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ABSTRACT 

Biodiesel is a promising renewable energy sources to be used as an alternative for petro-diesel 

due to its good features such as biodegradable and non-toxic. However, biodiesel has 

drawbacks such as poor cold flow properties, lower engine performance. Different cold flow 

improvers have been explored as a better option to enhance the biodiesel cold flow properties. 

But, the cold flow improvers used so far are mostly petro-chemical based, and they are less 

efficient for biodiesel cold flow improvement. In this study a 3-armed Glyceryl lactate was used 

as cold flow improver and a dispersant for Al2O3-NPs in which Al2O3-NPs was used to improve 

engine performance and emission characteristics of biodiesel-diesel blend. The biodiesel was 

synthesized from soybean oil and characterized by FTIR and NMR analysis as well as physico-

chemical properties were tested. Gly-lac (synthesized from glycerol and lactic acid) was 

purified and then characterized via FTIR, NMR, viscosity, and acid value analysis. Al2O3-NPs 

was synthesized by sol-gel method and characterized using UV-vis, FTIR, PSA, and XRD. In 

addition, Zeta potential analysis was conducted for Al2O3-NPs within Gly-lac and a value of 

+30.495mV was obtained. The effect of Gly:lac molar ratio and Gly-lac loading rate on 

biodiesel cloud point (CP) and pour point (PP) were studied, and a maximum reduction of CP 

by 7oC and PP by 8.14oC was achieved with the addition of Gly-lac (1:6) molar ratio at 10g/l 

loading rate. The Gly-lac/Al2O3-NPs (3wt% Al2O3-NPs with respect to Gly-lac) brought a 

maximum decline in CP by 7oC and PP by 9.44oC for biodiesel. The effect of Gly-lac/Al2O3-NPs 

on the engine performance and exhaust gas emission for biodiesel-diesel (B20) was also 

examined in which Al2O3-NPs dispersed Gly-lac brought a better result compared to Al2O3-NPs 

alone. The addition of Gly-lac/Al2O3-NPs (at 3wt% Al2O3-NPs) in to B20 brought a maximum 

increase in brake power and brake thermal efficiency by 0.843kW and 6.837% respectively 

during full load operation. Similarly, brake specific fuel consumption was reduced by 25.26%. 

Emissions of unburned hydrocarbon, NOx, and CO were also reduced by 27.4 ppm, 98.6 ppm, 

and 39.52% respectively. Thus, Al2O3-NPs dispersed Gly-lac could be applicable to improve 

cold flow properties, engine performance and emission characteristics.                                      

Key Words: Biodiesel cold flow properties, Cloud point, Pour point, Engine performance, 

Emission characteristics, Al2O3-NPs dispersed Gly-lac.         
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CHAPTER ONE 

1. INTRODUCTION 

1.1. Background 

Presently the global energy economy is majorly reliant on fossil energy sources like petroleum 

diesel, coal, and natural gas (Sarkar et al., 2012). Utilization of those energy sources has brought 

a problems of energy security as well as high level of exhaust emissions that affect the 

environment (Demirbas & Fatih, 2011). Alternative fuels which are easily available, 

environmentally friendly, and renewable have been investigated so as to mitigate the problems 

posed by fossil fuels.    

Among fuels with the aforementioned properties, biodiesel is the best alternative for petro-

diesel. Biodiesel can be defined as a mixture of fatty acids alkyl esters (FAAE) including 

linoleic, lauric, palmitic, stearic, oleic. It is usually derived from catalytic trans-esterification of 

renewable sources (such as vegetable oils, animal fats, and algae oil), using a short-chain 

alcohols mostly methanol and ethanol (Ali & Mamat, 2013). Biodiesel owns a number of 

promising features such as better biodegradability, non-toxicity (Obedi et al., 2012), lower 

exhaust emissions, good lubricity, acceptable cetane number, and high flash point, as compared 

to that of petro-diesel (Dunn, 2001). The applicability of biodiesel is still lower due to some 

technical drawbacks such as poor (cold flow property, engine performance, and oxidation 

stability), high NOx emission, and high viscosity (Ali et al., 2015; Lawan et al., 2019; Pagliaro 

et al., 2007; Ryu, 2013).   

Poor cold-flow properties of biodiesel such as higher (cloud point, pour point, and cold filter 

plugging point) is caused by crystallization of the saturated long-chain FAAEs contents as the 

temperature decreases below its melting point (Sierra & Guerrero, 2017). Poor cold flow 

behavior of biodiesel could account for the deterioration in engine performance as well as high 

emission of NOx, HC and particulate matter (Leng et al., 2020). There are different routes to 

mitigate the problems associated with the poor cold flow properties of biodiesel. Those includes; 

adding cold flow improvers, winterization, modifying the chemical structure of FAAE, and 

blending with diesel (Abdullah et al., 2007; Cornejo et al., 2017).   

