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A B S T R A C T

Despite the environmental advantages of biofuel blends, detailed studies on emissions of polycyclic aromatic 
hydrocarbons (PAHs), n-alkanes, and particle-bound carbon from diesel engines, particularly when fueled with 
biodiesel, remain limited. This study addresses these gaps by analyzing biodiesel blends from neem, linseed, and 
jatropha oils produced via mechanical extraction and assessing their impact on volatile organic compounds and 
particle-bound carbon emissions in diesel engine. Economic evaluations of production costs, engine modifica-
tions, and payback periods are also conducted. The result shows that jatropha biodiesel exhibits a calorific value 
of 35.7 MJ/kg, while neem biodiesel shows superior oxidative stability due to its low iodine value. Additionally, 
linseed biodiesel displays favorable cold flow properties due to its high density and cetane value. Compared to 
D100, the N10 and N30 blend notably reduced high molecular weight PAH emissions by 10.7 % and 38.4 %, 
respectively, with the N30 blend achieving a remarkable 76 % reduction in formaldehyde emissions. Conversely, 
the J10 blend increased specific PAHs, while the J30 blend reduced PAHs by 21.3 %. Both L10 and L30 blends 
showed reduced naphthalene emissions, with the J30 blend notably reducing elemental carbon (EC) by 31.4 %, 
although organic carbon (OC) slightly increased. In contrast, the N30 blend decreased both EC and OC emissions, 
demonstrating a dose-dependent relationship between biodiesel concentration and emissions reduction. Overall, 
Jatropha biodiesel blends offer the best balance of economic efficiency and emission reductions, resulting in 
shorter payback periods and lower carcinogenic risks. Neem and linseed blends also provide environmental 
benefits but with varying economic implications, highlighting the trade-offs between production costs and long- 
term sustainability.

1. Introduction

The global demand for sustainable and environmentally friendly 
energy sources has driven extensive research into alternative fuels. 

Among these, biodiesel has garnered significant attention due to its 
potential to reduce greenhouse gas emissions (GHGs), enhance energy 
security, and provide a renewable substitute for petro-diesel [1]. Bio-
diesel is derived from various biological feedstocks, including vegetable 
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oils and animal fats, through a transesterification process that converts 
triglycerides into fatty acid methyl esters [2–4]. However, biodiesel’s 
efficiency and environmental impact depend significantly on the feed-
stock used, necessitating a thorough investigation of different biodiesel 
sources.

In recent years, extensive research efforts have focused on charac-
terizing the physicochemical properties of biodiesel derived from 
various feedstocks [5–7]. These properties, including density [8], vis-
cosity [9], calorific value, flash point [10], and cetane number [11], 
influence biodiesel’s combustion characteristics [12], engine perfor-
mance, and emissions profile [13]. Among the variety of biodiesel 
feedstocks, neem, linseed, and jatropha oils have garnered considerable 
attention due to their abundance, accessibility, and favorable properties 
for conversion into biodiesel. Neem, linseed, and jatropha oils are 
promising biodiesel feedstocks due to their unique fatty acid composi-
tions and environmental benefits. Neem oil is rich in oleic acid and is 
known for its favorable cetane number and viscosity, potentially leading 
to improved combustion characteristics [14]. Linseed oil is character-
ized by high levels of polyunsaturated fatty acids and offers enhanced 
cold flow properties, making it suitable for use in colder climates [15]. 
With a balanced fatty acid profile, Jatropha oil presents a compelling 
case for biodiesel production due to its oxidation stability and superior 
cold flow properties [16].

While biodiesel presents a promising alternative to petroleum-based 
diesel, its adoption still faces several challenges and limitations. Vari-
ability in feedstock composition, production methods, and fuel proper-
ties necessitates comprehensive analysis and optimization to ensure 
consistent performance and compatibility with existing engine tech-
nologies. Additionally, the literature concerning a comprehensive 
investigation into the emissions of polycyclic aromatic hydrocarbons 
(PAHs), n-alkanes, and particle-bound carbon in diesel engines, partic-
ularly when fueled with biodiesel and diesel blends, remains underex-
plored. A significant proportion of existing studies have predominantly 
centered their attention on conventional pollutants such as nitrogen 
oxides (NOx), hydrocarbons (HC), carbon monoxide (CO), and smoke 
emissions [13,17–21]. While these pollutants are undeniably critical 
markers of combustion efficiency and air quality, the limited attention 
given to PAHs, n-alkanes, and particle-bound carbon emissions leaves a 
considerable void in our understanding of the full environmental impact 
of alternative fuel utilization.

PAH emissions are known for their carcinogenic and mutagenic 
properties and pose a substantial environmental and health risk [22]. 
Similarly, n-alkanes contribute to the complex composition of exhaust 
emissions and merit scrutiny due to their implications for air quality 
[23]. Additionally, particle-bound carbon emissions are directly linked 
to the formation of particulate matter, a critical factor in air quality 
degradation and respiratory issues [24]. Neglecting these components 
could be a significant oversight, as they contribute to atmospheric 
pollution and pose potential health hazards that necessitate compre-
hensive investigation [12].

This study aims to fill the existing research gaps by conducting a 
comprehensive analysis of the fuel properties and particulate emissions 
of biodiesel blends made from neem, linseed, and jatropha oils. Through 
the use of a common rail direct injection (CRDI) diesel engine, the 
research investigates the effects of various biodiesel blend ratios on 
particulate-bound carbon, volatile organic compounds (VOCs), n-al-
kanes, and polycyclic aromatic hydrocarbons (PAHs). Additionally, the 
study evaluates the economic implications of these biodiesel blends. The 
results will provide valuable insights into the environmental and health 
impacts of non-edible oil biodiesel alternatives, offering essential data to 
support the advancement of cleaner, more sustainable diesel fuels.

