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A B S T R A C T   

The development of an appropriate fuel to run on a petrol compression ignition engine conceptualises a low- 
temperature combustion strategy, which faces challenges. With the high intake temperatures, low lubricity 
and need for a high compression ratio for this engine, the use of a petrol-biodiesel blend as a fuel addresses such 
issues. This study evaluates the characteristics of fuel quality and performance of blended fuels with biodiesel 
additives (5%, 15%, and 25%) to petrol (95%, 85%, and 75%) compared to 100% petrol and biodiesel. Biodiesel 
was produced from waste sunflower and palm oils. The fuel properties of the blends were assessed with respect to 
acid number, density, distillation, cetane number, metal contents, oxidation stability, viscosity, and water 
content. Results showed that the blended fuels met standard specifications and possessed improved fuel quality 
compared to pure petrol. Comparing the biodiesel-petrol blends with pure biodiesel, the values of these fuel 
properties were lowered except for oxidation stability which was enhanced. The two types of biodiesel fuel 
blends portrayed different fuel qualities, where sunflower biodiesel-petrol blends had more energy content and 
lower acid number, while palm biodiesel-petrol blends had exceptional thermal stability and characteristics of a 
better cold start. The high degree of unsaturation characterising sunflower biodiesel resulted in increased carbon 
residues, reduced cetane number and subsequent poor cold start. An increase in petrol percentage in the blends 
reduced concentrations of calcium and magnesium significantly and hindered the absorption of moisture content.   

Introduction 

The Paris Climate Accord COP21 which aimed at reducing the 21st- 
century global rise in temperature below 2 ◦C was signed by many 
countries, with a commitment that by 2030 the greenhouse gases (GHG) 
should be below 40% [1]. The feasibility of such a goal would require 
huge changes in the traditional way of energy production since most of 
the world’s energy comes from fossil fuels [2]. Generally, the world’s 
primary energy consumption mainly originates from fossil fuel (88%), 
while nuclear and renewable energy accounts for 7% and 5% respec
tively [3], and the transportation sector holds the highest share releasing 
about 23% of CO2 and 14% of greenhouse gases (GHG) discharges. 

Transport is mainly power-driven by the internal combustion en
gines using petrodiesel and petrol (>99.9 %). While the global demand 
for transport fuel continues to rise with an expected annual growth of 
1%, there is a need for 4.9 billion litres of petrol and 1.3 billion litres of 
jet fuel daily. Also, the demand for vehicles is expected to grow mostly in 

non-Organization for Economic Co-operation and Development (OECD) 
nations such as India and China [4], owing to the population and 
prosperity growth. Perhaps, the rise in fuel prices is understandable [5]. 
Additionally, fossil fuels are finite and have inordinate damage to the 
earth’s biodiversity [6,7], leading to a serious global warming phe
nomenon [8]. Therefore, the need to look for other ways of generating 
energy is necessary even if energy demand in 2020 declined by 4% and 
the use of the transportation sector went down by 14% as a result of less 
mobility and restrictions set, in preventing the spread of covid-19 
pandemic [9]. We need energy security, control GHG released and 
enhance the community air quality in reaction to consumers’ desires and 
demands [4,10]. 

In combating this, greener fuels which are renewable energy are 
being developed, to solve the issue of global climate change. With that, 
fascinating fuels such as biodiesel are being produced with the capacity 
of preserving the environment, bringing a feasible economy and creating 
social sustainability [11]. Besides this, the development of new engine 
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combustion systems that can produce fewer emissions while maintain
ing high efficiency is underway [12]. Petrodiesel has traditionally been 
used to power compression ignition (CI) engines which produce high 
thermal efficiencies but use high combustion temperatures and limited 
fuel/air mixtures, resulting in a huge amount of emissions [13,14]. 
Nevertheless, using biodiesel or its blends in CI engines has proven to 
possess good combustion performance similar to petrodiesel with 
significantly reduced emissions of carbon monoxide (CO), and unburned 
hydrocarbon (HC), but has an increased amount of nitrogen oxide (NOx) 
emissions [15–17]. 

Additionally, in the combustion chamber of the petrodiesel CI en
gine, fuel injection is greatly affected by the viscosity of the fuel, and 
biodiesel is significantly less viscous than petrodiesel and more than 
vegetable oil [18], and according to the study by Nair [6], the use of 
100% biodiesel (B100) would result in maintenance and performance 
issues. Furthermore, Sharma et al., [19], concluded that as the blending 
ratio of biodiesel increased, there is a decrease in engine efficiency, all 
carbon-based and smoke emissions but an increase in NOx emissions. 

Contrary to diesel, petrol is a low reactivity fuel which is used to 
power spark-ignition engines that operate at low compression ratios and 
produce low engine efficiencies but extremely low emissions. Therefore, 
to produce high efficiency and low emissions, different combustion 
methods are proposed, by reducing combustion temperatures and 
improving fuel–air mixing [20]. Using petrol, which has high volatility 
and poor self-ignition, the air–fuel mixing is increased thereby creating a 
more volatile petrol-like fuel with a low cetane number (CN), which can 
be the solution for CI engines [21]. These engines rely on the concept of 
using low-temperature combustion strategies such as gasoline 
compression ignition (GCI), partially pre-mixed compression ignition 
(PPCI), homogenous charge compression ignition (HCCI) and reactivity 
controlled compression ignition (RCCI) [12]. Amongst these combustion 
strategies, GCI has proven to show more advantageous compared to 
others [22]. However, ignition at low-temperature conditions is a 
challenge for GCI [23], and by adding biodiesel, ignition will be 
enhanced [24]. Therefore, studies were conducted to improve the 
ignition characteristics of petrol, after their observations by Adam et al. 
[23], Putrasari & Lim [25], Das et al. [21], and Thongchai & Lim [26], 
reported that blending biodiesel with petrol improved thermal effi
ciency, reduced ignition delay and emissions significantly. They also 
added that 20% of biodiesel blended with 80% petrol (PB20) shows 
similarities to pure petrodiesel. High oxygen content, cetane number 
and viscosity of biodiesel improve air–fuel mixture, spray, fuel injection 
system and auto-ignition [25,27], while the low-cetane number of petrol 
helps in reducing intake temperature [23]. The qualities of these fuels 
are put together to render the blended fuel with superior auto-ignition 
characteristics and fewer combustion emissions [28,29]. Additionally, 
blending biodiesel with petrol will achieve enhanced fuel properties 
needed for GCI, in solving emission issues as compared to using pure 
petrodiesel [23,26,30]. 

Although certain studies have been conducted on the performances, 
emission and combustion characteristics of petrol-alcohol blends, 
petrol-diesel blends and petrol-biodiesel blends to be used in petrodiesel 
engines [27,31–35], there is a dearth of literature on blending biodiesel 
with petrol and the properties of these blends [21,25,26,29]. Also, no 
research has been recorded in evaluating numerous physical and 
chemical fuel properties of biodiesel-petrol blended fuel. The current 
study presents blending biodiesels produced from waste sunflower and 
waste palm oils with commercial petrol and evaluates the properties of 
the blended fuels to assess how their chemical and physical properties 
will be affected in relation to the fuel quality, performance, and un
wanted metals in the petrodiesel engine. Elemental analysis and other 
tests were performed according to ASTM D6751 and EN 14,214 speci
fications. The D974 for acid number, D979 and D4737 for cetane 
number, EN ISO 3675 for density, D86 for distillation, EN 14,112 for 
oxidation stability, D445 for viscosity and D6304 for moisture content. 

Materials and methods 

Materials 

Mineral acids and oxidising agents (57.2% nitric acid and 98.08% 
sulphuric acids) were purchased from KIMIX Chemical Lab Supplies 
South Africa. 35% hydrogen peroxide was purchased from Labchem 
South Africa, while biodiesel and deionised water of 18.2 MΩcm (Milli- 
Q) were obtained from Chemical Engineering Oil and Gas Laboratory 
Cape Peninsula University of Technology (CPUT) Bellville, South Africa. 
Petrol was purchased from Sasol fuel garage, South Africa. 

Biodiesel and petrol blends preparation 

For this study, the method of transesterification reaction using 
methanol and the bifunctional catalyst was employed for palm and 
sunflower biodiesels production as described in the work of Simbi et al., 
[36], through. Apart from the economic advantages and availability of 
these waste oils [37], They possess varying fatty acids compositions 
allowing them to differ in their fuel properties [38], i.e., palm biodiesel 
has excellent engine performance, high specific fuel consumption, 
shorter ignition delay and high viscosity [39,40]. The biodiesels pro
duced were mixed with commercial petrol in three different proportions 
of PB5, PB15, and PB25, which were made on a volume basis of (5% 
biodiesel, 95% petrol), (15% biodiesel, 85% petrol), and (25% biodiesel, 
75% petrol) respectively. Where P stands for petrol, B stands for bio
diesel, and the numeric value stands for the percentage of biodiesel 
content. Splash blending [41], was used for blending since it is an 
effective and accurate technique. This was conducted at constant tem
peratures of 22 to 24 ◦C with continuous stirring using 400 rpm for a 
minimum time of 30 min, using an overhead stirrer (Scientech inc, 
Boulder, US) to ensure homogeneity [27,42–44]. 

Characterisation of biodiesel and petrol blends 

To check the quality of the biodiesel and its blends various tests were 
conducted at Oilwatch laboratories in South Africa, while oxidation 
stability and elemental analysis were done at Food Science and Tech
nology and Analytical Chemistry laboratories at the Cape Peninsula 
University of Technology, Bellville, South Africa. 

