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A B S T R A C T   

The effect of various ignition timing on spark ignition (SI) engines with bioethanol-isooctane 
mixtures has been widely studied. In the present studies, we used three different ignition angle 
positions, namely 9◦, 12◦, and 15◦ BTDC to increase the combustion pressure in the combustion 
chamber. In addition to macroscopic observations through engine performance, observations are 
also carried out from a molecular perspective, i.e.; atomic, bond, and bond angle properties of 
bioethanol-isooctane fuel. The result shows that more atoms of the isooctane carbon chain are 
non-rotatable (23 atomic bonds) than the 8 bonds of the bioethanol carbon chain. Furthermore, 
isooctane also has a wider bond angle (around 121.1745◦) than the bond angle of ethanol (around 
110.0476◦). The unique properties of the atoms in the carbon chains of these two fuels have a 
direct impact on engine performance. The results show that the viscosity of bioethanol is lower 
when compared to isooctane, which indicates that the bioethanol molecules are more reactive 
and flammable. The result also found that at an ignition angle of 12◦ the BE50 engine has the best 
performance. Moreover, the test results also show that bioethanol produces clean combustion as 
evidenced by the lowest CO and HC gas emissions.   

1. Introduction 

With the dwindling resources of crude oil and the increasing consumption of fuel in the transportation, industrial, and household 
sectors, as well as the increase in the global population, have resulted in an energy crisis [1-3]. This situation emphasizes the crucial 
solution for renewable fuels [4]. Bioethanol is one type of renewable fuel that can be a solution to overcome the fuel energy crisis 
because it can be applied to spark-ignition (SI) engines [5-7]. Furthermore, because the composition of the ethanol compound (see 
Table 1) makes it more soluble and oxygenated in isooctane [8], and because of the heat of vaporization, and low vapor pressure, 
bioethanol can be converted into a renewable fuel [9–11]. On the other hand, when compared to biodiesel [12], bioethanol has lower 
greenhouse gas emissions and production costs and has a more profitable future evolution; thus, bioethanol and its mixtures (gasoline, 
isooctane) have great potential to be used as renewable fuels, especially in SI engines and in modern vehicles [13-16]. In addition, a 
recent studies on the effect of a mixture of ethanol and isooctane on laminar burning characteristics [17–19], octane reaction on the 
methyl tert-butyl ether (MTBE) with gasoline [20]. Furthermore, application research on the effect of the use of ethanol and isooctane 
against flame speed [21], dynamic spray [22], macroscopic spray characteristics under flash boiling conditions [23,24], NOx emissions 
[25,26], particulate matter [27], and their impact on fuel efficiency have also been applied to the SI engine, and the results show that 
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there is a significant performance improvement [28-30]. 
However, previous research was carried out about bioethanol by modifying the ignition degree with a usual standard on the spark 

ignition engine [31,32]. These studies stated that the burning rate increased for all variaous blended of the bioethanol–isooctane; 
moreover, especially for BE30, they also found that NOx was measurably reduced [33,34]. 

Furthermore, the role of hydroxyl groups in n-butane and n-pentane has been shown to increase the reactivity of fuel molecules, 
accelerating the reaction rate and flame propagation in the combustion chamber, in which due to the bent of the carbon chain [35]. 
Unfortunately, from the background above, nothing has been revealed about the effect of using a mixture of bioethanol and isooctane 
on a stationary SI engine. Moreover, scientific information about the role of hydroxyl groups of bioethanol (see Fig. 1) in SI engines has 
not been identified until now. Therefore, this study aims to reveal new scientific information about the role of molecular properties and 
the performance of the BE50-isooctane fuel mixture on the stationary performance of the SI engine. In addition, a new approach was 
carried out by determining the optimal ignition timing range of 9◦, 12◦, and 15◦ BTDC. 

2. Material and methods 

The present research uses two samples of fuels; the first sample is 100% isooctane fuel, and the second is blended isooctane and 
bioethanol with a ratio v/v of 50%. Table 1 shows the physical and chemical properties of the fuels. Furthermore, to revealing the 
atomic and molecular properties (atomic properties, bond properties, and angle properties) of ethanol and isooctane, calculations were 
carried out using the molecular dynamics software, Avogadro version 1.2.0. The simulation results are shown in Tables 2–7. 

