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Abstract: The following article focuses on sustainable aviation fuels, which include first and second
generation biofuels and other non-biomass fuels that meet most of environmental, operational
and physicochemical requirements. Several of the requirements for sustainable aviation fuels are
discussed in this article. The main focus was on researching the alcohol-to-jet (ATJ) alternative fuel.
The tests covered the emission of harmful gaseous compounds with the Semtech DS analyzer, as well
as the number and mass concentration of particles of three fuels: reference fuel Jet A-1, a mixture of
Jet A-1 and 30% of ATJ fuel, and mixture of Jet A-1 and 50% of ATJ fuel. The number concentration
of particles allowed us to calculate, inter alia, the corresponding particle number index and particle
mass index. The analysis of the results made it possible to determine the effect of the content of
alternative fuel in a mixture with conventional fuel on the emission of harmful exhaust compounds
and the concentration of particles. One of the main conclusion is that by using a 50% blend of ATJ
and Jet A-1, the total number and mass of particulate matter at high engine loads can be reduced by
almost 18% and 53%, respectively, relative to pure Jet A-1 fuel.

Keywords: alcohol-to-jet; alternative fuel; SAF; emission; particles; particulate matter

1. Introduction

Along with the development of the aviation industry, its share in the emission of
environmental pollution has increased. Currently, the aviation industry is responsible for
an estimated 2% of global greenhouse gas emissions [1,2]. In 2015, aviation operations
generated over 781 million tons of carbon dioxide, and it is expected that by 2050, based
on forecasts of air traffic growth, 2700 million tons of carbon dioxide will be generated
annually [2]. According to forecasts by Airbus, air traffic doubles every 15 years and the
number of flights increased by 80% between 1990 and 2014 [3,4]. The growing number of air
connections unfortunately significantly affects environmental pollution and the associated
climate change effects. As a result, many aviation organizations and airlines are taking
measures to reduce greenhouse gas emissions from the aviation industry, including using
alternative fuels. The increase in interest in alternative fuels is caused not only by climate
change and the impact of burning conventional fuels on the environment, but also by the
depletion of natural resources of crude oil [5], rising oil prices and countries’ dependence on
their suppliers. The aviation sector wants to ensure security of supply alternative aviation
fuels at affordable prices [6]. Alternative fuels obtained from plants or other raw materials
would achieve energy independence from Organization of Petroleum Exporting Countries
(OPEC) member states, whose political instability is associated with frequent changes in oil
prices [7]. For this reason, more and more countries and airlines are investing in research
to produce sustainable aviation fuels from alternative sources, e.g., used oil, municipal
waste, algae or even plastic. In 2018 the Renewable Energy Directive II (REDII) entered into
force, which increased targets for the share of renewable fuels in transport from 10% by
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2020, to 14% by 2030 [8]. Also due to REDII savings of greenhouse gas emissions from use
of renewable liquid and gaseous fuels made from non-biological origin in transport field
shall be at least 70% from the year 2021 [9]. In the aviation field there are currently seven
approved technologies for the production of alternative aviation fuels, which include for
example hydroprocessed esters, hydroprocessed fermented sugar and alcohols. Alcohols
have a huge potential as alternative fuels, because of their liquid nature, production from
renewable biomass and high oxygen contents and also high cetane number. Fuels which
contain oxygen can reduce the combustion chamber parameters, like temperature, and
through this emission of harmful gaseous compounds can be reduced [10]. Therefore, the
work below focuses on the study of the concentration of harmful exhaust compounds
and particles in the engine exhaust, depending on the degree of mixing of the alternative
alcohol-to-jet (ATJ) fuel with conventional Jet A-1 fuel.

2. Sustainable Aviation Fuels

Sustainable aviation fuels (SAF) is the principal term used to refer to non-conventional
aviation fuels. Another names are sustainable alternative fuel, biojet or renewable jet
fuel [11]. The term sustainable aviation fuels covers not only biofuels, but also fuels
produced from raw materials other than biomass, such as waste. Biofuels refer to fuels
produced from raw materials of plant or animal origin, and due to their aggregate state,
we divide them into solid, liquid and gas [11]. In the aviation industry, biofuels mainly
refer to liquid biofuels [2]. In order to qualify as “sustainable” aviation fuels must meet the
following criteria [11]:

• Reducing carbon dioxide emissions throughout the life cycle;
• Limited need for fresh water;
• No need for deforestation and no competition with food production for land for cultivation.

Biofuels used in aviation can be divided into first, second and third generation bio-
fuels according to the general division of biofuels. In this analysis of alternative fuels,
the 1st generation fuels have been omitted due to the fact that they cannot be called sus-
tainable fuels, as their production uses food crops [12]. Second-generation biofuels are
fuels obtained from inedible plants or plant waste, which can be grown on less fertile soils,
and even on wastelands [13]. This group includes wood and its waste, which contain
lignocellulosic biomass, organic waste and food waste from agri-food processing [14]. They
do not compete with food cultivation as they come from a separate biomass, but some
biomass still competes with land use, as it grows in the same climate as food crops [15].
Other raw materials, which are not biomass, are currently in the phase of physicochemical
research and testing, or test flights are being carried out with their use. Most often it is
waste from households and companies. Research on the use of clothes, bottles, leftovers
and newspapers has also been started. The use of municipal solid waste (MSW) has a
very large potential, due to the use of raw materials that would be stored and would emit
carbon dioxide, and thanks to re-use they can drive aircraft engines [13]. These are e.g.,
fuels produced from municipal waste.

The second-generation raw material is jatropha oil. It is sourced from jatropha seeds,
which are poisonous to both humans and animals. 30 to 40% of the seed weight can be
obtained from each seed. Jatropha has low soil and climatic requirements, therefore it can
be cultivated in difficult conditions, such as dry and undeveloped areas [14]. As a result, it
does not compete with food crops for arable land. Jatropha is subjected to the process of oil
extraction, which produces bio oil, and then it is treated with hydrogen to obtain a fuel
of the hydroprocessed renewable jet (HRJ) type [16]. Another oilseed plant is camellina.
It is often cultivated as a crop rotation plant, so like jatropha—it does not compete with
food crops for arable land [13]. It occurs mainly in a temperate climate, in Central Europe,
Finland and the United States [17]. The latter is also subjected to an oil extraction process
and then treated with hydrogen to obtain HRJ fuel.

Vegetable and animal oils, which are already waste and will not be used further in the
food industry, can also be considered as second-generation biofuels. Used vegetable oils
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can be treated with hydrogen to make jet fuel. It is currently one of the most promising
raw materials for the production of alternative aviation fuels.

Aviation biofuels are processed differently, depending on the raw material used.
The specific group of raw materials and the corresponding transformations are shown in
Figure 1. This article focuses on alcohol-to-jet fuel, made from starch and sugar crops.

Figure 1. Raw materials used for the production of aviation biofuels and the corresponding processing [17].

A renewable fuel option for aviation is also power-to-liquids (PtL) production pathway,
which is based on electricty, water and carbon dioxide. The first step in PtL is electrolysis
of water in which hydrogen is producted from renewable electricity. Afterwards carbon
dioxide is supplied and and at the last step is synthesis to liquid hydrocarbons with
subsequent conversion to refined fuels. Power to liquid can use renewable electricity and
CO2, for example from biomass or from the air. What’s the most important, PtL fuels can
be close to carbon neutral and need less water than several biogenic fuels, for example
from jathropha plants, which need a lot of water to grow. Water in Pt: technology is needed
as a hydrogen source, but they amount needed is still less than for growing some of the
plants used in production of biofuels [18,19].

3. Requirements for Alternative Aviation Fuels

3.1. Operational Requirements

One of the main requirements for alternative aviation fuels is their compatibility
with the existing fuel infrastructure. This includes the pipelines through which fuel is
transported, refueling systems for the aircraft and the engine structure itself [20]. It is very
important that the change of conventional fuel to alternative fuel does not require changes
in design and infrastructure, as this would significantly hinder the entry of alternative
fuels into the aviation market. Therefore, an ideal sustainable aviation fuel would be 100%
compatible in operation with currently used aviation fuels [20,21]. Such fuel is known
as “drop-in” [13]. There is an alternative fuel compatibility assessment with existing
infrastructure, which assigns a neutral assessment if the fuel is fully compatible and does
not require any interference with the existing system, and a negative assessment if the fuel
requires a complete system change [20]. For now, only alternative and conventional fuels
may be mixed.

3.2. Physicochemical Requirements

Aviation fuels must meet a number of requirements regarding their physicochemical
properties in order to be used in aircraft engines. Physicochemical properties of aviation
fuels are the main determinant of safe flight performance, therefore they must be strictly
observed. The ASTM D1655 standard specifies the specific values of the physicochemical
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properties of aviation fuels. For alternative aviation fuels was assigned the standard ASTM
D7566 [21], shown in Table 1.

Table 1. Physicochemical properties according to ASTM D7566 standard.

No. Property Name Unit of Measure Requirements acc. to ASTM D7566

1 Density at 15 ◦C kg/m3 from 775 to 840
2 Viscosity at −20 ◦C mm2/s max 8.0
3 Viscosity at −40 ◦C mm2/s max 12
4 Calorific value MJ/kg min 42.8
5 Aroma content % min 8, max 25
6 Naphthalene content % max 3.0
7 Flash-point ◦C min 38
8 Crystallization temperature ◦C max −47

9

Distillation:
Start distillation temperature ◦C -
10% distils to temperature ◦C max 205
End distillation temperature ◦C max 300
Residue % max 1.5
Loss % max 1.5

10 Lubricity mm max 0.85

This standard specifies the maximum share of alternative fuels in the mixture con-
sisting of conventional and sustainable fuels at the level of 50% in volume terms. At
least half of the mixture must be Jet A or Jet A-1 fuel [13]. Alternative fuels that meet
the requirements of ASTM D7566 can be used in aircraft engines that require the D1655
aviation fuel standard [22]. The approved aviation fuel production methods are presented
in Table 2.

Table 2. Methods of producing alternative fuels approved by the ASTM D7566 standard (own study based on [4,14,23,24]).

Annex Process Raw Material Approval Date Blending Limit

A1
Fischer-Tropsch Synthetic Paraffinic

Kerosene (FT-SPK)
Biomass (wood waste, grass, municipal

solid waste)
2009 up to 50%

A2
Hydroprocessed Esters and Fatty Acids

(HEFA-SPK)
Oily biomass, e.g., algae,

jatropha, camelina
2011 up to 50%

A3
Hydroprocessed Fermented Sugars to

Synthetic Isoparaffins (HFS-SIP)
Bacterial conversion of sugars

into hydrocarbons
2014 10%

A4 FT-SPK with aromatics (FT-SPK/A)
Renewable biomass, i.e., municipal solid

waste, agricultural and wood waste
2015 up to 50%

A5
Alcohol-to-jet Synthetic Paraffinic

Kerosene (ATJ-SPK)
Agricultural waste (corn shoots, grass,

straw), cellulosic biomass
2016 up to 50%

A6
Catalytic Hydrothermolysis Synthesized

Kerosene (CH-SK, or CHJ)
Vegetable or animal fats, oils

and greases
2020 up to 50%

A7
Hydroprocessed Hydrocarbons, Esters

and Fatty Acids Synthetic Paraffinic
Kerosene (HHC-SPK or HC-HEFA-SPK)

Hydrocarbons of biological origin, fatty
acid esters, free fatty acids, or a species

of Botryococcus braunia algae
2020 up to 10%

3.3. Environmental Requirements

One of the main reasons for studying alternative fuels and looking for new solutions
to power jet engines is the impact of crude oil and its derivatives on the environment
and climate change. Emissions of harmful compounds are related to the physical and
chemical properties of fuel [24]. High emissions of carbon dioxide, greenhouse gases
and other harmful substances generated during the combustion of conventional aviation
fuels, such as carbon oxides, nitrogen oxides, hydrocarbons and particles, increase the
interest in alternative fuels. Carbon dioxide absorbed by plants during the growth of
biomass is similar to the amount of carbon dioxide emitted during the combustion of
fuel from that biomass, which makes it possible to remain neutral in terms of greenhouse
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gas emissions [13]. Sustainable aviation fuels should enable a significant reduction in
greenhouse gas emissions during their combustion, but also, which is crucial, throughout
their entire life cycle, from the growth and fertilization of plants and algae, through their
transport, processing, distribution, and end use in the engine aviation. Life cycle emissions
are mainly related to second and third generation biofuels which are based on plants and
algae that need to be grown for use in the aerospace industry.

By using fuel based on wood biomass, 95% of CO2 can be saved compared to the
currently used jet fuel. Wood biomass is one of the lowest carbon dioxide emissions per MJ
of fuel, only algae fuel has a greater one, which in a realistic case could be 98% greenhouse
gas emissions, and in the best scenario up to 124%, compared to conventional jet fuel. This
is due to the fact that during their growth and development, algae absorb large amounts of
carbon dioxide, which in the case of their total CO2 emission, may be below zero. Carbon
dioxide emissions for other alternative fuels obtained e.g., from conventional oil, jatropha
or animal fuels range from 20% to 90% depending on the raw material used, with the least
preferred fuel being from oil plants. The above data is indicative of the fact the specific
emission value for each of the analyzed fuels depends on the method used for producing
the alternative fuel [25].

4. Experimental

The fuels used during the research were the alternative fuel alcohol to jet synthesized
paraffinic kerosene (ATJ-SPK) from isobutanol and the comparative fuel Jet A-1. The
alternative fuels supplying the engine during the tests were mixed in the following volume
proportions with conventional JetA-1 fuel: 30% ATJ fuel and 50% ATJ fuel. During the
tests, the concentration of carbon oxides (CO), carbon dioxide (CO2), hydrocarbons (HC)
and nitrogen oxides (NOx) was measured, as well as the concentration of the number of
particles by particle diameter.

The conventional fuel Jet A-1 is produced during the fractional distillation of crude oil,
known as rectification. It is aviation kerosene, i.e., the liquid fraction of distilling crude oil
ranging from 130 ◦C to about 280 ◦C. Due to the low octane number and simple production
technology, it is relatively cheap—cheaper than gasoline or diesel. Jet A-1 is used in civil
aviation, and it differs from Jet A mainly in the freezing point, which is −47 ◦C for Jet A-1
and −40 ◦C for Jet A [26].

The ATJ alternative fuel can be produced by many different conversion routes, but
each starts with a biomass feedstock. The raw materials used to produce ATJ fuel are, for
example, sugar cane, sugar beet, cereals or lignocellulosic biomass. ATJ fuel is made by
converting alcohols such as methanol, ethanol, butanol and long-chain fatty alcohols. The
maximum use of ethanol in the production of ATJ fuel is 10–15%. ATJ fuels currently used
in aviation and meeting the requirements of ASTM D7566 are isobutanol- and ethanol-
based fuels, however Annex A5 (ATJ-SPK) is ultimately to include the use of any alcohols
containing from two to five carbon atoms [25,27–29]. Use of ATJ fuel in an aircraft engine
requires a maximum of 50% ATJ blend with conventional fuel. The process of converting
alcohol into alcohol-to-jet fuel includes the following processes: isobutanol or ethanol
dehydration, oligomerization, hydrogenation and fractionation to obtain a component
which is a mixture of hydrocarbon jet fuel (Figure 2) [23].

Figure 2. Simplified diagram of the ATJ-SPK process [30].

According to the European Aviation Environmental Report 2019 prepared by the Eu-
ropean Union Aviation Safety Agency (EASA), thanks to the use of ATJ fuel, the percentage
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reduction in greenhouse gas emissions compared to the use of conventional fuel ranges
from 26 to 74%, depending on the raw material used in the production. These estimates
do not take into account the greenhouse gas emissions in the raw material growth phase.
In the case of ATJ aviation fuel based on isobutanol, the lowest percentage reduction can
be achieved by using maize grain as a raw material (54%), and the highest by using forest
residues (74%). On the other hand, in the case of ATJ fuel obtained from ethanol, the lowest
reduction in greenhouse gas emissions can be obtained by using corn kernel as a raw
material (26%), and the highest—sugar cane (69%). Table 3 presents the physicochemical
properties of the tested fuels [4].

Table 3. Physicochemical properties of tested fuels [own study based on [31,32].

Property
Jet A-1

[According to ASTM D1655 Standard]
ATJ-SPK

50/50% v
ATJ-SPK and Jet A-1

Crystallization temperature [◦C] −47 −61 −54

Flash point [◦C] min 38 48 min 38

Calorific value [MJ/kg] 42.8 43.2 43.8

Total sulfur content [%] max 0.3 <0.01 0.02

Aromas content [%] 17.3 0 8.8

The tests were carried out on a GTM-120 miniature turbine engine, made of a centrifu-
gal compressor, diffuser, annular combustion chamber with pre-vaporising tubes, turbine
nozzle, turbine wheel and nozzle cone. The engine is started by a starter. The technical
parameters of the described engine are presented in Table 4.

Table 4. Technical parameters of the GTM-120 engine.

Maximum thrust [N] 100
Fuel consumption (for maximum thrust)

[g/min]
520

Length [mm] 340
Width [mm] 115
Weight [kg] 1.5

The Semtech DS analyzer from Sensors Company (city, state abbrev if USA, country)
was used to measure the concentration of gaseous exhaust compounds. This analyzer
measures the concentration of nitrogen oxides, hydrocarbons, carbon monoxide and carbon
dioxide. The exhaust gases from the GTM-120 engine were fed to the analyzer via a probe
placed 3 cm from the outlet nozzle and a cable with a temperature of 191 ◦C, required to
measure the concentration of hydrocarbons in the flame ionization analyzer. Then after
cooling the exhaust gases to the temperature of 4 ◦C, measurements of the concentrations
of carbon monoxide, carbon dioxide and nitrogen oxides were carried out. The Semtech
DS analyzer includes the following measurement modules [32]:

• A flame ionization detector (FID), which uses the change of electric potential result-
ing from the ionization of molecules in the flame; it is used to determine the total
concentration of hydrocarbons,

• A non-dispersive ultraviolet (NDUV) analyzer that uses ultraviolet radiation to mea-
sure the concentration of nitrogen oxide and dioxide

• A non-dispersive infrared (NDIR) analyzer using radiation infrared to measure the
concentration of carbon monoxide and dioxide, and

• An electrochemical analyzer for determining the oxygen concentration in the ex-
haust gas.

At the same time, the particle number concentration was measured using an EEPS
3090 (Engine Exhaust Particulate Sizer™ spectrometer) analyzer from TSI Incorporated
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(city, state abbrev if USA, country). This analyzer measures the discrete range of particle
diameters from 5.6 nm to 560 nm [32,33]. The exhaust gas was directed to the analyzer
through a dilution system, where the total flow was 10 l/min, including the exhaust gas
flow 0.3 l/min, so the exhaust gas in the tested sample accounted for 3%. Technical data of
the EEPS 3090 analyzer are presented in Table 5.

Table 5. Technical data of the EEPS 3090 analyzer [33].

Parameters Value

Diameter of the measured particles 5.6–560 nm

Number of measurement channels 16 channels per decade

Resolution 10 Hz

Exhaust sample volume flow rate 0.6 m3/h

Compressed air volume flow rate 2.4 m3/h

Input sample temperature 10–52 ◦C

The measuring range was from 10 to 100 N, and the measurements were made
every 10 N. In order to clearly present the results, after the measurements, the measuring
range was reduced to the following three ranges: low engine operation load from 10 to
30 N, medium engine operation load from 40 to 60 N and high engine operation load
ranging from 70 to 100 N (Table 6). Measurement results were averaged in each of the
examined areas.

Table 6. Measurement ranges for engine operation load and their values.

Range Name
Engine Operation Load Range [N]

Up To

Low 10 30
Medium 40 60

High 70 100

5. Results and Discussion

5.1. Concentration of Harmful Exhaust Gas Compounds

The results were grouped for easier comparison by reference to the fuel composition
and the engine load range. During the measurements, the focus was on the concentration of
harmful exhaust gas compounds, such as CO2, CO, HC and NOx. The measurement results
of the tested exhaust gas compounds are shown in Figure 3. It is worth underlining that the
maximum thrust power of the GTM 120 engine, amounting to 100 N, was achieved only
with the use of pure conventional Jet A-1 fuel. For a fuel containing 30% and 50% ATJ fuel
the maximum load was about 90 N. Carbon dioxide, carbon monoxide, hydrocarbons and
nitrogen oxides are the main products of combustion. Emissions of these harmful gaseous
exhaust compounds depend on the engine load, so also on flight mode. Basically, emission
of carbon dioxide is proportional to fuel consumption. Emission of carbon monoxide is
high for low engine load, for example for idling and taxiing, and decreases when engine
load is increasing. The opposite situation is true for nitrogen oxides. NOx emissions
increase with increasing engine load, so they are high for climbing and take-off. Nitrogen
oxides and unburned hydrocarbons are formed, inter alia, depending on the temperature
and pressure in the engine [34,35].
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Figure 3. Emission index for (a) carbon monoxide; (b) hydrocarbons; (c) nitrogen oxides.

The emission of harmful gaseous compounds was presented in the form of emission
factors related to the emission of carbon dioxide during each measurement. Comparing the
emissions of carbon monoxide (Figure 3a) with CO2 emissions at low and medium engine
operation load, it was found that it is the lowest for pure Jet A-1 fuel, while in the case of
high engine operation load for Jet A-1 fuel it is the highest, compared to other tested fuels.
Carbon monoxide emissions for between 30% and 50% ATJ fuel do not differ significantly
over the entire operating range of the engine. The difference between Jet A-1 and 50%
ATJ for low engine operation load is 23% and for medium engine operation load it is 25%,
when the emission was higher for 50% ATJ. In turn comparing high engine operation load,
emissions of CO related to CO2 were the lowest for 50% ATJ and about 8% lower than for
Jet A-1.

On the other hand, in the case of hydrocarbon emissions (Figure 3b), for low engine
operation load, the highest HC emission is shown for fuel with 30% ATJ content, while at
medium and high engine operation load it is for fuel with 50% ATJ content. For low engine
operation load the difference between 30% ATJ and Jet A-1 is 40% and between 30% ATJ
and 50% ATJ is 36%. In turn for high engine operation load difference between the highest
emission for 50% ATJ and Jet A-1 is 16% in favor of the Jet A-1 fuel.

Comparing the emission of nitrogen oxides (Figure 3c), it was found that the lowest
emissions occur for the pure conventional fuel Jet A-1 in the entire engine operation range,
while the highest carbon oxide emission per CO2 emission occurs for the fuel with 50% ATJ
content in the entire engine operation range. The differences between Jet A-1 and 50% ATJ
are respectively 31% for low load engine operation, 76% for medium load and 57% for high
load engine operation. In this case, increasing the content of alternative fuel Alcohol-to-Jet
in the mixture of Jet A-1 and ATJ is expected to increase the emission of nitrogen oxides.
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5.2. Particles Concentration

Based on the obtained data for the particle number concentration, the characteristics
of the mass concentration of particles depending on their diameter were calculated. For
the calculation the solids density characteristic was used (Figure 4), which decreases with
increasing particle diameter. The particle density function was determined empirically on
the basis of the CFM56-7B26/3 aviation engine [36–38]. Knowing the diameter of particles,
it was possible to calculate the mass of particulate matter by using the density and volume
of the particles.

Figure 4. Density of solid particles depending on their diameter [32].

