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Abstract: The use of insects as a biofuel feedstock has received limited research, and little is known
about the fuel characteristics of insect biofuel. Fuel properties characterization can guide researchers
focused on renewable fuel for the internal combustion engine. Therefore, this investigation focused
on the physical-chemical properties modification of Hermetia illucens larvae oil (HILO) and diesel
fuel blends, which could highly become an alternative renewable fuel. Five test fuel blends of HILO
and diesel fuel were prepared at 0%, 25%, 50%, 75%, and 100% on a volume basis. Fuel properties
such as chemical composition, density, viscosity, heating value, cetane number, and flash point of
the test fuel blends were analyzed and compared to the diesel fuel. The main physical-chemical
properties of HILO-diesel fuel blends were determined following the ASTM standards. Based on the
results, the density, viscosity, cetane number, and flash point of the diesel fuel-HILO fuel blends were
increased by 11.28%, 740.30%, 16.92%, and 86.67%, respectively, with the addition of HILO, except for
the heating value reduced by 13.66%.

Keywords: physical-chemical properties; renewable fuel; biofuel; Hermetia illucens

1. Introduction

Many countries face severe challenges to sustainable growth and industrialization due
to the growing fuel prices and environmental deterioration [1,2]. One of the consequences
of these challenges is the hunt for renewable energy sources that fulfill world requirements
for engine emissions and performance [3]. To overcome these challenges, most approaches
for managing diesel engine emissions have been divided into pre-combustion and post-
combustion control methods [4]. One of the pre-combustion control methods for reducing
diesel engine emissions involved using biofuels such as bioethanol and biodiesel. Biofuel
is a potential alternative to existing diesel due to its low sulphur contents, relatively high
cetane number, biodegradability, renewability, and portability [5,6]. Even though biofuel
may be produced by the direct blending method, other methods for producing biofuel
include catalytic cracking, thermal cracking, micro-emulsification, and transesterification
of fats and oils [7,8].

Biodiesel may be made from both edible crops (peanut oil, sunflower oil, rapeseed oil,
palm oil, and soybean oil) and non-edible crops (rubber oil, linseed oil, castor oil, neem oil,
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karanja oil, stillingia oil, and jatropha oil) oils [9]. The crop’s market value, the country’s
climatic conditions, and geographical location determine the selection of a suitable crop
for biofuel production in every country [10,11]. For example, sunflower and rapeseed
oils are used as feedstock for Europe’s biofuel production [12]. In contrast, coconut oil
and soybean oil are utilized as feedstock for biofuel production in the Philippines and the
United States [13]. However, most biofuel research is currently focusing on producing
biofuel from alternative feedstocks such as insect o0il [14], seaweeds [15], microalgae [16],
grease [17], and waste oils [18]. The main downside of edible and non-edible crops is
that their use for biofuel production jeopardizes the world food and feed supply chain by
imposing a demand on agricultural land [19]. Furthermore, biofuel production from grease,
algae, and seaweeds is believed to be one of the most effective ways of recycling waste
generated by various environmental remediation schemes [20,21].

The utilization of insects in biofuel production is connected with the fact that insects
can accumulate metabolic reserves named fat bodies, which they utilize during non-feeding
times of their life cycle [22,23]. The insects’ fat bodies play an important function in their
metabolic processes and are used as medication and food by animals and humans [24].
Manzano-Agugliaro, et al. [25] found that the fat content of most insect species ranged
between 25% and 77% and proposed that the excess fat may be utilized to produce bio-
fuel. Li, et al. [26] investigated the biofuel potential of black soldier fly (also known as
Hermetia illucens) larvae reared on 1 kg of chicken dung for 10 days. They discovered that
the biodiesel produced by the black soldier fly larvae biofuel had equivalent fuel quali-
ties compared to rapeseed-oil-based biodiesel, including cetane number (53), flash point
(123 °C), ester content (97.2%), viscosity (5.8 mm?s~ 1), and density (885 kg/m?). Accord-
ing to Surendra, et al. [27], the black soldier fly oil’s potential for producing high-quality
biodiesel is attributed to its low content of polyunsaturated fatty acids (13% total fatty
acids) and high content of medium chain saturated fatty acids (67% total fatty acids).

The larvae of the black soldier fly, Hermetia illucens L., which can colonize a variety of
organic materials (including animal dung, food waste, and fermentation straw), can utilize
the waste nutrition for growth in which high levels of protein and fat were generated [28].
It has four life phases (i.e., egg, larva, pupa, and adult) [29]. Due to their ability to survive
on fat reserves since they were larvae, adult flies are neither a bothersome species nor a me-
chanical carrier of disease [30,31]. Mating occurs two days after emergence, and oviposition
takes place two days following fertilization [32]. Depending on the temperature and the
availability of food, larval growth takes two to four weeks [33]. It has been demonstrated
that the lipids from the energy insect larvae, which are transformed from organic wastes
such restaurant garbage, are an unique and easily obtainable feedstock for biodiesel [34].
According to reports, the larva typically comprise 35—40% lipids and 40-44% crude pro-
teins [35]. In comparison to higher plants or microalgae, the energy insect has specific
benefits such as fast growth rate, high biomass production, shorter growing period, and
minimal land use. They may also be cultivated in poultry manure and restaurant garbage,
which helps to lessen the problem of urban pollution. Moreover, Kamarulzaman, et al. [36]
had investigated the possibility of using biofuel from Hermetia illucens larval oil as a po-
tential alternative fuel in a single cylinder direct injection compression ignition engine.
The results revealed a 3.28% decrease in cylinder pressure, an 8.21% loss in brake thermal
efficiency, and an increase in brake specific fuel consumption. Additionally, there was a
downward trend in NOx and O; of roughly 19.62% and 1.84%, respectively. Despite this,
there was a rise in CO, CO,, HC, and exhaust gas temperature. The researchers came to the
conclusion that Hermetia illucens larval oil has a great potential to be used in compression
ignition engines in the future.