Utilization of various cold flow improvers has become the most feasible mechanism amongst 

the biodiesel cold flow property improvement methods (Lawan et al., 2019; Liu, 2015). So as 
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to enhance the biodiesel cold flow properties, different cold flow improvers have been 

investigated so far such as glycerol ketals, glycerol acetate, ethylene vinyl acetate copolymer 

(Cao et al., 2014), dioctyl fumarate-co-vinyl benzoate copolymers (Coussirat et al., 2019), poly 

(lactic acid) oligomer (Tesfaye & Katiyar, 2016), poly-alpha-olefin polymers (Xue et al., 2016). 

These polymers consist of either nonpolar moieties (that interact with crystal nuclei via 

nucleation, adsorption or co-crystallization), or polar moieties that interrupt the crystal growth, 

modify morphology and inhibit large crystals formation (Coussirat et al., 2019). Cold flow 

improvers should have the features such as; (i) similar structure and polarity with biodiesel to 

favor the molecular interaction, (ii) should contain chemical groups that create enough stearic 

hindrance on the formation of organized crystal structure, and (iii) branched molecular structure 

for a better efficiency in improving biodiesel cold flow property (Giraldo et al., 2013; Lawan et 

al., 2019).      

Poor engine performance of biodiesel is another drawback that limits its wide applicability.     

Utilization of metal oxide nanoparticles has been studied to improve the engine performance 

parameters along with a reduction in exhaust gas emissions. Metal oxide nanoparticles as an 

additive for biodiesel/diesel has plentiful advantages such as increasing combustion enthalpies 

and overall energy density, lowering ignition delays, allowing a more complete combustion, 

decreasing the gaseous emissions (Saxena et al., 2017). Nano-sized additives are capable of 

enhancing the surface area to volume ratio, which tends to increase heat release rate as a result 

of more contact surface area for fast fuel oxidation (Sundaram et al., 2015). Alumina 

nanoparticle (Al2O3-NPs) has become the promising nano-additives that are employed to 

advance the fuel combustion of so as to improve brake power (BP) and brake thermal efficiency 

(BTE) as well as to reduce brake specific fuel consumption (BSFC) and exhaust gas emissions 

(Ağbulut et al., 2020; Hosseini et al., 2017).     

Glycerol is a byproduct from the usual biodiesel production process i.e., trans-esterification 

reaction. At the completion of the net reaction, one mole of glycerol and three moles of alkyl 

esters are produced for each mole of triglycerides (TG) converted (Van Gerpen, 2005). Glycerol 

is a polyol molecule which is non-toxic, biodegradable, and highly stable which could be 

utilized for various application such as synthesis of oxygenated additives (Frusteri et al.,ll 2009), 

polymeric additives, pharmaceutical applications (such as moisturizer and skin care), 

dispersants and lubricants (Ortiz et al., 2020), synthesis of glyceryl lactate (Yuan et al., 2016).   
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Glyceryl lactate could be produced with different molecular structure such as in 3-armed form 

by varying the glycerol to lactic acid molar ratio (Tsion, 2021). 3-armed Gly-lac is a 

biocompatible as the raw materials (glycerol and lactic acid) are biocompatible. And 3-armed 

Gly-lac has both polar and non-polar moieties, and has similar molecular structure with 

biodiesel, which is suitable for its solubility within biodiesel when it is used as a cold flow 

improver. To mitigate the drawbacks of biodiesel without worsening environmental issues, the 

additives to be used should be biocompatible and non-toxic. However, limited investigations 

were done on bio-based cold flow improvers such as based on ethyl levulinate (Joshi et al., 

2011) and poly(lactic acid) oligomer (Tesfaye & Katiyar, 2016). And also no work has been 

done on the utilization of 3-armed Gly-lac as a cold flow improver. Hence, a biocompatible 3-

armed Gly-lac was utilized as a biodiesel cold flow additive to improve cloud point and pour 

point. The structure of this 3-armed Gly-lac is a unique feature to create a better hindrance on 

the formation and growth of crystals (compared to straight chain additives) to enhance cold flow 

properties (Lawan et al., 2019). The oxygenated nature of 3-armed Gly-lac is another suitable 

feature that could facilitate oxidation of fuel blends so as to reduce exhaust gas emissions 

(Ribeiro et al., 2007). The 3-armed Gly-lac could be used as a dispersant for Al2O3-NPs due to 

the existence of OH group that could hold metallic nanoparticles uniformly dispersed (Soudagar 

et al., 2018).  

In this thesis, the main aim was to synthesize biodiesel from soyabean oil, to synthesize a 

biocompatible cold flow improver (3-armed Gly-lac) from lactic acid and glycerol in which both 

lactic acid and glycerol are biocompatible materials. Al2O3-NPs was synthesized by using sol-

gel method and dispersed in 3-armed Gly-lac. The effect of Al2O3-NPs dispersed 3-armed Gly-

lac on biodiesel cold flow properties (cloud point and pour point), engine performance, and 

exhaust gas emission was investigated. The dispersant nature of 3-armed Gly-lac was valuable 

for a stable dispersion of Al2O3-NPs. The dispersion stability is helpful to prevent the 

agglomeration tendency of nanoparticle while added in to biodiesel as well as biodiesel-diesel 

blend (Soudagar et al., 2020). Stable dispersion of Al2O3-NPs in 3-armed Gly-lac was a crucial 

to improve cold flow properties and engine performance (BTE and BSFC) in addition to exhaust 

gas emission reduction. 
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1.2. Statements of the Problem  

Most of the modern energy demands are currently relying on petroleum energy sources. Those 

energy sources are non-renewable which contributes a lot for environmental pollution and have 

a critical issue towards energy security (Demirbas & Fatih, 2011). Biodiesel is a potential 

alternative renewable energy sources that could substitute the petro-diesel used in diesel engine. 