5.2.1. Low Engine Load

Figure 5 shows the number and mass concentration of particles depending on their
diameter (first column) and cumulative values of the relative particle number and relative
mass of particulate matter (second column) for low load engine operation fueled Jet A-1
(first row), 30% ATJ (second row) and 50% ATJ (third row). The cumulative curves were
determined by standardizing the obtained data for the number and mass of particulate
matter to the value 1 and using the connection between the quotient of the number of
particles and the maximum number of particles as well as the quotient of the mass of
particles and the maximum mass of particles.

In the case of particles in the exhaust of an engine running on clean fuel Jet A-1
(Figure 5a), for low engine operation load, particles with 25.5–124.1 nm diameter domi-
nated. The characteristic diameter, i.e., the highest number of particles, of the discussed
number concentration characteristic was about 60.4 nm. Based on the characteristics of
the mass concentration of particulate matter for Jet A-1 fuel at low engine operation load,
the vast majority of the mass of particulate matter was due to particles with a diameter
of 25.5–220.7 nm. The remainder of the particulate mass results from the emission of a
very small amount of particulate matter with diameters in the 294.3–523.3 nm range. At
low engine operation load fueled Jet A-1 (Figure 5b) the cumulative values of the relative
particles number and relative mass of particulate matter show that 90% of the relative
number of all particles emitted corresponds to 60% of their relative mass. About 90% of all
particles are less than 100 nm in diameter.

In the case of low engine operation loads ranging from 10 N to 30 N for the fuel
with 30% ATJ content (Figure 5c), the particle diameters of 25.5–107.5 nm dominated,
and the majority were the particles with a diameter of 52.3 nm. Compared to the total
particles concentration for Jet A-1, the 30% ATJ fuel had a slight reduction in total particle
count. The main part of the emitted mass was particulate matter with diameters in the
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range 34.0–165.5 nm. The remainder of the particulate mass results from the emission of
a very small number of particulate matter with diameters in the range 294.3–523.3 nm.
Cumulative values of the relative number and relative mass of particles for a 30% ATJ fuel
(Figure 5d) shows, that 90% of the relative number of all particles emitted is about 55% of
their relative mass. About 90% of all particulate matter is less than 80 nm in diameter.

Figure 5. Number and mass concentration of particles depending on their diameter (a,c,e) and cumulative values of the
relative particles number and relative mass of particulate matter (b,d,f) for low engine operation load fueled Jet A-1 (a,b),
30% ATJ (c,d) and 50% ATJ (e,f).

On the other hand, for the fuel containing 50% ATJ in the range of low engine operation
load, the range of dominant particle diameters for low engine loads was 19.1–93.1 nm, and
most of the particles had a diameter of 34.0 nm (Figure 5e). However, the concentration
of the total number of particles in this case was the lowest compared to other tested fuels.
The difference is approximately 10% compared to the total particles concentration for
conventional Jet A-1. In the case of mass concentration of particulate matter, depending
on their diameter, the main part of the emitted mass of particulate matter were particles
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with a diameter of 25.5–165.5 nm. The remainder of the particulate mass results from
the emission of a very small number of particulate matter with diameters ranging from
254.8–523.3 nm. The total particulate mass concentration for the fuel containing 50% ATJ
was 51% lower than the total particulate mass concentration for the Jet A-1 fuel in the
discussed engine operating range. For a fuel containing 50% ATJ (Figure 5f), cumulative
values of the relative number and relative mass of particles shows that 90% of the relative
number of all particulate matter emitted is about 55% of their relative mass. About 90% of
all particulate matter is less than 70 nm in diameter.

5.2.2. Medium Engine Load

Figure 6 shows number and mass concentration of particles depending on their
diameter (first column) and cumulative values of the relative particles number and relative
mass of particulate matter (second column) for medium engine operation load fueled Jet
A-1 (first row), 30% ATJ (second row) and 50% ATJ (third row). In the case of medium load
engine operation in the range of 40–70 N, for the conventional fuel Jet A-1, particles with a
diameter of 25.5–107.5 nm were dominant, and the characteristic diameter was 52.3 nm
(Figure 6a). Particles with a diameter of 29.4–165.5 nm accounted for the main share in the
emitted mass of particles. The remainder of the particulate mass is due to the emission of a
very small number of particles with diameters in the range 339.8–523.3 nm. Cumulative
values of the relative number and relative mass of particles (Figure 6b) show that 90% of
the relative number of all emitted particles is 60% of their relative mass. About 90% of all
particulate matter is less than 80 nm in diameter.

For the fuel with 30% ATJ content, the particles with a diameter of 22.1–93.1 nm
dominated for medium engine operation load, and the particles with a diameter of 34.0
nm were the most numerous (Figure 6c). As with the low engine operation load, the total
particle concentration was lower than that of Jet A-1. In the case of mass concentration
of particles, depending on their diameter, particles with a diameter of 25.5–124.1 nm
accounted for the main share in the emitted particulate matter mass.

The remainder of the particulate mass results from the emission of a very small number
of particles with diameters in the range 294.3–523.3 nm. Cumulative values of the relative
number and relative mass of particles (Figure 6d) show that 90% of the relative number of
all emitted particles is 60% of their relative mass. About 90% of all particulate matter is less
than 70 nm in diameter.

In the case of the fuel with 50% ATJ content, for medium engine operation load,
particles with a diameter of 16.5–80.6 nm dominated, however, particles with a diameter of
9.31 and 10.8 nm also appeared in a greater number (Figure 6e). The characteristic diameter
was 34.0 nm. As with the low engine operation load, the total particles concentration was
lowest for the fuel containing 50% ATJ compared to the fuel containing 30% ATJ and Jet
A-1 fuel. The difference between Jet A-1 and 50% ATJ is less than 14%. Particles with a
diameter of 25.5–124.1 nm were the main share in the emitted mass of particulate matter.
The total particulate mass concentration was also the lowest compared to previous fuels in
this engine load range and was about 40% of the total mass concentration of Jet A-1 for
medium operation load. Cumulative values of the relative number and relative mass of
particles (Figure 6f) show that 90% of the relative number of all emitted particles is also
60% of their relative mass. About 90% of all particles is less than 60 nm in diameter, so
for medium load engine operation, when the fuel contained more ATJ alternative fuel, the
diameter of 90% of all particles was smaller: for pure Jet A-1 it was 80 nm, for 30% ATJ—70
nm, and for the highest content of alternative fuel which was 50%, it was 60 nm.
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Figure 6. Number and mass concentration of particles depending on their diameter (a,c,e) and cumulative values of the
relative particles number and relative mass of particulate matter (b,d,f) for medium engine operation load fueled Jet A-1
(a,b), 30% ATJ (c,d) and 50% ATJ (e,f).

5.2.3. High Engine Load

At high engine operation load (Figure 7), for each of the tested fuel, an increase in the
concentration of the total number of particles was found. In the case of Jet A-1 fuel, particles
with a diameter of 16.5–107.5 nm dominated for high engine load (Figure 7a). As can be
seen, with increasing engine load, the diameter of the dominant particles decreased. For
low and medium engine operation load, the most were particles with a diameter of 60.4 nm,
while for high engine operation load, the most were particles with a diameter of 34.0 nm.
However, the total number of particles is incomparably the highest at high engine operation
load. On the other hand, the main part of the emitted mass of particulate matter were
particles with diameters of 25.5–143.3 nm, and the remaining part of the mass of particulate
matter results from the emission of a very small number of particles with diameters in the
range of 294.3–523.3 nm. Cumulative values of the relative number and relative mass of
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particles (Figure 7b) show that 90% of the relative number of all emitted particles is also
60% of their relative mass. About 90% of all particles is less than 70 nm in diameter.

Figure 7. Number and mass concentration of particles depending on their diameter (a,c,e) and cumulative values of the
relative particles number and relative mass of particulate matter (b,d,f) for high engine operation load fueled Jet A-1 (a,b),
30% ATJ (c,d) and 50% ATJ (e,f).

For the fuel with 30% ATJ fuel content, particles with a diameter of 22.1–93.1 nm
dominated at high engine operation load (Figure 7c), and the most were particles with
a diameter of 34.0 nm, similar to the medium engine operation load. In the case of the
particulate matter mass concentration, depending on their diameter, the main fraction of
the emitted particulate matter mass were particles with a diameter of 25.5–143.3 nm. The
remainder of the particulate matter mass results from the emission of a very small number
of particles with diameters in the 254.8–523.3 nm range. Cumulative values of the relative
number and relative mass of particles (Figure 7d) show that 90% of the relative number of
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all emitted particles is also 60% of their relative mass. About 90% of all particles is also less
than 70 nm in diameter.

On the other hand, when analyzing the numerical and mass concentration of particles
for a 50% mixture of ATJ and Jet A-1 fuel (Figure 7e), it was found that in this case the
numerical distribution of particles depending on the particle diameter in the entire engine
operating range differs the most compared to the previous fuels. The range of diameters of
the dominant particles for high loads was 16.5–80.6 nm, but there were also more particles
with a diameter of 9.31 and 10.8 nm. The characteristic particle diameter was 34.0 nm. The
total particle number concentration was approximately 18% lower than the total particle
number concentration for conventional Jet A-1 fuel in the described engine operating range.
In turn, the main part of the emitted mass of particulate matter were particles with a
diameter of 22.1–124.1 nm. The total particulate mass concentration was 51% of the total
Jet A-1 fuel mass concentration at the high engine operation load. Cumulative values of
the relative number and relative mass of particles (Figure 7f) show that 90% of the relative
number of all emitted particles is also 60% of their relative mass. About 90% of all particles
is less than 55 nm in diameter.

5.2.4. Analysis of the Results

All main results from each tested fuel for different engine operation load have been
summarized in Table 6. Dominant diameters in particle number are the smallest for 50%
ATJ for every engine operation load. The same conclusion is reached concerning the range
of dominant diameters in the particulate matter mass. To compare the cumulative values
of the relative number and relative mass of particles for tested fuels, it was found that
due to increasing the engine operation load, the diameter of 90% of the relative number
of particles for each of the tested fuels decreases. The same happens when the content of
the alternative fuel in tested fuels is higher, so the diameter of 90% of relative number of
particles was the smallest for high load engine operation fueled 50% ATJ. The differences
between the fuels and engine operation load in diameter of 90% of the relative number of
particles shows last rows of Table 7.

Table 7. Main results from researches depending on tested fuel and engine operation load.

Engine Operation Load
Tested Fuel

Jet A-1 30% ATJ 50% ATJ

Range of dominant diameters in particles number [nm]

low 25.5–124.1 25.5–107.5 19.1–93.1

medium 25.5–107.5 22.1–93.1 16.5–80.6

high 16.5–107.5 22.1–93.1 16.5–80.6

Range of dominant diameters in particulate matter mass [nm]

low 25.5–220.7 34.0–165.6 25.5–165.6

medium 29.4–165.5 25.5–124.1 25.5–124.1

high 25.5–143.3 25.5–143.3 22.1–124.1

The most dominant diameter [nm]

low 60.4 52.3 34.0

medium 52.3 34.0 34.0

high 34.0 34.0 34.0

90% of relative number particles is less than [nm]:

low 100 80 70

medium 80 70 60

high 70 70 55
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On the basis of the obtained data, the intensity of the number of particles EPN was
determined for the analyzed engine operation load ranges, using the measured numerical
concentration of particles CPN for a given engine load and the volumetric flow rate of
exhaust gases for individual fuels. The intensity of the emission of particulate matter EPM
was also determined in the tested ranges of the engine operation load, based on the mass
concentration of the particulate matter of the CPM and the volumetric flow rate of exhaust
gases for tested fuels. The intensity of the number and emission of particles was compared
between the tested fuels and the analyzed engine load areas (Figure 8).

Figure 8. The number concentration CPN (a) and intensity of the particles number emission EPN (b) for tested fuels in three
ranges of engine operation.

The number concentration of CPN particles and the intensity of the number of particles
EPN increases with increasing engine load for all analyzed fuels. In all engine operating
ranges, the particles number and number concentration are the highest for conventional Jet
A-1 fuel and the lowest for fuel containing 50% of the alternative fuel.

The mass concentration of CPM particulate matter decreased with increasing engine
operation load in the case of fuels containing alternative fuel and was the highest at the
medium engine load for Jet A-1 fuel (Figure 9). On the other hand, the intensity of EPM
particulate matter emission increased with increasing engine operation load for all tested
fuels and was the highest for high engine load in the case of Jet A-1 fuel. The lowest
particulate matter emission intensity was found for the fuel containing 50% ATJ fuel, which
for particular engine operation load accounted for about 53% of the particulate emission
intensity for Jet A-1 fuel.

Figure 9. Mass concentration CPM (a) and emission intensity of particulate matter EPM (b) for tested fuels in three engine
operation ranges.

15



Energies 2021, 14, 1858

The WPN and WPM coefficients were also determined, which determine the number
and mass of particles, respectively, formed from one kilogram of fuel consumed by the
engine. The values of the discussed coefficients are shown in Figure 10. Based on the
charts below, it was found that the highest average number of particles is generated when
the engine is fueled with conventional Jet A-1 fuel and at high engine operation load it
amounts to 7.45 × 1015 units (Figure 10a). On the other hand, for high engine load the
lowest average number of particles per kilogram of fuel used is for fuel containing 50% ATJ
fuel and it amounts to 5.05 × 1015 units, thus it is about 32% lower than for Jet A-1. In the
case of the particulate matter mass coefficient (Figure 10b), the highest mean value of the
coefficient was equal to 0.53 for Jet A-1 fuel for medium engine loads, and the lowest for
fuel containing 50% ATJ for high engine loads. The largest difference between the average
value of the particulate matter mass factor, amounting to 63%, was found at the medium
engine operation load between Jet A-1 fuel and the fuel containing 50% ATJ.

Figure 10. Particle number index WPN (a) and particle mass index WPM (b) for tested fuels in three engine load ranges.

6. Conclusions

Given the problems that the aviation industry is currently facing, the development of
alternative fuels to power aircraft is inevitable. Over the past 10 years, over 200,000 flights
have already been made using alternative fuels. Thanks to constant research and new
solutions, the biofuels and sustainable fuels sector is constantly developing. In relation
to the research carried out, using alternative fuel based on alcohol which is ATJ fuel, can
have positive impact on the concentration of number and mass of particles compared to Jet
A-1, but also negative impact on the emission of harmful gaseous compounds. It is crucial
that the maximum engine load for a mixture of 30% ATJ and Jet A-1 and 50% ATJ and
Jet A-1 was about 90% of maximum engine load for pure Jet A-1. Thus when comparing
the emission of gaseous compound and particulate matter, attention should also be paid
to the maximum achievable engine load for a given fuel mixture. For nitrogen oxides,
hydrocarbons and carbon monoxide increasing the content of ATJ fuel in mixture of Jet A-1
and ATJ results in an increase of emission of these gaseous compounds in almost every
engine operation load situation that was analyzed. As shown in the graphs of cumulative
values of the relative particles number and relative mass of particulate matter for tested
fuels, it was found that due to the increasing engine operation load, the diameter of 90% of
the relative number of particles for each of the tested fuels decreases. The same happens
when the content of the alternative fuel in tested fuels is higher, so the diameter of 90%
of relative number of particles was the smallest for high load engine operation fueled by
mixture of 50% ATJ and Jet A-1. Due to studies it is found out that the highest average
number of particles is generated when the engine is fueled with conventional Jet A-1 fuel
and the lowest average number of particles per kilogram of fuel used is for fuel containing
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50% ATJ fuel. Thus, it can be concluded that the addition of ATJ has a positive effect on the
number and mass concentration of particles.

The aim and the main conclusion of the above comprehensive analysis in the field
of exhaust gas emissions from biofuels is that the emission of gaseous compounds is not
necessarily lower than with the use of conventional Jet A-1 fuel, but in terms of the entire
life cycle of biofuels, they are still less harmful to environment than conventional fuels. On
the other hand, the emissions of particulate matter, in contrast to toxic compounds, is better
when using a mixture of conventional fuel and biofuel than when using pure conventional
fuel. Further recommendation is to maximize the proportion of biofuels, as far as possible
and with all the safety and technical aspects of the engine, because they give measurable
effects in the form of reduced particulate emissions.
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Design, Olandų g. 16, LT-01100 Vilnius, Lithuania; a.rimkus@vtdko.lt

2 Department of Automobile Engineering, Faculty of Transport Engineering, Vilnius Gediminas Technical
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Abstract: This article presents the results of a study of energy and ecological indicators at different
engine loads (BMEP) adjusting the Start of Injection (SOI) of a Compression Ignition Engine fuelled
with blends of diesel (D), rapeseed methyl ester (RME)-based biodiesel and isopropanol (P). Fuel blends
mixed at D50RME45P5, D50RME40P10 and D50RME30P20 proportions were used. Alcohol-based
fuels, such as isopropanol, were chosen because they can be made from different biomass-based
feedstocks and used as additives with diesel fuel in diesel engines. Diesel fuel and its blend with
10% alcohol have almost the same thermal efficiency (BTE). In further examination of energy and
ecological indicators, combustion parameters were analysed at SOI 6 CAD BTDC using AVL BOOST

software (BURN subprogram). Increasing alcohol content in fuel blends led to a reduced cetane
number, which prolonged the ignition delay phase and intensified heat release in the premixed
combustion phase. Higher combustion temperatures and oxygen content in the fuel blends increased
NOx emissions. Lower C/H ratios and higher O2 levels affected by RME and isopropanol reduced
smoke emissions.

Keywords: compression ignition (CI) engine; biodiesel; isopropanol; combustion; energy indicators;
ecological indicators

1. Introduction

The rising demand for fossil fuels and the environmental issues concerning their use are the
biggest challenges that people face today. The transportation sector alone contributes up to 30% of
the world’s harmful emissions [1]. As the demand for fossil fuels continues to rise faster than its
supply, fossil fuels deplete, which in turn drives the price of such fuels as diesel and petrol up [2–4].
The absence of a replacement for vehicles that run on liquid fuels, and a high price of electric vehicles
made the automotive industry devote its resources to finding alternative fuels as a replacement and to
decreasing the emissions concerned with environmental problems [5–7]. Recent studies revealed that
greenhouse gases and harmful combustion chamber emissions can be significantly reduced by using
fuels, such as alcohol and biodiesel, as primary alternatives [8–16].

In order to beat the fossil fuel deficiency and control the increasing demand of natural gas,
opportunities for using alternative fuels in internal combustion engines have been searched [17].
The ease of handling and storing alcohol and biodiesel makes them promising substitutes for fossil
fuels [9,18–21].
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Modern biofuel production technologies are sufficiently developed and focused on the production
of alcohols, which are very widely used as fuel additives [22]. Mostly ethanol is produced, the production
technologies of which have been well known since ancient times. As a fuel additive ethanol has
many disadvantages, the most important of which is its corrosivity [23]. Therefore, the selection of
an alternative fuel blend for these studies focused on propanol, which is less corrosive and is close
to petroleum diesel in its properties and calorific value [24]. In addition, when blended with diesel
(10% v/v), propanol performs better in terms of emissions and noise than ethanol [25]. This choice was
also based on its cheapness compared to other higher order alcohols like butanol and pentanol [26].

The use of alternative fuels in standard internal combustion engines most often requires modifying
such engines. Our proposed three-component fuel mixture allows the replacement of conventional
fuels (diesel) with alternative analogues, the use of biodiesel must take into account many operational
aspects, such as e.g., CFPP, and alcohol propanol allows one to partially solve this problem. Therefore,
the chosen three-component diesel-biodiesel-propanol blend allows us to solve the difficult task of
using alternative fuels without engine modifications. The three-component mixtures mentioned
are rarely found in the literature and are usually defined by a narrow analysis of fuel consumption
and some exhaust parameters, and a more detailed analysis of heat release and other parameters is
postponed for further research [27].

The performance of the diesel engine with the blend of n-propanol at different proportions
like 10% by volume is attainable [28]. Diesel engines can use propanol-diesel blends containing
10 to 20% propanol without significantly affecting engine performance. It is further concluded that
10–20% of propanol-diesel blends are beneficial in reducing harmful fumes and NOx emissions [29].
n-Propanol/diesel blends higher than 30% showed lower soot density due to the predominant effect of
increasing spontaneous oxygen content in n-propanol/diesel mixtures [30].

It was observed that when the isopropanol concentration exceeds 15%, the combustion temperature
and BTE performance starts to increase in biodiesel [31], especially in biodiesel-diesel-isopropanol
blends (80%/10%/10%) [27]. Isopropanol improves the cold-flow limit in blends with both diesel and
biodiesel, cooling it when operating at low temperatures [32]. 15% Isopropanol content in diesel
allows for improved engine performance, lower smoke and NOx emissions (at low to medium loads),
but increases brake specific fuel consumption (BSFC) due to its lower calorific value [33]. Increasing
the isopropanol content to 55% compared to diesel led to an increase in nitrogen oxide emissions
(by an average of 139%), a reduction in carbon monoxide emissions (45%) and an increase in CO2

emissions (by an average of 17%). However, no significant change in unburnt hydrocarbon emissions
was observed [34].

Mixing different alcohols (ethanol-isopropanol and butanol) (EPB) with diesel at the ratio of 20 and
40% did not demonstrate a significant increase in heat release and combustion pressure compared to
that of diesel. They have been found to have a lower molecular weight flux permeability than diesel,
and the flame light index was lower with the use of the aforementioned additives in diesel, which
contributed to lower soot emissions [35]. On the other hand, this led to a shorter initial combustion
duration (ICD) and major combustion duration (MCD) conditions [11]. Changing injection strategies
for EPB blends revealed that pilot injection reduces the heat release rate and the peak pressure, while
dual injection improves fuel economy, reduces NOx emissions, at the same time increasing soot [35].

The blend of 30% EPB alcohols with gasoline improves BTE and slightly increases CO
(4.2%), hydrocarbon (HC) (18.9%) and NOx emissions (5.5%) compared to mineral gasoline [36].
Correspondingly, adding 1% of water to EPB blends (10% EPB and 90% mineral gasoline) resulted in an
even better ecological effect—a decrease in CO of up to 7.5% and in NOx of up to 12.4%, respectively [12].
The emulsion blend of fuel and water reduces local areas where the maximum temperature is reached,
resulting in decreased nitrogen activity and NOx concentration [37]. However, using isopropanol
additive in gasoline alone significantly increases HC emissions at low inlet air temperatures with
increasing isopropanol concentration in isopropanol-gasoline blends [38].
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When using 25% isopropanol in petrol blends with combustion control, there is a direct relationship
between octane number and combustion parameters of isopropanol. Start of combustion (SOC) is
delayed by increasing isopropanol content in the blend because isopropanol is more resistant to jerky
engine operation [39]. By reducing spark time in a petrol engine, isopropanol-gasoline blends (with
isopropanol content up to 30%) had lower NOx emissions than those found at the initial spark time [40].

Oxygen content is the key parameter that differs in fossil fuels and biodiesel [41–43]. Environmentally
friendly biodiesel produces clean and renewable energy, thus making it the alternative hope [44–46].
A study found that rapeseed methyl ester (RME) produced lower CO2 emissions due to a lower
carbon-to-hydrogen ratio as compared to diesel [47]. Methanol, ethanol are most commonly used
in fuel blends with biodiesel, and currently the second ACB wave will make butanol cheaper [48].
The use of proponol in fuel blends with biodiesel is a rare case, determined by the greater development
of other alcohol production technologies [20,49]. Lower heating values for B90Pr10 (90% biodiesel
and 10% propanol fuel mixtures) and cetane number increased BSFC and fuel gas temperatures while
reducing BTE [50]. Table 1 lists the properties of pure diesel, RME and isopropanol [51].