Despite the promising potential of biofuel from insect feedstock [37], almost no study
on the fuel characteristics of biofuel from Hermetia illucens larval oil has been reported.
Evaluation of the most important fuel properties can assist researchers who focus on finding
suitable renewable fuel for the diesel engine. Therefore, this study aims to characterize the
most important physical and chemical fuel properties of Hermetia illucens larvae oil (HILO)-
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diesel fuel blends compared to the baseline fuel. Five different HILO-diesel fuel blends
were prepared, and the fuel properties such as chemical composition, density, viscosity,
heating value, cetane number, and flash point were determined and analyzed.

2. Materials and Methods

This segment describes the experimental setup for test fuel preparation and physical-
chemical properties measurements. The experimental setup clarifies the apparatus used
and explains the methodology for fuel properties measurement, comprising the chemical
composition, CHNOS elements, density, viscosity, heating value, cetane number, and flash
point. The schematic diagram of the research strategy framework is illustrated in Figure 1.
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Figure 1. Schematic diagram of the research strategy framework.

2.1. Materials

The neat Hermetia illucens larvae oil used in this study was purchased from Entofood
(Malaysia). Meanwhile, the baseline diesel fuel (DF) Euro 2M was obtained from a certified
domestic fuel supplier, Rahar Jati Sdn. Bhd. In this study, five different fuel samples at
different volume percentages were prepared using a mechanical mixing process through a
direct blending method. The samples were labelled by NO (100% DEF, 0% HILO), N25 (75%
DEF, 25% HILO), N50 (50% DF, 50% HILO), N75 (25% DF, 75% HILO), and N100 (0% DF,
100% HILO) as shown in Figure 2 and summarized in Table 1. The required amount of
HILO was initially transferred into a mixing container, followed by the diesel fuel portion.
The mixture of diesel fuel and HILO were mixed thoroughly at room temperature using
an IKA mechanical overhead stirrer RW20 digital for 15 min. To prevent the influence of
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water vapor in the air, the fuel samples were heated during the preparation process to
prevent water vapor from forming condensation. The mixtures were set aside for 30 min to
accomplish thermal equilibrium and to allow any bubbles developed during the stirring
process to rise to the surface before the blends were stable and ready for testing. Afterwards,
the physical-chemical properties of the fuel samples were measured via the ASTM standard
test methods.

Figure 2. Fuel samples; from the right N100, N75, N50, N25, and DF.

Table 1. Naming of the diesel fuel-HILO blends.

Fuel HILO (vol.%) Diesel Fuel, DF (vol.%)
NO 0 100

N25 25 75

N50 50 50

N75 75 25

N100 100 0

2.2. Chemical Composition

The chemical compositions of Hermetia illucens larvae oil were identified using an
EQPCL 173 Agilent 6890A (G1530A) (Agilent Technologies, Santa Clara, CA, USA) gas
chromatography (GC) system. The gas chromatography-mass spectrometry (GC-MS)
scientific technique was executed using the gas carrier of helium through an initial flow
of 1.0 mL/min. The GC-MS comes with an analytical capillary column model number
Agilent 190915-433 with a maximum temperature of 325 °C (HP-5MS, 0.25 pm nominal film
thickness, 250.00 pm nominal diameter, and 30.0 m nominal length). The column settings
were set under constant flow with an average velocity of 29 cm/s, the nominal initial
pressure of 16.93 psi (116.73 kPa), and an initial flow of 1.0 mL/min. The front detector
of the GC-MS was fitted out with Agilent thermal conductivity detector (TCD) with a
temperature of 250 °C, a universal detector that responds to all compounds, excluding the
gas carrier. The oven temperature was firstly maintained at 150 °C for about one minute,
then heated to 340 °C of maximal temperature. The finding in output spectra was compared
with the National Institute of Standards and Technology (NIST) mass spectral library for
chemical compounds identification [38].
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2.3. CHNOS Elements

The EQPCL 200 Vario MACRO cube: Elemental Analyzer (Elementar, Langensel-
bold, Germany) was used to measure the amount of element CHNOS (carbon content,
C; hydrogen content, H; nitrogen content, N; oxygen content, O; and sulfur content, S)
in the HILO and diesel fuel blends. The oxygen content of the fuel was computed using
Equation (1) [39,40]. All of the measurements were carried out strictly according to the
ASTM D5291 and ASTM D5373 standards.

Oxygen, 0% = 100 — (C% + H% + N% + 5% + Ash%) )

where C is carbon content, H is hydrogen content, N is nitrogen content, O is oxygen
content, and S is sulfur content.

