to achieve homogeneous
reinforcement distribution in these cast composite materials.
This method may be used to create very big components. A
considerable number of engineers and scientists are now
researching the synthesis, characterisation, and performance
assessment of DRMMCs in universities and research insti-
tutes. DRMMCs have found applications in aircraft, auto-
motive, and a variety of other scientific and commercial
fields.

Clearly, the liquid metallurgical process is the most eco-
nomically feasible of all MMC manufacturing techniques.
The stir casting process, often known as the vortex tech-
nique, is the most basic and widely used technique. In gen-
eral, ceramic particles with sizes ranging from 5 to 100μm
may be included in a wide spectrum of molten aluminium
alloys. Furthermore, this technique enables the fabrication
of very massive components. The microstructure and hard-
ness of composites are influenced by the stirring speed and
duration. At 600 rpm and 10 minutes of stirring, uniform
particle dispersion and higher hardness values were
attained [5].

In the aluminium 2024 matrix, larger B4C particles
71μm were typically homogenous, but smaller particles
(29μm) caused clumping, segregation, and high porosity.
The density of the composites dropped as the volume per-
centage of the particles increased and the particle size
decreased; the porosity and hardness of the composites
increased as the content increase and the particle size
decreased [6]. The inclusion of B4C particles significantly
enhanced the abrasive wear characteristics of the 2024 alu-
minium alloy. According to microstructural analysis, the
B4C particles were uniformly dispersed. In the stir casting
process, the particle dispersion of B4C enhanced by the
inclusion of 250°C warmed particles, which resulted in a
homogeneous grain structure in the composite [7]. Si is cru-
cial in the development of a barrier layer, which can restrict
B4C breakdown and increase B4C stability in the aluminium
melt.

Magnesium plays a critical role in composite fabrication
by removing O2 first from dispersed surfaces, reducing the
gaseous layer, and enhancing wetting. The first 1wt%Mg
addition results in a very dramatic drop in surface tension.
However, as Mg concentration increases, the reduction
becomes extremely minor. Magnesium and aluminium mix-
tures appear to have a synergistic impact on wetting. The
particle dispersion of fly ash is consistent and strong interfa-
cial bonding exists between the matrix and the fly ash
particles.

Fly ash is abundant as a waste by-product of coal-fired
power plants’ combustion processes. It is used in aluminium
castings to reduce energy capacity, material content, price,
and mass of components, as well as enhance wear resistance.
The matrix and fly ash particles have strong interfacial
bonding. The hardness rises as the fly ash concentration
increases. The composite’s mechanical characteristics are
improved, but its ductility is decreased when the weight of
the fly ash particles increases. The micrographs of the
samples indicate that the fly ash particles are distributed
uniformly [8].

ANOVA is used to assess the significance of machining
factors on MRR and SR. S/N ratio analysis is used to find
the optimal machining settings. The effects of machining
parameters on SR in WEDM finish cuts and discovered that
SR may be reduced by reducing both pulse on time and cur-
rent. Different methods are used for improving the perfor-
mance of wire electro-discharge machining by utilising
pulse train features. The analysis indicates that the Taguchi
technique is better suited to solving the stated problem with
fewer experiments than a complete factorial design [9].

Nowadays, MMCs are widely used in industries; their
higher hardness and reinforcement make conventional
machining challenging, especially when complicated forms
and precise components are required. Because it is easier
to cut and complex forms, WEDM is the ideal choice for
machining composites. The manufacturer’s machining
parameters database is useful, but it is inadequate. Further-
more, it is traditional machining and does not lead to opti-
mal and cost-effective machine use. As a result, optimizing
the WEDM process parameters is unavoidable [10].

Traditional technology used to process tough composite
materials produces tool wear [11]. Although in other sophis-
ticated nonconventional machining, the equipment is
expensive and the work piece height is limited. The machin-
ing parameters sometimes fail to satisfy the criteria and pro-
vide suitable guidance to production engineers. As a result, a
suitable selection of WEDM process parameters is required.

WEDM provides enormous potential for diversity of
application and complicated physical processes in uncon-
ventional machining techniques. Intricate and complicated
forms can be machined. WEDM removes material via
spark erosion all across the wire electrode and work piece.
Electromachining can shape and treat electrically conduc-
tive materials. Its machining, however, varies from that
of typical metallic materials. It is common knowledge that
increasing the hardness of the work material during typi-
cal machining processes results in a decrease in economic
cutting speed [12].
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Tool materials that are extremely hard and strong to cut
materials that is no longer available. Traditional techniques
of producing complicated forms in such materials are still
more challenging; additionally, it requires greater finish, low
tolerance values, larger production rates, complex shapes,
and so forth. To address all of these challenges, advanced
machining techniques, also known as nontraditional machin-
ing processes, have been created. According to the research,
using a magnetic field to enhance micro-EDM has a larger
MRR than using one without a magnetic field [13, 14]. Adding
graphite nanopowder to a dielectric fluid while utilising
micro-WEDM can greatly improve the surface finish [15].

The ever-increasing need in the car industry for low
weight, fuel efficiency, and comfort has resulted in the devel-
opment of sophisticated lightweight composite materials
with optimal design. The use of aluminium matrix compos-
ites in vehicles has the potential to improve fuel efficiency.
Abrasion resistance is enhanced by the presence of hard
boron carbide in the Al matrix. Similarly, the inclusion of
fly ash in an Al matrix might result in a low-weight compos-
ite. Lightweight abrasion-resistant composites for wear resis-
tance applications may be created by combining boron
carbide with fly ash [16]. Hard boron carbide in the Al alloy
matrix limits machinability, and standard tools are ineffec-
tive. The motivation for selecting the reinforcing mass frac-
tions and sizes is based on the ease with which the particles
may be incorporated into the matrix and castability. One of
the potential technologies for efficient machining of hard
particle-reinforced metal matrix composites is WEDM.
The most popular Al-cast alloy used in the automobile
industry is Al-Si12. As a result, an attempt was made to

investigate the possibility of producing Al-Si12-reinforced
with fly ash and boron carbide. The scope also includes
measuring density, hardness, and WEDM machinability
investigations.

2. Materials and Methods

2.1. Aluminium Alloy. Aluminium alloy (Al-Si12) has good
corrosion resistance. It has the ability to be cast into thinner
and more complex pieces than other form of casting alloy.
Table 1 shows the composition of Al-Si12.

2.2. Boron Carbide. Boron carbide (B4C) particles with a
diameter of 63μm were employed as one of the reinforcing
materials in this investigation. B4C has a number of attrac-
tive characteristics, including widespread application as cer-
mets and armour materials. Figure 1: SEM image depicting
the shape of boron carbide particles.

2.3. Fly Ash. Another reinforcement material employed in
this investigation was fly ash (12μm) particles. The inclusion
of fly ash particles into aluminium alloys lowers their density
and enhances their mechanical properties. Fly ash particles
are cheap and low-density waste by products of thermal
power plants that are available in huge quantities. The low
thermal conductance, high electrical resistance, and low
density of the material may be advantageous in the creation
of lightweight insulating composites. Chemical analysis was
used to determine the composition of fly ash. Table 2 shows
the chemical composition, and Figure 2 shows the SEM
image of fly ash.

Table 2: Fly ash chemical composition.

Constituent Si O Al Fe Ti Ca K LOI

Weight % 26.43 38.88 16.73 3.82 1.42 0.5 0.99 Remainder

Table 1: Aluminium alloy (Al-Si12) chemical composition.

Constituent Fe Cu Si Mg Ni Ti Zn Mn Al

Weight % 0.52 0.013 11.48 0.02 0.01 0.02 0.01 0.01 Remainder

Figure 1: SEM image of boron carbide particles.
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2.4. Stir Casting. The composites were made using a stir cast-
ing process. This is a liquid-state composite production
method. Stir casting is the modest and most useful liquid
state manufacturing process. Figure 3 shows the stir casting
setup for composites.

2.4.1. Fabrication of Hybrid Composites. Al-Si12 (aluminium
alloy) ingots were liquefied in an electric furnace using a
graphite crucible. The temperature was progressively
increased to 850°C. A degasser (hexachloroethane) was used
to degass the melt at 800°C. The fluid metal was stirred, and

(a) (b)

Figure 3: (a) Stir casting setup (b) with furnace.

Figure 4: Photograph of wire EDM machine.

Table 3: WEDM input parameters and their levels.

Input parameters

Level
Gap

voltage
(V)

Pulse on
time (μs)

Pulse off
time (μs)

Wire feed
(m/min)

Reinforcement
(%)

1 30 2 2 4 3

2 50 6 6 6 6

3 70 10 10 8 9

Figure 2: SEM image of fly ash particles.
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then, particles of B4C and fly ash were added at 250°C. For
10 minutes, the slurry was mixed at 600 rpm [17]. In the
molten metal, potassium hexaflurotitanate (1% wt) was
introduced. The inclusion of titanium into the Al/B4C com-
posite casting results in the formation of a reactive zone on
the interfaces, which improves water solubility, interfacial
interaction, and the elimination of the oxide deposition on
the metal substrate. The tiny quantity of these additions
had no discernible effect on the matrix alloys’ properties
(1wt. percent). Boron carbide was added in quantities of
1.5, 3, and 4.5 percent by weight, respectively. The fly ash
was delivered in weight fractions of 1.5, 3, and 4.5 percent.
The liquid metal was poured into cast iron moulds that
had been preheated to 650°C and then allowed to solidify.

2.5. Working Principle. In wire EDM, a nozzle injects deion-
ized water (dielectric) into the machining area. A pulsed DC
supply is used to power the electrodes (wire and work piece).
The heat generated by sparking causes the work piece and
wire material to melt, and a portion of the material may even
vaporise, as in traditional EDM. A positioning system main-
tains a constant separation between the tool (wire) and the
work piece. This method cuts complex curves, especially in
materials that are tough to process. This approach provides
a high level of precision as well as a good surface finish

[18]. The experimental set up used for WEDM of compos-
ites shown in Figure 4.

2.6. Design of Experiments. The design of experiments (DoE)
method is used to identify factors that influence a product.
DoE reduces the number of experimental runs required to
collect the necessary data significantly. DoE utilizing the
Taguchi method has turned out to be a far more useful tool
for practicing engineers and scientists.

(a) Al-Si12+3% B4C and fly ash (b) Al-Si12+6% B4C and fly ash (c) Al-Si12+9% B4C and fly ash

Figure 5: (a–c) Micrographs of fabricated composites.
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2.6.1. Taguchi Method. The Taguchi method is used in prod-
uct design and quality improvement. It presents the design
engineer with a quick and easy way to determine near-
optimal design parameters. To analyze as many variables
as possible with a small number of experiments, the Taguchi
technique employs OA from the DoE theory. Selecting the
most relevant OA and assigning the parameters and their
interactions to the proper columns are the first step in
designing an experiment. The Taguchi approach maximizes
the S/N ratio, a statistical measure of performance that is
used to find the best parametric combination. The three
most common signal-to-noise ratios are the lower the better,
the higher the better, and nominal-the-best. The Taguchi
experimental design, which heavily relies on orthogonal
arrays, is a powerful method for increasing process/product
quality with a small number of trials. The method can
improve performance characteristics by determining the
appropriate parameter settings and lowering the system’s
susceptibility to sources of variation. For high productivity
and low cost components, manufacturers optimise process
parameters. The Taguchi approach is aimed at improving a

specific response characteristic. Table 3 shows the machin-
ing input parameters and their levels.

3. Results and Discussion

3.1. Microstructure. Metallographic analyses are an
important-to-investigative technique as well as a potent
quality control tool. Samples were cut from each composite
and finely polished to achieve a mirror-like surface. The fun-
damental goal of microstructural analysis is to ensure that
reinforcement particles are dispersed uniformly throughout
the matrix. The optical microscope examines the composite
specimens [19]. Figures 5(a)–5(c) show the optical micro-
graphs demonstrating the matrix’s homogenous dispersion
of reinforcing particles (boron carbide and fly ash).

Figure 5(a) depicts the distribution of the 3 percent
hybrid (B4C and fly ash) composite. The eutectic elements
of the Al-Si alloy Al-Si12 are lengthy, acicular, script-like,
and unaltered. The micrographs of hybrid metal matrix
composites of Al-Si12 alloys with 6% addition of hybrid
(B4C and fly ash) composites are shown in Figure 5(b). In

Table 4: Experimental results of MRR and SR (Al-Si12/B4C/fly ash).

Ex.
no

A B C D E
MRR

(mm3/min)
SR
(μm)

S/N for
MRR

S/N for
SR

Gap voltage
(V)

Pulse on time
(μs)

Pulse off time
(μs)

Wire feed
(m/min)

Reinforcement
(wt%)

1 30 2 2 4 3 25.514 3.38 28.14 -10.58

2 30 2 6 6 6 21.423 3.06 26.62 -9.71

3 30 2 10 8 9 17.262 3.57 24.74 -11.05

4 30 6 2 6 9 33.112 3.97 30.40 -11.98

5 30 6 6 8 3 26.104 3.3 28.33 -10.37

6 30 6 10 4 6 25.705 3.51 28.20 -10.91

7 30 10 2 8 6 39.086 3.98 31.84 -12.00

8 30 10 6 4 9 31.122 3.74 29.86 -11.46

9 30 10 10 6 3 25.689 3.59 28.19 -11.10

10 50 2 2 4 3 21.058 3.3 26.47 -10.37

11 50 2 6 6 6 16.457 3.43 24.33 -10.71

12 50 2 10 8 9 13.54 4.02 22.63 -12.08

13 50 6 2 6 9 26.772 3.4 28.55 -10.63

14 50 6 6 8 3 20.165 3.66 26.09 -11.27

15 50 6 10 4 6 19.543 3.07 25.82 -9.74

16 50 10 2 8 6 31.742 3.45 30.03 -10.76

17 50 10 6 4 9 22.764 3.57 27.15 -11.05

18 50 10 10 6 3 20.549 3.59 26.26 -11.10

19 70 2 2 4 3 12.321 3.24 21.81 -10.21

20 70 2 6 6 6 9.995 3.86 20.00 -11.73

21 70 2 10 8 9 8.378 4.21 18.46 -12.49

22 70 6 2 6 9 16.365 3.97 24.28 -11.98

23 70 6 6 8 3 12.339 3.4 21.83 -10.63

24 70 6 10 4 6 11.429 3.45 21.16 -10.76

25 70 10 2 8 6 18.475 3.49 25.33 -10.86

26 70 10 6 4 9 14.489 3.65 23.22 -11.25

27 70 10 10 6 3 12.719 3.29 22.09 -10.34
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Al-Si12, the Al-Si eutectics are big, script-like, and have
sharp angles. On the other hand, composite dispersion is
even, and Al-Si is finer. Figure 5(c) depicts micrographs of
9 percent hybrid (B4C and fly ash) aluminium matrix com-
posites. The distribution of Al-Si12 alloys is uniform. Due
to the increased silicon content in Al-Si12 alloys, this dis-
tinctive homogeneous distribution tendency is preserved.

3.2. Density. The density is a physical attribute that replicates
the properties of composites. It is determined experimentally
by utilising displacement techniques [20] and an ASTM D
792-66 test procedure. The standard formula that is used
to calculate the density is given in Equation (1).

Density = Mass
Volume : ð1Þ

The mass is determined using an electronic weighing
system with a precision of 0.001 grams. The volume of spec-
imens was determined by a graduated cylinder from the dis-
placement of water. Figure 6 shows the effect of
reinforcement (RF) on the density of the composites. The
densities of all the composites are observed to be lower than
the parent metal. It is because the densities of reinforce-
ments are lower than the matrix material.

3.3. Hardness. Resistance to scratching, indentation, distor-
tion, and abrasion are all examples of hardness. The Rock-
well test compares the depth of indenter penetration under
a huge load to the depth of preload penetration to assess
hardness. There are many scales that employ various loads
or indenters. The samples were initially polished, and at least
five different measurements were taken in each sample at

random and averaged to determine the specimen’s exact
hardness [21]. Figure 7 shows the effect of reinforcement
on the hardness of the composites.

The hardness of composites was found to be greater than
that of the base alloy. The addition of hard particles (B4C
and fly ash) increases the hardness of composites by increas-
ing their resistance to plastic deformation. When reinforce-
ment particles are added to composites, the surface area of
the reinforcement is raised and the grain size of the matrix
is reduced. The presence of such strong reinforcing particles

M
ea

n 
of

 S
N

 ra
tio

s

530 1062 1062

864

28

26

24

22

28

26

24

22

963

Main effects plot (data means) for SN ratios
Gap voltage Pulse on Pulse off

Wire feed Reinforcement

70

Figure 8: MRR (Al-Si12/boron carbide/fly ash) response graphs.