2. Methodology

2.1. Biodiesel production and fuel properties

2.1.1. Extraction of oil from neem, linseed, and jatropha
The oil extraction process can be categorized into mechanical or 

solvent extraction methods. In this study, the mechanical method was 
chosen, which is known for its traditional domestic usage and is 
recognized as the easiest and quickest way to obtain oil samples from 
various oil-bearing seeds. Before extraction, it is necessary to remove 
any metal pieces in the seeds to avoid damage to the screw press. Then, 
the seeds are transferred through the opening inside the barrel. When 
the screw shaft is rotated by the motor, the seeds are carried forward and 
compressed against the outer lining of the barrel. At the same time, the 
pressure increases as the cavity volume of the screw shaft decreases and 
the extracted oil flows out from the slots of the chamber. The extracted 
oil was then collected, and each of the oil was placed in two different 
centrifuge tubes. 5 mL of oil was added to a 15 mL centrifuge tube and 
centrifuged at 3500 rpm for 5 min. The purpose of performing this 
process is to remove any impurities and unwanted materials in the 
sample. After centrifugation, a better separation of the oil and the res-
idues was obtained. This assists in determining the exact amount of the 
right oil representative that can be used for further tests.

2.1.2. Transesterification process
In the transesterification process, neem, jatropha, and linseed oils are 

individually subjected to a series of steps to produce biodiesel. Initially, 
each oil is heated on a hot plate within a temperature range of 65–70 ◦C 
for 1 h, ensuring uniform heating through continuous stirring. This 
heating step reduces the viscosity of the oils, facilitating a more effective 
reaction with methanol.

Once heated, the oils are filtered through filter paper to remove any 
particulates and impurities. Each filtered oil is then mixed with hot 
distilled methanol at a molar ratio of 4:1 (methanol to oil) and a catalyst, 
typically sodium hydroxide (NaOH), in a concentration of 1 % by weight 
of the oil. This mixture is maintained at the reaction temperature under 
constant stirring for a predetermined time, typically 60 min, to ensure a 
complete reaction.

After the reaction period, the mixture is allowed to cool to room 
temperature. To neutralize any remaining acid and aid in phase sepa-
ration, 0.5 % w/w of solid sodium carbonate (Na2CO3) is introduced and 
stirred into the mixture. Then, the mixture is allowed to settle for 1 h, 
resulting in the formation of two distinct layers. The upper layer is the 
biodiesel, while the lower layer consists of glycerin. The biodiesel and 
glycerin layers are separated using a separating funnel. The glycerin, 
being the denser phase, is removed and set aside. The biodiesel is then 
subjected to a washing process with water. This involves washing the 
biodiesel with an equal volume of distilled water multiple times until the 
wash water is clear, indicating the removal of residual methanol, soap, 
and other impurities.

Finally, the biodiesel is dried to remove any remaining water. This is 
achieved by heating the biodiesel to 100 ◦C under a vacuum or by using 
a drying agent. The final product is then filtered to remove any residual 
particles, resulting in purified biodiesel ready for use.

2.1.3. Description of analytical instruments and measurement techniques
Table 1 provides a comprehensive overview of the instruments used 

for measuring various properties of biodiesel fuels, detailing the speci-
fications and measurement conditions. The density of the fuels is 
measured using a digital density meter with high precision, boasting an 
accuracy of ±0.0001 g/cm3 within a range of 0–3 g/cm3 and an un-
certainty of ±0.05 %. A small sample amount of 2 mL is required for this 
measurement. The calorific value, which indicates the energy content of 
the fuel, is determined using an automatic bomb calorimeter with a fast 
response time of under 4 s and high linearity of less than 0.08 % per 5 ◦C, 
providing a resolution of 0.0001 ◦C. The ignition time for this 
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measurement is 5 s. Kinematic viscosity, an important parameter for 
assessing the fluidity of the fuel, is measured using an automatic kine-
matic viscometer. This instrument covers a wide range of viscosities 
from 0.5 cSt to 25000 cSt and requires a sample volume of 10–15 mL. It 
has a flow time resolution of 0.001 s and is sensitive to temperature 
changes as small as 0.001 ◦C. Finally, the flash point, which indicates the 
temperature at which the fuel can vaporize to form an ignitable mixture, 
is measured using Pensky-Marten’s apparatus. This device accurately 
measures flash points within a range of 40 ◦C–360 ◦C with a precision of 
±0.1 ◦C.

2.1.4. Gas chromatography-mass Spectrometry (GC-MS) analyses
In the GC-MS analyses of oil sample properties, the experiment 

commenced by weighing 5 mg of the oil sample and dissolving it in 1 mL 
of hexane. An extraction step was omitted due to the relatively clean 
nature of the sample. Subsequently, the sample underwent derivatiza-
tion by adding 100 μL of N, O-Bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) to enhance the separation of polar compounds. The GC-MS 
instrument was equipped with a 30 m × 0.32 mm x 0.25 μm DB-5 
film column, set to an initial temperature of 50 ◦C, held for 2 min, 
then ramped at 5 ◦C/min to 250 ◦C, and held for 5 min. The injection 
was performed in splitless mode with a 1 μL sample volume. Mass 
spectra were collected in the range of 50–500 m/z. Data analysis was 
conducted using the instrument’s software, and compounds were iden-
tified based on mass spectra and retention times. Quantification was 
achieved using calibration standards.

2.2. Engine setup and procedure

2.2.1. Test setup
The experimental setup utilized an in-line, 4-stroke, 6-cylinder 

Common Rail Direct Injection (CRDI) diesel engine designed to adhere 
to Euro IV emission standards. According to the manufacturer’s speci-
fications, the engine has a rated power output of 164 kW at 2500 rpm. 
Fig. 1 shows the schematic layout of the experimental setup, which 
provides a visual representation of the arrangement and connections, 
while key engine specifications are detailed in Table 2.

The engine was equipped with a dynamometer, which played a 
crucial role in monitoring and adjusting critical parameters such as 
engine speed, brake power, and torque. This dynamometer ensured that 
the engine operated under controlled and consistent conditions 
throughout the experimentation. Temperature measurements were 
taken at several key locations, including the oil tank, water cooling 
system, intake manifold, and exhaust manifold, using K-type thermo-
couples. These thermocouples provided precise temperature data 
essential for analyzing the engine’s performance and thermal behavior.

The fuel injection system employed was a Bosch common rail system, 
which was electronically controlled to maintain a fuel pressure of 138 
MPa. The electronic injection controller, in conjunction with LabView 
software, was used to monitor and manage various parameters related to 
fuel injection, such as timing, quantity, and duration. This setup allowed 
for precise control and measurement of the fuel delivery process.