2.4. Density

Density was measured following the ASTM D4052 standard. According to this stan-
dard, density is determined at the existing temperature and corrected to 15 °C using a series
of calculations and international standards tables. The testing device used was a Kyoto
Electronics Manufacturing (KEM) Density/Specific Gravity Meter (model DA-640), (Kyoto
Electronics Manufacturing Co., Ltd., Kyoto, Japan). The density value was measured using
a minimum amount of 1.0 mL test fuel inserted into a temperature-controlled sample cell.
The density of the test fuel is computed using Equation (2): the measurement for each
sample was repeated three times with acceptable repeatability, and the averaged values
were considered the final results.

p=A-p"—B 2)

where p is density (kg/m?), A and B are cell constants measured from oscillation frequencies
once the cell is filled up with calibration fluid of identified density, p is period (s) = 1/f and
f is oscillation frequency.

2.5. Viscosity

Kinematic viscosity was determined following the ASTM D445 standard. It is defined
as a fluid’s resistance to flow when no external force is exerted, except under gravity
influence at 40 °C. It involves the time determining for a specified volume of fluid to flow
under gravity influence through a capillary at an identified and carefully controlled temper-
ature. The measurement equipment was a calibrated Cannon-Fenske Routine Viscometer
and a Cole-Parmer Polystat economical constant temperature bath at 40 4= 0.05 °C. The
Cannon-Fenske Routine Viscometer sizes No. 100 and No. 150, with a viscosity range of
3.0-15.0 mm? /s and 7.0-35.0 mm? /s, respectively, were used in this study. The kinematic
viscosity, v (mm?/s), is computed using Equation (3):

v==Cy-t 3)

where C,, is viscometer calibration constant (mm?/s?) and f is measured flow time, s. The
calibration constant, Cy, is supplied by a local Cannon-Fenske Routine Viscometer supplier,
where it is equivalent to 0.015 mm? /s and 0.035 mm? /s for the viscometer size No. 100 and
No. 150, respectively.

2.6. Heating Value

The heating value of fuel samples was determined according to the ASTM D240
standard. The testing equipment used was the Parr 6772 Calorimetric Thermometer, (Parr
Instrument Company, Moline, IL, USA) with the oxygen bomb calorimeter. During the
calorimetric pre-period, the equipment precisely determined heat leak. These measured
values are the actual surrounding temperature of the calorimeter. The values are utilized
over the testing period as a correction constant for the calorimeter heat leak. It makes use
of the controller ability without any supplementary expenses. The purpose is to develop
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heat leak correction ability comparable to the method applied when manual calorimetric
and non-electronic thermometry approaches were used.

2.7. Cetane Number

The cetane numbers of the fuel samples were measured following the ASTM D613 stan-
dards using a Shatox SX-100M, (SHATOX Co., LLC, Tomsk, Russia), portable octane/cetane
analyzer. The fuel quality analyzer is developed to evaluate the cetane and octane numbers
of fuel. It is suitable for laboratory and field conditions and is designed to operate at air
temperatures of —10 °C up to 45 °C. The operation principle of the analyzer is discovering
the self-flammability of diesel fuel and knocks characteristics of gasoline using a detector.
The detector is a 75 mL non-separable container. Its specific volume identifies the signal
features produced from a sensor located at the detector base. The detector is also equipped
with an integrated component sensitive to temperature variations of the fuel sample. A
separate imitator is provided with the detector to check the equipment performance with-
out using any fuel samples. The electronic calculator inside the analyzer processed the
detector’s signals. It also performs all essential calculations and continuously monitors the
primary function of the analyzer.

2.8. Flash Point

The ASTM D93 standard was used to determine the flash point of certain test fuels.
The testing equipment used was a Koehler rapid flash point tester (closed cup, small scale
flash point tester). It is suitable for environmental compliance testing and quality assurance
and the actual flash point for hydrocarbons, fragrances, paints, and other liquids. A flash
or no flash result is obtained in one minute using a minimum of a 2 mL sample for flash
points below 100 °C. The temperature was set using the digital display controller, and a
sample of about 2 mL or 4 mL was injected into the sample cup. The tester rapidly became
stable at the pre-set temperature value, allowing the test flame to be applied and the result
to be observed. The measurement for each sample was carried out no less than three times
with acceptable repeatability to ensure an accurate outcome.

3. Results and Discussion

The physical-chemical properties of neat HILO and diesel fuel are important in de-
termining the engine combustion, performance, and exhaust emissions characteristics.
Therefore, these properties must be presented before further analysis of the blended fuels.
These properties are important to understand each test fuel’s character before relating them
to any finding. Determining and formulating the influence of the increasing ratio of HILO
in the fuel blends is critical to describe the trend of the individual fuel property. Neat HILO
(N100) was mixed by volume ratio with diesel fuel at 25% incremental, and the test fuels
applied in this research consist of pure diesel fuel (N0O), N25, N50, N75, and neat HILO
(N100). The test fuel properties consist of the chemical composition, CHNOS elements,
density, viscosity, heating value, cetane number, and flash point. All fuel properties mea-
surements were carried out strictly following the ASTM standard methods. The measured
fuel properties of the test fuels are presented in Table 2.

Table 2. Measured the physical-chemical properties of the test fuels.