However, biodiesel have limitations that restrict its wide applicability. Poor cold flow 

properties, poor engine performance, high NOx emission are the major limitations (Ali et al., 

2015; Leng et al., 2020).   

Adding cold flow improvers have become the most feasible method designed to improve the 

cold flow properties of biodiesel (Liu, 2015). But, most of the commercially available cold flow 

improvers are derived from synthetic chemicals, which are non-biocompatible, expensive, and 

toxic. Besides, most of the additives have lower efficiency in improvement of cold flow 

properties of pure biodiesel because they are designed to be compatible with diesel. This 

problem should have to be solved by utilization of biodegradable, non-toxic, and renewable 

additives. Bio-based cold flow improvers such as ethyl levulinate (Joshi et al., 2011) and 

poly(lactic acid) oligomer (Tesfaye & Katiyar, 2016), have been studied previously. However, 

the efficiency of those cold flow improvers is lower due to the linear structure. Thus, utilization 

of a biocompatible 3-armed Gly-lac is beneficial as the 3-armed structure is a favorable feature 

to increase the efficiency in reducing the cloud point and pour point of biodiesel. The poor 

engine performance of biodiesel could also be alleviated using Al2O3-NPs along with reduction 

of the exhaust gas emission.  But, there is a necessity of proper dispersant to enhance the 

dispersion stability of the nanoparticle.         

Thus, in this study the 3-armed Gly-lac was utilized as a biocompatible cold flow improver, a 

dispersant and an oxygenated additive. The Al2O3-NPs was utilized for enhancement of engine 

performance and emission characteristics of biodiesel-diesel blend. Stable dispersion of Al2O3-

NPs into biodiesel-diesel blend was achieved with the help of 3-armed Gly-lac.     
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1.3. Research Questions 

Based on the problem statements identified above, the following research questions were raised.  

 Is it possible to use 3-armed Gly-lac as a biodiesel cold flow improver, an oxygenated 

additive, and a dispersant for Al2O3-NPs? 

 What is the effect of Gly:lac molar ratio, loading rate of 3-armed Gly-lac, and Al2O3-NPs 

dispersed 3-armed Gly-lac on biodiesel cold flow properties?  

 What is the effect of Al2O3-NPs dispersed 3-armed Gly-lac on IC engine performance and 

emission characteristics of biodiesel-diesel blend?  

1.4. Objectives of the Study 

1.4.1. General Objective   

The general objective of this thesis was to investigate the effect of Al2O3-NPs dispersed 3-armed 

glyceryl lactate on the biodiesel cold flow properties as well as on IC engine performance and 

emission characteristics of biodiesel-diesel blends.      

1.4.2. Specific Objectives  

The specific objectives of this thesis work were: 

 Synthesize and characterize biodiesel via trans-esterification of soyabean oil.   

 Synthesize, purify and characterize a 3-armed Gly-lac,  

 Synthesize and characterize Al2O3-NPs through sol-gel synthesis method. 

 Investigate the effect of Gly:lac molar ratio, loading rate of 3-armed Gly-lac, and Al2O3-

NPs dispersed 3-armed Gly-lac on biodiesel cold flow properties. 

 Investigate the effect of Al2O3-NPs dispersed 3-armed Gly-lac on IC engine performance 

and emission characteristics of biodiesel-diesel blend.     
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1.5. Significance of the Study 

In this study, 3-armed Gly-lac (which is a biocompatible and non-toxic) that could reduce the 

utilization of petroleum based cold flow additives, which is advantageous regarding the 

environmental issue. 3-armed Gly-lac was also utilized as an oxygenated additive as well as a 

dispersant for the stable dispersion of Al2O3-NPs. Al2O3-NPs was a potential additive capable 

of reducing the exhaust gas emissions as well as fuel consumption and it is able to enhance 

thermal efficiency in which its efficiency was better when used with the help of dispersant (3-

armed Gly-lac). The Al2O3-NPs dispersed 3-armed Gly-lac has brought an improvement in 

engine performance and emission characteristics. The reduction of exhaust gas emission (such 

as CO, HC, and NOx) upon utilization of Al2O3-NPs dispersed 3-armed Gly-lac is also another 

environmental benefit. The increase in BTE and a reduction of BSFC upon the addition of 

Al2O3-NPs dispersed 3-armed Gly-lac into biodiesel-diesel blend is a valuable in economic 

point of view. The 3-armed Gly-lac was used as a dispersant for the Al2O3-NPs in which the 

utilization of one functional dispersant could be replaced by 3-armed Gly-lac having multi-

function i.e. as cold flow improver, oxygenated additive, and dispersant for nano particle.        