Table 5: MRR (Al-Si12/boron carbide/fly ash) response table.

Level
Gap

voltage
Pulse on
time

Pulse off
time

Wire
feed

Reinforcement

1 28.48 23.69 27.43 25.76 25.47

2 26.37 26.07 25.27 25.63 25.93

3 22.02 27.11 24.17 25.48 25.48

Delta 6.46 3.42 3.26 0.28 0.46

Rank 1 2 3 5 4

Table 6: MRR (Al-Si12/boron carbide/fly ash) ANOVA.

Source DOF
Sum of
squares

Mean sum of
squares

F
Contribution

(%)

A 2 195.37 97.69 849.43 64.60%

B 2 55.37 27.69 64.09 18.31%

C 2 49.38 24.69 57.15 16.33%

Error
(pooled)

20 2.3 0.115 0.76%

Total 26 302.42 100%
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on the surface prevents the material from deforming due to
plastic deformation. By raising the weight percentage of
reinforcement, the strength of the grain boundaries is
enhanced to its extreme level, and the displacement of atoms
is reduced, resulting in higher matrix strength and compos-
ite hardness.

3.4. WEDM of Hybrid Composites. The experimental results
on WEDM of hybrid Al-Si12/B4C/fly ash AMCs are pre-
sented in this section. The MRR and SR were the focus of
the analysis [22]. An S/N ratio analysis was utilized to select
optimal process parameters.

3.4.1. Experimental Results. The purpose of the WEDM
experiments was to test the influence of process factors on
output responses. Experimental results for MRR, SR, and
S/N ratios are presented in Table 4.

3.4.2. Analysis of MRR. The S/N ratio of each variable at
various values was calculated using experimental data. The
special effects of S/N data process factors were displayed.
Analyzing the response graphs and ANOVA tables yields
the most favourable values of process variables in terms of
the average performance parameters. The effect of process
parameters on MRR was investigated using L27 OA experi-
ments. As seen in Figure 8, MRR increases with increasing
reinforcement and pulse on time.

It decreases as the gap voltage, wire feed, and pulse off
time increases. The discharge energy rises as the pulse
lengthens, resulting in a quicker rate of material removal.
The frequency of discharges during a given period increases
as the pulse off time decreases, resulting in a greater MRR.
The average discharge gap widens as the gap voltage rises,

resulting in a decreased MRR [23, 24]. Wire feed and rein-
forcement have no major effects on MRR. MRR is, likewise,
evidently lowest at the low level of pulse on time and highest
at the low level of pulse off time.

3.4.3. Optimal Levels for MRR. Table 5 shows the response
table S/N statistics for each factor level. The significance of
each element in the response is indicated by the ranks. As
shown by the rankings and delta values, gap voltage has
the most effect on MRR, followed by other process variables.
Figure 8 depicts the maximum MRR in the WEDM process
for the level 1 of gap voltage, level 3 of pulse on time, level 1
of pulse off time, and wire feed, and the level 2 of reinforce-
ment. F0:05,2,20 = 3:49 as can be shown in ANOVA Table 6,
gap voltage, pulse on time, and pulse off time are all signifi-
cant. The error term included the percentage reinforcement,
wire feed, and the interactions of gap voltage with other pro-
cess variables.

3.4.4. MRR-Confirmation Experiments. The optimal parame-
ters are employed in the confirmation experiments as well as
in estimating the MRR. The outcomes of the experiments are
examined in order to determine the optimal parameters. The
factors at level A1, B3, C1,D1, and E2 are shown in Figure 8
and response Table 5. The optimal parameters for getting
maximum MRR are 30V gap voltage, 10μs pulse on time,
2μs pulse off time, 4m/min wire feed, and 6% reinforce-
ment. MRR is expected to be 36.12mm3/min, whereas the
experimental measurement is 38.01mm3/min.

3.4.5. Analysis of SR. Experiments using L27 OA were carried
out to examine the influence of process factors on surface
roughness. Table 4 displays the experimental results of SR.
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For S/N data, Figure 9 illustrates the SR for all parameters at
levels 1, 2, and 3. The SR is increased by increasing the gap
voltage, pulse on time, pulse off time, wire feed, and rein-
forcing. As the pulse lengthens, the discharge energy (DE)
increases, and a larger DE produces a larger crater, resulting
in higher work piece surface roughness. The frequency of
discharges decreases as the pulse off time increases, resulting
in an improved surface finish due to stable machining.

3.4.6. Selection of Optimal Levels for SR. The S/N data of each
factor at each level is shown in Table 7. The outcomes of the
experiments are examined to determine the best parameters.
Figure 9 shows that in the WEDM process, the second level
of gap voltage, pulse on time, and pulse off time, first level of
wire feed, and first level of reinforcement offer the lowest SR
[25]. ANOVA was used to investigate the importance of the
process factors in relation to SR. F0:05,2,10 = 4:10 and
F0:05,4,10 = 3:48 are the F values from the table at the 5% sig-
nificance level. So, according to ANOVA Table 8, wire feed
and reinforcement and the interaction of gap voltage with
pulse on time are the effective parameters. The error term
was made up of the gap voltage, pulse on time, pulse off
time, and the interactions of gap voltage with wire feed.

3.4.7. Confirmation Experiments-SR. The optimal parame-
ters are employed in the confirmation tests as well as in esti-
mating the SR. The outcomes of the experiments are
examined in order to determine the optimal parameters.
The factors at level A2, B2, C2,D1, and E1 are shown in
Figure 9 and Table 7. The following settings produce the
lowest SR: gap voltage of 50V, pulse on time of 6μs, pulse
off time of 6μs, wire feed of 4m/min, and reinforcement

of 3%. The predicted SR is 3.15μm, while the experimental
SR is 3.24μm.

4. Conclusions

In this study, the effects of control parameters on material
removal rate and surface roughness in WEDM of Al-Si12/
B4C/fly ash composites were investigated, with the following
findings:

(1) The optimal factors and their levels for the maxi-
mum MRR and minimal Ra were defined. A1, B3,
C1,D1, and E2 (gap voltage 30V, pulse on time:
10μs and pulse off time: 2μs, wire feed: 4m/min,
and reinforcement percentage 6%) and A2, B2, C2,
D1, and E1 (gap voltage 50V, pulse on time: 6μs,
pulse off time 6μs: wire speed: 4m/min, and rein-
forcement percentage 3%)

(2) The most significant parameter on MRR was gap
voltage (64.60%), followed by pulse on time
(18.31%). The MRR increased as the pulse on time
increased

(3) The reinforcement percentage is the most significant
factor in surface roughness, with a contribution of
31.85%, whereas the other machining parameters
have no effect. Furthermore, the Ra increased as
the wire feed and pulse on time values increased;
the lowest Ra values were recorded at a pulse off time
of 6μs

(4) The predicted MRR was determined to be
36.12mm3/min, compared to 38.01mm3/min in the
experimental measurements

(5) In the WEDM of the Al-Si12/B4C/fly ash composite
in the interval of the specified machining circum-
stances, the predicted surface roughness is 3.15μm,
whereas the experimental measurement is 3.24μm

(6) The Taguchi approach could be effectively utilized
for optimizing machining parameters in WEDM
operations
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Table 7: Response table for SR (Al-Si12/boron carbide/fly ash).

Level
Gap

voltage
Pulse on
time

Pulse off
time

Wire
feed

Reinforcement

1 -11.02 -10.99 -11.04 -10.70 -10.66

2 -10.86 -10.92 -10.91 -11.03 -10.80

3 -11.14 -11.10 -11.06 -11.28 -11.55

Delta 0.28 0.18 0.15 0.58 0.89

Rank 3 4 5 2 1

Table 8: ANOVA for SR (Al-Si12/boron carbide/fly ash).

Source DOF
Sum of
squares

Mean sum
of squares

F
Contribution

(%)

D 2 1.502 0.751 5.48 11.60%

E 2 4.123 2.062 15.05 31.85%

AB 4 2.682 0.671 4.89 20.72%

AC 4 1.787 0.447 3.26 13.81%

AE 4 1.481 0.370 2.70 11.44%

Error
(pooled)

10 1.370 0.137 10.58%

Total 26 12.945 100%
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The exploitation of fossil fuels has fueled the modern world’s development since the industrial revolution. Other energy sources,
such as wood, charcoal, and animal power, were displaced by these fuels, which were relatively easy to obtain, had low cost of
production, and were easily transportable. The possibility of these fossil reserves being depleted in the medium term, combined
with an increase in environmental awareness and the reality of environmental degradation, has changed the situation,
reactivating the search for alternative fuels. Biofuels such as bioethanol, biomethanol, and biodiesel are among the alternative
fuels gaining popularity due to their environmental benefits. This research investigates the behaviour of a diesel engine that
runs on biodiesel (a fuel made from new and unrefined algae oil), ethanol (an essential raw nanomaterial that is readily
available in India), and nanometal additives.

1. Introduction

Plant products have long been used at the heart of engines;
for example, Rudolf Diesel, the inventor of the compression
ignition engine or diesel engine, used peanut oil to power his
engine [1]. According to one of his creations at the 1900
Paris exhibition, the origins of the use of nonfossil fuels
can be traced back more than a century [2]. Throughout
these one hundred years, and especially in the second half
of the twentieth century, an endless number of investigations
and experiences took place, all under the banner of “cooking
oil will be the fuel of the future,” a phrase that has gotten a
lot of attention in recent years [3]. Nonetheless, due to
world-limited conventional fuel reserves, it is necessary to
seek viable energy alternatives in the short and medium term
to obtain the necessary energy from renewable sources. Bio-
diesel, a renewable fuel made from vegetable oils derived

from seeds, plants, or oleaginous algae, deserves special
attention in this regard because of its properties, which allow
it to replace fossil diesel in internal combustion engines
without modification [4]. They have properties similar to
petroleum-derived diesel fuel and can be mixed in any pro-
portion with conventional diesel. Due to the ability to com-
bine several phases of its production, in this case, the
obtaining phase, and the possibility of self-sufficiency in
the essential input for obtaining it, oil, this fuel, which can
be applied to any sector, can be very feasible, particularly
for the agricultural sector. Low-cost alternatives include
seed, oil extraction, and biofuel processing [5]. The addition
of ethanol and nanoparticles to biodiesel blends is primarily
to improve fuel combustion in the cylinder. The complete
combustion of the fuel in the cylinder generates a large
amount of combustion pressure on the piston’s head. Fur-
thermore, biodiesel is an oxygenated fuel with ethanol
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additives [6]. It produces more heat energy and aids in com-
plete combustion. With the addition of additives and nano-
particles, the heat release rate of biodiesel fuel increases.
Many scientists and researchers have reported the engine’s
combustion characteristics when using biodiesel blends with
additives and nanoparticles [7]. Researchers have investi-
gated cerium oxide 30ppm in a neat biodiesel blend and
investigated a 5 to 6% increase in brake thermal efficiency,
a 3% decrease in BSFC, and a 1% increase in BP. Researchers
have used 50 ppm graphene nanoparticles as an additive in
Honge oil methyl ester. It was found that the graphene-
based additive biodiesel fuel improved brake thermal effi-
ciency, reduced BSFC, and improved brake power compared
to conventional biodiesel without additives [8]. Adding eth-
anol, DEE, methanol, and n-butanol to biodiesel reduces the
fuel’s overall calorific value, lowers engine performance, and
increases fuel consumption. As a result, adding nanoparti-
cles to the blends is the most innovative way to improve
the blends’ properties, thereby improving performance and
lowering fuel consumption. Only a few researchers have
experimented with nanoparticles containing ethanol as an
additive. The high thermal conductivity of graphene
improves fuel properties, combustion, and engine perfor-
mance. There is very little information available about gra-
phene nanoparticles as a biodiesel additive [9]. Cooler
combustion, cleaner lubricating oil, lower octane require-
ments, and lower emissions are all advantages of having a
clean combustion chamber. Minor fuel droplets vaporize
entirely, leaving no unburned residue. As a result, there is
complete combustion, which increases power and mileage.
Many experimental studies using a wide range of metal addi-
tives to improve fuel properties and engine performance and
reduce emissions have been reported. Many experimental
studies have been published that use various metal additives
to improve fuel properties and engine performance while
also lowering emissions [10]. Experiments have shown that
bimetallic platinum and cerium diesel fuel-borne catalysts
reduce engine emissions and improve the performance of
the diesel particulate filter and that particulate matter emis-
sions decrease while NOx emissions increase as oxygenate
content in the fuels increases. Because of their large surface
area per unit volume, CeO2 nanoparticles may have high
catalytic activity, resulting in increased fuel efficiency and
lower pollution emissions. ZnO powder has a wide range
of applications. With this background in mind, the current
research project focuses on biodiesel’s performance, emis-
sions, and physicothermal properties with the addition of a
pure Al2O3 nanopowder additive for the fuel using an ultra-
sonic shaking process [11]. Based on the literature review
findings, it is concluded that using diesel-biodiesel with
Al2O3 metal oxide nanoparticles as additives to improve per-
formance and reduce exhaust emissions is a viable solution.

2. Characteristics of Biodiesel Used as Fuel

Biodiesel is a diesel engine fuel that is made from renewable
raw materials such as vegetable oils [3]. When a vegetable oil
or animal fat undergoes a transesterification reaction, this is
what happens. Reacting with alcohol (methanol or ethanol)

in the presence of a catalyst produces biodiesel and glycerol
(NaOH or KOH). During transesterification, the catalyst
and the alcohol combine to form a very strong polar chem-
ical compound that breaks down the triglycerides in glycerin
(glycerol) and forms ester chains with alcohol (biodiesel).
Unsold and unrefined algae oil extracted from seeds using
an endless screw machine were the raw materials used to
make biodiesel in this case [12]. The oil was sieved and
allowed to settle for 24 hours to remove impurities and sus-
pended solids before drawing clean oil from the container’s
top. Due to cost concerns, it was decided to use ethanol,
which, despite being rarely recommended, is used in most
of the literature reviews [13]. According to some reports,
the water content allows for a 96% transesterification reac-
tion with ethanol. When ethanol is used, potassium hydrox-
ide is the most commonly recommended catalyst for
initiating and speeding up transesterification [14]. The bio-
diesel characterization tests were carried out in the Fuels
and Lubricants Laboratory of the Division Center, where
this type of test is usually carried out. Table 1 summarises
the findings of the research. It should be noted that algae
oil has a viscosity of 35 cSt, which has been reduced to some
extent but not completely. The flashpoint value was higher
than average in about 40% of the cases. The rest of the
variables investigated are within the biodiesel standard’s
range [15].

3. Engine Test Setup

The experimental setup consists of a 4-stroke, single-
cylinder engine with a variable loading dynamometer. The
setup includes the equipment required to measure the crank
angle, combustion pressure, airflow, temperature, and load
and fuel flow. All of these devices are linked to your com-
puter. The configuration consists of an individual panel
box comprising a fuel tank, an airbox, a manometer, fuel,
an airflow measurement transmitter, a fuel-measuring unit,
an engine indicator, and a process indicator. Rotational
speeds are provided to measure the cooling water flow rate,
and a rotameter is provided to measure the calorimeter
water flow rate. Engine emissions are measured by the type
5 gas analyzer AVL DITEST Gas 1000 BL. An analysis of
engine combustion, performance, and emission characteris-
tics is possible through the experimental arrangement. The
engine display includes instant pressure measurement,
TDC position recording, and CA at the same instant. These
measurements are necessary for engine combustion analysis
and the calculation of the work indicated. The apparent

Table 1: Results of the tests carried out on biodiesel and nanometal
fuel.