Measurement of acid value 
The acid number test used colour indicator non-aqueous titration as 

detailed in ASTM D974 [45]. The petrol and biodiesel blends with acid 
levels ranging from 0.1 to 0.55 mg KOH/g were examined by adding 
10 mL isopropanol into a 1 mg sample, then adding 2 to 3 drops of 
phenolphthalein and neutralising the solution with 0.1 M of KOH. 
Calculation of acid number was done using equation (1): 

Acid value (mg KOH/g) = (56.1 × 0.1 M x V)/g (1) 

where 56.1 = constant molecular mass for KOH, 
0.1 M = concentration of KOH, V = volume of final value - volume of 
initial value and g = weight of sample in grams. 

Measurement of density 
The density of the fuel was measured by using the modern high- 

precision density meter DMA40 (Anton Paar GmbH, Graz, Austria) 
operating at 15 οC according to EN 14,214 [45]. 2 mL of sample was 
injected into the measuring cell and each sample measurement was 
repeated three times to ensure accuracy and the average value was 
recorded. The density of a material is determined by the mass per vol
ume measures compactness within a substance [46] i.e.: 

Density = Mass/(Volume ) = kg/m3 = g/cm3 (2)  
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Calculation of cetane number 
The calculated cetane index (CCI) was calculated by using of density 

reported in equation (2) with recovery temperature at 50% distillation 
(T50) according to ASTM D979-91 in equation (3) [47], or using 
distillation temperatures of 10%, 50% and 90% (T10, T50, T90) ac
cording to D4737-09 in equation (4) [48] as follows: 

Cetane Index = 454.74 − 1641.416 ρ+ 774.74

× ρ2 − 0.554 T50 + 97.803 (log T50)
2 (3) 

where ρ = Density in g/cm3 at 15 ◦C, T50 = Mid boiling point tem
perature in ◦C (the temperature at which 50% of the sample by volume 
has evaporated). 

CCI = 45.2 + 0.0892 T10N + [0.131 + 0.901B] T50N + [0.0523 – 
0.420B] T90N + 0.00049 [(T10N)2 – (T90N)2 + 107. 

B+ 60 B2 (4) 

where CCI = Calculated Cetane Index, D = Density in g/cm3 at 15 οC, 
DN = D – 0.85, B = e (-3.5) (DN)) – 1, T10 = Distillation temperature at 10% 
distillates (⁰C), T10N = T10 – 215, T50 = Distillation temperature at 50% 
distillates (οC, T50N = T50 – 260, T90 = Distillation temperature at 90% 
distillates (οC), and T90N = T90 – 310. 

CN = CCI − 2 (5) 

where CN = Cetane Number and CCI = Calculated Cetane Index. 

Measurement of elemental content 

Standards preparation 
All glassware used was soaked in 10% volume per volume (v/v) ni

tric acid overnight and was rinsed with deionised water before usage. 
Multielement standard solutions containing (calcium-Ca, tin-Sn, 
arsenic-As, chromium-Cr, manganese-Mn, lead-Pb, phosphorus-P, 
aluminium-Al, nickel-Ni, cadmium-Cd, selenium-Se, antimony-Sb, zinc- 
Zn, copper-Cu, cobalt-Co, potassium-K, barium-Ba, magnesium-Mg, 
iron-Fe, sodium-Na, silicon-Si) were prepared in concentrations of 
0.05, 0.01, 0.5, 0.1, 1, 5, 10, and 20 ppm, in 8 volumetric flasks of 
100 mL using dilution method by decreasing concentration from 
1000 mg/L stock solution using deionised water. 

Sample digestion 
Biodiesel has a high viscosity and therefore requires dilution before 

elemental analysis is carried out. An open system with conventional 
heating was used for digesting the samples by first weighing 1 g of 100% 
biodiesel (B100) or petrol-biodiesel blend (PBXX) sample into a boro
silicate tube. 5 mL of HNO3, 2 mL of H2SO4 and 1 mL of H2O2 were 
added and heated on a hot plate which was set at 90 0C for 2 h. 
Thereafter, 3 mL of HNO3 and 1 mL of H2O2 were measured and 
transferred into the beaker holding the sample, and the hot plate tem
perature was subsequently adjusted to 220 οC and left for 40 min. Then 
2 mL HNO3 and 4 mL H2O2 were added to the beaker, when the sample 
colour did not turn colourless by this step, the procedures were repeated 
(from the first step) until the solution turned colourless. Finally, the 
sample was diluted to a volume of 10 mL with deionised water. The 
accuracy was checked by spiking the blank sample with the same 
digestion procedure [49]. 

ICP-OES sample procedure. An inductively coupled plasma optical 
emission spectrometer (ICP-OES) ARCOS HFS12 (Ametek Inc., Penn
sylvania, United States) was used to measure elemental content and 
argon (Afrox Ltd., Gauteng, South Africa) was used as a plasma gas. 
Wavelengths were selected to measure emission intensities of analytes 
were 324.745 nm for Cu, 396.847 nm for Ca, 167.078 nm for Al, 
259.941 nm for Fe, 766.491 nm for K, 279.553 nm for Mg, 589.592 nm 
for Na, 213.856 nm for Zn, and 177.495 nm for P. 

The smart analyser vision was initialised after switching on the auto 

sampler on the computer connected to the ICP and the extractor fan on 
ICP switched on. Argon gas in the non-flammable gas room was allowed 
to flow while the system was flushed twice. The plasma was left to 
stabilise for 20 to 30 min while the needle in the auto sampler was in its 
original position. Thereafter, calibration was conducted three times 
before standards containing organometallic standard solutions of 0.05, 
0.01, 0.5, 0.1, 1, 5, 10, and 20 ppm could be run through the ICP. After 
generating calibration curves for the analytes, organic samples were 
continuously introduced into the ICP through the nozzle and allowed to 
be analysed on the computer. 5% nitric acid was used in flushing the 
nozzle in between each sample. 

Measurement of water content 

The water content was measured using the Karl Fischer Titration 
method according to the most reliable D6304 technique [50,51]. An 
appropriate amount of sample was weighed, poured into a vial, sealed, 
and heated under a vacuum in an oven to evaporate water. The vapor
ised water was carried into a conditioned titration cell (hydranal 
Coulomat-AG) which was titrated with Karl Fischer reagent until the 
endpoint was reached. 

Results and discussions 

Effect on acid number 

As observed in Fig. 1, Petrol (P100) had an acid number value of 
0.1 mg KOH/g and an increase in the blending percentage of biodiesel 
increased the total acid number (TAN) from 0.23 mg KOH/g and 
0.28 mg KOH/g in 5% biodiesel-95% petrol blend (PB5) of sunflower 
and palm biodiesel blends (S-PB5 & P-PB5) to 0.46 and 0.55 mg KOH/g 
in pure sunflower biodiesel and palm biodiesel (S-B100 and P-B100) 
respectively (Fig. 1). Also, the figure illustrates a higher acid value for 
palm biodiesel as compared to sunflower biodiesel, with a decrease in 
the TAN as the percentage of petrol added in blends increases which 
were comparable to a conclusion drawn by Jain & Sharma [52], when 
petrodiesel and biodiesel were blended. According to Phan & Phan, [53] 
and Gopinath et al., [54], these acid values were indicative of fatty acid 
or acid moieties content in the fuel, which were found to fall within set 
limits of ASTM D974 and EN 14,104 standards with a maximum limit of 
0.8 mg KOH/g and 0.5 mg KOH/g respectively [55,56]. Except for a 
slight deviation of 0.05 mg KOH/g in palm biodiesel which was above 
the EN specification. Similarly, close values were reported by Hossain & 
Boyce [57], after producing biodiesel from waste sunflower oil and the 
TAN obtained was 0.44 mg KOH/g while 0.43 mg KOH/g was found for 
waste cooking oils by Phan & Phan [53]. Also, in a study conducted by 
Saydut et al. [58], when comparing biodiesel fuel quality produced from 

Fig. 1. Acid values in palm and sunflower biodiesel-petrol blends.  
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different oil sources, acid values reported were in the range of 
0.50–0.52 mg KOH/g for refined sunflower oil and 0.56–0.57 mg KOH/g 
for waste cooking oil. Comparing those studies with the current study, 
an improvement in the acid value was obtained. 

On other hand, according to ASTM D467-08, a maximum limit of 
0.3 mg KOH/g was set for biodiesel blends of 6% biodiesel 94% petro
diesel to 20% biodiesel 80% petrodiesel (B6-B20) [59]. Therefore, all 
the sunflower biodiesel-petrol blends (S-PBXX) had values that met the 
specification set for a blended fuel, while in palm biodiesel-petrol blends 
(P-PBXX), only P-PB5 met the specification. The high acid value is 
problematic with regard to the fuel supply to the engine [60], which 
would result in the increased viscosity, and cloud point [61], (Fig. 1 and 
Fig. 9), and would subsequently lead to the corrosion of rubber parts 
within the engine, causing deposits. These insoluble impurities are 
created by heavy molecular weight as reported by Kumar [62], and 
Kumar et al. [63]. Also, a study by Matějovský et al [64], further 
concluded that an increase in corrosion rate was greatly affected by 
increased TAN of the fuels. Additionally, the value of the acid number 
indicates the degree of degradation upon storage in time [65]. There
fore, it is clear that in sunflower biodiesel-petrol blends, the acid value is 
lower than the palm biodiesel-petrol blends. All sunflower biodiesel- 
petrol blends (S-PB5, S-PB15, S-PB25) could be considered for use in 
compression ignition engines without modification, since their acid 
number values for S-PB5, S-PB15, S-PB25 were 0.23 mg KOH/g, 0.26 mg 
KOH/g and 0.30 mg KOH/g respectively. However, in palm biodiesel- 
petrol blends (P-PB5, P-PB15, P-PB25) only P-PB5 qualifies for use. 

