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The use of palm oil-diesel microemulsion fuels with ethanol (ME50) has 
been considered as a very promising renewable fuel for reducing high viscosities 
of palm oil as well as a feasible substitute for diesel fuel. This work demonstrates 
for the first time that microemulsion fuel can be formulated from a mixture of 
palm oil-diesel blends as the oil phase, ethanol as the polar phase and viscosity 
reducer, surfactant and cosurfactant as the mixed surfactant system. The 
objective of this research is to study the effects of surfactant, cosurfactant, 
ethanol, surfactant/cosurfactant ratio, and palm oil-diesel blends on the phase 
behavior, kinematic viscosity, and microemulsion-droplet size with the goal of 
formulating optimized microemulsion-based fuel. Four nonionic surfactants, 
stearyl alcohol, oleyl alcohol, methyl oleate, and Brij-010, were investigated in 
this research. It was found that the mixture of methyl oleate/1-octanol (22 vol. 
%), ethanol (20 vol. %), and the palm oil-diesel (1:1 v/v) blends (58 vol. %) can 
greatly reduce the bulk viscosity and produce uniformly size of microemulsion 
droplets while use the least amount of surfactant for solubilizing ethanol-in-oil in 
the system. As consider the exhaust emissions from ME50 after used in an 
unmodified direct-injection (DI) diesel engine, the results showed that nitrogen 
oxide emissions, the exhaust gas temperature, and carbon dioxide from 
microemulsion fuels were gradually reduced while fuel consumption increased; 
however, there is no significant difference in carbon monoxide emissions when 
compared to those of regular diesel. In conclusion, the microemulsion fuel 
displays the competitive advantages in term of the environmentally friendly fuel 
production and the exhaust gas emission reduction which leads to an 
improvement of overall environmental performance of the biofuel technology. 
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CHAPTER I INTRODUCTION 

 

1.1 Introduction  

Concerns over the energy crises and environmental limitations have increased 

the development and use of non-petroleum-based renewable fuels. Vegetable oils 

such as palm oil, soybean oil, and canola oil are one alternative being considered for 

the production of renewable and domestically produced fuels. It has been shown 

that their use can result in substantial reductions of carbon monoxide, unburned 

hydrocarbon, and particulate matter emissions (Altın et al., 2001). However, 

vegetable oils have very high viscosities, low volatilities, and often freeze at low 

temperatures. Thus, the long-term use of neat vegetable oils causes engine durability 

problems for instance the coking of injector nozzles and sticking of piston rings 

(Knothe and Steidley, 2005). 

One approach to improve the utilization of vegetable oil-based fuel is mixing 

it with conventional diesel fuel (or direct blending). However, these blends fall short 

of meeting goals of energy self-sufficiency. Cracking and refining are effective in 

advancement vegetable oils, but add extensively to the expenses and negate direct 

utilization. Transesterification with alcohol to produce biodiesel yields a fuel with 

lower viscosity and allowable performance properties. However, biodiesel has a 

higher cloud point (CP) and pour point (PP) in cold weather than No. 2 diesel, which 

is a limitation and lower the feasibility of direct use. Furthermore, the combustion of 

biodiesel in some situation slightly increases nitrogen oxides (NOx) in exhaust 

emissions (Knothe et al., 1997; Dunn and Bagby, 2000; Kalam and Masjuki, 2002). In 
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terms of the environmental aspect, the transesterification process generates several 

types of wastes (e.g., spent toxic chemicals, glycerol by-product, and wastewater), 

which require additional treatment and disposal facilities (Pagliaro et al., 2007; Galan 

et al., 2009; Sulaiman et al., 2011). 

 The concept of blending vegetable oil and/or diesel with ethanol (E-diesel) 

has been receiving interest as a means for reducing emissions as a fuel substitute. E-

diesel contains higher oxygen concentrations, providing the potential for complete 

combustion and particulate emission reductions (Rakopoulos et al., 2008). However, 

a major problematic of ethanol-diesel blends is that ethanol is immiscible in diesel 

over a wide range of temperatures. Phase separation begins to occur either when the 

mixture is doped with water due to high humidity in the fuel delivery tank, for 

instance, or when the temperature drops below 10 oC (Satgé de Caro et al., 2001). 

Prevention of this sort of phase separation can be accomplished by adding an 

emulsifier or a surfactant to stabilize the miscibility of the ethanol and diesel. 

Microemulsification is another promising technology which also being applied 

to reduce viscosity and NOx emissions (Qi et al., 2010; Do et al., 2011; Attaphong et 

al., 2012) promoting the combustion efficiency for petroleum-based fuels. 

Theoretically, microemulsions are isotropic and thermodynamically stable, colloidal 

dispersions of otherwise immiscible water and oil, stabilized by the interfacial film of 

surfactant (Rosen, 2004). Microemulsion-based fuel is a Winsor Type II (water-in-oil or 

W/O) microemulsion, in which the polar phase is solubilized in reverse micelles 

occurring in the non-polar phase. Microemulsion of vegetable oils or vegetable oil-

diesel blends can be formulated with supplementary viscosity reducer, ethanol and 

butanol (Satgé de Caro et al., 2001; Kwanchareon et al., 2007; Kumar et al., 2013) 
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without chemical wastes produced as the process of transesterification. The growing 

environmental concerns on the applicability of sustainable alternative fuels continue 

to receive attention. Recent study (Nguyen et al., 2012) indicated that the 

microemulsion fuels had fuel properties including viscosity, pour point, and cloud 

point that meet the ASTM standard of biodiesel. Moreover, the results from direct 

injection diesel engine test showed that the microemulsion fuels had higher fuel 

consumption than diesel but some formulations of microemulsion fuels had reduced 

CO and NOx emissions than diesel. 

 Selecting an appropriate surfactant system is a key challenge of stabilized 

single phase microemulsion formation of vegetable oil-diesel blends with ethanol. 

The advantage of using nonionic surfactants over ionic surfactants is that salt addition 

is not required for formulating reverse phase micelles. Moreover, the head group of 

ionic surfactants (e.g., SO4
2-, SO3-) can cause residual problems for the engine 

emissions. While many studies (Dunn and Bagby, 1995; Knothe et al., 1997; Trenzado 

et al., 2001) have evaluated the effect of surfactant hydrophobicity (HLB) and carbon 

chain length on their use in biofuel, the effects of the surfactants’ structure has not 

been intensively investigated in this regard. The structure of a surfactant might affect 

micelle formation and micelle aggregation size, and thus impact the bulk viscosity of 

microemulsion-based fuel. 

 Most of the studies on nonionic surfactants are based on ethoxylate fatty 

alcohol, which are broadly used as surfactants. Previous study (Dunn and Bagby, 

1994) showed that mixed amphiphile systems consisting of a long-chain fatty alcohol 

and an n-alkanol are effective in solubilizing methanol/ethanol in triglycerides which 

has been refer to microemulsification in general. Methyl ester of oleic acid (methyl 
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oleate) and alcohol of oleic acid are obtained from natural raw materials. Thus, they 

can also act as a nonionic alcohol-based surfactant in the oil phase. Even though 

alcohols in general are not considered as surfactant since they do not form micelles 

in water phase, they can be considered as surfactants in the oil phase since they 

have been reported to form reverse micelles in oil phase (Dunn and Bagby, 2000; Do 

et al., 2011; Attaphong et al., 2012)  and adsorb at oil/water interface (Dunn and 

Bagby, 1994; Dunn and Bagby, 1995; Murakami et al., 2002; Murakami et al., 2004). 

 Therefore, in this study, various structures of nonionic surfactants were 

utilized to formulate reverse micelle microemulsion-based fuel. The nonionic 

surfactants of this study had the same C18 carbon chain length but varied in terms of 

their chemical structure (unsaturation/methyl ester/ethylene oxide group). The 

cosurfactant-chain length was varied from n-butanol to n-decanol. The goal was to 

determine the appropriate composition of the microemulsion-based fuel through the 

kinematic viscosity, microemulsion-droplet size and other fuel properties.  The fuel 

performances and exhaust emissions of formulated fuels were investigated by a 

direct injection (DI) diesel engine. Consideration of environmental impacts, the life 

cycle of microemulsion based biofuel was evaluated from raw materials production 

toward to the end of use. 

1.2 Objectives 

The overall objective of this study is to formulate a reverse micelle 

microemulsion containing a vegetable oil/diesel blend that can be used as an 

alternative fuel. The specific objectives of this study are as follows: 

1. To determine the phase behavior and kinematic viscosity of reverse 

micelle microemulsion containing a surfactant, a cosurfactant, ethanol, 
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and a vegetable oil-diesel blends at various mixing ratio of surfactant to 

cosurfactant, vegetable oil-diesel, and ethanol content.  

2. To investigate the effects the chemical structure of nonionic surfactants 

(with different amphiphilic parts and degrees of unsaturation) on their 

viscosity and microemulsion droplet size to enhance ethanol 

solubilization in reverse micelle microemulsion. 

3. To evaluate some basic fuel properties, the performance, and the exhaust 

emissions (CO, CO2, NOx, and exhaust temperature) of the microemulsion-

based biofuels on a direct injection (DI) small diesel engine at a specific 

engine speed with various loads and to compare them with those of neat 

diesel fuel. 

4. To evaluate the environmental impacts of the microemulsion-based 

biofuel through the biofuel’s life cycle. 

 

1.3 Hypotheses 

1. Microemulsion-based biofuel containing a vegetable oil/diesel blend at 

the appropriate ratio has properties and can perform similar to those of 

fossil-based diesel and can thus be used as an alternative diesel fuel. 

2. The presence of unsaturation, ester head group, and ethylene oxide 

groups in the structure of surfactant can increase the micelle aggregation 

size due to the looser packing between surfactant molecules, thereby 

reducing the number of micellar aggregates and thus reduce the micelle-

micelle interactions resulting in the lower bulk viscosity. 
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3. Greenhouse gas emissions and environmental impacts from the 

production of microemulsion-based fuel (ME50) are less than those of 

neat biodiesel (B100) and biodiesel-diesel blends (B50) due to lower 

energy consumption and waste generation. 

4. The presence of oxygenated additive as cosurfactant (butanol, octanol, 

and decanol) and ethanol in microemulsion fuel influences the fuel 

performance and exhaust emissions on diesel engine in term of fuel 

consumption, exhaust gas temperature, as well as CO, CO2, and NOx 

exhaust emissions. 

 

1.4 Scope of the study 

This research can be divided into the following six parts: 

Part 1: The microemulsion phase behavior study 

The microemulsion phase behaviors of the biofuel, conducted by the 

surfactant/co-surfactant, ethanol, and vegetable oil-diesel blends, were determined 

by the construction of the tertiary phase diagram. The effects of the surfactant 

structure, carbon chain length of cosurfactants, fraction of ethanol as well as fraction 

of diesel and palm oil blend were investigated. The areas of separate- and single- 

phase of each formulation were observed and then the appropriate portion of each 

component was examined. 

Part 2: The kinematic viscosity study 

The kinematic viscosity of the microemulsion-based fuels was investigated 

according to American Standard Test Method D 445 (ASTM D 445). The effects of the 

surfactant structure, carbon chain length of cosurfactants, fraction of ethanol as well 
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as fraction of diesel and palm oil blend on kinematic viscosity of microemulsion fuels 

were evaluated and compared with those of neat diesel fuel. Finally, the selected 

formula from Part 1 and 2 were tested for determining their effects on fuel 

properties, performance, and exhaust emissions. 

Part 3: Microemulsion-droplet size determination 

The effect of surfactants, cosurfactants, and ethanol content on 

microemulsion-droplet size were investigated and compared with those of neat 

diesel fuel. The size and size distribution of the microemulsion-based fuels were 

measured by dynamic light scattering (DLS) to determine the characteristics of the 

microemulsion.  The measurement of microemulsion-droplet size is an indirect 

method for determining the stability and against coalescence of droplets as well as 

the viscosity of microemulsion fuel solution. 

Part 4: Fuel properties of microemulsion-based biofuels 

The optimum condition of the microemulsion-based biofuels chosen from 

Part 1 and 2 was investigated for its effects on fuel properties. The fuel properties of 

microemulsion-based biofuels were evaluated according to the ASTM standard. The 

examined parameters are the kinematic viscosity, heat of combustion, flash point, 

cloud point (CP), water content, and residual. Moreover, the fuel properties of these 

biofuels were compared with those of neat diesel fuel. 

Part 5: Greenhouse gases emission and environmental impacts 

The greenhouse gas emission and related environmental impacts of 

microemulsion-based biofuel technology were evaluated through life Cycle 

Assessment (LCA) tools. The material flow and inventory data of the microemulsion-

based fuel production process were gathered from the laboratory experiment.  The 
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life-cycle environmental impacts of microemulsion-based fuel were compared with 

neat biodiesel and biodiesel-diesel fuel.  

Part 6: Microemulsion-based fuel performance and emissions 

The microemulsion-based fuels were evaluated for their performance in a 

single cylinder small diesel engine. The performance of the biofuels was measured in 

terms of their fuel consumption. Moreover, the exhaust emission gases including 

carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOx), and exhaust gas 

temperature were examined and monitored by Testo-exhaust gas analyzer. 
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1.5 Experimental Framework 

 

Figure 1-1 Experimental framework 
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CHAPTER II THEORETICAL BACKGROUNDS AND LITERATURE REVIEWS 

 

2.1 Vegetable oils and palm oil 

2.1.1 Vegetable oils 

Vegetable oils are lipids derived from plants (such as palm, soy bean, 

sunflower, jatropha and coconut), which are composed primarily of the fatty esters 

of glycerol, so-called triglycerides (Ali and Hanna, 1994; Knothe et al., 1997; Balat, 

2008). Their typical characteristics are water-insoluble and hydrophobicity. 

Structurally, a triglyceride is the reaction product of one molecule of glycerol with 

three fatty acid molecules to yield three molecules of water and one molecule of 

triglyceride. Figure 2-1 shows a typical chemical structure of vegetable oil. These 

contain substantial amounts of oxygen in their structures. Fatty acids contained in 

vegetable oils are different depending on their carbon chain length, saturation, 

degree of unsaturation, and/or the presence of other chemical functional groups.  

Palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) are 

fatty acids commonly found in vegetable oils. In addition, trace amounts of 

phosphorus, sulfur and other elements also found in vegetable oils, derived from 

free fatty acids (generally 1 to 5%) e.g., phospholipids, phosphatides, carotenes, 

tocopherols, sulfur compounds and traces of water. However, fully saturated 

triglycerides lead to excessive carbon deposits in engines (Ali and Hanna, 1994). 
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Figure 2-1 Typical chemical structure of vegetable oil (Ali and Hanna, 1994) 

 

Petroleum-based diesel fuels have different chemical structures from 

vegetable oils. Because they are saturated and unsaturated hydrocarbons consist of 

only carbon and hydrogen atoms. The carbon atoms in diesel fuel range from C10 to 

C15. Thus, the properties of vegetable oils are different from petroleum diesel fuel 

due to the large size of vegetable oil molecules (Gunstone and Hamilton, 2001; 

Filemon and Uriarte, 2010) and the presence of oxygen in the molecules (Ali and 

Hanna, 1994). 

 

2.1.2  Palm oil  

Oil palm is botanical classification as Elaeis guineensis which play an 

important role in consumer products, oleochemical industries as well as biodiesel 

production.  Palm oil can be produced from various parts of the palm fruit. Figure 2-

2 shows the palm fruits and the longitudinal section of a palm. The two main 

products are crude palm oil and crude palm kernel oil. Crude palm oil is obtained 

from the mesocarp and kernel oil obtained from the endosperm (kernel). Table 2-1 

shows common fatty acid compositions of palm oil and palm kernel oil. However, 

Triglyceride Glycerol Fatty acid 



 12 

the main wastes and byproduct from utilization of palm fruits are empty fruit 

bunches, palm fiber, and shells as well as the effluent from oil extraction process. 

 

 

 

 

 

Figure 2-2 Palm fruits and longitudinal section (adapted from (Ong et al., 2011)) 

 

The main advantages of palm oil are its outstandingly high yields and 

moderate world-market prices compared to other edible vegetable oils. Thus, the 

production of biofuel from palm oil makes sense from an economic point of view. 

Nevertheless, its high contents of saturated fatty acids, leading to unacceptably high 

cold filter plugging point values (~31 oC for cloud point), prevent winter operation of 

engines on neat palm oil (Murugesan et al., 2009). 
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Table 2-1 Common fatty acid compositions of palm oil and palm kernel oil 

Fatty acid compositions  Palm oil a Palm kernel oil b 

Name  Structure (xx:y)   (wt. %) (wt. %) 

Lauric 12:0  0.1 55.0 

Palmitic 16:0  42.8 6.0 

Stearic 18:0  4.5 4.0 

Oleic 18:1  40.5 10.0 

Linoleic 18:2  10.1 - 

Linolenic 18:3  0.2 - 

xx:y is fatty acid nomenclature: xx is the number of carbon atoms in the fatty acid chain, and y is 
the number of double bonds. 

Source:  a (Ma and Hanna, 1999) 
  b (Siew, 2001) 

  

  



 14 

2.2 Vegetable oil utilization as engine fuel 

Vegetable oils can be used as alternative diesel fuel because of their physical 

properties, especially cetane number and high energy content (Schwab et al., 1987). 

Chemical and physical properties of vegetable oils are showed in Table 2-2. The 

unprocessed oil has limited used in a direct injection (DI) diesel engine, and requires 

adjustment for use in diesel engines due to its viscosity. The kinematic viscosity of 

vegetable oils is nearly 10 times that of petroleum diesel fuel (Murugesan et al., 

2009). This can be problematic because modern diesel engines have fuel injection 

systems that are sensitive to viscosity changes. High viscosity leads to poor 

atomization of the fuel, engine durability problems such as coking of injector nozzles 

and sticking of piston rings, and incomplete combustion (Schwab et al., 1987; Ma and 

Hanna, 1999; Murugesan et al., 2009). Thus, vegetable oil’s viscosity must be reduced 

to facilitate the improvement of engine performance. 

Generally, there are at least four technologies for reducing high viscosity of 

vegetable oil including direct blending, pyrolysis, transesterification, and 

microemulsification.  
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Table 2-2 Chemical and physical properties of vegetable oils 

Vegetable 
oils 

Kinematic 
viscosity 

Cetane 
number 

Heating 
value 

Cloud 
point 

Pour 
point 

Flash 
point 

  at 38oC  

(mm2/s) 

 (MJ/kg) (oC) (oC) (oC) 

Corn  34.9 37.6 39.5 -1.1 -40.0 277 

Cottonseed  33.5 41.8 39.5 1.7 -15.0 234 

Peanut  39.6 41.8 39.8 12.8 -6.7 271 

Rapeseed  37.0 37.6 39.7 -3.9 -31.7 246 

Soy bean  32.6 37.9 39.6 -3.9 -12.2 254 

Sunflower  33.9 37.1 39.6 7.2 -15.0 274 

Palm  

Diesel 

39.6 

3.06  

42.0 

50.0 

39.5 

43.8 

31.0 

- 

- 

-16 

267 

76 

Source :  (Murugesan et al., 2009) 
   (Singh and Singh, 2010) 
 

One approach to improve the utilization of vegetable oil-based fuel is mixing 

it with conventional diesel fuel also known as direct blending. However, these 

blends fall short of meeting goals of energy self-sufficiency. Pyrolysis is effective in 

upgrading vegetable oils, but adds considerably to the expenses and negates direct 

utilization (Machacon et al., 2001; Balat, 2008).  

Transesterification with alcohol to produce fatty acid methyl ester (FAME) 

also known as biodiesel yields a fuel with lower viscosity and acceptable 

performance properties. However, biodiesel has a higher cloud point (CP) and pour 
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point (PP) in cold weather than No. 2 diesel, which is a limitation and lower the 

feasibility of direct use. The combustion of biodiesel in some cases slightly increases 

nitrogen oxides (NOx) in exhaust emissions (Knothe et al., 1997; Dunn and Bagby, 

2000; Kalam and Masjuki, 2002). In terms of the environmental aspect, water washing 

process is typically used for biodiesel purification after the transesterification reaction 

therefore a large volume of wastewater stream is generated as well as the high 

energy consumption is used to remove crude glycerol byproduct, methanol, and 

catalyst (Pagliaro et al., 2007; Sulaiman et al., 2011). 

Microemulsification is another promising vegetable oil modification 

technology to reduce viscosity and NOx emissions (Qi et al., 2010; Do et al., 2011; 

Attaphong et al., 2012; Nguyen et al., 2012) while achieving combustion efficiency 

similar to petroleum-based fuels. Microemulsion of vegetable oils can be formulated 

with the supplementary viscosity reducer, ethanol and butanol, without chemical 

waste being produced as during transesterification (Do et al., 2009; Attaphong and 

Sabatini, 2013). 

 

2.3 Microemulsion-based biofuel 

Microemulsion-based biofuel (Attaphong et al. 2012; Do et al. 2011; Nguyen 

et al. 2012) is an emerging biofuel production technology, produced by the 

microemulsification of mixed liquid fuels such as vegetable oils and bio-alcohols, 

which are derived from renewable and local agricultural based feedstocks. Thereby, 

there has been considerable interest in an alternative fuel to replace petroleum-

based transportation fuels. Microemulsion biofuels can be typically formulated by 

the stabilizing polar phase (e.g., ethanol) in reverse micelles dispersed in the non-
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polar phase (vegetable oil and/or diesel blend) (Attaphong et al. 2012; Do et al. 

2011; Kibbey et al. 2014), also known as Winsor Type II microemulsion formation. The 

unique characteristics of microemulsion fuel are isotropic, transparent, 

thermodynamically stable mixtures consisting of a non-polar phase and a polar 

phase stabilized by an appropriate surfactant system (with a proper cosurfactant or 

short-to-medium chain alcohols) in sufficient concentration. In particular, the 

surfactant system is the key parameter to formulate the optimal microemulsion 

fuels. 

 

2.3.1 Surfactants 

A surfactant, or surface active agent, is a general term used to describe 

molecules that interact with an interface. Surfactants are amphipathic molecules 

consisting of two dissimilar parts in the same molecule, a polar hydrophilic portion as 

the head group and a non-polar hydrophobic portion as the tail group as shown in 

Figure 2-3 (Rosen, 2004; Tadros, 2005). Surfactants, thus, can reduce the interfacial 

tension between two immiscible phases by decreasing the dissimilarity between two 

phases (e.g., air-water, oil-water, and solid-liquid interfaces). Surfactants have been 

widely used in industrial and environmental applications.  

 
 

Figure 2-3 Schematic diagram of a surfactant molecule  
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For microemulsion-based biofuel, the advantage of using nonionic surfactants 

over ionic surfactants is that salt addition is not required for formulating reverse 

phase micelles. Moreover, the head group of ionic surfactants (e.g., SO4
2-, SO3

-) can 

cause residual problems for the engine emissions. 

 

2.3.2 Microemulsions 

Microemulsions are thermodynamically stable, transparent, normally low 

viscous and isotropic dispersions of either water-in-oil or oil-in-water. A 

microemulsion is stabilized by pure or mixed surfactants (Rosen, 2004; Do et al., 

2011; Paul and Panda, 2011). The microemulsions are physico-chemically contrasted 

from macroemulsions (normally called emulsions), in the latter, the particle size is 

much larger (~1-10 mm), the viscosity is usually higher, transparency is absent, and 

stability is short (Jacques, 1999). Table 2-3 shows the difference characteristics 

between emulsions and microemulsions. Microemulsions have been used in many 

applications such as to enhance oil recovery, pharmaceuticals, cosmetics, and fuels. 

A major practical disadvantage of microemulsions is that microemulsion formation 

requires higher amounts of surfactant than emulsion formation does.  
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Table 2-3 Characteristic differences between emulsions and microemulsions 

Microemulsion Emulsion 

 Thermodynamically stable  Dynamically stable, will eventually 

separate 

 Small droplet (~10 nm)  Relatively large droplets (1-10 mm) 

 Highly dynamic system  Relatively static system 

 High internal surface, high amount of 

surfactant needed  

 Moderately large internal surface, 

moderate amount of surfactant 

needed 

 The oil/water interfacial film can be 

highly curved 

 

 Small oil/water curvature 

 

 

Source : (Lif and Holmberg, 2006) 

 

Microemulsions can form and transition among four basic types: Winsor Type 

I, Winsor Type III, Winsor Type II, and Winsor Type IV, depending on the hydrophile-

lipophile balance (HLB) of the surfactant (Childs et al., 2004; Rosen, 2004). 

Microemulsion formation is shown in Figure 2-4. If the surfactants with high HLB 

values (>7) dissolve in the aqueous phase (oil is solubilized in aqueous micelles), the 

normal micelles (surfactant aggregates having hydrophobic interiors and hydrophilic 
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exteriors) are formed, resulting in Winsor Type I (oil-in-water, O/W) microemulsions. 

When the HLB of the system is reduced (i.e., by increasing the salinity for an anionic 

surfactant or decreasing the temperature for a non-ionic surfactant), an aqueous 

surfactant phase and an oil phase will reduce its interaction force at the interface, 

resulting in an occurrence of the least curvature surfactant aggregation, known as a 

bicontinuous structure. The Winsor Type III microemulsion, or middle phase 

microemulsion is thus formed.  Once the HLB is further reduced (HLB< 7), the normal 

micelles break up, move into the oil phase and transform into reverse micelles 

(surfactant aggregates having hydrophilic interiors and hydrophobic exteriors). They 

are classified as Winsor Type II microemulsion (water-in-oil, W/O).  At a specific 

condition, another type of microemulsion, which is called Winsor Type IV, can be 

generated. The Winsor Type IV is a single phase system in which water, oil, and a 

surfactant combine together into one phase, which usually occurs at a very high 

surfactant concentration (Acosta et al., 2002; Rosen, 2004). 