Properties B20 B20 +Al2O3

Viscosity 40°C (cSt) 12.1 12.3

Flash point (°C) 190 210

Flash point (°C) 134 143

Density (g/cm3) 0.905 0.925

Viscosity index 229 234
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HRR and the burning process’s extent are the most signifi-
cantly useful quantities accessible from the engine combus-
tion analysis’s recorded engine data. In optical systems, HR
research is complex. Its use as an analytical tool covers a
wide range of objectives, including the advancement of mod-
ern combustion engines; the investigation of optional fuel
combustion; statistical simulation substantiation; and the
study of engine geometry, isolation, and modern injection
techniques. The explanation of an advanced engine with a
measurement system is given here, considering the impor-
tance of representing measurements for engine development
and research. The investigator must monitor and obtain the
most valuable outputs from recorded data to carry out
proper experimentation. For mechanical engineers, observ-
ing burned-gas pressure is important as the engine starts;
the Watt indicator has been installed. While the IC engine
becomes the main extensive heat machine, pressure value
measurement and old-time measurement are required for
its investigations and enhancement and carried out using
different indicator mechanisms. Piezoelectric crystals were
designed as a pressure-sensing element for phenomena
occurring in the engine. At the end of the 1960s, complex
analog instruments capable of performing signal processing
became available. Such tools have been used initially for spe-
cific applications, such as IP assessment, IMEP, and engine
misfire and knock investigation. The interface displayed
voltage relative to the IMEP throughout a voltmeter or using
an electromechanical device that reflected cycles in which
misfire or knock occurred. When ADC was introduced into
the systems at the beginning of the seventies, flexible and
low-complexity investigative sets were developed. The ana-
log signal from the amplifiers was digitally converted and
stored in computer memory, allowing additional software
manipulation. Therefore, higher storage capacity and suit-

ability were assured in information investigation, retaining
an appropriate accuracy level. The block diagram of the
experimental installation is shown in Figure 1.

4. Speed Characteristics

A Kirloskar four-stroke engine with prechamber injection is
connected to a load-transmitting cup dynamometer on the
test bench. The technical characteristics of the engine and
the dynamometer are shown in Table 2.

4.1. Injection Advance Angle. Biodiesel fuel increased engine
temperature above typical working values in the first stage of
the experiment, reaching 98°C. This is due to the fact that,
under the same conditions, the combustion delay time for
gasoline increases when compared to diesel [16]. This is
due to gasoline’s higher flashpoint. The injection angle was
increased from 10 to 20°, and the temperatures returned to
normal, ranging from 50 to 72°. The atmospheric conditions
in which the experiment was carried out were as follows:
atmospheric pressure, 1,017 bar; dry bulb temperature,
30°C; wet-bulb temperature, 26°C; relative humidity, 75%.
The torque curves in the upper part of Figure 2 correspond
to torque values with differences of 5 to 12%. The smallest
differences occur at the lowest rotational speeds, and as the
motor revolutions increase, the differences become larger
[17]. The specific fuel consumption is shown in Figure 3. It
can be seen that for low revolutions, these curves almost
overlap, resulting in similar consumptions per unit of power
[18]. The differences are more pronounced in the middle
zone of rotation speed, increasing proportionally with the
motor rotation speed. These are observed slopes and similar
behaviour characteristics, except that diesel is slightly higher
than biodiesel, and the point where they differ in their

Signal analysis
oscilloscope Exhaust gas analyser

Air/fuel
ratio meter

Pilot fuel

Pressure
gauge

Lambda
sensor

Charge amplifier of
pressure signal

PCI board
AC/DC

Pressure sensor

Cooling fan

Engine brake/
generator

Charge amplifier of
crank angle encoder

Personal
computer

Crank angle
encoder

Kirloskar
engine

Pressure
gauge Air filter

Air
flow meter

Figure 1: Block diagram of the experimental installation.
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highest value, about 10%, is at 1460 rpm. The behaviour of
hourly consumption (Figure 4) is depicted by the last pair
of curves at the bottom of the graph. As the engine revolu-
tions increase, these curves trend upward [19]. It should be
noted that the hourly consumption of biodiesel is approxi-
mately 12% higher than that of diesel. The behaviour of
engine parameters when using diesel and biodiesel is at a
rotational speed of 1450 rpm, the point at which the differ-
ences are most significant [20]. The torque, which is 9.45%
lower when using biodiesel, is represented by the first pair
of bars from the left to the right, followed by the bars of
effective power. When using biodiesel, this decreases by
9.76%. The third set of bars shows the consumption sched-
ule, which shows that biodiesel consumption is 11.95%
higher than diesel [21]. The fourth set of bars, which repre-
sents specific consumption, shows that biodiesel consump-

tion is 24.25% higher than diesel consumption. Finally, the
last bars show engine performance, which is 18.99% lower
than diesel when using biodiesel [3].

4.2. Exhaust Gas Emissions in the External Speed Test. The
measurement of gas emissions was carried out for three
points, similar for both fuels, to achieve a reference for
comparison between them [22]. Figures 5 and 6 show the
behaviour of gas emissions, paying particular attention to
NOx and SO2 emissions for three different engine rotation
speeds. The first component of the exhaust gases to be ana-
lyzed is SO2 which, as can be seen in the case of diesel at
1000 rpm, is at a concentration of 420 ppm; at 1250 rpm, it
is at a concentration of 368 ppm; and at 1500 rpm it is at a
concentration of 240ppm. For those same points using bio-
diesel, the SO2 concentration was 0 ppm, which shows that

Table 2: Engine and dynamometer characteristics.

Engine type
Make Kirloskar 1-cylinder, 4-stroke, water-cooled, diesel (computerized),

modified-to-VCR engine

Model TV1

Bore diameter 87.50mm

Stroke 110.00mm

Combustion principle Compression ignition

Engine capacity 661 cc

Peak pressure 77.5 kg/cm2

Power 3.5 kW at 1500 rpm

Dynamometer Eddy current dynamometer cooled by water includes a loading unit

Airbox Fabricated by MS including an orifice meter and U-tube manometer

Fuel tank Maximum capacity of 15 liters including metering column

Piezoelectric sensor Range 345 bar, including no noise cable

Encoder 1-degree resolution, 5500 rpm speed including TDC pulse

Data acquisition system NI USB-6210, 250 kb/s, 16 bit

Digital voltmeter 0-200mV range mounted on panel

Temperature detector RTD-type, K-type thermocouple, and PT100

Load indicator 0-50 kg range, digital type

Load sensor Strain gauge with 0-50 kg range

Direction of rotation Clockwise (looking from flywheel end side)

Idle speed range 750 rpm to 2000 rpm

Min. running speed 1200 rpm

Fuel timing for the engine 23° BTDC

Valve clearance At inlet: 0.18mm

Valve clearance At exhaust: 0.20mm

Bumping clearance 0.046 inches to 0.052 inches

BMEP at 1500 rpm 6.35 kg/cm2

Lubricating oil pump Gear type

Lub. oil pump 6.50 l/min

Sump capacity 2.70 liters

Lub. oil consumption 1.5% normally exceed fuel

Connecting rod length 234mm

Overall dimensions 617 × 504 × 877mm
Weight 160 kg

Software “EnginesoftLV” engine performance analysis

4 Journal of Nanomaterials
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the sulfur content of biodiesel is zero [23]. The exhaust gas
temperature parameter is higher when using diesel fuel;
these curves are similar, with a tendency to increase as the
rpm increases. For the case of diesel, the higher temperature
is due to the higher caloric power of this fuel compared to
biodiesel, and the percentages of temperature increases at
each point are 5.4%, 10.8%, and 12.8%, respectively [24].
The maximum temperature values in diesel reach up to
399°C, while they reach up to 353°C when using biodiesel.
The nitrogen oxide emissions in the engine are given by
the maximum temperature reached in combustion. As in
this case, diesel is higher, and then the emission of nitrogen
oxides will be higher. These curves have similar behaviour.
However, that corresponding to diesel is higher and reaches

a maximum value of 215 ppm [25]. In comparison, for bio-
diesel, the maximum value is 115 ppm, representing an
almost double reduction of this pollutant. Figure 7 shows
the behaviour of excess air and the remaining free O2 in
the exhaust gases [18]. The O2 found present in the exhaust
gases using biodiesel is higher than that recorded when using
diesel. In biodiesel, a certain amount of oxygen is present,
higher than that found in diesel, and participates in the com-
bustion reaction [26]. Part of the oxygen enters with the
intake air and leaves without reacting with the exhaust gases.
These differences are even more accentuated when working
at low rotation speeds, reaching a difference of 65%. There-
fore, the excess air for biodiesel is higher than that for diesel,
and the minimum point is at approximately 1250 rpm [27].
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5. Conclusions

The experiments in the diesel engine using biodiesel made
from algae oil and as raw materials are similar to those
reported in the literature. The viscosity of the biodiesel used
was acceptable for use in the motor used, even though it was
still higher than that specified in the ASTM standard. The
sulfur dioxide emissions are reduced to zero, and nitrogen
oxides are reduced by half when biodiesel is used. Carbon
monoxide emissions are also reduced. The differences in
engine parameters when using diesel and biodiesel fuels
increase as the engine revolutions increase. The torque,
power, hourly consumption, and specific consumption dif-
ferences for the engine are highly recordable.
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This research investigates the tribological behavior of gray cast iron against EN31 steel under lubricated conditions. The most
typical lubricated sliding phenomena are the reduction of wear on both the sliding surfaces and any one of the critical surfaces.
Static and hydrodynamic wear can be reduced based on fluid properties or the accessibility of fluid between the surfaces. The
oil’s viscosity or content of the hydrocarbon and additives present in the oil plays a major role in controlling the wear of
reciprocating surfaces. Therefore, this research work focused on metal-to-metal contact wear under the influence of lubricating
oil (40 pride oil). The Taguchi method was used to select the sliding parameter combinations. Lubricated sliding resulted in a
relatively reduced order of friction coefficient, attributable to better load distribution due to the formation of the lubricant film.

1. Introduction

Gray cast iron (GCI), used in the manufacturing of indus-
trial components, is more accessible to machines and
requires less lubricant than other cast irons [1]. This study
deals with the sliding wear behavior of GCI-steel (EN31)
contact pair under lubricated conditions over a range of
load, sliding speed, and sliding distance. A solid-solid con-
tact/solid-fluid contact pair is the most common type of
contact pair. Solid-solid contact could be expected corrosion,
adhesion, abrasion, and diffusion wear [2]. Tribological
characteristics such as friction and adhesion wear are con-
sidered in the current study of solid-solid contact. GCI
exhibits the essential microstructure and is commonly used
in wear-resistant products such as cylinder liners, piston
rings, clutches, and disc brakes [3].

Prasad [4] examined the sliding wear behavior of GCI in
dry and lubricated conditions (SAE 40) over a range of slid-
ing speeds and pressure. It was found that the cast iron wear
rate increased with sliding speed and applied pressure. The
temperature increased initially at a high rate in the speci-
men’s surface after reducing the later stages of sliding at
low pressures. Adhesion plays a significant role in causing
oil and oil content loss plus graphite-lubricated state. Oil
wear rate is lower than dry wear rate [4]. Grabon et al. [5]
measured the tribological quality of honed cylinder liners
made from GCI on the plateau. The selected counterpart
material consisted of piston rings of GCI.

A reciprocating test was used for comparing the honed
cylinder liner with or without additional oil pockets (SAE
40 diesel engine oil) created by the burnishing method. In
addition, dimples were prepared on the surface of the honed
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cylinder liner, which shows a reduction of half of the friction
coefficient as in the usual surface. Each grade of industrial
lubricant usually comes with several additives that are phys-
ically or chemically absorbed on the surface to avoid aggres-
sive wear conditions under the boundary lubrication regime.
Lubricants are primarily used to separate two sliding sur-
faces to reduce friction and wear. It also serves other pur-
poses, including removing heat and pollutants from the
contact. Lubricants are typically made up of oil plus com-
pounds called additives that assist oils in performing specific
roles successfully [6].

Flake Graphite Iron (FGI) is highly suggested for wear
resistance applications among the GCI due to its flaky
graphite structure [7]. GCI is generally used in automotive
applications, particularly cylinder liners. According to the
literature, the best wear-resistant microstructure is a pearlitic
matrix with a tiny quantity of free ferrite. GCI includes such
a matrix, and its use for a range of tribological applications
has been seen in the past, particularly in sliding contact sys-
tems [8, 9].

The wear map for ASTM A30 GCI was created with a
pearlitic matrix, which summarized the wear rate and its
mechanisms into ultramild, mild, and severe wear regimes
by Riahi and Alpas [10]. There was no palpable evidence
of plastic deformation in ultra and mild wear formation
of oxide layers covering contacting surfaces. The material
was transferred on the surface of the AISI 52100 steel as
a counter face because surface roughness increased from
0.12μm to 4.0μm. The hardness, temperature, and surface
roughness increased during the severe wear regime due to
surface deformation on the cast iron and welded on the
EN31 steel with a maximum height of 10μm. The severe
wear appeared when oxide layer formation was unstable
due to delaminating of tribe oxides. The author has
referred to the formation of graphite flakes under low
loading conditions during dry sliding which reveals excel-
lent wear resistance of GCI [10].

The wear behavior of different compositions of alloyed
gray cast iron tested against hardened steel (62 HRC) was
analyzed [11]. The results show that the alloyed hypereu-
tectic cast iron has three times lower wear rate than the
elemental iron, owing to the larger graphite content and
strong carbides in the matrix. Also, tensile strength and
specific wear rate decrease with increasing graphite vol-
ume. Simultaneously, due to three-body abrasion, the hard
carbide particle present in debris generation started along
the wear track, preventing material loss during sliding.
Chawla et al. [12] investigated the GCI wear mechanism,
using the pin-on-disc wear tests under dry sliding condi-
tions. The results show greater wear in stainless steel 304
with an increase in sliding speed at normal load and get-
ting softened with an increase in the load parameter. But
the wear ratio of GCI has been low with increasing load
due to graphite (ferrite) matrix and decohesion observed.
Masuda et al. [13] conducted sliding wear experiments
under lubrication using gray cast iron AISI NO.35B. Wear
surface and sliding wear mechanism was observed during
the sliding wear process. The aluminium-modified cast
iron (Fe-C-Al) has lower wear resistance and friction

when compared to conventional (Fe-C-Si) cast iron [14].
Singh and Bhowmick [15] investigated the tribological
behavior of hybrid AMMC sliding against steel and cast
iron with MWCNT-oil lubrication; the inclusion of lubri-
cants permits the creation of tribo layers which controls
the relevant antifriction and antiwear processes.

Prasad [16] investigated the wear characteristics of GCI
in both dry and oil-lubricated environments. It was found
that the wear rate of cast iron increased with the sliding
speed and pressure. At the initial stage due to adhesion,
the temperature near the specimen surface increased,
whereas at later stages the temperature decreased at low
pressure. In practice, GCI-steel contact pair finds wide appli-
cation. The base GCI has superior mechanical properties like
good vibration damping, low coefficient of friction, good
toughness, and excellent wear resistance. Gray cast iron type
consists of predominantly pearlitic/ferrite matrix or both
with graphite flakes. Even though it has good properties, it
must withstand the application environments such as dry
and lubricated sliding, which has exposed positive and neg-
ative wear. Many researches attempted wear behavior of gray
cast iron under wet conditions, but limited studies reported
on positive and negative behavior of GCI. Therefore, this
research describes the lubricated environment conditions
under the contact pair of GCI-EN31 steel.

2. Experimental Procedure

2.1. Selection of Material. Cast iron (200-250/BS 1452, also
called GCI) is a popular material used in modern industrial
applications. The price is so low (20-40%) than the steel, and
it has a wide variety of mechanical properties. High carbon
and chromium-containing low alloy steel EN31 (AISI
52100) was selected as a counter face specimen for this
experiment. The chemical composition of GCI is tabulated
in Table 1.

2.2. Test Parameters. Table 2 shows the wear test parameters
such as load, sliding speed, and sliding distance. Wear study
was carried out under dry and lubricated (40 pride oil) con-
ditions using pin-on-disc tester shown in Figure 1. A combi-
nation of test parameters was selected and experimented
based on the Taguchi design of experiments (DOE) principle
with orthogonal array (OA) of L27. The contact surface com-
prises stationary pins made of EN31 steel against a rotating

Table 1: Chemical composition of grade GCI specimen (BS 1452).

Material C Si Mn S Cr P Cu Fe

Weight% 3.2 2.1 0.7 0.06 0.3 0.25 1.5 Remainder

Table 2: Process parameter and their levels.

Levels
Parameters

Load (N) Sliding speed (m/s) Sliding distance (m)

1 15 0.5 300

2 30 1.0 600

3 45 1.5 900
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cast-iron disc under the standard testing condition of ASTM
G99 [17–19]. The test conditions are chosen based on the lit-
erature review and experience gained through earlier tests.

2.3. Sample Preparation. GCI discs of outer diameter 55mm,
inner diameter 6mm, and 10mm thickness were machined
to conduct the experiments. The surface hardness of GCI
is 28 HRC.

