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The usage of fossil fuels as the main energy source has become a serious
problem due to concerns over environmental pollution and the rising fuel
prices worldwide. Straight Vegetable Oil (SVO), such as Pure
Sunflower Oil (PSO), is a possible alternative biofuel to petroleum
diesel fuel because of its physical qualities identical to fossil fuel.
However, the higher viscosity and density of SVO limit its direct use in
combustion engines, which will cause problems such as incomplete
combustion and carbon deposits in the chamber due to the high viscosity
and density. This work presents an experimental investigation to
determine and soptimise the key properties of the Sunflower oil-
Pentanol blend, which has the potential to be used to replace the existing
fossil fuel. This study proposes a binary biofuel blend of Pure Sunflower
Oil (PSO) with higher alcohol Pentanol (PEN). Design-Expert software
is used to formulate, optimise, and predict the key properties of this
binary biofuel blend. Based on mixture design analysis, a total of 8 blend
ratios were obtained, which are 100PSO, 50PSOS50PEN, 100PSO,
75PSO25PEN, 100PEN, SOPSOS0PEN, 100PEN, and 25PSO75PEN.
The developed model and experimental data for the density, kinematic
viscosity, and calorific value models all yielded good results, with R?
values of 0.9999, 1.0000, and 0.9949, respectively. All these responses
meet the ASTM D6751 requirements for biodiesel and are suitable for
use in a compression-ignition engine.
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1. INTRODUCTION

The use of vegetable oil as a fuel for diesel engines goes back to when Rudolph Diesel initially used peanut
oil in his engine at the Paris Exhibition in 1900 [1]. It is seen that the usage of vegetable oils as diesel fuel
is as ancient as the diesel engine. More than 100 years ago, vegetable oils were utilised as a diesel fuel, but
only in emergencies such as World War II [1]. Shortly, vegetable oils can replace a portion of petroleum
distillates and petroleum-based petrochemicals as their properties are close to diesel. However, their direct
usage in compression engines was limited due to their high viscosity and density, resulting in poor fuel
atomisation, inefficient combustion, and carbon deposition on the injector, causing significant engine
fouling [1-2]. Vegetable oil production has grown across the world in recent years. Depending on their
environment, many countries generate various types of vegetable oil. There are around 350 oil-bearing
crops recognised, but only soybean, palm, sunflower, safflower, cottonseed, rapeseed, and peanut oils are
considered possible alternative fuels for diesel engines [3]. Rapeseed and sunflower oils are primarily
produced in the European Union [3].

In contrast, soybean oil is primarily produced in the United States, palm oil is produced mainly in
Southeast Asia, and coconut oil is produced mainly in the Philippines [3]. Vegetable oil can be classified
into two types: edible and non-edible oils [4]. Oil crops with higher oil yields have the potential to lower
production costs. At the moment, edible vegetable oils account for more than 95 % of the world's biodiesel
production. Rapeseed oil (84%) is the most common edible oil source, followed by sunflower oil (13%),
palm oil (1%), soybean oil, and others (2 %) [5].

Unfortunately, from previous studies, the efficiency of the engine powered by Straight Vegetable Oils
(SVOs) is slightly lower than that of fossil fuels. This is due to the higher viscosity, density, low volatility,
and heavier molecules in the fuels. This can be solved by bringing the SVO properties closer to those of
diesel fuel [4]. Sunflower seed is an excellent source of biomass and biodiesel [5]. It is one of the bioenergy
sources among all the edible oils that has piqued the interest of futurists and global policymakers. On a dry
weight basis, the seeds have more than 50% oil content [6]. It is an alternative fuel for conventional
petroleum-based diesel because it is a sustainable, domestic option with a low environmental impact [7].

Straight Vegetable Oils such as sunflower oil, palm oil, coconut oil, and rapeseed oil have gained much
interest because of their benefits as renewable and locally generated energy supplies [8]. The oil is an
attractive renewable alternative to replace fossil diesel. It is easy to produce at a low cost and has similar
properties to fossil diesel. However, there are several drawbacks to using Straight Vegetable Oils (SVOs)
as a fuel for internal combustion engines [9]. The use of SVOs directly will lead to the production of carbon
deposits in the combustion chamber, poor fuel atomisation, coking of fuel injectors, ring carbonisation, and
lubricating oil [10-12]. These issues happened due to the high viscosity, high density, heavier molecules,
and low volatility of Straight Vegetable Oils (SVOs) compared to ordinary fossil fuels. Therefore, the
method of blending Sunflower oil with higher alcohol was adopted to solve this issue. In this study,
sunflower species are chosen to blend with pentanol to formulate a binary biofuel blend. This binary blend
is expected to overcome the above issues while also providing suitable fuel properties for internal
combustion engines.
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2. METHODOLOGY

2.1 Material purchase and storage

Pure Sunflower Oil (PSO) is the main material in this to formulate a binary biofuel blend. PSO test fuel
was bought at a local supermarket for the binary biofuel formulation. PSO has been discovered to be one
of the best raw vegetable oils available. This is due to its renewable nature, long-term viability, and energy
content that is nearly identical to that of fossil fuels. The oil is light yellowish, clear, and has a sweetish
taste but no odour. The Pure Sunflower Oil utilised in this study is purchased from the local market (Fig.