ASTM D975 DF DF-HILO Blends HILO
Properties Error _—

Standard Limits NO N25 N50 N75 N100
Density at 15 °C (kg/ m®) D4052 - 0.50 829.00 869.48 885.84 902.11 922.53
Kinematic viscosity (mm?/s) D445 1.94.1 0.05 3.35 7.52 11.47 19.81 28.15
Heating value (MJ/kg) D240 - 0.35 48.115 45913 43.537 41.542 40.836

Cetane number D613 Min. 40 0.50 52 55.9 59.2 60.8 61

Flash point (°C) D93 Min. 52 9.00 60 90 98 112 399
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Table 2. Cont.
ASTM D975 DF DF-HILO Blends HILO
Properties Error e

Standard Limits NoO N25 N50 N75 N100

Element C (wt.%) - - 0.01 87.17 83.49 81.61 78.43 76.44
Element H (wt.%) - - 0.01 12.76 13.11 13.31 13.62 13.77
Element N (wt.%) - - 0.01 0.07 0.12 0.21 0.27 0.31
Element O (wt.%) - - 0.01 0 3.25 4.82 7.62 9.39
Element S (wt.%) - - 0.01 0 0.03 0.05 0.06 0.09
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3.1. Chemical Composition of HILO and Diesel Fuel

A gas chromatography-mass spectrometry was utilized to detect, quantify, and identify
the chemical compositions in HILO. All of the findings were compared with the baseline
diesel fuel. The function of GC-MS was to provide detailed information on the chemical
composition of diesel fuel and HILO. The gas chromatogram produces a peak graph
representing each chemical compound detected in the fuel. The number of peaks indicates
the number of separated chemical compositions in the fuel samples. The position of the
individual peaks represents the retention time of individual chemical composition.

The chromatograms for diesel fuel and HILO are shown in Figures 3 and 4, respectively.
Based on both figures, the chemical compositions of diesel fuel had been traced at the early
beginning of the retention time, and the process was almost complete at the half retention
time of 27.00 min. However, the scenario for HILO is different. The chemical composition
of HILO starts to be traced about the middle retention time of 19.00 min and is almost
complete at the end of the retention time (minute of 51.00). In addition, both trends can be
easily understood as the chemical composition of diesel fuel was detected at the beginning
of the retention time. In contrast, the chemical composition of HILO was detected at the
end of the retention time. Therefore, the early detection chemical composition of the diesel
fuel shows that diesel fuel contains high volatility chemical compounds.

10.556

12.461

14.973

11.p24 17.971

22.762
e L L 24.785

\'|_|I'|Vl4|||

Time--> 400 600 800 10 00 12 00 14 OO 16 OO 18 OO 20 00 22 00 24 00 26 00 28.00 30.00 32 00 34 OO 36 OO 38 OO 40 00 42 00 44 00 46 00 48 00 50 00

Figure 3. Gas chromatogram of diesel fuel.
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Figure 4. The GC chromatogram of HILO.

On the other hand, the late detection chemical compound of HILO indicates that HILO
contains a chemical compound with low volatility characteristics. The volatility of the
chemical compound will directly influence the flash point of the individual fuel. Moreover,
Misra, et al. [41] reported that most volatile compounds are low molecular weight. This
statement is consistent with the mass spectrometer findings of diesel fuel, which is more
volatile than HILO due to its low molecular weight compound.

The chemical compositions of the diesel fuel and HILO were determined from the
peak of chromatograms. The mass spectrum data identified them as tabulated in Table A1l
(Appendix A) and Table A2 (Appendix B), respectively. Table 3 summarized the chemical
composition of diesel fuel and HILO determined in this study. Based on the mass spec-
trometer findings, diesel fuel was composed of various hydrocarbons with varying chain
lengths. The primary chemical composition in the diesel fuel is made up of 73.3095 wt.%
paraffin (alkane) of volatile compounds. Aromatics comprised 22.085 wt.% of the volatiles,
while carboxylic acids accounted for 2.9747 wt.%. An olefin series total for 1.6309 wt.%. The
high content of the alkane hydrocarbon family in the diesel fuel is remarkable compared
to the remaining family of the hydrocarbon compound. On the other hand, HILO was
composed of almost different chemical compositions than diesel fuel. HILO predominantly
consisted of 95.113 wt.% carboxylic acids (fatty acids) of volatiles compounds. Ketones
content was 0.0771 wt.% and other compounds accounted for 4.8097 wt.% of volatiles.
Therefore, the mass spectrometer findings indicated that carboxylic acid was the dominant
species for the HILO compound.

Table 3. Summary of the chemical compound in diesel fuel and HILO.

Hydrocarbon Family Diesel Fuel (wt.%) HILO (wt.%)
Paraffin (alkane) 73.3095 -
Olefins (alkenes) 1.6309 -

Aromatics 22.085 -
Carboxylic acids (fatty acids) 2.9747 95.113
Ketones - 0.0771
Others - 4.8097

100.0001 99.9998
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In general, the energy content of a certain fuel also can be predicted based on its
hydrocarbon chain length. An increase in hydrocarbon chain length leads to an increase in
energy density, boiling point, and decrease in volatility [42]. Conversely, fuel with normal
alkane hydrocarbon has the highest ignition quality, increasing chain length. According to
the gas chromatography results, the diesel fuel was made up of predominantly paraffin
(alkane) and aromatic families. The presence of the alkane family in diesel fuel made the
diesel fuel have very good ignition quality. Furthermore, the aromatic family’s existence
contributes to high energy content per unit volume of diesel fuel [43]. Nevertheless, HILO
properties are expected to reduce ignition quality and lower energy content due to the
absence of alkane and aromatic compounds.