Cosurfactants, such as long-chain alcohols, are sometimes added to emulsion 

systems to manipulate their properties (James-Smith et al., 2007). Mixtures of a 

surfactant and n-alkanol (also known as cosurfactant) in certain proportions, can play 

a role on preventing coalescence and the formation of more rigid structures such as 

gels and liquid crystals (Salager, 1999). The influence of cosurfactants has been 

attributed to the role of alcohol plays as a lipophilic linker near the interface. In 

addition, they can promote larger curvatures and higher oil solubilization (Wang et 

al., 2008; Paul and Panda, 2011). 
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Figure 2-4 Microemulsion formation (Attaphong et al., 2014) 

 

2.3.3 Phase behavior 

The ternary mixtures of water-surfactant-oil can have different phase 

behaviors, which are described by Winsor (Salager, 1999).  By varying the proportion 

of constituents, a ternary phase diagram is constructed to determine the different 

phase equilibrium types. The plotting of the phase diagrams is a lengthy effort, as 

many samples are required to precisely define the boundaries. 

Microemulsion phase behavior depends on various factors, namely the polar 

type (water, glycol, glycerol, etc.), oil type, surfactant type, presence of additives 

(especially electrolytes), temperature, and pressure (Rosen, 2004; Paul and Panda, 

2011). 

Figure 2-5 indicates the different cases of phase behavior. All three diagrams 

present a large single-phase region from the S vertex downward, which extends on 

both sides, reaching the W and O vertices. Near the OW side, there is a polyphasic 
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region in the three diagrams, and this region tends to shrink. It required more 

amphiphiles (surfactant and cosurfactant) to reduce the miscibility gap. 

In the Winsor Type I diagram, the phase behavior exhibits in the biphasic 

region 2, because it appears as a two-phase separation, the surfactant-rich phase 

and excess oil phase. As both the surfactant content and the solubilized oil amount 

increases, the surfactant-rich aqueous phase contains normal micelles, extremely 

swollen micelles, an O/W microemulsion, and, finally, forms a bicontinuous structure. 

This surfactant-rich phase is located at the boundary of the single-phase region in 

equilibrium with almost pure oil, as indicated by the tie-line slope. It is note that the 

critical point where the tie line becomes tangent to the bimodal boundary is located 

on the extreme right. The critical point is reached only if the surfactant-rich water 

phase is able to solubilize an extremely large amount of oil, probably in some foam-

like microemulsion. 

 

 

Figure 2-5 Schematic Winsor diagrams of various types of microemulsion systems as 

O, oil; W, water; S, surfactant (Salager, 1999; Goodwin, 2004) 
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Conversely, a Winsor Type II diagram and phase behavior corresponds to the 

opposite situation, in which the polyphasic equilibrium consists of a reverse micellar 

solution. It eventually solubilizes water to become a W/O microemulsion. This 

microemulsion has separated water droplets, in equilibrium with an essentially pure 

aqueous phase. In this case, the tie-line slope is inclined the other way and the 

critical point is located on the left of the bimodal curve. 

 In a Winsor Type III diagram, in between Winsor Type I and II, one could 

expect a situation with horizontal tie-lines, and a biphasic system in which the 

amphiphile partitions equally in both oil and water phases.  

Figure 2-6 shows ternary phase diagram of Winsor Type II (water-in-oil) 

microemulsion. The composition at each point in a ternary phase diagram 

demonstrates the volume percent of the three components (A, B, C) as follows 

x % A + y% B + z% C  =  100 % 

The miscibility curve is plotted as the boundary between separate phases 

and single phase microemulsions.  The regions above the curve are single phase 

systems where sufficient surfactant is added to solubilize all of components – this is 

a thermodynamically stable and transparent microemulsions. The curve, two visibly 

separate phases occur which in our case is a Winsor Type II. 
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Figure 2-6 Ternary phase diagram of Winsor Type II (water-in-oil) microemulsion 

 

2.4 Fuel properties 

The fuel properties of biofuels containing ethanol in their composition as well 

as biodiesel are determined to investigate its short-term and the long-term effects on 

the diesel engine. The presence of ethanol generates different physico-chemical 

properties of the diesel fuel, particularly reductions of cetane number, low heat 

content, kinematic viscosity, flashpoint, and pour point, etc. The fuel properties of 

biofuels must be investigated according to the American Standard Testing Methods 

(ASTMs) followed by standard specification for diesel fuel oils (ASTM D975, 2007).  

2.4.1 Kinematic viscosity 

Kinematic viscosity is one of the critical parameters in the use of vegetable 

oils as fuel. It is a measure of the resistance to flow of a liquid due to the internal 

friction of one part of a fluid moving over another. Vegetable oils have high viscosity, 

which leads to poor fuel atomization and inefficient mixing with air, causing 
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incomplete combustion (Hoekman et al., 2012). At 27 oC, they have viscosities 

ranging from 58 mm2/s for sunflower oil to 65 mm2/s for soy bean oil (Altın et al., 

2001). With proper processing, these kinematic viscosities can be reduced to a level 

close to that of diesel fuel, which is 3-5 mm2/s. Kinematic viscosity is highly depend 

on temperature; the higher the temperature, the lower the kinematic viscosity 

(Filemon and Uriarte, 2010). 

2.4.2 Cetane number 

Cetane number is an important fuel property for diesel engines. It has an 

influence on the engine’s start-ability, combustion control, and performance (Li et 

al., 2005). Vegetable oils have high cetane numbers (Ali and Hanna, 1994). However, 

the cetane numbers of blended fuel depend on the amount and type of additive 

used in the blends. For example, the cetane number of the ethanol-diesel blends 

decreases, when increasing amounts of ethanol are added because ethanol itself has 

very low cetane number.  

2.4.3 Flash point 

Flash point is the lowest temperature at which a fuel will ignite when 

exposed to an ignition source. In general, flash point measurements are typically 

dominated by the fuel component in the blend with the lowest flash point. The 

flashpoint of the fuel affects the shipping and storage of fuels (Li et al., 2005). 

Generally, flash points of vegetable oils are higher than that of diesel fuel due to 

their non-volatile nature (Ali and Hanna, 1994). Thus, the higher flash point of 

biofuels indicates that the handling and storage of biofuel is safer than that of diesel 

fuel (Bajpai and Tyagi, 2006).  
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2.4.4 Cloud point 

Cloud point is the temperature at which the fuel becomes cloudy due to the 

formation of crystals, which can clog fuel filters and supply lines  (Mittelbach and 

Remschmidt, 2006). Generally, the cloud point of vegetable oil is higher than that of 

diesel fuel (Ali and Hanna, 1994). Moreover, biodiesel from palm oil shows high cloud 

points (14oC), while biodiesel from rapeseed oil generally shows low cloud points (-

3oC). For, a large seasonal and variable geographic temperature country, the cloud 

point standard is the most important property for determining the suitability of 

biodiesel fuels in-use. 

2.4.5 Pour point 

Pour point refers to the temperature at which the oil in solid form starts to 

melt or pour. In cases where the temperatures fall below the melting point, the 

entire fuel system including all fuel lines and fuel tank will need to be heated 

(Filemon and Uriarte, 2010). 

2.4.6 Water content 

Water content is the quantity of water contained in the fuel. It can be 

analyzed by using Karl-Ficher tritration. When the water content is high, the 

combustion temperature can be reduced. As a result, nitrogen oxide (NOx) and 

particulate matter (PM) decreases, but the amount of carbon monoxide (CO) and 

hydrocarbon (HC) increases (Lif and Holmberg, 2006). 

2.4.7 Gross heat of combustion 

Gross heat of combustion or heating value is the amount of heating energy 

released by the combustion of a unit value of fuel (MJ/kg). It can be measured with a 

bomb calorimeter. One of the most important determinants of the heating value is 
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the moisture content (Filemon and Uriarte, 2010). Heat of combustion is frequently 

used to evaluate the fuel consumption in diesel engine. The lower heating content 

of the biofuels would affect their fuel economy because they induced a higher 

volume of fuel required for engine to drive the same amount of electrical power. 

 

Table 2-4 Standard properties of petroleum diesel and biodiesel 

Properties No. 2 diesel fuela   Biodieselb 

Flash point (oC) 52 (min.) 130 (min.) 

Water and sediment (% vol.) 0.05 (max.) 0.05 (max.) 

Kinematic viscosity, 40oC (mm2/s) 1.9-4.1 1.9-6.0 

Sulfated ash (% mass) 0.05 (max.) 0.02 (max.) 

Cetane number 40 (min.) 47 (min.) 

Cloud point (oC) Report Report 

Carbon residue (% mass)  0.35 (max.) 0.05 (max.) 

Acid number (mg KOH/g) - 0.50 (max.) 

No. 2 diesel fuel is the diesel fuel that vehicles with diesel road engines use for operation and 
also used for heating. 

Source: a(ASTM D975, 2007) 
b (ASTM D6751-07b, 2007) 
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2.5 Relations between viscosity and droplet size  

A number of factors influence the viscosity of a bulk solution, including 

droplet size, droplet-size distribution, volume fraction of droplets, concentration of 

surfactant, and temperature (Johnsen and Rønningsen, 2003). The affecting factors 

are numerous and they can influence each other. For example, a reduction of 

temperature causes a remarkable increase in the viscosity of continuous phase. 

Johnsen and Rønningsen (2003) stated that for water-in-oil emulsions, the viscosity of 

the dispersed phase (i.e. water) has a very small effect on the overall viscosity. The 

effect of droplet size distribution may have a large impact on the viscosity, 

particularly when going to very small droplet sizes. 

To assess the correlation relating viscosity, one usually measures the droplet 

size and size distribution using dynamic light scattering techniques (photon 

correlation spectroscopy, PCS). In this technique, one measures the intensity 

fluctuation of scattered light by the droplets as they undergo Brownian motion. The 

size of a droplet ( , radious of droplet) is calculated from the translational diffusion 

coefficient ( ) by using the Stokes-Einstein Equation: 

                                                      
  

    
                               (Equation 2.1) 

where   is the Boltzmann constant,   is the absolute temperature, and   is 

the viscosity of the continuous phase.  
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According to the Stokes-Einstein Equation, it indicates that the viscosity tends 

to be greater with smaller particles. Moreover, as maintaining a constant surfactant 

concentration in a suspension while reducing the particle size of droplets leads to an 

increase in the number of droplets in the system. A higher number of smaller 

droplets (high volume fraction of droplets) results in more particle-particle 

interactions and an increases resistance to flow of bulk solution (see Figure 2-7).  

2.6 Life cycle assessment  

A microemulsion theoretically produces biofuel with 100 percent yield with 

less waste and emissions, the raw materials acquisition and utilization of bio-based 

production entail significant amounts of emissions into the environment such as 

synthetic chemical fertilizers during the long period of cultivation, fossil fuels during 

vegetable oil extraction and refining, and other areas of the process. Hence, direct 

and indirect impacts of microemulsion-based biofuel production on environmental 

resources need to be addressed for each step of the product life-cycle. 

Figure 2-7 Particle-particle interactions affecting viscosity; (a) lower interaction as 

bigger size of droplets; (b) higher interaction as smaller size of droplets 
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Life-cycle assessment (LCA) is an environmental tool to evaluate the 

potential impacts of a product on the environment over the entire period of its life: 

from the extraction of raw materials; through the production and packaging process 

(i.e. from cradle to gate); the use and maintenance of the product; and on to the 

recycling or disposal as waste at the end of its life (i.e. from cradle to grave).  All 

materials and energy input and output of each step process are required as 

inventory data for LCA assessment.  There is many research used a LCA technique to 

evaluate the environmental impacts of alternative fuels or biofuels (Kwanchareon et 

al., 2007; Papong et al., 2010; Papong and Malakul, 2010; Nanaki and Koroneos, 2012) 

such as global warming (GWP), acidification (AP), eutrophication (EP), ozone layer 

depletion (ODP), and human toxicity (HTP). Throughout the material balance 

calculation, LCA can be a useful tool for industrial process by clarifying emission 

hotspots as well as prioritize alternative technology to mitigate impacts. 

2.7 Combustion in diesel engines 

 The diesel engine, a compression ignition (CI) engine, is an internal 

combustion engine.  It uses the heat of compression to initiate ignition to burn the 

fuel, which is injected into the combustion chamber. This is in contrast to the 

gasoline engine, a spark-ignition engine, which uses a spark plug to ignite an air-fuel 

mixture. Engines can be categorized into two types: direct-injection (DI) engines and 

indirect-injection (IDI) engines. In a DI engine, the fuel is injected directly into the 

combustion chamber, whereas in an IDI engine, the fuel is injected into a pre-

chamber, from which partially oxidized gases and evaporated fuel are introduced 

into the main combustion chamber (Mittelbach and Remschmidt, 2006). DI engines 
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are commonly used for passenger cars due to their low fuel consumption, whereas 

IDI engines are designed for use in small sized engines (Heywood, 1988). 

2.8 Exhaust emissions of diesel  

Diesel engines are a major source of air pollution. The combustion engine 

exhaust streams consist of the non-toxic components, such as nitrogen (N2), carbon 

dioxide (CO2), and water (H2O). However, about 0.2% of diesel engine exhausts are 

composed of more harmful substances. The exhaust gases contain oxides of nitrogen 

(NOx), carbon monoxide (CO), total hydrocarbon (HC), and particulate matter (PM), 

which are unburnt or partially burnt organic compounds and fuel (Mittelbach and 

Remschmidt, 2006). The relative amounts depend on the engine design, the type of 

fuel used, and the operating conditions. The combustion in the diesel engine is more 

complete when ethanol is blended in with petroleum fuel due to the oxygenated 

additives in diesel fuel (Kwanchareon et al., 2007). The addition of alcohol in the 

diesel maximizes the reductions in regulated exhaust emissions (HC, CO, NOx, PM), 

and a reduction in the net greenhouse gas emissions.  

2.9 Literature Review 

Due to the high viscosity of vegetable oils, many researchers have concern 

over the use of various kinds of vegetable oil as replacements for diesel fuel. 

Previous study (Bettis et al., 1982) evaluated sunflower, safflower, and rapeseed oils 

as possible source for diesel fuel. These vegetable oils were found to contain 

approximately 95% of energy content of diesel fuel but were about 15 times more 

viscous. Short-term engine tests indicated that these vegetable oils could deliver 

power near to that of diesel fuel; however, long-term durability tests revealed 
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serious problems due to carbonization of the combustion chamber. Wang et al. 

(2006) also reported that the major disadvantage of vegetable oils is their high 

viscosity. High viscosity may lead to poor atomization, incomplete combustion, 

coking of injector nozzles and sticking of piston rings. 

Although blending vegetable oil with diesel fuel decreases viscosity, similar 

problems to that of neat vegetable oils arise. Sims et al. (1981) showed that 

rapeseed oil-diesel fuel blends could be used as a replacement for diesel fuel. 

Short-term engine tests showed that a 1:1 (v/v) rapeseed oil/diesel fuel blend had 

no adverse effects although long-term tests resulted in injection pump failure and 

cold starting problems. The amount of carbon deposits on combustion chambers 

was found to be the same as that found in engines operated with 100% diesel fuel. 

Blending vegetable oil with diesel fuel is based on the similar idea of blending 

ethanol with diesel to produce diesohol (Neuma de Castro Dantas et al., 2001; Li et 

al., 2005). A major drawback of this type of blending is that ethanol is immiscible in 

diesel over a wide range of temperatures because of the differences in their 

chemical structures and characteristics. These can result in fuel instability due to 

phase separation. 

Another way to solve the problems of high vegetable oil viscosities and the 

quality of exhaust emissions is the use of the microemulsion technique with 

emulsifying agents. Dunn and Bagby (1994) studied the solubilization of methanol in 

triglyceride soybean oil (SBO) by adding a mixture of unsaturated long-chain fatty 

alcohol (as surfactant) and alkanol (medium-chain alcohol as the cosurfactant) 

systems. The results indicated that the addition of fatty alcohol and alkanol 

amphiphiles dramatically affected the miscibility between methanol and triglyceride. 
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Increasing the degree of unsaturation in the fatty alcohol tail group (oleyl 

alcohol<linoleyl alcohol<linolenyl alcohol) decreased the viscosity of the systems.   

Later on, Dantas and Neto (2001) formulated a new microemulsion system 

containing diesel and different percentages of vegetable oils. They constructed a 

pseudo-ternary phase diagram in order to determine the phase boundaries of the 

microemulsion regions. The main parameters that affect the microemulsion areas 

were studied including the nature of the surfactant, the nature of the cosurfactant, 

and the cosurfactant-to-surfactant ratio (C/S ratio). Moreover, they found that the 

addition of 20% of soy oil as a substitution for the pure diesel caused a change in 

the microemulsion area. 

There are many factors that affect phase behavior and the internal structure 

of a microemulsion including the polar concentration, oil structure, surfactant type, 

carbon-chain length of the cosurfactants, cosurfactant–to-surfactant ratio, ionic 

strength of the solution, temperature, and pressure. Researchers (Pichot et al., 2010) 

studied the effects of the types and concentrations of surfactants on the stability, 

droplet size, and emulsion structure of emulsions. In their study, Tween 60 (HLB= 

14.9), Sodium Caseinate (HLB ~ 14), and Lecithin (HLB ~ 4) were used to formulate 

emulsions. The results led them to conclude that all types of surfactant-formulated 

emulsion were stable against coalescence, but the behavior of the systems was 

found to depend on the surfactant concentration. The droplet sizes of mixed 

surfactants were smaller than droplet sizes of a single surfactant.      

The influence of cosurfactants has been explained through the role of 

alcohol, which serves as a lipophilic linker near the interface. Wang et al. (2008) 

studied the effects of the alkanol chain length (n-butanol, n-pentanol, iso-pentanol, 
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n-hexanol, n-octanol) on the interfacial composition and thermodynamic properties 

of diesel oil microemulsions. They found that with a certain alkanol, the mass of n-

butanol, n-pentanol, iso-pentanol and n-hexanol dissolved in diesel oil decreased as 

the temperature increased, whereas an opposite trend was observed for n-octanol. 

At a constant temperature, they also found that the mass addition of alkanol 

decreased with an increase in the alkanol carbon chain to form a w/o diesel 

microemulsion. 

 The kinematic viscosity of biofuel plays a major role in its pumping and flow 

within and engine. Therefore, the kinemetic viscosity (at 40 oC) is the main parameter 

required by biodiesel and petrodiesel standards. Many researchers have studied the 

influential parameters that affect the kinematic viscosity of biofuels (Knothe and 

Steidley, 2005; Rodrigues et al., 2006). Knothe and Steidley (2005) investigated the 

influence of a fatty compound structure covering the chain length, acid and alcohol 

moieties of esters, number and configuration of double bonds, on kinematic viscosity 

of biodiesels. In their study, the kinematic viscosity of various saturated and 

unsaturated fatty compounds were reported. The results showed that the kinematic 

viscosity increased with increasing the chain length of either the fatty acid or alcohol 

moiety or in an aliphatic hydrocarbon. At the same number of carbon atoms, the 

unsaturated hydrocarbons have lower kinematic viscosity than saturated 

hydrocarbons. Moreover, the kinematic viscosity of unsaturated fatty compounds 

strongly depends on the nature and number of double bonds; however, the position 

of the double bond has less of an effect on viscosity. These results were consistent 

with Rodrigues et al. (2006) who studied the chemical structure and physical 

properties of vegetable oil esters and their effects on kinematic viscosity and the 
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crystallization temperature. They reported that the crystallization temperature 

decreased due to the presence of the branching or unsaturated compound.  

Paul and Panda (2011) investigated the effects of a cosurfactant on the phase 

behavior and viscosity of water/(polyoxyethylene sorbitan monolaurate+n-alkanol)/n-

heptane water in an oil microemulsion. By constructing a pseudo-ternary phase 

diagram, they found that the clear, the single phase microemulsion region was 

dependent upon the chain length of the cosurfactant. They concluded that an 

increase in the cosurfactant chain length (decreased polarity) made the 

homogeneous system unstable due to its higher immiscibility with water. The 

average size of the microemulsion droplet and viscosity of the system increased 

along with the chain length of the cosurfactant. 

Another previous work (Crookes et al., 1997) studied the combustion 

performance of a vegetable oil-diesel fuel blend that formed an emulsion with 

water. Spray-flame photography showed that the use of the pure vegetable oil led 

to poor combustion efficiency at atmospheric pressure compared to that of diesel 

fuel. In single-cylinder engine tests at relatively low power and speed, the ignition 

delay was longer for vegetable oil based biofuel. However, the combustion in the 

chambers at higher pressures could improve atomization and aided in burnout by 

blending vegetable oil and diesel fuel, leads to lower particulate emission. In a multi-

cylinder engine under normal operating conditions, the emulsification of the 

vegetable oil blended with diesel fuel reduced levels of both soot and nitrogen 

oxides. 

Lif and Holmberg (2006) investigated the water-in-diesel emulsion properties 

in a regular diesel engine. Their emulsion fuel reduced emissions of nitrogen oxides 
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(NOx) and particulate matter (PM); moreover, their fuel reduced fuel consumption 

due to its better burning efficiency. Their study focused on the influence of water on 

emissions and combustion efficiency. It was found that the emissions of nitrogen 

oxides and particulate matter decreased as the water content of the emulsion 

increased. On the other hand, the emissions of hydrocarbons (HC) and carbon 

monoxide (CO) increased. In terms of combustion efficiency, it was found that the 

water content reduced the peak temperature in the cylinder, resulting in a lower 

level of NOx formed. Moreover, the presence of water-in-diesel can bring about the 

microexplosion phenomenon, enhancing the atomization of fuel. 

Attaphong et al. (2012) formulated microemulsion fuels comprised of canola 

oil-diesel blends with ethanol viscosity reducers using anionic carboxylate-based 

extended surfactant and cosurfactant to stabilize and form homogenous and stable 

fuel. Nguyen et al. (2012) formulated canola oil-diesel microemulsion fuels and 

evaluated some of the fuel properties and diesel engine performance with a 

comparison between canola oil-diesel microemulsion fuels and diesel fuel. They 

used oleylamine and 1-octanol as surfactant and cosurfactant, respectively. Their 

results indicated that the microemulsion fuels had fuel properties including cloud 

point and pour point as well as kinematic viscosity that meet the ASTM standard of 

biodiesel. Moreover, the results from the DI diesel engine test indicated the 

differences in fuel consumption between microemulsion fuels and regular diesel 

fuel.  The test operated with microemulsion fuel had slightly more fuel consumption 

than those run with diesel.  However, some of the tests run with different 

microemulsion fuel formulations emitted lower amounts of NOx and CO emissions 

compared with diesel fuel.   
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Therefore, in this study, various structures of nonionic surfactants were 

utilized to formulate reverse micelle microemulsion-based biofuel. The nonionic 

surfactants studied all had the same C18 carbon chain length but varied in terms of 

their chemical structure (unsaturation/methyl ester/ethylene oxide group). The 

cosurfactant-chain length was varied from n-butanol to n-decanol. This study aims to 

provide valuable information on the use of these surfactants in microemulsion 

formulation in the production of alternative diesel. 

 The works of previous researchers have been taken into consideration, and 

this study was formulated reverse micelle (Winsor type II) microemulsion-based 

biofuels to stabilize ethanol in the oil phase while reducing the viscosity of the neat 

palm oil for use as a biofuel.  

In the first stage, the phase behavior and kinematic viscosity of 

microemulsion-based biofuel were investigated. Moreover, the influential parameters 

including the nature of the surfactant, nature of the cosurfactant, temperature, 

ethanol content, and palm oil/diesel ratio were studied to determine the physico-

chemical properties of the systems. Finally, the properties, performance, and exhaust 

emissions of the microemulsion-based biofuel were investigated. 
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CHAPTER III METHODOLOGY 

 

3.1 Materials 

3.1.1 Surfactants 

The nonionic surfactants in this research were divided into three systems: the 

fatty alcohol-based surfactant, fatty acid ester-based surfactant, and ethoxylate 

alcohol-based surfactant systems. These surfactants have the same carbon change 

length (C18), but possess different chemical structures. Figure 3-1 and Table 3-1 show 

the structures of surfactants and the properties of surfactants, respectively.  

Fatty alcohol-based surfactant system: 

Stearyl alcohol with 99% purity (Octadecan-1-ol) and oleyl alcohol with 85% 

purity (cis-9-Octadecen-1-ol) are the C18 alkyl chain length with the structure of 

saturated and unsaturated surfactants, respectively. They were purchased from 

Sigma Chemical Company (St. Louis, MO, USA). 

Fatty ester-based surfactant system: 

Methyl oleate (Methyl cis-9-octadecenoate, analytical grade) was purchased 

from Sigma Chemical Company (St. Louis, MO, USA). The fatty acid composition in 

methyl ester of oleic acid was a mixture of C18:1=71%, C18:2=10%, C18:0=5%, and 

other configurations of C18, as confirmed by gas chromatography (6890N, Agilent) 

with a capillary split injector, innowax column (30 m × 0.25 mm, Agilent) and FID 

detector. 
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Ethoxylate alcohol -based surfactant system: 

Polyoxyethylene (10) oleyl ether (Brij-010, 99% purity) is linear C18 

alkoxylated alcohol with 10 moles of the ethylene oxide (EO) head group. It was 

purchased from Sigma Chemical Company (St. Louis, MO, USA).  