In-cylinder pressure was measured using a piezo-electric pressure 
transducer installed on the engine’s cylinder head. To account for and 
minimize cycle-to-cycle variations, the average in-cylinder pressure was 
calculated from data collected over 100 consecutive cycles. Each cycle 
measurement covered an angular range of 0.23 degrees of crank angle. 
This approach ensured a high level of precision and reliability in the 
assessment of combustion dynamics within the engine.

2.2.2. Engine operation
The experimental procedure for assessing the emission performance 

of a CRDI engine involves a series of carefully controlled steps to ensure 
accurate and reliable results. Initially, the engine was operated with 
pure diesel (D100) for a duration of 1380 s. This initial run was essential 
for establishing a dynamic equilibrium within the engine system. During 
this phase, stringent safety measures were implemented to prevent any 
potential hazards, and thorough inspections were conducted to check for 
any leaks of oil, fuel, or water, both before and during the experimental 
runs.

Once a steady-state condition was achieved, the engine was main-
tained at a consistent speed of 1700 rpm and operated under a 75 % load 
for the duration of the test. After this phase, any residual diesel fuel 
present in the fuel pipes, pump, and valves was carefully drained to 
avoid contamination in subsequent tests. The experimental procedure 

Table 1 
Specifications and instrumentation for fuel property measurements.

Property Instrument Details

Density, g/cm3 Digital density 
meter

Accuracy: ±0.0001 g/cm3; Range: 0 g/ 
cm3 to 3 g/cm3; Uncertainty: ±0.05 %; 
Sample amount: 2 mL.

Calorific value, 
J/g

Automatic bomb 
calorimeter

Response time: <4 s; Linearity: <0.08 % 
per 5 ◦C; Resolution: 0.0001 ◦C; Ignition 
time: 5 s.

Kinematic 
viscosity, 
(cSt)

Automatic 
kinematic 
viscometer

Range: 0.5 cSt to 25000 cSt; Flow time: 
0.001 s; sample amount: 10 mL–15 mL; 
Temp sensitivity: 0.001 ◦C.

Flash point, ◦C Pensky-Martens 
apparatus

Range: 40 ◦C to 360 ◦C; Accuracy: 
±0.1 ◦C.

Fig. 1. Test engine and analytical setup.

Table 2 
Engine specification.

Emission limits Euro 4

Intake and Exhaust valve stem diameters 0.276 in x 0.276 in
Rated torque 81.55 kg m @ 1000 rpm–1800 rpm
Rated power 164 kW @ 2500 rpm
Injection system Bosch high-pressure CR injection system
Bore x Stroke 4.02 in x 4.72 in
CR 17.2:1
Displacement 360 cu in
Firing order 1-5-3-6-2-4
Type In-line, 4-S, 6-C, diesel engine
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was then repeated using six distinct fuel blends: L10 (10 % linseed oil 
and 90 % diesel), J10 (10 % jatropha oil and 90 % diesel), N10 (10 % 
neem oil and 90 % diesel), L30 (30 % linseed oil and 70 % diesel), J30 
(30 % jatropha oil and 70 % diesel), and N30 (30 % neem oil and 70 % 
diesel).

Each testing cycle with the blended fuels lasted 600 s. During these 
cycles, comprehensive data was recorded to evaluate the engine’s 
emissions when operating with different fuel compositions. Rigorous 
attention was given to maintaining consistent experimental conditions 
across all test runs to ensure the accuracy and reliability of the results. 
This methodical approach allowed for a thorough comparison of the 
effects of different fuel blends on engine emissions.

2.2.3. Precision and measurement specifications for engine test instruments
Table 3 provides details on the accuracy, range, and uncertainty of 

various measurement instruments used in engine testing. The K-type 
thermocouple is employed for temperature measurements ranging from 
0 to 1000 ◦C, with an accuracy of ±1 ◦C and an uncertainty of ±0.2 %. 
The crank angle encoder measures the crankshaft position within a full 
rotation of 0 to 360◦, offering an accuracy of ±1◦ and an uncertainty of 
±0.2 %. For pressure measurements, a transducer is used, capable of 
measuring pressures from 0 to 200 MPa with high precision, featuring an 
accuracy of ±0.001 MPa and an uncertainty of ±0.2 %. The load applied 
during testing is measured with a device that has an accuracy of ±0.1 N 
over a range of 0–10 kN, with an uncertainty of ±0.1 %. Lastly, engine 
speed is recorded with an accuracy of ±1 r/m, covering a range from 
0 to 7500 r/m, with an uncertainty of ±0.2 %. These specifications 
ensure accurate and reliable data collection during engine testing.

2.3. Emissions

2.3.1. EC and OC analyses
The method for analyzing elemental carbon (EC) and organic carbon 

(OC) in particulate matter involves several critical steps to ensure the 
accuracy and reliability of the data collected, as illustrated in Fig. 1. The 
process begins with the pre-treatment of blank quartz filters, which are 
heated at 550 ◦C for approximately 6 h in a muffle furnace. This high- 
temperature conditioning is necessary to eliminate any residual 
organic material or carbon that might otherwise contaminate the sam-
ples and interfere with the results. Once conditioned, the filters are 
stored under controlled conditions at 23 ± 1 ◦C to maintain their 
integrity and prevent any post-conditioning contamination.

Prior to sampling, the filters are carefully handled and weighed using 
a UMX ultra-microbalance. This highly sensitive balance is capable of 
detecting minute changes in mass, making it ideal for measuring the 
small amounts of particulate matter collected. The process of weighing is 
conducted with meticulous care to avoid introducing any contaminants. 
Specifically, direct contact with the calibration weight or the filters by 
fingers is strictly avoided, as even trace amounts of oils from the skin can 
skew the measurements.

After collecting particulate matter on the filters, the samples are 
subjected to thermal-optical analysis to quantify the EC and OC content. 
This analysis is performed using a thermal-optical carbon analyzer, 
which is coupled with a resonance-enhanced multiphoton ionization 
time-of-flight mass spectrometer (REMPI-ToF-MS). The thermal-optical 

method involves progressively heating the sample in an inert atmo-
sphere to volatilize OC, followed by heating in an oxidizing atmosphere 
to combust EC. The evolution of carbon during these stages is monitored, 
allowing for the separation and quantification of OC and EC based on 
their distinct thermal and optical characteristics [25].