Table 1. Properties of 100% pure diesel, rapeseed methyl ester and isopropanol.

Properties Diesel Rapeseed Methyl Ester Isopropanol

Density (kg/m3) 843 877 785.1
Mass Fraction (% mass): Carbon 86.3 77.5 60

Hydrogen 13.7 12 13.4
Oxygen 0 10.5 26.6

Stoichiometric AFR 14.3 12.5 10.4
Lower Heating Value (LHV)(MJ/kg) 42.3 37.8 32.8

Cetane number 51 48 12
Auto-ignition temperature (◦C) 250 240 399

The aim of the research is to reveal the performance, combustion and emission characteristics of
IC engines using pure diesel and fuel blends with different proportions of diesel, rapeseed methyl
ester-based biodiesel and isopropanol.

2. Materials and Methods

2.1. Engine Testing Equipment

The engine used for testing is a 1.9 Turbocharged Direct Injection (TDI) diesel engine with a
VP37 (BOSCH, Stuttgart, Germany) electronic controlled distribution type fuel pump. The start of
the injection (SOI) was controlled by the Engine Electronic Control Unit (ECU) and it was a single
injection strategy. Figure 1 presents a detailed image of the tested engine and its parts, while research
conducted by other authors [52–55] and Table 2 lists the test engine parameters.

The brake torque MB (Nm) was determined on a load bench with a measurement error of ±1.2 Nm.
Hourly fuel consumption Bf (kg/h) was found using electronic scales SK-5000 with a 0.5% measurement
error. The pressure in the cylinder was measured using a piezoelectric sensor GG2-1569 mounted
on a glow plug with a sensitivity of 15.8 ± 0.09 pC/bar. Cylinder pressure values were recorded
using the LabView Real software at an interval of 0.176 CAD. The pressure in the engine intake
manifold was measured using an OHM HD 2304.0 pressure gauge (Delta, Padova, Italy) with a
measurement error of ± 0.0002 MPa. The intake air and the exhaust gas temperature were measured
using K-type thermocouples IR 8839 accurate to± 1.5 ◦C. The exhaust gas concentration was determined
using a DiCom 4000 gas analyzer (AVL, Graz, Austria). CO2 measurement accuracy was 0.1% vol.,
CO—0.01% vol., HC—1 ppm, NOx—1 ppm, and smoke absorption coefficient—0.01 m−1.

21



Energies 2020, 13, 2398

Figure 1. Image of the test engine: (a) test bench scheme; (b) test rig.

Table 2. Main parameters of the 1.9 TDI diesel engine.

Parameter Value

Displacement (cm3) 1896
No. of cylinders 4

Compression ratio 19.5
Power (kW) 66 (4000 rpm)
Torque (Nm) 180 (2000–25,000 rpm)

Bore (mm) 79.5
Stroke (mm) 95.5

Intake valve opening at 13 CAD before TDC
Intake valve closing at 25 CAD after BDC

Exhaust valve opening at 28 CAD before BDC
Exhaust valve closing at 19 CAD after TDC

Fuel injection Direct injection (single)
Fuel injection-pump design Axial-piston distributor injection pump

Nozzle type Hole-type
Nozzle and holder assembly Two-spring

Nozzle opening pressure (bar) 200
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Statistical calculations of type A uncertainties were used to measure exhaust. Type A uncertainties
were used to determine the standard deviation for repeated measurements, where u(x) is uncertainty,
n—repeatability of measurements, and s(x)—reliability [55,56]:

u(x) = s(x) =
s(x)
√

n
(1)

where x is the mean repeated value; s(x) is a standard deviation; s(x) is a standard deviation of the mean.
Uncertainty ranges u(x) of exhaust components are presented in Table 3.

Table 3. Uncertainty ranges u(x) of exhaust components.

Exhaust Component Number of Cycles ¯
x Standard Uncertainly u(x)

CO (g/kWh) 4 830 0.0036
CO2 (g/kWh) 4 895 0.0041
HC (g/kWh) 4 0.07 0.0005

NOx (g/kWh) 4 13.5 0.0079
Smoke (m−1) 4 7.3 0.0026

2.2. Fuels and Test Conditions

Tests were conducted using 100% pure diesel fuel and fuel blends prepared using different
proportions of diesel (D), rapeseed methyl ester (RME)-based biodiesel and isopropanol (P). The first
blend contained 50% diesel, 30% rapeseed methyl ester and 20% isopropanol (D50RME30P20), the second
blend had 50% diesel, 40% rapeseed methyl ester and 10% isopropanol (D50RME40P10), and the third one
50% diesel, 45% rapeseed methyl ester and 5% isopropanol (D50RME45P5). The properties like density,
mass fraction and lower heating value of the blends were calculated using the following formula:

properties of fuel blends =
∑

[(percentage of fuel blend × property)] (2)

Table 3 presents a comparison of the calculated properties of the fuel blends with the standard
diesel fuel. Uncertainties were calculated according to the model B [55]. Standard uncertainties were
calculated according to the formula:

uc =

√
u2

c ( f ) (3)

where uc
2(f) is the total uncertainty dispersion.

The uncertainty calculations for each fuel blend are presented in Table 4.

Table 4. Comparison of fuel properties of different fuel blends used and uncertainty ranges uc of each
fuel blend parameter.

D100 D50RME45P5 D50RME40P10 D50RME30P20

Density (kg/m3) 843 855.4 850.8 844.4
uc of Density (kg/m3) 0.008 0.0037 0.0032 0.0026

Mass Fraction (%): Carbon 86.3 81.025 80.15 78.4
uc of Carbon (%) 0.00333 0.00322 0.00215 0.00203

Hydrogen 13.7 12.92 12.99 13.13
uc of Hydrogen 0.00064 0.00058 0.00047 0.00044

Oxygen 0 6.055 6.86 8.47
uc of Oxygen 0 0.00008 0.00009 0.00012

Lower Heating Value (MJ/kg) 42.3 39.8 39.55 39.05
uc of Lower Heating Value (MJ/kg) 0.00814 0.00726 0.00633 0.00589

Cetane Number (-) 51 34.49 31.84 27.94
uc of Cetane Number (-) 0.0255 0.0344 0.0467 0.0592
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Engine tests were carried out at the engine speed of n = 2000 rpm and engine brake torque MB

was 30, 60 and 90 Nm, which corresponds to the Brake Mean Effective Pressure (BMEP) 0.2 MPa,
0.4 MPa and 0.6 MPa in the first experimental tests step. These are the loads of a city car running
of the ≈ 50 km/h, ≈ 80 km/h and ≈ 100 km/h speeds. During load-changing tests, fuel Start or
Injection Timing (SOI ≈ 2 CAD BTDC) was controlled by the engine electronic control unit. There were
(BMEP = 0.3 MPa) injection timing was adjusted (SOI = 0 . . . 16 CAD BTDC) by modulating the SOI

control signal in the second experimental test step. Injection timing was adjusted to determine the
variation of engine performance using fuel mixtures of different properties under different combustion
conditions. The Energy Indicators (Hourly Fuel Consumption Bf, Brake Specific Fuel Consumption
BSFC, Brake Thermal Efficiency (BTE)) and Ecological Indicators (emission of carbon monoxide
CO, carbon dioxide CO2, nitrogen oxides NOx, hydrocarbons CH, and smoke) were measured and
calculated at different engine loads and by adjusting start of injection. The results of all the tested fuel
blends will be analysed comparing them with results of diesel fuel. Experimental tests were performed
to ensure repeatability of the experiments. Several experiment design parameters were singled out,
such as fuel type used, engine rotation speed, engine load torque, and fuel injection angle.

The density difference between the fuels was found to decrease with increasing alcohol concentration
as seen in Table 4. Since the molecular mass of alcohols is lower than that of diesel and biodiesel [57–60],
with the alcohol content increasing from 5% to 10%, the density was found to decrease by 1.45%, and with
an additional increase from 10% to 20%, the density decreased by nearly 0.17%. When compared to
diesel, fuel blends with a 5 and 10% alcohol content tended to be denser, and the D50RME30P20 blend
tended to have a lower density compared to conventional fuel as calculated and presented in Table 4.

A lower heat value was found to differ less with an increase in the alcohol percentage share as seen
in Table 4. The lower heat value difference increased to 6.5% when increasing the fuel concentration
from 5% to 10%, and a further change of the concentration from 10% to 20% led to the difference
increasing by nearly 7.7%. The lower heat value highly depends on carbon and hydrogen content in
fuel [61–63]. So, with a relatively higher carbon and hydrogen content in diesel compared to their
content in other fuel blends, the lower heat value of conventional fuel was found to be higher than that
of other fuel blends, which declined with increasing alcohol content as seen in Table 4.

The difference in the cetane number decreased with increasing alcohol content as seen in Table 4.
The conventional diesel fuel is known for being rich in paraffin, which helps it achieve a higher cetane
number compared to other fuel blends [64]. When increasing the alcohol content from 5% to 10%,
the difference was found to increase to 37.5%, and a further increase in alcohol content to 20% led to an
increase in the difference of nearly 45%. As seen in Table 4, the cetane number steadily decreased with
alcohol content compared to that of the conventional fuel. The fuel stability was ensured by producing
fuel blends right before testing and feeding them to the engine.

2.3. Tools for Numerical Analysis of the Combustion Process

Due to a significant change in the cetane number in diesel and other prepared fuel blends, analysing
changes in performance of the engine by calculating combustion characteristics and comparing them
with those of diesel is necessary. AVL BOOST software was used in calculating the combustion
characteristics with the help of BURN subprogram. BURN analysis was conducted having created a
digital model of the 1.9 TDI diesel engine used in the experiment as seen in Figure 2. The digital model
of the engine was constructed by selecting the required elements from a displayed element catalogue
in AVL BOOST. The analysis of combustion requires general data on engine parameters, fuel and data
describing the operating point.
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Figure 2. Digital Engine Model used in AVL BOOST.

Engine parameters and experiment results were uploaded in the BURN subprogram and run to
get the combustion characteristics. Changes in the in-cylinder pressure and temperature, heat release
rate (ROHR) and the mass fraction burnt (MFB) were calculated in this research:

ROHR =
dx

dα
=

6.908
αCD

·(mv + 1)·
(
α−αSOC

αCD

)mv

·e−6.908·(α−αSOC
αCD

)
(mv+1)

(4)

dx =
dQ

Q
(5)

MFB =

α∫
αSOC

dQ
dα·Q(α)

·dα = 1− e
−6.908·(α−αSOC

αCD
)
(mv+1)

, α > αSOC (6)

where Q—total fuel heat input; α—crank angle; mv—combustion shape parameter; αSOC—start of
combustion; αCD —combustion duration.

3. Results and Discussion

The experimental tests were carried out in two steps: (a) changing the engine load BMEP (0.2; 0.4
and 0.6 MPa); (b) changing SOI (0 . . . 16 CAD BTDC), and BMEP = 0.3 MPa. After plotting the graphs
from the (b) experiment results, a polynomial curve was drawn with a degree of 2 for all the energy
and ecological parameters to get a change trend.

3.1. Energy Indicators

Brake Specific Fuel consumption (BSFC) of diesel fuel was low at all loads compared to other
fuel blends, as observed in Figure 3a. When increasing alcohol content, fuel consumption tended
to increase with D50RME30P20 being at the maximum. Having replaced 50% of diesel by a blend
of biodiesel and propanol and increased the concentration of propanol up to 20% (D50RME30P20),
BSFC increased ~9% due to a 7.7% reduction in LHV (Table 4) and a change in combustion process.
With BMEP = 0.3 MPa, the analysis of BSFC from the perspective of injection timing revealed a higher
consumption of all the fuel blends (7–10%), and with advancing angle, the value tended to decrease
and further increase after 8–12 CAD BTDC as seen in Figure 3b.
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Figure 3. Dependence of Brake Specific Fuel Consumption and Brake Thermal Efficiency on different:
(a) loads; (b) injection timing.

At 8 CAD BTDC, D100 fuel was at its lowest on average. The lowest consumption of D-RME-P
blends was achieved with injection timing of 10...12 CAD BTDC, as the cetane number of this fuel
decreased to 23.06.

BTE of D50RME45P5 and D50RME40P10 fuel blends at BMEP 0.2 and 0.4 MPa was close to that
of diesel, and BTE of D50RME30P20 was 3.5% (at BMEP 0.2 MPa) to 1.8% (at BMEP 0.4 MPa) lower
as seen in Figure 3a. With a BMEP = 0.6 MPa, BTE of all fuels was slightly different and reached up
to 0.35%.

Observing the dependence curve of efficiency on injection timing in Figure 3b, at BMEP = 0.3 MPa,
BTE of the D50RME30P20 fuel blend was ~1.8% lower than that of diesel. BTE of fuel blends with 5% and
10% isopropanol content was lower (2.5 . . . 1.2%) at SOI = 0 . . . 6 CAD BTDC, but at SOI = 8 . . . 12 CAD
BTDC, BTE of D50RME45P5 and D50RME40P10 was the same as BTE of D100.

3.2. Ecological Indicators

Carbon dioxide comparative emissions (g/kWh) were found to decrease for all the fuels with increasing
load as seen in Figure 4a as BTE increased and BSFC decreased. At a low load (BMEP = 0.2 MPa),
CO2 emissions of the blends containing isopropanol were 0.8 . . . 1.9% higher compared to diesel but
increasing the load to BMEP = 0.6 MPa resulted in ~0.8% lower CO2 emissions for the D50RME40P10
fuel blend.
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Figure 4. Dependence of carbon dioxide emissions and hydrocarbons on different: (a) loads;
(b) injection timing.

This was due to a 2.1% decrease in the C/H ratio (Table 4) and the fact that at higher loads the BTE

of all fuels was similar. Checking the dependence of emissions on injection timing revealed that all the
fuels showed a gradual decrease in emissions with advancing injection timing as seen in Figure 4b,
BTE increased, and smoke emissions decreased (Figure 5b). Diesel was found to have similar CO2

emissions compared to emissions of other fuel blends. CO2 emissions of the D50RME40P10 fuel blend
at various SOIs were only ~0.2% lower than emissions of D100. Even though RME and C/H ratio of
isopropanol is lower, increased fuel consumption increases CO2 emissions.

Hydrocarbon emissions of all the fuels were found to decrease with increasing load as seen in
Figure 4a, as the combustion temperature increased [65,66]. Having the lowest emissions as compared to
all the other fuels, diesel also tended to have a steady decrease pattern of ~38%, ~45% and ~60% (compared
to the D50RME45P5, D50RME40P10 and D50RME30P20 fuel blends in hydrocarbon emissions). When
increasing the alcohol content, fuel blends tended to have higher hydrocarbon emissions due to
increasing alcohol base of the fuel, however, HC emissions were low compared to petrol engine [52].
The observation of the dependence of hydrocarbon emissions on injection timing revealed that with
an increase in alcohol content, emissions tended to increase as seen in Figure 4b. HC emissions of
D50RME45P5, D50RME40P10 and D50RME30P20 increased by ~15%, ~28% and ~58% compared to
D100 at SOI ≈ 6 CAD BTDC. With the engine running on all the fuels, hydrocarbon emissions showed
a slight growth trend when injection timing was advanced more than 6 CAD BTDC.
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Figure 5. Dependence of nitrogen oxide emissions and smoke on different: (a) loads; (b) injection timing.

Nitrogen oxide emissions for D50RME45P5, D50RME40P10, D50RME30P20 at a low load
(BMEP = 0.2 MPa) were ~10%, ~12%, and ~21% higher compared to those of D100 fuel as seen
in Figure 5a. This was mainly due to the increased ignition delay due to a low cetane number of
isopropanol (see the Dependence of the rate of heat release and the mass burnt fraction on the crank
angle degree figure bellow.) and the increased oxygen concentration in the fuel blend (Table 4).

With an increase in the load (BMEP = 0.6 MPa), the difference in NOx emissions was reduced to
~4%, ~7% and ~10% as the effect of ignition delay on different fuels was reduced. While analysing the
dependence of nitrogen oxide emissions on the injection timing, emissions were found to rise steadily
with increasing injection timing as seen in Figure 5b, because combustion occurred at a lower volume
and higher temperatures [67]. All the fuels were found to follow a similar pattern, but after a more
careful analysis, diesel emissions were found to be lower (1 . . . 4%) compared to emissions of other
fuel blends. An earlier injection timing reduced the difference between NOx emissions of diesel and
fuel blends [68–70].

The smoke level of fuels tended to increase with increasing load as seen in Figure 5a, as fuel mass
increases per cycle and the air-to-fuel ratio decreases. Increasing the isopropanol concentration in fuel
blends reduces smoke level, and this effect is more intense with an increasing engine load [71]. At a low
load (BMEP = 0.2 MPa), the D50RME45P5, D50RME40P10 and D50RME30P20 fuel smoke emissions
decreased by ~6%, ~10% and ~14%, respectively, in comparison to pure diesel. Higher oxygen
concentrations and lower C/H ratios resulted in lower D50RME30P20 smoke emissions. Increasing the
load to BMEP = 0.6 MPa increased the smoke reduction effect to ~12%, ~16%.
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The analysis of the dependence of smoke levels on injection timing revealed that the levels tended
to decrease with advancing the injection timing as seen in Figure 5b. Interestingly, throughout the
SOI study range (0...16 CAD BTDC), the combustion performance resulted in the largest reduction
in diesel smoke emissions from ~7.25 m−1 to ~4.25 m−1 (~40%), while the D50RME30P20 smoke
emissions decreased from ~5.7 to ~5 m−1 (~12%). Therefore, at SOI = 0...8 CAD BTDC (low advanced
injection timing), D50RME30P20 had the lowest smoke emissions, and at SOI = 10...16 CAD BTDC
(high advanced injection timing), smoke emissions of D100 fuel were the lowest.

3.3. Combustion Characteristics

The analysis of combustion characteristics was conducted with the engine operating at
BMEP = 0.3 MPa (n = 2000 rpm). Changing SOI (0 . . . 16 CAD BTDC) allowed comparing energy and
ecological performance of the engine running on different fuels (Figures 3b, 4b and 5b) and concluding
that with ignition timing being 6 CAD BTDC engine efficiency is close to the maximum, and smoke and
NOx emissions are relatively low. The pressure values of all the fuels at SOI = 6 CAD BTDC obtained
during the experiment as seen in Figure 6 were uploaded in the AVL BOOST (BURN subprogram)
to get the combustion characteristics. Since the result at SOI = 6 CAD BTDC was relatively good,
the combustion characteristics of fuel blends, such as in-cylinder pressure, pressure rise, rate of heat
release (ROHR) and mass fraction burned (MFB), were analysed and compared to those of pure diesel
at that particular degree of ignition timing.

Figure 6. Dependence of pressure and pressure rise in the cylinder on the crank angle degree.

Conventional diesel fuel (D100) showed the maximum pressure of ~7.32 MPa at 367 CAD, while
the maximum pressures of D50RME45P5, D50RME40P10 and D50RME30P20 were ~1.0%, ~1.1% and
~1.7% higher as seen in Figure 6. There was also a delayed burning with isopropanol.

A combustion-driven pressure starts to increase the earliest with the engine running on diesel.
The maximum pressure rise of ~0.40 MPa/CAD was observed at 361 CAD as seen in Figure 6.
The maximum pressure rise increases with an increase in alcohol percentage. ~7.5% (361.5 CAD),
~17% (362 CAD) and ~29% (363 CAD) was the maximum increase for D50RME45P5, D50RME40P10
and D50RME30P20.

The maximum rate of heat release of diesel fuel was lower at 32.0 J/deg than that of other fuel
blends as seen in Figure 7. The maximum rate of 34.8 J/deg (~8% higher) was observed with the
D50RME4P5 fuel blend, while the maximum rate of D50RME40P10 was 38.1 J/deg (~19% higher) and
that of D50RME30P20—46.4 J/deg (~44% higher). Isopropanol reduces the cetane number (Table 4),
prolongs the ignition delay phase and significantly increases the maximum ROHR during the premixed
combustion phase [58]. The LHV of isopropanol is lower, but this is offset by the higher fuel content
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(Figure 7), and the diffusion combustion phase produces a similar amount of heat for all fuels. Higher
maximum temperatures during premixed combustion phase increase the formation of nitrogen oxides,
but allows for a better combustion of soot at the end of the combustion process [69–71].

Figure 7. Dependence of the rate of heat release and the mass burnt fraction on the crank angle degree.

The mass burn fraction diagram in Figure 7 confirms the prolongation of the ignition delay phase in
fuel blends with a higher alcohol content. Ignition delay for D100 was ~5 CAD, D50RME45P5—~6 CAD,
D50RME40P10—~7 CAD and D50RME30P20—~8 CAD.

Although ignition delay is longer for blends with isopropanol [72], oxygen concentration in blends
significantly increases due to RME and isopropanol. This significantly accelerates the combustion
process during the premixed combustion phase, and 0.5 MBF of all fuels is available at ~7.5 CAD ATDC.
The diffusion combustion phase MBF intensity is similar for all fuels, although the fuel consumption
of D50RME30P20 increased by ~9% (Figure 3), which was offset by increased injection rate due
to a lower isopropanol viscosity and faster combustion driven by a higher oxygen concentration.
99% of the D100 fuel mass ends up burning ~410 CAD ATDC, D50RME45P5—~412 CAD ATDC,
D50RME40P10—~413 CAD ATDC and D50RME30P20—~414 CAD ATDC.

4. Conclusions

The analysis of the energy, ecological and combustion parameters of diesel 100, D50RME45P5,
D50RME40P10 and D50RME30P20 in a turbocharged direct injection diesel engine at the speed (n) of
2000 rpm and under various loads and injection timings allows making the following conclusions:

(1) RME and isopropanol reduce LHV and the cetane number of fuel blends, but increase the oxygen
concentration in the blend and lower the C/H ratio.

(2) D50RME30P20 brake specific fuel consumption increased by ~9% compared to D100 and BTE

decreased by ~1.8% due to a 7.7% reduction in LHV and a change in the combustion process.
The maximum BTE of the D50RME40P10 fuel blend was equal to D100 efficiency having advanced
the injection timing of the fuel blend ~2 CAD. This offset the increase in the ignition delay due to
a low propanol cetane number (~12).

(3) Carbon dioxide emissions of all fuels are similar, but the best carbon dioxide effect was obtained
with the D50RME40P10 fuel blend. At medium loads, CO2 emissions of this blend declined by
~0.2% compared to diesel, though fuel consumption increased by ~6%, as the C/H ratio of the
fuel blend was 2.1% lower. A more advanced injection timing (SOI = 8 . . . 10 CAD BTDC) at the
minimum fuel consumption allows achieving lower CO2 emissions.