Effect on density 

Fig. 2 illustrates the density of palm and sunflower biodiesel-petrol 
blends ranging from 762-763 kg/m3 to 887.1–882 kg/m3 for 5% 
biodiesel-petrol blend (PB5) to 100% biodiesel of sunflower and palm 
(S-B100, P-B100) respectively. It was observed from these results, that 
the obtained densities did not surpass the ASTM and EN specifications 
standard limits set in the range 860–900 kg/m3 in biodiesel, petrodiesel 
in the range between 815–840 kg/m3 and petrol range between 
715–780 kg/m3 [38,66]. Previous studies by Borugadda et al. [5]; Ilkilic 
& Öner [67]; and Phan & Phan [53] reported high densities from bio
diesel synthesised from waste oils, Even biodiesel produced from neat 
sunflower oil possessed higher density than the waste palm oil as re
ported by Alptekin & Canakci, [68], obtaining 884.5 kg/m3 and 
874.6 kg/m3 respectively. In the study of Hoekman et al., [59], it was 
reported that the increase in density was caused by the high degree of 
unsaturated alkyl esters which is indicated by the presence of double 
bonds. Also, Folayan et al. [69], reported a decrease in the density due to 
the presence of a longer chain length. This is in agreement with the 

previous results obtained by Simbi et al., [36], where there were fewer 
linoleic (polyunsaturated) acids but more palmic and oleic acids in the 
palm waste oil, while in sunflower waste oils more linoleic acids were 
observed. Also, since high density increases nitrogen oxide (NOx) 
emissions [70,71], causing poor vaporisation which leads to incomplete 
combustion [72], this was evidenced in Table 1 where the highest car
bon residue was in S-B100. Blending biodiesel with petrol will produce a 
fuel that has a reduced density as shown in Fig. 2 since petrol has a low 
density of 739.2 kg/m3. Considering the low density of petrol, it varies 
around also 712.7 kg/m3, 737 kg/m3 and 762 kg/m3 and this is sup
ported by literature by Agarwal, [73]; Putrasari & Lim, [44]; Thongchai 
& Lim, [74]; Zhong, [30]. 

When petrol was blended with biodiesel, enhancement in density of 
blended fuel in comparison with the original density of pure petrol was 
achieved. This affects the amount of fuel injected, with more biodiesel 
per volume pumped into the engine [75], which influences the air–fuel 
ratio and energy content in combustion chambers [8], and consequently 
relates to the performance characteristics [76]. Moreover, Das et al [21], 
and Thongchai & Lim [74], reported that density relates to spray mass 
flow rate, and since biodiesel-petrol blends have low density than pet
rodiesel, but higher than pure petrol the characteristics of spray com
bustion will differ. Consequently, more energy is released by S-B100 and 
S-PB25 as compared to P-B100 and P-PB25, while lower biodiesel-petrol 
blends of PB5 and PB15 palm biodiesel-petrol blends are characterised 
by more energy than sunflower biodiesel-petrol blends. 

Effect on distillation 

Distillation or volatility of the fuel can be determined by the use of 
the D86 method with an advanced distillation curve, which measures 
the percentage of the fuel vaporized as temperature increases [77]. This 
property relates to combustion processes and engine emissions and 
therefore will influence the performance, safety and long-term usage of 
the fuel [15,78]. Furthermore, Knothe, [45], recognised a great corre
lation of volatility with other properties such as viscosity, heating value 
and average molecular weight. Therefore, interpreting various points 
obtained on the curve will provide information on the behaviour of in
dividual fuels and conclusions drawn from it [78,79]. 

As shown in Fig. 3 and Fig. 4, distillation curves for sunflower (S) and 
palm (P) biodiesel-petrol blends (PBXX) are shown in Figs. 3 and 4, 
where XX indicates the percentage of biodiesel content. Typically, the 
initial boiling point (IBP) of biodiesel from distillation is higher than 
petrodiesel [80,81], and certainly much higher than petrol [82]. IBP for 
pure biodiesel (B100) of sunflower and palm obtained were 299 ◦C and 
238 ◦C respectively, indicative of the purity of biodiesel while the 
blended fuels had extremely low IBP as compared to pure biodiesel. 

Similarly, studies by Benjumea et al. [83] and Phan & Phan [53], 
reported temperatures of 300 ◦C and 213 ◦C as IBP of biodiesel produced 
from palm and waste cooking oils respectively. The difference found in 
their boiling points was attributed to their fatty methyl esters [84,85]. 
Graboski & Mccormick [86], suggested that a low IBP in biodiesel could 
have resulted from methanol and glycerol left in biodiesel after the 
transesterification process. Normally, according to ASTM D6751, the 

Fig. 2. The density of palm and sunflower biodiesel-petrol blends.  

Table 1 
Residue of distillation.  

PBXX Carbon Residue % (m/m) 
(In 10% distillation residue) 

Recovery rate (%) 

S-B100 25 70 
S-PB5 0.5 95 
S-PB15 20 70 
S-PB25 9.2 90.4 
P-B100 4 92 
P-PB5 0.5 96 
P-PB15 < 0.5 96 
P-PB25 0.5 80  
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temperature of B100 at 90 percent distilled volume per volume (90% v/ 
v) should not exceed 360 ⁰C [87]. This is necessary for the prevention of 
deposits in combustion chambers and spark plugs [88], therefore bio
diesel produced met the standard specified since at 90% v/v of palm 
biodiesel (P-B100) approximately 338 ◦C was obtained. This is fairly 
close to 340 ◦C, the maximum limit set for petrodiesel [66]. Initial points 
on the curve are crucial, lower temperatures of IBP and 10% v/v would 
allow for the easy start of an engine while a lower temperature at 50% v/ 
v would allow for faster warm-up [89]. Temperatures obtained at 10% 
and 50% v/v for S-B100 were 327.4 ⁰C and 335.5 ⁰C while P-B100 had 
319.3 ⁰C and 327.4 ⁰C respectively. Also, the high density of sunflower 
biodiesel seen in Fig. 2, due to a higher degree of unsaturation played a 
role in increased temperatures of distillation. This results is also sup
ported in a study conducted by Benjumea et al. [90], where high tem
peratures at 50% and 90% v/v correlate to a high density found in fuel. 
A further observation was noticed when a high temperature is obtained 
at 90% v/v, emissions of total hydrocarbon (THC) will increase [90]. 

Overall, distillation temperatures across boiling points had a narrow 
range with a boiling point difference of 7.1 ⁰C − 11.1 ⁰C as observed in S- 
B100 and P-B100 from 20% v/v to 70% v/v. The occurrence of such a 
narrow range was majorly influenced by closeness in the boiling points 
of alkyl esters [15,53,78]. However, a gradual decrease was obtained for 
S-B100 at 80% v/v, which thereafter was depleted. While in P-B100 a 
constant increase was observed from the IBP and a subsequent depletion 
at 80 % v/v. The depletion could be caused by the presence of high 
unsaturated esters i.e. methyl linoleate [77,81], which was expected in 
sunflower biodiesel for this current study as seen in Fig. 3. Considering 
IBP, 10% and 50% points, P-B100 showed a better ignition characteristic 
in terms of cold start and warm-up since obtained results were lower 
than S-B100. 

On the other hand, distillation temperatures of petrol were 50% 
lower than petrodiesel [21,91]. In sunflower blended biodiesel (S- 
PBXX), the IBP obtained for 5% biodiesel 95% petrol (PB5), 15% bio
diesel 85% petrol (PB15) and 25% biodiesel 75% petrol (PB25) were 
39.4 ⁰C, 38.4 ◦C and 29 ◦C while 37.2 ⁰C, 41.2 ⁰C and 42.3 ◦C were 
obtained for palm blended biodiesel (P-PBXX). The low IBP reported in 
blended fuel was due to the use of high volatile fuel petrol (P100), which 
normally has an IBP value ranging between 25 ◦C and 30 ◦C and a final 
boiling point (FBP) of approximately 210 ⁰C [33,79,82,92]. Therefore, 
temperatures at IBP in blended fuels will have lower values that are 
closer to that of petrol [79,81]. In blends of S-PB5, S-PB15 and S-PB25 at 
10% v/v, temperatures of 57.7 ◦C, 66.9 ◦C, and 52.3 ◦C were obtained in 
P-PB5, P-PB15 and P-PB25 corresponding temperatures of 52.5 ◦C, 
55.1 ◦C, and 59.2 ◦C were found. Meanwhile, temperatures obtained at 
50 % v/v for S-PB5, S-PB15 and S-PB25, were 119.2 ◦C, 126 ◦C, 99.4 ◦C 
and for P- PB5, P-PB15 and P-PB25, temperatures obtained were 
101.5 ◦C, 106.4 ◦C and 117.6 ◦C respectively. 

In a study by de Coro et al., [79], for petrol fuel to have a good cold- 
start at 20% v/v the fuel must have vaporised below 70 ◦C. Therefore, in 
the distillation curves below, at 20% v/v P-PB5, P-PB15 and P-PB25 had 
62.7 ◦C, 64.9 ◦C and 71.5 ◦C. While S-PB5, S-PB15 and S-PB25 had 
values of 70.4 ◦C, 82.2 ◦C and 65.9 ◦C respectively. This shows that palm 
blended fuels have the potential for a better cold start. Overall, broader 
boiling point ranges were observed for blended fuels with a sharp in
crease in temperatures from 70% v/v onwards approaching that of 
biodiesel. This occurred as a result of the presence of ester quantity in 
the biodiesel according to Aleme & Barbeira [81]. An increase in bio
diesel percentage within the blends increased the distillation tempera
tures from 10% v/v to FBP, with more effect observed from middle and 
final distillation points as clearly shown in Fig. 3 and Fig. 4. This was 
also reported by Paulauskiene et al. [93]. 