The REMPI-ToF-MS system provides additional analytical capabil-
ities, enabling highly sensitive detection and characterization of the 
carbonaceous components. The laboratory ensures the accuracy and 
validity of the results by cross-referencing them with standard reference 
materials or known concentrations of OC and EC, providing a robust 
quality control measure. This comprehensive approach not only quan-
tifies the total amount of carbon in particulate matter but also differ-
entiates between its organic and elemental forms, offering valuable 
insights into the sources and nature of atmospheric particulate pollution 
[24].

2.3.2. n-Alkanes and PAHs analyses
In this study, samples of n-alkanes and particulate-phase PAHs are 

collected on glass-fiber filters, which are carefully prepared by pre-
heating them in an oven at 475 ◦C for 4 h to eliminate potential con-
taminants. These preheated filters are stored in foil until used for 
sampling to prevent any contamination before analysis. The analysis is 
performed using a gas chromatography-mass spectrometer (GC-MS) 
equipped with an electron ionization source. The GC system includes a 
Phenomenex ZB-FFAP column (30 m × 320 μm × 0.25 μm), which is 
chosen for its ability to effectively separate the analytes. Helium serves 
as the carrier gas, facilitating the movement of compounds through the 
column. The GC column is temperature-controlled, allowing for precise 
separation of the target analytes, and is directly interfaced with the mass 
spectrometer’s ion source for accurate detection.

In addition to the main GC-MS setup, a diluter is employed to 
manage the dilution range of the exhaust particulate samples. This is 
critical for ensuring that the concentrations of the analytes fall within 
the detection limits of the instrument. Pre-combusted Teflon® filters are 
used during this process to minimize the introduction of contaminants. 
The particulate matter collected on the filters is then processed using a 
separation unit that includes a high polyurethane form (PUF) sorbent 
tube. The PUF sorbent is particularly effective at trapping semi-volatile 
organic compounds, such as n-alkanes and PAHs, thus enhancing the 
sensitivity of the analysis. Quantification and monitoring of the analytes 
are conducted using the selected ion mode (SIM) of the mass spec-
trometer, which allows for the targeted detection of specific ions cor-
responding to the n-alkanes and PAHs. This selective approach increases 
the sensitivity and specificity of the analysis, enabling the accurate 
quantification of these compounds even at low concentrations. The 
method described is a modified version of the EPA TO-13A method. 
Details regarding the methodology can be found in the literature pub-
lished [12,26,27].

2.4. Economic cost analysis

The economic analysis of biodiesel blends involves evaluating pro-
duction costs, fuel efficiency, engine performance, and environmental 
benefits. Although utilizing biodiesel can significantly reduce green-
house gas emissions and lower health costs associated with air pollution, 
initial investment in biodiesel production infrastructure and modifica-
tions to existing engines may pose economic challenges. To determine 
the most cost-effective blend, a comprehensive economic analysis is 
essential, taking into account agricultural productivity, engine modifi-
cation costs, fuel efficiency, and the payback period for the initial 
investment.

To support this analysis, automated data acquisition systems were 
utilized to enhance testing efficiency by minimizing human error and 
enabling continuous data collection. Throughout these cycles, data was 
collected to assess engine performance with different fuel blends. 
Consistent experimental conditions were maintained to ensure accurate 

Table 3 
Accuracy, range, and uncertainty of measurement instruments for engine 
testing.

Variable Accuracy Range Uncertainty (%)

K-type thermocouple ±1 ◦C 0–1000 ◦C ±0.2
Crank angle encoder ±1◦ 0–360◦ ±0.2
Transducer ±0.001 MPa 0–200 MPa ±0.2
Load ±0.1 N 0–10 kN ±0.1
Speed ±1 r/m 0–7500 r/m ±0.2
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and reliable results. This approach significantly contributed to the study, 
allowing for a thorough analysis of the economic and environmental 
performance of various biodiesel blends and offering valuable insights 
into their benefits and drawbacks. While the methods employed are 
reliable, there is room for improvement in measurement precision and 
data reliability. Future research could benefit from more advanced 
sensors and real-time data monitoring systems to further reduce un-
certainties and improve the overall quality of the findings.

2.4.1. Production cost per liter
The production cost per liter includes all expenses incurred in pro-

ducing 1 L of biodiesel. It encompasses costs related to raw materials, 
processing, labor, overheads, and any other expenses associated with 
biodiesel production.

2.4.2. Engine modification cost
Engine modification cost (EMC) refers to the expenses required to 

retrofit diesel engines to optimize them for the use of biodiesel blends. 
This may involve adjustments to fuel injection systems, engine compo-
nents, or software upgrades to ensure compatibility and performance 
with biodiesel. It is calculated using the formula below: 

EMC=
(
Cp +Cl

)
eqn. 1 

Where:
Cp is the cost of the part
Cl is the labor cost

2.4.3. Payback period
The payback period calculates the time required for the savings 

generated using biodiesel blends to offset the initial investment in en-
gine modifications. It is calculated using the formula below: 

Payback Period (years)=
EMC

Sf
eqn. 2 

Annual savings 
(
Sf
)
: 

Sf =Cdiesel • Fdiesel − Cbiodiesel • Fdiesel eqn. 3 

Fdiesel =
Da

Ef
eqn. 4 

Where:
Cdiesel is the cost of diesel per liter.
Cbiodiesel is the cost of biodiesel per liter.
Fdiesel is the annual diesel consumption in liters.
Ef is the fuel efficiency of diesel in km/liter.
Da is the annual distance traveled (km).

3. Results and discussion

3.1. Fuel properties and fatty acid contents

3.1.1. Physical and chemical properties
For a biofuel to be classified as a good fuel, it must meet certain 

physicochemical properties standards, including viscosity, flash point, 
calorific value, pour point, density, and acid value. The fuel properties of 
diesel, neem, linseed, and jatropha biodiesels were compared and given 
in Table 4. The various properties show that the measured calorific value 
of the jatropha biodiesel is 35.7 MJ/kg. According to the literature, 
calorific value ranges between 35.5 and 38.0 MJ/kg of feedstock for 
rubber seed biodiesel [28,29]. On the other hand, the iodine value for 
neem biodiesel is low compared to linseed and jatropha biodiesel. A low 
iodine value gives better oxidative stability [12], meaning that linseed 
oil biodiesel is less reactive, more resistant to oxidation, and can be kept 
longer than neem biodiesel. Furthermore, linseed biodiesel might have a 

better cold flow property and can flow at lower temperatures compared 
to jatropha and neem biodiesel. This is reasonable because linseed bio-
diesel has a higher density and higher cetane value, which may result in 
a shorter ignition delay and a better cold flow property compared to 
jatropha and neem biodiesel.