The research scheme is shown in Fig. 2, and the outline of the test is as follows; The SI engine is run with a load obtained from the 
flow of water and is measured using a water brake dynamometer until the engine speed reaches a stable condition. The test engine used 
is a 125 cc SI engine and starts at 9◦ where the machine is in average condition, 12◦, and 15◦ BTDC ignition timings. The engine runs 
from 3500 rpm to 7500 rpm and is carried out by cooling from the fan to minimize excess heat. Furthermore, every time the engine 
speed (rpm) changes, all engine performance parameters, engine temperature (◦C), and engine pollutants are monitored, namely CO 
(%) and HC (ppm). 

3. Fuels investigated 

3.1. The molecular properties of ethanol and isooctane 

Tables 2–7 show the results of investigations on the properties of the atoms and molecules that make up ethanol and isooctane 
compounds. The simulation results show that ethanol and isooctane are fuels that have unique properties and are composed of many 
components. This indicates that the combustion reaction that occurs is very complex and unique. Even for multi-component fuels, their 
molecular interactions and dynamics are phenomena that are difficult to understand until now [39]. Molecular dynamics analysis of 
the role and impact of the unique properties of ethanol and isooctane is described comprehensively in Section 3.2. 

3.2. Molecular interaction of ethanol and isooctane 

Based on previous research, it is known that the quantum chemical reaction of fuel in an internal combustion engine is complex 
[40], as it includes molecular modeling to determine the complexity of the combustion reaction of each active group, such as the 
hydroxyl group, the ethyl group, and the isooctane group [41]. On the other hand, from the bond properties data for ethanol (see 
Table 2) and isooctane (see Table 5), of the 9 bonds owned by ethanol, 8 bonds are non-rotatable, while isooctane has 23 non-rotatable 
bonds out of 25 bonds. This suggests that the majority of the molecular bonds of ethanol and isooctane have high and stable levels of 
rigidity, indicating that the carbon chain or other compounds besides it cannot affect the active group. Therefore, to describe the 
molecular interactions of ethanol, thus the carbon chain of ethanol is divided into two small molecular parts: the hydroxyl group and 
the ethyl group.  

Table 1 
The main properties of isooctane and ethanol.  

Properties Isooctane Ethanol 

Chemical formula C8H18 C2H5OH 
Purity (%) 99.5 99.7 
Molecular weight (g.mol− 1) 114.23 46.07 
Research octane number (RON) [36] 95.5 120–135 
Auto-ignition temperature (oC) 257 [37] 423 
Specific heat (kJ/kg K) 2.4 2.0 
Density at 20 ◦C (g.cm− 3) 691.9 789 
Viskosity at 20 ◦C (mPa) 1.19 [32] 0.37–0.44 
Stoichiometric A/F Ratio [8,38] 14.5 7.65  
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Fig. 1. The molecular structure of isooctane (left) and ethanol (right).  

Table 2 
Bond properties of Ethanol.  

Bond Type Start atom End atom Rotatable 

Bond 1 C–C C1 C1 No 
Bond 2 C–O C2 O No 
Bond 3 O–H O H1 No 
Bond 4 C–H C1 H2 No 
Bond 5 C–H C1 H3 No 
Bond 6 C–H C1 H4 No 
Bond 7 C–H C2 H5 No 
Bond 8 C–H C2 H6 No  

Table 3 
Atom properties of Ethanol.  

Atom Element Type Valence Formal charge Partial charge 

Atom 1 C C3 4 0 − 0.042 
Atom 2 C C3 4 0 0.041 
Atom 3 O O3 2 0 − 0.395 
Atom 4 H HO 1 0 0.209 
Atom 5 H H 1 0 0.025 
Atom 6 H H 1 0 0.025 
Atom 7 H H 1 0 0.025 
Atom 8 H H 1 0 0.055 
Atom 9 H H 1 0 0.055  

Table 4 
Angle properties of Ethanol.  