The counter specimen pin EN31 was machined from BS
970 grade with 6mm diameter and length 60mm and hard-
ened to 58 to 60 HRC.

3. Results and Discussion

3.1. Observation on Lubricated Sliding. The GCI disc and pin
are examined with 40 pride oils (additive oil), and the results
are tabulated in Table 3. Sliding wear tests were conducted
under a lubricated environment using 40 pride oil. It is seen
that the wear of GCI on the counter pin varies only margin-
ally with 40 pride oil during sliding; it could be because addi-
tive oil does not affect low load and speed conditions.
Figure 2(a) illustrates the variation of wear with increasing
sliding speed under the load of 15N for the GCI disc with
various sliding distance. Figure 2(b) shows the variation of

(a) Dry conditions (b) Lubricated conditions

Figure 1: Photograph of pin-on-disc wear tester.

Table 3: Experimental results.

S. no. Load (N) Sliding speed (m/s) Sliding distance (m) COF Disc wt. loss (g) Pin wt. loss (g)

1 15 0.5 300 0.1066 0.0028 0.052

2 15 0.5 600 0.0847 -0.0018 0.009

3 15 0.5 900 0.1146 -0.008 -0.006

4 15 1.0 300 0.0808 0.0041 0.006

5 15 1.0 600 0.0973 -0.0058 0.009

6 15 1.0 900 0.1081 -0.0012 0.016

7 15 1.5 300 0.1084 0.0012 -0.001

8 15 1.5 600 0.0901 -0.0018 -0.009

9 15 1.5 900 0.0901 -0.0037 -0.021

10 30 0.5 300 0.124 -0.007 -0.004

11 30 0.5 600 0.1034 -0.0011 -0.016

12 30 0.5 900 0.1095 -0.002 -0.003

13 30 1.0 300 0.1258 0.0004 -0.002

14 30 1.0 600 0.1258 0.003 0.001

15 30 1.0 900 0.0902 0.001 -0.002

16 30 1.5 300 0.1167 -0.0005 -0.024

17 30 1.5 600 0.1033 0.0013 -0.003

18 30 1.5 900 0.1313 0.0021 0.004

19 45 0.5 300 0.1443 -0.0003 0.017

20 45 0.5 600 0.1257 -0.0002 -0.019

21 45 0.5 900 0.1262 0.0005 0.022

22 45 1.0 300 0.1227 -0.0004 -0.005

23 45 1.0 600 0.0948 -0.0014 -0.001

24 45 1.0 900 0.0976 0.0031 -0.083

25 45 1.5 300 0.0861 0.0037 -0.011

26 45 1.5 600 0.1125 -0.0028 0.001

27 45 1.5 900 0.11 0.0004 0.005
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wear with increasing sliding rate under the load of 15N for
EN31 steel pin with lubricated condition (40 pride oil).

From Figure 2(a), at 15N load, it is seen that with 40
pride oil, the disc exhibits smaller order of wear and pre-
dominantly negative mode. With a lower speed of 0.5m/s,
sliding wear tends to drop down from positive to negative
mode with the sliding distance. The change of wear mode
could be attributed to the presence of transferred wear debris
from the counter surface.

With increasing sliding speed (1m/s), the disc encoun-
ters positive to negative mode of wear (marginally varying
magnitude). With the higher speed of 1.5m/s, an overall
reduction in wear can be seen; the mode of wear changes
from positive to negative mode. Typically monitored varia-
tion of wear of counter steel surface is illustrated in
Figure 2(b). It is seen that with increasing speed and sliding
distance, a gradual reduction in wear changing from positive
to negative mode occurs. Sliding under 15N load with a slid-
ing speed of 1m/s is seen.

At the same time, the counter steel surface exhibits a
marginally increasing positive mode of wear; the GCI disc
shows a fluctuating mode of wear, i.e., unlike the case of
dry sliding. With 40 pride oil, under increasing speed (asso-
ciated interface/contact temperature), likely, oil film factor
on steel surface attributes to the reduction in wear; also,

the occurrence of negative mode on both the contact sur-
faces could be due to effective transport of material between
contact surfaces by the lubricant.

Figure 3(a) illustrates the variation of wear with increas-
ing sliding speed under the load of 30N for GCI disc.
Figure 3(b) illustrates the variation of wear with increasing
sliding rate under the load of 30N for EN31 steel pin, in
lubricated condition (40 pride oil). From Figure 3(a), GCI
exhibits native wear at low sliding speed, whereas in increas-
ing speed, it tends to rise to positive mode. The counter steel
pin materials exhibit mostly negative wear. However, com-
pared to 15N loading, the counter steel pin surface exhibits
a mainly negative mode of wear of relatively smaller magni-
tude. Also, it is seen that around 1m/s sliding speed, a trend
change can be observed. A similar observation is found,
when wear losses increase as wear time, rotating speed, and
applied pressure increase [20].

Figure 4(a) illustrates the variation of wear with increas-
ing sliding speed under the load of 45N for the GCI disc.
Figure 4(b) shows the variation of wear with increasing slid-
ing speed under the load of 45N for EN31 steel pin, in lubri-
cated condition (40 pride oil).

Unlike in the case of 15N load (sliding), GCI disc
exhibits mostly reduced order of wear; as observed in the tri-
als, with this test condition (45N), CI exhibits a visible rise
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Figure 2: (a) Disc weight loss at 15N load. (b) Pin weight loss at 15N load.
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Figure 3: (a) Disc weight loss at 30N load. (b) Pin weight loss at 30N load.
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in wear (from -0.0014 to 0.0031 gms) at a sliding speed of
1m/s and sliding distance of 900m, thus indicating the
dependency of adhesion wears on the PVT factor. Applied
pressure may have the opposite effect by causing induced
surface hardening, which in turn improves wear resis-
tance [20].

Also, it is seen that a drop in adhesion wear can be seen
with a higher speed of 1.5m/s. This could be attributed to
better film formation of this additive oil with increasing
speed. Under the lubricated condition, it is known that the
thickness of the lubricating film “h” is given in

h α η uð Þ1/2, ð1Þ

where η is the kinematic viscosity and u is the sliding
velocity.

It is also known that when the film thickness exceeds the
composite surface roughness of contacting surface, the Dow-

son ratio is calculated by using

D = h
Va1 + Va2ð Þ Dowson ratioð Þ: ð2Þ

Va1 is the roughness of CI; Va2 is the roughness of steel
pin.

When “D” ratio is greater than 1-1.4, there will be effec-
tive separation of contacting surfaces, resulting in less inter-
action and wear.

Typical monitored variation of wear of counter steel sur-
face at 45N normal load is illustrated in Figure 4(b); with a
lower sliding speed of 0.5m/s, the pin exhibits relatively
higher wear (0.017mg-0.022mg); with increasing sliding
speed, 1 to 1.5m/s, a reduction in wear (mostly negative
mode) can be seen. With increasing sliding speed, better film
formation results in enhanced wetting/absorption, causing a
reduction in wear with the lower speed of 0.5m/s, associated
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Figure 4: (a) Disc weight loss at 45N load. (b) Pin weight loss at 45N load.

(a) 30 N, 1.0 m/s, 300m (b) 30 N, 1.0 m/s, 600m

(c) 30 N, 1.0 m/s, 900m

Figure 5: (a–c) Micrograph with 40 pride oil.
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with inadequate film formation, effectively a dry contact
occurs, tending to enhanced wear. The observed higher
order wear negative wear with 1m/s sliding speed and slid-
ing distance of 900m could be attributed to the enhanced
wear of GCI disc (at the same condition) and transfer.

3.2. Micrograph of Lubricated Sliding Conditions. A micro-
graph of worn-out sliding track on CI disc tested with 40
pride oil is shown in Figure 5(a). The positive mode of wear

is associated with a worn-out micrograph showing surface
cracking and discrete pits at the crack tip. Micrograph of
worn-out surface on the sliding track of GCI disc presents
partially glazed texture with discrete pull out of material
shown in Figure 5(b). A typical micrograph in Figure 5(c)
shows partially glazed texture, with discrete spots of trans-
ferred debris from the counter steel surface.

A micrograph of worn-out sliding track on GCI disc
exposed to sliding contact with steel surface is shown in

(a) 15 N, 0.5 m/s, 300m (b) 15 N, 1.0 m/s, 300m

Figure 6: (a, b) Micrograph with 40 pride oil sliding.
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Figure 7: (a) COF at 15N load. (b) COF at 30N load. (c) COF at 45N load.
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Figure 6(a) at 15N load, 0.5m/s, and 300m. As presented
earlier, the GCI disc encountered positive mode of wear,
supplemented by the surface distress exhibited by the micro-
graph. Severe ridging and spalling of graphite can be seen.
With additive oil such as 40 pride oil, under the low sliding
condition of 15N, 1.0m/s, and 300m, the contact would be
dominating stick-slip in nature. The micrograph of worn-
out track shown in Figure 6(b) pertains to a region of the
track, exhibiting severe sliding spalling of graphite and dis-
crete dents on the surface.

3.3. COF under Lubricated Contact. From Figure 7(a), the
lower-order COF can be seen, with increasing load (30N).
COF marginally rises and is fluctuating around 0.1 to 0.123
with a higher load (45N); a steady reduction in COF can
be seen. The COF decreases and increases marginally with
increased speed, indicating a slow improvement in wetting
by the oil. The decrease part may be attributable to the wear
of oxide film. At higher speeds, an almost steady state of
COF occurs due to better film formation.

From Figure 7(b), the COF variation with increasing
speed for 40 pride oil at 30N load is very similar to 40 pride
oil at 15N. However, at most speeds, the COF value is mar-
ginally higher, which is attributable to higher load and lubri-
cant inaccessible on the surface. It is seen that while the COF
tends to rise with one m/s parametric combination, at 15N,
it tends to drop down for 45N loading shown in Figure 7(c).
This could be attributed to the increased surface interaction
due to the accessibility of the additive oil to lubricate the
interface at a low load. With increasing load, i.e., 45N, pos-
sibly due to increasing contact temperature, better (lubri-
cant) film formation occurs, tending to a reduction in COF.

3.4. 3D Surface Textures. Figure 8(a) shows the 3D surface
texture which contains discontinuous sliding track/texture
with transferred wear debris. A typical recorded surface pro-
file is shown in Figure 8(a) and the following features: Ra
−0.415μm, Rt 3.77μm, and Rz 2.72μm relatively higher
order Rt/Ra ratio (≈9); associated with a wavy texture,
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maximum peak height Rp 1.42μm and maximum valley
depth Rv −1.29μm.

Under the severe test condition, relatively smoother tex-
ture observed is illustrated in Figure 8(b), higher speed,
absence of stick-slip contact, hence resulting in the less wavy
profile, with reduced Rt/Ra ratio Ra −0.386μm, Rt −1.87μm
(Rt/Ra ≈ 5), Rp −0.746μm, and Rv −1.03μm. Reduction of
Rp and Rv indicates mild crest flattening due to sliding. Kur-
tosis of 3.13 (typically 3) displaying reasonably uniform tex-
ture, also supplemented by the minor order skewness
(Figure 8(b)), shows better texture Ra −0.386, Rv
−1.87,Rt/Ra ≈ 5, kurtosis 3.17, and skewness 3.34 (left center
texture).

Figure 9(a) presents a relatively smoother texture of dis-
tributed layer under medium load conditions (30N, 1m/s,
300m) in mostly positive mode of wear. Profile indicates
mild wavy texture, Ra −0.236μm, Rt 1.9, andRt/Ra ≈ 8.
The kurtosis (4.68) indicates wavy texture, skewness 0.266
left centric (nonuniform). In Figure 9(b), the 3D surface
shows uniform texture with ridges, locally distributed lay
Ra 0.18μm, Rt 3.07μm, and Rt/Ra > 10. The kurtosis is
3.18 and skewness is 0.224, wavy texture left centric (non-
uniform texture).

Figure 10(a) depicts the surface texture feats of the worn-
out track surface exposed to 45N, 0.5m/s, 900m. The mild
positive wear 3D texture, distributed pattern, locally crum-
bled surface and surface profile is right centric, Ra
−0.682μm, Rt 5.97, andRt/Ra ≈ 8. The kurtosis is 10.3 and
skewness is 0.37. Wavy texture is presented (due to crum-
bling of material). In another region from Figure 10(b) 3D
surface with distributed layer, Ra −0.325μm, Rt −4.5μm,
and Rt/Ra > 10. Kurtosis 4.39 and skewness 0.058 indicate
that the surface comprises a wavy texture mostly centric.

4. Conclusions

(i) A gray cast iron/steel sliding contact pair, with con-
tact pressure of 0.6MPa to 1.7MPa, exhibits stick-
slip contact wear, which has a predominance of

ploughing behavior. Positive as well as a negative
wear mode was shown depending on the contact
pressure and sliding velocity

(ii) With 40 pride oil, an additive oil, the counter steel
pin surface exhibits mostly negative wear, while
GCI disc exhibits mostly positive wear, while GCI
disc exhibits fluctuating wear with a rise in wear
for higher contact speeds. At relatively lower con-
tact pressure and temperature, the effectiveness of
oil addition could not be realized

(iii) Micrograph of GCI disc tested with 40 pride oil
exhibits +ve mode of wear with the worn-out sur-
face exhibiting surface cracking and discrete pits

(iv) The higher surface roughness values Ra −0.682μm
were obtained at 45N, 0.5m/s, 900m and lower sur-
face roughness values (Ra 0.18μm) were obtained at
30N, 1.0m/s, 900 m

(v) Lubricated sliding results in relatively reduced order
of coefficient of friction, attributable to better load
distribution due to formation of lubricant film
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Aircraft component manufacturing sector is looking for high precision machining in aircraft components. The present work
explores the operability of green manufacturing of Nimonic C263 using dry turning. Nimonic C263 is tough to turn owing to
its inherent quality like low conductivity and more work hardening. Therefore, in order to improve this machined
surface/integrity, the controlling factors were optimized based on desirability approach for minimum of surface roughness and
flank wear during turning of this alloy using CBN insert. L27 orthogonal array was chosen to carry out the experiment. The
effects of controlling factors, such as cutting speed (V), feed rate (S), and cut penetration/depth of cut (ap) on the outputs,
were also explored. The feed rate was a major impact to affect surface finish and flank wear. The average error percentage
between the experimental and RSM models for surface finish was 4.76 percent and 2.79 percent for flank wear.

1. Introduction

High strength alloy Nimonic C263 has been extensively used
in many decisive parts of aircraft. Due to the excellent
mechanical properties, fatigue strength, and creep properties,
this alloy is used in a high-temperature environment. How-
ever, FCC structure, gamma precipitates presence in this alloy
cascades into the group of difficulty-to-cut materials as of its
lower thermal conductivity and higher work hardening rate,
which would damage the tool. Therefore, the machining of
this hardened alloy is considered an important one for aircraft
part manufacturers to ensure the quality of the parts. These
factors depend on process parameters such as cutting swift-
ness, feed rate, and penetration of cut.

Ti-6Al 4V-ELI alloy was machined by Kechagias and
colleagues [1] to determine the cutting force and surface
roughness and the properties of machining aspects such as
cutting speed, feed rate, and depth of cut onmachining perfor-
mances. For the experimental trials, L27 was used as a full fac-
torial design. There is a consensus among experts that cutting
speed should be set at 600 revolutions per minute, the feed rate
should be 0.10mm/rev, and the cut depth should be 0.50mm.
PCBN inserts with enhanced high toughness were used to fin-
ish turn the difficult to cut metal Inconel 716, and the machin-
ing attributes were evaluated. The PCBN insert was found to
be the best to get quality surface finish. PCBN inserts with
enhanced high toughness were used to finish turn the difficult
to cut metal Inconel 716, and the machining attributes were
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evaluated. The PCBN insert was found to be the best to get
quality surface finish [2].

Ramesh et al. [3] investigated themachinability of titanium-
based metal matrix composite during turning using CBN
inserts. They have reported that the wear zones on the flank face
were identified in turning this material at high cutting speed
using CBN such as black and white zones. Debonding of
attached materials from the tool was caused by abrasion and
oxidation mechanisms that were discovered. Ren et al. [4] con-
ducted dry machining experiments on Ti-6Al-0.6Cr-0.4Fe-
0.4Si-0.01B (TC7) utilizing PCD and PCBN tools. They have
investigated the machining performance of TC7 and the wear
mechanism of PCD and PCBN tools. The wear of PCBN was
more serious than PCD insert, and the adhesion-dissolution-
diffusion mechanisms were also reported.