In addition, the number of atoms in the molecular structure plays an important role
in determining the boiling temperature of the fuel. The boiling temperature increases as
the number of atoms in the molecular structure increases. Therefore, fuels with fewer
numbers of atoms in the molecule structure tend to be more volatile [44]. Referring to the
chemical composition of diesel fuel and HILO, it was observed that the predominant alkane
hydrocarbon in the diesel fuel varies between 14-32 numbers of carbon atoms. While HILO
mainly consists of dodecanoic acid, 1,2,3-propanetriyl ester consists of 39 carbon atoms.
Therefore, the lower number of atoms in the diesel fuel leads to lower boiling temperature
and more volatility. On the other hand, due to the higher number of atoms in the molecular
structure of HILO, the boiling temperature and volatility are expected to be higher in
temperature and less volatile.

The proportions of hydrogen atoms to carbon atoms also directly relate to heating
value. The heating value normally increases as the proportion of hydrogen atoms to
carbon atoms in the molecule increases due to the higher heating value of hydrogen than
carbon [45]. Based on the results, diesel fuel has a higher proportion of hydrogen atoms to
carbon atoms than HILO. Thus, diesel fuel has a higher heating value than HILO.

3.2. Influence of HILO on Density

The density of diesel fuel-HILO blends used in the present study was observed
between 829.00 kg/m? to 922.53 kg/m?, as tabulated in Table 2. The fuel density with
various volume percentages of biofuel in the fuel mixture is shown in Figure 5. Adding
HILO to the fuel mixture further increases the fuel blend density, resulting in the fuel blend
densities marginally higher than those of the diesel fuel. According to Atabani, et al. [46],
the density of biofuel is influenced by the raw material used in the production process.
Therefore, the density of the fuel blends increases with increasing HILO concentration in
the mixture due to the blending effect with the HILO. It is mainly due to the density of
HILO, which is substantially 11.28% heavier than diesel fuel. In addition, the difference
in density between the diesel fuel and the blended fuels of N25, N50, and N75 are 4.88%,
6.86%, and 8.82%, respectively, higher when compared to diesel fuel. Altiparmak, et al. [47]
also discovered that the density of diesel fuel-tall oil methyl ester blends increased with
biodiesel. Based on Figure 5, the density position of diesel fuel-HILO blends are almost
similar with reported by Altiparmak, Keskin, Koca and Giirii [47] and Pramanik [48] when
using biodiesel of tall oil and neat jatropha curcas oil, respectively. This shows that even
the density of diesel fuel-HILO blends is similar with the tall oil used Altiparmak, Keskin,
Koca and Giirti [47] which already converted into biodiesel. As the biodiesel process will
lowering the density of biofuel. Therefore, the densities of diesel fuel-HILO blends are
expected to be much lower when using HILO which already converted into biodiesel form.
In the other hand, finding reported by Kwanchareon, et al. [49] and Mofijur, et al. [50] when
using biodiesel of palm oil and Moringa oleifera, respectively, indicates lower densities
trend as compared to the diesel fuel-HILO blends. Moreover, Torres-Jimenez, et al. [51]
claimed that an increase in density caused an advanced injection timing, which could
contribute to a significant deterioration of engine performance as well as an increase in
exhaust emission pollution. This limitation can be solved by modifying the injection
timing [52].
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Figure 5. Densities of DF-HILO fuel blends [47-50].

3.3. Influence of HILO on Viscosity

The kinematic viscosities of diesel fuel-HILO blends vary in the range of 7.52 mm? /s
to 19.81 mm?2 /s, and the average kinematic viscosity value for HILO is 28.15 mm? /s, which
is higher than those of the baseline diesel fuel (3.35 mm?/s) as shown in Table 2. Kinematic
viscosities of the diesel fuel-HILO blends against volumetric percentages are presented in
Figure 6. It was observed that the viscosity of the fuel blends increases as the HILO volume
percentage increases in the fuel mixture. Adding HILO further increases the kinematic
viscosity due to the higher viscosity of HILO compared to diesel fuel. Based on the analysis,
the highest density is denoted by HILO, whereas the kinematic viscosity of the blended
fuels of N25, N50, and N75 is 124.48%, 242.39%, and 491.34%, respectively, are higher
than the diesel fuel owing to the blending effect with HILO. Similar to density, the diesel
fuel-HILO blends’ kinematic viscosity is in agreement with the earlier investigation by
Pramanik [48] that observed the kinematic viscosity of diesel fuel-jatropha curcas oil blends
increases with the addition of jatropha curcas oil in the fuel mixture. However, the author
finding on kinematic viscosity is much higher than the diesel fuel-HILO blends. This trend
reveals that HILO has bright potential to be one of the future alternative fuels. In the other
hand, finding by Altiparmak, Keskin, Koca and Giirti [47], Raheman and Phadatare [53],
and Mofijur, Masjuki, Kalam, Atabani, Arbab, Cheng and Gouk [50] when using biodiesel
of tall oil, karanja methyl ester, and Moringa oleifera shows lower kinematics viscosities
than HILO due to the biofuel used had been treated to improve its properties. As the
diesel fuel-HILO blends increase by HILO addition, the fuel atomization is expected to be
marginally worsened and directly reduce the engine power.