Angle Type Start atom Vertex End atom Angle (◦) 

Angle 1 CCH C2 C1 H2 109.7559 
Angle 2 CCH C2 C1 H3 110.0476 
Angle 3 HCH C2 C1 H4 110.0476 
Angle 4 HCH H2 C1 H3 108.9173 
Angle 5 HCH H2 C1 H4 108.9173 
Angle 6 CCO H3 C1 H4 109.1282 
Angle 7 CCH C1 C2 O 109.4386 
Angle 8 CCH C1 C2 H5 108.7301 
Angle 9 OCH C1 C2 H6 108.7304 
Angle 10 OCH O C2 H5 109.9342 
Angle 11 OCH O C2 H6 109.9341 
Angle 12 HCH H5 C2 H6 110.0453 
Angle 13 COH C2 O H1 106.0429  

Suyatno et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e12922

4

Table 5 
Bond properties of isooctane.  

Bond Type Start atom End atom Rotatable 

Bond 1 C–C C1 C2 No 
Bond 2 C–C C1 C3 No 
Bond 3 C–C C1 C4 Yes 
Bond 4 C–C C1 C5 No 
Bond 5 C–C C4 C6 Yes 
Bond 6 C–C C6 C7 No 
Bond 7 C–C C6 C8 No 
Bond 8 C–H C2 H1 No 
Bond 9 C–H C2 H2 No 
Bond 10 C–H C2 H3 No 
Bond 11 C–H C3 H4 No 
Bond 12 C–H C3 H5 No 
Bond 13 C–H C3 H6 No 
Bond 14 C–H C5 H7 No 
Bond 15 C–H C5 H8 No 
Bond 16 C–H C5 H9 No 
Bond 17 C–H C6 H10 No 
Bond 18 C–H C4 H11 No 
Bond 19 C–H C4 H12 No 
Bond 20 C–H C7 H13 No 
Bond 21 O–H C7 H14 No 
Bond 22 C–H C7 H15 No 
Bond 23 C–H C8 H16 No 
Bond 24 C–H C8 H17 No 
Bond 25 C–H C8 H18 No  

Table 6 
Atom properties of isooctane.  

Atom Element Type Valence Formal charge Partial charge 

Atom 1 C C3 4 0 − 0.037 
Atom 2 C C3 4 0 − 0.060 
Atom 3 C C3 4 0 − 0.060 
Atom 4 C C3 4 0 − 0.046 
Atom 5 C C3 4 0 − 0.060 
Atom 6 C C3 4 0 − 0.046 
Atom 7 C C3 4 0 − 0.063 
Atom 8 C C3 4 0 − 0.063 
Atom 9 H H 1 0 0.023 
Atom 10 H H 1 0 0.023 
Atom 11 H H 1 0 0.023 
Atom 12 H H 1 0 0.023 
Atom 13 H H 1 0 0.023 
Atom 14 H H 1 0 0.023 
Atom 15 H H 1 0 0.023 
Atom 16 H H 1 0 0.023 
Atom 17 H H 1 0 0.023 
Atom 18 H H 1 0 0.030 
Atom 19 H H 1 0 0.027 
Atom 20 H H 1 0 0.027 
Atom 21 H H 1 0 0.023 
Atom 22 H H 1 0 0.023 
Atom 23 H H 1 0 0.023 
Atom 24 H H 1 0 0.023 
Atom 25 H H 1 0 0.023 
Atom 26 H H 1 0 0.023  
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(1)  

(2) 

Reactions (1) and (2) illustrate the molecular dynamics of the OH group. When the OH group is attached to the C atom next to it, 
ethyl alcohol is established. It is also seen that the H atom in the O–H group changes its role to become the active center so that the 
oxidation reaction is easily achieved [42]; whereas, the OH group becomes a free radical for the oxygen-containing radical, OOH, and 
the free radical of H2O [18,43]. The results of this reaction indicate that the presence of the OH group has the potential to accelerate 

Table 7 
Angle properties of isooctane.  