The kinematic viscosities of neem, jatropha, and linseed methyl es-
ters are 4.42, 4.84, and 4.50 mm2/s, respectively. This variation in the 
viscosity was generally due to the different nature of the parent oil and 
the product of the yield of methyl esters, given that it is quite impossible 
to have similar biodiesel from different parent oils. The result showed 
that the neem oil methyl ester has the lowest kinematic viscosity, fol-
lowed by the linseed and jatropha oil biodiesel. When biodiesel is 
combined with low and high-sulfur diesel, along with varying pro-
portions of diesel, the viscosity of the resulting blends also fluctuates 
accordingly. The viscosity of blends experiences an upward trend with 
the rise in the percentage of low-sulfur diesel, attributed to the elon-
gation of hydrocarbon chain lengths within low-sulfur diesel [30]. 
Conversely, an increase in the proportion of high-sulfur diesel in the 
blend leads to a reduction in viscosity [31]. This phenomenon can be 
attributed to the sulfur content promoting the formation of oxides 
smaller in size than nitrogen. Consequently, this results in shorter chain 
lengths and enhances the fluidity of the blends, facilitating easier flow 
through the fuel lines.

3.1.2. Chemical composition analysis
Table 5 presents a comparative analysis of the fatty acid composition 

found in neem, linseed, and jatropha biodiesel. The proportions of 
saturated, monounsaturated, and polyunsaturated fatty acids in neem, 
jatropha, and linseed biodiesel differ significantly. The most abundant 
type in neem and jatropha biodiesel is monounsaturated fatty acids, 
whereas, in linseed biodiesel, it is polyunsaturated fatty acids. This is 
somewhat related to the findings in section 3.1.1, as the different types 
of fatty acids in each biodiesel may directly contribute to the varied 
viscosity and density results obtained [12]. Given neem oil’s substantial 
oleic acid content, the resulting fatty acid methyl esters are expected to 
exhibit desirable fuel properties, particularly regarding cetane number 
and viscosity. This observation aligns with consistent findings across 
various studies [26,32]. Additionally, the present study reveals that 
Jatropha oil exhibits a favorable fatty acid profile, positioning it as a 
promising source for biodiesel production compared to other commonly 
used vegetable oils [33]. This preference likely stems from the 

Table 4 
Comparisons of physical and chemical properties of diesel, neem, linseed, and 
jatropha biodiesel.

Properties Test 
method

Diesel Neem Linseed Jatropha

Density (kg/m3) D 1298 837 857 883 881
Calorific value (MJ/kg) D 240 43.80 42.20 40.51 35.7
Cetane value D 613 54.40 55.40 56 53.34
Iodine value (g/100g) – – 89.57 169 102
Kinematic viscosity at 

40 ◦C (cSt)
D 445 2.51 4.42 4.5 4.84

Flash point (◦C) D 93 59.30 164 173 163
Pour point (◦C) D97 − 16 2 − 9 − 6
Cloud point (◦C) D2500 − 1 − 3 − 1 9

Table 5 
Comparison of fatty acid of neem, linseed, and jatropha biodiesels.

Biodiesel Fatty acid composition (%)

Palmitic 
C16:0

Stearic 
C18:0

Oleic 
C18:1

Linoleic 
C18:2

Linolenic 
C18:3

Others

Neem 13.18 14.91 48.72 15.38 0.25 7.56
Linseed 5.73 3.51 14.09 15.62 60.18 0.87
Jatropha 13.84 6.51 37.96 39.68 – 2.01
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predominant presence of C18 fatty acid chains, known for imparting 
superior oxidation stability and improved cold flow properties 
compared to C16 fatty acid chains [13,34].

3.2. Effect of blended fuels on VOC emission species

3.2.1. Effect of N10 and N30 blended fuels on VOC emission species
Fig. 2 represents the composition of particulate organic matter for 

total VOCs. A total of 27 VOCs were identified and quantified in the 
engine exhaust, which includes PAHs, alkanes, alkenes, and halogenated 
hydrocarbons. Among the pollutants mentioned, halogenated hydro-
carbons are often considered more hazardous due to their toxicological 
and environmental effects [35]. However, other pollutants like PAHs 
and unburned aromatic hydrocarbons also pose significant risks due to 
their carcinogenic and mutagenic properties, which could potentially 
cause cancer in humans and change the genetic material within a per-
son’s cell, causing mutations [24]. This is particularly concerning given 
that, according to the World Health Organization, around 4.2 million 
deaths yearly occur due to outdoor air pollution exposure [36]. Evidence 
suggests that these deaths are primarily associated with exposure to 
particles, depending on the specific compounds involved and the cir-
cumstances of exposure [24].

In this study, emissions of the higher molecular weight PAHs are 
lower with neem biodiesel blends, and there is a marked decrease in 
emissions as the blend level is increased from N10 to N30. High mo-
lecular weight PAHs are of more significant concern because of their 
higher carcinogenic potential [37], which led to regulations to limit 
their concentration. The percentage reduction in total PAH emission for 
N10 and N30 blend fuels is 10.7 % and 38.4 %, respectively, compared 
to that for D100. This decrease in PAH levels could potentially mitigate 
the risk of cancer and alleviate eye irritation caused by allergens in 
animals and humans [26].

Alkanes are mainly formed during incomplete fuel combustion. They 
are classified into three groups: volatile (C4-C10), semi-volatile (C11- 
C15), and non-volatile paraffin (C16 upwards). Fig. 2 shows that the 
total N30 blend results in a reduction of the three groups compared with 
the N10 blend. This aligns with the observed trend in specific fuel 
consumption, as the engine burns more volatile alkanes, resulting in a 
lower amount being emitted in the exhaust [38]. As shown in Fig. 2, the 
N10 fuel emitted 17 % less formaldehyde than the D100 tests, and the 
N30 blend emitted 76 % less than the diesel. Similar trends were also 
obtained with trichlorofluoromethane, 2-methylbutane, naphthalene, 
and acetaldehyde for the N30 fuel, which emitted fewer toxins than all 
the test fuels. This presents a promising outlook for human health, as 

outlined in the introduction, due to the reduced emission of toxic 
compounds.