Table 1 shows the carbon residues and recovery rate percentages for 
S-B100, P-B100 and the blended fuels (PBXX). Carbon residues obtained 
for S-B100 and P-B100 were 25% and 4% respectively, while S-PB5, S- 
PB15 and S-PB25 had carbon residues values of 0.5, 20, and 9.2%, and P- 
PB5, P-PB15 and P-PB25 had carbon residue values of 0.5, < 0.5 and 
0.5%. Standardisation by ASTM D6751 and EN 14,213 specify the level 
of carbon residue in biodiesel at 10% distillate should not exceed 0.05% 
and 0.30% respectively, while in blends of B5-B20, ASTM D6751 and EN 
14,213 standardisation allow 0.35 maximum for ASTM D524 [56,94]. 
Therefore, results show that palm biodiesel-petrol blended fuels are to 
be used in the engine and thermal conditions are applied, there will be 
less tendency for the formation of carbonaceous deposits as a result of a 
low % of carbon residue. On other hand, sunflower biodiesel-petrol 
blended fuels will have carbon residue increasing and worsening as 
the content of biodiesel increases in the blends [53,95], as a result of 
degradation of glycerides/polymerisation of unsaturated fatty acids at 
high temperatures which will cause engine problems [96,97]. For this 
study, the produced S-B100 had more unsaturated fatty acids in the 
parental oil than P-B100 [36], However, blending S-B100 and P-B100 
with petrol reduced the carbon residue significantly, with a better re
covery rate shown in palm biodiesel and its biodiesel-petrol blends. 

Effect on cetane number 

Cetane number (CN) is a fuel property that indicates ignition char
acteristics [83], and fuel’s aromaticity [86]. A very low CN will reduce 
thermal performance [98], as a result of longer ignition delay which 
causes knocking and subsequently incomplete combustion and 
increased particular exhaust emission (PM) [99]. Conversely, a higher 
cetane number makes combustion easier [93], thereby reducing the 
release of hydrocarbons, carbon monoxide (CO), nitrogen oxides (NOx), 
and sulfur oxides (SOx), which play a role in pollution reduction 
[48,100]. Measuring CN can be expensive to conduct since Cooperative 
Fuel Research (CFR) engine, ignition Quality Tester (IQT) or Fuel Igni
tion Tester (FIT) would be required [47,101]. Therefore, a simple and 

Fig. 3. Distillation curves for sunflower biodiesel and petrol blends.  

Fig. 4. Distillation curves for palm biodiesel and petrol blends.  
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reliable method using distillation temperatures and density was utilised 
[48]. Such methods use equations 3 or 4 to obtain the Calculated Cetane 
Index (CCI) as shown in Table 2. 

S-B100 and P-B100 had CCI of 46.35 and 46.98 according to the 
ASTM D976 method in equation (3) which considers the middle distil
lation temperatures at 50% v/v and density. Therefore, the predicted CN 
were 44.35 and 44.98 for S-B100 and P-B100 respectively. When the 
ASTM D4737 method was presented in equation (4), and the distillation 
temperatures at 10% v/v and 90% v/v were used, the obtained CCI and 
CN for P-B100 were 53.87 and 51.87. As seen in Fig. 3, there was a 
depletion of S-B100 at 90% v/v, therefore CCI and CN for S-B100 could 
not be calculated. The D4737 method showed more reliable values for S- 
B100 and P-B100 since more temperature points of distillation curves 
were considered which were relatable to the values reported 
[58,63,83,102]. However, Hoekman et al., [59], argued that no valid 
computerized method for reliable correlation between cetane index to 
CN was found. Nevertheless, engine fuels such as biodiesel need to auto- 
ignite alone otherwise they will have poor running and difficulty start
ing [77]. For this reason, biodiesel normally has a good cetane number 
which is above 40 [59,102,103], and according to American and Euro
pean standards, the minimum CN should be 47 and 51 respectively 
[45,54,58,71]. 

In the current study, produced biodiesel (P-B100) met the re
quirements set for CN according to the ASTM D4737 method rather than 
the D976 method. Some errors were encountered when calculating the 
CN for the blended fuels using the D976 method, while in pure biodiesel 
this method gave the same CN values as petrodiesel fuel (40–55) [55]. 
For this reason, the D4737 technique was a preferred method of pre
dicting CN through CCI and was also found to be a reliable analysis 
technique by Benjumea et al. [83]. In pure esters, it is expected that a 
high degree of unsaturated esters such as linoleic acid will reduce the CN 
while longer chains will increase the CN [75]. Therefore, palm biodiesel 
or methyl palmitate was expected to have a higher cetane number due to 
more carbon chain in fuel [84,104], while sunflower biodiesel with 
more methyl linoleate will have a lower CN [69,77,105]. This was 
confirmed in Table 2 where CN obtained from either D976 or D4737 
methods were higher in palm biodiesel than sunflower biodiesel. 
Furthermore, biodiesel is composed of longer chained hydrocarbons 
(C14-C24) allowing the CN of biodiesel to be higher than petroleum 
fuels, which has shorter hydrocarbons i.e. petrol (C4-C12) [8,33]. 

Considering a study conducted by Zhong, et al. [12], reported the CN 
for petrol to be 14 while hydrogenated catalytic biodiesel CN was 103.3. 
Adding petrol to biodiesel, with such high volatile fuel will reduce the 
CN in biodiesel-petrol blends. Normally, blends of biodiesel and petro
diesel up to B20 need to meet the minimum cetane index or CN of 40 
according to ASTM 7467 [106,107]. However, since petrol was blended 
with biodiesel as a new alternative fuel for petrol compression ignition 
engines, all blended fuels had values below the standard set for biodiesel 
and petrodiesel blends. Although these values obtained were low, they 
were still higher than that of pure petrol for instance, in P-PB5 and P- 
PB15 CN, the CN were 14.39 and 16.67 respectively. Also, the CN 
increased as the percentage of biodiesel added to the blends increased. 
Although CN calculations can be carried out using the methods 

mentioned above, Valente et al. [80], suggested that a further investi
gation on the method of calculating cetane index in biodiesel blends 
would be needed since ASTM D4737 was established for petrodiesel. 
Moreover, a recommendation was given by Chaichan [20], to use a CN 
ignition improver to enhance the CN in the petrodiesel-biodiesel blends, 
since petrodiesel has a CN of 17. Overall, P-B100 will ignite quicker and 
easier than S-B100 as a result of higher CN seen in Table 2, and the lower 
CN in S-B100 will cause higher carbon residue due to incomplete com
bustion and could lead to possible exhaust emissions, which are evident 
in Table 1. 

Presence of elemental contents 

Evaluation of the analytical figures of merit is shown in Table 3, 
indicating a good correlation coefficient value (R2) for all elements for 
the set of standard solutions which are in the range of 0–24 mg/L used. 
The R2 for all analytes were above 0.99 while Zn had 0.97. The high 
coefficient of determination (R2) represented good linearity [108]. This 
confirms that analytical calibration curves correlate the measured 
emission signal with the concentration of analytes standards [109]. 
Also, a good R2 show satisfactory standard calibration curves for ana
lysing the digested samples [110]. 

Presence of group i metal 
The concentrations of sodium in S-B100, P-B100 and P100 were 

0.372 mg/kg, 0.430 mg/kg, and 0.392 mg/kg respectively, while po
tassium (K) was absent in all samples as shown in Table 4. An increase in 
the concentration of Na in biodiesel-petrol blends (PBXX) was noticed 
with 0.800 mg/kg, 1.057 mg/kg, and 0.804 mg/kg in S-PB5, S-PB15, 
and S-PB25 respectively. The concentration of Na in palm biodiesel- 
petrol blends (PBXX) in P-PB5, P-PB15, P-PB25 was also determined 
to be and 0.917 mg/kg, 0.784 mg/kg, and 1.224 mg/kg respectively. 
According to standards set by ASTM D6751 and EN 14214, a maximum 
set limit for Na + K and Ca + Mg is 5 mg/kg [59]. All biodiesel and the 
blended fuels in this study met the Na + K specification. With an in
crease in biodiesel content, the concentrations of Na were observed to 
increase in all blends, having a concave downward shape for S-PBXX and 
a concave upwards shape for P-PBXX. According to Table 4, Na was 
present in both biodiesel and petrol. Studies by de Jesus et al. [111], and 
Avila Orozco et al. [109], reported that Na, K, Ca, and Mg will appear in 
the biodiesel during the production phase. It was evident that blending 
increased the concentration of Na. These metals need to be kept below 
standards set for biodiesel and its blends since a high concentration of 
these metals can result in the formation of deposits within the engine 
which is undesirable [110]. 

Presence of group II metal 
The Concentrations of calcium (Ca) and magnesium (Mg) in S-B100 

and P-B100, were observed to be 31.357 mg/kg and 26.683 mg/kg 
respectively as presented in Table 5. For the blended fuels, a linear in
crease in the concentrations of Ca was observed as biodiesel content 
increased in S-PB5, S-PB15, and S-PB25 with values of 23.178 mg/kg, 
27.491 mg/kg, and 34.657 mg/kg. While P-PB5, P-PB15 and P-PB25 had 

Table 2 
Calculated cetane index and predicted cetane number for biodiesel blends.   

ASTM D976-91 ASTM D4737-09 
BXX CCI CN-Predicted CCI CN-Predicted 

S-B100  46.35  44.35  –  – 
S-PB5  9.41  7.41  23.22  21.22 
S-PB15  9.19  7.19  –  – 
S-PB25  − 26.22  − 28.22  12.87  10.87 
P-B100  46.98  44.98  53.87  51.87 
P-PB5  − 9.12  − 11.12  16.39  14.39 
P-PB15  − 10.47  − 12.47  18.67  16.67 
P-PB25  − 5.20  − 7.20  –  –  

Table 3 
Analytical figures of merit for determination of elements by ICP-OES.  