1.

Meanwhile, pentanol used in this study is purchased from Sigma Aldrich with 99% purity. Pentanol
(PEN) has been discovered to be a good corrosion inhibitor that does not affect the engine's fuel lines [13].
PEN is classified as a long-chain alcohol with a high carbon chain. This alcohol is colourless and has a high
solubility in stable blends with no phase separation.

‘*\\\

Fig. 1. Pure Sunflower Oil

2.2 Blend formulation and preparation

In this study, the mixture design method was used to statistically analyse and statisticallyoptimise the
density, viscosity, and calorific values of the PSO-PEN binary biofuel blend. The blends were prepared by
blending sunflower oil and pentanol in various percentage ratios. By inputting the design parameters, the
mixture design algorithm generated a total of eight experimental runs, consisting of five combinations of
PSO-PEN blends and three replicate tests. Table 1 shows the list of blend ratios prepared according to the
volumetric percentages (%) as proposed by the Design Expert Software. The PEN and PSO were measured
accurately by using a set of measuring cylinders before they were blended. All blends were prepared without
the presence of surfactant. Each PSO-PEN blend was properly mixed using the magnetic stirrer at 300rpm
for 30 minutes to ensure homogeneity of the blend, as shown in Fig. 2.

2.3 Fuel properties characterisation

The physicochemical properties of PSO-PEN blends were established using American Society for
Testing and Materials (ASTM) and in-house standards. Three different physicochemical properties were
analysed, namely, density, viscosity, and calorific value. These three key properties are important in
developing biofuel blends because density and viscosity can affect the fuel injection pump system, and
https://doi.org/10.24191/esteem.v21iSeptember.4680.g5013
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calorific value is the energy emitted from the combustion of the biofuel in the combustion chamber,
ensuring mixture compatibility in compression ignition engines. As a result, ensuring that this blend works
efficiently is an important part of the methodological process. The densities (kg/m?) of the PSO-PEN blends
are determined by measuring the blend volume using a 25 ml pycnometer (Gay-Lussac) following the DIN
ISO 3507. The density was then calculated by dividing its mass by volume. The viscosities (mm?/s) of the
PSO-PEN blends are determined using an ASTM D445 glass capillary viscometer (Cannon-Fenske). While
the Calorific Values (CV) of the fuel samples are determined using a Bomb Calorimeter (IKA C200)
according to ASTM D240.

Table 1. List of Prepared Blends

Fuel Blends (vol.% %)

Nomenclature
PSO Pentanol
100 0 100PSO
50 50 50PSOS50PEN
100 0 100PSO
75 25 75PSO25PEN
0 100 100PEN
50 50 S0PSOS0PEN
0 100 100PEN
25 75 25PSO75PEN

Fig. 2. Blend preparation using a magnetic stirrer

2.4 Data analysis - Analysis of Variance (ANOVA)

ANOVA is a statistical method that divides observed aggregate variability within a data set into two
parts: systematic and random factors. Random data has no statistical impact on the data set, whereas
systematic factors do. In a regression analysis, the ANOVA test is used to measure the impact of
independent factors on the dependent variable. Design Expert 12 software is used to do the analysis. For
given values of each factor, the equation in terms of actual factors may be used to create predictions about
the response. For each factor, the levels should be indicated in the original units. This is because the
coefficients are scaled to suit the units of each factor, and the intercept is not at the centre of the solution
https://doi.org/10.24191/esteem.v21iSeptember.4680.g5013
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space. This equation should not be used to evaluate the relative influence of each factor. Optimisation

studies for this blend are conducted using ANOVA to investigate the predicted maximum values of each
measurement criterion.

3. RESULTS AND DISCUSSION

3.1 Blend phase separation test

The phase separation test is done to observe the separation of each blending mixture. There was a total
of three blends in 100ml sample bottles, which were stored at room temperature as shown in Fig. 3. To
determine the stability of the samples, they were kept for a required monitoring period. Table 2 shows the
monitoring results of the past 30 days. All the PSO-PEN blends show no sign of separation, and the blend
colour remains clear and homogeneous. This indicates that PSO-Pentanol blends are stable and suitable for
engine application and long-term storage.