Das et al. [5] used an experimental trial on AISI 4340 steel
that was conducted utilizing a multilayer-coated CVD (TiN/-
TiCN/Al2O3/TiN) carbide tool using a three-level factorial
design employing Taguchi’s L9 orthogonal array (OA). At
varying levels of machine settings, they have noticed changes
in surface shape and insert wear. They discovered that feed rate
influenced surface roughness and flank wear more than other
parameters, and that abrasion wear due to rubbing was the
most common type of wear. Further, they have concluded that
this coated tool can be effectively used in place of CBN and
ceramic tools. Padhan et al. [6] have evaluated the machining
performance in turning austenitic stainless steel Nitronic 60
under dry, compresses-air cooled machining environment,
flooded, andminimum quantity lubrication. As SiAlON turned
the steel, the cutting force, tool wear, cutting temperature, and
surface roughness were evaluated. They came to the conclusion
that theMQL technique increased and enhanced themachining
performance of their machines. Cutting force and surface
roughness decreased as cutting speed increased, while a force,
roughness, and temperature increased when feed rate increased;
yet, tool wear decreased.

CBN tool hard turning of maraging steel was optimized
by [7], and they have used L27 orthogonal array to conduct
experimental trails and reported that surface roughness and
flank wear were affected by feed rate compared to other
parameters. Further, DEFORM 3D software was used to
simulate the temperature distribution at optimal machining
condition, and 885°C was observed. Vinothkumar et al. [8]
have reported the machining attributes in turning Inconel
718 alloy under dry and atomic spray cutting fluid using
PVD coated carbide insert. They have concluded that the
ASCF technique has an improved surface finish and reduced
tool wear by about 17-34% compared to dry. These reduc-
tions were reported owing to the lubrication effect in the tool
interface. Singh et al. [9] conducted turning trails on AISI
316 L in a dry turning environment. Several process factors
were selected for study: cutting speed, feed rate, cutting
depth, and tool nose radius. Outputs included cutting force,
tool flank wear, and surface roughness. To decrease tool
wear and surface roughness, the process parameters were
modified based on a desirability approach. According to
them, the workpiece and tool develop contact at high nose
radius levels, resulting in flank wear proportionate to the
depth of cut. Rebecka et al. [10] have studied the wear mech-

anisms in turning difficult-to-cut alloy using PCBN and
PCD insert, and it was observed that the fracture on the flank
face was caused owing to deterioration mechanism. It is
further found that PCD performed well compared to PCBN
in view of life of the tool.

Volodymyr Bushlya et al. [11] conducted turning process
at high speed on Inconel 718 using CBN insert, and they have
reported that diffusion with boron and nitrogen wear mecha-
nisms was found on the rake [11]. Wei Fan [12] reviewed the
performance of carbide, ceramics, and CBN inserts onmachin-
ing aeroalloys in terms of cutting tool failure, cutting tool mate-
rial, cutting tool geomentry, and chip morphology. PCBN
insert retains its hardness at high temperature; however, it pos-
sesses twomajor limitations such as crack in insert and difficult
in chip breaking. Lubin et al. [13] stated that tool wear and
worst chip break are the two limitations of the PCBN inserts.
Turning experimental trails were carried out on super alloy
GH4169 using PCBN at supplying various pressure ranges
cooling and machining attributes such as flank wear and cut-
ting force were observed. The flank wear and cutting force were
controlled by supplying high pressure cooling. Owing to great
hardness, CBN inserts are recommended to machine the
difficult-cut alloys; however, the control over flank wear was
found to be major challenges. The abrasive wear mechanism
was found to be major compare to addison and diffusion in
turning process using CBN inserts. No scratches and marks
were found on the machined surface during machining at high
speed owing to high-temperature generation in the cut zone
[14]. The properties and characteristics of inserts are main
factors in the machining processes to get reliability. In view of
machining performance, the CBN insert showed good results
compared to ceramic during machining of super alloys, and
the cutting temperature wasmore as the level of sped and depth
of cut increases followed by feed rate [15].

Pardeep Kumar et al. [16] conducted turning experiment
on AISI H13 using various CBN grades, and the parameters
like workmaterial hardness, cutting speed, and feed were found
to be predominant factor on surface roughness and cutting
forces. Further, it has been found that the CBN-10 grade found
to be best than CBN-600 grade and CBN BNC-300 grade.

From the state of the art, it was identified that rapid tool
wear during machining of any alloy would affect severely on
the outputs, which also affects the integrity of the machined
surface. There is also an inadequate research in dry tuning of
Nimonic C263 using CBN insert. Therefore, appropriate
tool material and geometry should be explored to get mini-
mum of flank wear and enhanced the integrity. Therefore,
strive is taken to study experimentally the effects of the
factors on surface finish and flank wear in dry turning of
Nimonic C263 using CBN. RSM was used to make a model
to predict the machining attributes, and that model would
also be benefited to predict the values of these attributes
before the actual experiments.

2. Materials and Methods

The workpiece was made of Nimonic C263 alloy. The diam-
eter of the work piece was 70 millimeters. The weight per-
centage of the chemical composition of Nimonic C263 and
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insert details of CBN are shown in the Table 1. According to
a recent study, nickel-based alloys can be machined using
materials such as CBN. Tools made from CBN have better
thermal conductivity than carbide and ceramic cutting tools,
allowing them to maintain their cutting wedge for longer

periods, function at faster cutting speeds, and produce supe-
rior surface finish [16].

The schematic view of the turning process, the experi-
mental set-up, surface finish, and tool wear measurement
are shown in Figure 1. The surface roughness and flank wear

Table 1: Chemical composition of Nimonic C263 and nomenclature of insert CBN.

S.no Composition Weight % Nomenclature of CBN insert

1 Ni 52.49 Back rake angle –6°

2 Si 0.19 Side rake angle –6°

3 Mn 0.46 End relief angle –6°

4 Cr 20 Side relief angle –6°

5 Mo 6.29 End cutting edge angle 5°

6 Cu 0.07 Side cutting angle –5°

7 Fe 1.0 Nose radius 0.8mm

8 Co 16.7 Tool holder
PCLNR
2020K12

9 Ti 1.94

CBN insert Sandvik CNGA 120 408S01030A, 7025 grade

10 Al 0.48

11 Nb 0.04

12 W 0.15

13 V 0.02

14 C 0.02

15 S 0.001

16 Ta 0.007

Dynamometer
ToolFeed (rate)

Workpiece

Spindle
speed

Radial force

Cu
tti

ng
 fo

rc
e

Axial force
Work piece

Tool holder

Depth of cut

Probe Probe

Workpiece

Machined surface

(a)

(d)

(b)

(c)

Figure 1: Experimental details: (a) turning setup, (b) experimental setup, (c) surf coder, and (d) tool maker microscope.
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were measured by surf coder and universal measuring
microscope (UMM).

A factorial three-factor-three-level design was used in the
experiment. The cutting speed, feed rate, and cut depth were
all taken into account as controlling factors. The turning envi-
ronment was dry during the experiment. In this experiment,
L27 OA was arranged in an orthogonal array. These parame-
ters are stated in sequence in Table 2. A software package called
Design Expert was used to model and analysis the impact of
parameters.

3. Modeling of Machining Parameters

3.1. Regression Analysis. Table 3 presents experimental
results and RSM-modeled values for surface irregularities
and wear of the flank. The regression model was developed
to evaluate the surface roughness and flank wear as given
in equations (1) and (2). Tables 4 and 5 show the results of
the ANOVA for surface roughness and flank wear. From
the ANOVA, roughness is influenced most by feed rate,
followed by other parameters. However, the speed was the

Table 2: Parameters for machining.

S. No. Control constraints Units
Levels

L-1 L-2 L-3

1 V m/min 80 125 190

2 S mm/rev 0.055 0.096 0.159

3 ap mm 0.25 0.50 0.75

Table 3: Results from both experimental and RSM-modeled studies.

S. No.
Controlling factors Experimental values RSM values

% age error expt. vs.
RSM

V S ap Ra (μm) VB (mm) Ra (μm) VB (mm) Ra (μm) VB (mm)

1 80 0.055 0.25 2.55 0.30 2.51 0.301 1.56 0.33

2 80 0.055 0.50 2.2 0.32 2.34 0.317 5.98 0.93

3 80 0.055 0.75 2.35 0.34 2.18 0.338 7.23 0.58

4 80 0.096 0.25 2.8 0.33 2.88 0.329 3.04 0.30

5 80 0.096 0.50 2.6 0.35 2.71 0.348 4.05 0.57

6 80 0.096 0.75 2.4 0.36 2.56 0.372 6.25 3.22

7 80 0.159 0.25 3.1 0.38 3.02 0.362 0.33 4.73

8 80 0.159 0.50 3 0.39 2.87 0.385 4.33 1.28

9 80 0.159 0.75 2.8 0.40 2.73 0.413 2.50 3.14

10 125 0.055 0.25 2.25 0.29 2.18 0.291 3.11 0.34

11 125 0.055 0.50 2.1 0.31 2.00 0.306 4.76 1.29

12 125 0.055 0.75 1.7 0.33 1.85 0.326 8.10 1.21

13 125 0.096 0.25 2.65 0.30 2.67 0.315 0 4.76

14 125 0.096 0.50 2.55 0.345 2.49 0.333 0.74 3.47

15 125 0.096 0.75 2.65 0.365 2.34 0.356 11 2.46

16 125 0.159 0.25 2.93 0.32 2.96 0.342 1.01 6.43

17 125 0.159 0.50 2.6 0.36 2.80 0.364 7.14 1.09

18 125 0.159 0.75 2.5 0.41 2.66 0.391 6.05 4.63

19 190 0.055 0.25 1.6 0.42 1.76 0.393 9.09 6.42

20 190 0.055 0.50 1.65 0.38 1.58 0.407 4.24 6.63

21 190 0.055 0.75 1.45 0.42 1.41 0.426 2.75 1.40

22 190 0.096 0.25 2.65 0.39 2.43 0.412 8.30 5.33

23 190 0.096 0.50 2.15 0.45 2.25 0.429 4.44 4.66

24 190 0.096 0.75 1.9 0.46 2.09 0.451 9 1.95

25 190 0.159 0.25 2.8 0.45 2.94 0.430 4.7 4.44

26 190 0.159 0.50 2.95 0.44 2.77 0.451 6.10 2.43

27 190 0.159 0.75 2.7 0.47 2.62 0.477 2.96 1.46
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Table 4: Surface irregularity: an analysis of variance (Ra-μm).

S. No. Source DOF Seq-SOS Adj MS F % contribution

1 Model 9 4.86 0.54 18.24

2 V 1 0.79 0.79 26.71 14.71

3 S 1 3.14 3.14 106 58.47

4 ap 1 0.46 0.46 15.43 8.56

5 V × S 1 0.34 0.34 11.55 6.33

6 V × ap 1 7.654E-004 7.654E-004 0.026 0.014

7 S × ap 1 5.402E-004 5.402E-004 0.018 0.00010

8 V2 1 4.730E-003 4.730E-003 0.16 0.088

9 S2 1 0.066 0.066 2.23 1.22

10 ap
2 1 6.000E-004 6.000E-004 0.020 0.0111

11 Residual 17 0.50 0.030 9.31

12 Total 26 5.37 100%

R-sq–97%

Table 5: Wear flank (VB-mm).

S. No. Source DOF Seq SOF Adj MQ F % contribution

1 Model 9 0.069 7.675E-003 25.70

2 V 1 0.027 0.027 91.84 36.48

3 S 1 0.014 0.014 46.59 18.91

4 ap 1 7.852E-003 7.852E-003 26.29 10.61

5 V × S 1 3.971E-004 3.971E-004 1.33 0.536

6 V × ap 1 1.335E-005 1.335E-005 0.045 0.018

7 S × ap 1 1.900E-004 1.900E-004 0.64 0.25

8 V2 1 0.014 0.014 45.45 18.91

9 S2 1 5.139E-008 5.139E-008 1.721E-004 0.00006944

10 ap
2 1 3.750E-005 3.750E-005 0.13 0.050

11 Residual 17 5.077E-003 2.987E-004 6.86

12 Total 26 0.074 100%

R-sq–95%

Table 6: Optimization goals and limits.

S. No. Parameter and Result Goal Minor limit Greater limit Inferior weight Superior weight Significance

1 V-m/min Is in variety 80 190 1 1 3

2 S-mm/rev Is in choice 0.055 0.159 1 1 3

3 ap-mm Is in choice 0.25 0.75 1 1 3

5 Ra-μm Minimalize 1.45 3.1 1 1 3

6 VB-mm Minimalize 0.29 0.47 1 1 3
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most predominant factor in spoiling status of the flank wear,
followed by other factors.

Surface roughness Ra, μmð Þ = +3:09 − 0:01 ×V + 7:63 × S − 0:77
× ap + 0:05 ×V × S − 5:77657E
− 004 × V × ap + 0:49 × S × ap

+ 9:65208E − 006 ×V2 − 36:08
× S2 + 0:16 × ap2,

ð1Þ

Flank wear VB, mmð Þ = +0:43971 − 3:45937E − 003
×V + 0:62419 × S + 0:02 × ap

− 1:92528E − 003 ×V × S

− 7:62943E − 005 ×V × ap

+ 0:29 × S × ap + 1:63515E
− 005 ×V2 + 0:03 × S2 + 0:04 × ap2:

ð2Þ

4. Parametric Optimization

For the multiresponse optimization, the RSM-based desir-
ability was utilized to optimize the factors for minimum of
flank wear and surface roughness in turning of this alloy.
When optimizing, a variety of goals are taken into consider-
ation. A goal, lower and upper limits, and weights and
importance of components are listed in Table 6. These three
elements and reactions are included in the goals. “Minimize”
aims to surface roughness and flank wear. “Within range” is
the goal when it comes to all other aspects. A goal’s desir-
ability function could be adjusted by assigning it a weight.
Table 7 shows the five best solutions to the multiresponse
optimization problem using cubic boron nitride. Figure 2
shows the desirability histogram for the best choice. Causes
and responses are treated independently when calculating
the desirability score. There are three bars for the input
parameters and four to five bars for required surface rough-
ness and flank wear values. Three bars indicate the input
parameters. Last but not least, the eighth bar represents the
aggregate desirability value.

Table 7: Greatest global solutions for optimization.

Solution No. V-m/min S-mm/rev ap-mm Ra-μm VB-mm D value

1 135 0.055 0.597 1.867 0.321 0.787

2 135 0.055 0.598 2.16 0.299 0.787

3 135 0.055 0.590 2.15 0.301 0.787

Desirability

Cutting speed (m/min)

Feed rate (mm/rev)

Depth of cut (mm)

Surface roughness (𝜇m)

Flank wear

Combined

0.000 0.250 0.500
Desirability

0.750 1.000

0.787

0.829

0.747

1

1

1

Figure 2: Desirability histogram.
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5. Consequence of Progression Parameters on
Machining Attributes

The consequence of process limitations on retorts such as
surface irregularities and wear of flank was estimated and
appraised when Nimonic C-263 alloy was turned using cubic
boron nitride.

5.1. Surface Roughness Analysis. At varying speeds and feed
rate, Figure 3 shows the change in the rate of surface rough-
ness, and it is evident that the surface finish reduces with
increasing feed rate. The surface finish is improved as the
speed level increase at low feed rate, and the same findings
were reported by [17]. Figure 4 shows that both feed rate
and depth of cut affect surface roughness. If feed rate
increases, surface roughness increases, but if cut depth is
increased and feed rate decreases, surface irregularity is sig-
nificantly reduced. As the depth of the incision increased,
the surface roughness decreased.

A reduction in surface roughness can be expected due to
work hardening the layer surface at a deeper cut. As increas-
ing the cut depth and speed improves the surface finish and
is shown in Figure 5, at high cut depth and speed, the rough-
ness is lower than the roughness observed at low speed and
cut depth. The feed rate is a critical aspect that requires more
consideration than cutting speed and depth of cut, because
at high feed, the worn flank is rubbed, and the roughness
changes dramatically.