Analytes Line range 
(mg/L) 

Std.Error (mg/L) Correlation 
Coefficient 

Al 0–24  0.169  0.99961 
Ca  0.375  0.99809 
Cu  0.0797  0.99991 
Fe  0.374  0.99821 
K  0.184  0.99954 
Mg  0.139  0.99974 
Na  0.184  0.99954 
Zn 0.00288–24  1.43  0.97194  
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a linear increase in the Ca concentration with increased biodiesel con
tent of 33.309 mg/kg, 35.571 mg/kg, and 34.314 mg/kg. This linear 
increase was also obtained for Mg across all biodiesel-petrol blends. The 
presence of these metals did not occur in petrol, it was therefore evident 
that blending petrol with biodiesel led to a significant reduction in both 
Ca and Mg concentrations for S-PB5 and S-PB15 while in P-PBXX the 
inverse was evident. The limits set for Ca and K concentration in bio
diesel was 5 mg/kg, and as observed in Table 5, all PBXX were above the 
specified limit set by EN 14,213 and ASTM D6751 [56,112]. This could 
have been attributed to the (CaO/Al2O3) catalyst used in the synthesis of 
biodiesel or some left during the purification stage and hence, having an 
increase in Ca and Mg concentrations in the biodiesel and the blended 
fuels [113]. Also, Ca and Mg could have been absorbed during the 
cleaning process [114]. A high concentration of Ca causes pollution in 
the air once combusted [115], which then may form undesirable com
pounds leading to engine malfunctioning and reducing fuel stability 
[109]. 

Presence of Phosphorus 
Phosphorus (P) concentrations in S-B100, P-B100 and petrol (P100), 

were 9.29 mg/kg, 10.10 mg/kg and 9.75 mg/kg respectively as shown in 
Fig. 5. The EN 14,107 and ASTM D4951 set the P limit in biodiesel to be 
10 mg/kg [45,107], S-B100 passed the test while P-B100 was slightly 
above the specified limit. In biodiesel-petrol blends, the lower value was 
only noticed in SB25, while in other blends there was an increase in P 
concentration as the biodiesel content was increased. Since there was P 
present in P100 and B100, blending these two fuels resulted in an 
increased concentration of P in the blended fuels. The P level amongst 
blended fuels of PB5 and PB15 did not change much except in PB25, this 
can be supported by a conclusion drawn by research of Southwest 
Research Institute which reported that no significant change was found 

in P for biodiesel blends [96]. Nevertheless, it was reported by Iqbal 
et al., [110], that the presence of P was due to its initial feedstock, which 
showed that waste palm oil had more P concentration than waste sun
flower oil [36]. The high presence of P has a negative impact on the 
engine, and it can cause the formation of deposits within the engine 
which can damage the ability of after-treatment systems [116]. Further, 
studies by Iqbal et al., [110] and Korn et al., [49], reported that the 
presence of high P can be poisonous to catalytic converters of petrodiesel 
engines, which will emit a high level of CO, CO2 and SO2. 

Presence of sulphur 
Sulphur (S) concentrations found in S-B100 and P-B100 were 4 mg/ 

kg and 6 mg/kg, while in S-PB5, S-PB15, and S-PB25, concentrations of 
14.50 mg/kg, 18.70 mg/kg and 20.90 mg/kg were obtained respectively 
as shown in Fig. 6. In P-PB5, P-PB15, and P-PB25, had S concentrations 
of 18.60 mg/kg, 34.30 mg/kg, and 17.90 mg/kg. Also, a decrease in the 
S concentration was observed in P-PBXX as the biodiesel content was 
increased in P-PB5 to P-B100 except in P-PB15. On other hand, in S- 
PBXX, S concentration increased linearly from in S-PB5, S-PB15, and S- 
PB25, with a subsequent decrease in S-B100. Typically, in biodiesel- 
petrodiesel blends, S content decrease with an increase in biodiesel 
content [78]. This was achieved in P-PBXX with a slight deviation in P- 
PB15. In biodiesel, a maximum limit set for sulphur was 10 mg/kg ac
cording to EN ISO 20,884 and ASTM D5453 [45,117], while for 
biodiesel-petrodiesel blends, up to 20% of biodiesel (B20) a maximum of 
15 mg/kg of S was allowed c. 

Both biodiesels met the standard specifications with low S content 
obtained, and in PBXX, only S-PB5 met the specification set for blended 
biodiesel while other blends failed this test because of higher concen
tration of S in petrol as compared to biodiesel. Even though, S found in 

Table 4 
K and Na concentrations in biodiesel and biodiesel-petrol blends.   

Sunflower biodiesel-petrol blends Palm biodiesel-petrol blends Petrol 
Elements S-B100 S-PB5 S-PB15 S-PB25 P-B100 P-PB5 P-PB15 P-PB25 P100 

K (mg/kg)  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
Na (mg/kg)  0.372  0.800  1.057  0.803  0.430  0.917  0.784  1.224  0.392 
K + Na (mg/kg)  0.372  0.800  1.057  0.803  0.430  0.917  0.784  1.224  0.392  

Table 5 
Ca and Mg concentrations in biodiesel and biodiesel-petrol blends.   

Sunflower biodiesel-petrol blends Palm biodiesel-petrol blends Petrol 
Elements S-B100 S-PB5 S-PB15 S-PB25 P-B100 P-PB5 P-PB15 P-PB25 P100 

Ca (mg/kg)  31.216  23.178  27.491  34.657  26.683  33.309  35.571  34.314  0.000 
Mg (mg/kg)  0.141  0.019  0.063  0.132  0.302  0.043  0.199  0.247  0.000 
Ca + Mg (mg/kg)  31.357  23.197  27.554  34.789  26.985  33.352  35.770  34.561  0.000  

Fig. 5. Phosphorus concentration in biodiesel and petrol blends.  Fig. 6. Sulfur concentration in biodiesel and petrol blends.  
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petrol was below 10 mg/kg which was supported by a similar finding by 
Han et al. [118], and in the study by Zhong [119], they reported 
increased S content in blended fuels. However, these blended fuels 
showed characteristics of fuels needed for ultra-low emission vehicles 
(ULEV) and low emission vehicles (LEV) which are under category 3 of 
petrol and petrodiesel. The specification for this category is a maximum 
S concentration of 50 mg/kg and 30 mg/kg for petrol and petrodiesel 
respectively [66]. High S content can negatively affect emission-control 
system performance and the environment [120]. Therefore, the low S 
content in the biodiesel helps in reducing engine wear and exhaust 
emissions [80]. 

Presence of minor elements (Al, Cu, Fe and Zn) 
Copper (Cu) was absent in all B100 and PBXX, with 0.212 mg/kg of 

Cu measured in PB25 as observed in Fig. 7. Also, it was noticed that the 
concentration of Fe in the PBXX was the highest among other elements 
followed by Zn then finally Al as depicted in Fig. 7. Although, all these 
minor concentrations were below the standard limit allowed in bio
diesel, blending increased the elemental content. Metals in fuel can lead 
to mechanical problems within the engine due to deposits caused by 
corrosion [121], and they can result in environmental pollution [122]. 
Moreover, it was reported that the oxidation stability of alkyl esters was 
reduced by the increase in Cu, Fe, Ni, and Sn, with Fe being a very 
effective hydroperoxides decomposer [123]. This can be explained by 
the catalytic effects of these metals in the auto-oxidation of oils as a 
result of rancidity [124]. As observed in Fig. 7 the Fe concentration was 
higher in P-PBXX as compared to S-PBXX which explains a greater 
reduction in induction period seen in Fig. 8 and a subsequently higher 
rate of reduction in oxidation stability for P-PBXX. 

Effect of oxidation stability 

The oxidation stability (OS) of B100 and PBXX as indicated by the 
induction period (IP) in an hour (h) is presented in Fig. 8. The IP values 
for S-PB5, S-PB15, S-PB25 and S-B100 were observed to be 7.19 h, 6.5 h, 
3.98 h and 4.2 h respectively. While in P-PB5, P-PB15, P-PB25 and P- 
B100, the IP values of 24.09 h, 21.45 h, 17.22 h and 17.43 h were ob
tained. An increase in biodiesel content within blended biodiesels 
resulted in decreased IP which indicated a drop in OS and by increasing 
petrol content, OS was enhanced. Low OS in biodiesel is caused by the 
presence of unsaturated fatty acids found in biodiesel as compared to 
petrodiesel. These acids facilitate the increased chance of the fuel 
reacting with air, temperature, and metal ions. Furthermore, the storage 
time and exposure to ultraviolet or visible light in biodiesel can increase 
the oxidation [31,125,126]. Also, natural antioxidants found in vege
table oils play a role in varying OS of different oils [94] 

Karavalakis et al. [127], reported a decrease in OS with an increase 

in biodiesel blends. because of the increased presence of linolenic and 
linoleic acids. In the current study, both biodiesels met the 3 h minimum 
requirement set by the ASTM D5761, with P-B100 exceptionally sur
passing the 6 h minimum set by EN 14,112 [98,120,127]. In the study 
conducted by de Goede et al. [117], they reported that the number of 
double bonds and the position influence the rate of oxidation, with OS 
decreasing in order of oleic > linoleic > linolenic. This was the reason 
palm biodiesel was highly saturated with more OS than sunflower bio
diesel which has more double bonds. This was also confirmed by Simbi 
et al. [36], with an expected superior OS of methyl esters in palm bio
diesel [75]. Similarly, the reports by Benjumea et al. [90] and Baena & 
Calderón [128], noticed higher oxidation stability of 12.83 h in palm 
biodiesel in their various studies. Also, Sarin et al. [129], reported 
oxidation stability of 18 h in palm biodiesel when Rancimat equipment 
was used with heating to a temperature of 100 ◦C and with a further 
increase in the temperature to 110 ◦C, a decrease in OS was obtained at 
13.37 h with palm biodiesel from 18 h. According to ASTM D525, a 
minimum OS of 8 h must be met for petrol [66]. Therefore, by adding 
biodiesel to petrol, an increment in OS of biodiesel-petrol blends was 
observed. Since oxidation is inversely proportional to an increase in the 
percentage of biodiesel [52], due to the presence of high unsaturated 
fatty acids [130]. A minimum of 20 h OS was required according to IS 
15,607 D590 for biodiesel blends [131,132], while in EN14112 speci
fication 6 h minimum is required in biodiesel blended fuels [59,72]. 
Therefore, biodiesel-petrol blends of S-PB5 and S-PB15 met the EN 
14,112 standardisation, while all P-PBXX met the EN 14112, with P-PB5 
and P-PB15 passing the IS 15,607 standard for blended fuels. 