The additive used in combined form could advance the replacement of synthetic based biodiesel 

additives, thereby enhancing the biocompatibility of the biodiesel-additive mixture. On the other 

hand, glycerol is a byproduct from biodiesel production. Hence, utilization of glycerol-based 

additives is a crucial advantage as it could add to the economy of the biodiesel industry through 

utilization of biodiesel additives based on glycerol transformed product. Therefore, the extent 

of replacing petro-diesel with biodiesel could be increased when sustainable and biocompatible 

additive is used so as to reduce biodiesel drawbacks as well as the disadvantages of the synthetic 

based additives. This study can also induce an interest towards enhancement of critical problems 

of the other renewable energy sources to increase the extent of replacing petroleum-based fuels.   
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1.6. Scope of the Study  

The scope of this thesis research covers: 

 Characterization of important properties of soyabean oil such as acid value, %FFA, 

moisture content, and iodine value.   

 Synthesis of biodiesel from soyabean oil and characterization of chemical structure and 

macro-molecular structure as well as determination of physico-chemical properties.  

 Synthesis and purification of 3-armed glyceryl lactate (Gly-Lac) from glycerol (99%) and 

lactic acid (88%), and characterization via FTIR, NMR, acid value, and viscosity analysis.  

 Synthesis of alumina nanoparticle and conducting analysis such as Uv-vis, FTIR, PSA 

(particle size analysis), and XRD analysis.   

 Cold flow property analysis for biodiesel by adding 3-armed Gly-lac as a cold flow 

improver and oxygenated additive.   

 Dispersion of Al2O3-NPs within Gly-lac and studying its effect on biodiesel cold flow 

property and on the exhaust gas emission (HC, NOx, CO, CO2) as well as the IC engine 

performance (mainly BP, BTE, and BSFC) of biodiesel-diesel blend.  
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CHAPTER TWO 

2. LITERATURE REVIEW 

Biodiesel is a renewable-based liquid fuel, which is compatible with compression ignition 

engine as its properties such as viscosity, density, cetane number, flash point are comparable 

with that of petro-diesel (Obedi et al., 2012). The properties of biodiesel vary among different 

feedstocks as well as process technologies. This chapter focused on the description of different 

feedstocks and process technologies employed for the synthesis of biodiesel. Physico-chemical 

properties of biodiesel and additives used to improve the properties are described in this chapter.           

2.1. Feedstocks for Biodiesel Production  

Biodiesel production involves utilization of various sources such as vegetable oils, algal oils, 

animal fats, microbial oils and waste oils. The type of feedstocks used for biodiesel production 

decides the biodiesel purity as well as its fatty acid composition (Ambat et al., 2018). Lipids in 

the form of triglycerides (its composition varies among different feedstocks), are the main 

constituents of those sources of biodiesel. Various feedstocks for the production of biodiesel, 

which have been commonly utilized, are mainly grouped under; edible oil seed crops, non-edible 

oils, animal fats, algae oils, and microbial oil. The detail description is shown in Figure 2.1.    

 

Figure 2.1: Different types of potential feedstocks for biodiesel production, adapted from 

(Mujeeb et al., 2016) 

 

Feedstock for 

biodiesel production 

 

Oil seed 

crops Waste oils 
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fruits 

Microbial 

oils  
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- Sorghum, Soybean, 

- Moringa oleifera   

 

- Coconut  

- Oil palm 

- Peach  

- Animal fat 

- Frying oil 

- Waste industrial oil  

- Microalgae 

- Yeast  

- Fungi  
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2.1.1. Fatty Acid Profile of Different Biodiesel Feedstocks  

Biodiesel can be synthesized from different oil sources, and the fatty acid profile (chain length 

and composition) varies among different oil types, as shown in Table 2.1. The variation in fatty 

acid profile determines the properties of biodiesel such as cold flow properties (Yang et al., 

2018), which corresponds to the variation in melting point among fatty acids with different chain 

length as well as number of double bond. This alters the solubility of higher melting point 

component (which acts as a solute) in the lower melting point component (which acts as a 

solvent) (Edith et al., 2012), which determines the crystallization of FAAEs to govern its cold 

flow properties.   

Table 2.1: Fatty acid profile of some potential biodiesel feedstocks 

Fatty Acids 

Composition 

(%) 

Different Oil Types 

Jatroph

a curcas 

Palm 

kernel 

Soyabean Palm Castor 

seed 

Coconu

t 

Moringa 

oleifera 

Caprylic (C 

8:0) 
- 3.3 - - - 7.3 - 

Capric (C 10:0) - 3.5 - - - 6.5 - 

Lauric (C 12:0) - 47.8 - 0.3 - 49.2 - 

Myristic (C 

14:0) 

0.1 16.3 - 1.3 0.01 18.9 0.49 

Palmitic (C 

16:0) 

14.2 8.4 11.0 43.4 1.64 8.9 6.54 

Stearic (C18:0) 7.0 2.4 4.0 4.8 1.85 3.0 3.12 

Oleic (C 18:1) 44.7 15.4 23.63 40 5.06 7.5 76.29 

Linoleic (C 

18:2) 

32.8 2.4 54.71 10.5 6.42 1.8 9.23 

Linolenic 

(C 18:3) 

0.2 - 6.88 0.3 0.30 0.1 0.21 

Ricinoleic acid 

(C18:1 OH) 
- - - - 82.88 - - 

 