(4) Isopropanol has a greater impact on nitrogen oxide emissions at low loads. NOx emissions of
D50RME45P5, D50RME40P10 and D50RME30P20 increased by ~10%, ~12% and ~21% due to a

30



Energies 2020, 13, 2398

higher oxygen concentration in the blends and a higher combustion temperature. With increasing
load, an increase in NOx emissions was lower (~4%, ~7% and ~10%) as a low isopropanol cetane
number had a lesser effect on the ignition delay phase and the heat release rate during the
premixed combustion phase. With an early injection timing, NOx emissions increased, but the
impact of alcohol was lower.

(5) Having replaced diesel with fuel blends at a low load resulted in a ~6%, ~10% and ~14% reduction
in smoke and an average load reduction of ~12%, ~16% and ~28%. Smoke was reduced by lower
C/H ratios and increased oxygen content in the fuels. As the load increased, the BTE of the
fuel blends increased more intensively, which further reduced smoke emissions. In the case of
early injection timing (SOI = 8 . . . 16 CAD BTDC), smoke emissions of the fuel blends changed
(decreased) less intensively due to changed fuel characteristics compared to pure diesel.

(6) At a low engine load (BMEP = 0.3 MPa), the average rotation speed (n = 2000 rpm), the fixed
injection timing (SOI = 6 CAD BTDC) and the replacement of diesel by fuel blends with a
higher alcohol content (5%, 10% and 20%) resulted in ignition delay changing from ~5 CAD to
~6 CAD, ~7 CAD and ~8 CAD. A greater ignition delay (accumulates more fuel) and a higher
oxygen content in fuel during the premixed combustion phase increased the heat release intensity
by ~8%, ~19% and ~44%, which in turn increased the pressure rise by ~8%, ~17% and ~29%
in the thermodynamic load of the crank mechanism. During the diffusion combustion phase,
the combustion heat release of all the fuels examined was similar.

(7) The authors plan to continue research of these three-component blends by increasing the share
of alternative fuels in the blends and assessing the impact of the EGR system when using
these blends.
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Abbreviations and Nomenclature

ACB Acetoneb—utanol producing process
ATDC After Top Dead Centre (CAD)
AVL Anstalt für Verbrennungskraftmaschinen List
BDC Bottom Dead Center
Bf Fuel mass consumption (kg/h)
BMEP Brake Mean Effective Pressure (MPa)
BSFC Brake Specific Fuel Consumption (g/kWh)
BTDC Before Top Dead Center (CAD)
BTE Brake Thermal Efficiency
CA Crank Angle (degree)
CFPP Cold filter plugging point
CO Carbon monoxide
CO2 Carbon dioxide
CN Cetane Number
CV Calorific Value
D Diesel fuel
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ECU Electronic Control Unit
EPB Ethanol-Propanol and butanol fuel blend
HC Hydrocarbons
IC Internal combustion
ICD Initial combustion duration (CAD)
LHV Lower Heating Value (MJ/kg)
MB Brake torque (Nm)
MFB Mass fraction burned
MCD Major combustion duration (CAD)
n Rotational speed of the crankshaft (rpm)
NOx Nitrogen Oxide
O2 Oxygen
P Isopropanol
ROHR Rate of heat release (J/deg)
RME Rapeseed Methyl Ester
SOI Start of Injection (CAD)
TDC Top Dead Center
TDI Turbocharged Direct Injection
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Abstract: Biodiesel is a proven alternative fuel that can serve as a substitute for petroleum diesel due
to its renewability, non-toxicity, sulphur-free nature and superior lubricity. Waste-based non-edible
oils are studied as potential biodiesel feedstocks owing to the focus on the valorisation of waste
products. Instead of being treated as municipal waste, waste coffee grounds (WCG) can be utilised for
oil extraction, thereby recovering an energy source in the form of biodiesel. This study evaluates oil
extraction from WCG using ultrasonic and Soxhlet techniques, followed by biodiesel conversion using
an ultrasonic-assisted transesterification process. It was found that n-hexane was the most effective
solvent for the oil extraction process and ultrasonic-assisted technology offers a 13.5% higher yield
compared to the conventional Soxhlet extraction process. Solid-to-solvent ratio and extraction time of
the oil extraction process from the dried waste coffee grounds (DWCG) after the brewing process was
optimised using the response surface methodology (RSM). The results showed that predicted yield of
17.75 wt. % of coffee oil can be obtained using 1:30 w/v of the mass ratio of DWCG-ton-hexane and 34
min of extraction time when 32% amplitude was used. The model was verified by the experiment
where 17.23 wt. % yield of coffee oil was achieved when the extraction process was carried out
under optimal conditions. The infrared absorption spectrum analysis of WCG oil determined suitable
functional groups for biodiesel conversion which was further treated using an ultrasonic-assisted
transesterification process to successfully convert to biodiesel.

Keywords: waste coffee grounds; ultrasonic-assisted technology; biodiesel; optimisation

1. Introduction

The limited reserves and increasing price of fossil fuels, as well as the adverse impact of fossil
fuel combustion on climate change, has motivated researchers to find an alternative source of energy,
e.g., renewable fuel sources [1–3]. Biodiesel is a renewable fuel consisting of a mixture of mono-alkyl
esters and long-chain fatty acids, and is non-toxic, biodegradable and can be used in diesel engines
with minimal modification [4–6]. Biodiesel is produced from different sources including edible oils,
non-edible oils, and animal fats [7–11]. Currently, biodiesel production costs are calculated to be
4.4 times the cost of petroleum-derived diesel production [12]. Given that the current commercial
biodiesel feedstocks are of edible oil origins such as palm and soy, government intervention in the
biodiesel market will complicate the effects on food security. The use of WCG oil as biodiesel feedstock
promotes biodiesel production from an alternative resource while reducing the issue of landfilling
with food waste, which is prominent globally.
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Coffee is the world’s second-largest traded liquid commodity, after oil, with approximately
8 million tons of coffee produced each year [13]. A large amount of heat energy is used to convert green
coffee beans into brown roasted beans in the brewing process, generating large amounts of volatile
organic compounds (VOCs) [14]. The enormous demand for this beverage also produces a large
quantity of residual waste after brewing. Every 1 ton of coffee beans produces 650 kg of coffee residue
after brewing, known as WCG [15]. The global coffee industry produced an estimate of 9.34 million
tons of waste in 2017, which was either incinerated, dumped in landfills or composted [16]. Every year
Australia produces an estimated 75,000 tonnes of used ground coffee waste, and 93% of cafes send their
WCGs to landfill. The annual domestic coffee consumption in Australia has reached almost 1.9 million
60 kg bags. On average, Australians consumed around 1.92 kilograms of coffee per person in 2017 [17].
The grounds that are used to make coffee are used only once and then immediately discarded. With
rising rates of consumption, waste residues from the coffee industry (by-products from harvesting,
processing, roasting and brewing stages of coffee production and processing) represent a challenge to
worldwide directives aiming to reduce landfill volume. The inherent toxicity of several constituents
within coffee also presents an environmental contamination concern [18]. Additionally, waste coffee
grounds contribute towards the huge financial cost on taxpayers for running and maintaining landfills.
Therefore, a combined solution of collection and reuse of WCG for alternate energy production would
be beneficial to the coffee industry. WCG contains 15%–20% of lipid depending on the extraction
technologies, which can be used as a source of bioenergy.

Production of oil from non-edible sources such as WCG can also help overcome the food versus
fuel dispute [19]. The abundance of WCGs would also make it a readily available feedstock with
a significantly lower production cost than edible oils [20]. WCG after oil extraction has also been
identified as a suitable material for the production of garden fertiliser, feedstock for ethanol production,
biogas production and fuel pellets [21]. However, the use of WCG oil for biodiesel production is still
relatively new and requires further research before commercialisation.

This study aims to recover oil from WCG through an ultrasonic-assisted process and to convert
it into biodiesel to reduce the volume of waste to landfill; reducing the greenhouse gas emissions
associated with coffee waste in landfills. The WCG was subjected to ultrasonic-assisted oil extraction
and compared with the Soxhlet extraction process before transesterification was used to produce
WCG biodiesel by ultrasonication. The effect of extraction solvent, solvent to WCG ratio, ultrasonic
power and ultrasonication period were studied to optimise oil extraction from the WCG. Further
optimisation of parameters such as methanol to oil molar ratio, catalyst concentration, ultrasonic
power and reaction time were done using Response Surface Methodology (RSM) to obtain the highest
ester yield. RSM correlates the relationship between different response variables [22]. The effect of
independent variables is determined by RSM which also creates a mathematical model which can be
used for evaluating other relevant variables. The physicochemical properties of the obtained biodiesel
were measured and compared with ASTM D6751 and EN 14214 biodiesel standards to determine its
successful conversion to biodiesel [23–25].

2. Materials and Methods

WCG was obtained from a local store which was then oven-dried at 60◦ C. High purity analytical
grade chemicals (Sigma–Aldrich) and solvents including 2-propanol (purity 99.7%), n-hexane (purity
99%), methanol (purity 99.8%), and potassium hydroxide were used to extract oil and convert
into biodiesel.

2.1. Moisture

The moisture content of WCG was determined by measuring the mass before and after the drying
of the collected samples. Drying was conducted in an electric oven (Tech-lab, stainless steel forced-air
convection oven FAC-138SS) at 100◦ C for 36 h. Mass of WCG was weighed before drying and at
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intervals of 12 h. It was found that the mass stopped changing after 36 h which indicates the sample
had dried. The following equation was used to determine the moisture content.

Moisture content (%) =
Δm

mi
× 100% (1)

where Δm (g) is the changes between the final and initial mass of the sample, mi (g) is the initial mass
of WCG.

The moisture content of WCG was found to be 20%. For calculating more accurate oil yields, the
mass of WCG was only weighed after the drying process. Table 1 shows the change of mass of WCG
as drying time increases. Mass of WCG remained constant after the 24 h mark.

Table 1. Mass change of waste coffee grounds (WCG) with drying time.

Drying time (hours) Mass (g)

0 156
12 130
24 125
36 125
48 125

2.2. Experimental Setup

The reactor used for Soxhlet extraction was equipped with a reflux condenser, one Soxhlet extractor,
and a heating mantle. The temperature of the condenser was controlled using a refrigerator cooling
bath WiseCircu®(Model: WCR-P8, Daihan Scientific, Gang-Won–Do, South Korea). The experimental
setup of WCG Soxhlet extraction is illustrated in Figure 1a.

Figure 1. Schematic diagram of (a) Soxhlet extraction set-up, (b) ultrasonic-assisted extraction setup.

The equipment used for ultrasound extraction in this study was a Qsonica Q500-20 sonicator
with a 1” diameter tip (500 W power rating, 20 kHz frequency) ultrasonic probe. The sample was
placed in 250 ml beaker made of borosilicate glass as a reactor, where the tip of the probe was fully
immersed in the solvent and sample mixture. The probe was placed in the center of the reactor to
ensure even ultrasonication of the entire sample. The precaution was taken to ensure that the probe
tip was fully immersed to ensure direct sonication of the sample. Figure 1b shows a schematic of the
ultrasonic-assisted extraction setup. The ultrasonication time, amplitude and frequency of ultrasonic
waves can be changed using the sonicator system. However, the system was set at a moderate level to
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avoid energy wastage, deterioration of the sample, and to reduce risk of breaking of the equipment.
The ultrasonication can also be set to continuous or pulsed modes. However, to increase the efficiency
of the system, a pulsed mode was selected [26].

2.3. Soxhlet Extraction Method

In this step, 20 g of WCG was weighed in a cellulosic thimble before it was placed in a Soxhlet oil
extractor. The oil was extracted using 300 ml of three different types of organic solvents including
n-hexane, chloroform and methanol. Among the selected solvents, n-hexane and chloroform are polar
in nature whereas methanol is a non-polar solvent. The latent heat of vaporisation of chloroform
is the lowest followed by the n-hexane and methanol solvents. These organic solvents increase the
yield of oil extraction [27] compared to other green solvents. The average cycle time was recorded as
15 min. To maintain this extraction cycle time, the temperature was varied based on the chosen solvent.
The solvent-oil mixture was placed in a rotary evaporator (IKA RV 10 digital V rotary evaporator
with vacuum) at 60 ◦C to separate the extracted oil. The extraction process was done three times for
each solvent type and the average oil extraction yield was calculated by measuring the mass of the
dried sample.

2.4. Ultrasonic-assisted Oil Extraction Method

In this step, 10 g of WCG was poured into the 500 ml beaker which also works as a reactor.
Selected solvents including n-hexane, chloroform or methanol were added at a ratio 1:20 g/ml into
ultrasonicator. The ultrasonic probe was immersed into a sample such that the tip was completely
submerged in the solvent mixture. The ultrasonic waves were applied for 5 s with a stop interval of 2 s.
Extraction time (25, 37.6, and 50 min) and ultrasonic amplitude (20%, 30%, and 40%) were the other
parameters selected for optimisation. The temperature was not selected for optimisation because of
continuous compression and rarefaction of the ultrasonic cavitation cycle, which produces heat within
the mixture. Filter papers were used for gravitation filtration of the solvent mixture from WCG oil.
The rotary evaporator was used to evaporate the sample at 60 ◦C. The oil yield was calculated using
Equation (2).

Oil yield percentage =
mass of flask after exploration−mass of the empty flask

mass of dried WCG
× 100% (2)

The molar mass of WCG oil was collected from literature as 862.8 g/mol [28].

2.5. Response Surface Methodology (RSM)

Design-Expert software version 11 (Stat-Ease Inc., Minneapolis, USA) was used to analyse and
optimise experimental data. Analysis of variance (ANOVA) and RSM features of the software were
utilised. To optimise the parameters of the oil extraction process, Box–Behnken experimental design
was applied. The operating parameters such as the amplitude (X1), reaction time (X2) and n-hexane (X3),
were varied to optimise oil yield (Y). The coded and uncoded levels of the Box–Behnken independent
variables were presented in Table 2. The experimental data were analysed in the form of a mathematical
model as follows:

Y = C0 +
k∑

i=1

Ci Xi +
k∑

i=1

Cii X2
i +

k∑
j=i+1

.
k∑

i=1

Cij Xij (3)

where, Y predicted the yield of WCG crude oil; Xi is the input independent parameter, Co and Ci are
the intercept and regression first-order coefficient of the model, regression coefficient among ith and
jth input parameters, and the number of input parameters is represented by k respectively. Cii is the
regression quadratic coefficient of the model for the ith factor. Cij is the linear coefficient of the model
for the interaction between the ith and jth factor.
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Table 2. Independent input process variables used for the optimisation of biodiesel yield.

Input Process
Variables

Units Coded Factors
Coded Process Variables Levels

−1 Level Center +1 Level

Amplitude % X1 20 30 40
Reaction time min X2 25 37.5 50

n-hexane % X3 15 22.5 30

2.6. Two-Step Esterification and Transesterification

The methyl ester was produced using a two-step esterification and trans-esterification process.
The esterification process was carried out due to extracted oil having a very high acid value. In this
process, the WCG crude oil sample was transferred into a reactor and then mixed with methanol at
a molar ratio of 6:1 (methanol to oil). A 1 vol. % H2SO4 catalyst was added into the pre-heated oil
(60 ◦C). An ultrasonication amplitude of 30% was applied for 60 to 105 min. The ultrasonic waves were
applied for 5 s with 2-s rest intervals. Following the esterification process, the sample was transferred
into a separating funnel. Two distinguishable liquid layers were observed, the top layer consisted of
catalyst residues and methanol whereas the bottom layer contained esterified WCG oil.

The esterified oil was placed in a reactor. The required amount of catalyst KOH was weighed into
a beaker along with methanol for mixing. Before pouring into the reactor, the mixture was heated and
stirred up until the KOH pellets were completely dissolved. The ultrasonic probe was immersed into
the mixture in a way that ensured the tip was fully submerged inside the solvent mixture. A similar
procedure for ultrasonication as of esterification was followed. The transesterification process was
carried out with 1 w/wt% KOH in 6:1 methanol to oil ratio for 30, 45, 60 and 75 min, as a part of the
optimisation of reaction time. The temperature was not optimised for the reason explained previously.
After transesterification, the separation was carried out by allowing the mixture to settle. The bottom
layer (glycerol layer) was removed before washing off the top layer. Washing was done with warm
water (60 ◦C) several times until no impurities were observed in the water. The biodiesel was then
placed in a rotary evaporator to remove any remaining moisture. The top biodiesel layer was tested for
fatty acid methyl ester (FAME) contents using the Agilent 7890A Gas Chromatograph (GC). Figure 2
shows the phase separation after transesterification.

Figure 2. Phase separation after transesterification.

2.7. The GC Analysis of the Fatty Acid Composition (FAC)

A GC (Agilent 7890A) fitted with a flame ionisation detector was used to determine the FAME
content of the produced biodiesel. Carbon chains (C8-C24) in the FAME layer and linolenic acid
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methyl ester content of the biodiesel were measured following the EN 14103:2011 standard method
with methyl nonadecanoate (internal standard). This method is suitable for use with the GC equipped
with HP-INNOWax high-polarity column (length × inner diameter × film thickness: 30 m × 0.25 mm
× 0.25 μm, stationary phase: polyethylene glycol). The oven temperature protocol: 2 min constant
60 ◦C, heated to 200 ◦C at 10 ◦C increase per minute, then to 240 ◦C at 5 ◦C increase per minute
and finally 7 min at 240◦ C. Helium gas was used as the carrier gas, with a flow rate for helium of
1.5 mL/min. All the FAMEs were chromatographically resolved at the approximate retention time of 25
min. The comparison between the area of methyl ester peaks and internal standard peaks provided
the FAME yield (Equation (4)):

E =
(
∑

A) −AEl

AEl
× WEl

m
× 100% (4)

where E signifies the percentage FAME content (%),
∑

A the sum of the area of C8:0 to C24:0 peaks,
AEl the peak area of internal standards, WEl the weight (mg) of methyl nonadecanoate and m is the
weight (mg) of the sample.

2.8. FT-IR Analysis

The characterisation of WCG methyl ester was carried out by FT-IR (Perkin Elmer equipped with
the MIR TGS detector) in the range 4000–650 cm−1 and analysed with the software program ‘Spectrum’.
The resolution was 8 scans and between 8 cm−1 and 4 cm−1.

3. Results and Discussions

3.1. Comparison of Soxhlet and Ultrasonic-Assisted Extraction

From Table 3, the WCG reaction time was found to be 30 min with the highest oil yield
obtained being 15.84% using ultrasound-assisted extraction. As for Soxhlet extraction, the highest
yield was found to be 15.62% at 180 min reaction time. It is seen that for the constant solvent,
ultrasonic-assisted extraction technology offers a higher oil yield and takes less time to complete
compared to Soxhlet technology.

Table 3. Comparison of WCG oil yield of Soxhlet and ultrasonic-assisted extraction process.

Method Time (min) n-hexane Yield (%)

Ultrasound
20 1:20 13.73
30 1:20 15.84
40 1:20 14.82

Soxhlet
60 1:20 8.9
120 1:20 12.74
180 1:20 15.62

3.2. Effect of Solvent on Lipid Extraction Yield

Results on the effect of solvents on lipid extraction showed that n-hexane offers the highest
yield (15.8%) followed by, chloroform (12.3%) and methanol (9.11%). Reshad [29] reported improved
performance of n-hexane for rubber seed oil extraction. Al-Hammare et al. [30] also obtained a higher
oil yield (15.3%) when using the Soxhlet technique and n-hexane solvent. Although the oil yield is
higher than that reported in this study, this may be due to the nature of the source from which the
WCG was obtained. Oil extraction using methanol resulted in 18.67% more viscous oil than n-hexane
which might be the result of non-oil components being extracted together with the oil components due
to its polarity, as suggested by Perrier [31]. Further, due to the alcohol’s low selectivity to triglycerides,
the extraction will involve other compounds such as polyphenols, phosphatides, soluble sugars and
pigments [32]. An ethanol and chloroform solvent mixture were found to produce the highest oil yield
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for microalgae Chlorella sp. [33]. This suggests that the selection of solvent for oil extraction depends on
the feedstock used. It is to be noted that effective oil extraction requires complete solvent penetration
into oil storage and matching targeted compounds polarity [34].

3.3. Optimisation of the WCG Oil Yield Using Response Surface Methodology

In this study, WCG oil yield was maximised by optimising the independent process variables, such
as amplitude, reaction time and amount of n-hexane. The quadratic regression model was suggested
after a regression analysis performed on Box-Behnken experimental design results. The WCG oil yield
results for 17 experimental runs obtained using the quadratic regression model equation are shown in
Table 4.

Table 4. Experimental design for the optimisation WCG extraction process.

Run X1 Amplitude X2 Time X3 n-hexane Experiment Yield Predicted Yield

1 20 37.5 15 11.6 11.53
2 40 37.5 30 16.44 16.51
3 40 37.5 15 13.03 12.99
4 30 25 30 17.28 17.32
5 40 25 22.5 15.22 15.11
6 20 25 22.5 13.18 13.10
7 30 37.5 22.5 16.42 16.49
8 20 37.5 30 14.22 14.26
9 30 37.5 22.5 16.57 16.49
10 30 37.5 22.5 16.52 16.49
11 20 50 22.5 12.53 12.64
12 30 50 15 13.6 13.57
13 30 25 15 14.13 14.28
14 30 50 30 16.94 16.79
15 30 37.5 22.5 16.38 16.49
16 30 37.5 22.5 16.56 16.49
17 40 50 22.5 14.26 14.34

The WCG oil yield is predicted by the quadratic model in the form of coded values is shown in
Equation (5).

Y = −17.18125 + 1.364X1 + 0.229X2 + 0.5017X3 − 0.00062X1X2 + 0.00263X1X3 + 0.000507X2X3

−0.0217875X2
1 − 0.003288X2

2 − 0.00869X2
3

(5)

Here, Y shows the WCG oil yield and X1, X2 and X3 exhibit the amplitude, reaction time, and
amount of n-hexane.

The significance of the response surface model (quadratic) to optimise the WCG oil yield was
evaluated using ANOVA. The results are presented in Table 5. The quadratic model p-value was
also <0.0001, which indicated that the quadratic regression model was “significant”. Model terms are
significant if values of “Prob > F” are less than 0.0500 and model terms are insignificant if values of
“Prob > F” are greater than 0.10. The lack of fit “F value” is 0.0927, which indicates that lack of fit
was not significant relative to the pure error. The value R2 is 0.9975, which indicates that 99.75% of
the deviation in USC crude oil yield was due to independent input process variables chosen for this
model. According to high R2 value, data points will be closer to the regression line, and it was a better
estimation between the experimental data and quadratic model.
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Table 5. Analysis of variance results for a quadratic regression model.

Source
Sum of
Squares

Degree of
Freedom

Mean F-Value p-Value

Model 50.81 9 5.65 313.92 < 0.0001 Significant
X1-Amplitude 6.88 1 6.88 382.64 < 0.0001

X2-Time 0.7688 1 0.7688 42.75 0.0003
X3-n-hexane 19.59 1 19.59 1089.41 < 0.0001

X1X2 0.0240 1 0.0240 1.34 0.2857
X1X3 0.1560 1 0.1560 8.67 0.0215
X2X3 0.0090 1 0.0090 0.5018 0.5016

X2
1 19.99 1 19.99 1111.28 < 0.0001

X2
2 1.11 1 1.11 61.79 0.0001

X2
3 1.01 1 1.01 55.92 0.0001

Residual 0.1259 7 0.0180
Lack of Fit 0.0967 3 0.0322 4.42 0.0927 not significant
Pure Error 0.0292 4 0.0073
Cor Total 50.94 16

The calculated yield of WCG oil at the optimal condition of 1:30 g/g of the mass of oil: n-hexane
for 34 min of reaction time at the 32% amplitude was 17.75 wt. %. The yield of calculated coffee
oil under the optimal condition can be proved by the experiment. The results from the experiment
showed that 17.23 wt. % of coffee oil can be extracted from WCG under the optimal condition. Thus,
the experimental yield closely matches the calculated coffee oil yield.