Effect on viscosity 

The viscosity of P-B100 was found to be 11.1 mm2/s and S-B100 was 
6 mm2/s as shown in Fig. 9. The viscosity obtained for P-B100 was Fig. 7. Minor elements in biodiesel and petrol blends.  

Fig. 8. Change in oxidation stability in biodiesel and petrol blends.  

Fig. 9. Viscosity at 40 ⁰C of biodiesel and petrol blends.  
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higher than 7.7 mm2/s from the results of the study by Yogeeswara et al. 
[71], in biodiesel produced from waste frying palm oil, and with the 
6.01 mm2/s reported by Bukkarapu et al. [133], for biodiesel produced 
from neat palm oil. Nevertheless, there was an improvement in the 
viscosity of S-B100 in this study, when compared with the results re
ported by Hossain & Boyce [57], when biodiesel was produced from 
pure and waste sunflower oil having 5.8 mm2/s and 9.5 mm2/s 
respectively. Additionally, a study by Santos et al. [101], reported a high 
viscosity of 6.3 mm2/s in sunflower methyl ester. Even though S-B100 
did not meet the specification set for EN 14,214 as it is greater than the 
range of 3.5–5 mm2/s, the obtained viscosity was in the range of 
1.9–6 mm2/s limit set in ASTM D7651 [134]. Also, Knothe [45], sug
gested that the maximum limit of 5 mm2/s should exclude biodiesels 
produced from frying oils since they have a high amount of trans fatty 
acids, and which are less unsaturated. Hence, waste palm oil has more 
saturated fatty acids than waste sunflower oil [36], which justifies their 
high viscosity as seen in Fig. 9 and lower density in Fig. 1. There is a 
huge relationship between viscosity and density, as the viscosity in
creases with the increased volume fraction of biodiesel [100,135]. The 
relationship between density and viscosity was supported by Parikh 
[136], as palm biodiesel had a density of 0.876 g/cm3 corresponding 
with 4.8 mm2/s viscosity, and with a subsequent increase to 0.882 g/ 
cm3, the viscosity changed to 7.01 mm2/s [137]. Also, problems such as 
cold start at lower temperature conditions can appear since it increases 
with a decrease in temperature [41,59]. 

In Fig. 9, it was observed that petrol had an extremely low viscosity 
of 0.7 mm2/s as compared to biodiesel (Fig. 9). Similarly, Chaichan 
[20], reported the viscosity of petrol to be as low as 0.44 mm2/s and Bao 
et al. [138], reported 0.735 mm2/s as the viscosity of petrol. Therefore, 
with the blending of petrol and biodiesel, it is expected that the viscosity 
of the blends will be less than that of pure biodiesel. This is preferred in 
compression ignition engines since it renders easier fuel movements 
allowing faster atomisation and lower ignition delay [27,68,75]. Ac
cording to D455 of ASTM D7467, the viscosity of biodiesel-petrol blends 
up to 20% biodiesel content should range between 1.9 and 4.1 mm2/s 
[106], while no limit has been set for biodiesel-petrol blends of low 
viscosity, which is necessary for better atomization [139]. Viscosity 
values of PB5, PB15, and PB25 are in order of magnitude with increased 
viscosity than the original pure petrol. PB25 represents a better blend 
with 1.2 mm2/s and 1.6 mm2/s for S-PB25 and P-PB25 respectively 
which is close to the limit set in ASTM D7467 [106,132]. 

Effect of moisture content 

Moisture content in S-B100 and P-B100 were 0.050 and 0.055 vol% 
respectively as shown in Fig. 10. Also, the determined moisture content 
for S-PBXX of S-PB5, S-PB15, and S-PB25 were 0.020, 0.030 and 

0.040 vol% while in P-PBXX of P-PB5, P-PB15, and P-PB25, the moisture 
content observed were 0.031, 0.035 and 0.050 vol% respectively. Ac
cording to EN 14,214 and ASTM D6751 standards, the maximum 
moisture limit for pure biodiesel is 500 mg/kg or 0.05 vol% [41,68,140], 
and in biodiesel blends, the limit is set at 0.05 vol% according to ASTM 
D7467 or EN ISO 12,937 standards [106]. Gumahin et al., [141], re
ported that the chances of biodiesel absorbing moisture are 6.5 times 
higher than petrodiesel even if there is constant relative humidity, this is 
due to the presence of ester bonds within biodiesel. Therefore, when 
comparing the moisture content of petrol and that of biodiesel in this 
study, it is clear that biodiesel moisture content was approximately 5.5 
times higher than that of petrol. Another way to evaluate the presence of 
moisture content in biodiesel is the indication of its high acidity [142]. 
Observation of the high acidity in P-B100 and P-PBXX as shown in Fig. 1 
corresponds with the higher moisture contents of P-PBXX as compared 
to S-PBXX in Fig. 10, which shows a correlation between moisture 
content and acidity and subsequential corrosion within the engine. In 
reducing the moisture content of biodiesel, blending it with petrol will 
reduce the hydrophilicity of biodiesel since petrol had a moisture con
tent of 0.01 vol% [94]. Even though, P-B100 had a moisture content that 
was above the limit set for biodiesel, the addition of petrol led to a 
lowered moisture content, therefore improvement with the blended 
fuels was observed (P-PBXX and S-PBXX), meeting specifications set for 
blends. As reported by Baena & Calderón [128], blending created mix
tures with lower absorption capacity. It is essential to evaluate moisture 
content within fuels to avoid microbial growth during storage as this 
enhances degradation [45], causing low heating value [140] and would 
result in re-processing of the fuel [143]. 

Conclusions 

In conclusion, blending sunflower and palm biodiesel with petrol 
resulted in blended fuels that have improved characteristics compared 
to pure biodiesel or petrol. They met standard specifications set for 
biodiesel and petrodiesel blends. By adding petrol, the acid number, 
density, volatility, cetane number, viscosity, moisture content, carbon 
residue and harmful metals were lowered while oxidation stability was 
enhanced. S-PBXX showed a lower acid number and more energy due to 
higher density and were more viscous than P-PBXX. While these prop
erties seemed to correlate with each other i.e., acidity and moisture 
content, density and viscosity, density and carbon residue, an increase in 
values was observed for these properties as the percentage of biodiesel 
content is elevated within the blends, owing to the structural properties 
of esters present. A high degree of unsaturation found in S-B100 resulted 
in more chances for the formation of total hydrocarbons, depletion at 
80% v/v, with more carbon residues, and subsequently longer ignition 
delay for S-PBXX. On other hand, P-B100 portrayed a quicker and easier 
cold start and warm up after ASTM D4737-09 was found to be a reliable 
method for obtaining cetane numbers. Therefore, P-PBXX showed better 
performance with characteristics of a good cold start, with exceptional 
oxidation stability as compared to S-PBXX due to the longer chain length 
of esters in P-B100. However, higher impurities of Ca, Mg, P, and S were 
reported in P-PBXX as compared to S-PBXX. This will result in possible 
engine damage, and high emissions, while a high concentration of Fe 
leads to an increased rate of oxidation. The addition of petrol to bio
diesel was noticed to increase the concentration of S, P, and some minor 
elements. Blending biodiesel with petrol, Ca + Mg metals decreased for 
S-PB5 and S-PB15 while moisture content was reduced significantly for 
both blends. 

CRediT authorship contribution statement 

Ines Simbi: Resources, Methodology, Formal analysis, Writing – 
original draft, Conceptualization, Writing – review & editing. Uyiosa 
Osagie Aigbe: Conceptualization, Writing – review & editing, Project 
administration, Supervision. Oluwaseun Oyekanmi Oyekola: Fig. 10. Moisture content in biodiesel and petrol blends.  

I. Simbi et al.                                                                                                                                                                                                                                    



Energy Conversion and Management: X 15 (2022) 100256

10

Conceptualization, Writing – review & editing, Project administration, 
Supervision, Funding acquisition. Otolorin Adelaja Osibote: Concep
tualization, Writing – review & editing, Project administration, Super
vision, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This research was supported by Cape Peninsula University of Tech
nology Research Fund and the Chemical Engineering Department. The 
authors acknowledge the support provided by Oilwatch laboratories, 
Departments of Chemical Engineering, Chemistry and Food Science and 
Technology for the use of their laboratories in the experimental and 
analysis phases. 

References 

[1] European Union. Worldwide Emission Standards and Related Regulations - 
Passenger Cars / Light and Medium Duty Vehicles. Cont Futur Motion 2019. 
https://www.continental-automotive.com/getattachment/8f2dedad-b510-4672- 
a005-3156f77d1f85/EMISSIONBOOKLET_2019.pdf, 2019 (accessed 09 
September 2021). 

[2] Kulkarni MG, Dalai AK. Waste cooking oil - An economical source for biodiesel: A 
review. Ind Eng Chem Res 2006;45:2901–13. https://doi.org/10.1021/ 
ie0510526. 

[3] Thangaraj B, Solomon PR, Muniyandi B, Ranganathan S, Lin L. Catalysis in 
biodiesel production - A review. Clean Energy 2019;3:2–23. https://doi.org/ 
10.1093/ce/zky020. 

[4] Kalghatgi G. Is it really the end of internal combustion engines and petroleum in 
transport? Appl Energy 2018;225:965–74. https://doi.org/10.1016/j. 
apenergy.2018.05.076. 

[5] Borugadda VB, Paul AK, Chaudhari AJ, Kulkarni V, Sahoo N, Goud VV. Influence 
of Waste Cooking Oil Methyl Ester Biodiesel Blends on the Performance and 
Emissions of a Diesel Engine. Waste and Biomass Valorization 2018;9:283–92. 
https://doi.org/10.1007/s12649-016-9749-0. 