Reference 

(Akbar 

et al., 

2009) 

(Akbar 

et al., 

2009) 

(Oliveira 

et al., 

2005) 

(Dayrit

, 2014) 

(Canoira 

et al., 

2010) 

(Dayrit, 

2014) 

(Aly et 

al., 

2016) 

The fatty acid profile also influences other key biodiesel properties such as oxidation stability, 

exhaust gas emissions, density, viscosity (Dwivedi & Sharma, 2016; Wang et al., 2016), heating 

value, flash point, cetane number (Pinzi et al., 2011), acid number (Sarin et al., 2007).         
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2.2. Biodiesel Production Technologies  

Biodiesel is a chemically modified alternative fuel for use in diesel engines, commonly derived 

from vegetable oils and animal fats. There are various biodiesel production technologies such 

as trans-esterification (catalytic or non-catalytic), thermal cracking (Leung et al., 2010).      

2.2.1. Catalytic Trans-esterification 

Trans-esterification is the most widely employed biodiesel production technology. It involves 

the reaction between oils (triglycerides) and alcohol (commonly methanol due to its low price 

and availability), with the help of catalyst at a desired temperature. The reaction causes 

restructuring the chemical structure of the oil as shown in Figure 2.2, which gives biodiesel as 

main product and glycerol as by product (Gerpen, 2005). This conversion reduces the high 

viscosity of oils and fats. For trans-esterification of triglyceride (TG) molecule, three 

consecutive reactions are needed in which diglycerides and monoglycerides are the intermediate 

products. One mole of glycerol and three moles of alkyl esters are produced (for each mole of 

TG converted) at the completion of the reaction (Keera et al., 2018), which then separates into 

three layers; glycerol at the bottom, a middle layer of soapy matter, and biodiesel on top layer 

(Fukuda et al., 2001).  

2HC

HC

H2C O

O

C R

O

+
3 O C R

O

C

O

O C

O

R

R

+
CH

H2C

H2C

OH

OH

OH

Triglyceride Alcohol Glycerol

3 R'OH

FAAEs

(Biodiesel)
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Figure 2.2: Reaction scheme for the catalytic trans-esterification of triglyceride 

The catalysts for trans-esterification reaction are grouped into three categories as homogeneous, 

heterogeneous and enzymatic catalysts. In case of homogenous catalysts, alkali such as NaOH 

and KOH with loading rate of (0.4% to 2% w/w of oil) are usually preferred over other catalysts 

due to their ability to enhance faster reaction rate at moderate temperature and lower pressure 

as well as their availability at affordable price (Vicente et al., 2004). However, base catalysts 

have drawbacks such as highly sensitive to %FFA and moisture. For better efficiency of base 

catalyst, %FFA and moisture content should be less than 2% and 1.5% respectively (Chen et 

al., 2012). On the other hand, utilization of homogeneous acid catalysts is not affected by 
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%FFAs of the feedstocks. But it is not as popular as base-catalyst due to higher costs and 

environmental impacts. Homogenous acid catalysts are simple to use and requires less reaction 

time, but it becomes expensive with the requirement of product post-treatment (separation and 

purification)  (Vicente et al., 2004). Solid acid catalyst, a class of heterogeneous catalyst, can 

be used in esterification and trans-esterification all together without the need for pretreatment 

of feedstocks having high %FFAs (Lotero et al., 2005). Thus, the production cost could be 

reduced by producing biodiesel from readily available feedstocks. Solid basic catalysts are also 

able to reduce biodiesel production cost due to lower consumption, reuse and regeneration of 

catalyst. Heterogeneous catalysts have limitations such as mass transfer problems that reduce 

the reaction rate due to; three phase formation with alcohol and oil, loss of catalyst activity in 

the presence of water, and product separation and purification costs. A biodiesel yield of 86.71% 

and 91.67% was achieved from the reaction among sunflower oil and methanol, using sodium 

methoxide and potassium methoxide catalysts respectively, at 1wt% catalyst loading, 6:1 

alcohol to oil ratio, and a temperature of 65oC (Vicente et al., 2004). The reaction between castor 

oil and methanol, at 400rpm stirrer speed, gave 95% yield at 1wt% loading rate of KOH catalyst, 

9:1 alcohol to oil molar ratio, 60oC, and 30 minute time (Keera et al., 2018).   

Enzymatic trans-esterification is a possible way to solve the limitation of homogeneous catalysts 

such as expensive product separation, wastewater generation, and side reactions (Jegannathan 

et al., 2008). Immobilization of enzyme is typically done to enhance the quality of product and 

to increase the catalyst reuse cycle (Nielsen et al., 2008). However, there are some difficulties 

limiting the applicability of this process, including high cost for purchasing the enzymes, 

product contamination, and residual enzymatic activity. 