At all cutting speeds, surface roughness tends to grow.
Enroute the limited thermal conduction of the Nimonic C-
263 alloy causes heat to be generated at points where the tool
and work are in contact. The higher import of the feed rate
followed by speed and cut depth designates the rubbing
action on flank face, and the surface irregularities are associ-
ated on the machined surface. The roughness seems to
increase when the level of flank wear increases at all range
of the speed, and it is evidently illustrated in Figures 6–8;
also, the heat at tool-work contact zone is generated more
owing to low thermal conductivity of Nimonic C263.

The micrograph of the machining shallow under different
cutting settings is shown in Figure 9(a)–9(d). There is a
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smeared surface as well as feedmarks and chip particles. Many
of these surface conditions are related to stresses, and temper-
ature increases in the cutting zone, as well as distortion on the
flank face and observance of the work portion substantial to its
surface as a whole. Owing to the pressure weld between the
tool and the chip, which may erratically resolve and scrape
the machined surface, the chip may attach to the tool surface
at lower cutting speeds. Another possibility is that the tool
material was periodically removed, resulting in an increase
in wear and the resulting degrading of the machined surface,
as seen in Figure 9(a)–9(d). The metal is easier to remove
when it is heated up at a high cutting speed [14]. This is accre-
dited to the fact that increasing the speed, causing rise in tem-
perature in the cutting zone, thereby dropping the surface

Chip particles

Long grooves

15.0 kV 10.2 mm ×250 SE 200 um

(a) SEM image at V-80m/min, S-0.159mm/rev, and ap-0.75mm

Chip particles

Feed marks

15.0 kV 9.9 mm ×250 SE 200 um

(b) SEM image at V-125m/min, S-0.159mm/rev, and ap-0.75mm

Long grooves

15.0 kV 8.9 mm ×250 SE 200 um

(c) SEM image V-190m/min, S-0.096mm/rev, and ap-0.75mm

Smooth surface

15.0 kV 10.7 mm ×250 SE 200 um

(d) SEM image V-190m/min, S-0.159mm/rev, and ap-0.75mm

Figure 9: (a)–(d) SEM micrographs of machined surface at different cutting conditions using CBN insert.
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roughness, and improving exterior texture, as seen from the
micrograph given in Figure 9(a)–9(d).

5.2. Consequence of Machining Restrictions on Flank Wear.
Figure 10 shows how feeding rate influences flank wear at
dissimilar cutting rates. Feed rate has a bigger effect on flank
wear than cutting speed, as shown in the graph. The least
amount of flank wear is produced by low feed rates and
moderate cutting speeds. In comparison to cutting depth,
flank wear increases much more slowly with cumulative cut-
ting speed. The gradual degradation to the cutting edge and
the resulting upsurge in interaction area among the cutting
edge and the machined work surface could be responsible
for the increased flank wear with higher penetration of cut.
Cut speeds in the middle range and depths of cut in the
lower range result in decreased flank wear as shown in
Figure 11. With reference to Figure 12, the rates of flank
wear increase as level of feed rate and depth of cut increases.
However, the rate of increase of the flank wear is affected lot
by feed compare to cut depth.

The observed flank wear at high feed and cut depth is
0.42mm; it is remarkable more than the flank wear of
0.33mm, which is seen at a minimum level of feed and cut
depth. Therefore, it is found that, during turning Nimonic
C-263 alloy with a cubic boron nitride, cutting speed and
feed rate significantly impact and the impact of the parame-
ters on flank wear can be seen in SEM images as shown in
Figure 13(a)–13(d). The buildup edge and wear of the flank
are treated as major pattern of failure in machining the
alloys using CBN insert [12]. Adhesion, abrasion, diffusion,
and microchipping [11, 12] are the primary wear processes
identified in machining Nimonic C-263 with a cubic boron
nitride insert, as evident in Figure 13(a)–13(d).

6. Confirmation Experiment for Optimal
Solution Using Cubic Boron Nitride Insert

CBN inserts were utilized to confirm the optimal solutions
provided by the desirability technique in dry turning the
Nimonic C263 alloy. The optimal experimental condition is
set as 135m/min cutting speed, and 0.055mm/rev feed rate,

Crater wear

Flank wear

Micro chipping

Adhesion

Notch wear

15.0 kV 66.2 mm ×15 SE 3.00 mm

(a) SEM-worn out insert at “V”-190m/min, “S”-0.159mm/rev,

and “ap”-0.75mm

Crater wear

Flank wear

Micro chipping

15.0 kV 58.9 mm ×20 SE 2.00 mm

Notch wear

(b) SEM-worn out insert at “V”-190m/min, “S”-0.096mm/rev,

and “ap”-0.75mm

Flank wear

Adhesion

15.0 kV 63.8 mm ×20 SE 2.00 mm

Notch wear

(c) SEM-worn out insert at “V”-125m/min, “S”-0.055mm/rev,

and “ap” 0.75mm

Flank wear

15.0 kV 65.2 mm ×20 SE 2.00 mm

Notch wear

(d) SEM-worn out insert “V”-80m/min, “S”-0.159mm/rev,

and “ap”-0.75mm

Figure 13: (a)–(d) SEM-worn out cutting edge observed at various levels of parameters while turning Nimonic C263 using CBN.

Table 8: Plan of the confirmation experiments and results for cubic boron nitride insert.

Sol.No V-m/min S-mm/rev ap-mm
Ra-μm VB-mm

Predicted Experimental values Predicted Experimental values

1 135 0.055 0.597 1.867 1.75 0.321 0.315

2 135 0.055 0.598 2.16 2.25 0.299 0.290

3 135 0.055 0.590 2.15 2.05 0.301 0.310
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and 0.597mm cutting depth. The predicted values of surface
roughness and flank wear obtained from the optimal condi-
tion are shown in the Table 8, and the forecasted values were
found to be close to the experimental trail values.

The % age error among the experimental and RSM pre-
dicted values of surface roughness and flank wear is shown
in Figures 14 and 15, respectively. The average percentage
error for surface finish and wear of the flank was found to
be 4.76 percent and 2.79 percent, respectively. As a result,
using the RSM model, roughness and flank wear can all be
forecasted with 95 percent confidence.

7. Conclusion

The following findings have been drawn based on experi-
mental work and analysis performed on Nimonic C 263
alloy utilizing CBN inserts.

(i) The developed RSM model was verified, which is
close to the value experimental trail values. It
shows the average % age error 4.76% and 2.79%
for roughness and wear of the flank, respectively

(ii) Optimum of surface finish and wear of the flank
was obtained as multiresponse optimization at V
-135m/min, S-0.055mm/rev, and ap-0.597, and
the predicted values were validated

(iii) Adhesion, abrasion, and microchipping were
found to be wear mechanism while turning Nimo-
nic C263 with CBN

(iv) Feed rate badly affects the cutting edge of the insert
followed by speed and depth of cut

(v) High feed rate and low speed badly affect the sur-
face regularity. However, the roughness is reduced
at high cut depth, high level of speed, and low feed
rate in turning Nimonic C263 with CBN

(vi) The surface roughness observed at low speed and
high feed rate was found to be 47% higher than
the surface roughness observed at high cutting
speed and low feed rate

(vii) The flank wear observed at high cutting speed and
high feed rate was found to be 31% more than the
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The present work carries out an experimental comparative analysis of the performance and emission of exhaust gases of the Otto
cycle with four automotive times. The comparison was made between alternative fuels such as E10, E15, and E20, with both 90
and 95 octane each the commercialized fuel. The experimental tests were carried out with an engine load corresponding to
25% of the maximum load. After carrying out the tests, the following conclusions can be reached: on the performance and
effective parameters of the engine, the obtained best indicator, and as expected, was the case E10 (90 octane). Also, the
E15 (90 octane) showed a slight difference compared to the reference fuel E10 (90 octane). About emissions, it was found that
these decrease as the concentration of ethanol in the fuel increases.

1. Introduction

Gasoline is a liquid, volatile, and flammable compound con-
sisting of carbon and hydrogen atoms (hydrocarbons), boil-
ing temperatures ranging from 40°C to 200°C, and various
forms of paraffin (aliphatic hydrocarbons). Gasoline is
obtained from petroleum; a nonrenewable natural resource
is a compound of organic origin formed by a complex non-
homogeneous mixture of hydrocarbons. Also, it is the result
of fossil remains. The hydrocarbon molecules that compose
it are from the simplest and smallest CH4- methane, to elab-
orate and extensive with more than 50 carbon atoms [1, 2].
A considerable variation in parameters was found, such as
colour, density, gravity, viscosity, heat capacity, contami-

nants etc. [3]. These variations are due to the different pro-
portions of different hydrocarbons present. Octane number
becomes the most relevant property of gasoline since it is
highly related to the performance of the vehicle’s engine. It
is the measure of antiknock quality, meaning the ability to
burn without causing detonation. Gasoline has an octane
number between 85 and 100 depending on the type of
gasoline [4, 5]. The volatility property of gasoline has been
measured by vapor pressure and the values from 0.7 to
0.85mmHg. Gasoline is very volatile, and it indirectly repre-
sents the content of volatile components that provide safety
for gasoline, transportation, and storage [6]. The distillation
curve property has related to the composition of gasoline, its
volatility, and its vapor pressure. Therefore, 10% distillation,

Hindawi
Journal of Nanomaterials
Volume 2021, Article ID 2726645, 11 pages
https://doi.org/10.1155/2021/2726645

https://orcid.org/0000-0001-8082-8649
https://orcid.org/0000-0002-9996-1412
https://orcid.org/0000-0001-8907-0862
https://orcid.org/0000-0001-9472-1076
https://orcid.org/0000-0003-2222-741X
https://orcid.org/0000-0001-9295-3340
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2726645


RE
TR
AC
TE
D

RE
TR
AC
TE
D

with a boiling temperature below 70°C, was considered. The
presence of volatile components has ensured easy cold start-
ing. At 50% distillation, with a boiling temperature below
140°C, correct volatility and maximum power are provided
during engine acceleration. For the case, 90% the endpoint
of distillation, boiling temperature ranges between 190°C
and 225°C. If this amount occurs in large proportions, gaso-
line can have corrosive effects on the engine’s metal parts
and exhaust pipes. It is also related to the harmful impacts
on the environment and is an important factor in creating
acid rain [7, 8]. Ethanol, also known as ethyl alcohol, is an
organic compound (produced from renewable sources) with
the chemical formula C2H5-OH (carbon, hydrogen, and
hydroxyls). Under normal conditions, it appears as a liquid,
colourless, clean, pleasant, but highly penetrating odour,
caustic, and burning flavour; likewise, it is miscible in all
proportions, flammable, and volatile. It has classified into
two products: hydrated and anhydrous, and it depends on
the volume of water they contain [9–11]. The main environ-
mental advantage of these fuels lies in their origin. Biofuels
come mainly from biomass, which has extracted part of
the carbon dioxide (CO2) released into the atmosphere.
Therefore, biofuels as fuels do not lead to a net increase in
carbon dioxide from the atmosphere, thus helping to mini-
mize the effect of greenhouse gases [12, 13]. Gasohol is the
mixture of gasoline and alcohol in different proportions as
fuel in explosion engines designed to burn petroleum deriv-
atives. Gasohol can be mixed with ethyl alcohol (ethanol) or
methyl alcohol (methanol), although ethanol is the type of
alcohol used for commercial purposes. Methanol has been
used in a more limited way because it is toxic [14]. The ratio
between the two fuels is indicated by the percentage of eth-
anol preceded by a capital E. In this way, E10 gasohol com-
prises 10% ethanol and 90% gasoline, and E85 contains by
mixing 85% ethanol and 15% gasoline (Calam et al. [15]).
For experimental investigations, E10, E15, and E20 were
considered. The stoichiometric air-fuel ratio (A/F) is a
dimensionless parameter necessary to describe the air suffi-
cient for the complete combustion of used fuel, so the air
is much higher than the amount of fuel for the chemical
reaction [16]. The ideal or stoichiometric value of the AF
ratio for most commercial gasoline is very close to 15 : 1.
Injection systems or carburetors serve to regulate the fuel
content for any airflow. Gasoline engines typically have an
AF range from 12 : 1 to 18 : 1, depending on operating condi-
tions. Stoichiometric combustion is defined as complete
combustion carried out with a strict amount of oxygen; the
air used in combustion is the minimum necessary to contain
the amount of oxygen corresponding to the complete oxida-
tion of all the components of the fuel [17].

The expression of this combustion is

CxHy + na N2 + O2ð Þ⟶ xCO2 + y/2ð ÞH2O + 0:79 nN2

ð1Þ

There are two scenarios of carbon combustion such as
complete and incomplete carbon combustion. When com-
plete carbon burning produces CO2, which is the main con-

tributor to the greenhouse effect, this component is an
inevitable consequence of combustion. The incomplete car-
bon combustion creates CO toxic gas that, in high concen-
trations, can even cause death [18]. The minimum fuel
required is consumed, thus producing the least CO2 [19].
The presence of sulfur in fuels gives in variable proportions;
oxidation of sulfur can produce SO3. At high flame temper-
atures, the nitrogen in the fuel and the nitrogen in the oxi-
dizing air can combine with oxygen to form NO. This
product in the atmosphere slowly combines with oxygen in
the air to form NO2 [20]. Sulfur contact with combustion
or atmospheric water can give rise to condensed sulfuric acid
(H2SO4) that accompanies raindrops, giving rise to what is
known as “Acid rain.” At high flame temperatures, the nitro-
gen in the fuel and the nitrogen in the oxidizing air can
combine with oxygen to form NO; this product in the atmo-
sphere slowly combines with oxygen in the air to create NO2
[20]. The present investigation deals with the method to
reduce polluting gas emissions using alternative fuels, such
as gasohol in concentrations E10, E15, and E20. Also, it is
not enough to modify the engine without this concentration
of ethanol.

2. Materials and Methods

The ethanol and commercial gasohol were mixed to obtain
the E10, E15, and E20 gasohols, experimental methodology,
the experimental test protocol, standardization of the turn-
ing regimes for each fuel, and finally the equations necessary
for the calculation of some important parameters. The E15
and E20 gasohol involved in the experimental tests [21].
To make the necessary measurements for the mixtures,
graduated cylinders and a conical funnel were used. Mea-
surements were made based on one litre (maximum capacity
of the cylinder). Then, they were poured into a container
[22]. The procedure was performed for each of the six fuels.
The mixtures were made from the commercial gasohol E10
(90% gasoline and 10% ethanol). The amounts of absolute
ethanol were added to obtain the volumetric concentrations
[23, 24]. The calculations of the quantities of fuel required
were made based on 1000mL (1 litre), and volumetric
concentrations of the fuels involved in the tests are given
in Table 1. The physicochemical properties of gasoline and
anhydrous ethanol are presented in Table 2.

3. Experimental Methodology

The main characteristics of the engine used in the tests with
specifications are given in Table 3. The engine is connected
to a direct current dynamometric brake with a maximum
revolution speed of 3000 rpm; the engine’s testing was
restricted to that speed. The referred dynamometric brake
has a reader camry force analog in charge of taking a reading
of the force demanded by the load to which the motor is
subjected, expressed in kgf, and can test engines with a max-
imum load of 50 kg for a torque of 147Nm with a resolution
of ±1.

Equation (2) is used to calculate torque. An induction
sensor (±1 rpm) is installed on the axis of said brake to have

2 Journal of Nanomaterials
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a detailed and instantaneous record of engine revolutions,
data evidenced in the test bench control panel. Regarding
the measurement of fuel consumption, a volumetric mea-
surement system was implemented between one plate and
another in the measurement tank. A measurement reading
was taken at stabilizing engine speed to consume the volume
differential of 29.5 cm3.

At atmospheric conditions, a digital thermo hygrometer
was used to measure temperature (±1°C) and relative
humidity (±1%). Two thermometers (2°C) were installed,
one at the refrigerant inlet and the other at the refrigerant
exit. These thermometers were installed in the refrigerant
transport ducts, thus ensuring a constant and instantaneous
reading of engine coolant temperature for each proposed
speed. The barometric pressure data, measured twice a day
before starting and ending the tests, is due to its invariance
of reading as it is a single location. U-shaped inclined water
manometer (±1 cm H2O) in the test bench was used, neces-
sary for measuring differential pressure through the nozzle
of the buffer tank in the air intake process. After completing
the relevant derivation, the system was already prepared for
measuring gasses, and the measurements were initiated
using a Bosch type emission analyzer. It is necessary to mod-
ify the exhaust pipe, which extends outside the roof, to mea-
sure combustion gases. As a result, the analyzer probe had to
be inserted through a bypass above the exhaust pipe silencer.
Insert the probe into the tube and wait approximately 0.5
minutes for the analyzer to record the data for CO, CO2,
NO, O2, HC, lambda factor, temperature, and engine oil. It
is necessary to modify the exhaust pipe, which extends out-

side the roof, to measure combustion gases. As a result, the
analyzer probe needed to be inserted through a bypass above
the exhaust pipe silencer. The various engine parameters are
calculated using Equations (2)–(10).