Angle Type Start atom Vertex End atom Angle (◦) 

Angle 1 CCC C2 C1 C3 108.5134 
Angle 2 CCC C2 C1 C4 110.8163 
Angle 3 CCC C2 C1 C5 109.7601 
Angle 4 CCC C2 C1 C4 107.4180 
Angle 5 CCC C3 C1 C5 106.7980 
Angle 6 CCC C4 C1 C5 113.3237 
Angle 7 CCH C1 C2 H1 110.6809 
Angle 8 CCH C1 C2 H2 110.7046 
Angle 9 CCH C1 C2 H3 110.8463 
Angle 10 HCH H1 C2 H2 108.2692 
Angle 11 HCH H1 C2 H3 108.6087 
Angle 12 HCH H2 C2 H3 107.6270 
Angle 13 CCH C1 C3 H4 111.0286 
Angle 14 CCH C1 C3 H5 110.7682 
Angle 15 CCH C1 C3 H6 111.0551 
Angle 16 HCH H4 C3 H5 108.1130 
Angle 17 HCH H4 C3 H6 107.6108 
Angle 18 HCH H5 C3 C6 108.7240 
Angle 19 CCC C1 C4 C6 121.1745 
Angle 20 CCH C1 C4 H11 105.5897 
Angle 21 CCH C1 C4 H12 108.7240 
Angle 22 CCH C1 C4 H11 104.4266 
Angle 23 CCH C6 C4 H12 109.1673 
Angle 24 HCH H11 C4 H12 106.7929 
Angle 25 CCH C1 C5 H7 110.6406 
Angle 26 CCH C1 C5 H8 110.1513 
Angle 27 CCH C1 C5 H9 113.8056 
Angle 28 HCH H7 C5 H8 107.9756 
Angle 29 HCH H7 C5 H9 108.8339 
Angle 30 HCH H8 C5 H9 105.1513 
Angle 31 CCC C4 C6 C7 108.4790 
Angle 32 CCC C4 C6 C8 115.0749 
Angle 33 CCH C4 C6 H10 109.5575 
Angle 34 CCC C7 C6 C8 108.2292 
Angle 35 CCH C7 C6 H10 106.7417 
Angle 36 CCH C8 C6 H10 108.4369 
Angle 37 CCH C6 C7 H13 110.5381 
Angle 38 CCH C6 C7 H14 110.8142 
Angle 39 CCH C6 C7 H15 110.5200 
Angle 40 HCH H13 C7 H14 108.7098 
Angle 41 HCH H13 C7 H15 107.4800 
Angle 42 HCH H14 C7 H15 108.6860 
Angle 43 CCH C6 C8 H16 110.9423 
Angle 44 CCH C6 C8 H17 111.7728 
Angle 45 CCH C6 C8 H18 109.9196 
Angle 46 HCH H16 C8 H17 110.7522 
Angle 47 HCH H16 C8 H18 108.5728 
Angle 48 HCH H17 C8 H18 104.6542  
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the combustion process because the fuel molecules become reactive and easily react with oxygen. The presence of H2O indicates that 
the OH molecule has the potential to be a coolant in the combustion chamber and produces environmentally friendly exhaust emis
sions. This is very reasonable because ethanol is a highly oxygenated fuel, has a high laminar flame propagation speed [44], and is a 
suitable coolant [45]. 

However, although the bonding properties of ethanol and iso-octane tend to be stable because they are composed of non-rotatable 
bonds, their atomic properties show another unique potential: ethanol has the largest partial charge, around δ+ 0.20 and δ− 0.39 (see 
Table 3), while isooctane is δ+ 0.030 and δ− 0.063 (see Table 6). These phenomena indicate that ethanol compounds have high 
reactivity; moreover, the large partial charge number indicates that there is an asymmetric distribution of electrons in each atomic 
bond, and consequently it makes ethanol polar, while isooctane is nonpolar [46,47]. 

Furthermore, Table 1 shows that the molecular weight of ethanol is 46.07 gmol-1, much smaller than isooctane, which is 114.23 g 
mol-1. The result indicates that the reactivity of the molecules is directly proportional to the increase in temperature and pressure in 
the combustion chamber, ethanol will be very reactive; when accompanied by a partial charge greater than isooctane, ethanol has the 
potential to induce isooctane. Consequently, there is an attractive force between the fuel molecules, thereby weakening the bonds 
between the carbon chains and decreasing the viscosity [26] so that the fuel is flammable [48]. This analysis is conceivable because 
when viewed from the angle properties of the ethanol compounds (see Table 4) and isooctane (see Table 7), the largest bond angle of 
isooctane is around 121.1745◦, and the smallest is around 104.4266◦. As for ethanol, the largest bond angle is 110.0476◦, and the 
smallest was around 106.0429◦. The difference in the degree of the bond angle and partial charge between ethanol and isooctane 
indicates that the molecular interactions between the fuel molecules of these two compounds have the potential to occur [35]. This can 
increase the reactivity of the fuel molecules so that it has the potential to improve the performance of the SI engine. This analysis is 
confirmed from the engine test data for all engine performance parameters (see Figs. 3–9). 