2.2.2. Supercritical Trans-esterification   

With the process of catalytic trans-esterification reaction, there are associated problems such as; 

water sensitivity, consumption and removal of catalyst, waste generation, and low purity of 

products (Aransiola et al., 2014). Biodiesel production at supercritical conditions could be 

utilized in order to alleviate those difficulties. At supercritical conditions (above the critical 

temperature and pressure), the reaction mixture becomes homogeneous, which favors both 

esterification and trans-esterification reactions. The method is suitable for any type of feedstock 

without pre- and post- purification steps as no catalyst is involved in the reaction. Regarding the 

alcohol used in the reaction, thermo-physical properties such as dielectric constant change in 
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supercritical state, vast solubility and diffusion associated with the two phase reaction mixture, 

permits a favorable condition for the reaction to complete in a short time (Leung et al., 2010). 

The main drawback of supercritical technologies is the necessity of  high pressure, temperature, 

and methanol to oil ratio, which increases the production costs (Helwani et al., 2009). 

2.2.3. Ultrasound Assisted Trans-esterification  

Ultrasound assisted trans-esterification involves the stretching and compression of the reacting 

molecules by using sound energy at a frequency of beyond human hearing. Cavitation bubbles 

are formed between oil and alcohol phases due to the application of high negative pressure above 

the critical molecular distance, which makes efficient mixing and mass transfer rate (Baskar & 

Aiswarya, 2016), so that high product yield could be obtained from the trans-esterification 

reaction. Less energy consumption is observed in this process as compared to other processes 

utilizing mechanical stirring (Baskar & Aiswarya, 2016). 

2.2.4. Microwave Assisted Trans-esterification 

Microwave assisted trans-esterification involves utilization of microwave irradiation as energy 

stimulant. There is activation of reacting molecules with lower degree of variance by using 

continuously varying electrical and magnetic fields, which results interaction of quickly rotating 

charged ions with negligible restriction of dispersion (Azcan & Danisman, 2007). Microwave 

assisted trans-esterification has advantages such as fast reaction (within minutes), lower alcohol 

to oil ratio and small byproducts. A study by (Tesfaye & Katiyar, 2016) was done on biodiesel 

synthesis from soyabean oil and methanol, 6:1 alcohol to oil ratio and 1wt% KOH, using 

microwave assisted technique and attained 99% yield within 5 minute reaction at 60oC. 

2.2.5. Biodiesel-Glycerol Separation 

After trans-esterification reaction, producing biodiesel (main product) and glycerol (byproduct), 

the separation of biodiesel and glycerol is a necessary step because of the slightly soluble nature 

of FAME and glycerol. The separation is usually done via formation of different phases by 

letting the product to settle due to density difference (Hong et al., 2014). In the presence of 

unreacted methanol, solubility of glycerol in ester and vice versa might rise due to the action of 

methanol that increases the post production costs. In addition, traces of triglycerides might form 

emulsion layer between the two phases. Thus, to avoid the cost and separation difficulties, it is 

compulsory to remove all traces of triglycerides, catalyst and solvents.     
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2.3. Properties of Biodiesel 

The main goal of modifying oils via biodiesel production is to add desirable characteristics to 

the biodiesel such as low viscosity, better combustion, and for easy atomization inside injectors 

(Dwivedi & Sharma, 2014; Moser, 2009). Biodiesel is less stable than diesel in which its 

solidification temperature (10 to 25)oC is exceeds that of petro-diesel (-27 to -15)oC whereas 

biodiesel have higher (flash point and cetane number) and lower density compared to that of 

diesel (Sajjadi et al., 2016). When biodiesel is produced via trans-esterification, alkyl esters and 

the fatty acid composition of the oils are key parameters that affects the biodiesel properties like 

cold flow properties, lubricity, oxidation stability, acid number, and viscosity (Moser, 2009).   

2.3.1. Cold Flow Properties of Biodiesel 

The properties of biodiesel at low temperature are significant quality criterion because it affects 

the utilization of biodiesel in various climatic conditions. Cold flow properties of biodiesel are 

typically expressed by cloud point, pour point and cold filter plugging point (Muniz et al., 2020). 

Cloud point (CP) is the temperature at which visible crystal appears first upon cooling of the 

fuel in cold weather (Muniz et al., 2020). Pour point (PP) indicates the lowest temperature at 

which the amount of crystal is sufficient to gel formation so that crystal agglomerates are formed 

in the fuel system which causes the fuel to stop flowing thereby losing its pumping ability 

(Muniz et al., 2020). Cold filter plugging point (CFPP) refers to the temperature at which the 

test filter starts to plug due to gelling of fuel or it is the lowest temperature at which 20 ml fuel 

is able to pass through a 45μm filter in 1minute under vacuum pressure (Muniz et al., 2020). 

Biodiesel have poor cold properties due to crystallization of saturated FAAE components via 

two interrelated steps i.e., nucleation and crystal growth (Dwivedi & Sharma, 2014). In 

nucleation stage, the formation of strong intermolecular force by liquid molecules produces 

enough thermodynamic force in the liquid when the temperature of biodiesel decreases below 

its melting point. Then crystal lattices are formed as the liquid molecules combined together. In 

the second stage (crystal growth), large crystals are formed on the existing crystal lattice. This 

crystal growth continues until the formation of an interlinking structure that results in starvation 

and interruption of fuel flow (Dwivedi & Sharma, 2014; Pullen & Saeed, 2014). This ultimately 

leads to an incomplete combustion of fuel and engine starting problems (Pullen & Saeed, 2014). 