 

Table 3-1 Properties of the studied surfactants 

Materials Formula MW 

(g/mole) 

Density 

(g/mL) 

Fatty alcohol    

Oleyl alcohol   CH3(CH2)7CH=CH(CH2)7CH2OH 268.5 0.849 

Stearyl alcohol   CH3(CH2)16CH2OH 268.5 0.812 

Fatty ester    

Methyl oleate CH3(CH2)7CH=CH(CH2)7COOCH3 296.5 0.874 

Ethoxylated fatty Alcohol   

Brij 010a CH3(CH2)16CH(EO)10OH 709.0 0.900 
a EO:  Ethylene oxide (C2H4O) 
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Fatty alcohol-based surfactant 
OH

  
Oleyl alcohol 
(Unsaturated) 

Stearyl alcohol 
(Saturated) 

Fatty ester-based surfactant  

O

O  

 

Methyl oleate 
(Unsaturated fatty acid ester) 

 

Ethoxylate alcohol-based surfactants  

 
C=18, n=10  

Brij 010  
           n is the number of ethylene oxide (EO, C2H4O ) groups 
 
 

Figure 3-1 Structure of surfactants 

 

3.1.2 Cosurfactants 

1-alkanol cosurfactants, 1-butanol (99% purity), 1-octanol (99% purity), and 1-

decanol (99% purity) were used to identify the effect of alkyl chain lengths. 1-

decanol has higher energy content than 1-octanol and 1-butanol. However, 1-

decanol has a higher viscosity than others.  2-alkanol cosurfactant, 2-ethyl-1-hexanol 

(99.6% purity) was used to identify the branched effect and to compare with 1-

octanol. While 1-octanol and 2-ethyl-1-hexanol have the same carbon chain length, 
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but they are different on their chemical structure. The structures and properties of 

cosurfactants are summarized and showed in Table 3-2 and Figure 3-2. All of these 

chemicals were purchased from Sigma Aldrich.  

 

  

1-alkanol  

OH  OH  
ethanol 1-Butanol 

OH  OH  
1-Octanol 1-Decanol 

2-alkanol  

OH   

2-ethyl-1-hexanol  

 

Figure 3-2 Structures of cosurfactants 
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Table 3-2 Properties of the studied cosurfactants 

Materials Type Formula MW 

(g/mole) 

Density 

(g/mL) 

1-butanol 1-alkanol C4H9OH 74.1 0.808 

1-octanol 1-alkanol C8H17OH 130.2 0.812 

1-decanol 1-alkanol C10H21OH 158.3 0.829 

2-ethyl-1-hexanol 2-alkanol C8H17OH 130.2 0.833 

 

3.1.3 Palm oil and commercial diesel 

Food-grade palm oil (Morakot Industries PCL, Bangkok, Thailand) and 

commercial-grade (low sulfur) diesel (PTT Public Company Limited, Bangkok, 

Thailand) were used as the main components in the biofuel blends. Moreover, palm-

biodiesel (B100) was used as received and obtained from The Verasuwan Co., Ltd. 

(Samutsakhon, Thailand). 

3.1.4 Ethanol 

 Anhydrous ethanol with ≥99.5% purity was used as the polar liquid phase 

and viscosity reducer in the microemulsion fuels. Ethanol is completely soluble in 

water. Flash point of ethanol is 12-15oC (Hansen et al., 2005). 
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3.2 Methods 

3.2.1 Microemulsion preparation 

Microemulsions were prepared on a volumetric basis for the nonionic 

surfactant and cosurfactant mixtures. The surfactant and cosurfactant mixtures were 

prepared at fixed mole ratios (1:1, 1:4, and 1:8) and were gradually added into 15 mL 

glass vials.  Different amounts of ethanol (vol. %) and palm oil-diesel blends (v/v) 

were then added into the surfactant–cosurfactant solution to formulate reverse 

micelle microemulsions. The mixture of surfactant/cosurfactant, palm oil-diesel 

blends, and ethanol, was hand-shaken gently and kept in a constant temperature 

controlled bath to allow the systems to reach equilibrium in the temperature range 

of 15 oC to 40 oC. Subsequently, the change in the phase behavior was determined 

by visual inspection with polarized light (Fernando and Hanna, 2004). The single 

phase was signaled by the appearance of a clear, transparent, and homogeneous 

solution.  The birefringence of microemulsion phases were also confirmed by a red 

laser beam (Xuan et al., 2012).   

3.2.2 Phase behavior study 

In order to study the phase behavior and miscibility of the microemulsion 

based-biofuel, a pseudo-ternary phase diagram was constructed.  A pseudo-ternary 

phase diagram is an equilateral triangle, consisting of five components in the system 

(Dunn and Bagby, 1994; Patel et al., 2006; Szumała and Szelag, 2012).  In order to 

show the variations of the five-component mixture on the pseudo-ternary phase 

diagram, the top vertex of the triangle represents the surfactant/cosurfactant mixture 

at a constant ratio, while the two vertices at the bottom of the triangle represent the 

palm oil-diesel blends at the left side and the ethanol at the right side. Finally, the 
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total volume of the surfactant/cosurfactant mixture, the palm oil-diesel blends, and 

the ethanol was calculated to 100% for all components. The miscibility curves are 

plotted as the boundary between the separate-phase and single-phase regions. The 

regions above the curve indicate isotropic phase systems, where a sufficient amount 

of the surfactant has been added to solubilize all of the components. The pseudo-

ternary phase diagram is shown in Figure 3-3. 

 

 

Figure 3-3 Pseudo-ternary phase diagram 

 

3.2.3 Kinematic viscosity measurement 

The kinematic viscosity of microemulsion fuel was measured using a Canon-

Fenske type viscometer (ASTM standard D 445, 2007). A minimum sample volume of 
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7.0 mL of the microemulsion fuel (as recommended by the manufacturer) was then 

transferred into a viscometer chamber, and the time required for the fluid to flow 

between two specific points was measured. The temperature was varied from 15oC 

to 40oC. The kinematic viscosity was calculated using Equation (3.1), which was 

provided by the manufacturer of the viscometer: 

ν = KtT           (Equation 3.1) 

where ν is the kinematic viscosity (mm2/s), Kt is the viscosity constant at test 

temperature, and T is the efflux time (in seconds) of the sample through the 

capillary tube. The viscometer constant at various temperatures can be calculated 

and was described in manufacture manual. 

3.2.4 Microemulsion-droplet size determination  

Mean diameter (dm) and size distribution of the microemulsion droplets were 

performed through Dynamic light scattering (DLS) approach. The measurements were 

performed at 25 oC at a fixed angle of 173o (back scattering detection) by using a 

Nano Zetasizer 3600 (Malvern). The light source was a He-Ne laser (λ = 633 nm; 4 

mW) with a digital autocorrelation. 

3.2.5 Fuel properties of the microemulsion-based biofuel  

The fuel properties of the microemulsion-based biofuel were determined to 

investigate its short-term and the long-term effects on the diesel engine. The fuel 

properties of microemulsion-based biofuels are investigated according to the 

American Standard Testing Methods (ASTMs).  Table 3-3 shows the parameters and 

testing methods of the microemulsion-based biofuel. The parameters are the gross 

heat of combustion, carbon residue, density, cloud point, flash point, water content, 

acid value, and kinematic viscosity. In addition, the fuel properties of the 
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microemulsion-based biofuel were compared with those properties of neat diesel 

fuel. 

1) Gross heat of combustion 

Gross heat of combustion was measured by an oxygen bomb calorimeter 

(model AC-350, LECO Corporation, USA) according to ASTM D 240. A crucible was 

used to place the fuels inside the calorimeter to test the heating value and to 

collect carbon residual after burning the tested fuel. The heat of combustion was 

calculated by the measured temperature increase of the water bath surrounding the 

bomb. 

2) Carbon residue 

Carbon residual was collected by a crucible in an oxygen bomb calorimeter 

(model AC-350, LECO Corporation, USA) (Lin and Lin, 2007). Commonly, carbon 

residue is well-defined as the amount of remain carbonaceous after combustion of a 

test sample under specified conditions. Although, this residue is not specially 

composed of carbon, it has been mentioned as carbon in general standard. So for 

vegetable oils, carbon residue associates with the corresponding amounts of 

glycerides and free fatty acids (Mittelbach, 2004).   

3) Density 

Density (g/cm3) of the samples was determined at 25 °C by using the weighing 

of mass per unit volume. The fuel density was weighted with 250 µL glass syringe 

with a 4-digit digital analytical balance.  
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4) Cloud point 

Cloud point (CP) is the temperature at which crystals first start to form in the 

fuel. In this study, the cloud point was determined following ASTM D 2500, in which 

the test fuel was visually observed for the cloudiness and turbidity in a cooling bath 

as the temperature was decreased every 5 oC.  

5) Flash point 

Flash point was measured by a closed cup tester (Pensky-Martens) follow by 

ASTM D 93. The flash point tests are simply conducted by mounting a flash test cup.  

The test cup was filled with sample into the test position and fitted with a specific 

cover. Then, the test cup was heated and the test fuel was stirred at specified rates. 

An ignition source is directed into the test cup between the continuously stirring, 

until a flash is detected. 

6) Water content 

The water content in fuels was determined by a Coulometric Karl Fischer 

(KFT) titrators (Mettler Toledo, Switzerland) using CombiCoulomat fritless (Fischer) as 

a titrant solution. 50 mL of titrant solution were added to the titration vessel and 

pre-titrated to dryness. Then, the dried titrant solution was kept in the vessel for 1 

hour under stirring. Then, an accurately weighed fuel was titrated into the cell 

containing 50 mL of pre-titrated solution and kept to vigorously stirring with magnetic 

stir. The sample was dissolved completely in the pre-titrated solution. After the 

titration started, the end point was determined. The water content of the sample 

was calculated by the instrument considering the weight of the sample.  
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Table 3-3 Parameters and testing methods of the microemulsion-based biofuel 

Property Method Instrument 

Gross heat of combustion  (MJ/kg) ASTM D 240 AC-350 automatic  

calorimeter 

Carbon residual (% wt) Weighing AC-350 automatic  

calorimeter 

Density (g/cm3) at 25oC Weighing Digital analytical balance 

Cloud point (oC) ASTM D 2500 Cooling bath 

Flash point (oC) ASTM D 93 APM-7 pensky-martens  

closed cup tester 

Water content (% vol) ASTM D 6304 Karl fischer titrator 

Kinematic viscosity 

at 40oC (mm2/s) 

ASTM D 445 Cannon fenske kinematic 
viscometer 
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3.2.6 Environmental impact study 

In order to determine the environmental impacts from the production of 

microemulsion-based biofuel through life-cycle assessment, material balance flow-

sheets, chemical, and energy inputs and outputs which can be gathered from primary 

and secondary data, are required as inventory data. The scenarios of individual 

biofuel technology options were examined and compared for each case; the 

microemulsion-based biofuel (ME50), the neat transesterification-based biodiesel 

(B100), and the transesterification-based biodiesel blend (B50). 

1) Goal and scope  

The goal of this study is to (1) evaluate the life-cycle environmental impacts 

of microemulsion-based biofuel (ME50) and (2) compare these environmental 

impacts with comparative fuels; neat biodiesel (B100) and biodiesel blend (B50, 50 

vol. % of neat biodiesel and 50 vol. % of diesel). The system boundary is separated 

into three stages:  oil palm cultivation, crude palm oil production, and 

microemulsion production as shown in Figure 3-4. The analysis excludes the 

assessments of production of capital goods, risks, facilities construction, etc. as well 

as human labor. Transportation at all stages in system boundary is not considered, 

since the average distances are assumed to be the same. 

2) Life-cycle inventory analysis 

The life-cycle inventory analysis was carried out based on cradle to gate 

approach and used methodology of ISO 14040.  The functional unit (FU) of this study 

was defined as 1 ton of microemulsion-based biofuel.  The activity data used in this 

study were gathered from both primary and secondary data. Input data including raw 

materials and energy consumption in microemulsion production stage were 
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collected as primary data from the results in laboratory experiment.  The secondary 

data were used as necessary from literatures (Attaphong et al., 2012), calculation, US 

LCI database, and Ecoinvent database version 2.1 for certain items such as 

production of fertilizers, diesel, etc.   

3) Life-cycle impact assessment 

The inventory data from each production stage were compiled in SimaPro v. 

7.1 (LCA software) to evaluate the environmental impacts of microemulsion-based 

biofuel production (cradle to gate) using CML 2 baseline 2000 method.  The 

environmental impact categories investigated in detail are acidification (AP), 

eutrophication (EP), global warming (GWP), ozone layer depletion (ODP), and human 

toxicity (HTP). 

Additionally, the greenhouse gas (GHG) emissions in the microemulsion 

production stage were also calculated by following the Product Carbon Footprint 

(CF) method (PAS 2050, 2008). Using this method, greenhouse gases including CO2, 

CH4, and N2O, were converted into units of CO2 equivalent (CO2e) according to their 

GWP (CH4 = 21 and N2O = 310) over 100 years (IPCC, 2006).  The emission factors (EF) 

were mainly obtained from the publically available databases of Thailand’s agencies 

(TGO, 2011).  The EF from international agencies’ databases (IPCC, 2006) were used 

when local information was not available. 

4) Comparison with biodiesel system 

Comparative LCA has been carried out for neat biodiesel (B100) and biodiesel 

blend (B50). The system boundary of B100 includes three main stages consisting of 

oil palm cultivation, crude palm oil production, and tranesterification, whereas the 

system boundary of B50 has the additional stage at the end of the process, B100 and 
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diesel blending, as shown is Figure 3-4.  For comparative study, the inventory inputs 

of B100 is adjusted from other studied (Pleanjai et al., 2007; Pleanjai and Gheewala, 

2009) whereas the inventory inputs of B50 was calculated as 50% by weight of B100 

plus diesel and energy used in the blending stage. 

3.2.7 Performance and emissions study 

This study investigated the effects of surfactant and cosurfactant on the fuel 

consumption and exhausts emissions from engine test experiment as well as 

compared with those of commercial grade diesel and palm oil-diesel blends. All test 

fuels were run through a small direct injection (DI) diesel engine.  

A Mitsuki 418 cc diesel engine (Model MIT-186FE), single-cylinder, four stroke, 

air cooled, direct injection diesel was used to assess fuel performance (see Figure 3-

5). The basic specifications of engine are shown in Table 3-4. The test engine was not 

modified in any way for use with alternative fuels. The engine was connected to 

hydraulic dynamometer (Sun ST-3 series, AC asynchronous generator) for power 

generation using belt and pulley. A schematic diagram of the engine setup is shown 

in Figure 3-6. This engine was used as an initial (entry level) engine test of this novel 

fuel, future research will extend this fuel to a larger engine. 
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Figure 3-5  A Mitsuki 418 cc diesel engine and a hydraulic dynamometer 

 

Engine performance was evaluated at constant engine speed (1200±12 rpm) 

and two different loads for each fuel; a partial load at 0.5 kW and a full load at 1.0 

kW.  These engine loads were controlled by switching electrical lamps (50 Hz. and 

220 V). Figure 3-7 shows the load control unit. The load on dynamometer and the 

engine speed were measured by using a digital multimeter and tachometer, 

respectively. The fuel consumption was measured with a cylinder with 500 volumes 

and a stopwatch. The mass flow rate (g/hr) was calculated from volumetric flow rate 

and fuel density. Exhaust gas and gas temperature from engine were directly 

measured by using a Testo 350 XL fuel gas analyzer located downstream of the 

exhaust line. The device can measure CO and NOx, as ppm and CO2 emission as 

percentage of volume. Statistical analysis for emissions was conducted with Stata 

version 11 (Stata-corp, Texas), and results were considered statistically significant at a 

2-sided significance level of 0.05 (p<0.05). 
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Table 3-4 Technical specifications of the test engine 

Type MIT-186FE 

Injection system Direct injection 

Cylinder number 1 

Stroke volume  418 cm3 

Maximum power  10 HP 

Maximum engine speed  3,000 rpm 

Cooling type Air cooling 

Compression ratio 18/1 

Fuel volume 5.5 L 

 

In this study, the tests were carried out initially using diesel fuel to generate 

the reference line. Then, microemulsion-based fuels were prepared and tested under 

the same conditions for comparison. The mass of fuel was recoded before and after 

each test run. Before each test, the new fuel to be tested was flushed through the 

functioning engine for 5 min (Nguyen et al., 2012). At each batch of fuel testing, the 

engine was operated for 30 minutes simultaneously after a five-minute of pre-running 

period to evaluate the microemulsion fuel performance. 
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Figure 3-6 Schematic diagram of the experimental setup 

 
 

 

 

Figure 3-7 Load control unit 
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CHAPTER IV RESULTS AND DISCUSSION 

  

4.1 Palm oil properties 

Fatty acid composition in the palm oil was obtained by gas chromatography 

(GC) and presented in Figure 4-1 and Table 4-1. It was observed that the palm oil 

had a high content of unsaturated fatty acids (45% of oleic acid and 12% of linoleic 

acid). However, it also shows a high content of saturated fatty acid as well (38% of 

stearic acid). 

 
 

Figure 4-1 Fatty acid composition of palm oil 

 

At 25 oC the neat palm oil is in a cloudy solution due to its high content of 

saturated fatty acid composition, leading to prevent winter operation of engines on 

the neat palm oil (Balat, 2008; Murugesan et al., 2009). The kinematic viscosity at 40 
oC of the neat palm oil in this study was 39.9 mm2/s which consistent with other 
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studies (range from 36.8-39.6 mm2/s at 38 oC) (Abollé et al., 2009; Murugesan et al., 

2009). However, palm oil was found to have other favorable fuel properties such as 

high cetane number and gross heat of combustion (Balat, 2008).  

 

Table 4-1 Fatty acid composition of palm oil 

Fatty acid  Structure 

(xx:y) 

Composition of fatty acid 

(%) 

Palmitic 16:0 0.29 

Stearic 18:0 37.72 

Oleic 18:1 44.88 

Linoleic 18:2 11.54 

Linolenic 18:3 0.19 

Arachidic 20:0 0.38 

Behenic 22:0 0.19 

Others  4.81 

xx:y is fatty acid nomenclature: xx is the number of carbon atoms in the fatty acid chain, and y is 
the number of double bonds. 

 

4.2 Phase behavior study 

This study aimed to determine the effect of palm oil-diesel blends, 

surfactants, cosurfactants, surfactant/cosurfactant ratio, and ethanol content on 

microemulsion fuel phase behavior. The phase behavior and miscibility of the 

microemulsion-based biofuel of the various Winsor type II microemulsion systems 

were studied by plotting a pseudo-ternary phase diagram. The pseudo-ternary phase 

diagram is an equilateral triangle, consisting of three vertices of five components by 
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the method of phase volumes. In this study, two vertices at the bottom of the 

triangle represent the palm oil-diesel blends (oil) and ethanol at the left side and 

the right side, respectively, while the upper vertex represents the 

surfactant/cosurfactant mixture at a constant ratio for a given temperature. 

4.2.1 Effect of palm oil-diesel blends 

To study the effect of the palm oil-diesel blends at 25 oC, oleyl alcohol 

surfactant/1-octanol at mole ratio of 1–8 was selected. Figure 4-2 is a pseudo-ternary 

phase diagram depicting phase equilibrium of four palm oil-diesel systems as follows: 

25–75, 50–50, 75–25, and 100–0. The plotted data show the miscibility curves of 

palm oil-diesel blend systems where a solution with composition on or above the 

miscibility curve is a single-phase microemulsion, while a composition below the 

curve is a separate-phase microemulsion. Moreover, these pseudo-ternary phase 

diagram results were used to identify the lowest amount of a surfactant needed to 

solubilize ethanol in the oil phase. From Figure 4-2, the results show that the 

required amounts of oleyl alcohol surfactant to form a single phase microemulsion 

increase with an increasing the fraction of the palm oil in the diesel. This is because 

the palm oil is slightly miscible with the ethanol and requires a surfactant 

microemulsion system to achieve miscibility. These results were consistent with 

other studies which state that vegetable oils containing triglycerides are highly 

hydrophobic due to long and bulky alkyl chains of triglyceride structure (Do et al., 

2009; Attaphong et al., 2012).  
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Figure 4-2 Pseudo-ternary phase diagram of the systems of oleyl alcohol 

surfactant/1-octanol mole ratio of 1:8 at 25 oC, with fraction of palm oil at 25 vol. %, 

50 vol. %, 75 vol. %, and 100 vol. % 

 

4.2.2 Effect of surfactants 

Figure 4-3 is a pseudo-ternary phase diagram depicting phase equilibrium to 

compare the following systems, oleyl alcohol (unsaturated), stearyl alcohol 

(saturated), methyl oleate (unsaturated fatty acid ester), and Brij-010 (ethylene oxide 

groups, EO groups), at a surfactant/1-octanol mole ratio of 1:8 with a palm oil/diesel 

blend (50 vol. % or 1:1 v/v) at 25 oC. The results demonstrate that under identical 
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compositions for single phase microemulsion formation, a larger amount of Brij-010 

(HLB=12.4) was required for reverse micellar microemulsions to solubilize all 

components, compared to those of oleyl alcohol, stearyl alcohol, and methyl 

oleate. These results show that at the same C18 carbon chain length, the EO groups 

directly affect the hydrophilic-lipophilic balance (HLB) of the system because they 

increase the polarity of the surfactant (Mitra et al., 2006). The Bancroft’ Rule states 

that the increasing hydrophilicity value of a surfactant increases the amount of the 

surfactant needed to obtain reverse micellar microemulsion (Dunn and Bagby, 1994; 

Rosen, 2004). 

However, the results show that miscibility phase behavior is not affected by 

an unsaturated group in the surfactant structure as compared with a saturated 

surfactant. A related study (Dunn and Bagby, 1994) on phase behavior of fatty 

alcohol/1-hexanol/methanol systems has yielded analogous results. Hence, the 

results from this study were as expected. 
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Figure 4-3 Comparison on pseudo-ternary phase diagram of the four systems, oleyl 

alcohol (unsaturated), stearyl alcohol (saturated), methyl oleate (fatty acid ester), 

and Brij-010 (EO groups), at a surfactant/1-octanol mole ratio of 1:8 with the palm 

oil/diesel blend (50 vol. %) at 25 oC 
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4.2.3 Effect of surfactant/cosurfactant ratio 

Figure 4-4 represents the effect of surfactant/cosurfactant ratio of the systems 

of oleyl alcohol and 1-octanol with ethanol at 25 oC. The system of oleyl alcohol 

surfactant was chosen to evaluate at surfactant/1-octanol mole ratios of 1–1, 1–4, 

and 1–8. In this case, the concentration of cosurfactant is constant while the 

concentration of surfactant is changed for each ratio. The results show that the 

phase behaviors for all surfactant/cosurfactant ratios are relatively the same. The 

surfactant/cosurfactant ratios do not change the miscibility of the microemulsion 

systems. This could be due to the effect of critical micelle concentration (CMC) of 

surfactant. At surfactant/1-octanol mole ratio of 1–1 and 1–4, the surfactant 

concentrations are above CMC and higher surfactant concentration than the 

surfactant/1-octanol mole ratio of 1–8. Therefore, it can be concluded that the 

phase behavior of microemulsion is not significantly affected by changing the ratio of 

surfactant to cosurfactant. The similar trend was found with Attaphong et al. (2011). 

They also found that the effect of surfactant/cosurfactant ratio was not affect the 

miscibility curve and phase behavior of microemulsion. They choose the optimum 

ratio based on the limitation of surfactant preparation in their studied.  

Due to cost-effective consideration, the surfactant/cosurfactant ratio of 1–8 

was chosen for further studies. Since the phase behavior of microemulsion depend 

on the concentration of surfactant over the surfactant to cosurfactant ratio.  
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Figure 4-4 Comparison on the systems of oleyl alcohol/1-octanol mole ratio of 1-1, 

1-4, and 1–8 at 25 oC mixed with ethanol and palm oil/diesel blend (50 vol. %) 

4.2.4 Effect of cosurfactants 

To study the effect of cosurfactants on microemulsion phase behavior, a 

palm oil/diesel blend (50 vol. %) and a methyl oleate/cosurfactant mole ratio of 1:8 

was selected, as discussed previously. In this study, 1-butanol, 1-octanol, 1-decanol, 

and 1-ethyl-2-hexanol were selected as representatives of the various cosurfactant 

chain lengths from C4 to C10. In Figure 4-5, it can be seen that the amount of 

surfactant required to form a single-phase microemulsion are similar for all systems 

at low volume fractions of ethanol (up to 20%) and at high volume fractions of 

ethanol (above 90%). However, the 20-90% ethanol ranges show that increasing the 
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cosurfactant chain length, decreases the amount of surfactant required. The long-

chain cosurfactant, which is potentially soluble in oil, is more suitable for producing 

stable ethanol-in-oil. Moreover, by increasing the hydrophobicity of the amphiphile 

(the mixture of the surfactant and cosurfactant), the system becomes more oil-

soluble, the amount of ethanol that may be solubilized into the palm oil and diesel 

blend; external phase, increase with respect to phase inversion (Mitra et al., 2006). 

 

Figure 4-5 Comparison of the methyl oleate systems with the following 

cosurfactants: 1-butanol, 1-octanol, 1-decanol, and 1-ethyl-2-hexanol mixed with the 

palm oil/diesel blend (50 vol. %), at a methyl oleate/cosurfactant mole ratio of 1:8 

at 25 oC 
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4.2.5 Effect of ethanol 

To study the effect of ethanol concentration on microemulsion phase 

behavior, a palm oil/diesel blend (50 vol. %) and a methyl oleate/1-octanol mole 

ratio of 1:8 was selected. The effect of ethanol concentration on microemulsion 

phase behavior was studied by using two purities of ethanol (95% and 99%) at 25 oC. 