3.4. Influence of HILO on Heating Value

The heating value for HILO, diesel fuel, and its fuel blends are presented in Table 2.
Based on the results, the lowest heating value is recorded by HILO at 40.836 M] /kg, which
is 15.13% lower than the diesel fuel at 48.115 M] /kg. It is due to the chemical composition
of HILO, which contains oxygen elements in the structure. The oxygen content is not a
common element in diesel fuel. In addition, the lower carbon content in HILO contributes
to a lower heating value than diesel fuel. This finding agrees with Demirbas [54], which
reported that biofuels have different heating values, mainly depending on biofuel feedstock.
Normally, biodiesel produced from biofuel feedstock has a lower heating value of about
10% to 15% than diesel fuel.



Energies 2022, 15, 8073

11 of 17

Kinematic Viscosity (mm?/s)

(&3]
o
1

IS
o
1

w
o
1

N
o
1

—_
o
1

|B-—=

—&— DF-HILO blends

1 —#4-- (Altiparmak, Keskin, Koca, & Guril, 2007) ju)

--©-- (Raheman & Phadatare, 2004) ‘

| =< (M. Mofijur et al., 2014) ,

- 8- (Pramanik, 2003) P

s ru@..m-ﬂ&'@ﬂf&ﬁ& -7 AP L bR ) S

0 10 20 30 40 50 60 70 80 90 100

Volumetric Percentage (%)

Figure 6. Kinematic viscosity vs. volumetric percentage [47,48,50,53].

Heating Value (MJ/kg)

The heating value curves against the different concentrations of biofuel are presented
in Figure 7. It can be seen that the heating value of the diesel fuel-HILO blends decreases
significantly with the addition of HILO. This behavior is a result of the lower heating
value of HILO compared to diesel fuel. Additionally, the heating value of the fuel blends
of N25, N50, and N75 is lower than that of diesel fuel by 4.58%, 9.51%, and 13.66%,
respectively, due to the blending effect with HILO. This result is in line with earlier literature
by Kwanchareon, Luengnaruemitchai and Jai-In [49] that found the heating value of the
fuel blends reduced with the addition of palm oil biodiesel. Based on the figure, diesel
fuel-HILO blends contains advantage in higher heating value than the biofuels used by
other researchers [47-50]. Moreover, the low heating value of fuel has a direct influence on
the power output of the engine.
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Figure 7. Variation of heating value with volumetric percentage [47-50].
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3.5. Influence of HILO on Cetane Number

Table 2 shows that the cetane numbers of diesel fuel-HILO blends vary in the range of
55.9 to 60.8, and the highest cetane number of 61 is recorded by neat HILO, which is higher
than the diesel fuel with a cetane number of 52. The higher cetane number of HILO can be
attributed to the main component in the HILO composition. It was observed that HILO
consists of higher saturated fatty acid acting as the key element in the fuel composition.
It also contains higher oxygen content which affects in higher cetane number compared
to diesel fuel. The present finding is also supported by various studies [55-57], which
concluded that most biofuels have a higher cetane number than diesel fuel, as biofuels are
mainly composed of long-chain hydrocarbon groups.

Furthermore, Mosarof, et al. [58] and Bhuiya, et al. [59] reported that higher saturated
fatty acid and oxygen content in the fuel composition are also the factors that contribute to
the higher cetane number of biofuels. The higher cetane number of HILO and its blends may
cause shorter ignition delay, resulting in less fuel taking part during premix combustion
duration, while more fuel burned during diffusion combustion duration. This condition
leads to decreasing in the in-cylinder rate of pressure rise, which may contribute to lower
in-cylinder temperature.

Figure 8 presents the cetane number curve against the volumetric percentage of fuel
blends. It can be observed that the cetane number of the diesel fuel-HILO blends increases
significantly with increasing the volumetric percentage of the HILO in the fuel mixture.
This trend is due to the 17.31% higher cetane number of HILO than diesel fuel. The cetane
number of fuel blends for N25, N50, and N75 are 7.5%, 13.85%, and 16.92% higher than the
diesel fuel, respectively. The findings are consistent with previous research by Alptekin and
Canakci [60], which involves two types of diesel fuels mixed with five edible vegetable oils:
cottonseed, corn, canola, soybean, and sunflower oil. The cetane number value of diesel
fuel-HILO blends are almost similar to Alptekin and Canakci [60], but much more higher
than biodiesel used by Mofijur, Masjuki, Kalam, Atabani, Arbab, Cheng and Gouk [50],
Altiparmak, Keskin, Koca and Giirii [47], and Kwanchareon, Luengnaruemitchai and Jai-
In [49]. These condition is might due to both biofuels of HILO and five edible vegetable
oils by Alptekin and Canakci [60] are in neat or pure biofuel form. Therefore, the cetane
number of HILO is expected to reduce when converted into biodiesel form.