3.3.1. Effect of Ultrasonic Amplitude and Period on WCG Lipid Yield

As ultrasonication amplitude increases bubble collapse becomes more violent, which leads to
higher extraction yields. However, an excessive ultrasonic amplitude may lead to wastage of energy.
The WCG oil extraction versus ultrasonic amplitude and period is shown in Figure 3a,b. With the use
of n-hexane solvent, the increase of amplitude from 20% to 33% resulted in a significant increase in oil
extraction. The ultrasonic power increase in this range enhances the molecular diffusion of oil into
the n-hexane. However, the extraction yield decreases after this amplitude. Liu et al. [35] reported a
reduction of oil yield after a specific ultrasonic power threshold and attributed this to intense heating
resulting in decomposition and volatility of the oil. The optimum condition resulted in an oil extraction
of 17.75 wt. % using ultrasonic assistance, significantly higher than that obtained using the Soxhlet
extraction method. For rapeseed oil extraction, Sicaire et al. [36] reported that the chief contributors to
optimised oil yield were ultrasonic intensity and solvent-to-solid ratio. They also reported a reduction
of oil yield when ultrasonic power exceeded the optimum values (> 30%).
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Figure 3. Three-dimensional surface plot of (a) n-hexane vs amplitude, (b) time vs amplitude.

The optimum extraction period avoids excessive power use and reduces the risk of oil damage.
Sufficient extraction time is required to break ground coffee cell walls, extract the lipids and achieve
an equilibrium [37]. From the results, the optimum ultrasonic oil extraction period using n-hexane
was 34 min, significantly lower than the 3 h required by the Soxhlet extraction method for the same
solvent. Thus, the oil is not subjected to intense heating for long periods which reduces the risk of oil
degradation [38]. Zhang et al. [39] reported a similar optimum extraction period for flaxseed oil. The
initial rapid oil extraction rate is due to the solvent penetration into the cellular structure at a faster rate.
Due to the oil constituents’ external diffusion through the porous residual solids, a reduced extraction
rate at a later stage was observed [40]. Evaporation might have resulted in the loss of a large portion of
solvent which reduced the extraction efficiency. WCG cell wall rupture results in suspended impurities
within the extract which may reduce the permeability of solvent into cell structure [41]. Furthermore,
the extended periods of ultrasonication might also result in WCG oil re-adsorbing into ruptured tissue
particles due to the larger specific surface area [42].

3.3.2. Effect of Amount of n-hexane on Lipid Extraction Yield

Figure 4 shows a 3D plot of the reaction time versus the amount of n-hexane. From the results,
the optimum n-hexane for WCG ultrasonic oil extraction is 1:30. High extraction rates require a high
amount of n-hexane, but extended extraction periods, in turn, increase energy consumption as well as
the chance of degradation of extracted oil.
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Figure 4. Three-dimensional surface plot of n-hexane vs time.

3.4. Properties of Recovered Lipid

The acid value of ultrasonically extracted WCG oil was 9.56 mg KOH/g oil. The viscosity and
density of the oil were determined to be 43.6 mm2/s and 918.4 kg/m3 respectively. The WCG oil higher
heating value (HHV) was measured to be 38.85 MJ/kg, exceeding the HHV of other biodiesel feedstocks
such as waste cooking oil [43], cottonseed oil [44] and rice bran oil [45]. The higher calorific value
might be due to the high carbon to oxygen ratios [46].

3.5. Esterification and Transesterification Process

To reduce the total energy required for oil extraction, the ultrasonic amplitude was optimised.
Figure 5 depicts WCG fatty acid methylester (FAME) yield after different periods. The FAME yield
continues to increase up to 60 min reaction time reaching a peak (98.21%) before slightly reducing
beyond 60 min reaction time. Ultrasonic assistance is known to reduce the reaction time for biodiesel
conversion. The 60 min reaction time required using ultrasonic assistance is significantly lower
compared to conventional solvent transesterification of WCG (12 h for optimum conversion) [35].
Temperature and time affect the transesterification reaction as it is kinetically controlled. Temperature
changes during long sonication periods have been known to destroy the oil [47]. It is also challenging
to maintain the temperature throughout the ultrasonication process due to the constant compression
and rarefactions, resulting in a temperature which fluctuates. By controlling the reaction period, the
total amount of energy introduced into the system can be easily quantified. Furthermore, given the
large heat capacities of certain oils, the effect temperature has during the transesterification reaction is
small when compared to the time [48]. Extended reaction times would decrease FAME yields due to
degradation and polymerisation [49].
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Figure 5. Relationship between biodiesel yield and reaction time.

3.6. Characterisation of FAME of WCG

3.6.1. GC Analysis

The FAC was determined via GC following the steps described in the methodology section. WCG
biodiesel is known to have a similar FAC to corn and soybean biodiesel [50]. The FAME profile for the
biodiesel produced optimally is reported in Table 6.

Table 6. FAC of WCG biodiesel.

Fatty Acids Molecular Weight Structure Formula wt.%

Myristic acid 228 14:0 C14H28O2 3.82
Myristoleic 226 14:1 C14H26O2 20

Palmitic 256 16:0 C16H32O2 19
Stearic 284 18:0 C18H36O2 6.73
Oleic 282 18:1 C18H34O2 9.27

Linoleic 280 18:2 C18H32O2 28.71
Arachidic 312 20:0 C20H40O2 2.96

Tricosanoic 338 23:0 C23H46O2 5.11
Lignoceric 368 24:1 C24H46O2 4.29

Total saturated fatty acid 37.61
Total monounsaturated fatty acid (MUFA) 33.56
Total polyunsaturated fatty acid (PUFA) 28.71

As shown in Table 6, WCG biodiesel has 37.61% saturated fatty acids and 62.27% unsaturated fatty
acids, the latter of which consists of 33.56% monounsaturated fatty acids and 28.71% polyunsaturated
fatty acids. Among the fatty acids linoleic (18:2) is the predominant fatty acid compared to other
fatty acids.

3.6.2. FT-IR Analysis

The characteristic peaks of the WCG methyl ester are found at 2926 cm−1, 2854 cm−1, 1743 cm−1,
1435-1463 cm−1 and 1163 cm−1, which corresponds to the C–H stretching vibration with strong
absorption intensity, CH2 asymmetric and symmetric vibration with strong absorption intensity, C = O
stretching vibration with strong absorption intensity, CH2 shear-type vibration with mild absorption
intensity, and C–O–C symmetric stretching vibration with mild absorption intensity, respectively.
Table 7 shows the characteristic peaks of WCG methyl ester.
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Table 7. Characteristic peaks of WCG in FT-IR spectra.

Absorption Bands (cm−1) Functional Group Absorption Intensity

2926 C–H stretching vibration Strong
2854 CH2 asymmetric and symmetric vibration Strong
1743 C = O stretching vibration Strong

1435–1463 CH2 shear type vibration Middling
1163 C–O–C symmetric stretching vibration Middling

3.6.3. Physicochemical Property Analysis

The fuel properties of WCG biodiesel produced through ultrasonic transesterification were
analysed and compared to the ASTM D6751 and EN 14214 standards [51]. Table 8 shows the fuel
properties of WCG FAME. It was found that the kinematic viscosity of WCG FAME was 4.89 mm2/s,
the higher heating value was 39.74 MJ/kg, density was 886.8 kg/m3 and the acid value lowered to
0.52 mgKOH/g oil. Further, the ester content was found at 98.21%. However, all these results except
the acid value were within the specified limit of the ASTM D6751 and EN14214 standards.

Table 8. Properties of WCG methyl ester.

Properties WCG Biodiesel ASTM D6751 EN 14214

Ester content (%) 97 − Minimum 96.5
Acid value (mg KOH g−1) 0.52 Maximum 0.5 Maximum 0.5

Kinematic viscosity at 40 ◦C (mm2/s) 4.89 1.9 to 6.0 3.5 to 5.0
Density at 15◦ C (kg/m3) 886.8 880 860 to 900

Higher heating value (MJ/kg) 39.74 − −

4. Conclusions

This paper evaluated the recovery of an energy source from a wasted product, i.e., waste coffee
grounds, using ultrasonic assistance to produce biodiesel. Use of this feedstock is advantageous as it is
abundant, utilises a food waste, and eliminates the side effects of landfill disposal. Some of the salient
results are:

Successful production of biofuel oil from the UCG using ultrasonic assistance which was later
converted into biodiesel.

The optimum ultrasonic oil extraction conditions were 1:30 g/g of the mass ratio of oil-to-n-hexane,
32% ultrasonic amplitude with a reaction time of 34 min and an achieved oil yield of 17.75 wt.%.

Ultrasonication of WCG during oil extraction reduced the amount of solvent required significantly.
This also reduced extraction time and increased extractability compared to the conventional Soxhlet
extraction method.

Thus, the study can suggest ultrasonic assistance is a superior method compared to the Soxhlet
extraction method. Furthermore, it is also possible to convert waste-to-energy by producing
biodiesel from WCG. Further studies are required to evaluate the produced biodiesel as a substitute
for petro-diesel.
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Abstract: The world’s need for energy is increasing with the passage of time and the substantial
energy demand of the world is met by fossil fuels. Biodiesel has been considered as a replacement for
fossil fuels in automotive engines. Biodiesels are advantageous because they provide energy security,
they are nontoxic, renewable, economical, and biodegradable and clean sources of energy. However,
there are certain disadvantages of biodiesels, including their corrosive, hygroscopic and oxidative
natures. This paper provides a review of automotive materials when coming into contact with
biodiesel blended fuel in terms of corrosion. Biodiesels have generally been proved to be corrosive,
therefore it is important to understand the limits and extents of corrosion on different materials.
Methods generally used to find and calculate corrosion have also been discussed in this paper. The
reasons for the occurrence of corrosion and the subsequent problems because of corrosion have been
presented. Biodiesel production can be carried out by different feedstocks and the studies which
have been carried out on these biodiesels have been reviewed in this paper. A certain number of
compounds form on the surface of materials because of corrosion and the mechanism behind the
formation of these compounds along with the characterization techniques generally used is reviewed.

Keywords: corrosion; biodiesel; automotive materials; green fuels; corrosion test methods

1. Introduction

In biodiesel, the term “bio” implies that it is renewable as compared with petroleum
fuels, and “diesel” represents that it has the potential to be used in diesel cycle motors [1].
Biodiesel is composed of unsaturated and saturated ester components, because of which it
is considered to be less stable [2] and sensitive to light [3], temperature and metal ions. It can
be obtained from animal fat, used cooking oil and vegetable oil with the help of methanol
and ethanol [4]. The common sources of biofuels are animal fats and vegetables [5]. The
common feedstock used for biodiesel production includes palm oil [6], sunflower oil [7],
rapeseed oil [8], canola oil [9], soybean oil [10] and corn oil [11]. Another source of biodiesel
production is waste chicken fat oil [12]. A transesterification process is applied to vegetable
oils to produce biodiesel [13]. Some of the properties of both diesel and biodiesel are
similar; however, they differ from each other because of chemical variations. Petroleum
diesel has hundreds of compounds [14] that boil at different temperatures, while on the
other hand biodiesel has only a few compounds, some of which are esters of long chain
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alkyls. Biodiesel has wastes that have resulted from the transesterification reactions of
methanol, mono- and diglycerides, triglyceride intermediates and fatty acid derivatives
other than the main constituents [15].

The world’s need for energy is increasing over time because of increasing population
and technological development [16]. Fossil fuels are meeting the substantial energy demand
of the world, but are expensive [17]. The large production of fossil fuels is leading towards
their depletion, which is why the world is going to suffer a huge energy crisis [18]. The
extensive use of fossil fuels is leading to global warming and if not controlled, it can raise
the temperature of the earth [19]. In addition to this, petroleum products obtained from
fossil fuels are polluting the environment [20]. Thus, there is a need for an alternate source
of energy. The importance of biodiesel has increased because of its ability to be used as
an alternative fuel [21]. Moreover, biofuels are attractive because of their advantages such
as being renewable [22], biodegradable [23], economical [24] and nontoxic [25]. Biodiesel
can provide energy security to the world whilst having independence from fossil fuels [26],
it can reduce emissions and it is a clean source of energy [27], it can be used directly or
as a blend in diesel engines [28], it has a higher cetane number [29] and flash point [30]
and additionally it showed improved combustion [31] and lubricity [32]. There are certain
disadvantages associated with biodiesel as well. Such as its corrosive nature [33], it is more
hygroscopic [34] and provides a slightly lower engine performance [35]. Furthermore, the
fuel consumption of the engine increases when biodiesel is used [36], and the wear rate
of parts in biodiesel is slightly increased [37]. Biodiesel is less volatile [38] and has poor
properties in low temperatures [39].

Biofuel usage in the transport sector has been started as a replacement for gasoline [40].
Biodiesel is gaining importance because of its property of direct usage in engines or as a
blending component in engines. Different countries of the world have started using it as a
blend with petroleum diesel [41]. Research has shown that 30% of ethanol with biodiesel
can give effective results when added to diesel fuel. Additionally, it was recommended
that 10% ethanol and 20% biodiesel can give better engine performance and the fewest
emissions [42].

The biofuels which have been used in engines include palm oil [43], soybean oil [44],
rapeseed oil [45], sunflower oil [46], olive oil [47], castor oil [48], jatropha curcas oil [49],
pongamia pinnata oil [50], linseed oil [51] and milkweed seed oil [52], etc. Different parts
of the engine are made from different materials. Some of the most common parts of
the engines include exhaust system, piston assembly, fuel pump, fuel filter, fuel fed-up,
fuel tank and fuel injection cylinder; the most common materials which are used in the
manufacture of these parts include steel, aluminum, copper, plastic, rubber and ceramic
fiber [53]. Engine parts including piston rings, pistons, bearings, filters, fuel injector, fuel
liners, gaskets and fuel pump come in contact with the fuel [54]. Among these parts,
copper-based alloys become most affected by the fuel [55]. The use of biofuels has some
favorable effects on the material of the engine [56]. Biofuels have better lubricity at room
temperature and by increasing the concentration of biofuel, deformation of worn surface
decreases [37].

In addition to the introduction and pros and cons of biodiesel, this review has de-
scribed the corrosion studies carried out on biodiesels obtained from feedstocks of different
origins on engine materials. Furthermore, methods used to assess corrosion have been
discussed in this paper. Other than that, the reasons and problems of corrosion are elabo-
rated in this paper. Additionally, the characterization techniques along with the findings
in corrosion studies and the mechanisms of products obtained after the corrosion on the
materials have been discussed in this paper.

2. Methods to Find Corrosion

There are two methods that have been adopted by researchers to find the corrosion of
materials in contact with biodiesel.
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2.1. Immersion Test Method

The process used is according to the ASTM G1 standard and it starts with the cutting
of materials and inserting a hole in the desired dimensions. This hole is used to hang the
material in the fuel. The materials are then ground and polished with the help of silicon
carbide papers of different grades [57]. The samples are then washed with deionized water,
dried and then dipped in acetone to degrease them [58]. The samples of each material are
weighed initially on a digital balance with accuracy up to four decimal places. The samples
are then immersed in the fuels for the specified duration, as shown in Figure 1. After
removal, the materials are again washed and degreased by using acetone and then weighed
again [41]. The difference in the weight of initial and final samples is further used in the
calculation of the Corrosion Rate (CR) of materials according to the following formula [59].

CR = (8.76 × 104
× W)/(D × A × T) mm/year (1)

where:

W = weight loss (g);
D = density (g/cm3);
A = cross sectional area (cm2);
T = time (hours).

Figure 1. Schematic diagram for immersion test [1].

2.2. Electro-Chemical Method

This method uses the process of reduction and oxidation reactions. When corrosion
occurs, the metal oxidizes and is gained or reduced in the solution. As this reaction involves
the flow of electrons and current, it can be measured and calculated electronically [60].

The immersion test method is used generally by most researchers and the reason
behind using this method is the efficiency of results [61], as the results obtained by this
method use the actual scenario of contact between the biodiesel and the materials. Addi-
tionally, this testing is conducted for longer durations while the electrochemical method is
carried out for only a few hours. Therefore, a longer duration allows the materials to settle
properly in the fuel and results obtained by this method show linear relations. Additionally,
this method helps in identifying products of corrosion obtained after the testing by using
some characterization techniques. Moreover, the color of fuel and samples change in this
method which helps in identifying the compositional changes of the fuel because of the
corrosion. Hence, this method is preferred.

3. Reasons and Problems of Corrosion of Materials in Biodiesel

Biodiesel is believed to be corrosive and the reason behind this is its degradation,
which is caused by the oxidation reactions taking place because of the absorption of
moisture. The corrosiveness of biodiesel becomes more intense if it contains free fatty
acids and free water. Likewise, the corrosiveness of biofuels can be increased by auto-
oxidation [55]. The feedstock with which biodiesel is synthesized affects the corrosion of

55



Energies 2021, 14, 1440

metals and this is because of the variation in the chemical composition of the biodiesel
obtained from different feedstocks [62]. The rate of corrosion is promoted because the
water condenses on the surface of materials [63].

The problem with biodiesel is its degradation when it is exposed to moisture and it
oxidizes [64]. Metal oxides form because of biodiesel oxidation [1]. As the corrosiveness
of biodiesel is higher, its wear rate becomes higher [55]. When the composition of the
fuel changes or when an alternative fuel is used in engines, there comes the issues of
material degradation and compatibility of the material with the fuel [42]. Biodiesel usage
in the automotive sector is not particularly due to their corrosiveness and degradation
properties [41]. Because of the absorption of moisture by the fuel or oxidation, the corrosion
damage to the fuel system parts becomes more accelerated. Corrosion and wear of engine
parts are increased by the oxidative behavior of the biodiesel [63].

4. Corrosiveness of Biodiesels Obtained from Different Feedstock

Different biodiesels have been used by different researchers for the corrosion rate
calculation. The details of those studies are given below.

4.1. Corrosion Studies on Palm Oil-Based Biodiesel

Various researchers conducted studies to find the corrosion rate of automotive materi-
als by using palm oil biodiesel. In their study, Thangavelu et al. investigated the corrosion
of copper in Biodiesel-Diesel-Ethanol (BDE) fuel at Room Temperature (RT) and 50 ◦C
by immersion tests. These tests were performed for 408 h. The blends used were 45%
biodiesel, 35% diesel and 20% bioethanol (B45D35E20). After 408 h, at room temperature
the corrosion rate was 0.277 mpy and at 50 ◦C it was 0.327 mpy. Pitting on the copper plate
was more frequent at High Temperature (HT) than at RT. Additionally, Total Acid Number
(TAN) values of the biodiesel were found to be increased at HT as compared to at RT [65].
Other researchers, Haseeb et al., conducted a similar study by using different blends of
biodiesel for copper and leaded bronze by using the immersion test at room temperature
for 2640 h. The blends which were used were B0, B50 and B100. The immersion tests were
performed at 60 ◦C for 840 h for blends B0, B100 and B100 (oxidized). The corrosion rates
of leaded bronze and copper in B100 were 0.018 and 0.042 mpy, respectively, at room tem-
perature, while at 60 ◦C, the CRs of bronze and copper for B100 were 0.023 and 0.053 mpy,
respectively. The corrosion rate for copper was higher than that of leaded bronze [55]. The
following graphs in Figure 2 show the CR of copper and leaded bronze at RT and 60 ◦C.

Figure 2. Corrosion Rates (CRs) of leaded bronze and copper at Room Temperature (RT) and 60 ◦C [55].
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Another study was conducted by researchers for corrosion properties of Copper (Cu),
Brass (BS), Aluminum (Al) and Cast Iron (CI) when exposed to palm biodiesel and diesel.
The tests performed were of immersion type for B0 and B100 blends. These tests were
performed for 2880 h at room temperature. The CRs of Cu, BS, Al and CI were 0.38278,
0.209898, 0.173055 and 0.112232 mpy, respectively. The TAN value of as-received biodiesel
was 0.35 mg KOH/g. At the end of test, the TAN values of biodiesel increased to 2.57, 2.29,
1.68 and 1.69 mg KOH/g in the case of Cu, BS, Al and CI, respectively [64].

The same researcher performed another study on similar materials; however, this
time it was not carried out at room temperature. This experiment was conducted at 80 ◦C
and the duration was reduced this time to 1200 h. It was observed that the TAN number
of the fuel was increased and it was higher than the limit according to ASTM D6751. It
was observed that Cu and Al were more corrosive in biodiesel. At 1200 h and 80 ◦C, the
corrosion rates for stainless steel (SS), Al and Cu in Palm biodiesel were 0.015, 0.202 and
0.586 mpy, respectively [33]. Figure 3 shows the corrosion rates of all materials.

Figure 3. Corrosion rates of stainless steel (SS), aluminum (Al) and copper (Cu) [33].

From the above studies, it was observed that Cu showed higher corrosion rates fol-
lowed by BS, Al and CI. SS showed a minimum corrosion rate in palm biodiesel. Moreover,
when temperature and duration of immersion were increased the corrosion rate was
increased and the values for corrosion rate can be seen in Table 1 as well.

Some studies were made by researchers to assess the corrosion behavior on carbon
steels. Thangavelu et al. studied corrosion behavior of BDE blends B0 and B20D70E10 with
carbon steel by immersion tests. The tests were performed at RT and 60 ◦C for 400 and
800 h. CR of B20D70E10 at RT and at 60 ◦C was more than the rate of B0 blend under the
same conditions. At RT, it was 0.1817 mpy and at 60 ◦C, it was 0.2612 mpy for B20D70E10
and for B0 these values were 0.0523 mpy and 0.115 mpy. It was noticed that the TAN in
B20D70E10 was exceeded by the limit. Initially it was 0.25 mg KOH/g for as-received
biodiesel and after immersion it was increased to 1.15 mg KOH/g at room temperature
and 1.59 mg KOH/g at 60 ◦C [42]. The surface morphology of carbon steel is shown in
Figure 4.
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Figure 4. Surface morphology (a) B0 at RT; (b) B20D70E10 at RT; (c) B20D70E10 at 60 ◦C [42].

Another study was conducted by Jin et al. on ASTM 1045 MS for investigation of its
corrosion behavior when immersed in palm biodiesel at 27, 50 and 80 ◦C for 30, 60 and
120 days, and these results were then compared with the commercial diesel. With the rise in
temperature and exposure time the CRs of MS increased in both fuels. It was observed that
corrosion rates obtained with commercial diesel were lower than those of palm biodiesel.
The TAN values of biodiesel and diesel increase with the increase in exposure time and
temperature [66].

B0, B50 and B100 blends of MS were again investigated for corrosion behavior by
Fazal et al. at room temperature, 50 and 80 ◦C by static immersion tests for 1200 h. It
was found that petroleum diesel is less corrosive than the biodiesel. At RT, CRs of MS
in biodiesel and diesel were 0.052 and 0.046 mpy, respectively. At 80 ◦C, the corrosion
rates were 0.059 and 0.05 mpy, respectively. The water content was increased by increasing
immersion temperature. Additionally, it was observed that the TAN of fuel was increased
and it was higher than the limit according to ASTM D6751 [67].