The effect of ethanol concentration can be seen from the phase diagram (see Figure 

4-6); the result indicates that the system with 99% ethanol (anhydrous ethanol) 

required a significantly lower amount of surfactant to formulate the single phase 

solution as compared to the systems with 95% ethanol. The increased area of phase 

separation of the 95% ethanol could be affected by the amount of water, which is 

usually reported as an impurity. As a result,  99% ethanol has a lower water content 

than that of 95% ethanol, it is more soluble in diesel than 95% ethanol resulting in 

decreases in the amount of surfactant required to solubilize ethanol and water for 

producing single-phase microemulsion (Kwanchareon et al., 2007). Ethanol has been 

used as fuel additives in diesel fuel with the main purpose of smoke reduction as 

well as the improved quality of exhaust emission (Rakopoulos et al., 2010). 

Therefore, in microemulsion fuel formation, the purity of ethanol is a significant 

parameter affecting not only the phase behavior, but also the cost-effective 

consideration of the chemicals. 
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Figure 4-6 Comparison of the systems of methyl oleate/1-octanol mole ratio of 1–8 

with 99% ethanol and 95% ethanol at 25oC in palm oil/diesel blend (50 vol. %)  
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4.3 The kinematic viscosity study 

For this study part, the kinematic viscosities of microemulsion-based biofuels 

with temperature range of 15-40 oC were examined and measured using a Canon-

Fenske type viscometer (ASTM standard D 445, 2007). However, the kinematic 

viscosity of the systems was temperature dependent. By analyzing the kinematic 

viscosity, the various effects including palm oil-diesel blends, surfactants, 

cosurfactants, surfactant/cosurfactant ratio, and ethanol content on kinematic 

viscosity were investigated. High viscosity fuels are relatively resistance fuel to flow, 

whereas low viscosity fuels flow relatively easily. 

4.3.1 Effect of palm oil-diesel blends 

To study the effect of the palm oil-diesel blends on kinematic viscosity at 

40oC, the oleyl alcohol surfactant and 1-octanol cosurfactant were selected as 

discussed above on phase behavior. The kinematic viscosity curve is plotted for the 

oleyl alcohol/1-octanol at mole ratio of 1:8 by varying palm oil-diesel blends for 

40oC is shown in Figure 4-7. By increasing diesel blend, the kinematic viscosity is 

observed to decrease. In addition, the kinematic viscosity with diesel blends over 50 

vol. % of the oil phase meets the ASTM No. 2 diesel fuel. Therefore, among all palm 

oil-diesel blends, the system with 50 vol. % was the favored system and it was 

chosen for further study. 
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Figure 4-7 The kinematic viscosity of the systems of oleyl alcohol/1-octanol (mole 

ratio of 1:8), 1M. 1-octanol, 25 vol. % ethanol with palm oil-diesel fraction at 100–0, 

75–25, 50–50, 25–75, and 0–100 

 

4.3.2 Effect of ethanol contents 

Figure 4-8 shows the graph depicting effect of increasing anhydrous ethanol 

volume fraction in the range of 5-35 vol. % on the kinematic viscosity at 40 oC for 

various surfactants by mixed with 1M. 1-octanol, a surfactant/1-octanol mole ratio of 

1:8, and a palm oil/diesel blend (50 vol. %). The result shows that the kinematic 

viscosities of all the surfactant systems decreased as the ethanol volume fraction of 

the system increased. In fact, ethanol has lower density (0.789 g/cm3 at 25 oC) than 

the palm oil-diesel blends (0.89 g/cm3 at 25 oC). The system of oleyl alcohol/1-

octanol/oil mixture; for example, the density at 25 oC of the blends was decreased 
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from 0.89 g/cm3 for without ethanol to 0.86 g/cm3 for 20 vol.% ethanol in the 

blends. This is attributed to the fact that ethanol has lower density and as such has 

lower the density of the mixture. Thus, it could be concluded that ethanol can be 

used as viscosity reducer in microemulsion fuel.  

According to ASTM standard, the maximum allowable viscosity for No.2 diesel 

fuel is 4.1 mm2/s at 40 oC. From Figure 4-8, the results show that the ethanol volume 

fraction of several surfactant/cosurfactant/oil mixtures to meet allowable viscosity 

standard should be greater than 25 percentage volume. Moreover, each system is 

capable of solubilizing enough ethanol to formulate candidate diesel fuels. However, 

it is desirable to keep the ethanol concentration in formulation low because ethanol 

tends to have a diminishing effect on other fuel properties such as heat of 

combustion, cetane number, flash point, and water content (Kwanchareon et al., 

2007). Therefore, the ethanol volume fraction of 25 percentages was used to 

investigate the other effects as following experiments. 
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Figure 4-8 Effect of ethanol volume fraction on kinematic viscosity at 40oC for palm 

oil/diesel blend (50 vol. %), 1 M. 1-octanol, and a surfactant/1-octanol mole ratio of 

1:8. 

 

4.3.3 Effect of surfactants 

The kinematic viscosity measurements of the systems of oleyl alcohol 

(unsaturated), stearyl alcohol (saturated), methyl oleate (unsaturated fatty acid 

ester), and Brij-010 (EO groups) with a palm oil/diesel blend (50 vol. %, 1:1 v/v), 25 

vol. % ethanol, a surfactant/1-octanol mole ratio of 1:8, and 1 M. 1-octanol with 

temperature range of 15-40 oC are shown in Figure 4-9. The kinematic viscosities of all 

the surfactant systems decreased as the temperature of the system increased. 

Moreover, the results show that the kinematic viscosities of Brij-010 systems were 

greater, whereas the kinematic viscosities of methyl oleate systems were lower 
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throughout all temperature variations. Brij-010, with 10EOs, had 10 times the 

opportunity of hydrogen bonding as compared to oleyl alcohol or stearyl alcohol. In 

these results, it is interesting to note that the intermolecular force is likely to be a 

major factor in determining the viscosity of a system. One explanation for this 

increase is that more hydrogen bonds per molecule enable strong three-dimensional 

networks between the molecules, resulting in the higher viscosity of the system 

(Hickey et al., 2010). 

 

 

Figure 4-9 The kinematic viscosity of the four systems, oleyl alcohol (unsaturated), 

stearyl alcohol (saturated), methyl oleate (fatty acid ester), and Brij-010 (EO groups), 

1 M. 1-octanol 
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4.3.4 Effect of surfactant/cosurfactant ratio 

Figure 4-10 shows the kinematic viscosity at 40oC of the systems of methyl 

oleate surfactant/1-octanol mole ratio of 1:8, 1:4, 1:1, 4:1, and 8:1 with palm oil-

diesel blends (1:1 v/v) and 20 vol. % ethanol. At mole ratio of 1:8, 1:4, 1:1, 4:1, and 

8:1, the concentrations of methyl oleate surfactant are 0.125, 0.250, 1.0, 1.0, and 1.0 

molar, respectively. The results show that at methyl oleate/1-octanol mole ratio of 

1:8 had the lowest kinematic viscosity. Moreover, it was found that as the mole 

fraction of surfactant/cosurfactant decreases, the kinematic viscosity also decreases.  

Kabir et al. (2009) reported that hydrotrope cosurfactants (C3-C5 short chain 

alcohol) have a higher certain critical micelle concentration (CMC) namely minimum 

hydrotropic concentration (MHC) than the CMC of surfactant due to a stronger polar 

ionic group, shorter chain hydrocarbon, and lesser surface active. This information 

supports that using higher concentrations of octanol cosurfactant (mole ratio of 1:8 

and 1:4) provide a greater synergistic effect for w/o microemulsion resulting in lower 

kinematic viscosities.  

As compared the kinematic viscosity between the mole ratio of 1:8 and 1:4, 

the results show that the mole ratio of 1:8 had lower the kinematic viscosity than 

that of 1:4. This might be due to the fact that at the mole ratio of 1:4 (surfactant 

conc. = 0.25 M.), the concentration of surfactant is above the CMC which reverse 

micelles are formed. Therefore, an increasing concentration of surfactant causes the 

bulk solution more viscous affecting in increase kinematic viscosity.  

Therefore, in this section these kinematic viscosity results thus support the 

conclusion of phase behavior described above that the optimum ratio of 

surfactant/cosurfactant is the ratio of 1:8. 
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Figure 4-10 Effect of methyl oleate/1-octanol mole ratio of 1:8, 1:4, 1:1, 4:1, and 8:1 

with palm oil-diesel blends (1:1 v/v) and 20 vol. % ethanol on the kinematic viscosity 

at 40oC  

 

4.3.5 Effect of cosurfactants 

Figure 4-11 shows a comparison of three systems of methyl oleate with a 

homologous series of cosurfactants (1-butanol, 1-octanol, and 1-decanol) at 25 vol.% 

ethanol. The results show that the viscosities of the systems were temperature 

dependent and this phenomenon was more evident at lower temperatures. 

Moreover, these results indicate that increasing the carbon chain length of the 

cosurfactant (from C4 to C10) slightly increased the kinematic viscosity (from 4.4 to 4.8 

mm2/s at 40oC). This is due to the fact that the van der Waals forces of the 

hydrocarbon bonds are likely to be a major factor in determining the overall viscosity 

of oil/E-diesel (Dunn and Bagby, 1994). 
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The longer chain cosurfactant system provided a higher kinematic viscosity 

compared to the lower chain length system, whereas it preferred to use the lower 

amount of surfactant to solubilize ethanol. 

 

 

Figure 4-11 The kinematic viscosity of the methyl oleate systems with the following 

cosurfactants: 1-butanol, 1-octanol, and 1-decanol at 1 M. of each cosurfactant 
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4.4 Microemulsion-droplet size determination 

Sizes and size distribution of the microemulsion droplets were determined 

using multimodal peak analysis from dynamic light scattering (DLS) approach. 

Microemulsion-droplets size determination was studied to determine the relation 

between the microemulsion colloidal properties and the bulk viscosity. However, in 

this part, only the effects of surfactant and cosurfactant on droplet size were 

investigated.  

4.4.1 Effect of surfactants 

The results for the effect of surfactants on sizes and size distribution of the 

microemulsion droplets are summarized in Table 4-2. Figure 4-12 shows the size and 

size distribution of the microemulsion droplets formulated from oleyl alcohol 

surfactant and octanol cosurfactant system. The main fraction of the droplet size of 

the oleyl alcohol system, 1.65 nm (average peak area of the main fraction = 81%), 

was slightly lower than those of the stearyl alcohol system, 1.71 nm (average peak 

area of the main fraction = 76%); Brij-010 system, 2.39 nm (average peak area of the 

main fraction = 85%); and methyl oleate system, 21.86 nm (average peak area of the 

main fraction = 100%). Moreover, the results demonstrate that the presence of the 

surfactant and 1-octanol in the systems can greatly reduce the ethanol-in-oil 

emulsion droplet size and only the methyl oleate surfactant system can produce 

microemulsion droplets of uniform size (see Figure 4-12). The mean diameter of the 

systems in the presence of the surfactant (1.65-21.86 nm) was two orders of 

magnitude lower than that of the systems without the surfactant (1,864 nm; only 

palm oil/diesel/ethanol blend).  
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This correlation indicates a decrease in the volume fraction of the aggregate 

as the microemulsion-droplet size increased. As the volume fraction of an aggregate 

in a system decreases, the microemulsion-droplets become more loosely packed 

together; hence it becomes easier for them to move freely (Johnsen and Rønningsen, 

2003; Farah et al., 2005). The methyl oleate system, which had larger microemulsion-

droplet sizes, showed lower kinematic viscosities. Thus, these results are in 

agreement with the kinematic viscosity results, indicating that microemulsion-droplet 

size and the intermolecular interactions between disperse molecules have a major 

effect on the kinematic viscosity of a system. 

To sum up, in this study of phase behavior and kinematic viscosity, methyl 

oleate was identified as a preferred surfactant for formulating microemulsion-based 

biofuel because it required the least amount of surfactant to achieve a single phase 

microemulsion. The kinematic viscosity at 40 oC of the methyl oleate system with 25 

vol. % ethanol was 4.0 mm2/s, which is an acceptable standard viscosity value (The 

standard viscosity of No.2 diesel at 40 oC is 1.9-4.1 mm2/s. Moreover, this system 

provides an uniform nano-scaled droplet size, could favor Brownian motion and 

increase the stability of the microemulsion against coalescence form. Thus, methyl 

oleate proved to demonstrate a number of favorable properties when used to 

formulate a biofuel system. 
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Figure 4-12 Size and size distribution of the microemulsion droplets formulated from 

oleyl alcohol surfactant and octanol cosurfactant system 

 

 

 

 

 

 

 

Figure 4-13 Uniform microemulsion-droplet size of methyl oleate surfactant and 

octanol cosurfactant system 
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Table 4-2 Comparison of the size and size distribution of the five systems at 25 oC 

with the palm oil/diesel blend (1:1 v/v) and 1-octanol 

a Macroemulsion size range (>200 nm) (Rosen, 2004) 
D1 mean, D2 mean, and D3 mean are the three main droplet-size distributions in the system as a function 

of dynamic diameters.  
Surfactant/1-octanol mole ratio of 1-8, palm oil/diesel blend (1:1 v/v), 25 vol.% ethanol, and 1 M. 

1-octanol were used.  
 

4.4.2 Effect of cosurfactants 

The sizes of the microemulsion droplets are summarized in Table 4-3. The 

results show that the systems of the long chain length cosurfactants, 1-octanol 

(21.86 nm, average peak area = 100%) and 1-decanol (23.51nm, average peak area = 

94.9%), produced smaller droplet sizes than that of the short chain length 

cosurfactant, 1-butanol (32.92 nm, average peak area = 96.6%). Figure 4-13 shows the 

uniform size of methyl oleate surfactant with octanol cosurfactant system. This 

  Size distribution 

Sample  D1 mean (nm)  D2 mean (nm) D3 mean (nm) 

  (% Intensity) (% Intensity) (% Intensity) 

Oleyl alcohol/1-octanol 1:8 1.65 224.30 a   4,194 a  
  81% 12% 7% 
Stearyl alcohol/1-octanol 1:8 1.71 2,376 a   4,480 a   
  76% 13% 11% 
Methyl oleate/1-octanol 1:8  21.86 - - 
   100% 0% 0% 
Brij-010/1-octanol 1:8 2.39 258.50 a 5,252 a   
  85% 11% 4% 
Palm oil-diesel/ethanol  1,864 a  - - 
  100% 0% 0% 
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could be due to the stronger binding affinity between long chain cosurfactants (due 

to their higher hydrophobicity) and the structure of the surfactant, forms the smaller 

micellar aggregation size of reverse micelle microemulsions in the solution. 

By examining the relationship between microemulsion-droplet size and 

viscosity, it can be concluded that viscosity tends to be greater with smaller size 

droplets, which follows the Stokes-Einstein equation (see Equation 2.1). Since the 

higher amount of smaller droplets leads to an increase in the number of 

microemulsion droplets in a system, more particle-particle interactions among 

molecules occur, increasing the flow resistance of the solution (Tadros et al., 2004). 

In summary, octanol cosurfactant was selected for formulating 

microemulsion-based biofuel in this study because it had the lowest size of 

microemulsion-droplets as using the same amount of ethanol. Moreover, this system 

was proved to have the favor phase behavior and kinematic viscosity at 40 oC.  
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Table 4-3 Comparison of the size and size distribution of the methyl oleate systems 

at 25 oC with the palm oil/diesel blend (1:1 v/v) and each of the cosurfactants: 1-

butanol, 1-octanol, and 1-decanol 

  Size distribution 
Sample  D1 mean (nm)  D2 mean (nm) 

  (% Intensity) (% Intensity) 
Methyl oleate/1-butanol 1:8 32.92          5,190 a  
  96.6% 3.4% 
Methyl oleate/1-octanol 1:8 21.86              -    
  100% 0% 
Methyl oleate/1-decanol 1:8 23.51           3.01  
  94.9% 5.1% 

a Macroemulsion size range (>200 nm) (Rosen, 2004)  
D1 mean and D2 mean are the two main droplet-size distributions in the system as a function of 
dynamic diameters. 
Methyl oleate/cosurfactant mole ratio of 1:8, palm oil/diesel blend (1:1 v/v), 25 vol. % ethanol, 

and 1 M. of each cosurfactant were used.  
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4.5 Fuel properties of microemulsion-based biofuels 

In this part, the properties of microemulsion fuel were tested as follow: gross 

heat of combustion, density, cloud point, flash point, and kinematic viscosity. These 

parameters are very important for the processes taking place in the engine, the cold 

weather properties, the transportation, and the wear of engine parts, respectively. 

The microemulsion fuel in this part was referred to the optimum formula that was 

chosen in section 4.2-4.4. It was formulated from the methyl oleate/octanol mole 

ratio of 1:8, palm oil/diesel blend (1:1 v/v), 20 vol. % ethanol, and 1 M. of octanol. 

However, the other formulas of microemulsion fuels as well as other test fuels were 

used for fuel property comparison. 

4.5.1 Gross heat of combustion 

Gross heat of combustion of the microemulsion fuels was measured 

according to the ASTM standards D240. This fuel parameter is frequently used to 

evaluate the fuel consumption in diesel engine. A comparison of the heating value 

among diesel, neat palm oil, the palm oil-diesel blends, ethanol, microemulsion 

fuels, and biodiesel-diesel blends is provided in Figure 4-14 and Table 4-4. The 

results show that all microemulsion-based biofuels had slightly lower heating values 

(38.6-39.5 MJ/kg) than neat diesel (45.1 MJ/kg) and palm oil-diesel blends (42.5 

MJ/kg) but similar to biodiesel-diesel blends (39.2 MJ/kg). This is attributed to the fact 

that microemulsion fuels contained more oxygen in the system (i.e. ethanol blend of 

20 vol. %), which reduced their heating values, as expected. Moreover, these results 

are consistent with those of Do et al. (2011); they founded that canola oil-diesel 

microemulsion fuels have heating values ranging from 36–37 MJ/kg, which is slightly 

less than the heating value of No. 2 diesel fuel (42.6 MJ/kg).  
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For the effect of surfactants, the results show that using methyl oleate 

surfactant (unsaturated surfactant) provided slightly higher heat of combustion than 

using stearyl alcohol (saturated surfactant) and oleyl alcohol (unsaturated surfactant) 

surfactant, respectively. Theoretically, the heating value of fatty acid esters increases 

as increasing molecular chain length (with the number of carbon atoms) and 

decreases with an increasing their degree of unsaturation (the number of double 

bonds). Thus, these results were not as an expected trend.  

 

 

Figure 4-14 Heat of combustion of diesel, neat palm oil, palm oil-diesel blend, 

ethanol,  microemulsion fuels, and biodiesel-diesel fuel (PD=palm oil-diesel blends; 

OA/Oct=oleyl alcohol/octanol; SA/Oct=stearyl alcohol/octanol; MO/But=methyl 

oleate/butanol; MO/Oct=methyl oleate/octanol; MO/Dec=methyl oleate/decanol; 
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MO/EH=methyl oleate/2-ethyl-hexanol; B50=neat biodiesel/diesel; B100=neat 

biodiesel) 

 

Regarding the effect of cosurfactants, the heat of combustion of the 

microemulsion fuels was not significantly different with increasing in number of 

carbon chain length in cosurfactant molecule. Nevertheless, decanol cosurfactant 

(C10) tends to have higher heating values that butanol (C4), octanol (C9), and 2-

ethyl-hexanol (C9 with alkyl-branch).  

Generally, the lower heating content of the microemulsion fuels would affect 

their fuel economy because they induced a higher volume of fuel required for 

engine to drive the same amount of electrical power. The relation of the heating 

value and fuel consumption is consistent with the results of fuel consumption for 

diesel test engine reported below (section 4.6.1: Fuel consumption). 
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Table 4-4 Kinematic viscosity, density, and heat of combustion of all test fuels 

Sample 

 Fuel properties 
 Viscosity a 

@ 40 oC 
(mm2/s) 

Density 
@ 25 oC 
(g/cm3) 

Heat of combustionb 
 

(MJ/kg) 

Diesel  3.4 0.844 45.8 

Palm oil-Diesel (PD)c  11.7 0.881 42.5 

Biodiesel-Diesel (BD)d  4.0 0.866 39.2 

Microemulsion fuel     

1-butanol (MO+But)e  4.3 0.858 39.2 

1-octanol (MO+Oct)f  4.3 0.875 39.2 

1-decanol MO+Dec)g 4.6 0.880 39.5 
a Kinematic viscosity of fuels were measured using a Canon-Fenske type viscometer (ASTM D445). 
b Heat of combustion of fuels were measure using bomb calorimeter (ASTM D240). 
C The blend ratio of palm oil-diesel is 1:1 v/v.  
d The blend ratio of biodiesel-diesel is 1:1 v/v. 
e The fumulation of 1-butanol microemulsion fuel is 20 vol. % ethanol, 15 vol.% surfactant phase 

(MO+But), 65 vol.% oil phase (palm oil/diesel 1:1 v/v). 
f The fumulation of 1-octanol microemulsion fuel is 20 vol. % ethanol, 22 vol.% surfactant phase 

(MO+Oct), 58 vol.% oil phase (palm oil/diesel 1:1 v/v). 
g The fumulation of 1-decanol microemulsion fuel is 20 vol. % ethanol, 26 vol.% surfactant phase 

(MO+Dec), 54 vol.% oil phase (palm oil/diesel 1:1 v/v).  
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4.5.2 Carbon residue 

Table 4-5 summaries the weight percentages of carbon residue after burning. 

The results showed that the amount of residue for diesel and microemulsion fuel 

was 0.13 wt. % and 0.08 wt. %, respectively. Moreover, Figure 4-15 (a)–(c) are the 

photographs of the clean crucible and the collected carbon residue in the crucibles 

of an oxygen bomb calorimeter after burning diesel and the microemulsion fuel. As 

compared the carbon residue between biodiesel and microemulsion fuel, the 

microemulsion fuel has lower amount of carbon residue formation than diesel. The 

burning of diesel forms larger carbon residues than that of the microemulsion fuel. 

This is probably due to an incomplete burning of diesel, which leads to a larger 

formation of carbon residue (Lin and Lin, 2007). 

 

 
 

Figure 4-15 Photographs of crucible before burning and carbon residue collected in a 
crucible after burning (a) crucible before burning, (b) diesel fuel, and (d) 
microemulsion fuel with 20 vol. % ethanol 
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4.5.3 Cloud point 

The cloud point (CP) is the temperature at which crystals first start to form in 

the fuel. When fuel approaches the cloud point, it becomes a cloudy suspension 

due to the formation of crystals. Below the CP these crystals might plug filters or 

drop to the bottom of a storage tank (Mittelbach, 2004). In this study, the cloud 

point was measured following ASTM D 2500, in which the test fuel was observed for 

the first sign of cloudiness and turbidity in a cooling bath as the temperature was 

decreased in increments of 5 oC. The microemulsion fuel was observed to cloudy at 

5 oC. However, the cloud point of the microemulsion fuel was higher than that of 

commercial diesel fuel, as shown in Table 4-5. This is due to the fact that the 

vegetable-based fuel cloud point is typically higher than the cloud point of 

conventional diesel. The cloud point of vegetable-based fuel depends on the nature 

of the feedstock derived from. For example, cloud point of palm oil (15 oC) is higher 

than that of rapeseed oil (-4 oC) (Balat, 2008).  

4.5.4 Flash point 

Flash point is the lowest temperature that exposing fuels in the environment 

can ignite on application of an ignition source under specified conditions. Low flash 

point liquid fuels can easily ignite in the combustion chambers. However, during fuel 

storage periods, distribution, and transportation must be taken into consideration 

cautiously to prevent ignition and fire hazards at low temperatures.  

From Table 4-5, the results show that the flash point of the microemulsion 

fuel which is the mixture of methyl oleate/octanol and 20 vol.% ethanol was 15 °C. 

It was lower than the flash point of the commercial diesel and neat biodiesel. In 

general, the flash point of blend fuel is typically affected by the fuel component in 
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the blend with the lowest flash point. The flash point of ethanol is 12-15 oC (Hansen 

et al., 2005). Thus, the flash point of the microemulsion fuel is mainly dominated by 

ethanol.  

The suggestions for practical use during fuel storage and distribution of 

microemulsion fuels, the label should be attached to the container. The safety data 

sheet (SDS) of microemulsion fuels should be provided the information on the 

identity of the chemicals and their hazards, the control measures, the safe storage, 

and emergency actions in case of an accident. Additionally, the oxidizing chemicals 

and potential ignition sources should be kept separate from microemulsion fuel and 

other flammable chemicals to prevent ignition and fire. 

4.5.5 Water content 

The determination of water in composite microemulsion-based fuel has been 

carried out by volumetric Karl Fischer (KF) titration. Water content is a purity indicator 

for the fuels especially for biodiesel. Even when fuel is dried properly by the refinery 

process, water can accumulate during storage and transportation. The moisture 

accumulated in bio-based fuel leads to the increase of free fatty acid concentration, 

which can corrode metal parts of the engine’s fuel system. For this study, the result 

shows that the water content in microemulsion fuel was 0.16% (1,632 ppm) which is 

higher than that in commercial diesel fuel (0.01%, 116 ppm) and palm oil-diesel 

blends (0.06%, 620 ppm) as shown in Table 4-5. Thus, it is implied that the water 

content in the microemulsion fuel mainly come from the anhydrous ethanol (99.5% 

purity) in its composition. Moreover, the presence of ester bonds in vegetable oils; 

bio-based fuels (microemulsion fuel and biodiesel) have higher polarity than 
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petroleum diesel. Hence, bio-based fuels have a much stronger tendency to absorb 

moisture than diesel.  

4.5.6 Density (mass per unit volume) 

From Table 4-4, density (mass per unit volume at a specific temperature) for 

all microemulsion fuels varied within a narrow range of 0.858-0.880 g/cm3 at 25oC. 