Compared to D100 fuel, N10 fuel shows reductions of 1.1 %, 2.3 %, 
3.7 %, and 2.6 % for toluene, p-xylene, ethylbenzene, and o-xylene, 
respectively. Similarly, N30 fuel demonstrates reductions of 3.2 %, 2.3 
%, 5.8 %, and 6.8 % for the same compounds. This finding is slightly 
lower than those in the previous research by Refs. [39,40]. This phe-
nomenon may be attributed to improved atomization during injection, 
which results in more efficient combustion and fewer incomplete com-
bustion products, including PAHs [12]. Additionally, the higher oxygen 
content may promote better fuel combustion, leading to reduced emis-
sions of incomplete combustion products [41], which are major con-
tributors to most of the VOCs found in the raw exhaust gas.

3.2.2. Effect of J10 and J30 blended fuels on VOC emission species
As shown in Fig. 2, unburned aromatic compounds and PAHs 

increased in J10 emissions, which are considered a disadvantage of 
using Jatropha blend fuel in comparison to other blend fuels. The in-
crease in VOC species from J10 and D100 may be attributed to the high 
aromatic and low cetane contents [42]. However, it is evident that the 
increase in jatropha biodiesel in the blend results in higher VOC 
reduction efficiencies. The lower emission for the J30 might be due to a 
lower amount of monounsaturated compounds present, which resulted 
in better combustion and less formation of VOCs.

Besides, with the use of J10 fuel, emissions of primary hydrocarbons 
such as nonadecane, trichlorofluoromethane, triacontane, and 1,2- 
dichloroethane decreased. This improvement can be attributed to 
enhanced volatility and combustion efficiency, leading to reduced 
emissions of heavier hydrocarbons in the exhaust [12]. Although, 
certain compounds such as naphthalene, eicosane, and triacontane 
exhibited higher emissions peaks.

J10 fuel combustion produced total PAH emissions of 0.956 mg/ 
kWh, higher than the 0.886 mg/kWh emitted by D100, whereas J30 fuel 
exhibited even lower emissions at 0.742 mg/kWh. With D100 fuel, the 
PAH emission levels followed the order of benzo(a)pyrene (BaP) >
dibenz[a,h]anthracene > 3OH-BaP > toluene. When using J10 fuel, 
both BaP and 3OH-BaP emission levels increase, whereas, with J30 fuel, 
PAH isomer emission levels significantly decrease. It was also observed 
that dibenzo[a,h]anthracene, indeno(1,2,3-cd)pyrene, BaP, and benzo 
(ghi)perylene emissions exhibited a notable increase when J10 fuel was 
combusted compared to all tested fuels. This increase can be attributed 
to the composition and properties of the J10 fuel blend, which may 
contain higher concentrations of aromatic hydrocarbons. Aromatics 
tend to produce more PAHs during combustion due to their complex 

Fig. 2. Effect of various blend fuels on VOCs emission species.
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molecular structure [22]. Additionally, incomplete combustion or sub-
optimal combustion conditions, such as lower combustion temperatures 
or poor air-fuel mixing, can lead to the formation and emission of these 
PAHs. These PAH emissions are concerning because they are known to 
be hazardous air pollutants with potential carcinogenic and mutagenic 
effects [43]. Specifically, compounds like BaP and dibenzo[a,h]anthra-
cene are classified as probable human carcinogens, posing significant 
environmental and public health concerns [44].

3.2.3. Effect of L10 and L30 blended fuels on VOC emission species
The proportion of individual alkanes in total alkanes depends on the 

number of carbon atoms. Hence, eicosane, hexacosane, and tetracosane 
are major alkanes in all cases, as shown in Fig. 2. These are highly 
branched alkanes, and their presence is due to the CRDI-type engine 
used [24,41]. These alkanes are also found in advanced diesel engine, 
vegetable oils, and their methyl/ethyl esters [26]. They will take some 
time to burn and may cause smoke. As observed, L10 fuel causes faster 
and better combustion and high PM, but engine deposits remain unclear 
as the long alkyl chain alkanes have not been reduced significantly 
compared to L30, which is the best option compared to D100.

Typically, diesel engines emit higher levels of naphthalene and 
acenaphthene due to less complete combustion processes. However, the 
result shows that the naphthalene emissions were 0.324 mg/kWh for 
L10 and 0.229 mg/kWh for L30, slightly lower than D100, with a per-
centage decrease of 11.24 % and 37.14 %, respectively. These re-
ductions are due to the higher cetane number and oxygen content in the 
biodiesel blend, which enhances combustion completeness [33]. The 
L30 blend demonstrates a substantial decrease in emissions, often 
reducing heavier PAH levels, such as indeno(1,2,3-cd)pyrene, dibenzo 
[a,h]anthracene, benzo[ghi]perylene, and BaP, by more than 21.3 % 
compared to D100, while L10 achieves reductions of 13.4 %. This 
reduction in emissions can be attributed to several factors, including the 
lower aromatic content in these blends, which results in fewer pre-
cursors available for PAH formation during combustion [24]. Addi-
tionally, the inclusion of lighter components in the blends can enhance 
combustion efficiency, promoting more complete combustion and 
thereby reducing the formation of PAHs [23,26]. The presence of oxy-
genates in the blends may also improve the oxidation process, further 
lowering the emission of these harmful compounds.