[6] Nair JN. Study of Biodiesel Blends and Emission Characteristics of Study of 
Biodiesel Blends and Emission Characteristics of 2013;2:3710–3715. http:// 
www.ijirset.com/upload/august/43_STUDY.pdf (accessed 13 January 2021). 

[7] Harfoot MBJ, Tittensor DP, Knight S, Arnell AP, Blyth S, Brooks S, et al. Present 
and future biodiversity risks from fossil fuel exploitation. Conserv Lett 2018;11: 
1–13. https://doi.org/10.1111/conl.12448. 

[8] Saxena P, Jawale S, Joshipura MH. A review on prediction of properties of 
biodiesel and blends of biodiesel. Procedia Eng 2013;51:395–402. https://doi. 
org/10.1016/j.proeng.2013.01.055. 

[9] International Energy Agency. Global Energy Review 2021. Glob Energy Rev 2020 
2021:1–36. https://iea.blob.core.windows.net/assets/d0031107-401d-4a2f- 
a48b-9eed19457335/GlobalEnergyReview2021.pdf. 

[10] Kalghatgi G. Development of Fuel/Engine Systems—The Way Forward to 
Sustainable Transport. Engineering 2019;5:510–8. https://doi.org/10.1016/j. 
eng.2019.01.009. 

[11] Singh A, Nigam PS, Murphy JD. Renewable fuels from algae: An answer to 
debatable land based fuels. Bioresour Technol 2011;102:10–6. https://doi.org/ 
10.1016/j.biortech.2010.06.032. 

[12] Zhong W, Pachiannan T, Li Z, Qian Y, Zhang Y, Wang Q, et al. Combustion and 
emission characteristics of gasoline/hydrogenated catalytic biodiesel blends in 
gasoline compression ignition engines under different loads of double injection 
strategies. Appl Energy 2019;251:2–12. https://doi.org/10.1016/j. 
apenergy.2019.05.099. 

[13] Han D, Ickes AM, Assanis DN, Huang Z, Bohac SV. Attainment and load extension 
of high-efficiency premixed low-temperature combustion with edieseline in a 
compression ignition engine. Energy and Fuels 2010;24:3517–25. https://doi. 
org/10.1021/ef100269c. 

[14] Zhang Y, Zhan L, He Z, Jia M, Leng X, Zhong W, et al. An investigation on gasoline 
compression ignition (GCI) combustion in a heavy-duty diesel engine using 
gasoline/hydrogenated catalytic biodiesel blends. Appl Therm Eng 2019;160: 
2–13. https://doi.org/10.1016/j.applthermaleng.2019.113952. 

[15] Qi DH, Chen H, Geng LM, Bian YZ. Experimental studies on the combustion 
characteristics and performance of a direct injection engine fueled with biodiesel/ 
diesel blends. Energy Convers Manag 2010;51:2985–92. https://doi.org/ 
10.1016/j.enconman.2010.06.042. 

[16] Senthil R, Silambarasan R. Annona: A new biodiesel for diesel engine: A 
comparative experimental investigation. J Energy Inst 2015;88:459–69. https:// 
doi.org/10.1016/j.joei.2014.09.011. 

[17] Ashok B, Thundil Karuppa Raj R, Nanthagopal K, Tapaswi A, Jindal A, Kumar HS, 
et al. Animal fat methyl ester as a fuel substitute for DI compression ignition 
engine. Int J Thermodyn 2016;19:206–12. https://doi.org/10.5541/ 
ijot.5000191582. 

[18] Yasin MHM, Mamat R, Yusop AF, Rahim R, Aziz A, Shah LA. Fuel physical 
characteristics of biodiesel blend fuels with alcohol as additives. Procedia Eng 
2013;53:701–6. https://doi.org/10.1016/j.proeng.2013.02.091. 

[19] Sharma AK, Sharma PK, Chintala V, Khatri N, Patel A. Environment-friendly 
biodiesel/diesel blends for improving the exhaust emission and engine 
performance to reduce the pollutants emitted from transportation fleets. Int J 
Environ Res Public Health 2020;17:2–18. https://doi.org/10.3390/ 
ijerph17113896. 

[20] Chaichan MT. Combustion and Emissions Characteristics for DI Diesel Engine Run 
by Partially-Premixed (PPCI) Low Temperature Combustion (LTC) Mode. Int 
[accessed on 19 April 2021] J Mech Eng 2014;2:7–16. https://www.researchgate. 
net/publication/269165788. 

[21] Das SK, Kim K, Lim O. Experimental study on non-vaporizing spray characteristics 
of biodiesel-blended gasoline fuel in a constant volume chamber. Fuel Process 
Technol 2018;178:322–35. https://doi.org/10.1016/j.fuproc.2018.05.009. 

[22] Putrasari Y, Lim o.. A study of a GCI engine fueled with gasoline-biodiesel blends 
under pilot and main injection strategies. Fuel 2018;221:269–82. https://doi.org/ 
10.1016/j.fuel.2018.01.063. 

[23] Adams CA, Loeper P, Krieger R, Andrie MJ, Foster DE. Effects of biodiesel- 
gasoline blends on gasoline direct-injection compression ignition (GCI) 
combustion. Fuel 2013;111:784–90. https://doi.org/10.1016/j.fuel.2013.04.074. 

[24] Vu DN, Lim O. Experimental study on ignition characteristic of gasoline-biodiesel 
blended fuel in a constant-volume chamber. J Mech Sci Technol 2019;33: 
5073–83. https://doi.org/10.1007/s12206-019-0946-1. 

[25] Putrasari Y, Lim O. A study on combustion and emission of GCI engines fueled 
with gasoline-biodiesel blends. Fuel 2017;189:141–54. https://doi.org/10.1016/ 
j.fuel.2016.10.076. 

[26] Thongchai S, Lim O. Investigation of the combustion characteristics of gasoline 
compression ignition engine fueled with gasoline-biodiesel blends. J Mech Sci 
Technol 2018;32:959–67. https://doi.org/10.1007/s12206-018-0146-9. 

[27] Gad MS, Ismail MA. Effect of waste cooking oil biodiesel blending with gasoline 
and kerosene on diesel engine performance, emissions and combustion 
characteristics. Process Saf Environ Prot 2021;149:1–10. https://doi.org/ 
10.1016/j.psep.2020.10.040. 

[28] Lee C, Ahmed A, Nasir EF, Badra J, Kalghatgi G, Sarathy SM, et al. Autoignition 
characteristics of oxygenated gasolines. Combust Flame 2017;186:114–28. 
https://doi.org/10.1016/j.combustflame.2017.07.034. 

[29] Kanti S, Kim K, Lim O. Experimental study on non-vaporizing spray 
characteristics of biodiesel- blended gasoline fuel in a constant volume chamber. 
Fuel Process Technol 2018;178:322–35. https://doi.org/10.1016/j. 
fuproc.2018.05.009. 

[30] Zhong W, Li B, He Z, Xuan T, Lu P, Wang Q. Experimental study on spray and 
combustion of gasoline / hydrogenated catalytic biodiesel blends in a constant 
volume combustion chamber aimed for GCI engines. Fuel 2019;253:129–38. 
https://doi.org/10.1016/j.fuel.2019.04.114. 

[31] Abedin MJ, Masjuki HH, Kalam MA, Varman M, Arbab MI, Fattah IMR, et al. 
Experimental investigation of a multicylinder unmodified diesel engine 
performance, emission, and heat loss characteristics using different biodiesel 
blends: Rollout of B10 in Malaysia. Sci World J 2014;2014:2–9. https://doi.org/ 
10.1155/2014/349858. 

[32] Khuong LS, Masjuki HH, Zulkifli NWM, Mohamad EN, Kalam MA, 
Alabdulkarem A, et al. Effect of gasoline-bioethanol blends on the properties and 
lubrication characteristics of commercial engine oil. RSC Adv 2017;7:15005–19. 
https://doi.org/10.1039/c7ra00357a. 

[33] Peng DX. Effect of unleaded gasoline blended with biofuels on gasoline injector 
wear and exhaust emissions. Ind Lubr Tribol 2017;69:208–14. https://doi.org/ 
10.1108/ILT-09-2016-0217. 

[34] Torregrosa AJ, Broatch A, Novella R, Gomez-Soriano J, Mónico LF. Impact of 
gasoline and Diesel blends on combustion noise and pollutant emissions in 
Premixed Charge Compression Ignition engines. Energy 2017;137:58–68. https:// 
doi.org/10.1016/j.energy.2017.07.010. 

[35] Liu H, Wang X, Zhang D, Dong F, Liu X, Yang Y, et al. Investigation on blending 
effects of gasoline fuel with n-butanol, DMF, and ethanol on the fuel consumption 
and harmful emissions in a GDI vehicle. Energies 2019;12:2–21. https://doi.org/ 
10.3390/en12101845. 

[36] Simbi I, Aigbe UO, Oyekola O, Osibote OA. Catalyst and Elemental Analysis 
Involving Biodiesel from Various Feedstocks. Catal 2021, Vol 11, Page 971 2021; 
11:2–17. https://doi.org/10.3390/CATAL11080971. 

[37] Elkadi M, Pillay A, Manuel J, Khan MZ, Stephen S, Molki A. Sustainability study 
on heavy metal uptake in neem biodiesel using selective catalytic preparation and 
hyphenated mass spectrometry. Sustain 2014;6:2413–23. https://doi.org/ 
10.3390/su6052413. 

[38] Pandey A. Handbook of plant-based biofuels. 1st ed. Boca Raton: CRC Press 2008; 
3–281. https://doi.org/10.1201/9780789038746. 