Microemulsion fuels generally display higher densities than commercial diesel (diesel 

standard is 0.826-0.845 g/cm3 at 25oC) (Jin et al., 2011). As well as the system of 

decanol blends had higher density than that of butanol and octanol blends. Since 

the pure decanol has a higher density than the other two cosurfactants. These 

results have the same tendency as neat palm oil has a higher density than diesel. 

The difference has impacts on heating value and fuel consumption, as the amount 

of fuel introduced into the combustion chamber is determined volumetrically 

(Mittelbach, 2004). However, the ASTM D 6751 biodiesel standard does not include a 

specification for density. 

4.5.7 Kinematic viscosity  

The kinematic viscosity at 40 oC of the microemulsion fuel was measured 

according to the ASTM standards D445. Table 4-5 summarizes the kinematic viscosity 

at 40 oC of all test fuels. The kinematic viscosity of palm oil-diesel fuel was three 

times lower than that of the neat palm oil (range from 36.8-39.6 mm2/s at 38 oC) 

(Abollé et al., 2009; Murugesan et al., 2009). It is, however still more than double 

compared with the diesel standard. The higher viscosity of the neat palm oil, as 

compared to a regular diesel, is attributable to a complex mixture of vegetable oil 

which typically has high molecular weight and large molecular structure of the palm 
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oil. Similar blending technique can be applied for neat biodiesel and regular diesel 

mixtures, the biodiesel/diesel blends indicated a competitive result in the neat fuel 

viscosity.  Unfortunately, the costs of biodiesel production as well as environmental 

burden generated from chemical waste and wastewater have been a controversial 

issue. 

For microemulsion fuels in mixtures of diesel/palm oil-ethanol-surfactant-

cosurfactant, it is observed that the kinematic viscosity at 40 oC of all test fuels is 

relatively close to that of diesel. 



Table 4-5 Fuel properties of diesel, microemulsion fuel (ME50), neat palm biodiesel (B100), palm biodiesel-diesel (B50), and palm oil-

diesel blends (PD) 

NM=Not measurement 

a Microemulsion fuel was formulated from the mixture of  22 vol. % methyl oleate/1-octanol (mole fraction of 1:8), 20 vol. % ethanol, and 58 vol. % palm 
oil/diesel blend (1:1 v/v). 

b Standard properties of petroleum diesel  
c Standard properties of biodiesel

Properties Units Diesel ME50a  B100  B50  PD ASTM D975b  ASTM D6751c 

Viscosity (at 40 °C) mm2/s 3.4 4.3 4.4 4.0 11.7 4.1 max. 6.0 max. 

Density (25 °C) g/cm3 0.844 0.875 0.89 0.866 0.881 - - 

Gross of combustion MJ/kg 45.8 39.2 41.24 39.2 42.5 - - 

Cloud point °C -15 5 5 NM 16.0 - Report 

Flash point °C 76 15 174 NM NM 52 min. 130 min. 

Water content % vol. 0.01 0.16 0.09 0.05 0.06 0.05 max. 0.05 max. 

Residual %mass 0.13 0.08 NM NM 0.14 0.35 max. 0.05 max. 
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4.6 Environmental impact study 

In this study, the selected microemulsion fuel (ME50) was evaluated 

greenhouse gas emissions and environmental impacts from it production process. 

Five environmental midpoint indicators have been studied for determining potential 

environmental impacts including acidification (AP), eutrophication (EP), global 

warming (GWP), ozone layer depletion (ODP), and human toxicity (HTP) selected on 

the basis of their importance to biofuel production. Regarding to microemulsion 

phase behavior and fuel property studied in section 4.2, 4.3, and 4.5, the optimum 

formulation of microemulsion fuel was selected as representative of microemulsion-

based biofuel. The microemulsion fuel formulated from the mixture of 22 vol. % 

methyl oleate/1-octanol (at mole fraction of 1:8), 20 vol. % ethanol, and 58 vol. % 

palm oil/diesel blend (1:1 v/v) is the optimum formulation in this study. Table 4-6 

shows the optimum formulation and properties of selected microemulsion fuel. 

Moreover, the environmental impacts from ME50 production were compared with 

other comparative fuels; neat biodiesel (B100) and biodiesel-diesel blends (B50, 1:1 

(v/v) of neat biodiesel/diesel).  
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Table 4-6 The optimum formulation and properties of microemulsion-based biofuel 

Properties  

Oil used Palm oil-diesel blends(1:1 v/v) 

Chemical composition of palm oil C16:0, C16:1, C18:0, C18:1, C18:2 

Surfactant used Methyl oleate (C19H36O2 ) 

Cosurfactant used 1-octanol (C8H17O) 

Surfactant to cosurfactant mole ratio 1:8 

Alcohol used Ethanol (C2H5O) 20 vol. % 

Microemulsion-droplet size, nm 21.86 

Density at 25 oC, kg/m3 0.85 

Kinematic viscosity at 40 oC, mm2/s 4.0 

Heat of combustion, MJ/kg 39.2 

Flash point (oC) 15 

 

4.6.1 Life-cycle inventory analysis 

The cradle-to-gate inventory inputs and outputs of the palm oil cultivation to 

biofuel production associated with materials and energy usages as well as waste 

discharges for producing one ton of alternative fuel (ME50, B100, and B50) are 

presented in Table 4-7. From Table 4-7, it is interesting to note that the ME50 had a 

lower impact as it had a lower waste contribution, whereas B100 and B50 generated 

a large amount of glycerol byproduct, wastewater, and solid wastes (palm kernel, 

shell, fiber, and decanter cake).   Inevitably, the wastewater stream discharged from 

crude palm oil extraction, refining, and spent flows into the tranesterification process, 
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which requires additional treatment specifically in an anaerobic digestion, resulting in 

a noteworthy contribution of CH4 emissions into the atmosphere. 

1) Oil palm cultivation 

In mainstream cultivation, oil palm starts bearing bunches two and a half to 

three years after being planted and continues until the end of its lifetime, which is 

approximately 25 years. The routine of a yield harvesting round is about 10 to 15 

days a month. The cultivation area has about 22 to 23 trees per rai (144 trees per 

hectare), and about three to three point six tons of fresh fruit bunch (FFB) per rai per 

year (23 tons of FFB per hectare per year), depending on the cultural materials, soil, 

territory and climate conditions (Suratthani Palm Oil Research center, 2008). Growing-

supply inputs (e.g., nutrient supplements, fertilizers, herbicides) are basically served 

for the production of FFB in palm cultivation.  The fact is that these supplements are 

preferably applied every year, but each dose is different depending on the age of oil 

palm tree.  The plant nutrients are applied about 44 kg/ton of FFB for N-fertilizer (21-

0-0), 12 kg/ton of FFB for P2O5-fertilizer (0-3-0), and 31 kg/ton of FFB for K2O-fertilizer 

(0-0-60). Paraquat and glyphosate are used as common-herbicides which are applied 

at an average of one to three times per year or at 0.10 kg/ton of FFB for paraquat 

and 0.28 kg/ton of FFB for glyphosate (Pleanjai et al., 2007). The application of green 

leaf manure as well as organic compost is advantageous, especially where the soil is 

inadequate in organic matter.  Natural rain water is a prevalent water source for oil 

palm cultivation located in the tropical region.  A common method for harvesting 

fresh fruit branch from young palm trees is by intensive labor with a chisel; 

meanwhile manual-harvesting with a long-handled sickle is used for old and tall 
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palm trees.  There is, of course, no fossil energy input in terms of machinery for the 

harvesting activities.  

2) Crude palm oil extraction and refining 

The fresh fruit bunches (FFB) are then transported to palm oil mills where 

crude palm oil (CPO) has to be directly extracted within 24 hours to ensure the 

desired quality.  The benefits of the palm oil mill being typically locating close to 

the palm field are not only that the yield quality can be maintained, but it also 

reduces the cost of transportation.  The various outputs from the FFB milling are 

crude palm oil (15–18%), palm kernels (5–6%), shells (5–6%), palm fibers (12–14%), 

and empty bunches (25–27%) (DOA, 2008). The primary productivity of palm oil mills 

is CPO (approximately 0.18 ton/ton FFB) and the secondary product is palm kernel 

oil (CKO, yield= 0.06 ton/ton FFB). Through the concept of waste utilization, palm 

fiber residues are used as a biomass-fuel to generate internal power in the form of 

heat and electricity, which are integrated into the palm oil mill.  The diesel oil used 

for energy generators and other diesel based machines in the plant is approximately 

1.62 liters per ton of FFB. The water used for the palm oil mill (POME) process and 

its effluent (POME), which typical contains extremely high COD loading (above 

100,000 mg/L) (Kaewmai et al., 2012), are accounted for as input and output, 

respectively. In milling operation, the POME requires a treatment facility and an 

anaerobic process to reduce organic content before discharge (Crabbe et al., 2001; 

Oswal et al., 2002). However, in this study the methane gas (CH4) from anaerobic 

treatment is excluded. 

For refining process, crude palm oil is treated in the neutralization, 

degumming, bleaching and deodorization processes to get rid of the gum and 
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impurities. The amount of refined palm oil (RPO) is 0.932 ton/ton of CPO 

(Kittithammavong, 2014). The electricity consumed from the power grid for RPO 

refining is about 1.17 kWh/ton of RPO. In this process, spent clays are obtained as 

residual wastes. 

Table 4-7 Life-cycle inventory for production of 1 ton fuel (FU) 

Life cycle biofuel production Data sources  ME50 B100 B50a 

Input     
(a) Oil palm plantation     

N-fertilizer (kg) (Pleanjai et al., 2007) 83.74 278.9 143.4 
P2O5-fertilizer (kg) (Pleanjai et al., 2007) 22.84 76.06 39.12 
K2O-fertilizer (kg) (Pleanjai et al., 2007) 59.00 196.5 101.1 
Glyphosate (kg) (Pleanjai et al., 2007) 0.530 1.775 0.913 
Paraquat (kg) (Pleanjai et al., 2007) 0.190 0.634 0.326 
Diesel used (for transport FFB) 
(kg) 

(Pleanjai and 
Gheewala, 2009) 

18.33 61.03 31.39 

(b) Crude palm oil production     

(i) Crude palm oil extraction     
Electricity (kWh) (Pleanjai et al., 2007; 

Papong et al., 2010) 
28.07 93.57 48.08 

Water for boiler (m3) (Pleanjai et al., 2007) 1.575 5.244 2.697 
Diesel for starting turbine (kg) (Pleanjai et al., 2007) 2.588 8.618 4.432 

(ii) Palm oil refining     
Water (kg) (Kittithammavong, 

2014) 
53.17 177.1 91.07 

H3PO4 (kg) (Kittithammavong, 
2014) 

0.418 1.392 0.716 

Bleaching earth (kg) (Kittithammavong, 
2014) 

4.185 13.94 7.169 
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Life cycle biofuel production Data sources  ME50 B100 B50a 

Electricity (kWh) (Pleanjai and 
Gheewala, 2009) 

373.2 1,243 639.3 

Diesel for starting machinery 
(kg) 

(Pleanjai et al., 2007) 3.101 10.33 5.311 

Diesel used (for transport RPO) 
(kg) 

(Pleanjai and 
Gheewala, 2009) 

13.40 44.62 22.95 

(d) Biofuel production     

(i) Microemulsion fuel     
Refined palm oil (kg)  319.0 - - 
Ethanol (kg)  180.0 - - 
Surfactant (kg)  67.0 - - 
Cosurfactant (kg)  123.9 - - 
Diesel (kg)  288.0 - - 
Electricity for mixing (kWh)  7.460 - - 

(ii) Biodiesel (transesterification)     
Refined Palm oil (kg) (Pleanjai and 

Gheewala, 2009) 
- 1,062 546.4 

Methanol (kg) (Pleanjai and 
Gheewala, 2009) 

- 180.0 92.6 

NaOH-catalyst (kg) (Pleanjai and 
Gheewala, 2009) 

- 10.0 5.2 

H2SO4 (kg)  - 1.0 0.5 
 

Electricity (kWh) (Pleanjai and 
Gheewala, 2009) 

- 256.5 132.0 

Water for washing (m3) (Pleanjai et al., 2007) - 0.2 0.1 
Diesel for starting machinery 
(kg) 

(Pleanjai et al., 2007) - 33.6 17.3 

(iii) Biodiesel-diesel blends     
Diesel for blending (kg)  - - 485.5 
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Life cycle biofuel production Data sources  ME50 B100 B50a 

Electricity for mixing (kWh)  - - 7.460 
Output     
(b) Crude palm oil production     

(i) Crude palm oil extraction     
Palm oil mill effluent (m3) (Pleanjai et al., 2007) 1.130 3.762 1.935 
Palm kernel (kg) (DOA, 2008) 114.3 380.8 195.8 
Shell (kg) (DOA, 2008) 114.3 380.8 195.8 
Fiber (kg) (DOA, 2008) 266.4 887.4 456.4 
Decanter cake (kg) (DOA, 2008) 106.1 353.4 181.8 
Empty bunches (kg) (DOA, 2008) 513.8 1,711 880.2 

(ii) Palm oil refining     
Wastewater (kg) (Kittithammavong, 

2014)  
53.17 177.1 91.07 

Spent clay (kg) (Kittithammavong, 
2014)  

4.185 13.94 7.169 

(d) Biofuel production      

(i) Microemulsion-based biofuel 
(kg) 

 1,000 - - 

(ii) B100/B50   1,000 1,000 
Glycerol (kg) (Pleanjai et al., 2007) - 320.0 164.6 
Wastewater (m3)  - 0.2 0.1 
Residual Oil (kg)  - 22.0 11.3 

a Data was calculated from the blend ratio of 514.5 kg B100 and 485.5 kg diesel (B100/diesel 1:1 
v/v)  
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3) Microemulsion fuel production 

According to microemulsion fuel formation, the major component of the 

microemulsion fuel is palm oil/diesel blends. Ethanol is applied as a fuel additive or 

viscosity reducer, and then stabilization is by surfactant/cosurfactant.  Following the 

appropriate microemulsion fuel formation from our previous work, the materials 

specifically are refined palm oil/diesel blends, ethanol, methyl oleate, and 1-octanol.  

All the used materials and controlled parameters are also based on our previous 

experiment data.  The reactor time was two hours per batch to allow the system to 

reach equilibrium in the homogenous solution.  Then, the liquid fuel mixture was 

allowed to settle to check the phase stability of ME50 (without miscible phase 

separation). The operating temperature was controlled at room temperature 

(25±2oC).  Electric energy consumption was required for the mixing process only, 

which was about 7.46 kWh/ton of ME50.  The biofuel microemulsion in particular 

produces ME50 with an absolute 100 percent yield without a waste stream.  

4) Transportation 

In this study, the representative oil palm plantation and crude palm oil 

production are located in the southern part of Thailand. The oil palm field is located 

close to the oil palm mill, whereas the biodiesel plant is located in the central part 

of Thailand. Transport capacity and distance travelled from oil palm field to mill (56 

km round trip was used in this study) and mill to biodiesel plant (1,628 km for round 

trip) are retrieved from (Pleanjai and Gheewala, 2009). Trucks with a capacity of 3 

tons transport FFB from the oil palm field to the palm oil mill, and trucks with a 

capacity of 20 tons transport RPO from the oil refinery plant to the biodiesel plant. It 

was assumed that the location of the microemulsion plant is located at the same 
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place of the biodiesel plant in this study. The fuel consumption for the heavy diesel 

vehicles was 1.628 km/L of diesel (DIESEL Status Report, 2004). Air emissions from 

transportation stage were taken from the Ecoinvent database. 

4.6.2 Environmental impact assessment of microemulsion biofuel 

The results of all environmental impact categories of microemulsion biofuel 

(ME50) are summarized in Table 4-8. Five impact categories including acidification, 

eutrophication, global warming, ozone layer depletion, and human toxicity were 

conducted to characterize the emissions of each biofuel production.  

The raw materials used in ME50 production include refined palm oil (RPO), 

diesel, surfactant, cosurfactant, ethanol, and electricity power. The materials 

associated with each environmental category from microemulsion biofuel production 

in one ton were characterized as shown in Figure 4-16. According to the results, the 

production of refined palm oil (RPO), which is a primary feedstock of the biofuel 

production, has a considerable influence to almost all of the impact categories due 

to the production of vegetable oil feedstock involving fertilizers, chemicals, energy, 

and water. The production of RPO indicates the highest contribution (99% or 9.29 kg 

PO4
3-e) in eutrophying emissions, which could be mainly driven by nitrogen (NH3 and 

NOx) and phosphorus related emissions (Siles et al., 2011) from the use and 

production of nutrient supplements and wastewater discharges. Moreover, RPO 

attributed the high impact for other environmental impact categories including 27.67 

percent (94.88 kg 1,4 dichlorobenzene equivalent  (kg 1,4-DBe)) in human toxicity, 

28.58 percent (1.26 kg SO2e) in acidification, 34.3 percent (0.34 kg PO4
3-e) in 

eutrophication, and 11.64 percent (125.84 kg CO2e) in global warming.   



 100 

Surfactant, which is the key component to formulate microemulsion fuel, 

presents a remarkable contribution to several impact categories such as human 

toxicity (32.65 percent) and acidification (24.44 percent). Note that the surfactant 

(alcohol ethoxylate) represented in this formulation is a renewable based product 

derived from palm kernel oil through the oleochemical process.  

For acidification impact, this category was mainly from refined palm oil (28.58 

percent). The impact of the level of acidification is derived particularly from exhaust 

gas emissions (i.e. NOx and SOx) of fuel combustion that occurs during the on-site 

manufacturing process, transportation, and indirect emissions from raw material 

acquisition, the fuel exploited either in regular diesel production or in energy-related 

production where the fuel is converted to energy.  

For the global warming impact (GWP), all input materials have a potential to 

emit greenhouse gases. Among all the materials, the most important contribution to 

equivalent CO2 emissions is vegetable oil production with 29 percent, followed by 

surfactant production 22 percent. The main sources of carbon emissions that have 

been reported in previous literature were apparently from the cultivation, harvesting 

and oil extraction stages (Kaewmai et al., 2012). 

The depletion of the ozone layer is specifically caused by 

chlorofluorocarbons (CFCs), carbon tetrachloride (CCl4), methyl bromide (CH3Br), 

methyl chloroform (CH3CCl3), and halons (EPA, 2010), well-known as ozone depleting 

substances (ODSs). These gases not only contribute a seriously high potential impact 

at a very low concentration, but their origins evidently appear from anthropogenic 

sources and industrial activities.  Note that diesel oil has an impact of 75.62 percent 

on the category of ozone layer depletion, which could be due to the ozone 
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depleting substances; air pollutants from aliphatic and cyclic hydrocarbon and their 

derivatives during the crude petroleum extraction process, and the energy 

combustion used for electricity and hot steam generation.  

 

  

Figure 4-16 Environmental impacts during the microemulsion fuel production process 

using the CML 2 baseline 2000 method 
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Table 4-8 Potential impacts of microemulsion-based biofuel, B100, and B50 

 

Impact category Unit ME50 B100 B50 

Acidification kg SO2e 4.39 10.91 7.65 

Eutrophication kg PO4
3- e 9.28 65.45 37.36 

GWP 100a kg CO2 e 1,085 1,314 1,198 

Ozone layer depletion kg CFC-11 e 0.00028 0.00027 0.00028 

Human toxicity kg 1,4-DB e 342.93 2475.54 1409.62 

Values are for 1 ton of biofuel. 

 

4.6.3 Greenhouse gas emissions from microemulsion production stage 

The GHG emissions described as CO2e from the microemulsion production 

stage are presented in Table 4-9. Total CO2 emissions were 1,140 kg of CO2e per ton 

of biofuel. The emissions were divided into two categories including emissions from 

the raw materials acquisition and the manufacturing process.  Typically, one ton of 

ME50 is produced from 319 kg of refined palm oil (RPO) or 1.9 tons of oil palm fresh 

fruit brunch (FFB). The mixing process is the only primary process in the 

microemulsion production stage. Based on the inventory data, this process 

consumed a small amount of electricity while it did not generate wastewater. When 

comparing between the GHG emissions from raw materials and the process, the 

results show that the emissions from raw material production account for 99.6 

percent and are almost the total impact for this stage. 
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For the life-cycle GHG emissions, in the case of materials used, the results 

show that 1-octanol (cosurfactant) and CPO contributed the most in the Global 

Warming Potential (GWP) impact, accounting for 28.1 percent and 27.6 percent of a 

total 1,140 kg of CO2e per ton of ME50, respectively, as shown in Table 4-9. These 

results are consistent with the results described above. According to the results, it 

can be concluded that the raw-material selection and the formula adjustment are 

the key factors for GHG reduction in microemulsion based biofuel.  
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Table 4-9 Greenhouse gas emissions from biofuel production stage-carbon footprint method 

Activities 
  

Emission factor 
 

Data sources Emissions (kg/ton biofuel) 
ME50 B100 B50 

Unit Amount CO2 e % CO2 e % CO2 e % 
(a) Emissions from raw materials used        
Refined palm oil kgCO2 e/kg 0.987 (TGO, 2011) 314.9 27.61 1,048 54.48 539.3 45.12 
Ethanol  kgCO2 e/kg 1.233 Ecoinvent 2.0 216.0 18.94 - - - - 
Surfactant  kgCO2 e/kg 2.400 Ethoxylated alcohol, 

Ecoinvent 2.0 
160.8 14.10 - - - - 

Cosurfactant kgCO2 e/kg 2.589 1-butanol, Ecoinvent 
2.0 

320.8 28.13 - - - - 

Diesel (production) kgCO2 e/L 0.429 IPCC 2007 123.6 10.84 - - 208.4 17.44 
Diesel for starting 

machinery 
(production) 

kgCO2 e/L 0.429 IPCC 2007 - - 14.42 0.750 
 

7.423 0.621 

Methanol  kgCO2 e/kg 0.268 (TGO, 2011) - - 48.17 2.503 24.78 2.073 
NaOH-catalyst  kgCO2 e/kg 1.20 Ecoinvent 2.0 - - 12.00 0.624 6.240 0.522 
Sulfuric acid kgCO2 e/kg 0.138 Ecoinvent 2.0 - - 0.138 0.007 0.069 0.006 
Water for washing  kgCO2 e/m3 0.026 Metropolitan 

Waterworks 
Authority (Thailand) 

- - 0.048 0.002 0.025 0.002 

Sub total    1,136 99.63 1,123 58.36 786.3 65.78 
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Activities 
  

Emission factor 
 

Data sources Emissions (kg/ton biofuel) 
ME50 B100 B50 

Unit Amount CO2 e % CO2 e % CO2 e % 
(b) Emissions from processes        
Electricity kgCO2 e/kWh 0.561 TC common data 4.185 0.367 143.9  7.479 76.13 6.369 
Diesel (combustion) kgCO2 e/L 2.708 IPCC 2007 - - 91.0  4.729 46.82 3.917 
Wastewater a, b  kgCO2 e/L 4.20c (IPCC, 2006) - - 359.5 18.69 179.8 15.04 
Glycerol waste kgCO2 e/kg 0.646 (TGO, 2011) - - 206.7 10.74 106.3 8.90 
Sub total    4.185 0.367 801.1 41.64 409.0 34.22 
Grand total    1,140 100 1,924 100 1,195 100 
a The amount of effluent is 0.2 m3/ton B100 and COD loading is 0.428 kg/L. 
b GHGs were accounted from the indirect methane emissions generated from anaerobic reactor using 0.25 kg CH4/kg COD (Bo), and methane recovery is not 

considered (MCF=0.8). 
c EF = CH4 impact potential x Bo x MCF
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4.6.4 Comparison with palm oil methyl ester (PME) 

The comparison of the environmental impacts for microemulsion biofuel 

(ME50), palm oil methyl ester (B100), and palm oil methyl ester with the diesel 

blend (B50) are shown in Figure 4-17. The amounts of emissions are converted to 

percentages for easier comparison of the impacts in the overview. It was found that 

the production of ME 50 results in a better environmental performance than those of 

the B100 and B50 in terms of acidification, eutrophication, and global warming 

potential. Note that the global warming impact is most affected by all biofuels, 

whereas the impact on ozone layer depletion is not significant different in terms of 

production technologies. 

The acidification and eutrophication potential of the ME50 production 

indicated the lowest impacts. The acidification potential is mainly caused by 

emissions from nitrogen-based fertilizers (i.e. ammonia to air, nitrates leaching to land 

and subsurface) at the stage of palm oil cultivation and emissions to air (nitrogen 

oxide gas, NOx) from fuel combustion. These results are consistent with other studies 

(Kaewcharoensombat et al., 2011), which studied the LCA of jatropha methyl ester 

using Eco-indicator 99 and reported that the main impacts on the acidification and 

human health category were from the transesterification production stage. During 

production, not only are a large amount of CPO, chemicals, and energy used, but the 

production stage also generates a large waste stream, which results in enormous 

environmental damages. The fact that no wastewater discharges contain organic and 

nutrient loading from the ME50 production could be a cause of the lower 

eutrophication impact than those of the B100 and its blends (B50), where a large 

volume of effluent is discharged wastewater from biofuel purification. However, the 
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impact of eutrophication is commonly caused by both the direct and indirect 

emissions of nitrogen and phosphorus based fertilizers leaching to the watershed for 

crop farming. More palm oil is involved in the biofuel life cycle and a larger source of 

emissions from fertilizer utilization is contributed to the atmosphere and water. 