45

—— DF-HILO blends
| ==& (M. Mofijur et al., 2014)
---+-- (Alptekin & Canakci, 2009)
404 —%-- (Altiparmak, Keskin, Koca, & Gurt, 2007)
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Figure 8. Variation in cetane number with volumetric percentage (vol.%) [47,49,50,60].
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3.6. Influence of HILO on Flash Point

Figure 9 illustrates the flash point curve of the blended fuels with different biofuel
concentrations in the fuel mixture. It exposes that adding HILO to the fuel mixture further
increases the flash point of the diesel fuel-HILO blends. According to Table 2, the flash
points of diesel fuel-HILO blends are between 90 °C to 112 °C, which is higher than diesel
fuel. For this reason, the flash points of the blends are slightly higher than the diesel fuel
due to the flash point of HILO, which is greatly higher than the diesel fuel. The flash point
of fuel blends for N25, N50, and N75 are 50%, 63.33%, and 86.67%, respectively, which are
higher than diesel fuel due to blending with HILO.

4004 —%—DF-HILO blends

—£-- (Altiparmak, Keskin, Koca, & Gurt, 2007)
{ --<&- (M. Mofijur et al., 2014)

-3 (Raheman & Phadatare, 2004)

3004 - 8- (Pramanik, 2003)

Flash Point (°C)

Volumetric Percentage (%)

Figure 9. Variation in flash point with volumetric percentage (vol.%) [47,48,50,53].

The flash point does not vary significantly for the N25 blend of HILO. It owes to the
diesel fuel compositions, creating the combustible vapor that formed a similar temperature
to the neat diesel fuel [61]. On the other hand, the flash points rise remarkably for the
blends containing 50% and 75% of HILO. This is a result of biofuel’s greater flash point
than diesel fuel’s. It was observed that the flash point was influenced by the most volatile
element (diesel fuel) in the present study. Diesel fuel evaporates firstly during the heating
process. Therefore, the start of ignition is observed around this temperature for most
of the fuel blends comprising biofuel that is lower than 25%. Various researchers have
reported that flash point increases significantly with biofuel introduction, especially for fuel
blends comprising neat oil or biodiesel [53],. As referring to the figure, the flash points of
diesel fuel-HILO blends for N25, N50, and N75 are almost similar to findings reported by
Altiparmak, Keskin, Koca and Giirti [47], Mofijur, Masjuki, Kalam, Atabani, Arbab, Cheng
and Gouk [50], Raheman and Phadatare [53], and Pramanik [48] when using biodiesel of
tall oil, Moringa oleifera, karanja methyl ester, and neat jatropha curcas oil, respectively.

4. Conclusions

In the present work, it has been revealed that diesel fuel-HILO blends” physical
and chemical properties provide important information about their behaviour as fuel for
diesel engines. In common terms, it can be summarized that the investigated diesel fuel-
HILO blends indicate an equivalent fuel properties value to the diesel fuel. The chemical
composition of the diesel fuel and HILO were observed through GC-MS analysis. The
carbon composition of HILO is generally 12.31% lesser than that of diesel fuel. Therefore,
adding HILO into the diesel fuel reduced the carbon composition in the fuel blends, causing
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a slight decrease (15.13%) in the energy content. Furthermore, the increment in oxygen
content (in the diesel fuel-HILO blends) is predicted to have a valuable influence on the
exhaust emissions characteristics compared with the direct utilization of diesel fuel and
improve the combustion efficiency.

Density and kinematic viscosity of the test fuel blends were increased (11.28% and
740.30%, respectively) by the introduction of HILO. The increases in density and viscosity
also parallel with findings reported by Altiparmak, Keskin, Koca and Giirti [47] and
Pramanik [48] when using tall oil methyl ester and jatropha curcas oil, respectively. In
addition, due to the low volatility of HILO, the common problems related to diesel fuel
storage may not occur. However, the low volatility affects injection timing, ignition, and
combustion characteristics. Besides the fact that the heating value of fuel blends reduces by
13.66% than that of diesel fuel, adding HILO increases the cetane number up to 16.92%. It
is essential to perceive that flash points will indicate the volatility value of the chemical
compound. Since the HILO consists of a less volatile compound, therefore the flash point of
HILO blends is 50-86.67% higher than the diesel fuel. Kwanchareon, Luengnaruemitchai
and Jai-In [49] and Alptekin and Canakci [60] also reported the similar finding when
dealing with various biofuels such as palm oil, cottonseed, corn, canola, soybean, and
sunflower oil.
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Appendix A

Table A1. Chemical composition of diesel fuel.