Fig. 3. PSO-Pentanol Blends shows a clear and homogeneous blend after being stored for a month.

Table 2. Phase separation test results

Monitoring Period Monitoring Frequency Result

1 hour Every 5 minutes No Phase Separation
24 hours Every 30 minutes No Phase Separation
7 days Every 24 minutes No Phase Separation
30 days (a month) Every 72 minutes No Phase Separation

3.2 Physicochemical properties of sunflower oil and pentanol blends

Table 3 shows the basic physicochemical properties of PSO and PEN. PSO's kinematic viscosity was
greater than the ASTM standard, limiting its direct use as a diesel engine fuel. However, PSO contains a
relatively high CV close to that of diesel fuel, making it a potential biofuel feedstock. A high CV is
important to produce a good engine thermal efficiency and reduce fuel consumption. Thus, PSO has shown
its potential as a biofuel feedstock. However, oil with high viscosity and density has a longer fuel spray
penetration, which increases the probability of fuel impact, resulting in the creation of carbon deposits and
an increase in gaseous pollutants [14]. Therefore, to reduce the density and viscosity of the PSO, a PSO-
PEN blend was studied.
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Meanwhile, PEN properties were found within the ASTM range, which marks it as suitable for engine
application. PEN has low viscosity and density properties, which are important to reduce the viscosity of
PSO. Low viscosity fuel is important to produce a good fuel injection spray and fuel atomisation.

Table 3. Basic physicochemical properties of PSO-PEN blend

Fuel Properties Sunflower Oil Pentanol Fossil Diesel ASTM D6751
Kinematic viscosity at 40°C 33.72 2.89 3.5 1.9-6.0
(mm?/s)

Density at 15°C (kg/m?) 920 815 843.1 880
Calorific Value (MJ/kg) 39.60 34.65 44.8 -

3.3 The effect of various blends on density

The density measurement was repeated four times for each number of runs to obtain an accurate average
value for all blends. As shown in Table 4, the average result of the density measurement for all the blends
has been recorded in the table. The data obtained from the experiment of the density measurement is then
recorded into the Design Expert Software to be analysed. The density graph in Fig. 3 shows the relationship
between the density of PSO-PEN. It was observed that the trend is linear, indicating that the density of the
blend decreases proportionally with the increase in pentanol percentage. These results indicate that PEN is
capable of being an agent to reduce the viscosity of PSO. In practice, density is a critical property of biofuels
as it affects the combustion efficiency and fuel injection in engines. Overall, the graph has provided
valuable insight for designing a biofuel blend with specific properties.

Table 4. PSO-PEN blends density results

No. of Run PSO (%) Pentanol (%) Average density (kg/m®)
1 100 0 951.84
2 100 0 951.46
3 50 50 898.73
4 50 50 897.67
5 75 25 925.21
6 25 75 871.22
7 0 100 843.23
8 0 100 843.10

Two Component Mix

Density (kg/m*3)
1

T T T T
&0 S 50 75 100
& 100 i 50 2% [
A: sunflower oil (%)
B: pentanol (%)

Fig. 3. The model graph of the correlation between blend ratios and density
https://doi.org/10.24191/esteem.v21iSeptember.4680.g5013
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3.4 The effect of various blends on kinematic viscosity

The kinematic viscosity of all the blends has been tested using the ASTM D445 glass capillary
viscometer (Cannon-Fenske). Different sizes of the tube that is used to determine the suitability of each
blend according to the kinematic viscosity range required for each size of the tube. The kinematic viscosity
measurement was repeated three times for each number of runs to obtain an accurate average value for each

blend ratio. As shown in Table 5, the average result of the kinematic viscosity measurement at a temperature
of 40 °C for all the blends has been recorded.

Table 5. PSO-PEN blends kinematic viscosity results

No. of Run PSO (%) Pentanol (%) Average Kinematic Viscosity (mm?/s)
1 100 0 39.3822

2 100 0 39.5928

3 50 50 8.8369

4 50 50 8.8249

5 75 25 15.6567

6 25 75 5.3141

7 0 100 3.1442

8 0 100 3.2601

The data obtained from the experiment of the kinematic viscosity measurement is then recorded into
the Design Expert Software to be analysed. The kinematic viscosity graph in Fig. 4 shows a graph obtained
based on the Design Expert Software results. The graph shows that as the amount of PSO increases, the
viscosity rises significantly. This is due to the PSO having the highest viscosity compared to PEN. This
non-linear trend suggests that PSO-PEN blends interact chemically to create unique outcomes. Viscosity is
an important fuel property as it impacts fuel flows and atomisation in the engine. A blend of PSO with PEN
offers a lower viscosity; however, a higher ratio of PSO will result in a penalty of CV values. Therefore,
finding the optimal blend ratio is important to meet both performance and practical needs.