The following is the calculation of parameters:
Effective torque

Me = Fd × g × l, ð2Þ

where Me is the effective torque (Nm), Fd is the force (kgf),
g is the gravity (m/s2), and l is the length of dynamometric
brake arm (m).

Effective power

Ne =Me × η × π30000, ð3Þ

where Ne is the effective power (kW) and η is the rate of turn
(RPM).

Mass flow of fuel

mc: =V
:
× ρc: ð4Þ

Where:
mc:: Mass flow [Kg / s]
V
:
: Volumetric flow [cm3 / s]

ρc: Fuel density [Kg / cm3]
In the case of E10, E15 and E20 gasohol:

mc: =Ve
: × ρe +V

:
gas × ρgas: ð5Þ

Where:
Ve

: : Volumetric flow of ethanol in the mixture (cm3 / s]
ρe: Density of ethanol [Kg / cm3]
V
:
gas: Volumetric flow of commercial gasohol in the

mixture (cm3/ s)
ρgas: Density of gasohol in the mixture [Kg / cm3]
Mass air flow

λ = AFð ÞR/ AFð Þt ð6Þ

Where:
ðAFÞt : Theoretical air fuel ratio.
ðAFÞR: Real air fuel ratio.

AFð ÞR =m:a:m:c⟶m:a = AFð ÞR ×m:: ð7Þ

Where:
m:a: Mass air flow [g / h]
Specific fuel consumption

SFC = m:gas + PC:PCIgas
� �

m:e�360� ð8Þ

Where:
SFC: Specific fuel consumption [g / KW - h]
PCIe: Lower calorific value of ethanol [KJ / Kg]
PCIgas: Lower calorific value of gasoline [KJ / Kg]

Table 1: Physicochemical properties of gasoline and anhydrous
ethanol.

S. no Parameters
Obtained

measurement

Gasoline

1 Boiling temperature (°C) 38.8

2 Flash temperature (°C) 21

3 Auto-ignition temperature (°C) 250

4 Water solubility Insoluble

5 Vapor pressure (kPa) 6.5-7.8

6 Lower calorific power (kJ/kg) 44,000

7 Superior calorific power (kJ/kg) 47 300

8 Octane number (RON, MON) 91/80

9 Stoichiometric ratio (A/F) 14.7–15

Anhydrous ethanol

1 Boiling temperature (°C) 78.5

2 Flash temperature (°C) 13

3 Auto-ignition temperature (°C) 363

4 Water solubility Miscible

5 Vapor pressure (mmHg at ambient T °) 43

6 Lower calorific power (kJ/kg) 26800

7 Superior calorific power (kJ/kg) 29600

8 Octane number (RON, MON) 109/98

9 Stoichiometric ratio (A/F) 9

3Journal of Nanomaterials
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Average effective pressure.

pme =WeVT ð9Þ

Where:
pme: Effective mean pressure [KPa]
We: Work done by the Engine [KJ]
VT : Displacement [m3]
Effective performance.

ηe = Ne m
:
gasPCIgas +m:e PCIeÞ100

� ð10Þ

Where:
PCIgas=44000KJ/Kg
PCIe=26800KJ/Kg
ηe: Effective return [%]

4. Results and Discussion

The characteristic curves of the calculated variables are pre-
sented using dispersion graphs in this result: effective torque
(Te), effective power (Pe), specific fuel consumption (SFC),
fuel mass flow (m:c), mass airflow (m:a), and effective return
(ηe), and the emissions are as follows: carbon monoxide
(CO), carbon dioxide (CO2), and nitrogen oxides (NO).The
comparisons were made for E10, E15, and E20 by taking an
average of all measurement regimens between the two fuels
while keeping the corresponding octane level (OC).

4.1. Engine Performance

4.1.1. Torque. Figure 1 presents the results of torque pro-
duced by various biofuels with respect to speed. The E10
(90) octanes made the highest torque, with a maximum peak

of 51Nm for a 2000 rpm regime, while the E10 (95) had the
lowest torque, with a value of 22Nm. This may be due to the
mechanical operating design of the main engine components
and their responsiveness to different octane numbers.
Hence, the manufacturer recommends using 90 octane fuel
and not 95 or other octane levels. The results obtained from
torque for 90 octane fuels, in which the average torque of the
E10 DE (90) amounts to 47Nm. At the same time, the E15
presents an average torque of 40, representing a decrease
in this last to commercial gasohol of 7.5%; likewise, for the
E20, an average torque of 31Nm was obtained, representing
a reduction of 34% compared to E10. In 95 octane fuels, the
E10 obtained values were an average torque of 35Nm, com-
pared to the E15 average torque of 34. The latter represents a
3% decrease to E10, and on the other hand, E20 increase of
0.09% compared to E10, an insignificant increase [25].

4.1.2. Effective Power. Figure 2 shows that the values
obtained power for different speeds (rpm) with varying con-
ditions of fuel. It shows that the power directly depends on
the engine’s speed; as the speed increases, the sufficient
power delivered by the engine also increases. Also, the high-
est point was offered by the E10 (90) octane with adequate
power of 13.04 kW at 3000 rpm. On the other hand, the 90
octanes E20 offered the lowest point with a value of
6.85 kW. The effective power results for 90 octane fuels;
the E10 presented an average sufficient power of 12.08 kW.
Compared to the 10.50 kW of the E15, the latter represents
a decrease corresponding to 15.28%. The results for 95
octane fuels, commercial gasohol E10 provided an average
sufficient power rising to 9.16 kW, while E15 showed a
power of 8.99 kW, which compared to E10 represents a
decrease of 3.09%. On the other hand, the E20 provided an
average power of 8.36 kW, representing 34.7% less than the
E10. Then, the E20 delivered a brake power of 9.17 kW,
which compared to the E10 leads, considering the values of
their respective standard deviations, to a negligible varia-
tion [26].

4.1.3. Specific Fuel Consumption. Figure 3 shows the results
obtained for the specific fuel consumption with speed. The
figure shows that the 90 octane E20 presents remarkable
supremacy over other fuels, whose maximum value of
700.73 g/kW-h at 2400 rpm. The minimum value obtained by
the 95 octane E20 was 232.65g/kW-h at 1500 rpm. The results
for 90 octane fuels, commercial gasohol E10 provided a specific
fuel consumption of 269.24 g/kW-h. At the same time, E15
showed a specific consumption of 293.14 g/kW-h, which, com-
pared to E10, represents an increase of 9.0%. Then, the E20
delivered a specific consumption of 575.78g/kW-h, which,

Table 2: Volumetric concentrations of the fuels involved in the tests.

Mix
(1000mL)

Ethanol
percentage (%)

E10 gasohol volume
(mL)

Initial volume of
ethanol (mL)

Volume of ethanol
added (mL)

Volume of ethanol in the
mixture (mL)

E10 10 1000 78 — 78

E15 15 867.7 67.7 132.3 200

E20 20 813.4 63.4 186.6 250

Table 3: Main characteristics of the engine used in the tests.

S.no Specification Value

1 Power 40 kW at 5500 rpm

2 Torque 76.5Nm at 2800 rpm

3 Number of cylinders 3

4 Displacement 993 cc

5 Cylinder diameter 76mm

6 Piston race 73mm

7 Compression ratio 9 : 1

8 Fuel injection Carburetor

9 Ignition type Spark

10 Ignition order 1-2-3

4 Journal of Nanomaterials
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compared to the E10, implies an increase of 115.29%. The
results of the 95 octane fuels are that the commercial gasohol
E10 presented a specific fuel consumption of 356.26g/kW-h.
The E15 had a specific consumption of 354.42g/kW-h com-
pared to E10, representing a decrease of 0.52%. Next, the E20
presented a specific consumption of 328.18g/kW-h, represent-
ing a decrease of 8.95% compared to the E10 [27].

4.1.4. Fuel Mass Flow. Figure 4 depicts the mass flow of fuel
sustained in it. From the figure, the mass flow of fuel

increases as the rotational speed increases. The 90 octane
E20 exhibits a substantial difference when compared to
other fuels, with a maximum value of 0.00159 kg/s acquired
at 2700 rpm and a lowest value of 0.000562 kg/s obtained at
1500 rpm for the 95 octane E20. The results obtained from
the fuel mass flow only for 90 octane fuels showed that the
E15 presents an average mass fuel flow of 0.00082 kg/s com-
pared to the 0.00083Kg/s obtained by the E10 represents a
decrease of 1.63%. E20 had an average mass fuel flow of
0.001268 kg/s, representing an increase of 53.22%. About
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95 octane fuels, it follows that the average mass flow of fuel
corresponding to E15 amounts to a value of 0.000825 kg/s,
compared to E10, which obtained a value of 0.000796 kg/s
represents an increase of 3.83%. In contrast, E20 obtained
a value of 0.000796 kg/s, which compared to E10 represents
a decrease of 3.6%.

4.1.5. Mass Airflow. Figure 5 depicts the air mass flow and
the effects of this parameter. The test results show that this
parameter does not have a proportional relationship with
the speed of rotation. In the same, it is evidenced that, anal-
ogously to the results of the maximum fuel flow, the E20
(90) octane shows notorious supremacy over the other fuels,
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reaching a maximum peak at 1500 rpm of 61.14 kg/s. Like-
wise, the minimum value corresponds to the E20 of 95
octanes at 1500 rpm, which amounts to 14.38 kg/s. The mass
flows of air corresponding to 90 octane fuels were found to
be 19.82 kg/s and 20.4 kg/s for E10 and E15, respectively.
E20 showed an average mass airflow of 44.74 kg/s, which,
compared to the value obtained by E10, offers a 133%
increase. The results obtained for 95 octane fuels, the average

mass airflow of 24.24 kg/s that corresponds to E10 can be
deduced, and the E15 showed an average value of
20.37 kg/s compared to E10 that shows a decrease of 17.67%.
Likewise, E20 obtained an average value of 20.57 kg/s and
16.9% less than E10.

4.1.6. Effective Performance. Figure 6 shows the results
obtained corresponding to the adequate performance of
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the engine operating with different fuels. The highest engine
performance was observed with E20 (95) octane at 1500 rpm
with a value of 37.4 percent, as shown in the figure. The E20
at 1500 revolutions is data obtained through theoretical cal-
culations (interpolation) and not experimental, hence its
high standard deviation. At 1500 rpm with a value of
33.5%, the 90 octane E10 obtains immediately lower nonin-
terpolated data. The test analysis and comparison was per-

formed with datasets equal to E20 with their respective
standard deviation. The better performance results were
obtained by using E10 (90 octane). The specific results for
90 octane fuels deduced an average effective yield for the
E15 of 29.27%. Compared to the value obtained by the
E10, an average yield of 31.58% represents a decrease of
8.56%. The E20 obtained an average return of 15.44%, repre-
senting a decrease of 53.9% compared to E10. The results for
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Figure 7: Carbon monoxide vs. RPM for different concentrations of ethanol-gasoline and octane levels.
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Figure 8: Nitrogen oxides vs. RPM for different ethanol-gasoline blends and octane levels.
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95 octane fuels show average effective rates of 24.4%, equal
to E15, which are not significantly different compared with
24.53% produced from E10. For its part, the E20 obtained
a performance of 26.87%, which represents an increase of
10.96% to the E10 [28].

4.2. Emission Characteristics

4.2.1. Carbon Monoxide Emissions (CO). Figure 7 shows the
level of the variable CO for all different concentrations of
ethanol in the fuel and octane levels. In this, one can notice
a high dispersion of the data, and it does not have a propor-
tional relationship to the speed of rotation. Similarly, the
E10 of 90 octanes with a value of 4.2% at 2100 rpm achieved
the highest value. E15 (95) octane, with a rating of 0.02%,
was the lowest value. To the specific results for 90 octane
fuels, an average CO emission of 0.19% corresponding to
E15 can be deduced, which, compared to the 0.93% that
the E10 showed, represents a decrease of 81.44%. E20 led to
an average CO concentration of 0.58%, which means a
decrease corresponding to 36.9% to that obtained by E10.
The complete results for 95 octane fuels, an average CO emis-
sion of 0.27% deduced for E15, compared to 0.25% shown by
E10, an increase of 9.4%. For its part, E20 showed an average
CO concentration of 0.25%, which leads to a null variation of
data obtained for both fuels (E15 and E10) [29, 30].

4.2.2. Nitrogen Monoxide Emissions (NO). Figure 8 shows
the results obtained for the variable NO for each of the six
fuels involved in the tests. The figure depicts the data’s spe-
cific dispersion. Results found for 90 octane fuels solely,
where average 276.7 ppm emissions of this gas are equivalent
to E15, representing an 11.7% drop compared to the
309.4 ppm of the E10. Similarly, the E20 of 95 octanes

with a value of 511 ppm obtained the highest value at
1500 rpm, while the E10 (95) octane with a value of
7 ppm obtained the lowest value. The E20 presented an
average emission of nitrogen oxides of 98.58 ppm, which,
compared to the value of E10, represents a corresponding
decrease of 69.36%. For the 95 octane fuels, an average
NO emission corresponding to the E15 of 224.2 ppm can
be seen, compared to 151.72 ppm of E10, representing an
increase of 49%. Likewise, in the case of E20, it presents
a value of 256.6 ppm, representing an increase of 70.6%
to E10 [29].

4.2.3. Carbon Dioxide Emissions (CO2). Figure 9 presents the
results obtained for the CO2 variable for each of the six fuels
involved in the tests. In this case, the E10’s rate of rotation of
90 octane at 3000 rpm is proportionally increasing at
16.02%, while the E20 (90) octane at a value of 2.55% at
1500 rpm was the lowest value. The test results show that
for 90 octane fuels, the CO2 emissions are 13.3% at E15
and 16% at E10. The E20 presented an average emission of
carbon dioxide of 8.39%, which, compared to the value of
E10, represents a corresponding decrease of 46.9%. For the
results of the 95 octane fuels, it can see an average carbon
dioxide emission corresponding to E15 of 14.05%, which,
compared to 13.05% of E10, represents an increase of
9.4%. Likewise, E20 presents a value of 13.23%, representing
an invaluable variability to E10.

5. Conclusions

When gasohol was used in higher ethanol concentrations
than the commercial one, E15 and E20, the engine had com-
plications to stabilize it at low revolutions due to the need to
modify the engine. The power loss of engine was found at
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Figure 9: Carbon dioxide vs. RPM for different ethanol-gasoline blends and octane levels.
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2100 rpm in the E15 and 2400 rpm in the E20 fuel composi-
tions. The experimental tests concluded that the E10
achieved the maximum effective performance for the various
fuels evaluated (90). The E15 of 90 octanes would be an
excellent alternative fuel option for engine performance
because there is a minimal difference between fuel and
another. CO2 emissions were connected with octane level
and ethanol concentration, which was confirmed by the
present investigation, which stated that as ethanol concen-
tration increases, CO2 emissions decrease. The CO has
found that when the concentration of ethanol increases. This
is owing to the increased concentration of oxygen atoms in
ethanol. A larger amount of oxygen is required to burn the
fuel, demonstrating more notoriety between the E10 and
E15, reducing up to 100%. In terms of emissions, fuels with
a higher ethanol concentration have a considerable advan-
tage over traditional fuels. However, the difference between
the E15 and the E20 is not as noticeable. Based on the above
results, it is concluded that the 90 octane E15 is the fuel with
which it is possible to reduce the emissions of a 4-stroke
engine for automotive use without this significantly affecting
its performance.
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This present work focused on investigating the thermal behavior and emission level of sapodilla oil mixed with diesel to an internal
combustion (IC) engine. The behavior of the engine is measured via brake thermal efficiency (BTE), brake-specific energy
consumption (BSEC), heat release rate (HRR), cylinder pressure, and cumulative heat release rate (CHRR). The test results were
evaluated with diesel fuel. Carbon deposits were low in sapodilla seed oil with slight variation of calorific value than standard
diesel fuel. BTE value for case B20 is found to equal diesel fuel. For lower and higher blends, the cylinder pressures are lower
than the diesel fuel. HRR decreased as increased of the blend ratio. Inferior blends of sapodilla are emitted lower HC and CO.
The BTE of B100 works 88.13% efficiently, similar to diesel for low load conditions. When compared to diesel, a maximum NOx
reduction of up to 30% was achieved while using the sapodilla blend. It is found that the oil derived from the sapodilla seed
kernels will be the promising additive for fossil fuels for a greener environment.