Structure/ Molar Mass Hydrocarbon Saturated/ i1 DF
No. Compound Name Shorthand Formula (g/mol) yFamily Unsaturated Stability (wt.%)
1 Naphthalene, 1,6-dimethyl- C125 CioHy, 156.22 Aromatics Highly Most unstable 10.0334
unsaturated
2 Pentadecane C15:0 Ci5Hzp 212.421 Paraffin Saturated Stable 9.4548
3 Tetradecane C14:0 C14Hzo 198.39 Paraffin Saturated Stable 8.7604
4 Heptadecane C17:0 C17Hz6 240.5 Paraffin Saturated Stable 7.7215
5 Hexadecane C16:0 Ci16Hzy 226.44 Paraffin Saturated Stable 7.3136
6 Octadecane C18:0 Ci1gHzg 254.5 Paraffin Saturated Stable 6.2162
7 N 6,13?&-?222?5{@1- C19:0 CioHao 268.5 Paraffin Saturated Stable 6.194
8 Nonadecane C19:0 Cy9Hyg 268.5 Paraffin Saturated Stable 5.7505
9 Eicosane C20:0 CoHyo 282.5 Paraffin Saturated Stable 4.8809
10 Heneicosane C21:0 Co1Hyy 296.6 Paraffin Saturated Stable 4.8401
11 Naphthalene, 1,6,7-trimethyl- C13:5 Ci3Hu 170.25 Aromatics Highly Most unstable 3.8814
unsaturated
12 Eicosane C20:0 CyoHyo 282.5 Paraffin Saturated Stable 2.4984
13 Pentadecane, 2,6,10-trimethyl- C18:0 Ci1sHsg 254.5 Paraffin Saturated Stable 2.1935
14 Docosane, 11-decyl- C32:0 C32Hgg 450.9 Paraffin Saturated Stable 1.897
15 Dodecane, 2,6,11-trimethyl- C15:0 Ci5Hs, 21241 Paraffin Saturated Stable 1.7759
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Table Al. Cont.

Structure/ Molar Mass Hydrocarbon Saturated/ s DF
No. Compound Name Shorthand Formula (g/mol) Family Unsaturated Stability (wt.%)
16 Anthracene, 1,2,3,4-tetrahydro- C14:5 CisHyy 182.266 Aromatics Highly Most unstable 1.737
unsaturated
17 17-Pentatriacontene C35:1 CssHyg 490.9 Olefins Unsaturated Unstable 1.6309
18 Pentadecanoicacid, 14-methyl, C17.0 C17H30; 2705 Carboxylic Saturated Very stable 1.6144
methyl ester acids
19 Naphthalene, 1,4,6-trimethyl- C13:5 Ci3Hu 170.25 Aromatics Highly Most unstable 1.3927
unsaturated
20 11,12-Dibromo-tetradecan-1- C16:0 Ci6HBr20, 4142 Carboxylic Saturated Very stable 13603
ol acetate acids
21 Tricosane C23:0 Co3Hyg 324.6 Paraffin Saturated Stable 1.3463
Decahydro-4,4,8,9,10- . . Highly
22 pentamethylnaphthalene C15:0 Ci5Hog 208.38 Aromatics unsaturated Most unstable 1.3274
23 Naphthalene, 1,5-dimethyl- C12:5 Ci2Hipp 156.22 Aromatics Highly Most unstable 1.2802
unsaturated
24 Nonacosane C29:0 Ca9Hgo 408.8 Paraffin Saturated Stable 1.0636
25 Naphthalene, 1,4,5-trimethyl- C13:5 Ci3Hu 170.25 Aromatics Highly Most unstable 1.0588
unsaturated
26 Tetracosane C24:0 Co4Hsg 338.7 Paraffin Saturated Stable 0.8935
27 Naphthalene, 1,6,7-trimethyl- C13:5 Ci3Hy 170.25 Aromatics Highly Most unstable 0.8599
unsaturated
28 Benzene, (4,5,5—t_r1methy1—l,3— C14:5 CisHi 184.28 Aromatics Highly Most unstable 0.5142
cyclopentadien-1-yl)- unsaturated
29 Octadecane, 1-(ethenyloxy)- C20:0 CooHyoO 296.5 Paraffin Saturated Stable 0.5093
100.0001
Appendix B
Table A2. Chemical composition of HILO.
Structure/ Molar Mass Hydrocarbon Saturated/ - HILO
No. Compound Name Shorthand Formula (g/mol) Family Unsaturated Stability (wt.%)
Dodecanoic acid, . Carboxylic
1 1,2,3-propanetriyl ester C39:0 C39H740¢ 639.00 acids Saturated Very stable 74.051
3-[7-Bromo-5-(2-chloro-phenyl)-2-
oxo-2,3-dihydro-1H- Carboxylic
2 benzo[e][1,4]diazepin-3- - C19H14BrCIN,o5 465.7 acids Saturated Very stable 13.858
ylamino]-benzoic acid
Indole-3-carboxylic acid, Carboxvli
3 1-benzyl-5-methoxy-2-methyl-, - - - arboxylie - - 3.6025
acids
ethyl ester
4 Aprobarbital, bis(trimethylsilyl)- - - - - - - 3.4296
Carbamic acid, Carboxvli
5 N-(3-chloro-4-methoxyphenyl)-, - C10H12CINO, 213.66 aac?dg ¢ Saturated Very stable 2.6763
glycidyl ester
6 Lauric anhydride C24:0 C4Hy603 382.6 Ca;lé?gghc Saturated Very stable 0.9252
7 N-Trifluoroacetyldemecolcine - Co3H24F3NOg 467.4 - - - 0.6915
Iron, cyclopentadienyl-ethyl-1,2- ~ +6 _ _ _
8 diisopropylphosphinoethane CarHyFeP, 4144 06359
Trans-4'-Dimethylamino-4-
9 (methylthio)chalcone - CyyHyyNO 251.32 Ketones - - 0.0771
Aluminum,
bis(2-methylpropyl)(2,4- B B B ~ B
10 pentanedionato-O,0’)-, 0.0527
(T-4)-
99.9998
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