4. Result and discussion 

The molecular properties effect and the role of the OH group in the isooctane-BE50 fuel mixture and variations in ignition timing on 
the SI engine have been studied. The results showed that interesting phenomena occurred in all parameters of SI engine performance i. 
e. engine power, torque, thermal efficiency (ηth), sfc, energy consumption (EC), and the characteristics of exhaust gas emissions (CO 
and HC) produced. 

Fig. 3 shows that with BE50, there is a decrease in torque due to the higher bioethanol content in isooctane [49] and the low specific 
thermal energy contained in the BE50 (see Table 1). Moreover, the phenomenon shows that the power increases, thus proving that with 
the difference in partial charge and the distance between the bond angles, the reactivity of the fuel molecules increases. On the other 
hand, Fig. 4 shows that when compared to isooctane, the engine power decreases. These results indicate that the presence of 8 mo
lecular bonds of ethanol and 23 molecular bonds of non-rotatable isooctane has a great influence on the performance achieved. 
Moreover, this result also shows that at 12◦ ignition timing, the crankshaft angular speed angle becomes longer and increases the mass 
flow rate, and causes the engine load to increase, and this is confirmed by the high torque. Moreover, the result shows that the lowest 
power achieved by the BE50 engine occurs at low rpm, which is around 4000 rpm at 3.20 hp. At the same engine speed, the power 
produced by isooctane fuel is around 3.70 hp. While at high rpm around 6000 rpm–6500 rpm, the BE50-fueled engine reaches the 
highest power. This phenomenon indicates that at 6000 rpm–6500 rpm, the polarity of the OH group supported by the difference in 
partial charge and the large bond angle plays an important role in generating molecular interactions between the fuel molecules, 

Fig. 2. The research apparatus.  
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Fig. 3. Engine torque at various ignition timings.  

Fig. 4. Engine power at various ignition timings.  

Fig. 5. Thermal efficiency of SI engine at various ignition timings.  
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Fig. 6. Sfc of bioethanol and isooctane at various ignition timings.  

Fig. 7. Energy consumption of SI engine at various ignition timings.  

Fig. 8. CO emission of SI engine at various ignition timings.  
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thereby weakening the van der Waals binding force. This engine increase produces more power due to the reactivity of the fuel 
molecules. This analysis is consistent with previous studies, that the position of the OH group and its molecular geometry structure 
have an important role in decreasing viscosity so the burning rate increases [50]. 

Moreover, these results also indicate that at low speeds, the combustion temperature increases slowly because the active groups 
such as the hydroxyl group, ethyl group, and isooctane group also influence the exothermic rate. The molecular interactions of these 
three active groups cause the fuel molecules to take longer to react and burn. The majority of atomic bonds are non-rotatable (31 
bonds; 8 ethanol and 23 isooctane); thus, they have a significant effect when the engine is at low speed, where spontaneous combustion 
occurs more slowly due to decreased liquid penetration [51] and combustion temperature, which reduces the exothermic rate [52]. 

Meanwhile, Fig. 5 shows that when the ignition timing is at 12◦, the BE50-fueled engine produces the highest thermal efficiency. On 
the other hand, the lowest thermal efficiency of isooctane fuel occurs at 9◦. These results indicate that the mass of the fuel decreases 
during the compression process and ignition. Whereas for isooctane, the decrease in fuel mass and increase in thermal efficiency is 
directly proportional to sfc, where fuel consumption becomes more efficient when this occurs at 9◦. This phenomenon indicates that 
changes in thermal efficiency are affected by the high reactivity of fuel molecules [53]. 