In the GHG emission results, the sources of emissions emit in both the raw 

material preparation process and the production process. A significant contribution to 

the higher fraction of GHG emissions of the biofuel production by transesterification 

(B100) over microemulsion (ME50) could be generated by the effluent from biodiesel 

purification. The biodiesel effluent has generally high COD loading (chemical oxygen 

demand-COD, 0.43 kg/L effluent) (Siles et al., 2011) and thus is necessarily treated 

using an anaerobic process. The GHG emissions from the effluent were then taken 

into account and were estimated from the amount of COD loaded in untreated 

wastewater. For indirect methane (CH4), emissions generated from an anaerobic 

reactor were calculated using a default value of 0.25 kg of CH4/kg of COD conversion 

(IPCC, 2006). It was found that the GHG emissions generated by this process were 

18.69 percent higher in B100 and 15.04 percent higher in B50 than that in ME50.  

Moreover, the GHG emissions from the glycerol byproduct of B100 (206.7 kg 

CO2e/ton B100) and B50 (106.3 kg CO2e/ton B50) was 10 times greater than that of 

ME50 (without byproducts). Thus, it is important that the production systems of B100 

and B50 necessitate an additional process to utilize their byproduct and waste in 

order to mitigate the overall negative environmental consequences. 
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Figure 4-17 The characterization of the life cycle impact assessment from cradle to 

gate for microemulsion-based biofuel (MB50), biodiesel (B100), and biodiesel-diesel 

blend (B50) production processes 

 

In addition, the electricity consumptions for B100 and B50 were significantly 

higher than that of ME50.  This is because the tranesterification reaction requires a 

high temperature condition (60-80 oC) (Papong and Malakul, 2010). Consequently, its 

production stage acquires sufficient heat from the energy sources (e.g. petroleum 

based fuels, coal, biomass, electricity) to drive the chemical reaction. 
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4.7 Microemulsion-based fuel performance and emissions 

4.7.1 Fuel consumption 

Fuel consumption (g/hr) at two engine loads for diesel, microemulsion fuels 

(MO+But, MO+Oct, MO+Dec), palm oil-diesel blends (PD, 1:1 v/v), and biodiesel-

diesel blends (BD, 1:1 v/v) are summarized in Figure 4-18. All sets of fuel 

performance testing demonstrated that the fuel consumption is much greater at 

high-load conditions (1000 W) than partial-load conditions (500 W), as expected. The 

fuel consumption of microemulsion fuels ranged from 364-377 g/hr at partial-load 

(500 W) and 502-530 g/hr at high-load (1000 W) condition which are ranging from 23 

to27 percent and 7 to 13 percent  more fuel requirement than diesel fuel at partial-

load (295 g/hr) and diesel fuel at high-load (471 g/hr) conditions, respectively. This is 

because the fact that the alkanols (ethanol and cosurfactants) have a lower calorific 

value than diesel fuel. Therefore, the net energy value of microemulsion fuel was 

significantly reduced when a large volume of alcohols are presence in the system 

(Wang et al., 2006).  The effect of alcohols in mixed liquid fuel formation is 

consistent with former published studies (Wang et al., 2006; Nguyen et al., 2012).  

Figure 4-19 shows the brake specific fuel consumption (BSFC) of all diesel and 

microemulsion fuels. BSFC is an idea of amount of fuel consumption to develop the 

same enery power. Better the combustion, lower will be the BSFC. As showed in the 

Figure 4-19, the BSFC of all fuels decrease with the increase of engine loads. The 

BSFC decreased with increase in load due to better combustion and lower heat 

losses. Moreover, it was observed that all microemulsion fuels increased the BSFC at 

all engine loads. The increment in BSFC becomes smaller as the engine load is 

increased. Gernally, the engine consumes more fuel with microemulsion fuels than 
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with reference diesel fuel to generate the same engine output because of the lower 

heat content of alcohol in the fuel blends. 

 

Figure 4-18 Fuel consumptions of diesel, microemulsion fuels, palm oil-diesel 
blends, and biodiesel-diesel blends 

 

In addition, Koc and Abdullah (2013) proposed the BSFC for diesel and 

biodiesel nanoemulsion containg 15% water. The results showed that biodiesel 

nanoemulsion containg 15% water was higher BSFC (275 g/kWh) than regular diesel 

(230 g/kWh) at 1,200 rpm. However, Wang et al (2006) reported that the BSFC for 

regular diesel at 1,500 rpm was 550 g/kWh. The different results may be due to the 

engine specification and the test condition. As compared to this study, it was found 

that the BSFC for diesel and microemulsion fuels was 471 g/kWh and 502-530 g/kWh 
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at high-load condition. This could be concluded that this finding is in the range with 

the previous works.  

 

 

Figure 4-19 Engine BSFC of diesel and microemulsion fuels for different engine loads 

 

According to the results shown in Figure 4-18, the fuel consumption at two 

load conditions of microemulsion fuels is observed to slightly decrease with an 

increase in carbon chains of cosurfactant (butanol, octanol, and decanol with C4, C8, 

and C10, respectively). At constant power-wattage output, the test engine delivered 

slightly higher fuel consumption with butanol-microemulsion fuel than with octanol- 

and decanol-microemulsion fuel. This is consistent with the effect of alcohols in the 

mixed fuel blends, as the heating content in alcohol increases when the number of 

carbon chains in the molecule increases. 
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The palm oil-diesel blends (PD) are the mixture of palm oil and diesel at a 

volumetric ratio of 1:1. At both engine-load conditions, the palm oil-diesel blends 

slightly increases the fuel consumption (only 1-2%) from diesel. From these results, it 

is concluded that the fuel consumption under these conditions was unaffected by 

the directly blend of palm oil with diesel due to the heat of combustion (see Table 

4-10). 

4.7.2 Exhaust emissions 

1) NOx emissions 

The NOx emissions were measured in the exhaust for the different fuels as 

shown in Figure 4-20. It is important to note that the NOx emissions from all 

microemulsion fuels were lower than the emissions from diesel, palm oil-diesel 

blends, and biodiesel-diesel blends fuel at both engine loads, with the statistical 

different being more apparent for the higher load (1000 W). The temperature and 

oxygen content in an engine cylinder are the major factors affecting on the formation 

of NOx (Wang et al., 2006; Doğan, 2011). Thus, NOx emissions from microemulsion 

fuels were reduced by replacing a portion of diesel with ethanol and cosurfactant.   

Table 4-10 reports the fuel properties of diesel, microemulsion fuel, palm oil-

diesel blends (PD), and biodiesel-diesel blends (BD). These properties were used to 

calculate the exhaust emissions by the weight basis (g/kg fuel). NOx emissions were 

converted and reported in the term of the amount of pollutant formed per mass of 

fuel (g/kg fuel), as shown in Table 4-11, for considering the fuel composition and 

stoichiometry. According to Table 4-11, the results show that at the same amount of 

fuel NOx emissions from microemulsion fuel had potentially produced two times 

lower (28.60 g/kg fuel) than those of diesel fuel (40.46 g/kg fuel). 
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Figure 4-20 NOx emissions for diesel, microemulsion fuels, palm oil-diesel blends, 
and biodiesel-diesel blends 

 

Figure 4-21 presents a dissimilarity of exhaust gas temperature for all tested 

fuels versus two engine loads (partial and full loads). It is observed that all 

microemulsion fuels emitted lower exhaust gas temperatures than other fuels by 

reason of the lower heating value of ethanol and cosurfactants in microemulsion 

fuels. Accordingly, the lower exhaust gas temperature can explain the lower NOx 

emissions for microemulsion fuels.  

From comparison on NOx emissions between the microemulsion fuels it is 

obvious that NOx emissions were not affected by varying types of cosurfactant in fuel 

(p>0.05). This is because the heating value (see Table 4-4) and exhaust gas 
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temperature of microemulsion fuels with various cosurfactant types were not 

meaningfully different. 

 

Table 4-10 Main properties of diesel, microemulsion fuel, palm oil-diesel blends 

(PD), and biodiesel-diesel blends (BD) 

Properties Diesel ME50a PD BD 

Chemical formulab C16H34 C9H19O C25H48O C17H33O 

Average molecular weightb 226.27 142.95 368.33 251.63 

Density at 25oC (g/cm3) 0.844 0.875 0.881 0.866 

Kinematic viscosity at 40 oC (mm2/s) 3.4 4.3 11.7 4.0 

Heating value (MJ/kg)  45.8 39.2 42.5 39.2 

Stoichiotric air–fuel ratio (kg/kg)b  14.86 12.47 13.49 13.50 

a Microemulsion fuel was formulated from the mixture of  22 vol. % methyl oleate/1-octanol 
(mole fraction of 1:8), 20 vol. % ethanol, and 58 vol. % palm oil/diesel blend (volumetric 
fraction of 1:1). 

b See the calculation in APPENDIX F  
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Figure 4-21 The exhaust gas temperature of diesel, microemulsion fuels, palm oil-

diesel blends, and biodiesel-diesel blends 

 

2) CO2 emissions 

CO2 emissions of the different fuels from two engine loads are shown in 

Figure 4-22. Increasing the engine loads increased CO2 emissions for all the fuels. 

Microemulsion fuels produced lower CO2 emissions as compared to diesel, palm oil-

diesel blends, and biodiesel-diesel blends with the effect being more apparent at 

the higher load. This is because microemulsion fuels contain oxygen elements, which 

are mainly dominated in palm oil and ethanol; the carbon composition is 

comparatively lower at the same amount of fuel consumed, therefore the CO2 

discharged from microemulsion fuels were lower. As against diesel, at the partial load 



 116 

palm oil-diesel blends and biodiesel-diesel blends had higher CO2 emissions whereas 

at the full load the results were oppositely found. 

 

Figure 4-22 CO2 emissions for diesel, microemulsion fuels, palm oil-diesel blends, 

and biodiesel-diesel blends 

 

3) CO emissions 

Figure 4-23 shows the CO emissions from different fuels including diesel, 

microemulsion fuels, palm oil-diesel blends, and biodiesel-diesel blends. CO 

emissions from the microemulsion fuels at the partial-load and high-load conditions 

are slightly higher than the emissions from diesel. The increase in CO emissions may 

possibly be due to the incomplete combustion of the mixed oil/ethanol-O2 (Xing-cai 

et al., 2004; Nguyen et al., 2012). However, the data were analyzed and showed that 
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the CO emissions from microemulsion fuels were not significantly different with that 

from diesel (p>0.05).  

It is seen that the CO emissions among microemulsion fuels; butanol-fuel, 

octanol-fuel, and decanol-fuel blends, were not significantly different. However, the 

CO emissions for butanol microemulsion fuels tend to be higher than those for other 

microemulsion fuels. The CO emissions from palm oil-diesel blends (PD) were 

significant higher than those from other fuels. This is due to the high viscosity of 

palm oil-diesel blends (see viscosity values on Table 4-4) can causes poor fuel-spray 

characteristics in ignition, thus leading to CO formation from incomplete combustion 

(Wang et al., 2006; Hazar and Aydin, 2010). This points to the benefit of the alcohol 

additives which lower the viscosity and thus CO emissions.  

 

Figure 4-23 CO emissions for diesel, microemulsion fuels, palm oil-diesel blends, and 

biodiesel-diesel blends 
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Table 4-11 Fuel properties and emissions of diesel, microemulsion fuel, palm biodiesel, palm oil, and palm-diesel blends 

NNM=Not measurement 

a Microemulsion fuel was formulated from the mixture of  22 vol. % methyl oleate/1-octanol (mole fraction of 1:8), 20 vol. % ethanol, and 58 vol. % palm oil/diesel blend 
(volumetric fraction of 1:1). 

b Test engine was evaluated at 1,200 rpm engine speed and 1 kW. 
c Sample calculation are presented in APPENDIX F 

Properties Units Diesel ME50a B100 Palm oil PD ASTM D975 
Fuel properties        
Kinematic viscosity (40 °C) mm2/s 3.4 4.3 4.0 39.6 11.7 4.1 max. 
Density (25 °C) g/cm3 0.844 0.875 0.890 0.91 0.881 - 
Gross heat of combustion MJ/kg 45.8 39.2 41.24 39.4 42.5  
Cloud point °C -15 5 5 16 16  
Flash point °C 76 15 174 267 NM 52 min. 
Water content 
Residual 

% vol. 
% mass 

0.01 
0.13 

0.16 
0.08 

0.09 
NM 

NM 
NM 

0.06 
0.14 

0.05 max. 
0.35 max. 

Test engine b        
Fuel consumption g/hr 471 516 NM NM 474 - 
Carbon dioxide g/kgfuel 3,049 2,634 NM NM 2,857 - 
Carbon monoxide g/kgfuel 39.60 58.17 NM NM 71.48 - 
Nitrogen oxide 
Exhaust temperature 

g/kgfuel 
°C 

40.46 
141 

28.60 
117 

NM 
NM 

NM 
NM 

35.03 
132 

- 
- 
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CHAPTER V SUMMARIES AND CONCLUSIONS 

 

5.1 Summaries 

This chapter summarizes the concluding remarks of this work and the finding 

knowledge gained from all experiments. Future recommendations and potential 

applications are also discussed. This study demonstrated the use of surfactants and 

cosurfactants in formulating reverse micellar microemulsions from palm oil/diesel 

fuel and ethanol blends which can be utilized as a promising renewable fuel. In this 

study, microemulsion-based biofuels were formulated from the mixture of palm 

oil/diesel fuel as the oil phase, ethanol as the polar phase and viscosity reducer, 

surfactant and cosurfactant as the mixed surfactant system. Four nonionic 

surfactants, stearyl alcohol (saturated), oleyl alcohol (unsaturated), methyl oleate 

(unsaturated with ester group), and Brij-010 (EO groups) which have different 

chemical structures were investigated. Cosurfactants (n-alkanol), 1-butanol, 1-octanol, 

and 1-decanol were selected as varying carbon-chain lengths. Microemulsion phase 

behavior, kinematic viscosity, microemulsion-droplet size determination, and fuel 

property testing were conducted to select an optimum formula of microemulsion-

based biofuel. Moreover, the environmental impact assessment and the engine test 

were investigated to determine the environmental performance from the production 

process and the use phase.  

From pseudo-ternary phase diagram, the lowest amount of a surfactant used 

for solubilizing ethanol in the oil phase, can be observed by the miscibility curve in 

the pseudo-ternary phase diagram. In general, it was found that at low amounts of 

ethanol in the composition (below 10 vol. %), the system did not require any 
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amount of surfactant to form single phase solution due to the self-miscibility of 

ethanol and oil.  However, the required amount of surfactant increases as increasing 

ethanol content (over 10 vol. %) in the system. Compare among each of the 

surfactants, a larger amount of Brij-010 was required for solubilizing ethanol because 

of the hydrophilicity of surfactant. However, the phase behavior is not affected by 

saturated or unsaturated group in the surfactant structure resulting in analogous 

results of oleyl alcohol, stearyl alcohol, and methyl oleate.  

The kinematic viscosities of all systems decreased as the temperature 

increased. Considering the effect of surfactant structure, the results show that the 

kinematic viscosities of Brij-010 (ethoxylate alcohol surfactant) systems were greatest 

than those of the other surfactants, whereas the kinematic viscosities of methyl 

oleate (unsaturated fatty ester surfactant) systems were lower throughout all 

temperature variations. This could be due to the fact that the unsaturated structure 

and the intermolecular force of surfactant are likely to be a major factor in 

determining the viscosity of a bulk system. For the effect of cosurfactants, the 

viscosity of microemulsion solutions slightly increased with an increasing a number of 

carbon chain length of cosurfactants. The surfactants had greater effect on kinematic 

viscosity than those of cosurfactants, even at the low concentrations. Moreover, it is 

interesting to note that ethanol is an important component for reducing viscosity of 

the bulk system. However, it was kept at low amount in blending due to the 

diminishing effect on other fuel properties such as heat of combustion, flash point, 

and water content. 

Not only the effect of surfactants and cosurfactants were investigated, but 

this study also looked at the effects of different parameters on the microemulsion 
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phase behavior and kinematic viscosity, including ethanol content, 

surfactant/cosurfactant ratio, palm oil-diesel blending ratio, and temperature. The 

results can be concluded that the type of surfactant and the ethanol content are 

the most important parameters for microemulsion formation and fuel efficiency. 

Although, other parameters have the minor impacts on the variation, they are still 

considered as supporting parameters for the formulation adjustment for achieving 

the appropriate cost efficiency, reducing the environmental consequences from raw 

materials, and enhancing fuel quality. 

Microemulsion-based biofuel is a thermodynamically stable colloidal 

dispersions, microemulsion-droplets size measurement was studied to determine the 

relation between the colloidal properties (i.e., composition, phase behavior, droplet 

size, particle-particle interaction) and the bulk viscosity. It could be concluded that 

the presences of surfactant and cosurfactant in the system can greatly reduce the 

size of emulsion droplet from micro-scale (µm) to nano-scale (nm) emulsions. The 

mean diameter of the system in the presence of surfactant was two orders of 

magnitude lower than that of the system without the surfactant. Even though methyl 

oleate surfactant system can produce an uniform size of microemulsion-droplets, 

their size are larger than those of the other surfactant systems. As an increasing in 

the size of droplets, the volume fraction of an aggregate in the system decreases. 

The microemulsion droplets become more loosely packed together; hence causing a 

decrease in the flow resistance of the bulk solution, resulting in the lower kinematic 

viscosity. These results are in agreement with the kinematic viscosity results 

indicating that microemulsion-droplet size and the intermolecular interaction 

between disperse molecules have an influent on the kinematic viscosity of a system. 
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In summary, it was found that the mixture of methyl oleate/1-octanol (22 

vol.%), ethanol (20 vol. %), and the palm oil-diesel (1:1 v/v) blends (58 vol. %) can 

greatly reduce the bulk viscosity and produce a uniformly size of microemulsion 

droplets. In addition the formulation used the least amount of surfactant for 

solubilizing ethanol-in-oil in the system. Thus, this composition was selected as an 

optimum formula of microemulsion-based biofuel in this study. 

As compared the fuel properties of microemulsion fuel with commercial 

diesel and other alternative fuels (neat biodiesel, biodiesel-diesel blends, and palm 

oil-diesel blends), the results show that the kinematic viscosity at 40 oC of the 

microemulsion fuel was three times lower than that of the palm oil-diesel blend and 

slightly higher than that of neat diesel. This is attributable to the higher molecular 

weight and larger chemical structure of the palm oil. However, the kinematic 

viscosity of the microemulsion fuel was close to that of neat biodiesel. For the heat 

of combustion, frequently used to evaluate the fuel consumption in diesel engine, 

the results indicate that the microemulsion fuel had lower combustion energy than 

regular diesel, neat biodiesel, and palm oil-diesel blends except biodiesel-diesel 

blends. For carbon residual, the weight percentage of carbon residual from 

microemulsion fuel after combustion process was less than those of the other fuels. 

Due to the effect of ethanol, the microemulsion fuel had lower flash point and 

higher water content as compared to diesel and neat biodiesel.  Thus, the fuel 

storage and transportation of the microemulsion fuel must be taken into 

consideration.   

Considering the environmental impacts from the production process of a new 

emerging technology, microemulsion-based biofuel, all of the production stages 
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including oil palm cultivation, palm oil processing, and microemulsion biofuel 

production were evaluated based on the cradle to gate product approach. The 

potential environmental impacts of acidification (AP), eutrophication (EP), global 

warming (GWP), ozone layer depletion (ODP), and human toxicity (HTP) of ME50 were 

evaluated using the CML 2 baseline 2000 method in the SimaPro 7.1 program. The 

result indicates that the microemulsion fuel production contributes a significant 

environmental impact to global warming and acidification due to the various 

processes of palm oil acquisition from the oil palm cultivation through the palm oil 

refinery, whereas only a minor impact to the ozone layer depletion category is 

attributed. The comparative result indicates that the impacts generated from 

conventional transesterification, the neat biodiesel, are greater than those generated 

by the microemulsion fuel and biodiesel-diesel blends in each of the impact 

categories. Considering only the GHG emissions, the microemulsion fuel causes 

approximately 964 kg of CO2e/ton with lower energy consumption and discharged 

wastewater. The dominant source of the GHG emissions during the microemulsion 

biofuel production stage is the use of raw materials. It is noticeable that the 

formulation of microemulsion fuel would reduce potential emissions considerably 

specifically GHG emission, acidification and human toxicology.  

The microemulsion-based biofuel in the terms of fuel economy and quality 

of exhaust gas emissions were examined through a small-sized DI diesel engine at 

1200 rpm with two different engine loads without any engine modification. The fuel 

consumption (g/hr) of microemulsion fuels ranged from 364-377 g/hr at partial-load 

(500 W) and 502-530 g/hr at high-load (1000 W) or about 7 percent higher than that 

of diesel at partial-load (295 g/hr) and 13 percent higher than that of diesel at high-
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load (471 g/hr). For the exhaust gas emissions, NOx, CO2, and CO emissions from 

microemulsion fuel were 28.60, 2,634, and 58.17g/kg fuel, respectively. It was found 

that the microemulsion fuel had lower NOx and CO2 emissions than diesel fuel (NOx 

emissions=40.46 g/kg fuel; CO2 emissions=3,049 g/kg fuel) while had higher CO 

emission than diesel fuel (39.60 g/kg fuel). As compared with other alternative fuels 

(palm-diesel blends and biodiesel-diesel blends), the microemulsion fuel showed 

significant reductions in the exhaust gas temperature, NOx, CO2, as well as CO 

emissions. Therefore, the utilization of microemulsion fuels as bio-derived energy 

could be one of the environmentally sound technologies for the sustainability 

biofuel production paradigm. 

 

5.2 Conclusions 

Based on this research results, the specific conclusion are made as follow: 

1) For the effect of palm oil-diesel blends, the required amount of 

surfactant to form a single phase microemulsion decrease with a decreasing the 

fraction of the palm oil in the diesel. This is consistent with the kinematic viscosity 

results. By increasing diesel blend, the kinematic viscosity is observed to decrease. 

Therefore, the palm oil/diesel blend (1:1 v/v) was the favored system and was 

chosen for appropriate system. 

2) For the effect of surfactant structures, a lower amount of methyl 

oleate surfactant (fatty ester of oleic acid) was required for formulating single phase 

microemulsions. As well as the kinematic viscosities of methyl oleate systems were 

lower throughout all temperature variations.  
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3) Considering the effect of unsaturated and saturated in the surfactant 

structure, the miscibility phase is not significantly affected by saturated or 

unsaturated group in the surfactant structure. However, the degree of unsaturated of 

surfactant and coiling effect in surfactant molecule is likely to be a major factor in 

reducing the viscosity of the system. 

4) The surfactant/cosurfactant ratios do not change the microemulsion 

phase behavior. In contrast, the kinematic viscosity decreases as the mole fraction of 

surfactant/cosurfactant decreases. 

5) For the effect of cosurfactant, the increasing the carbon chain length 

of the cosurfactant (from butanol to decanol) slightly increased the kinematic 

viscosity at 40 oC but decreased the amount of surfactant required to form the single 

phase microemulsion. 

6) The system with ethanol 99% purity required a significantly lower 

amount of surfactant to formulate the single phase solution than the systems with 

ethanol 95% purity due to the impurities (i.e. water) in the system. Additionally, the 

kinematic viscosity (40 oC) decreases as the ethanol content in the system decreases. 

7) The optimum microemulsion-based biofuel formulated from the 

mixture of methyl oleate/1-octanol at mole ratio of 1-8 (22 vol. %), ethanol (20 

vol.%), and the palm oil-diesel (1:1 v/v) blends (58 vol. %) has fuel properties similar 

to commercial diesel fuel and can thus be considered to be promising alternative 

fuels for diesel engines 

8) The microemulsion-based fuel had the fuel properties such as the 

kinematic viscosity, heat of combustion, and carbon residual comparable well with 
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diesel fuel. However, the flash point of microemulsion fuel is quite low as equal to 

the flash point of an ethanol. Thus, fuel storage, ignition source, and transportation 

aspects should be taken into consideration. 

9) The utilization of palm oil during oil palm cultivation through the 

microemulsion-based biofuel has greater environmental impacts on global warming 

and acidification categories, whereas ozone layer depletion receives the lowest 

impact of all categories. 

10) Greenhouse gas emissions from the production of microemulsion-

based fuel are less than those of neat biodiesel and biodiesel-diesel blends due to 

lower energy consumption and discharged wastewater from transesterification 

process. The dominant source of GHG emissions during the microemulsion biofuel 

production stage is generated from the acquisition of raw materials as compared to 

the production process.  

5.3 Engineering significant 

Although vegetable oils which derived from renewable feedstock contain 

several properties similar to those of diesel fuel, high viscosity of vegetable oils is the 

key factor limiting their directly uses in engine applications, thus imposing the 

reduction of vegetable oil viscosity by reverse micellar microemulsion technology, 

which could achieved a “green diesel”.  In order to obtain renewable based fuels, 

known as microemulsion-based biofuels, the neat palm oil was selected to 

substitute regular diesel fuel at ratio (1:1 v/v).  Ethanol was used as a polar phase 

and a viscosity reducer.  Because of the salt limitation in regular diesel formulation, 

the nonionic surfactants were investigated as a stabilizing agent of the ethanol and 
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oils.  The selected formulation (methyl oleate/1-octanol-ethanol-palm oil/diesel 

blend system) is obtained with good microemulsion stability and acceptable fuel 

property.  Interestingly, the structure of the surfactant and the ethanol content are 

the crucial factor for microemulsion biofuel formation and fuel performance.  