1. Introduction

The world towards the substitute renewable ecological
resource fuels from natural resources due to global oil supply
production will be attained [1]. Researchers from several
countries have conducted numerous experiments in an inter-
nal combustion (IC) engine using vegetable oils. They found
the thermal efficiency of different oil cerates is considerably
experienced with the mineral diesel. In vegetable oil, the par-
ticulate emissions are higher, and the CO, NOx, PAH, and
SOx values are lesser when compared with diesel. The minor
variation in the fuel system, vegetable oil is suitable as a sub-
stitute for conventional fuel. On the other side, the imperfect
combustion effect, the minor atomization, and the lower vol-

atility lead to higher emission formation and the gum deposit
in the cylinder cavity. As a result, pure vegetable oil has inef-
ficient effectiveness while using fuel in IC engines [2].

Animal fats and vegetable oils are renewable sources
from nature, which are low emission properties and ecologi-
cal. It has better probability to reduce the pollution [3].
Numerical and experimental methods examined the fuel
injection angle on the delivery system for diesel [4]. Low
bioethanol fraction mbwazirume used as fuel in the engine
[5] and found E15 gives low CO and CO2 emission. The soya
bean blend performance with emission behavior was ana-
lyzed on diesel engine (DE) by numerical and experimental
technique [6]. The engine performance results significantly
increased when the mahua was used as the additive [7]. The
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energy level and emission outcome of Moringa oleifera and
palm oils utilized as fuel for diesel engines with percentages
of MB5, MB10, PB5, and PB10 were compared to diesel [8].
In addition, the DE (single cylinder) behavior and smoke
level of karanja oil [9], free fatty acid neem oil [10], Jatropha
oil [2, 3], and mixes were investigated. The detailed energy

production from various waste biomass and biochar are
given [11, 12]. Camelina sativa oil performed effectively in
an IC engine with minor fuel system modifications [1]. Food
and fuel are the most important factors and raises even for
the next-generation biofuel when cultivation pattern may
have direct and indirect effects on fuel supply cost [13].

(a) (b)

Figure 1: (a, b) Sapodilla broken seeds and seed kernel.

Figure 2: Oil extraction machine with sapodilla inner seed kernels.

Sapodilla
oil

Diesel

Valves

Fuel filters
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Eddy current dynamometer
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Figure 3: Experimental setup—schematic diagram.
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Jaikumar et al. [14] studied about the performance of Niger
seed oil with methyl ester on diesel engine and reported the
smoke opacity decreased by 5.09%. The lesser ignition delay
for neat rapeseed oil with its blend on DE and the combus-
tion character closely followed the diesel [15]. Properties of
soap nut oil blend (SNO) 10% were given better IC engine
performance [16]. The CO, HC, and smoke emissions were
deduced, and then, the NOx emission somewhat increased
when the load at partial and higher condition on IC engine
using diesel bioethanol as fuel [17]. The jojoba oil (B20)
and sunflower oil (S100) were found to be the promising sub-
stitute fuel for DE with no engine alteration [18].

The methyl esters and the apricot seed-kernel oil with
lesser concentration significantly accelerated engine perfor-
mance with exhaust emissions [19]. The analysis carried
about emission behavior by preheated raw rapeseed oil with
the diesel mix at IC engine [20]. The highest engine perfor-
mance was observed at the injection pressure 250 bar, BTHE
enhanced in 8.9%, and the BFSC improved in 10% [1]. The
brake thermal efficiency was determined to be 2.4% percent
when the brakes were fully loaded, and the combustion char-
acter was comparatively similar with diesel fuel for Eu50
(eucalyptus oil blends) with Me50 mix (methyl ester of para-
dise oil) [21]. The relatively estimated performance charac-
teristics of the karanja, polanga, and Jatropha using the
tractor engine [22]. The turpentine diesel blend is used as
alternate fuel in the duel fuel engine with slight modification
[23]. The Jatropha oil was used as fuel and found that the
fuels 97.4%/2.6% mix given the highest cetane number [24].
The slight alters in DE for raw vegetable oil and the higher
emission induced [25] when NOx reduced. Recently,
researchers concentrate on biofuel extraction from various
natural resources such as Jatropha seeds [26], cashew nut
[27], and deoxygenated vegetable oils [28]. Also, the
researchers used several vegetable seeds for producing bio-
diesel and carried out their research experiments on that fuel.
Based on the comprehensive literature survey, it is found that
less concentration focused on the sapodilla oil. This work
deals with sapodilla oil’s thermal energy and emission levels
among its blends in DE.

2. Experimental Procedure

2.1. Extraction of Sapodilla Oil. From the fruit, the seeds are
removed, and the seeds are dried for one or two days at room
temperature. The hard outer cover of seeds is broken
(Figure 1(a)), and the inner seed kernels (Figure 1(b)) are

separated manually. These seed kernels are then grounded
in the electric-driven oil expeller, and pure brown, clear high
viscous sapodilla oil is extracted (Figure 2).

2.2. Engine Setup. Experimental work is conducted at the 4-
stroke diesel engine (single cylinder) combined with an eddy
current dynamometer. The experimental setup is illustrated
schematically in Figure 3.

The data acquisition system is coupled with the engine
via an interface, and signals are recorded in the connected
computer. The signals from the engine, a slight engine
warm-up is needed for few cases of blends. The Kirloskar,
TV-1, single cylinder, 4-stoke, DE is utilized for analysis,
and it is a water-cooled system. DE have a rated power of
5.2 kW (7hp) with 1500 rpm of speed, and the compression
ratio is 17.5 : 1. Nozzle opening pressure is between 200 and
205 bar, and the brake mean effective pressure (BMEP) value
is 6.34 kg/cm3 for the bore and stroke length 102 and
116mm. The displacement volume is 0.9481.

2.3. Emission Measurements. The exhaust gas is passed
through the portable multigas analyzer (AVL) to the exhaust
pipeline. The AVL is used to measure CO, HC, CO2, and
NOx. The experiments are conducted for several blends of
varying concentrations of sapodilla oil (Table 1).

3. Results and Discussions

3.1. Physical and Chemical Concentration. A physical and
chemical concentration of raw sapodilla oil with ASTM stan-
dard is specified in Table 2. From the results, the cloud point,
density, and pour point of the sapodilla oil are high com-
pared to mineral diesel. Therefore, sapodilla oil is unsuitable
for colder climates. Sapodilla oil has high flash and fire
points, and it is safe to handle. It is found that the ash content
is higher for sapodilla oil when compared to diesel fuel.

From the results, the calorific values of diesel and sapo-
dilla oils are 41.536 kcal/kg and 45.343 kcal/kg, respectively.
It is visible that new sapodilla oil has 90.16% of calorific
energy when compared to diesel. The combustion delay of
sapodilla oil (48.1) was found to be lesser as evaluated with
diesel, according to cetane number measurements (diesel,
47). The sulfur level is lower for sapodilla oil. The blends of
sapodilla oil-diesel considered for the present investigation
are B10, B20, B50, B75, and B100, and it is subject to the fol-
lowing rated load variations such as 20%, 40%, 60%, 80%,
and 100%.

3.2. Combustion Characteristics

3.2.1. BSEC Value of Sapodilla Blends. Figure 4 depicts the
BSEC value of diesel, B100, B75, B50, B20, and B10 for differ-
ent load conditions. As two different fuels with different den-
sity properties are used as fuel in the IC engine, the BSEC
may be suitable for brake-specific fuel consumption [21].
From the results, the BSEC value decreased with load
increases for all the blends. B100 pure sapodilla oil is having
the highest BSEC than diesel.

It occurs because of higher volatility, dense, and density
along with lower heat content capability. These natures are

Table 1: Types of blends (sapodilla oil with diesel).

Sl.No Sapodilla oil-diesel percentage Name

1 0% + 100% Mineral diesel only

2 10% + 90% B10

3 20% + 80% B20

4 50% + 50% B50

5 75% + 25% B75

6 100% + 0% B100 (pure sapodilla oil)

3Journal of Nanomaterials
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lead to incomplete combustion and results in unburnt fuel.
Hence, the usage of pure sapodilla oil leads to additional fuel
to meet the engine’s requirement for the same load. For any
particular load, when blend decreases, the BSEC approaches
towards convectional mineral diesel. However, this trend fol-
lows a nonlinear trend.

3.2.2. BTE of Sapodilla Blends. Figure 5 denotes the influence
of rated load in connection with BTE for sapodilla and diesel.

BTE is increased with the rated load up to 80% and further
decreased gradually with an increase in load. When adding
sapodilla oil to diesel as a blend, the BTE decreases for all
the cases. Similar BTE trends are notices for B10 and B20
BTE up to 60% load, and it denotes the lesser effect on BTE
when incrementing the blend by 10%. Due to the calorific
value effect, the BTE value decreases for the remaining cases.
The maximum BTE of 27.05% is noticed for B10 with the

Table 2: Raw sapodilla properties.

Properties Raw sapodilla oil Mineral diesel

API gravity 22.9 36.95

Density @ 15°C 915.5 kg/m3 840 kg/m3

Kinematic viscosity @ 40°C 42.3 C St 2.44 C St

Flash point 295° ± 1°C 71° ± 3
Fire point 310° ± 3°C 103° ± 3
Cloud point 14° ± 1°C 3° ± 1°C
Pour point Bel + 2°C −6° ± 1°C
Ash point 0.43wt% 0.01wt%

Total sulfur 0.023% S wt% 0.25

Specific gravity @ 15/15°C 0.9163 0.838

Total acid number 0.087mg of KOH/gm 0.2mg of KOH/gm

Cross calorific value 41.536 kcal/kg 45.343 kcal/kg

Cetane no. 48.1 47

Carbon (%w/w) 84.37 80.33

Hydrogen (%w/w) 13.52 12.36

Nitrogen (%w/w) 0.21 1.76

Oxygen (%w/w) 1.88 1.19

Sulfur (%w/w) 0.018 0.25

Conradson carbon residue 0.71% 0:1 ± 0:0%
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rated load of 80%, and also, the 80% rated load gives the max-
imum BTE for all the cases considered. The BTE of B100
works 88.13% efficiently, similar to diesel for low load
conditions.

3.2.3. Variations of Cylinder Pressure with Crank Angles.
Figure 6 depicts the cylinder pressure for sapodilla oil mixes
and diesel at various crank angles. First, the peak pressure
41.3 bar occurs, corresponding to B75. Then, the peak pres-
sure is 40.5, 40.24, 41.06, 40.80, 41.25, and 39.43, correspond-
ing to diesel, B10, B20, B50, B75, and B100, respectively, and

it happens by the consequence of cetane number, which is
higher and very close to diesel, so that the blends B20, B50,
and B75 showed higher cylinder pressure. Devan and Maha-
lakshmi [21] and Gad et al. [26] noticed a similar kind of cyl-
inder pressure behavior.

3.2.4. HRR of Sapodilla Blends. The changes in HRR with
crank angle higher rated load, 100% (maximum load), are
shown in Figure 7. The fluctuations in HRR of sapodilla
blends with crank angle are observed from the diagram,
and the B20 sapodilla blend provides high heat releases.
When the blending ratio increases, the HRR tends to
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Figure 9: NOx emission of sapodilla oil, diesel, and various blends
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decrease. The atomization is affected when the blend quan-
tity is increased, which results in a decrease in HRR.

3.2.5. Fluctuations in Cumulative HRR with Different Crank
Angle. Figure 8 shows the CHRR in connection through
crank angle for various blends. Initially, CHRR is negative
because of ignition delay, which affects fuel evaporation
accumulation, and afterward, the CHRR value increased with
a nonlinear trend. B20 produces the higher CHRR for all the
crank angles. This occurring due to more oxygen particles in
the blended oil results higher CHRR value than diesel [29].

3.3. Emission Characteristics. Emission characteristics such as
NOx, HC, CO, and CO2 are observed (Figures 9–12) for sap-
odilla oil and its blends.

3.3.1. Oxides of Nitrogen (NOx). In general, due to absolute
and higher burning temperatures, NOx emissions are high.
This can be oxygen content present in sapodilla fuel and mix-
tures, and it helps the better combustion process. The maxi-
mum combustion temperature is targeted by this efficient
combustion. When the higher temperature occurs in the
burning, the NOx reaches its maximum [17]. The NOx emis-
sion for various blends of sapodilla oil and diesel used for dif-
ferent load conditions is presented in Figure 9. NOx emission
for B10 acts similar to diesel for the corresponding load of
20%. Reduction in NOx has been identified when adding sap-
odilla oil to diesel from B10 to B100 for all rated loads. B100
blends for the 20% rated load resulted in 44.8% less NOx
emission than diesel. Shi et al. [30] observed the same trends
on their analysis. When compared to diesel, the maximum
NOx reduction up to 30% was achieved while using sapodilla
blend.

3.3.2. Hydrocarbon Emissions (HC). Figure 10 depicts the HC
values for various sapodilla blends and diesel for various load
conditions. At 40% of the rated load, the hydrocarbon emis-
sions of B50 and B75 are almost equal to diesel. However, for
all rated loads, the HC emissions are higher for various
blends due to sapodilla oil present when evaluating with die-
sel. Occurring of this incident, perhaps, the influence of
higher viscosity and carbon content value is present in sapo-
dilla. Hence, these properties react to the lower dispersion at
the combustion chamber. Also, similar behavior was noticed
by Barabas et al. [17]. In all the blends and loads, HC values
were lower than the diesel value and the same tendency was
noticed by Balakumar et al. [31].
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3.3.3. Carbon Monoxide Emissions (CO). The CO emissions
for various sapodilla blends are compared with mineral
diesel, shown in Figure 11. The CO emission value of sap-
odilla oil blends at lesser load condition is close to the
mineral diesel. For example, the B20 and B50 CO emis-
sions are equal to diesel emission for a rated load of
20% [32]. For a rated load of 80%, the B10 blend showed
a closer CO emission than that of mineral diesel. A similar
trend is observed by [10, 33]. The CO emissions of B10,
B20, and B50 at the rated load of 40% increased, and
CO values little higher than diesel. CO will be higher for
blended oil due to reduced oxygen during ignition delay
inside the cylinder at full load conditions.

3.3.4. Carbon Dioxide Emissions (CO2). Figure 12 describes
the CO2 for various sapodilla blends. The rated load of
80%, B20, and B50 blend shows lesser CO2 emissions,
and for the rated load of 20%, B20, B50, B75, and B100,
the CO2 emissions are comparatively equal as evaluated
with diesel fuel. The B75 is given the exact value of the
CO2 emission of diesel for a rated load of 80%. The CO2
emissions are gradually increased with the increase of load
from 20% to 100%. Lower emission of CO2 is noticed
caused by the higher viscosity of the sapodilla blend. Here,
the complete combustion is indicated the more emission
of CO2. Hence, higher CO2 emissions in all mixes indicate
efficient combustion due to oxygen, resulting in complete
fuel combustion. The CO2 values were increased from
1% to 11% when evaluated with diesel. From the proper-
ties of fuel, sapodilla is having an oxygen value of 1.88
and diesel is having an oxygen value of 1.19; based on this
variation, it acts a virtual role on CO2 emission.

4. Conclusions

The thermal behavior and emission levels of sapodilla blends
with a diesel mix are studied in unmodified DE. The viscosity
of the mixture is lowered in this test by combining it with die-
sel. The properties of sapodilla oil and diesel are investigated
in terms of their physical, chemical, and thermal properties.
The BSEC decreases with increasing loads for all the blends,
and BTE increased with load up to 80% rated load and after
that decreased gradually with an increase in loads.

(i) The BTE of B100 works 88.13% efficiently, similar to
diesel for low load conditions

(ii) The variations in-cylinder pressures are nearer to
diesel, and as the blend ratio increased, the heat
release rate decreased

(iii) The sapodilla oil blends showed lower NOx emission
than diesel

(iv) The higher percentage of sapodilla blends had given
the higher level of HC emissions in every load
condition

(v) The emission level of CO for the sapodilla is close to
diesel at lower and medium load conditions

(vi) The CO2 emissions increase when the load increases.
When compared to diesel, the maximum NOx
reduction up to 30% was achieved while using sapo-
dilla blend
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