Studies on carbon steels showed that CR increases by increasing the concentration of
biodiesel in diesel for carbon steel and mild carbon steel. With the increase in temperature,
the CR had increased for all carbon steels presented above. Additionally, it was noticed
that the duration of immersion had affected CR and it was increased with the increase in
duration. Petroleum diesel was found to be the least corrosive. TAN values of the biodiesel
increased. The values of CR can be seen in Table 1. It concludes that the values of CR are
directly proportional to the duration of immersion, temperature and blend percentage.

Another work conducted by Chew et al. assessed the corrosion behavior of aluminum
and Magnesium (Mg) for 720 and 1440 h by immersion test. The corrosion rates of Al
were 0.1230 and 0.0527 mpy at 720 and 1440 h, respectively. Similarly, Mg showed rates
of 3.0910 and 2.6563 mpy at 720 and 1440 h, respectively. Mg exhibits higher corrosion
rates as compared to Al was due to the higher reactivity of magnesium. It was noted
that Mg was less noble as compared to Mg in galvanic series. The corrosion rates of both
materials decreased with the increase in duration, as shown in Table 1. The TAN values of
both materials after exposure to biodiesel enhanced from 0.27 mg KOH/g of as-received
biodiesel to 0.87 and 0.92 mg KOH/g of biodiesel in which Mg and Al were immersed,
respectively [68]. Figure 5 shows the corrosion rates of both materials.

Summaries of these studies are shown in Table 1 below.

4.2. Corrosion Studies on Jatropha Oil-Based Biodiesel

There are a few studies on Jatropha oil-based biodiesels to assess corrosion rates
of automotive materials. A study was completed by Dharma et al. where he used 50%
jatropha curcas and 50% ceiba pentandra (J50C50) biodiesels to assess corrosion behavior
of MS by static immersion tests at room temperature for 400 and 800 h for blends B0, B10,
B20, B30, B40 and B50. The corrosion rates at all mixtures were higher at all blends at 400 h
and these were 0.0018, 0.0011, 0.0198, 0.0199, 0.0222 and 0.0289 mm/year for B0, B10, B20,
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B30, B40 and B50, respectively, as shown below in Table 2. The corrosion rate for B50 was
15 times higher than that of diesel fuel. It can be noticed that the weight loss is not linear
with immersion time and it tends to slow down as the duration increases. Therefore, it can
be noticed that for B20, B30 and B50, corrosion rates decreased at 800 h and were 0.01176,
0.01546 and 0.02524 mm/year, respectively, as shown in Table 2. The acid value of the fuel
was higher, although it was still in range as compared to ASTM D 6751 standards [41].

Figure 5. Corrosion rates of magnesium and aluminum at 720 and 1440 h [68].

Another study was conducted by Akhabue et al. on Al and MCS in Jatropha oil-based
biodiesel by static immersion tests for blends B0, B50 and B100 at RT for 18 weeks (3 weeks
interval). It was observed that in the case of MCS, there was an increase in CR up to the 12th
week. The CR of B50 remained same between the 12th and 15th weeks. However, it was
reduced for B0 and B100 after the 12th week. At the end of the experiment, the CRs of MCS
in B0, B50 and B100 were 0.0011, 0.0022 and 0.0026 mpy, respectively, as shown in Table 2.
In the case of Al, CRs were found to be increased up until the 12th week. The maximum
corrosion rates for B50 and B100 were obtained in the 15th week, reaching 0.0099 and
0.016 mpy, respectively, while for B0 the maximum value was obtained in the 12th week.
However, there was a decreased CR for B0 in the 15th week. B50 showed a decrease in rate
between the 9th and 12th weeks. The same CRs were found to be increased from the 12th
week in B50 and B100. If compared, the corrosion rates of Al were lower than those of MCS
under the same conditions as shown in Table 2. The TAN values of as-received biodiesel
were 0.41 and 0.52 mg KOH/g for B100 and B50, respectively, while after immersion these
values were 3.53 and 1.54 mg KOH/g for B100 and B50, respectively, in the case of MCS,
and 2.81 and 1.51 mg KOH/g for B100 and B50, respectively, in the case of Al [62].
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In another study, researchers used biodiesels of Indian origin (salvadora oleoides,
madhuca indica, pongamia glabra and jatropha curcas) for the corrosion behavior of
materials by static immersion method for 300 days at room temperature on piston metal and
piston liner parts. In the case of piston liner, there were clear weight losses observed in all
samples of biodiesel. Weight loss was slightly higher in the case of jatropha curcas biodiesel.
In the case of piston metal, the corrosion in mahua and karanja oisl was comparable to
that of corrosion in petro diesel, while in that of jatropha curcas was slightly higher. The
weight loss in salvadora was 10 times higher than that obtained in jatropha curcas oil as
shown in Table 2. The TAN values for salvadora oleoides, madhuca indica, pongamia
glabra and jatropha curcas were 0.45, 0.32, 0.42 and 0.38 mg KOH/g, respectively, before
immersion, while after immersion these values were 2.51, 19.72, 17.52 and 19.54 mg KOH/g,
respectively, for piston liner and 2.38, 11.3, 14.39 and 14.48 mg KOH/g, respectively, for
piston metal [70].

Hence, it was clear from the above studies that jatropha biodiesel is also corrosive for
automotive materials and the corrosiveness increases by increasing the concentration of
biodiesel. However, it did not show any particular trend with the duration of immersion
and in some cases the CR was decreased by increasing the duration. Furthermore, it was
noticed that Al did not show any significant corrosion in this biodiesel and CR of MCS was
higher as compared to Al as shown in Table 2. However, Jatropha biodiesel showed the
same trends with the TAN values and these were increased by the use of biodiesel.

Summaries of these studies have been shown in Table 2 below.

4.3. Corrosion Studies on Rapeseed Oil-Based Biodiesel

Various researchers conducted studies to find the corrosion rate of automotive materi-
als by using rapeseed oil-based biodiesel. A study was carried out by Sterpu et al. in which
he investigated corrosion of Carbon Steel (CS) in corn, rapeseed and sunflower biodiesels
by immersion tests at RT for 1176 h. The CRs of CS in corn, rapeseed and sunflower
biodiesel were 0.001164, 0.000760 and 0.000855 mm/year, respectively, as shown in a graph
in Figure 6. Likewise, the TAN of biodiesel was increased [63].

Figure 6. CRs of carbon steel in three different biodiesels [63].

In another work, Hu et al. used the B20 blend of rapeseed biodiesel to study the
corrosion behaviors of SS, Al, MCS and Cu by immersion tests at 43 ◦C for 2 months. The
corrosion of Al and SS was much lower than the corrosion of MCS and Cu in biodiesel.
The corrosion rates of Cu and MCS were 0.02334 and 0.01819 mm/year in biodiesel while
0.0037 and 0.0015 mm/year for diesel, respectively, as shown in Figure 7 [71].
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Figure 7. CRs of metals in diesel and biodiesel [71].

Additionally, B0, B50, B75 and B100 blends of rapeseed methyl ester with ultra-low
sulfur diesel fuel were used by Norouzi et al. to study the corrosion of AW 6060 aluminum
alloy and E-Cu57 copper by immersion tests 600 h at 80 ◦C. They observed that the increase
in biodiesel concentration enhanced the corrosion of the biodiesel, as shown in Figure 8.
Additionally, the increased temperature increased the corrosiveness of biodiesel. The TAN
of biodiesel was initially 0.315 mg KOH/g and after immersion, it was more than the limit
according to ASTM D6751, which is 0.8 mg KOH/g for biodiesel. The color of the biodiesel
changed in both materials due to the change in the composition of the biodiesel [72].

Figure 8. CRs of Cu and Al in fuel blends [72].

In the case of rapeseed biodiesel, it can be concluded that this biodiesel showed
similar trends as compared to other biodiesels. The increased concentration of biodiesel

64



Energies 2021, 14, 1440

and increased temperature increased the corrosion rates of metals, as shown in Table 3.
Furthermore, TAN values of the biodiesel were found to be increased.

Summaries of these studies have been shown in Table 3 below.

4.4. Corrosion Studies on Sunflower Oil-Based Biodiesel

Some of the studies were conducted to find the corrosion rates of automotive materials
by using sunflower oil-based biodiesels. In their study, Samuel et al. investigated corrosion
properties of brass in B10, B20 and B40 blends of waste sunflower oil biodiesel (WSOB) by
immersion tests at room temperature for 240, 480, 720 and 960 h. By increasing duration
and the biodiesel fraction, the corrosion of the BS increased. The TAN of the as-received
fuel was 0.297 mg KOH/g, which increased to 0.35, 0.4, 0.47, 0.73 and 1.95 mg KOH/g for
B0, B10, B20, B40 and B100 blends, respectively. This was because of the acid component
variation [73]. A similar study on B0, B20 and B100 was performed by Cursaru et al. to
assess corrosion rates of ferrous alloy, Cu and Al using the static immersion test at RT and
60 ◦C for 3000 h. The corrosion rate of each metal increased by increasing the fraction of
biodiesel in the blend. At room temperature, the corrosion rates of Cu, Al and MCS were
0.323615, 0.162201 and 0.170124 mpy, respectively, as shown in Table 4 [74]. Similarly, at
60 ◦C, these results were 0.640758, 0.316292 and 0.336845 mpy, respectively.

Another study was presented by Cursaru et al. and this time he used the electrochem-
ical method for corrosion rate calculation and the materials used were changed to monel
steel, stainless steel and mild steel. The biodiesel used in this study was in percentages of
1, 5 and 10 for 3 h at 50 ◦C. The TAN of as-received fuel was 0.12 mg KOH/g which was
increased to 0.18, 0.2, 0.21 and 0.3 mg KOH/g for B1, B5, B10 and B100 blends, respectively.
The monel steel was the least corroded as compared to stainless steel and mild steel. The
corrosion rate of monel steel was 0.000045 mm/year, stainless steel was 0.000421 mm/year
and mild carbon steel was 0.000514 mm/year, as shown in Table 4 [75].

Additionally, the trends of sunflower biodiesel were similar in terms of corrosion
rate to other biodiesels as the CRs of materials in it were increased by the increase in
the concentration of biodiesel and duration. The corrosion rate of diesel was lower as
compared to biodiesel. Furthermore, an increased temperature increased the corrosion, as
shown below in Table 4. TAN of the biodiesel was increased as well.

Summaries of these studies have been shown in Table 4 below.

4.5. Corrosion Studies on Biodiesel Obtained from Different Feedstocks

Many other studies to assess the corrosion rates of materials were presented by several
researchers by using biodiesel obtained from the different feedstocks. Diaz-Ballote et al.
used canola biodiesel to assess the corrosion rate of Al by an electrochemical technique. It
was observed that the corrosion of Al can be used as an indicator to assess the purity of
the biodiesel as Al shows corrosiveness in biodiesel [76]. Another work by Ononiwo et al.
investigated MS for corrosion by immersion tests using ghee butter-based biodiesel at
room temperature and different temperatures. The weight losses in mineral diesel and
biodiesel samples were quite close. MS showed a similar response in all the media studied.
Mineral diesel showed lower weight loss than samples 1 and 2, as shown in Table 5 [4].
The corrosion rate was increased by the increase in the temperature.

65



E
n

er
gi

es
2
0
2
1
,1

4,
14

40

T
a

b
le

3
.

Su
m

m
ar

y
of

co
rr

os
io

n
st

u
d

ie
s

u
si

ng
ra

p
es

ee
d

bi
od

ie
se

l.

S
r.

N
o

.
T

e
st

T
y

p
e

M
a

te
ri

a
l

B
io

fu
e

l
B

le
n

d
s

T
e

m
p

e
ra

tu
re

T
im

e
C

h
a

ra
ct

e
ri

z
a

ti
o

n
T

A
N

(m
g

K
O

H
/g

)
C

o
rr

o
si

o
n

R
a

te

1.
Im

m
er

si
on

Te
st

C
ar

bo
n

St
ee

l
-

R
oo

m
te

m
pe

ra
tu

re
11

76
h

-
In

cr
ea

se
d

C
or

ro
si

on
ra

te
s

in
co

rn
,

ra
p

es
ee

d
an

d
su

nfl
ow

er
bi

od
ie

se
ls

w
er

e
0.

00
11

64
,0

.0
00

76
0

an
d

0.
00

08
55

m
m

/
ye

ar
,

re
sp

ec
ti

ve
ly

[6
3]

2.
Im

m
er

si
on

Te
st

C
op

p
er

,
A

lu
m

in
u

m
,

St
ai

nl
es

s
St

ee
l,

M
ild

C
ar

bo
n

St
ee

l

B
20

43
◦
C

2
m

on
th

s
SE

M
/

E
D

S,
X

P
S,

A
A

S
-

T
he

co
rr

os
io

n
ra

te
s

of
co

p
p

er
an

d
m

ild
ca

rb
on

st
ee

lw
er

e
0.

02
33

4
an

d
0.

01
81

9
m

m
/

ye
ar

in
bi

od
ie

se
lw

hi
le

0.
00

37
an

d
0.

00
15

m
m

/
ye

ar
fo

r
d

ie
se

l,
re

sp
ec

ti
ve

ly
[7

1]

3.
Im

m
er

si
on

Te
st

A
W

60
60

A
lu

m
in

u
m

al
lo

y,
E

-C
u

57
C

op
p

er
B

0,
B

50
,B

75
,B

10
0

80
◦
C

60
0

h
SE

M
/

E
D

S
M

or
e

th
an

th
e

A
ST

M
D

67
51

lim
it

of
0.

8

T
he

in
cr

ea
se

in
bi

od
ie

se
l

co
nc

en
tr

at
io

n
an

d
th

e
te

m
p

er
at

u
re

in
cr

ea
se

d
th

e
co

rr
os

io
n

ra
te

of
th

e
bi

od
ie

se
l[

72
]

66



E
n

er
gi

es
2
0
2
1
,1

4,
14

40

T
a

b
le

4
.

Su
m

m
ar

y
of

co
rr

os
io

n
st

u
d

ie
s

u
si

ng
su

nfl
ow

er
bi

od
ie

se
l.

S
r.

N
o

.
T

e
st

T
y

p
e

M
a

te
ri

a
l

B
io

fu
e

l
B

le
n

d
s

T
e

m
p

e
ra

tu
re

T
im

e
C

h
a

ra
ct

e
ri

z
a

ti
o

n
T

A
N

(m
g

K
O

H
/g

)
C

o
rr

o
si

o
n

R
a

te

1.
Im

m
er

si
on

Te
st

B
ra

ss
B

0,
B

10
,B

20
,B

40
R

oo
m

te
m

pe
ra

tu
re

24
0,

48
0,

72
0,

96
0

h
JC

M
10

0
m

in
iS

E
M

0.
29

7
(a

s-
re

ce
iv

ed
),

0.
35

(B
0)

,0
.4

(B
10

),
0.

47
(B

20
),

0.
73

(B
40

),
1.

95
(B

10
0)

In
cr

ea
se

d
d

u
ra

ti
on

an
d

bi
od

ie
se

lf
ra

ct
io

n
in

cr
ea

se
d

th
e

co
rr

os
io

n
ra

te
[7

3]

2.
Im

m
er

si
on

Te
st

A
lu

m
in

u
m

,
C

op
p

er
,M

ild
C

ar
bo

n
St

ee
l

B
0,

B
20

,B
10

0
R

oo
m

te
m

pe
ra

tu
re

,6
0
◦
C

30
00

h
SE

M
/

E
D

S,
X

R
D

-

A
tR

T,
th

e
C

R
s

of
co

p
p

er
,a

lu
m

in
u

m
an

d
m

ild
ca

rb
on

st
ee

lw
er

e
0.

32
36

15
,0

.1
62

20
1

an
d

0.
17

01
24

m
p

y,
re

sp
ec

ti
ve

ly
,a

nd
at

60
◦
C

,t
he

se
re

su
lt

s
w

er
e

0.
64

07
58

,0
.3

16
29

2
an

d
0.

33
68

45
m

p
y,

re
sp

ec
ti

ve
ly

[7
4]

3.
E

le
ct

ro
ch

em
ic

al
M

et
ho

d

M
on

el
St

ee
l,

St
ai

nl
es

s
St

ee
l,

M
ild

St
ee

l
1,

5
an

d
10

p
er

ce
nt

50
◦
C

3
h

-

0.
12

(a
s-

re
ce

iv
ed

),
0.

18
(B

1)
,0

.2
(B

5)
,

0.
21

(B
10

),
0.

3
(B

10
0)

T
he

C
R

of
m

on
el

st
ee

l
w

as
0.

00
00

45
m

m
/

ye
ar

,
st

ai
nl

es
s

st
ee

lw
as

0.
00

04
21

m
m

/
ye

ar
an

d
m

ild
ca

rb
on

st
ee

lw
as

0.
00

05
14

m
m

/
ye

ar
.

C
or

ro
si

on
of

th
es

e
m

at
er

ia
ls

w
as

lo
w

es
ti

n
p

u
re

d
ie

se
lt

ha
n

in
bi

od
ie

se
l.

[7
5]

67



E
n

er
gi

es
2
0
2
1
,1

4,
14

40

T
a

b
le

5
.

Su
m

m
ar

y
of

co
rr

os
io

n
st

u
d

ie
s

on
bi

od
ie

se
lo

fd
if

fe
re

nt
fe

ed
st

oc
k.

S
r.

N
o

.
T

e
st

T
y

p
e

B
io

d
ie

se
l

M
a

te
ri

a
l

B
io

fu
e

l
B

le
n

d
s

T
e

m
p

e
ra

tu
re

T
im

e
C

h
a

ra
ct

e
ri

z
a

ti
o

n
C

o
rr

o
si

o
n

R
a

te
/F

in
d

in
g

s

1.
E

le
ct

ro
ch

em
ic

al
C

an
ol

a
A

lu
m

in
u

m
-

-
-

-

T
he

co
rr

os
io

n
of

A
lu

m
in

u
m

ca
n

be
us

ed
as

an
in

d
ic

at
or

to
as

se
ss

th
e

p
u

ri
ty

of
th

e
bi

od
ie

se
l[

76
]

2.
Im

m
er

si
on

Te
st

G
he

e
B

u
tt

er
M

ild
St

ee
l

-

R
oo

m
te

m
p

er
at

u
re

,
D

if
fe

re
nt

te
m

p
er

at
u

re
s

-
-

B
io

d
ie

se
ls

am
p

le
s

w
er

e
m

or
e

co
rr

os
iv

e
th

an
m

in
er

al
d

ie
se

l
sa

m
p

le
s.

T
he

C
R

w
as

in
cr

ea
se

d
w

it
h

th
e

in
cr

ea
se

in
th

e
te

m
p

er
at

u
re

[ 4
]

3.
Im

m
er

si
on

Te
st

R
ic

e
H

u
sk

A
us

te
ni

te
St

ai
nl

es
s

St
ee

l,
B

ra
ss

,M
ild

St
ee

l,
A

lu
m

in
u

m
B

10
,B

30
R

oo
m

te
m

p
er

at
u

re
,5

0
◦
C

,7
0
◦
C

6,
12

,2
4,

48
,7

2,
12

0
h

X
P

S

B
ra

ss
ex

hi
bi

te
d

ve
ry

sl
ig

ht
w

ei
gh

tl
os

s,
A

lu
m

in
u

m
ex

hi
bi

te
d

lit
tl

e
m

or
e

th
an

B
ra

ss
an

d
M

ild
St

ee
l

ex
hi

bi
te

d
m

or
e

w
ei

gh
t

lo
ss

th
an

bo
th

A
lu

m
in

u
m

an
d

B
ra

ss
.

A
te

le
va

te
d

te
m

p
er

at
u

re
s,

th
e

w
ei

gh
tl

os
s

w
as

en
ha

nc
ed

fo
r

th
e

ab
ov

e-
m

en
ti

on
ed

m
at

er
ia

ls
.S

ta
in

le
ss

St
ee

ld
id

no
ts

ho
w

an
y

w
ei

gh
tl

os
s

at
an

y
co

nd
it

io
ns

[7
7]

68



E
n

er
gi

es
2
0
2
1
,1

4,
14

40

T
a

b
le

5
.

C
on

t.

S
r.

N
o

.
T

e
st

T
y

p
e

B
io

d
ie

se
l

M
a

te
ri

a
l

B
io

fu
e

l
B

le
n

d
s

T
e

m
p

e
ra

tu
re

T
im

e
C

h
a

ra
ct

e
ri

z
a

ti
o

n
C

o
rr

o
si

o
n

R
a

te
/F

in
d

in
g

s

4.
E

le
ct

ro
ch

em
ic

al
So

yb
ea

n
D

u
p

le
x

22
05

,S
ea

C
u

rv
e,

A
IS

I3
04

l
-

R
oo

m
te

m
pe

ra
tu

re
20

h
-

T
he

be
st

re
si

st
an

ce
to

w
ar

d
s

co
rr

os
io

n
w

as
sh

ow
n

by
D

u
p

le
x

22
05

w
hi

le
Se

a
C

u
rv

e
st

ee
ls

ho
w

ed
th

e
le

as
t

co
rr

os
io

n
re

si
st

an
ce

[7
8]

5.
Im

m
er

si
on

Te
st

C
om

m
er

ci
al

C
op

p
er

,B
ra

ss
-

55
◦
C

5
d

ay
s

R
am

an
V

ib
ra

ti
on

al
Sp

ec
tr

os
co

p
y

T
he

ra
te

of
co

rr
os

io
n

w
as

sl
ig

ht
ly

hi
gh

er
in

th
e

ca
se

of
in

ci
d

en
ce

lig
ht

.A
th

ig
he

r
te

m
p

er
at

u
re

,
co

rr
os

io
n

ra
te

s
ha

ve
d

ec
re

as
ed

.T
he

C
R

s
fo

r
B

ra
ss

ar
e

al
w

ay
s

m
or

e
th

an
th

os
e

of
C

op
p

er
[1

]

6.
Im

m
er

si
on

Te
st

P
ou

lt
ry

Fa
t

31
6

St
ai

nl
es

s
St

ee
l,

G
re

y
C

as
tI

ro
n,

C
op

pe
r,

A
d

m
ir

al
ty

B
ra

ss
,C

ar
bo

n
St

ee
l

B
20

,B
80

38
◦
C

10
m

on
th

s
D

ig
it

al
P

ho
to

gr
ap

hy
,

p
ho

to
M

ic
ro

sc
op

y

31
6

St
ai

nl
es

s
St

ee
la

nd
C

ar
bo

n
St

ee
lh

ad
no

vi
si

bl
e

co
rr

os
io

n.
C

op
p

er
sh

ow
ed

hu
ge

co
rr

os
iv

en
es

s
in

bi
od

ie
se

l.
B

20
ha

d
a

sl
ig

ht
ly

lo
w

er
co

rr
os

io
n

ra
te

th
an

th
at

of
B

80
.I

n
th

e
ca

se
of

B
ra

ss
,s

im
ila

r
tr

en
d

s
to

th
at

of
C

op
p

er
w

er
e

ob
se

rv
ed

ho
w

ev
er

th
es

e
w

er
e

to
a

le
ss

er
ex

te
nt

[7
9]

69



Energies 2021, 14, 1440

B10 and B30 blends of rice husk bio-oil were used by Lu et al. to assess the corrosion
properties of four materials—SS, MS, BS and Al—by immersion tests at RT, 50 and 70 ◦C
for 6, 12, 24, 48, 72 and 120 h. BS exhibited very slight weight loss, Al exhibited little more
than BS and MS exhibited more weight loss than both Al and BS. SS did not show any
weight loss at any conditions [77]. The corrosion resistance of Duplex 2205, Sea Curve and
AISI 304l stainless steel were additionally studied by Roman et al. in soybean biodiesel
by an electrochemical technique at room temperature for 20 h. It was observed that all
the steels showed good performances towards the corrosion resistance. The most resistive
towards corrosion was Duplex 2205, while Sea Curve steel showed the least corrosion
resistance, as shown in Table 5. Therefore, it was concluded that all these steels can be used
in applications that need to be in contact with soybean oil-based biodiesel [78].