The emissions of p-xylene, toluene, ethylbenzene, and o-xylene 
showed a clear decline as the proportion of biodiesel in the fuel 
increased. The D100 fuel exhibits the highest emission levels of these 
compounds, primarily due to its lower combustion efficiency and lack of 
oxygen content. In contrast, L10 reduces these emissions by approxi-
mately 17.8 %, as the higher oxygen content in biodiesel promotes more 
complete combustion. However, the reduction becomes even more 
pronounced with L30, reaching up to 34.9 %. This reduction can be 
attributed to the increased oxygen content in biodiesel, which enhances 
the combustion process and reduces the formation of incomplete com-
bustion byproducts [20,45]. These emissions, if not controlled, can 
contribute to air pollution and have adverse health effects. VOCs such as 
p-xylene, toluene, ethylbenzene, and o-xylene are known to be harmful, 
with the potential to cause respiratory issues, headaches, and other 
health problems [46]. Long-term exposure to these compounds can also 
lead to more severe conditions, including liver and kidney damage and 
an increased risk of cancer [47]. Furthermore, specific PAH derivatives, 
such as 1-hydroxypyrene and 3-hydroxybenzo[b]fluoranthene, show 
significant emission reductions. These reductions are more pronounced 
with L30, achieving up to 12.7 %, compared to 6.2 % with L10, due to 
the higher biodiesel content enhancing combustion quality.

3.3. PM-bound carbon emissions

3.3.1. Effect of N10 and N30 blended fuels on EC and OC emissions
As shown in Fig. 3, the EC emissions decreased from 0.0322 g/kWh 

for D100 to 0.0297 g/kWh for J10. Similarly, OC emissions dropped 

from 0.0309 g/kWh for D100 to 0.0282 g/kWh for J10, indicating a 
reduction of 9 %. The J30 blend exhibited an even greater reduction in 
emissions compared to both the D100 and J10 blends. EC emissions 
decreased to 0.0264 g/kWh, marking a reduction of 18 % from D100 
levels, while OC emissions dropped to 0.0247 g/kWh, showcasing a 
reduction of approximately 20 % compared to D100. This decrease in 
emissions with increasing blend ratio suggests a dose-dependent rela-
tionship between biodiesel concentration and emissions reduction. As 
the proportion of biodiesel in the blend increases, the oxygen content 
rises accordingly [48], promoting more efficient combustion and 
lowering EC and OC emissions. However, it’s essential to consider the 
diminishing returns phenomenon; beyond a certain blend percentage, 
the incremental benefits of increasing biodiesel concentration may 
become marginal.

The observed decrease in OC and EC emissions can be attributed to 
several factors. Firstly, neem biodiesel possesses lower sulfur content 
compared to D100 fuel, thereby reducing the formation of sulfur-derived 
particulate matter [49]. Additionally, neem biodiesel has higher oxygen 
content, facilitating more complete combustion and minimizing the 
formation of carbonaceous particles [50]. Moreover, biodiesel blends 
typically have lower aromatic and polyaromatic hydrocarbon content 
compared to D100, further leading to reduced soot formation and sub-
sequently lowering EC emissions. This is consistent with previous 
studies that have demonstrated the potential of fuel alternatives to 
decrease particulate emissions, particularly EC and OC, due to their 
oxygen content and superior combustion characteristics [12,51].

Moreover, the molecular structure of neem biodiesel, characterized 
by its long-chain fatty acid methyl esters, influences the combustion 
process by promoting better atomization and mixing with air, resulting 
in fewer carbonaceous particulates during combustion. Furthermore, 
neem biodiesel has inherent lubricating properties that can potentially 
mitigate wear and tear on engine components, thereby improving 
combustion efficiency and reducing the generation of particulate matter.

3.3.2. Effect of J10 and J30 blended fuels on EC and OC emissions
As shown in Fig. 3, the J30 blend demonstrated the most pronounced 

reduction in EC emissions, with a noteworthy decrease from 0.0322 g/ 
kWh for D100 to 0.0221 g/kWh, indicating a substantial mitigation ef-
fect on particulate matter emissions compared to both D100 and J10. 
This reduction could be attributed to the higher oxygen content and 
lower carbon-to-hydrogen ratio of biodiesel [48], which promotes more 
complete combustion and, subsequently, lower EC emissions.

Interestingly, the impact on OC emissions exhibited a contrasting 
trend. While J30 showed a slight increase in OC emissions compared to 
D100, rising from 0.0309 g/kWh to 0.0328 g/kWh, the J10 blend 
demonstrated a notable reduction in OC emissions, dropping to 0.0257 
g/kWh. Despite the reduction in EC, this rise in OC emissions could be 

Fig. 3. Effect of various blend fuels on particle-bound carbon emissions.
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due to the higher viscosity and lower volatility of J30, which might lead 
to incomplete combustion and higher unburned hydrocarbon formation 
[24].

However, the increase in OC emissions with the J30 blend highlights 
the complexity of fuel formulation and combustion dynamics. There-
fore, optimizing the blend ratio and improving engine calibration for 
higher biodiesel content could be crucial steps toward achieving a 
balanced reduction in both EC and OC emissions. Additionally, the lower 
OC emissions observed in the J10 blend could be attributed to the 
improved oxygenation effect and more efficient combustion achieved 
with the addition of Jatropha biodiesel, leading to a more complete 
oxidation of organic compounds [33].

3.3.3. Effect of L10 and L30 blended fuels on EC and OC emissions
EC is more optically absorptive than OC and poses a significant risk 

to public health for both PM2.5 and PM10 due to its tightly controlled 
measurement techniques and strong association with adverse health 
effects [52]. OC is less absorptive than EC and consists of various organic 
compounds, contributing to its health impacts. EC and OC in the com-
plex mixture of diesel exhaust particles are believed to contribute to the 
risk of lung cancer [53]. From the figure (Fig. 3), it is seen that there is 
substantial variation in each OC and EC result. For the L10 blend, EC 
emissions showed a marginal increase of 2 % compared to D100. This 
slight increase might be due to the lower combustion temperatures 
associated with linseed biodiesel, which inhibit the complete oxidation 
of carbon into CO2, leaving more elemental carbon as soot. Conversely, 
the L30 blend demonstrated a more substantial decrease in EC emis-
sions, with a reduction of 31.43 %. This reduction can be explained by 
the better combustion characteristics of linseed biodiesel, which pro-
mote more complete combustion and thus lower the formation of soot 
and EC [54]. This observation also indicates a potential nonlinear 
relationship between biodiesel blend ratios and EC emissions, where 
higher blend ratios may not necessarily lead to proportionally higher EC 
emissions.

The OC emissions for D100 were recorded at 0.0309 g/kWh, which is 
slightly lower compared to L10 and L30, with their values being 0.0324 
g/kWh and 0.0314 g/kWh, respectively. However, the extent of EC 
reduction with the L30 blend was less pronounced than that of OC, 
indicating that the blend improves overall combustion. Reducing EC 
may require a higher biodiesel content. This suggests that while L30 may 
offer advantages regarding EC emissions reduction, its effect on OC 
emissions may not be as significant.