The typical crystallization mechanism of FAAEs at cold temperature is illustrated figure 2.3.    
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Figure 2.3: Crystallization mechanism of biodiesel at lower temperature 

The fatty acid profile (saturated or unsaturated nature) in FAAEs and its chain length of the fatty 

acid are the dominant factors that determines its cold flow properties (Smith et al., 2010). It has 

been found that an increase in cloud point, pour point and cold filter plugging point of the 

biodiesel has been observed with higher amount of saturated FAAEs (Sierra & Guerrero, 2017). 

The poor cold flow behavior of saturated FAAEs is due to their uniform and straight molecular 

structure that makes them able to be well arranged and packed (Dwivedi & Sharma, 2016), 

which leads high melting and crystallization temperature (Sia et al., 2020).      

2.3.2. Viscosity  

It is known that viscosity is frictional properties of a certain fluid which measures the resistance 

to the normal flow of the fluid. Viscosity of biodiesel is one of the important properties that play 

a vital role during the combustion as a fuel. During fuel injection in the combustion chamber, 

the viscosity is the key property to determine spray atomization of fuel which decides the ease 

of combustion and thermal efficiency of the engine (Zhang et al., 2020). Lower viscosity below 

the standard will result unnecessary internal pump leakage and the system pressure reaches an 

intolerable level that will affect the injection system during the spray atomization, on the other 

hand higher viscosity could lead to enhanced fuel spray atomization thus improving air-fuel 

mixing (Xue et al., 2011), but if the viscosity is higher beyond the standard limit, it could result 

in poor spray atomization that causes engine operational problems such as higher emissions, 

lower engine performance and deposits (Lawan et al., 2019). The viscosity of biodiesel is 

relatively greater than that of petro-diesel but less than that of the source vegetable oils or fats 
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(Lawan et al., 2019). Hence, trans-esterification of high viscosity neat vegetable oils or fats to 

biodiesel becomes a necessary task in order to reduce the viscosity so as to minimize the engine 

operational problems associated with very high viscosity.  

2.3.3. Flash Point and Fire Point 

Flash point is the lowest temperature at which fuel ignition occurs when exposed to a flame. 

Flash point varies inversely with the fuel’s volatility. At the flash point, a substance will ignite 

briefly, but vapor might not be produced at a rate to sustain the fire. Fire point is the lowest 

temperature at which the vapor of a fuel will initiate and sustain the combustion reaction for at 

least five seconds after ignition by an open flame of standard dimension (ASTM, 2015). 

Biodiesel have higher flash point and fire point as compared to that of petro-diesel fuel which 

make it safe for transportation, handling, and storage (Xue et al., 2011).      

2.3.4. Cetane Number (CN) 

Cetane number is an important factor which determines the combustion quality of a fuel 

throughout compression ignition. Cetane number is a measure of the fuel ignition delay, which 

indicates the time that passes between the fuel injection into the cylinder and its ignition. The 

shorter the ignition delay means higher CN, which is associated with lower NOx emissions. The 

cetane number of biodiesel (45 - 70) is higher than that of typical petro-diesel (40 - 52) (Smith 

et al., 2010). Fatty acid distribution in original oils determines the cetane number of biodiesels. 

Higher cetane number is associated with longer and more saturated fatty acids in the source oils. 

2.3.5. Acid Value (AV) and Iodine Value (IV) 

AV is a measure amount of free fatty acids (FFAs) that exist in biodiesel which is usually 

expressed as mg of KOH required to neutralize 1g of biodiesel. FFAs are saturated or 

unsaturated monocarboxylic acids that exist naturally in oils or fats, but not attached to glycerol 

backbones. Free fatty acids depend on the chain length of carbon as well as the saturated and 

unsaturated nature of carbons bonds in the fatty acid. Iodine value (IV) is a measure of total 

unsaturation of fatty acids measured in grams of iodine per 100g of biodiesel sample, when 

formally adding iodine to the double bonds. The iodine value (IV) in biodiesel affects its 

oxidation stability in which higher IV leads to easy oxidation in contact with air. The structure 

and composition of FAs in the biodiesel feedstock determines the IV of biodiesel.             

https://www.thoughtco.com/chemistry-4133594
https://www.thoughtco.com/definition-of-combustion-605841
https://www.thoughtco.com/definition-of-reaction-604632
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2.3.6. Heating Value and Carbon Residue  

Heating value is a vital property of fuels that have a significant influence on power generation 

during fuel combustion. It is a measure of the extent of releasing heat energy by the combustion 

of a unit value of fuels for doing the target work in the engine. Biodiesel have relatively lower 

heating value which results in a reduction in power generation (Xue et al., 2011). One of the 

most important parameters that determine the heating value of biodiesel is moisture content of 

the oil. Carbon residue is an indicator of the tendencies of the fuel to deposit carbon after 

combustion. Carbon residue for biodiesel is more important than that of conventional diesel fuel 

because it highly shows the presence of free fatty acids, unsaturated fatty acids, glycerides, and 

soaps (Atabani et al., 2012).    