A study was conducted by Aquino et al. to investigate CRs of Cu and BS when
immersed in commercial biodiesel in the presence of natural light and temperature for
5 days at 55 ◦C. The rate of corrosion was slightly higher in the case of incidence light.
The corrosion rates for BS were always higher than those of Cu. It was found that the
corrosion rates decreased at high temperatures, as shown in Table 5, which is contradictory
to expected results because normally increases in temperature increase corrosion rates
because of the increase in the reaction rate. The reason behind this result could be the
elimination of the absorbed oxygen at high temperatures in the biodiesel [1]. Another
study was performed by Geller et al. to investigate corrosion behaviors of B20 and B80
blends of poultry fat biodiesel on stainless steel 316, grey cast iron, copper, admiralty brass
and carbon steel. Static immersion tests were performed for 10 months at 38 ◦C. Stainless
steel 316 and carbon steel showed no weight loss or visible corrosion. Copper showed
huge corrosiveness in biodiesel. B20 had slightly lower weight loss 0.71% than that of
B80 0.74% [79].

As shown in Table 5, it is clear that all biodiesels showed increased corrosion rates for
all materials by the increase in the concentration of biodiesel. There were few deviations
shown by different biodiesels concerning duration and temperature; however, in most
cases, the corrosion rate was increased by increasing the duration and temperature of
immersion. Therefore, it is concluded that the CR of materials in biodiesel increases by
increasing concentration, duration and temperature. Summaries of these studies have been
shown in Table 5.

5. Corrosion Mechanism of Metals in Biodiesel

The X-ray Diffraction (XRD) results of Cu showed the formation of different compounds
such as Cu2O, CuO [80], CuCO3 [81] and Cu(OH)2 [82] on the surface of the base metal. The
mechanism or reactions which took place during this process are stated below [83].

Cu2O + 1/2O2 → 2CuO
Cu2O + CO2 + 1/2O2 → 2CuCO3

CuO + CO2 → CuCO3
2Cu + O2 + 2H2O → 2Cu(OH)2

CuO + H2 → Cu(OH)2

(2)

RCOO• radical [84] generation was thought to be the main cause of copper carbonate
formation [85] through the decomposition of esters [86].

RCOOR1 → RCOO* + R1* (3)

2RCOO* + Cu → CuCO3 + R—R + CO

2Cu(OH)2 + CO2 → 2Cu(OH)2. CuCO3 + H2O

As iron is the main component of steel, when exposed to biodiesel, it is more prone
to corrosion. Therefore, XRD results showed the formation of some iron products such as
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Fe2O3 [71], Fe(OH)2 [87] and FeCO3 [88]. The mechanism or reactions which took place
during that process are stated below [89].

RCOOR1 → RCOO* + R1* (4)

4Fe + 3O2 → 2Fe2O3

2Fe + O2 + 2H2O → 2Fe(OH)2

4Fe(OH)2 + O2 → 2Fe2O3. H2O + 2H2O

RCOOR1 → RCOO* + R1*

2RCOO* + Fe → FeCO3 + R—R + CO —

6. Characterization Techniques Used

Characterization techniques that have been used by researchers for corrosion testing
include Scanning Electron Microscope/Energy Dispersive Spectroscopy (SEM/EDS), X-ray
diffraction (XRD), Optical Microscopy (OM), X-ray Photoelectron Spectroscopy (XPS),
Atomic Absorption Spectrometry (AAS) and Raman vibrational spectroscopy. SEM/EDS
and XRD used by researchers concerning the biodiesel are stated below.

6.1. Characterization and Products of Corrosion Obtained by Palm Biodiesel

When palm biodiesel was used to find CRs of copper and leaded bronze, the oxide
layer obtained at RT was copper carbonate (CuCO3) and at 60 ◦C was of cupric oxide
(CuO) [55].

When palm biodiesel was used to find the CR of CS ASTM 1045 at 27, 50 and 80 ◦C
for 30, 60 and 120 days, SEM results showed that the effects of corrosion become severe as
the exposure time and temperature were increased, as shown in the Figures 9 and 10. The
attacked zones were not continuous and were scattered over the whole surface.

Figure 9. Surface morphology of ASTM 1045 MS in 0# diesel at different temperatures 27, 50 and 80 ◦C for different
exposure periods: (A) 27 ◦C—30 d; (B) 50 ◦C—30 d; (C) 80 ◦C—30 d; (D) 27 ◦C—60 d; (E) 50 ◦C—60 d; (F) 80 ◦C—60 d;
(G) 27 ◦C—120 d; (H) 50 ◦C—120 d; (I) 80 ◦C—120 d [66].
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Figure 10. Surface morphology of ASTM 1045 MS in palm biodiesel at different temperatures 27, 50 and 80 ◦C for different
exposure periods: (A) 27 ◦C—30 d; (B) 50 ◦C—30 d; (C) 80 ◦C—30 d; (D) 27 ◦C—60 d; (E) 50 ◦C—60 d; (F) 80 ◦C—60 d;
(G) 27 ◦C—120 d; (H) 50 ◦C—120 d; (I) 80 ◦C—120 d [66].

XRD showed that the compounds formed on the surface of MS in biodiesel were
Fe2O3, FeO(OH), Fe2O2CO3, FeO and FeCO3. The products formed on the commercial
diesel surface were FeO, FeO(OH) and Fe2O3, as shown in Figure 11 [66].

When palm biodiesel was used to find CR of Al and Mg at RT for 720 and 1440 h, on
the SEM image at 1000X magnification of the as-received materials, only grinding lines
were visible. At 1440 h, again grinding lines were visible on the material surface of Al,
therefore it did not achieve any significant change. However, the surface of Mg showed
significant change and its surface was degraded because of the corrosion attack, as shown
in Figure 12. XRD analysis did not show the formation of any compound on the surface of
both materials [68].
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Figure 11. Corrosion products formed on MS at #0 diesel and biodiesel [66].

Figure 12. Scanning Electron Microscope (SEM) image of Mg and Al before and after immersion [68].
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When palm biodiesel was used to find corrosion rates of MS at RT, 50 and 80 ◦C
for 1200 h, the XRD results showed the presence of certain compounds on the surface.
Biodiesel had Fe2O3, Fe2O2CO3 and Fe(OH)3 while diesel showed only Fe2O3 and Fe(OH)3,
as shown in Figure 13 [67]. Figure 14 shows the SEM images of samples before and after
the immersion. It can be clearly seen that materials exhibit corrosion after the immersion.
The zones where corrosion attacked are discontinued and scattered over the surface.

Figure 13. Corrosion products formed on MS upon exposure to diesel and biodiesel [67].
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Figure 14. Cont.
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Figure 14. SEM images of as-received MS and on exposure to B0 (up) and B100 (down) at room temperature and 80 ◦C [67].

When palm biodiesel was used for Cu, BS, Al and CI at RT for 2880 h, the XRD
results in Figure 15i,ii showed the formation of CuCO3 in higher concentration along with
CuO, CuCO3.Cu(OH)2, Cu(OH)2 and Cu2O. Moreover, in brass, small amounts of CuCO3
seemed to form. In the case of aluminum, no compound was formed on its surface in
biodiesel or diesel. SEM images in Figure 16 showed that the corrosion attack in biodiesel
is more than that of diesel. Aluminum showed the lowest corrosion attack as compared to
other materials [64].
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Figure 15. Cont.

77



Energies 2021, 14, 1440

Figure 15. (i) Products of corrosion formed on as-received materials and B0 and B100 blends [64].
(ii) Products of corrosion formed on as-received materials and B0 and B100 blends [64].
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Figure 16. SEM images of as-received materials and when exposed to B0 and B100 blends [64].

6.2. Characterization and Products of Corrosion Obtained by Rapeseed Biodiesel

When the CRs of Cu, Al, SS and MCS were assessed by rapeseed biodiesel for two
months at 43 ◦C, the SEM images of the materials showed that there were clear changes
in the surface morphologies of all materials because of corrosion, except stainless steel,
where only a small change was visible, as shown in Figure 17, which was because of the
reaction with biodiesel. In the case of copper, a black layer covered its surface. The surface
of aluminum was turned slightly dark. In the case of stainless steel, there were no changes
on the surface. The XPS showed the formation of metal oxides including CuO, Cu2O,
Fe2O3 [71].
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Figure 17. SEM image of the metal surface before and after immersion [71].
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When the corrosion rates of AW 6060 aluminum alloy and E-Cu57 copper were
assessed by ultralow sulfur diesel (ULSD) and rapeseed methyl ester (RME) for 600 h
at 80 ◦C in the reaction of aluminum and biodiesel, Al(OH)3 was found on the surface.
Because of the presence of oxygen, another oxide layer Al2O3 was formed. In the case
of copper, the compounds formed on the surface were CuO/CuCO3 films followed by
Cu2O. The SEM images showed an increased concentration of biodiesel, which damaged
the surface more and the pit generation can be seen to be increased, as in Figure 18 [72].

Figure 18. SEM photographs of surfaces exposed to fuel blends [72].

6.3. Characterization and Products of Corrosion Obtained by Sunflower Biodiesel

When CR of Al, Cu and MCS were assessed in sunflower biodiesel at RT and 60 ◦C
for 3000 h, the XRD patterns of the materials confirmed the presence of base metal along
with the little quantities of FeCO3, FeO(OH), Fe2O3, Cu(OH)2, CuO and AlO(OH). SEM
image of aluminum showed that at RT no corrosion attack was found; however, at 60 ◦C, a
protective layer covering the surface of the Al protected the metal surface from corrosion.

The SEM image of Cu in Figure 19 showed that at RT there was the visibility of a few
small pit formations which indicated the initiation of corrosion, while at 60 ◦C, the formed
pits were of larger size, which confirmed that the Cu had been corroded [74].
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Figure 19. Cont.
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Figure 19. SEM images of Al (i), Cu (ii) and MCS (iii) after immersions in diesel and biodiesel for 3000 h [74].

7. Application of Corrosion Inhibitors to Protect Corrosion

Jakeria et al. [69] used two organic corrosion inhibitors to assess the corrosion behav-
iors of MS and Cu when exposed to palm biodiesel. The inhibitors which were used include
adenine and benzotriazole. Static immersion tests were performed at RT for 60 days. The
CR of Cu had been reduced effectively by using benzotriazole than that of MS after 60 days.
The CR of Cu dropped from 0.7495 to 0.0229 mg/cm2. In the presence of adenine, the CR
of Cu reduced from 0.7495 to 0.2512 mg/cm2. There was little effect of adenine found in
the reduction in the CR of MS. Therefore, it was concluded that benzotriazole provides
better corrosion resistance as compared to adenine.

8. Future Recommendations

The biodiesel obtained from different sources has proved to be corrosive among the
engine parts. Most of the studies to assess the corrosion rate of materials when immersed in
biodiesel have been performed at higher blends of biodiesel i.e., at B50 or more. However,
the usage of biodiesel along with diesel is not increased beyond B5 in most countries, and
the reason behind this is the corrosiveness of biodiesel. Therefore, to enhance the usage
of biodiesel in engines, the blends with percentages 10, 15 or 20 should be examined so
that these can be further studied and implemented to be used in diesel engines along
with diesel. The higher blends always showed that the biodiesel is corrosive and hence
cannot be used in diesel engines. Therefore, some systematic studies are the requirement
to implement a more percentage of biodiesel in blend with diesel.

As the compatibility of biodiesel with engine parts is not good, its use in automotive
engines is limited. The engine parts are made from many materials involving steel and
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its alloys, aluminum, copper, brass and some other materials. Most of the studies have
shown that copper and brass are the materials that have been most affected by biodiesel in
terms of corrosion. Therefore, some alternate materials such as aluminum and stainless
steel should be used to make parts that were previously made from copper, as stainless
steel and aluminum have proved to be the least corrosive in biodiesel.

Additionally, to avoid corrosion, the materials can be coated with some useful coatings
to prevent corrosion if it is necessary to use copper and brass parts of engines. These
coatings will then reduce the intensity of corrosion of materials.

Corrosion inhibitors such as adenine and benzotriazole have shown good results in
reducing the corrosion intensity of materials; however, these studies were performed for a
limited period and hence they can be performed for longer durations and can be used in
proper fractions to reduce the corrosion of materials in biodiesel.

9. Conclusions

Corrosion studies of materials, when coming in contact with biodiesel, are discussed
in this study and it can be concluded that:

• Copper has is most affected materials in biodiesel in terms of corrosion followed by
brass-, aluminum- and steel-based alloys, respectively. Additionally, the corrosion
phenomena, surface morphology, mechanisms of corrosion and products of corrosion
have been presented and it can be concluded that pitting is the most common type of
corrosion that occurs from the use of biodiesel.

• Most of the materials produce their respective oxides in biodiesel and because of the
presence of free oxygen.

• The immersion test method is a beneficial method for corrosion rate measurement.
• The main reasons of corrosion were the presence of unsaturated fatty acids, free water

content, the biodiesel feedstock and condensation water on the surface of materials.
• With corrosion, the biodiesel degrades and hence results in an increased wear rate of

the engine parts in contact with the biodiesel. Therefore, it is important to minimize
corrosion affects produced by the use of biodiesel in engines.

• Most of the biodiesels have shown increased corrosion of materials when the concen-
tration of biodiesel and duration of immersion or temperature was increased.

Author Contributions: Conceptualization, A.S. and A.A.; validation, M.M.Q., S.M.A.R. and M.H.H.;
formal analysis, M.J.; investigation, H.M.A.J.; data curation, A.A.; writing—original draft preparation,
A.S.; writing—review and editing, M.M.Q.; visualization, M.H.H.; supervision, A.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

84



Energies 2021, 14, 1440

Abbreviations

CR Corrosion Rate Spectroscopy

SS Stainless Steel WSOB Waste Sunflower Oil Biodiesel
Mg Magnesium FTIR Fourier Transform Infrared
MS Mild Steel EDS Energy Dispersive Spectroscopy
SEM Scanning Electron Microscope RT Room Temperature
XRD X-Ray Diffraction HT High Temperature
TAN Total Acid Number Cu Copper
OM Optical Microscope BS Brass
XPS X-ray Photoelectron Spectroscopy Al Aluminum
Spectroscopy CI Cast Iron
AAS Atomic Absorption Spectroscopy MCS Mild Carbon Steel
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Abstract: This research work focuses on investigating the lubricity and analyzing the engine
characteristics of diesel–biodiesel blends with fuel additives (titanium dioxide (TiO2) and dimethyl
carbonate (DMC)) and their effect on the tribological properties of a mineral lubricant. A blend
of palm–sesame oil was used to produce biodiesel using ultrasound-assisted transesterification.
B30 (30% biodiesel + 70% diesel) fuel was selected as the base fuel. The additives used in the current
study to prepare ternary fuel blends were TiO2 and DMC. B30 + TiO2 showed a significant reduction
of 6.72% in the coefficient of friction (COF) compared to B30. B10 (Malaysian commercial diesel)
exhibited very poor lubricity and COF among all tested fuels. Both ternary fuel blends showed a
promising reduction in wear rate. All contaminated lubricant samples showed an increment in COF
due to the dilution of combustible fuels. Lub + B10 (lubricant + B10) showed the highest increment
of 42.29% in COF among all contaminated lubricant samples. B30 + TiO2 showed the maximum
reduction (6.76%) in brake-specific fuel consumption (BSFC). B30 + DMC showed the maximum
increment (8.01%) in brake thermal efficiency (BTE). B30 + DMC exhibited a considerable decline of
32.09% and 25.4% in CO and HC emissions, respectively. The B30 + TiO2 fuel blend showed better
lubricity and a significant improvement in engine characteristics.

Keywords: high frequeny reciprocating rig; palm-sesame biodiesel; nanoparticle additives; four-ball
tribo tester; engine characteristics; tribological characteristics
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1. Introduction

Global energy demand is gradually increasing owing to a significant increase in population
growth. The transport sector is one of the major consumers of energy, which is the backbone of
every country. Around half of the petroleum products are used to fulfil the high energy demand
in the transport sector. However, as the fossil fuel reserves deplete gradually, alternative fuels are
expected to meet energy demands in future [1]. Among alternative fuels, biodiesel shows a significant
reduction in some of the critical exhaust emissions (CO and HC) due to its superior properties such
as cetane number, oxygen content, flash point, etc. to those of petroleum-based diesel fuel [2–4].
However, pure biodiesel suffers from poor brake thermal efficiency (BTE) due to lower calorific
values which can be alleviated by blending biodiesel with diesel [5,6]. Biodiesel commercialization
has some limitations due to poor cold flow properties, higher NOx emissions, and poor oxidation
stability, which can be resolved by mixing different additives such as nanoparticles and oxygenated
compounds [7–9]. Malaysia is expected to adopt B30 (30% palm biodiesel in diesel) by 2025 [10].
Indonesia already introduced the B30 biodiesel as of 2020 [11]. At present, Indonesia and Malaysia are
exporting palm oil to Asia and Europe for the production of biodiesel to meet energy demands which
are expected to increase in future [12]. However, palm oil has very poor cold flow properties because of
saturated fatty acids deteriorating its use in cold climate countries [13]. Mujtaba et al. [14] reported that
sesame oil (SO) is the best-suited vegetable oil among all other feedstocks for the improvement of cold
flow properties, as well as oxidation stability. SO exhibits very good cold flow properties due to high
unsaturation. The oxidation stability of SO is higher despite high unsaturation due to antioxidants
that occur naturally in SO [15].

The lubricity of fuel is a very important parameter that should be accounted for when selecting
fuel for engine applications. Most diesel engine components are self-lubricated with fuel such as
the fuel pump, fuel injector, etc. Petroleum diesel has very low lubricity due to the elimination of
polar compounds during the desulfurization process [16]. These compounds assist fuel by making a
lubricating protective layer between metallic contacts to minimize wear and friction. Lubrication is
also very crucial to enhance the overall effectiveness of engine parts [17,18]. The addition of biodiesel
in petroleum diesel improves the lubricity of diesel–biodiesel blends which results in lower wear
scar diameter (WSD) and coefficient of friction (COF). Few researchers investigated the effect of
biodiesel on the lubricity of diesel–biodiesel blends [19–21]. Many researchers used nanoparticles
and oxygenated additives with methyl ester and diesel fuel blends to enhance the diesel engine
characteristics. Very few studies were carried out on the lubricity of these ternary fuel blends used for
improving engine characteristics.

A lubricant film reduces friction and wear; consequently, efficiency increases. According to
previous literature, the lubricant is contaminated with fuel up to 5% due to crankcase dilution [20,22].
After dilution, lubricant properties are altered, which directly affects the tribological properties.
Few researchers investigated the effect of biodiesel dilution with lubricant on its tribological
characteristics [23–25]. Arumugam et al. [26] reported that rapeseed-bio lubricant contaminated
with 10% rapeseed biodiesel (B20) fuel showed less wear and friction than commercial synthetic
lubricant contaminated with 10% diesel fuel tested using a pin-on-disc apparatus with engine cylinder
liner–piston ring combinations. Dhar et al. [19] investigated the tribology of lubricating oil of a diesel
engine run on a Karanja biodiesel (B20) blend and mineral-based diesel during an endurance test of 200 h.
Their investigation proved that lubricating oil obtained from the biodiesel-fueled engine contained a
significantly high amount of wear, trace metals, resinous, ash content, and soot than the lubricating oil
from the mineral diesel-fueled engine. Hence, 20% Karanja biodiesel (B20) caused more deterioration
of lubricating oil than mineral diesel. Singh et al. [25] also found that more than 5–8% contamination of
100% pure moringa biodiesel fuel in lubricant enhances the lubricity but more than 8% contamination
of moringa biodiesel fuel increased the wear rate considerably. Similarly, Maleque et al. [23] and
Sulek et al. [24] reported that 5% of biodiesel fuel dilution in commercial lubricant decreased wear
rate. A study should be conducted on the contamination of lubricant due to crank dilution with
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combustible ternary fuel blends. Many researchers did not pay any attention to lubricant degradation
due to dilution with diesel–biodiesel–fuel additives. A tribological study of ternary fuel blends should
be conducted before engine application to ensure its effect on degradation of the lubricant.

In this investigation, a 50:50 ratio of palm and SO was used to prepare the biodiesel using
ultrasound-assisted transesterification to improve the physicochemical properties (oxidation stability
and cold flow properties) of biodiesel. The main objectives of this work were (1) to investigate the
lubricity of fuel additives used for enhancement in overall engine characteristics, (2) to investigate the
effect of ternary fuel blend contamination with mineral lubricant on its tribological properties, and (3) to
investigate the effect of ternary fuel blends on engine performance and emission characteristics.

2. Materials and Methods

Palm oil was procured from Malaysia and SO was obtained from Pakistan. In the current study,
a mixture of palm–SO was used to prepare the biodiesel. According to ASTM D6079-11 dimensions,
AISI 52100 Chrome hard polished steel balls with a diameter of 6.2 mm, 15-mm SAE-AMS 6440 steel
smooth diamond polish discs, and 12.7-mm-diameter AISI 52100 steel balls having hardness 64–66 Rc
were procured from the local market.

2.1. Biodiesel Production

A 50:50 ratio of palm–SO was used to prepare the biodiesel using Q500 Sonicator (QSONICA,
Newtown, CT, USA) ultrasound equipment as shown in Figure 1. Ultrasound-assisted transesterification
was performed under the following operating conditions: time (38.96 min), duty cycle (59.52%),
temperature (60 ◦C), CH3OH to palm–SO M ratio of 60 vol./vol.%, and potassium hydroxide used as
a catalyst with a quantity of 0.70 wt.% [27]. The physicochemical properties of P50S50 biodiesel are
presented in Table 1. The physicochemical properties of palm–sesame blend (50:50) methyl esters were
estimated in accordance with biodiesel standard methods ASTM D6751 and EN 14214.

Figure 1. Ultrasound equipment for biodiesel production and sonication of P50S50 blended oil
with nanoparticles.
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Table 1. Physicochemical properties of P50S50 biodiesel.