Two Component Mix

40 |

Kinematic Viscosity (mm#2/s)

T T T T T
A0 25 50 75 100

B: 100 75 50 25 0
A: sunflower oil (%)
B: pentanol (%)

Fig. 4. The model graph of the correlation between blend ratios and kinematic viscosity
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3.5 The effect of various blends on calorific value

Calorific Values (CV) are an important factor to consider when choosing a fuel. CV is the amount of
heat created when one gram of fuel is completely burned. This value represents the combustion efficiency
by determining the chemical energy of the fuel. Calorific Values (CV) of all the blends have been tested
using a Bomb Calorimeter (IKA C200) according to ASTM D240. The Bomb Calorimeter provided high-
accuracy and repeatability data, and the accurate data obtained will benefit the study. The CV measurement
was repeated three times for each number of runs to obtain an accurate average value for each blend ratio.
As shown in Table 5, the average results of the CV measurement for all the blends have been recorded in
the table.

The data obtained from the experiment of the CV measurement is then recorded into the Design Expert
Software to be analysed. The CV graph in Fig. 5 shows the linear trend, with CV increasing as the
percentage of PSO increases. PSO at 100% obtains the highest CV at around 39600 kJ/kg, while 100%
PEN has the lowest CV at around 34700 kJ/kg. The increasing calorific value with higher sunflower oil
content suggests that sunflower oil contributes significantly to the energy potential of the blend. However,
while higher sunflower oil ratios enhance the calorific value, other factors such as viscosity and density
characteristics must also be considered in optimising the blend. This graph provides insight into the energy
performance of the PSO-PEN blend. An increase in CV is expected to improve the combustion efficiency
of the engine [15].

Two Component Mix

Calorific Value (KJ/Kg)

I I I I I
A0 25 50 75 100

B: 100 75 50 25 0
A: sunflower oil (%)
B: pentanol (%)

Fig. 5. The model graph of the correlation between blend ratios and Calorific Value
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Table 5. PSO-PEN blends calorific values results

No. of Run PSO (%) Pentanol (%) Average Calorific Value (kJ/kg)
1 100 0 39690
2 100 0 39600
3 50 50 37152
4 50 50 37167
5 75 25 38051
6 25 75 35624
7 0 100 34710
8 0 100 34653

3.6 Analysis of variance (ANOVA)

The significance of each biofuel binary blend was analysed using Analysis of Variance (ANOVA).
Table 6 shows the ANOVA results for the density, kinematic viscosity, and calorific value models. From
the ANOVA results, the F-values for the density, kinematic viscosity, and calorific value mixture design
models were 40675.61, 41918, and 1178.56, respectively. All models were significant, based on these
results—furthermore, the Prob.> F values for these three models were less than 0.05, indicating that the
models were significant.

Furthermore, both models' R? showed high values, indicating that the created models and experimental
data were well-matched. The term "adequate precision" refers to the signal-to-noise ratio, which should be
larger than 4. The precision ratios for the density, kinematic viscosity, and calorific value models in this
experiment were 380.2951, 463.239, and 64.7337, respectively. All three approaches may be utilised to
navigate the design space if there is enough signal.

Table 6. ANOVA Results for density, kinematic viscosity and calorific value

Source Density Kinematic Viscosity Calorific Value
Model Significant (Linear) Significant (Quartic) Significant (Linear)
F value 40675.61 41918 1178.56
Prob>F <0.0001 <0.0001 <0.0001

R? 0.9998 1.0000 0.9949
Adjusted R? 0.9998 1.0000 0.0041
Predicted R? 0.9997 NA 0.9921
Adequate Precision 380.2951 462.239 64.7337

4. CONCLUSION

In conclusion, this study proposes and analyses a new biofuel blend based on Pure Sunflower Oil (PSO)
blended with higher alcohol, Pentanol (PEN). The method used in this study is a blending method that
requires a simple process and low cost. From this study, it was found that the binary mixture of PSO-PEN
provides a biofuel with lower viscosity, density, and enhanced CV. Low viscosity and high CV properties
are intended to improve fuel spray characteristics and atomisation, resulting in increased combustion
efficiency. The ideal blend of PSO-PEN has been identified as a new potential source of renewable biofuel,
according to these studies. However, although density, kinematic viscosity, and calorific value are the three
most important fuel variables to consider when analysing internal combustion engine characteristics, there
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are more fuel characteristics that need to be considered as well. Consequently, the three major properties
obtained from these experiments have been considered to meet the study's objectives.
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