At present and possible future, green surfactants and chemicals – a new 

concept could lead the way to formulate the microemulsion fuel with more 

renewable and natural-derived compositions.  Somewhat earlier, sugar based-, 

vegetable oil based-surfactants and hydrophiles have been launched to the market, 

and some novel oleochemicals are being investigated in the laboratory.  These 

groups of surfactant with desirable property is an interesting option, therefore the 

minimum surfactant concentration with comparable fuel property is maybe the 

ultimate challenge.  Even through ethanol showed a good viscosity reducer 

characteristic, the low energy content and low flash point are obviously unwelcome 

properties.  Bio-butanol which is also derived from agricultural feedstock and 

extensively investigated in laboratory scale, show an opportunity to replace ethanol 

in fuel blending. The uses of bio-derived raw material not only improve the air 

pollution quality regarding to combustion emission, but it can reduce the overall 

greenhouse gas emissions which especially release from raw material acquisition 

stage. 

Being lower NOx and CO2 emissions generated during small engine tests, the 

microemulsion fuel can be a potential alternative for future biofuel technology.  To 

be useful in future development, however, the regular-size engines coupled with 

proper testing equipment are needed to determine the fuel performance.  Together 
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with other specific parameters required for diesel standard such as cetane number 

need to be addressed. 

At present status, the microemulsion fuels can be formulated with palm oil 

which is a locally available in a large quantity across Thailand.  Because of the 

simple mixing to yield the microemulsion fuel that comparable to diesel properties, 

this could be potentially applied to small- diesel engines for agricultural purposes 

such as water pump, diesel-engine generator, harvesting machinery.  Furthermore, 

the environmental impact analysis from the microemulsion fuel through its life-cycle 

is meant to be a useful guideline for biofuel policy-makers to promote sustainable 

biofuel technology. 

5.4 Environmental management significant 

Microemulsion-based biofuels have been increasingly explored as alternative 

renewable fuel sources due to the growing global energy demand, petroleum-based 

fuel depletion, and the negative effects of global exhaust emissions from fossil fuels. 

Based on the experimental results, microemulsion biofuels have similar energy 

contents compared with regular diesel fuel. Besides that, they are renewable and 

cleaner energy, which are the basic criteria of being as sustainable resources. The use 

of microemulsion fuels is therefore justified in terms of the reduced pollutants 

emission rates and improved engine performance. One of the direct advantages of 

microemulsion-based fuels is the presence of ethanol in a thermodynamically stable 

microemulsion and they are successfully used to reduce soot formation. When the 

ethanol and water are vaporized during the combustion, the heat released and the 

combustion temperature is lower. As a direct consequence, the emission rate of 

gases like nitrogen oxides (NOx) and carbon dioxide (CO2) are decrease.  
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However, low flash point is the critical safety issue of microemulsion fuel. To 

prevent ignition and fire hazards during fuel storage and distribution, the label should 

be attached to the container. The safety data sheet (SDS) of microemulsion fuel 

should be provided the information on the identity of the chemicals and their 

hazards, in addition to advice on control measures, safe storage and emergency 

measures to be followed in case of an accident. The examples of safe storage of 

microemulsion fuel are as follow: 

1) The oxidizing chemicals should be kept separate from flammable 

microemulsion fuel or other flammable chemicals.  

2) Potential ignition sources should be prohibited or controlled. 

3) A safe location for storage areas: In order to minimize the effects of an 

incident, the storage areas for microemulsion fuel should be kept separate from 

process areas, occupied buildings and other storage areas. 

4) Temperature, humidity, and ventilation arrangements should be 

controlled. Ventilation arrangements should ensure that there is no accumulation of 

gases, vapors or fumes in enclosed areas. 

  One of the issues related to the increased use of alternative fuel in the 

transport sector is its higher production cost as compared to conventional diesel 

fuels. For this study, it was found that microemulsion fuel has higher production 

costs (40.62 baht per liter of diesel equivalent, see appendix H). Based on the 

breakdown cost of microemulsion fuel, it is not able to compete with diesel if 

subsidy has not been provided by the government to boost its cost competitiveness.  

However, only comparison cost is not a true reflection of various potential benefits 

of microemulsion fuel. Life cycle costing (LCC) analysis along with the internalization 
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and externalization of environmental costs which is an economic tool should be 

studied to promote the green alternative fuel regarding the incentive cost 

performance of microemulsion fuel as compared to diesel fuel. The key 

environmental burdens from life cycle assessment (i.e. GHGs, ozone depletion, 

acidification, and human toxicity) and air pollutants emissions (i.e. CO2, CO, NOx, and 

PM10) should be applied.  

For policy implications, this study has provided some suggested policy makers 

that could support in National policy for promoting the penetration of this 

microemulsion technology into the society. Firstly, the National energy policy should 

be built on four main pillars including energy, environment, economy, and social. For 

energy pillars, the government should try to implement energy policy by using palm 

oil as the highest fuel efficiency and utilization as well as the most significant eco-

friendly source of energy due to the availability of this feedstock and palm oil 

industry locally. For environment pillars, the government should promote the 

sustainable development by utilizing alternate sources of energy with less carbon 

emission (in term of Clean Developing Mechanism (CDM) or the product carbon 

footprint) and minimizing environmental impacts. However, the government should 

have a strict regulation for prohibiting the impacts of oil-palm expansion into the 

conserved forest and land use changing as well as the dominated plants at the local 

area. Allocated large areas of waste land for oil palm plantations without any serious 

efforts might be an optional.  

For economy, as mention earlier that the microemulsion fuel has the higher 

production cost as compared to diesel fuel. The internal and external cost of the 

microemulsion fuel should be included in the accounting. The government should 
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promote the benefits of the green technology, consuming less energy consumption 

and waste generation, in term of eco-efficiency scenario to industrial and private 

sectors, resulting in the reduction of operation and treatment cost. Moreover, 

incentives and taxes might be needed to accommodate industry, user, and 

transportation sectors.  

5.5 Recommendations  

Microemulsion-based biofuel has been regarded as an attractive alternative 

fuel in order to feasibly substitute petroleum based diesel fuel and use in internal 

combustion engines because of its comparable properties and fuel performance. 

From these significant findings and knowledge, some recommendations and potential 

applications have been proposed as follows; 

1) Surfactant property: In this research, various structures of nonionic 

surfactants were utilized to formulate microemulsion-based biofuel. They had similar 

in C18 carbon chain length but varied in terms of their chemical structure (i.e., 

unsaturated-saturated fatty alcohol/fatty acid ester/ethylene oxide group). However, 

these surfactants have been shown to enhance ethanol solubilization. Especially, 

methyl ester of oleic acid (methyl oleate) surfactant can produce stable, small and 

uniform size of microemulsion droplets. In terms of renewable and sustainable 

chemicals, for example, sugar-based surfactants are of interest and should be further 

investigated in microemulsion fuel study. Because they are salt-free surfactants 

(without a potential concern in sulfur content in air quality) derived from renewable 

resources. In this present work, the intermolecular interactions between disperse 

molecules of ethanol/oil phase and microemulsion-droplet size have an influence 
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on the kinematic viscosity of a system. Therefore, the large structure of sugar-based 

surfactant could be reduced the kinematic viscosity of the bulk system. 

2) Phase stability:  Although the microemulsion-based biofuel formulated 

from palm oil showed the uniformed-small size and high phase stability over a wide 

range of temperatures (15-40oC), one limitation of using palm oil is that it has high 

cloud point and pour point. Thus, palm oil would not be appropriately applied in 

the area with low temperature (below 5oC). Therefore, other vegetable oils such as 

rapeseed, soybean, jatropha, and algae oils are interesting option for further work 

due to their higher cloud point and pour point (higher unsaturated fatty acid) and 

favorable fuel properties as compared to those of palm oil. However, an economic 

point of views, such as the annual mass yield and the local/market prices, of these 

vegetable oils are the serious criteria and should be considered as cost-effectiveness.  

3) Microemulsion-droplet characterization: Differences in combustion 

between the microemulsion fuel and diesel fuel have been attributed to the 

presence of oxygenated additives such as ethanol in the blended fuels in the form 

of nano-size microemulsion droplets. It is expected to assist in fuel atomization due 

to microexplosions during the fuel combustion in an internal combustion engine. 

Therefore, the simultaneous measurement of the atomized droplets (sprays) of 

microemulsion fuel after the fuel injection using Phase Doppler Anemometry (PDA) 

would be an option. 

4) Fuel performance and exhaust emissions: The fuel performance and 

exhaust emissions were determined using the small diesel engine with a limited 

engine speed (1200 rpm). This engine was used as an initial (entry level) engine test 

of this novel fuel. Future research may extend this study to higher engine speeds 
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and loads in order to achieve the highest fuel efficiency of microemulsion fuel. 

Moreover, to prevent the fuel performance loss and instability occurred with 

alcohol/diesel blends, thus the vaporization of microemulsion fuel need to be 

characterized. 
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APPENDIX A: FIGURES 

 

 

 

 

Figure A-1 Fatty acid composition of palm oil 
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Figure A-2 Pensky-martens closed cup tester for flash point 
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Frontview and titration vessel of KF Coulometer 

 

 

 

 

 

 

 

 

 

 

Figure A-3 KF Coulometer for water measurement 
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Figure A-4 Test engine with load control unit 

 

 

Figure A-5 Tachometer 
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Figure A-6 Testo 350 XL fuel gas analyzer 

 

 

 

 

 

 

 

 



APPENDIX B: SUPPLEMENTAL MATERIALS FOR PHASE DIAGRAM 

 

1) Effect of palm oil-diesel blends 
Table B-1 Fraction of palm oil 25 vol. % 

 

 

 

 

 

 

 

 

 

Table B-2 Fraction of palm oil 50 vol. % 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M OA, M   EtOH Oil Oct+OA Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.53 82.65 0.82 100 
2/5 0.20 0.025 

 
27.44 68.61 3.95 100 

3/5 0.20 0.025 
 

35.60 59.33 5.07 100 
4/5 0.30 0.038 

 
41.86 52.33 5.81 100 

5/5 0.38 0.048 
 

46.38 46.38 7.25 100 
5/4 0.40 0.050 

 
51.33 41.07 7.60 100 

5/3 0.46 0.058 
 

57.10 34.26 8.64 100 
5/2 0.46 0.058 

 
65.26 26.10 8.64 100 

5/1 0.40 0.050 
 

77.00 15.40 7.60 100 
5/0 - -   100 0 0 100 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M OA, M   EtOH Oil Oct+OA Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.53 82.65 0.82 100 
2/5 0.14 0.018 

 
27.77 69.43 2.80 100 

3/5 0.20 0.025 
 

36.02 60.03 3.95 100 
4/5 0.20 0.025 

 
42.69 53.36 3.95 100 

5/5 0.30 0.038 
 

47.10 47.10 5.81 100 
5/4 0.30 0.038 

 
52.33 41.86 5.81 100 

5/3 0.30 0.038 
 

58.87 35.32 5.81 100 
5/2 0.30 0.038 

 
67.28 26.91 5.81 100 

5/1 0.20 0.025 
 

80.04 16.01 3.95 100 
5/0 - -   100 0 0 100 
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Table B-3 Fraction of palm oil 75 vol. % 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M OA, M   EtOH Oil Oct+OA Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.53 82.65 0.82 100 
2/5 0.30 0.038 

 
26.91 67.28 5.81 100 

3/5 0.40 0.050 
 

34.65 57.75 7.60 100 
4/5 0.50 0.063 

 
40.30 50.38 9.32 100 

5/5 0.6 0.075 
 

44.51 44.51 10.98 100 
5/4 0.60 0.075 

 
49.46 39.56 10.98 100 

5/3 0.70 0.088 
 

54.64 32.78 12.58 100 
5/2 0.70 0.088 

 
62.44 24.98 12.58 100 

5/1 0.60 0.075 
 

74.18 14.84 10.98 100 
5/0 - -   100 0 0 100 

 

Table B-4 Fraction of palm oil 100 vol. % 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M OA, M   EtOH Oil Oct+OA Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.53 82.65 0.82 100 
2/5 0.34 0.043 

 
26.70 66.76 6.53 100 

3/5 0.50 0.063 
 

34.00 56.67 9.32 100 
4/5 0.50 0.063 

 
39.56 49.46 10.98 100 

5/5 0.7 0.088 
 

43.71 43.71 12.58 100 
5/4 0.70 0.088 

 
48.57 38.85 12.58 100 

5/3 0.78 0.098 
 

53.86 32.32 13.82 100 
5/2 0.78 0.098 

 
61.56 24.62 13.82 100 

5/1 0.64 0.080 
 

73.64 14.73 11.63 100 
5/0 - -   100 0 0 100 
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2) Effect of surfactants 

Table B-5 Oleyl alcohol/1-octanol 1:8 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M OA, M   EtOH Oil Oct+OA Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.53 82.65 0.82 100 
2/5 0.34 0.043 

 
26.70 66.76 6.53 100 

3/5 0.50 0.063 
 

34.00 56.67 9.32 100 
4/5 0.50 0.063 

 
39.56 49.46 10.98 100 

5/5 0.7 0.088 
 

43.71 43.71 12.58 100 
5/4 0.70 0.088 

 
48.57 38.85 12.58 100 

5/3 0.78 0.098 
 

53.86 32.32 13.82 100 
5/2 0.78 0.098 

 
61.56 24.62 13.82 100 

5/1 0.64 0.080 
 

73.64 14.73 11.63 100 
5/0 - -   100 0 0 100 

 

Table B-6 Stearyl alcohol/1-octanol 1:8 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M SA, M   EtOH Oil Oct+SA Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.54 82.69 0.77 100 
2/5 0.20 0.025 

 
27.51 68.77 3.72 100 

3/5 0.30 0.038 
 

35.45 59.08 5.48 100 
4/5 0.34 0.043 

 
41.70 52.13 6.16 100 

5/5 0.38 0.048 
 

46.58 46.58 6.84 100 
5/4 0.40 0.050 

 
51.57 41.26 7.17 100 

5/3 0.46 0.058 
 

57.40 34.44 8.16 100 
5/2 0.49 0.060 

 
65.37 26.15 8.49 100 

5/1 0.40 0.050 
 

77.35 15.47 7.17 100 
5/0 - -   100 0 0 100 
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Table B-7 Brij-010/1-octanol 1:8 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M Brij010, M   EtOH Oil Oct+Brij010 Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.50 82.48 1.02 100 
2/5 0.20 0.025 

 
27.17 67.92 4.92 100 

3/5 0.28 0.035 
 

34.97 58.28 6.75 100 
4/5 0.34 0.043 

 
40.85 51.07 8.08 100 

5/5 0.38 0.048 
 

45.53 45.53 8.95 100 
5/4 0.42 0.053 

 
50.11 40.09 9.79 100 

5/3 0.48 0.060 
 

55.60 33.36 11.04 100 
5/2 0.50 0.063 

 
63.25 25.30 11.45 100 

5/1 0.40 0.050 
 

75.52 15.10 9.37 100 
5/0 - -   100 0 0 100 

 

Table B-8 Methyl oleate/1-octanol 1:8 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M MO, M   EtOH Oil Oct+MO Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.52 82.61 0.87 100 
2/5 0.18 0.023 

 
27.48 68.71 3.80 100 

3/5 0.28 0.035 
 

35.33 58.88 5.79 100 
4/5 0.30 0.038 

 
41.70 52.12 6.18 100 

5/5 0.34 0.043 
 

46.53 46.53 6.95 100 
5/4 0.40 0.050 

 
51.07 40.86 8.08 100 

5/3 0.44 0.055 
 

56.99 34.20 8.81 100 
5/2 0.44 0.055 

 
65.13 26.05 8.81 100 

5/1 0.34 0.043 
 

77.54 15.51 6.95 100 
5/0 - -   100 0 0 100 
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3) Effect of surfactant/cosurfactant ratio 

Table B-9 Oleyl alcohol/1-octanol 1:8 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 
Oct, M OA, M   EtOH Oil Oct+OA Total 

0/5 - - 
 

0.00 100.00 0.00 100 
1/5 0.04 0.01 

 
16.53 82.65 0.82 100 

2/5 0.20 0.03 
 

27.44 68.61 3.95 100 
3/5 0.20 0.03 

 
35.60 59.33 5.07 100 

4/5 0.30 0.04 
 

41.86 52.33 5.81 100 
5/5 0.38 0.05 

 
46.38 46.38 7.25 100 

5/4 0.40 0.05 
 

51.33 41.07 7.60 100 
5/3 0.46 0.06 

 
57.10 34.26 8.64 100 

5/2 0.46 0.06 
 

65.26 26.10 8.64 100 
5/1 0.40 0.05 

 
77.00 15.40 7.60 100 

5/0 - -   100 0 0 100 

Table B-10 Oleyl alcohol/1-octanol 1:4 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 
Oct, M OA, M   EtOH Oil Oct+OA Total 

0/5 - - 
 

0.00 100.00 0.00 100 
1/5 0.04 0.01 

 
16.50 82.50 1.00 100 

2/5 0.10 0.03 
 

27.87 69.67 2.46 100 
3/5 0.20 0.05 

 
35.70 59.50 4.80 100 

4/5 0.20 0.05 
 

42.31 52.89 4.80 100 
5/5 0.30 0.08 

 
46.48 46.48 7.04 100 

5/4 0.30 0.08 
 

51.65 41.32 7.03 100 
5/3 0.30 0.08 

 
58.11 34.86 7.03 100 

5/2 0.30 0.08 
 

66.41 26.56 7.03 100 
5/1 0.36 0.09 

 
77.70 15.14 7.16 100 

5/0 - -   100 0 0 100 
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Table B-11 Oleyl alcohol/1-octanol 1:1 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M OA, M   EtOH Oil Oct+OA Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.04 
 

16.55 82.65 0.80 100 
2/5 0.06 0.06 

 
27.90 70.11 1.99 100 

3/5 0.08 0.08 
 

36.00 60.23 3.77 100 
4/5 0.10 0.10 

 
42.35 53.50 4.15 100 

5/5 0.14 0.14 
 

46.89 47.38 5.73 100 
5/4 0.12 0.12 

 
52.11 41.90 5.99 100 

5/3 0.12 0.12 
 

58.35 35.08 6.57 100 
5/2 0.12 0.12 

 
66.76 27.38 5.86 100 

5/1 0.12 0.12 
 

78.02 15.10 6.88 100 
5/0 - -   100 0 0 100 

 

4) Effect of cosurfactants 

Table B-12 Methyl oleate/1-butanol 1:8 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

But, M MO, M   EtOH Oil But+MO Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.57 82.83 0.60 100 
2/5 0.30 0.038 

 
27.32 68.31 4.36 100 

3/5 0.50 0.063 
 

34.85 58.08 7.07 100 
4/5 0.50 0.063 

 
40.73 50.91 8.36 100 

5/5 0.80 0.100 
 

44.58 44.58 10.85 100 
5/4 0.90 0.113 

 
48.87 39.09 12.04 100 

5/3 0.70 0.088 
 

54.97 32.98 12.04 100 
5/2 0.90 0.113 

 
62.83 25.13 12.04 100 

5/1 0.70 0.088 
 

75.31 15.06 9.62 100 
5/0 - -   100 0 0 100 
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Table B-13 Methyl oleate/1-octanol 1:8 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Oct, M MO, M   EtOH Oil Oct+MO Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.52 82.61 0.87 100 
2/5 0.18 0.023 

 
27.48 68.71 3.80 100 

3/5 0.28 0.035 
 

35.33 58.88 5.79 100 
4/5 0.30 0.038 

 
41.70 52.12 6.18 100 

5/5 0.34 0.043 
 

46.53 46.53 6.95 100 
5/4 0.40 0.050 

 
51.07 40.86 8.08 100 

5/3 0.44 0.055 
 

56.99 34.20 8.81 100 
5/2 0.44 0.055 

 
65.13 26.05 8.81 100 

5/1 0.34 0.043 
 

77.54 15.51 6.95 100 
5/0 - -   100 0 0 100 

 

Table B-14 Methyl oleate/1-decanol 1:8 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

Dec, M MO, M   EtOH Oil Dec+MO Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.50 82.49 1.01 100 
2/5 0.10 0.013 

 
27.86 69.65 2.49 100 

3/5 0.14 0.018 
 

36.21 60.34 3.45 100 
4/5 0.24 0.030 

 
42.28 52.86 4.86 100 

5/5 0.24 0.030 
 

47.11 47.11 5.78 100 
5/4 0.30 0.038 

 
51.60 41.28 7.12 100 

5/3 0.24 0.030 
 

58.89 35.33 5.78 100 
5/2 0.24 0.030 

 
67.30 26.92 5.78 100 

5/1 0.20 0.025 
 

79.28 15.86 4.86 100 
5/0 - -   100 0 0 100 
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Table B-15 Methyl oleate/1-Ethyl-hexanol 1:8 mole ratio, palm oil-diesel 1:1 (v/v) 

EtOH/Oil 
Concentration   Fraction for Phase Diagram (%) 

EH, M MO, M   EtOH Oil EH+MO Total 
0/5 - - 

 
0.00 100.00 0.00 100 

1/5 0.04 0.005 
 

16.53 82.66 0.81 100 
2/5 0.20 0.025 

 
27.46 68.64 3.91 100 

3/5 0.30 0.038 
 

35.34 58.91 5.75 100 
4/5 0.30 0.038 

 
41.89 52.36 5.75 100 

5/5 0.40 0.050 
 

46.24 46.24 7.52 100 
5/4 0.40 0.050 

 
51.38 41.10 7.52 100 

5/3 0.50 0.063 
 

56.73 34.04 9.23 100 
5/2 0.50 0.063 

 
64.84 25.94 9.23 100 

5/1 0.40 0.050 
 

77.07 15.41 7.52 100 
5/0 - -   100 0 0 100 
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APPENDIX C: SUPPLEMENTAL MATERIALS FOR VISCOSITY 

 

1) Kinematic viscosity calculation for microemulsion fuels 

The kinematic viscosity was calculated using Equation (C.1), which was 
provided by the manufacturer of the viscometer: 

 
ν = KtT              (C.1) 

 
where ν is the kinematic viscosity (mm2/s), Kt is the viscosity constant at test 

temperature, and T is the efflux time (in seconds) of the sample through the 
capillary tube. The viscometer constant at various temperatures can be calculated 
and was described in manufacture manual. 

The sample calculation of microemulsion fuel can be shown as follows: 
At 40oC: Kt = 0.01451 mm2/s2 (reported by viscometer no. 100 manual) 

  T  = 175.5 seconds 
Therefore       ν  = (0.01451 mm2/s2) x (175.5 s) 
      = 2.55 mm2/s 
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2) Effect of palm oil-diesel blends 

Table C-1 Effect of diesel blends 

%Diesel Time 1 Time 2 AVE Kinematic Viscosity 
  (Sec) (Sec) (Sec) mm2/s @ 40oC 

100 174 177 175.5 2.6 
75 235 233 234.0 3.4 
50 328 330 329.0 4.8 
25 447 444 445.5 6.5 
0 600 584 592.0 8.6 

 

3) Effect of ethanol content 

Table C-2 Effect of ethanol content 

Ethanol 
 (vol. %) 

Kinematic Viscosity (mm2/s) 

Stearyl alcohol Oleyl alcohol Brij-010 Methyl oleate 
5 8.5 7.6 8.9 6.7  
10 7.4 6.8 7.7 5.3  
15 6.4 6.2 6.7 4.8  
20 5.6 5.3 5.9 4.3  
25 4.9 4.8 5.1 4.0  
30 4.2 4.2 4.7 3.4  
35 3.7 3.6 4.1 3.2  
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4) Effect of surfactants, cosurfactants, temperatures 

Table C-3 Kinematic viscosities of stearyl alcohol/cosurfactant at 15-40 oC 

Cosurfactant 
 

Conc. 
(M.) 

Conc. 
Of SA. 
(M.) 

EtOH 
(vol. %) 

Kinematic viscosity (mm2/s) 

15 
oC 

20  

oC 
25  

oC 
30  

oC 
35  

oC 
40 

 oC 
Butanol 1.0 0.125 25 9.1 8.1 6.6 5.8 5.1 4.6 
Octanol 1.0 0.125 25 9.5 8.0 7.0 6.6 5.3 4.8 
EH 1.0 0.125 25 9.2 8.2 7.1 5.8 5.0 4.6 
Decanol 1.0 0.125 25 9.7 8.5 7.5 6.3 5.1 4.8 
 

 

Table C-4 Kinematic viscosities of oleyl alcohol/cosurfactant at 15-40 oC 

Cosurfactant 
 

Conc. 
(M.) 

Conc. 
Of OA. 
(M.) 

EtOH 
(vol. %) 

Kinematic viscosity (mm2/s) 

15 
oC 

20  

oC 
25  

oC 
30  

oC 
35  

oC 
40 

 oC 
Butanol 1.0 0.125 25 8.7 8.0 7.0 5.9 5.0 4.4 
Octanol 1.0 0.125 25 9.0 8.1 6.9 6.4 5.3 4.7 
EH 1.0 0.125 25 9.8 8.0 6.9 6.1 5.0 4.6 
Decanol 1.0 0.125 25 9.8 8.4 7.4 6.8 5.4 4.8 
 

 

Table C-5 Kinematic viscosities of Brij-010/cosurfactant at 15-40 oC 

Cosurfactant 
 

Conc. 
(M.) 

Conc. 
Of Brij. 
(M.) 

EtOH 
(vol. %) 

Kinematic viscosity (mm2/s) 

15 
oC 

20  

oC 
25  

oC 
30  

oC 
35  

oC 
40 

 oC 
Butanol 1.0 0.125 25 10.0 9.0 7.9 7.0 6.1 5.6 
Octanol 1.0 0.125 25 10.2 8.7 7.7 7.2 5.9 5.3 
EH 1.0 0.125 25 10.5 8.8 7.7 7.4 6.1 5.6 
Decanol 1.0 0.125 25 10.7 8.8 8.0 7.4 6.3 5.9 
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Table C-6 Kinematic viscosities of methyl oleate/cosurfactant at 15-40 oC 

Cosurfactant 
 

Conc. 
(M.) 

Conc. 
Of MO. 