Properties of Test Fuel P50S50 Malaysian Diesel Equipment Accuracy

Kinematic viscosity at 40 ◦C
(mm2/s)

4.43 2.88
SVM 3000, (Anton Paar,

Graz, Austria) ±0.35% mm2/s

Acid Value (mg KOH/g) 0.375 0.152 - -

Density at 15 ◦C (kg/m3) 881 838.96
SVM 3000, (Anton Paar,

Graz, Austria) ±0.1 kg/m3

High heating value (MJ/kg) 41.24 45.67
C2000 basic calorimeter,
IKA, Staufen, Germany

±0.1% MJ/kg

Cetane number 53.37 48.50 - -

Cold filter plugging point (◦C ) −1.714 0
CFFP NTL 450, Compass

Instruments, IL, USA
-

Flash point (◦C ) >151 77.90
Pensky-Martens closed cup
tester NPM 440, Normalab,

Valliquerville, France
±0.1 ◦C

Cloud point (◦C ) 7.82 2.05
Cloud and pour point tester

NTE 450, Normalab,
Valliquerville, France

±0.1 ◦C

Pour point (◦C ) 3.821 2.1
Cloud and pour point tester

NTE 450, Normalab,
Valliquerville, France

-

Oxidation stability (h) 6.89 13.20
873 Biodiesel Rancimat,

Metrohm, Herisau,
Switzerland

±0.01 h

2.2. Fuel Samples Preparation

2.2.1. Fuel Sample Preparation for HFRR and Engine Test Rig

Various fuel samples were prepared to study the lubricity of fuel and the effect of ternary fuel
blends on diesel engine characteristics. The prepared fuel samples were compared with commercially
available Malaysian diesel (B10). Pure B100 biodiesel was produced using the ultrasound technique.
Then, 20% P50S50 biodiesel was mixed with Malaysian commercial diesel to prepare the B30 fuel
blend. Additionally, two ternary fuel additive blends were prepared to study the tribological behavior.
B30 fuel was mixed with 20% dimethyl carbonate (DMC) (by volume) and stirred at a standard speed
2000 rpm for half an hour to achieve a homogeneous blend. Ultrasound Sonicator Q500 Sonicator
(QSONICA, Newtown, USA) as shown in Figure 1 was used to prepare the nanoparticle (TiO2) and
B30 ternary fuel blend. The B30 with 100 ppm TiO2 nanoparticle fuel sample was prepared at a stirring
speed of 900 rpm for 30 min on a magnetic stirrer and sonicated to disperse the nanoparticles at a
frequency of 20 Hz for 20 min at an amplitude of 30%. The physicochemical properties were measured
and are shown in Table 2.

Table 2. Properties of tested fuel samples. DMC—dimethyl carbonate.

Test Fuel Blends Density at 15 ◦C Kinematic Viscosity at 40 ◦C Calorific Value Viscosity Index

kg/m3 mm2/s MJ/kg

B10 855.9 3.153 43.92 81.2
B100 (P50S50 biodiesel) 880 4.420 41.25 186.2

B30 852.6 3.348 43.14 164.2
B30 + DMC 878 2.457 39.78 -
B30 + TiO2 853 3.364 42.93 208.3

2.2.2. Lubricant Sample Preparation

Firstly, 5% of each of the above-mentioned fuels in Table 2 was mixed with commercial lubricant
SAE-40 using a magnetic stirrer at 900 rpm speed for 30 min, as 5% lubricant mixing with fuel happened
due to dilution of the crankcase. The physicochemical properties of reference lubricant SAE-40 and all
other lubricant samples with different fuels were measured using the viscometer (SVM 3000) as shown
in Table 3.
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Table 3. Physicochemical properties of tested lubricant fuel samples.

Lubricant Samples
Physicochemical Properties of Lubricant Samples

Density at 15 ◦C (kg/m3) Viscosity at 40 ◦C (mm2/s) Viscosity Index

100% Lubricant (SAE 40) 873.7 87,022 201.3
Lubricant + 5% B10 872.0 71,072 205.3
Lubricant + 5% B30 873.3 76,652 221.6

Lubricant + 5% B30 + DMC 872.0 64,509 -
Lubricant + 5% B30 + TiO2 872.1 69,311 205.4

2.3. Experimental Set-Up

2.3.1. Diesel Engine Set-Up

The Yanmar (TF 120M) single-cylinder and radiator cooled diesel engine as shown in Figure 2 was
used to study the effect of ternary fuel blends on diesel engine performance and emission characteristics.
The diesel engine parameters were as follows: maximum power (7.7 kW), compression ratio (17.7),
maximum rpm (2400 rpm), injection timing (17◦ before top dead center (BTDC)), and injection pressure
(200 kg/cm2). The emissions of the engine exhaust gases such as CO, HC, and NOx were measured
utilizing the BOSCH BEA 350 gas analyzer. All experiments were done in triplicate. Error bars are
presented along with the data points in the figures. The accuracies of the measurements for diesel
engine characteristics are mentioned in Table 4 The overall uncertainty of diesel engine experiments
was calculated using Equation (1).

Overall uncertainity =
√

Uncertainity % of
(
BSFC2 + BTE2 + BP2 + CO2 + NOx2 + HC2

)
=

√
((1.31)2 + (0.324)2 + (0.667)2 + (1)2 + (1.3)2 + (1)2)

= ± 2.44%.

(1)

Figure 2. Schematic view of diesel engine set-up.
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Table 4. Accuracies of measurements used for experiments.

Measurement Measurement Range Accuracy (±)

Speed 60–10,000 rpm ±10 rpm

Load ±120 Nm ±0.1 Nm

Flow Measurement 0.5–36 L/h ±0.01 L/h

CO 0–10 vol.% ±0.001 vol.%

HC 0–9999 ppm ±1 ppm

NOx 0–5000 ppm ±1 ppm

2.3.2. HFRR Test Rig

HFRR equipment from DUCOM (Model: TR-281-M8) as shown in Figure 3 was used to study the
lubricity of tested fuel samples. The testing specimen plates were prepared by cutting 15 mm × 15 mm
pieces. The specimens were polished with silicon carbide papers using the polishing machine. A ball
on a test specimen plate was used to analyze the tribological behavior of fuel samples. Steel ball
slides on the steel specimen plate were submerged in 5.0 ± 0.2 mL of fuel sample in a reciprocating
motion with 2.0 ± 0.02 mm stroke length at a frequency 10.0 ± 1 Hz for 70 min with an applied load
of 5 ± 0.01 N. Fuel temperature was constant at 60 ± 2 ◦C during the tribology test. All operating
conditions followed the standard test method ASTM D6079-11.

Figure 3. Schematic view of HFRR test rig.

2.3.3. Four-Ball Tribo Tester Rig

An automatic four-ball tribo tester (FBT-3, Ducom Instruments, Bengaluru, India) as shown
in Figure 4 was used to study the effect of different fuels on lubricant tribological characteristics.
Then, 10 mL of lubricant sample was poured into the cup holder containing three stationary steel
balls attached to the temperature sensor. For each experiment, four new separate steel balls were
used. Commercial lubricant SAE-40 was also tested as a reference lubricant for comparing the results.
All experiments were performed according to the ASTM D4172 standard; the working conditions were
as follows: test duration (60 min), applied load (40 kg), oil temperature (60 ◦C), and rotational speed of
spindle (1200 rpm).
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Figure 4. Schematic view of four-ball tribo tester rig.

3. Results and Discussion

3.1. Engine Performance

Brake-specific fuel consumption (BSFC) and BTE results for fuel samples at full load condition
with variable engine speed are presented in Figure 5a,b. The BSFC values of various tested fuel
samples, i.e., B10, B30, B30 + TiO2, and B30 + DMC, were 0.373 kg/kWh, 0.384 kg/kWh, 0.403 kg/kWh,
and 0.407 kg/kWh, respectively, at 2050 rpm are shown in Figure 5a. On average, the B30 + TiO2

ternary blend exhibited the lowest BSFC among all the tested fuels. The average BSFC value of B30 +
DMC decreased compared to B30 but increased in comparison to B10 due to a lower heating value [28].
Ternary fuel blends showed improvements in BSFC reduction of 6.76% and 1.45% for B30 + TiO2 and
B30 + DMC in comparison with B30. The lower BSFC in the case of an alcoholic ternary blend was due
to lower viscosity and density which improved the fuel spray characteristics and led to a better A:F
mixture due to enhanced atomization [29,30]. The higher evaporation rate of alcoholic ternary blends
resulted in enhanced combustion properties and better fuel spray characteristics. The nanoparticle
ternary fuel blend showed a significant reduction in BSFC due to a lower ignition delay that led to less
premixed combustion of air and fuel mixture [31]. The nanoparticles as fuel improvers avoided the
deposition of carbon and iron particles, resulting in decreased friction among diesel engine components,
thus leading to an increase in BP and torque along with a reduction in BSFC.

Figure 5b exhibits the effect of speed on BTE. On average, 8.01% and 5.49% increments in BTE
values were noted for the B30 blend with additives DMC and TiO2, respectively, in comparison with
neat B30 fuel. There was an enhancement in the BTE value when the alcohol fuel additive was added,
which acted as an oxygen donor due to a reduction in combustion time and enhanced combustion
process [32]. The thermal efficiency of diesel–biodiesel–fuel additive blends improved due to improved
combustion with a supply of excess oxygen in the fuel-rich zone in the compression ignition engine
combustion chamber [30,33]. TiO2 nanoparticles enhanced the density of fuel–air charge due to the
high evaporation rate of fuel which resulted in higher power and BTE [34]. A higher BTE value was
observed because of the addition of titanium oxide nanoparticles as a nano fuel additive, which have a
high chemical reactive surface and surface volume ratio, thereby boosting the combustion by proving
better oxidation. Similar results reported by various researchers. Örs et al. [35] reported a 24.52%
improvement in the BSFC of B20 blend with the addition of TiO2 compared to B20 and the average
reduction in the BSFC for B20 with TiO2 was 27.73%. Silva et al. [36] also found a 21.28% reduction in
BSFC due to the addition of TiO2 nanoparticles compared to petroleum diesel. Yuvarajan Devarajan [37]

95



Energies 2020, 13, 3375

showed a 4.1% reduction in BSFC and a 1.6% increment in BTE with the addition of 20% DMC to
biodiesel blends.

Figure 5. Variation of engine performance parameters: (a) brake-specific fuel consumption (BSFC) and
(b) brake thermal efficiency (BTE) with respect to speed at 100% engine load.

3.2. Engine Emissions

Exhaust emission (HC, NOx, and CO) results for tested fuel samples are exhibited in Figure 6a–c.
The formation of CO emissions is mainly dependent on the combustion process. Incomplete combustion
leads to CO formation. The presence of oxygen molecules in fuel assists in the completion of the
combustion process and conversion of CO to CO2. From Figure 6a, it is evident that CO emissions
reduced significantly in the case of biodiesel–diesel and for the alcohol and nano fuel blends in
comparison to the standard commercially used Malaysian (B10) diesel. All ternary blends showed an
average significant reduction in CO emissions with the addition of fuel additives, with 32.09% and
12.46% for B30 with the fuel additives DMC and TiO2, respectively, in comparison with the B30 blend.
In another study conducted by Örs et al. [35], it was observed that the addition of TiO2 reduced the CO
emissions by 10.83% and 25.56% for B20 with TiO2 compared to B20 and petroleum diesel, respectively.
The same observation was found by Saxena et al. [38]. A 7.4% reduction in CO emissions was reported
by Yuvarajan Devarajan [37] with the addition of 20% DMC to the fuel blend. The oxygenated alcohol
ternary blend showed a remarkable reduction in CO emissions due to the presence of a high amount of
oxygen content compared to other fuel samples. Nanoparticle ternary fuel blends also reduced CO
emissions due to the potential redox active property that assisted in the complete conversion of CO to
CO2 [39]. The chemical reactive surface of nanoparticles due to a higher surface volume reduces the
ignition delay, resulting in a better combustion process and consequently reducing CO emissions [40].

Figure 6b exhibits the trend of HC emissions with respect to engine speed. Similarly, incomplete
combustion is the source of HC emissions. The reduction in HC emissions was due to high oxygen
content and a higher cetane number of ternary fuel blends, which resulted in lower ignition delay [41].
All ternary blends and the B30 fuel sample showed a substantial decline in hydrocarbon emissions
in comparison to B10. B30 fuel blended with DMC and titanium dioxide fuel additives showed
reductions in HC emissions by 25.4% and 8.63%, respectively, in comparison with the neat B30 fuel,
due to higher oxygen content. An average reduction in HC emissions of 34.12% for B20 with TiO2

was reported by Örs et al. [35]. In another study [37], the addition of DMC (20%) as a fuel additive
minimized the HC emissions by up to 5.2%. The larger surface area of nanoparticles and higher oxygen
amount in ternary fuel blends improved the fuel combustion process, which led to lower HC emissions.
Oxygenated ternary fuel blends increased the in-cylinder pressure and temperature and heat release
rate, which resulted in the improved combustion process and lower HC emissions [42]. Nanoparticles
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accelerated the oxidation process of hydrocarbons into CO2 and water, consequently reducing HC
emissions [43].

Figure 6. Variation of engine exhaust emissions: (a) CO, (b) HC, and (c) NOx with respect to speed at
100% engine load.

Figure 6c represents the NOx emissions for all tested fuel samples. Ternary fuel samples showed
an increment in NOx emissions compared to B10 and B30. The test fuel blends demonstrated an
increase in NOx emissions by 9.72% and 1.84% for B30 fuel blended with DMC and titanium dioxide
fuel additives in comparison with the neat B30 fuel. The higher oxygen content and cetane number
of ternary fuel blends increased the in-cylinder temperature and pressure, which led to higher NOx
emissions. A similar increment in NOx emissions was reported in B20 with TiO2 up to 6.95% compared
to B20 [35]. Significant increments in NOx emissions were observed with the addition of DMC (10% and
20%) to fuel blends compared to petroleum diesel [42]. The oxygenated ternary fuel blend contained a
higher amount of oxygen content among all tested fuels, which resulted in high in-cylinder combustion
temperature and pressure, consequently increasing NOx emissions [44]. Nanoparticle ternary fuel
blends improved the combustion process by providing excess oxygen, which resulted in a high
combustion temperature and higher NOx. The higher thermal conductivity and large surface area of
nanoparticles increased the in-cylinder pressure and enhanced the combustion process, resulting in
higher NOx emissions [40].

3.3. HFRR Tribological Study

The COF and WSD results of all five tested fuel samples are exhibited in Figure 7a,b. The lubricity
of fuel is a very important factor that should be considered before the application of fuel in the
automotive industry. Engine life is mainly dependent on the lubricity of the fuel. Diesel engine
components (fuel pump, fuel injector, etc.) are self-lubricated with the fuel itself. The COF trend with
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respect to time is presented in Figure 7a. During the early stage of the experiment, all tested fuels
showed a sharp rise in COF for a few minutes, named the run-in period. During this period, there
is no lubricating film between mating surfaces, leading to very high COF. After this run-in period,
steady-state conditions are achieved due to the formation of a thin lubricating protective layer between
metallic surfaces. B10 (Malaysian commercial diesel) showed a higher COF value than all fuel samples
due to a lower percentage of ester molecules compared to other fuel samples. The unsteady state for
B10 (Malaysian commercial diesel) increased with time compared to other samples because B30 with
fuel additives had a shorter run-in period due to the presence of ester molecules and nanoparticles that
created a protective layer quickly compared to B10. The ester molecules in fuel samples assisted in
the formation of the protective lubricating film between mating surfaces [45]. The pure biodiesel fuel
sample showed a minimum run-in period due to the adsorption of ester molecules on the metallic
surface, which acted as a protective layer during the rubbing process. B30 and B30 with fuel additives
showed a significant reduction in COF values compared to B10 because of ester molecules and
nanoparticles which acted as a protective layer between mating surfaces. From Figure 7b, it is evident
that pure biodiesel showed the lowest average COF value among all tested fuel samples. The higher
percentage of unsaturated fatty acids in the biodiesel sample improved the lubricity of fuel and resulted
in lower COF and WSD. Among all tested fuel blends, B30 + TiO2 showed a significant reduction in
COF due to the presence of spherical-shape nanoparticles that acted as a surfactant between metallic
surfaces. Nanoparticles also acted as a ball bearing between rubbing surfaces, consequently reducing
COF and WSD. The alcoholic ternary blend exhibited the highest COF value amongst all the fuel
blends except for B10. B30 blended with DMC fuel contained a higher amount of oxygen content,
which led to the lowest WSD among all tested fuels due to the formation of an anti-adhesive oxide
layer between metallic surfaces at the initial stage of the experiment. On average, B30 + TiO2 showed a
reduction of 6.72% and B30 + DMC exhibited an increment of 7.15% in COF in comparison to B30 fuel.
Both ternary blends showed a significant reduction in WSD by 38.4% and 23.5% for B30 fuel blended
with DMC and TiO2 fuel additives in comparison with the neat B30 fuel blend.

Figure 7. Coefficient of friction (a)(COF) and (b)wear scar diameter (WSD) trend for all tested
fuel samples.

3.4. Four-Ball Tribological Study

The effect of different fuel samples on the lubricity of mineral lubricant is presented in Figure 8a,b.
According to previous literature, the lubricant is contaminated with fuel up to 5% due to crankcase
dilution [20]. The lubricant was contaminated with combustible fuel which altered the tribological
properties of lubricant and resulted in poor lubricating characteristics due to lubricant degradation.
Figure 8a exhibits the friction coefficient trend for all tested samples. The run-in period of pure mineral
lubricant was much lower due to better lubricating characteristics. Steady-state conditions were
achieved quickly due to the formation of the lubricating film between metallic contacts in the initial
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phase of the experimental run [46]. The mineral lubricant showed a much lower COF compared to other
contaminated samples of lubricant with different fuels. The addition of combustible fuel to the lubricant
altered its lubricating properties and resulted in poor tribological behavior. It is also evident from
Figure 8a that mineral lubricant contaminated with a higher percentage of biodiesel fuel sample (B30)
and B30 with fuel additives showed less lubricant degradation compared to B10. The lubricant + B10
sample showed the highest COF value among all tested samples because of a higher percentage of
diesel in the sample compared to other tested samples. All contaminated lubricant samples showed
high COF due to a decrease in viscosity, which had a high influence on the lubricity of fuel compared
to mineral lubricant. Among ternary contaminated samples, Lub + B30 + TiO2 showed the best friction
coefficient due to the presence of nanoparticles which acted as a surface between metallic contacts
and resulted in lower COF compared to other contaminated lubricant samples. Figure 8b presents
the average results of COF and WSD for all tested samples. Lub + B10 showed the highest COF
value among all tested samples due to the presence of high sulfur content and a low percentage of
ester molecules, which resulted in a poor lubricating film between metallic contacts, consequently
increasing COF and WSD. On average, Lub + B30 + TiO2 exhibited the lowest COF value among all
contaminated lubricant samples due to the presence of spherical-shape nanoparticles which acted as a
friction-reducing agent between rubbing surfaces. Lub + B30 also showed a lower COF compared
to Lub + B10 due to the presence of a high amount of ester molecules. Yashvir Singh et al. [25] also
found that more than 5–8% contamination of 100% pure moringa biodiesel fuel in lubricant enhanced
the lubricity, but more than 8% contamination of moringa biodiesel fuel increased the wear rate
considerably. Similarly, Maleque et al. [23] and Sulek et al. [24] reported that 5% biodiesel fuel dilution
in commercial lubricant decreased the wear rate. All contaminated samples showed increments in
COF of 13.72%, 27%, 31.35%, and 42.29% for Lub + B30 + TiO2, Lub + B30 + DMC, and Lub + B10,
respectively, compared to mineral lubricant. All contaminated lubricant samples showed lower WSD
values compared to mineral lubricant due to the presence of ester molecules, long-chain carbon atoms,
and fuel additives (oxygenated alcohols and nanoparticles), which acted as a surfactant between
metallic contacts. On average, WSD values decreased by 28.9%, 25.24%, 24.25%, and 17% for Lub +
B30, Lub + B30 + DMC, Lub + B30 + TiO2, and Lub + B10, respectively, compared to mineral lubricant.

Figure 8. Tribological behavior: (a) COF and (b) WSD of mineral lubricant and lubricant
contaminated samples.

4. Conclusions

In this current study, palm–sesame biodiesel was produced, and various biodiesel–diesel–fuel
additive blends were prepared to examine their lubricity, as well as the effect of these blends on
the contamination of lubricant and the effect of ternary fuel blends on diesel engine characteristics.
Based on the results obtained, the conclusions below were made.
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1. B10 (Malaysian commercial diesel) presented very poor lubricity. The B10 fuel blend showed
very high COF and WSD values compared to other tested fuels.

2. On average, B30 + TiO2 showed a reduction of 6.72% and B30 + DMC exhibited an increment
of 7.15% in COF in comparison to B30 fuel. Both fuel additive blends showed a significant
reduction in WSD by 38.4% and 23.5% for B30 fuel blended with DMC and TiO2 fuel additives in
comparison with the neat B30 fuel blend.

3. All contaminated samples showed increments in COF if 13.72%, 27%, 31.35%, and 42.29% for Lub
+ B30 + TiO2, Lub + B30 + DMC, and Lub + B10, respectively, compared to mineral lubricant.

4. Ternary test fuels demonstrated an improvement in BSFC reduction of 6.76% and 1.45% for B30
fuel blended with DMC and TiO2 fuel additives in comparison with the neat B30 fuel blend.

5. All ternary test fuels demonstrated a significant reduction in emissions of carbon monoxide
upon adding fuel additives by 32.09% and 12.46% for B30 fuel blended with DMC and TiO2,
respectively, in comparison with the B30 fuel blend.

6. The B30 fuel blended with DMC and TiO2 nanoparticles showed a reduction in HC emissions of
25.4% and 8.63%, respectively, compared to B30 due to the presence of higher oxygen content.

7. On average, the blends with fuel additives resulted in an increase in NOx emissions by 9.72% and
1.84% for B30 fuel blended with DMC and TiO2 in comparison with the B30 fuel blend.

The main findings of this current research work are that Malaysian commercial diesel showed
poor tribological characteristics, while the nanoparticle (TiO2) blended fuel showed the best lubricity
among all tested fuel samples. The oxygenated alcohol (DMC) blended fuel showed better engine
performance and emission (HC and CO) characteristics among all tested fuel samples.

5. Future Recommendations

Finally, we suggest that nanoparticles as fuel additives are more feasible due to their promising
results. TiO2 nanoparticles showed a significant reduction in COF compared to oxygenated alcoholic
fuel additives. TiO2 nanoparticles acted as a friction-reducing agent due to their spherical shape,
which established a thin lubricating film between metallic contacts, consequently reducing COF. In the
future, a long endurance test should be conducted to investigate the effect of fuel additives and
lubricant contamination on the diesel engine components.
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Nomenclature

ASTM American Standard for Testing Materials
B100 100% biodiesel
EN Europe Union
CI Compression ignition
B30 70% diesel + 30% biodiesel
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KOH Potassium hydroxide
B10 10% biodiesel + 90% diesel
BTE Brake thermal efficiency
HFRR High-frequency reciprocating rig
BSFC Brake-specific fuel consumption
TiO2 Titanium oxide
BTDC Before top dead center
P50S50 50% palm and 50% sesame
SO Sesame oil
B30 + TiO2 70% diesel + 30% biodiesel + 100 ppm TiO2 by mass
COF Coefficient of friction
ppm Parts per million
HC Hydrocarbon
DMC Dimethyl carbonate
CO Carbon monoxide
WSD Wear scar diameter
NOx Nitrogen oxides
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