4. Economic impact analysis

4.1. Cost-benefit analysis

Table 6 compares the production cost, engine modification cost, fuel 
efficiency, annual savings, and payback period for various fuel blends. 
The J10 blend offers a production cost of $0.93 per liter and a one-time 
engine modification cost of $310. With a commendable fuel efficiency of 
18.1 km per liter, the annual savings amount to $270, derived from the 
difference between D100 fuel costs ($1.20 per liter) and that of the J10 

blend. Consequently, the payback period for the engine modification 
investment is 1.15 years. Similarly, the J30 blend, with a lower pro-
duction cost of $0.90 per liter but a slightly higher engine modification 
cost of $320, demonstrates an even shorter payback period of about 1.07 
years, owing to its improved fuel efficiency of 18.5 km/l.

However, the Neem blends, N10 and N30, exhibit higher production 
costs than the Jatropha blends, respectively, at $0.98 and $1.00 per liter. 
Furthermore, their engine modification costs are slightly lower at $315 
and $305. With fuel efficiencies of 16.7 and 17.2 km per liter, respec-
tively, these blends generate annual savings of $220 and $200. As a 
result, the payback periods for the N10 and N30 blends are approxi-
mately 1.43 and 1.53 years, respectively, indicating slightly longer but 
still favorable returns on investment.

In contrast, the Linseed blends, L10 and L30, exhibit the highest 
production costs among the blends, at $1.05 and $1.09 per liter, 
respectively. Their engine modification costs are comparable to the 
Neem blends at $300 and $295. Despite a fuel efficiency advantage of 
16.9 km per liter for the L10 blend and a lower efficiency of 15.9 km/l 
for the L30 blend, their annual savings amount to $150 and $110, 
respectively. Consequently, the payback periods for the L10 and L30 
blends are 2.00 and 2.68 years, respectively, indicating slower invest-
ment returns than the other blends.

4.2. Discussion

The analysis reveals distinct trends across the different biodiesel 
blends, reflecting variations in production costs, engine modification 
expenses, fuel efficiency, annual savings, and payback periods. One 
noticeable trend is the inverse relationship between production costs 
and payback periods. Blends with lower production costs, such as the 
Jatropha blends, tend to exhibit shorter payback periods, indicating 
quicker returns on investment in engine modifications. Conversely, 
blends with higher production costs, such as the Linseed blends, 
generally entail longer payback periods, suggesting a slower recoup-
ment of the initial investment.

Moreover, a positive correlation between fuel efficiency and annual 
savings is evident, contributing to shorter payback periods. Blends with 
higher fuel efficiency, like the J30 blend, lead to greater annual savings, 
thus accelerating the payback process. This shows the importance of fuel 
efficiency in optimizing the economic viability of biodiesel blends. 
Additionally, variations in engine modification costs influence the 
overall investment required and subsequently impact the payback 
period. For instance, while the Neem blends have slightly lower engine 
modification costs compared to the Jatropha blends, their higher pro-
duction costs result in slightly longer payback periods.

Furthermore, the trends highlight the trade-offs between economic 
considerations and environmental benefits. While blends like Jatropha 
and Neem offer favorable economic returns with relatively shorter 
payback periods, they also contribute to reduced emissions and promote 
sustainable fuel alternatives. On the other hand, blends with longer 
payback periods, such as Linseed, may require additional incentives or 
policy support to enhance their economic attractiveness despite their 
environmental advantages.

5. Conclusion and Recommendations

This study provides a thorough analysis of biodiesel blends derived 
from neem, jatropha, and linseed oils, focusing on their production, 
properties, emissions, and economic impact on diesel engine. Our key 
findings are as follows.

1. Neem biodiesel exhibited the lowest viscosity, indicating improved 
flow characteristics, while linseed biodiesel had a higher cetane 
value and density, with promising cold flow properties. Jatropha 
biodiesel demonstrated a favorable fatty acid profile, high calorific 

Table 6 
Comparative analysis of production costs, engine modification costs, fuel effi-
ciencies, annual savings, and payback periods for various fuel blends.

Blend Production 
Cost 
($/liter)

Engine 
Modification 
Cost ($)

Fuel 
Efficiency 
(km/l)

Annual 
Savings 
($)

Payback 
Period 
(years)

J10 0.93 310 18.1 270 1.15
J30 0.90 320 18.5 300 1.07
N10 0.98 315 16.7 220 1.43
N30 1.00 305 17.2 200 1.53
L10 1.05 300 16.9 150 2.00
L30 1.09 295 15.9 110 2.68
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value, and superior oxidation stability, making it a competitive op-
tion among biodiesel sources.

2. Neem biodiesel blends significantly reduced high molecular weight 
PAHs, mitigating health risks associated with carcinogenic com-
pounds. Jatropha biodiesel blends also led to substantial reductions 
in formaldehyde and naphthalene, enhancing air quality and 
reducing respiratory disease risks. The emissions analysis showed 
that higher biodiesel content generally led to reduced EC and OC 
emissions, indicating improved combustion efficiency. Notably, the 
J30 jatropha blend achieved the greatest reduction in EC emissions, 
though it slightly increased OC emissions, suggesting the need for 
optimized engine calibration.

3. The economic evaluation revealed that biodiesel blends like jatropha 
and neem have shorter payback periods due to lower production 
costs and significant savings on engine modifications and fuel effi-
ciency. Conversely, linseed biodiesel, with its higher production 
costs, has a longer payback period but still contributes positively to 
emissions reduction and sustainability.

Our analysis highlights that not all biodiesel blends offer uniform 
environmental benefits. This underscores the need for a tailored 
approach in biofuel policies rather than a one-size-fits-all strategy. 
Detailed assessments of each biodiesel type, considering raw materials, 
geographical factors, and extraction techniques, are essential. Policy-
makers should promote blends with consistent environmental benefits 
and incentivize research and development to improve extraction tech-
niques and optimize blends. Furthermore, modern diesel engines with 
advanced technologies may perform differently with biodiesel 
compared to older models, suggesting that ongoing research in engine 
technologies is crucial to maximizing biodiesel benefits.
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