(M.) 

EtOH 
(vol. %) 

Kinematic viscosity (mm2/s) 

15 
oC 

20  

oC 
25  

oC 
30  

oC 
35  

oC 
40 

 oC 
Butanol 1.0 0.125 25 8.1 7.2 6.3 5.4 4.3 3.8 
Octanol 1.0 0.125 25 8.4 7.4 6.5 5.6 4.5 4.0 
EH 1.0 0.125 25 8.4 7.4 6.4 5.5 4.5 4.0 
Decanol 1.0 0.125 25 8.6 7.6 6.7 5.9 4.6 4.0 
 

 

5)  Effect of surfactant/cosurfactant ratio 

Table C-7 Kinematic viscosities of methyl oleate and 1-octanol, palm oil-diesel 1:1 
(v/v) 

 Mole 
fraction 

Time 1 Time 2 AVE ν1 ν2 AVE SD 
(Sec) (Sec) (Sec) mm2/s mm2/s 

1:8 297 299 298.0 4.3 4.3 4.3 0.02 
1:4 364 354 359.0 5.3 5.1 5.2 0.10 
1:1 421 420 420.5 6.1 6.1 6.1 0.01 
4:1 429 426 427.5 6.2 6.2 6.2 0.03 
8:1 434 434 434.0 6.3 6.3 6.3 0.00 
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APPENDIX D: SUPPLEMENTAL MATERIALS FOR SIZE DETERMINATION 

 

 

Table D-1 Effect of surfactants on droplet size 

Sample Hydrodynamic 
diameter  
DH (nm)  

Diameter (nm) Intensity (%) 
Pk 1 
Mean  

Pk 2 
Mean  

Pk 3 
Mean  

Pk 1 
Area 

Pk 2 
Area  

Pk 3  
Area  

OA+Oct 12.74 1.646 384.35 4592 81 11 6 
SA+Oct 19.34 1.711 2375.50 4480 73 16 10 
Brij+Oct 55.48 2.39 258.50 5252 84 11 4 
LS+Oct 45.86 1.76 380.95 5413 76 19 5 
MO+Oct 842.97 21.37 0.00 0 100 0 0 

PDE 1707    1,864       -            -    100 0 0 
 

Table D-2 Effect of cosurfactants on droplet size 

Sample Hydrodynamic 
diameter  
DH (nm)  

Diameter (nm) Intensity (%) 
Pk 1 
Mean  

Pk 2 
Mean  

Pk 3 
Mean  

Pk 1 
Area 

Pk 2 
Area  

Pk 3  
Area  

But+OA 22.10 2.598    1,091  460 88.15 7.00 5.00 
Oct+OA 3.74 2.439 1,737  0 81.50 18.50 0.00 
EH+OA 3.95 1.863    1,362  0 71.90 28.10 0.00 
Dec+OA 3.32 2.066   1,345  0.45 75.07 23.13 1.83 

 

 

 

 



APPENDIX E: SUPPLEMENTAL MATERIALS FOR FUEL PROPERTY 

Table E-1 Heat of combustion of test fuels 

Sample 
  

Before combustion (g) After combustion (g) Residual 
 (%) 

Heat release  
Total 

  
Sample Crucible Total Residual Cal/g MJ/kg SD 

Diesel1 10.2897  0.3417 9.9480 9.9608 0.0128 0.13 10,859 44.6 
0.6 

Diesel2    0.3534   9.9281     10,663 45.5 

palm oil (1) 10.6123  0.8532 9.7591 9.7710 0.0119   9,412 39.4 
0.0 

palm oil (2) 10.6905  0.8421 9.8484 9.8620 0.0136 0.14 9,404 39.4 

PD+20% EtOH (1) 10.5004  0.4804 10.0200 10.0422 0.0222   9,486 39.7 
0.1 

PD+20% EtOH (1) 10.2502  0.4941 9.7561 9.7691 0.0130 0.13 9,435 39.5 

(1:8) MO/Oct + 10% EtOH (1) 10.3012  0.4472 9.8540 9.8656 0.0116 0.12 9,708 40.6 
0.0 

(1:8) MO/Oct + 10% EtOH (2) 9.8606  0.4601 9.4005 9.4142 0.0137 0.15 9,699 40.6 

(1:8) MO/Oct + 20% EtOH (1) 10.2575  0.4276 9.8299 9.8379 0.008 0.08 9,363 39.2 
0.0 

(1:8) MO/Oct + 20% EtOH (2) 10.3760  0.4872 9.8888 9.8968 0.008 0.08 9,358 39.2 

(1:8) MO/Oct + 30% EtOH (1) 10.4101  0.5243 9.8858 9.8936 0.0078 0.08 9,042 37.9 
0.1 

(1:8) MO/Oct + 30% EtOH (2) 9.8839  0.5022 9.3817 9.3895 0.0078 0.08 9,066 38.0 

(1:8) MO/but + 20% EtOH (1) 10.2570  0.4290 9.8280 9.8355 0.0075 0.08 9,363 39.2 0.1 
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Sample 
  

Before combustion (g) After combustion (g) Residual 
 (%) 

Heat release  
Total 

  
Sample Crucible Total Residual Cal/g MJ/kg SD 

(1:8) MO/but + 20% EtOH (2) 9.8416  0.4518 9.3898 9.3965 0.0067 0.07 9,346  39.1 

(1:8) MO/EH+ 20% EtOH (1) 10.1707  0.4162 9.7545 9.7627 0.0082 0.08 9,389  39.3 
0.0 

(1:8) MO/EH+ 20% EtOH (2) 10.2885  0.4355 9.8530 9.8617 0.0087 0.09 9,378  39.3 

(1:8) MO/Dec+ 20% EtOH (1) 10.3832  0.4722 9.9110 9.9220 0.0110 0.11 9,456  39.6 
0.2 

(1:8) MO/Dec+ 20% EtOH (2) 9.9130  0.5183 9.3947 9.4071 0.0124 0.13  9,396  39.3 
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Table E-2 Water content of test fuels 
Sample 
 
 

Weight change 
(g) 

 

Water amount 
(ug) 

 

Conc. Of water (ppm) 
 
 

Average 
 
 

(%) 
 
 

Diesel 0.8204 85.8 104.6 
115.2 0.01 Diesel 0.8129 103.4 125.7 

Diesel 0.8223 -  - 
MO+But 0.8147 1277.9 1568.6 

1604.7 0.16 MO+But 0.4906 755.6 1540.2 
MO+But 0.4771 813.6 1705.3 
MO+Oct 0.4821 793.7 1646.3 

1631.7 0.16 MO+Oct 0.4777 772.5 1617.1 
MO+Oct  -  -  - 
MO+Dec 0.4680 843.1 1801.5 

1768.1 0.18 MO+Dec 0.4698 814.9 1734.6 
MO+Dec  -  -  - 
MO+EH 0.4707 774.6 1645.6 

1658.5 0.17 MO+EH 0.4792 800.9 1671.3 
MO+EH  -  -  - 
Palm oil-diesel 0.4896 303.5 624.0 

620.4 0.06 Palm oil-diesel 0.4861 299.8 616.7 

Palm oil-diesel  -  -  - 
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Sample 
 
 

Weight change 
(g) 

 

Water amount 
(ug) 

 

Conc. Of water (ppm) 
 
 

Average 
 
 

(%) 
 
 

    

946.6 0.09 
Biodiesel 0.5010 473.2 944.5 
Biodiesel 0.4865 461.5 948.6 
Biodiesel  -  -  - 
Biodiesel-diesel blends 0.4885 252.1 516.1 

515.4 0.05 Biodiesel-diesel blends  -  - 510.2 
Biodiesel-diesel blends  -  - 520.0 

 
Table E-3 Acid value of test fuels 
Sample Oil weigh Before After  Endpoint Acid value Average SD 

  (g) (ml) (ml) (ml) (mg KOH/g oil) (mg KOH/g oil)   

Microemulsion fuel 
2.0013 0.6 0.9 0.3 0.84 

0.84 
 

0.0002 
 

2.0017 1.0 1.3 0.3 0.84 
2.0022 1.3 1.6 0.3 0.84 
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APPENDIX F: SUPPLEMENTAL MATERIALS FOR ENGINE TEST 

 

Table F-1 Fuel consumption at 0.5 kW of test fuel 

   
Used fuel Fuel consumption 

RPM 
engine 

RPM  
gen 

Type Sample Run 
time Volume (mL)           

(Watt)   (Min.) Before After Used (g/hr) avg. SD     

500 Diesel 20 500 
380 120 301 

295 9 
1200 1500 

385 115 289 1200 1500 

500 MO+But 20 500 350 150 377 377 
  

1200 1500 

500 MO+Oct 20 500 355 145 364 364 
  

1200 1500 

500 MO+Dec 20 500 350 145 364 364 
  

1200 1500 

500 PD 20 500 380 120 301 301 
  

1112 1450 

500 BD 20 500 365 135 339 339 
  

1158 1507 
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Table F-2 Fuel consumption at 1.0 kW of test fuel 

   
Used fuel 

Fuel consumption 
RPM 

engine 
RPM  
gen 

Type Sample Run 
time 

Volume (mL) 
          

(Watt)  (Min.) Before After Used (g/hr) avg. SD     

1000 Diesel 20 500 
305 195 490 

471 27 
1200 1500 

320 180 452 1200 1500 

1000 MO+But 
18 500 310 190 530 530 

 
1200 1500 

1000 MO+Oct 
18 500 315 185 516 516 

 
1200 1500 

1000 MO+Dec 
18 500 320 180 502 502 

 
1200 1500 

1000 PD 
18 500 330 170 474 474 

 
1179 1524 

1000 BD 
18 500 315 185 516 516 

 
1137 1465 

 

  



171 

Table F-3 Exhaust emissions at 0.5 kW of test fuels 

 

Type Sample 
  

CO CO2 Flue temp. NOx 
(Watt) (ppm) avg. SD (%) avg. SD (oC) avg. SD (ppm) avg. SD 

500 Diesel 193 192 1.41 1.05 1.06 0.01 91.3 92.4 1.48 293 263 42.43 
191 1.06 93.4 233 

500 MO+But 235 238 3.54 1.03 1.04 0.01 82.8 85.8 4.24 192 209.5 24.75 
240 1.05 88.8 227 

500 MO+Oct 215 216 0.71 0.98 0.99 0.01 83.8 84.3 0.71 192 198 8.49 
216 0.99 84.8 204 

500 MO+Dec 216 222 7.78 1.01 1.00 0.02 81.4 88.9 10.61 200 206.5 9.19 
227 0.98 96.4 213 

500 PD 306 307 1.41 1.22 1.21 0.01 98.2 98.4 0.28 227 231 4.95 
308 1.2 98.6 234 

500 BD 210 220 14.14 1.29 1.31 0.02 101 101.8 1.06 230 250 28.28 
230 1.32 102.5 270 
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Table F-4 Exhaust emissions at 1.0 kW of test fuels 

Type Sample 
  

CO CO2 Flue temp. NOx 
(Watt) (ppm) avg. SD (%) avg. SD (oC) avg. SD (ppm) avg. SD 
1000 Diesel 365 397.0 45.255 1.87 1.945 0.11 136.5 141.25 6.72 393 378.5 20.51 

429 2.02 146 364 
1000 MO+But 400 403.0 4.243 1.05 1.12 0.10 110.4 110.5 0.14 166 177.5 16.26 

406 1.19 110.6 189 
1000 MO+Oct 388 383.5 6.364 1.06 1.105 0.06 114.1 116.7 3.68 166 176 14.14 

379 1.15 119.3 186 
1000 MO+Dec 388 396.5 12.021 1.46 1.375 0.12 120.1 118 2.97 210 202.5 10.61 

405 1.29 115.9 195 
1000 PD 597 576.0 29.698 1.5 1.465 0.05 131.1 131.8 0.99 264 263.5 0.71 

555 1.43 132.5 263 
1000 BD 478 452.0 36.770 1.42 1.405 0.02 121.2 121.9 0.99 249 244.5 6.36 

426 1.39 122.6 240 
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Table F-5 Exhaust emission from diesel fuel 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
MF MW density C H O 

Fuel, 
mL 

Fuel, 
moles 

Fuel1, 
x 

MO C19H36O2 296.5 0.874 19 36 2 0.0 0.0E+00 0.0 
OA C18H36O 268.5 0.855 18 36 1 0.0 0.0E+00 0.0 
Octanol C8H18O 130.2 0.815 8 18 1 0.0 0.0E+00 0.0 
Ethanol C2H6O 46.0 0.789 2 6 1 0.0 0.0E+00 0.0 
Diesel C16H34 226.3 0.850 16 34 0 100.0 3.8E-01 1.0 
Palm oil C55H96O6  852.0 0.940 55 96 6 0.0 0.0E+00 0.0 
Fuel 

 
226.3 

 
16 34 0 100 3.8E-01 1.000 

          

MW 
Parameter 

(X) 
Measure Emissions 
1200 rpm gx/kgfuel Avg SD 

32 O2 (%) 
17.71 

17.575 
  20,191.23  

20,037.32 217.67 
17.44   19,883.40  

44 CO2 (%) 
1.87 

1.95 
    2,931.49  

3,049.06 166.27 
2.02     3,166.64  

28 CO (ppm) 
365 

397 
        36.41  

39.60 4.51 
429         42.80  

30 NOX (ppm) 
364 

378.5 
        38.91  

40.46 2.19 393         42.01  
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Table F-6 Exhaust emission from microemulsion fuel 

 
MF MW density C H O 

Fuel, 
mL 

Fuel, 
moles 

Fuel1, 
x 

MO C19H36O2 296.5 0.874 19 36 2 6.0 1.8E-02 0.0 
OA C18H36O 268.5 0.855 18 36 1 0.0 0.0E+00 0.0 
Octanol C8H18O 130.2 0.815 8 18 1 16.0 1.0E-01 0.2 
Ethanol C2H6O 46.0 0.789 2 6 1 20.0 3.4E-01 0.6 
Diesel C16H34 226.3 0.850 16 34 0 29.0 1.1E-01 0.2 
Palm oil C55H96O6  852.0 0.940 55 96 6 29.0 3.2E-02 0.1 
Fuel 

 
142.9 

 
8.854 18.74 1.114 100 6.0E-01 1.000 

          
MW Parameter (X) 

Measure Emissions 
1200 rpm gx/kgfuel avg SD 

32 O2 (%) 
19.14 

19.055 
  33,180.67  

33,033.32 208.39 
18.97   32,885.96  

44 CO2 (%) 
1.06 

1.11 
    2,526.69  

2,633.95 151.70 
1.15     2,741.22  

28 CO (ppm) 
388 

383.5 
        58.85  

58.17 0.97 
379         57.49  

30 NOX (ppm) 
166 

176 
        26.98  

28.60 2.30 
186         30.23  
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Table F-7 Exhaust emission from palm-diesel fuel 

 
MF MW density C H O 

Fuel, 
mL 

Fuel, 
moles 

Fuel1, 
x 

MO C19H36O2 296.5 0.874 19 36 2   0.0E+00 0.0 
OA C18H36O 268.5 0.855 18 36 1   0.0E+00 0.0 
Octanol C8H18O 130.2 0.815 8 18 1   0.0E+00 0.0 
Ethanol C2H6O 46.0 0.789 2 6 1   0.0E+00 0.0 
Diesel C16H34 226.3 0.850 16 34 0 50.0 1.9E-01 0.8 
Palm oil C55H96O6 (ref) 852.0 0.940 55 96 6 50.0 5.5E-02 0.2 
Fuel 

 
368.3 

 
24.854 48.075 1.36 100 2.4E-01 1.000 

          MW Parameter 
(X) 

Measure Emissions 
1200 rpm gx/kgfuel avg SD 

32 O2 (%) 
18.36 

18.415 
26,037.44 

26,115.44 110.31 
18.47 26,193.44 

44 CO2 (%) 
1.5 

1.47 
2,924.96 

2,856.71 96.52 
1.43 2,788.46 

28 CO (ppm) 
597 

576 
74.08 

71.48 3.69 
555 68.87 

30 NOX (ppm) 
264 

263.5 
35.10 

35.03 0.09 263 34.97 
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Table F-8 Exhaust emission from biodiesel-diesel fuel 

 
MF MW density C H O 

Fuel, 
mL 

Fuel, 
moles 

Fuel1, 
x 

MO C19H36O2 296.5 0.874 19 36 2   0.0E+00 0.0 
OA C18H36O 268.5 0.855 18 36 1   0.0E+00 0.0 
Octanol C8H18O 130.2 0.815 8 18 1   0.0E+00 0.0 
Ethanol C2H6O 46.0 0.789 2 6 1   0.0E+00 0.0 
Diesel C16H34 226.3 0.850 16 34 0 50.0 1.9E-01 0.5 
Palm 
biodiesel 

C18H32O2 (ref) 280.0 0.940 18 32 2 50.0 1.7E-01 0.5 
Fuel 

 
251.6 

 
16.944 33.056 0.94

4 
   

          
MW 

Parameter 
(X) 

Measure Emissions 
1200 rpm gx/kgfuel avg SD 

32 O2 (%) 
18.36 

18.415 
27,280.26 

27,361.98 115.57 
18.47 27,443.70 

44 CO2 (%) 
1.42 

1.41 
2,901.13 

2,870.48 43.34 
1.39 2,839.84 

28 CO (ppm) 
478 

452 
62.15 

58.77 4.78 
426 55.39 

30 NOX (ppm) 
249 

244.5 
34.69 

34.06 0.89 
240 33.43 



Table F-9 Characteristics and specifications of Testo 350 XL gas analyzer 

  Range Accuracy Resolution 

O2 0-25 vol.% ± 0.2 vol.% 0.1 vol. % 
CO 0-500 ppm ± 2 ppm (0-39.9 ppm) 0.1 ppm 
CO2 0-50 vol.% ± 0.3 vol.% + 1% of reading 0.01 vol.% 

   
(0-25 vol.%) 

NO 0-3000 ppm ± 5 ppm (0-99 ppm) 1 ppm 

  
± 5 % of reading (100-1,999 ppm) 

 

  

± 10 % of reading (2,000-3,000 
ppm) 

 NO2 0-500 ppm ± 5 ppm (0-99 ppm) 0.1 ppm 
    ± 5 % of reading (100-500 ppm)   

 

 

 

Figure F-1 Fuel consumption for different engine loads 
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Figure F-3 Exhaust temperature for different engine loads 

Figure F-2 NOx emission for different engine loads 
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Figure F-4 CO2 emission for different engine loads 

 

Figure F-5 CO emission for different engine loads   
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Emission index calculation of microemulsion fuel 

 For the sample calculation, CO and NOx emissions of the selected 

microemulsion fuel in Table F-6 are presented. 

CO and NOx emissions (g/kg fuel) was calculated using following equation 

which reported by (ref). 

CO emission = (
    

         
)   (

 ́      

    
) 

NOx emissions = (
     

         
)   (

 ́       

    
) 

where    ,     , and      are the mole fraction of CO, CO2, and NOx, 

respectively, in the exhaust,  ́   is the number of moles of carbon in a mole of fuel, 

and      ,     , and        are the molecular weights of fuel, CO, and NOx, 

respectively.   

From equation above and the results in Table F-6, 

CO emission  = (           

(             (            
)   (

         

     
)   = 0.058 x 10-3       

    
 

  = 58    

    
 

and; 

NOx emission = (           

(             (            
)   (

         

     
) = 0.027 x 10-3        

    
 

  = 27      

    
 

 



APPENDIX G: ENVIRONMENTAL IMPACTS 

 

Inventory data 

Regarding to microemulsion phase behavior and fuel property studied in 

section 4.2, 4.3, and 4.5, the optimum formulation of microemulsion fuel was 

selected as representative of microemulsion-based biofuel. The microemulsion fuel 

formulated from the mixture of 22 vol. % methyl oleate/1-octanol (at mole fraction 

of 1:8), 20 vol. % ethanol, and 58 vol. % palm oil/diesel blend (1:1 v/v) is the 

optimum formulation in this study. For 1,000 kg ME50, the composition of ME50 is 

342.9 L RPO, 342.9 L diesel, 228.6 L ethanol, 76.58 L methyl oleate, and 152 L 1-

octanol. The sample calculation of inventory data can be shown as follows: 

For 1,000 kg ME50 

Used RPO =342.9 L; as density of RPO=0.930 kg/L 

Therefore,   

                                 
  

 
          

Diesel =342.9 L; as density of diesel=0.840 kg/L 

Therefore,   

                                    
  

 
          

Ethanol =228.6 L; as density of ethanol=0.789 kg/L 

Therefore,   

                                     
  

 
          

Methyl oleate =76.58 L; as density of methyl oleate =0.874 kg/L 
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Therefore,   

                                           
  

 
         

1-octanol = 152 L; as density of diesel=0.815 kg/L 

Therefore,   

                                   
  

 
          

Used CPO  

For palm oil refining, the process requires 0.932 ton RPO/ton CPO (Pleanjai and 

Gheewala, 2009).  

As used RPO = 319 kg (0.319 ton),  

Therefore,   

                                  
         

             
                 

Used FFB  

For crude palm oil extraction, the process requires 0.18 ton CPO/ton FFB (DOA, 

2008).  

As used CPO = 0.342 ton 

Therefore,   
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For 1,000 kg B100 

As used RPO = 1,062 kg  

Therefore,   

                                  
         

             
                 

Used FFB  

For crude palm oil extraction, the process requires 0.18 ton CPO/ton FFB (DOA, 

2008).  

As used CPO = 1.14 ton  

Therefore,   

                                 
         

            
                 

 

For 1,000 kg B50 

For B50, the blend ratio of B100/diesel is 1:1 v/v. As we use 500 L B100, therefore 

diesel is used 500 L.  

For Diesel =500 L; density of diesel=0.840 kg/L 

Therefore,   

                             
        

 
           

For B100 =500 L; density of B100=0.89 kg/L 

Therefore,   
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Therefore, for 1,000 kg B50, it will contain 485.5 kg diesel and 514.5 kg B100.   

As B100= 514.5 kg, it will use RPO 546.4 kg. 

                                  
         

             
                 

Used FFB  

For crude palm oil extraction, the process requires 0.18 ton CPO/ton FFB (DOA, 

2008).  

As used CPO = 0.586 ton  

Therefore,   
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Greenhouse gas (GHG) emissions 

Greenhouse gas (GHG) emissions in the microemulsion fuel production stage 

were calculated by following the Product Carbon Footprint (CF) guideline (PAS 2050, 

2008). Using this method, greenhouse gases including CO2, CH4, and N2O, were 

converted into units of kg CO2 equivalent per ton of fuel (kg CO2e/ton fuel) according 

to their GWP (CO2 = 1, CH4 = 21, and N2O = 310) for over 100 years (IPCC, 2006). The 

equations are shown below:  

                                                                    

   (
    

        
)                  (

              

        
)    (

    

              
)                      Equation G-1 

 

The emission factors (EF) were mainly obtained from the publicly available 

databases of Thailand’s agencies (TGO 2011). The EF, obtained from international 

agencies’ databases, (IPCC 2006) was respected when local information was 

insufficient.   

The sample calculation of GHG emissions from diesel can be shown as 

follows: 

As EF of diesel (for production) = 0.43 kg CO2 e/kg diesel; Used diesel in formula is 

288 kg /ton ME50 

Therefore,    
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In case of wastewater, the GHG emissions from the effluent was then taken 

into account and estimated from the amount of COD loaded in untreated 

wastewater (IPCC 2006). The EF for the effluent was calculated using equation below: 

                         Equation G-2 

  

where    is a constant 0.25 kg of CH4/kg of COD.     is the type of wastewater 

treatment. In this study,     = 0.8 since it is assumed that there is anaerobic 

reactor and CH4 recovery not consider here.  

The sample calculation of GHG emissions from wastewater can be shown as 

follows: 

As ; Q= 0.2 m3;   COD loading = 0.428 kg/L effluent (Siles et al. 2011) 

      (            
 

  
)  (

    

          
         )        

         

 
 

                              

  



  

Figure G-1 Process network of microemulsion fuel production in SimaPro program 



APPENDIX H: COST ESTIMATION 

 

The example of microemulsion-based biofuel cost estimation calculated from 

the current price (July, 2014) of raw material cost is shown in Table H-1. From Table 

H-1, the estimated cost for microemulsion fuel is 28.01 baht per liter. The major raw 

material cost of microemulsion fuel is the price of diesel and palm oil.  

Table H-1 Cost estimation of the selected microemulsion fuel 

Materials Composition Pricea 

Cost breakdown in 

1 L of 

 

(Vol. %) (USD/L) (Baht/L) 

microemulsion fuel 

(Baht) 

Refined palm oilb 29 0.90 29.43 8.53 

Dieselc 29 - 29.85 8.66 

Ethanold  20 - 26.87 5.37 

Methyl oleateb 6.8 1.25 40.88 2.78 

1-octanolb 15.2 1.00 32.70 4.97 

Cost per liter (Baht) 

  

30.31 

Heating value of microemulsion fuel is 39.2 MJ/kg; density is 0.875 kg/L. 
a Currency exchange rate is 1USD=32.7 Baht (July 7, 2014)   
b Alibaba global trade market for bulk quantities (http://www.thaialibaba.com) 
c Diesel price from PTT Public Company Limited (http://www.pttplc.com)   
d Ethanol trading of Thailand (http://www.thaiethanol.com/images/Price/07_july57.pdf) 

     
At the equivalent heating value to diesel (45.8 MJ/kg), the higher amount of 

microemulsion fuel is used as compared to diesel (about 1.34 liter per 45.8 MJ). The 

price of microemulsion fuel is 40.62 baht per liter while the price of diesel is 29.85 

baht per liter.  
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