Furthermore, these results also show that the ignition time of 12◦ is the time at which the molecules of the fuel mixture of isooctane 
and BE50 become more reactive than the other conditions. This phenomenon also indicates that the geometry of bioethanol in the form 
of a branched chain and the polarity of the hydroxyl group make the fuel more polar. The analysis is consistent with previous studies 
using n-butanol and n-pentanol, they stated that although n-butanol and n-pentanol have a straight chain, the presence of the OH 
molecule can increase the interaction between droplets [48] thereby accelerating the flame speed and flame propagation in the 
combustion chamber [54]. Moreover, this is also supported by the large difference in the partial charge between ethanol and isooctane, 
namely δ+ 0.209 and δ− 0.395 for ethanol, while isooctane is δ+ 0.030 and δ− 0.063 (see Tables 3 and 6). Due to the difference in 
partial charge, the attraction and repulsion between the two compounds increases, which results in a corresponding increase in the 
reactivity of the fuel molecules. 

Fig. 7 shows the impact of changes in ignition timing on energy consumption. Isooctane has the highest level of energy con
sumption, which is around 16,500 kcal/h at 7500 RPM, while for BE50; the highest energy consumption is achieved at 12◦ ignition 
timing of around 12,000 kcal/h at 7000 RPM. This indicates that the use of BE50 results in energy consumption savings of around 
25.44%. Molecularly, this phenomenon suggests that the presence of the OH group is influential in producing fuel with high thermal 
efficiency and less energy consumption. This analysis is plausible the presence of a polar and branched OH group indicates that the 
molecules of BE50 more reactive, a finding that is confirmed by the higher thermal efficiency compared to the isooctane. In addition, 
this phenomenon also indicates that a mixture of 50% bioethanol and 50% isooctane can increase the mass density of the fuel; as a 
result, an effective collision occurs due to the closer the distance between the fuel molecules. This analysis is committed to previous 
researcher, they stated that the isooctane-bioethanol mixture could reducing the potential for knocking due to the increase the in
tensity and interaction between the flame and the combustion pressure in the combustion chamber [10,55]. 

In addition, from Fig. 8, when compared with isooctane, BE50 has a reduction in carbon monoxide content of 58.97%, and this 
occurs at an ignition time of 12◦. The same result is derived from hydrocarbon emissions, where the highest HC content occurred in 
isooctane fuel, and the lowest was achieved by BE50 when the ignition time was 12◦. When compared with pure isooctane, it show that 
at the 12◦ BTDC there was a 36.29% reduction in HC gas emissions (see Fig. 9). The reduction in CO and HC gas emissions suggests that 
BE50 is an environmentally friendly fuel with low soot emissions [56] and is suitable for use as a renewable energy for SI engines [57]. 

Fig. 9. HC emission of SI engine at various ignition timings.  
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5. Conclusion 

A comprehensive study of the presence of the hydroxyl molecules and the effect of molecular properties and various ignition 
timings on the SI engine with isooctane-bioethanol has been carried out, and the significant scientific findings, as follows:  

• The presence of OH groups and the bent geometry of the bioethanol carbon chain have a crucial role in increasing the polarity and 
reactivity of fuel molecules. Therefore, fuel performance improves, as evidenced by power and torque; moreover, good thermal 
efficiency can be produced with more efficient sfc and less energy consumption.  

• The nature of the large partial charge in the atoms that make up the ethanol compound produces an asymmetric distribution of 
electrons in each atomic bond; thereby, the reactivity of the fuel molecules was increased. This becomes useful in reducing the 
negative impact of the bond properties of ethanol and isooctane, which tend to be non-rotatable or rigid.  

• Differences in bond angles and partial charges of ethanol and isooctane compounds create molecular interactions with high 
reactivity between fuel molecules, thus resulting environmentally friendly combustion process as evidenced by lower CO and HC 
emissions.  

• The optimal ignition timing for an isooctane-fueled SI engine is 9◦, while for bioethanol it is 12◦ BTDC. In addition, the improved 
performance of the BE50 fuel engine proves that the BE50 can be relied upon as a renewable fuel by changing the ignition timing at 
12◦ BTDC.  

• The study of bioethanol can be continued, this is very important because previous studies stated that SI engines (normal conditions) 
with bioethanol produce different performances. Moreover, the complexity of the molecular dynamics between atoms and fuel 
molecules must be further explored to produce new scientific information, which is useful for the development of scientific research 
regarding fuel engineering and combustion technology. 
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