[39] Mosarof MH, Kalam MA, Masjuki HH, Ashraful AM, Rashed MM, Imdadul HK, 
et al. Implementation of palm biodiesel based on economic aspects, performance, 
emission, and wear characteristics. Energy Convers Manag 2015;105:617–29. 
https://doi.org/10.1016/j.enconman.2015.08.020. 

[40] Samanta S, Sahoo RR. Waste Cooking (Palm) Oil as an Economical Source of 
Biodiesel Production for Alternative Green Fuel and Efficient Lubricant. 
Bioenergy Res 2020:163–74. https://doi.org/10.1007/s12155-020-10162-3. 

I. Simbi et al.                                                                                                                                                                                                                                    

https://doi.org/10.1021/ie0510526
https://doi.org/10.1021/ie0510526
https://doi.org/10.1093/ce/zky020
https://doi.org/10.1093/ce/zky020
https://doi.org/10.1016/j.apenergy.2018.05.076
https://doi.org/10.1016/j.apenergy.2018.05.076
https://doi.org/10.1007/s12649-016-9749-0
https://doi.org/10.1111/conl.12448
https://doi.org/10.1016/j.proeng.2013.01.055
https://doi.org/10.1016/j.proeng.2013.01.055
https://doi.org/10.1016/j.eng.2019.01.009
https://doi.org/10.1016/j.eng.2019.01.009
https://doi.org/10.1016/j.biortech.2010.06.032
https://doi.org/10.1016/j.biortech.2010.06.032
https://doi.org/10.1016/j.apenergy.2019.05.099
https://doi.org/10.1016/j.apenergy.2019.05.099
https://doi.org/10.1021/ef100269c
https://doi.org/10.1021/ef100269c
https://doi.org/10.1016/j.applthermaleng.2019.113952
https://doi.org/10.1016/j.enconman.2010.06.042
https://doi.org/10.1016/j.enconman.2010.06.042
https://doi.org/10.1016/j.joei.2014.09.011
https://doi.org/10.1016/j.joei.2014.09.011
https://doi.org/10.5541/ijot.5000191582
https://doi.org/10.5541/ijot.5000191582
https://doi.org/10.1016/j.proeng.2013.02.091
https://doi.org/10.3390/ijerph17113896
https://doi.org/10.3390/ijerph17113896
https://www.researchgate.net/publication/269165788
https://www.researchgate.net/publication/269165788
https://doi.org/10.1016/j.fuproc.2018.05.009
https://doi.org/10.1016/j.fuel.2018.01.063
https://doi.org/10.1016/j.fuel.2018.01.063
https://doi.org/10.1016/j.fuel.2013.04.074
https://doi.org/10.1007/s12206-019-0946-1
https://doi.org/10.1016/j.fuel.2016.10.076
https://doi.org/10.1016/j.fuel.2016.10.076
https://doi.org/10.1007/s12206-018-0146-9
https://doi.org/10.1016/j.psep.2020.10.040
https://doi.org/10.1016/j.psep.2020.10.040
https://doi.org/10.1016/j.combustflame.2017.07.034
https://doi.org/10.1016/j.fuproc.2018.05.009
https://doi.org/10.1016/j.fuproc.2018.05.009
https://doi.org/10.1016/j.fuel.2019.04.114
https://doi.org/10.1155/2014/349858
https://doi.org/10.1155/2014/349858
https://doi.org/10.1039/c7ra00357a
https://doi.org/10.1108/ILT-09-2016-0217
https://doi.org/10.1108/ILT-09-2016-0217
https://doi.org/10.1016/j.energy.2017.07.010
https://doi.org/10.1016/j.energy.2017.07.010
https://doi.org/10.3390/en12101845
https://doi.org/10.3390/en12101845
https://doi.org/10.3390/su6052413
https://doi.org/10.3390/su6052413
https://doi.org/10.1016/j.enconman.2015.08.020
https://doi.org/10.1007/s12155-020-10162-3


Energy Conversion and Management: X 15 (2022) 100256

11

[41] Joshi RM, Pegg MJ. Flow properties of biodiesel fuel blends at low temperatures. 
Fuel 2007;86:143–51. https://doi.org/10.1016/j.fuel.2006.06.005. 

[42] Moser BR. Impact of fatty ester composition on low temperature properties of 
biodiesel-petroleum diesel blends. Fuel 2014;115:500–6. https://doi.org/ 
10.1016/j.fuel.2013.07.075. 

[43] Azahari SR, Salahuddin BB, Noh NAM, Nizah R, Rashid SA. Physico-chemical and 
emission characterization of emulsified biodiesel/diesel blends. Biofuels 2016;7: 
337–43. https://doi.org/10.1080/17597269.2015.1135374. 

[44] Putrasari Y, Lim OT. Performance and Emission of Gasoline Compression Ignition 
Engine Fueled with 5 and 20% Gasoline-Biodiesel Blends under Single Injection 
Strategy. Energy Procedia 2017;105:1743–50. https://doi.org/10.1016/j. 
egypro.2017.03.501. 

[45] Knothe G. Analyzing biodiesel: Standards and other methods. JAOCS, J Am Oil 
Chem Soc 2006;83:823–33. https://doi.org/10.1007/s11746-006-5033-y. 

[46] Dwivedi G, Sharma MP. Experimental investigation on thermal stability of 
Pongamia Biodiesel by thermogravimetric analysis. Egypt J Pet 2016;25:33–8. 
https://doi.org/10.1016/j.ejpe.2015.06.008. 

[47] Khadka CB. How Much Money Can an Equation Really Save? Standard Test 
Method for Calculating Cetane Index via Four Variable Equation. Econ J Dev 
Issues 2017;19:60–76. https://doi.org/10.3126/ejdi.v19i1-2.17702. 

[48] Fidyayuningrum H, Fatoni R, Harismah K. Characteristics of Cetane index of 
traditional diesel oil in Wonocolo district. Bojonegoro. AIP Conf Proc 2020;2223: 
1–5. https://doi.org/10.1063/5.0000823. 

[49] Korn MG, Santos DCM, Guida MA, Barbosa I, Passos ML, Saraiva MLMF, et al. 
Evaluation of Digestion Proceures for Simultaneous Determination of Ca, P, Mg, K 
and Na in Biodiesel by Inductively Coupled Plasma Optical Emission 
Spectrometry. J Braz Chem Soc 2010;21:2278–84. https://doi.org/10.1590/ 
S0103-50532010001200015. 

[50] Quveon. Basics of Karl Fischer Titration. Advance Analytical Technology 2014; 
1–15. http://www.quveon.com/wp-content/pdf/KF Titration by Quveon.pdf. 
accessed on 19 April 2021]. 

[51] Water D. Determining Water in Oil 2020. Petroleum Technology Group 2020;1–4. 
https://assets.ctfassets.net/jqmtaofwvr9e/7wW4tQc4pI22wKScrw90jo/ 
859ceb3e27cc650ac7fd8ac923996135/Water_In_Oil.pdf [accessed on 19 April 
2021]. 

[52] Jain S, Sharma MP. Oxidation stability of blends of Jatropha biodiesel with diesel. 
Fuel 2011;90:3014–20. https://doi.org/10.1016/j.fuel.2011.05.003. 

[53] Phan AN, Phan TM. Biodiesel production from waste cooking oils. Fuel 2008;87: 
3490–6. https://doi.org/10.1016/j.fuel.2008.07.008. 

[54] Gopinath A, Sairam K, Velraj R, Kumaresan G. Effects of the properties and the 
structural configurations of fatty acid methyl esters on the properties of biodiesel 
fuel: A review. Proc Inst Mech Eng Part D J Automob Eng 2015;229:357–90. 
https://doi.org/10.1177/0954407014541103. 

[55] McCormick R. Biodiesel Handling and Use Guidelines. 3rd ed. Collingdale, PA: 
Diane Publishing 2006;2–60. https://doi.org/10.2172/893000. 

[56] Barabas I, Todoru I-A. Biodiesel Quality, Standards and Properties, In Montero, 
G., (Ed.). Biodiesel Quality, Emission and By-Products. Rijeka, Croatia: InTech 
2011; p. 1–28. https://doi.org/10.5772/25370. 

[57] Hossain ABMS, Boyce AN. Biodiesel production from waste sunflower cooking oil 
as an environmental recycling process and renewable energy [accessed on 16 
April 2021] Bulg J Agric Sci 2009;15:312–7. https://www.researchgate.net/pu 
blication/236236066. 

[58] Saydut A, Kafadar AB, Tonbul Y, Kaya C, Aydin F, Hamamci C. Comparison of the 
biodiesel quality produced from refined sunflower (Helianthus annuus L) oil and 
waste cooking oil. Energy Explor Exploit 2010;28:499–512. https://doi.org/ 
10.1260/0144-5987.28.6.499. 

[59] Hoekman SK, Broch A, Robbins C, Ceniceros E, Natarajan M. Review of biodiesel 
composition, properties, and specifications. Renew Sustain Energy Rev 2012;16: 
143–69. https://doi.org/10.1016/j.rser.2011.07.143. 

[60] Hassan MH, Kalam MA. An overview of biofuel as a renewable energy source: 
Development and challenges. Procedia Eng 2013;56:39–53. https://doi.org/ 
10.1016/j.proeng.2013.03.087. 
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[105] Yaşar F. Comparision of fuel properties of biodiesel fuels produced from different 
oils to determine the most suitable feedstock type. Fuel 2020;264:2–7. https:// 
doi.org/10.1016/j.fuel.2019.116817. 

[106] Moser BR. Biodiesel production, properties, and feedstocks. Vitr Cell Dev Biol - 
Plant 2009;45:229–66. https://doi.org/10.1007/s11627-009-9204-z. 

[107] Alleman TL, Mccormick RL, Christensen ED, Fioroni G, Moriarty K, Yanowitz J. 
Biodiesel handling and use guide. 5th ed. United states: Clean Cities 2016, p. 
3–63. https://www.osti.gov/servlets/purl/1347103 [accessed 31 July 2021]. 
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