2.3.7. Emission Characteristics of Biodiesel 

Emission characteristics of biodiesel and/or diesel could be expressed in terms of different gases 

emitted from the combustion process such as CO, CO2, NOx, HC, or particulate matters (Rashed 

et al., 2016; Wang et al., 2016). Biodiesel has become advantageous fuel because of its important 

features such as high oxygen content, free from aromatic hydrocarbons and harmful deposits, 

biodegradable, non-toxic, non-explosive, and easy to handle (Noor et al., 2018; Muniz et al., 

2019). However, biodiesel has inferior thermal efficiency, high NOx emissions, limiting its 

application (Tomar & Kumar, 2020). Commonly, thermal and prompt mechanisms are 

responsible for NOx formation during the combustion of biodiesel (Varatharajan et al., 2011). 

In case of thermal mechanism, oxidation of excess hydrocarbon could lead to high local 

temperature which allows the formation of NOx, whereas in prompt mechanism, the formation 

free radical in the front flame initiates the NOx formation. There is a poor spray and atomization 

of biodiesel while utilization of neat biodiesel due to its high viscosity and density as well as its 

poor cold flow behavior, which could result in clogging of fuel lines and filters (Pullen & Saeed, 

2014). This might result an incomplete combustion of biodiesel, consequently there might be an 

increase in emission of CO, unburned hydrocarbons, and particulate matters (Mirhashemi & 

Sadrnia, 2019). 

2.4. Specification of Quality and Properties of Biodiesel  

There are different standards for testing different important characteristics of biodiesel. America 

society for testing and materials international (ASTM, ASTM D 675-02) is one of the major 

specification standards for testing biodiesel. Besides, the European standard (EN 14214) is also 
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accepted by all member states of the European committee for standardization of biodiesel. These 

test standards measures that the fuel performs same as supposed in compression ignition (CI) 

engine. The standards are also tests to assure that the manufacturers are producing a high quality 

biodiesel. Table 2.2 shows the specification of biodiesel properties and test methods. 

Table 2.2: Biodiesel specifications based on standard methods (Atabani et al., 2012) 

Properties of 

biodiesel 

Units ASTM D-6751 EN 14214 

Limits Test 

Methods 

Limits Test Methods 

Kinematic 

viscosity (40oC) 

mm2/s 1.9 - 6.0 D445 

 

3.5 - 5.0 EN ISO 3104 

Density (15ºC) kg/m3 --- --- 860 - 900 EN ISO 3675 

Cetane number --- ≥ 47 D613 ≥ 51 EN ISO 5165 

Flash point oC ≥ 130 D93 ≥ 120 ISO/CD 3679 

Acid number mg KOH/g ≤ 0.80 ≤ 0.80 ≤ 0.5 EN 14104 

Iodine number g I2/100g --- --- ≤ 120 EN 14111 

Free glycerol Mass% ≤ 0.020 D6584 ≤ 0.02 EN 14105 

Total glycerol Mass% ≤ 0.240 D6584 ≤ 0.25 EN 14105 

        “---" undetermined 

2.5. Biodiesel Additives   

Additives are substances of organic-based or metal-based that is easily soluble in fuel. The main 

purpose of the additives could be to improve the fuel’s cold flow properties (cloud point, pour 

point, cold filter plugging point), heating value, engine performance, emission characteristics 

(Lawan et al., 2019; Xue et al., 2011), and others. Fuel additives began to be commercialized in 

1923 to provide the octane rating desired to allow automobile designers to attain adequate 

efficiency and performance of engine by increasing compression ratios (ATC Document 113, 

2013). In the 1930s, antioxidant additives were introduced to solve the oxidation problems and 

formation of gums from broken components in gasoline refineries (ATC Document 113, 2013).  

The introduction of the wax crystal modifiers (cold flow improvers) in the 1970s was significant 

advance for maintaining the performance of diesel engines specially in the cold climate (ATC 

Document 113, 2013). Various additives for the improvement of the fuel properties have been 
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commercialized in different eras. The most widely used additives includes cold flow improvers, 

oxygenated additives, cetane number improvers, nano-additives (Kannan et al., 2011).          

2.5.1. Cold Flow Improvers (CFIs)    

Cold flow improvers (CFIs) are additives that are supposed to have low molecular weight, 

branched nature, and non-aromatic (Abe et al., 2016). While using biodiesel in cold climate, 

growth of crystal size might occur and adhere each other as temperature drops, which leads to 

blocking fuel filters and feed lines by large crystals, that may possibly lead to eventual power 

loss and engine stoppage (Rashedul et al., 2014). Cold flow improvers helps in modifying the 

shape, size, growth rate, and agglomeration of crystal nuclei, thereby hindering the formation 

of large crystal by favoring the formation of a small needle-shaped (10 - 100) nm crystals (Cao 

et al., 2014; Giraldo et al., 2013). An important class of cold flow improvers is the so called 

“tailor-made” additives, in which they uniquely contain special chemical groups (moieties) so 

as to modify the solute molecules and readily adsorbed at growth sites on the surface of crystal 

nuclei. The typical interaction between the crystal molecules and the cold flow additives is 

described in figure 2.4.   

 

Figure 2.4: Interaction of cold flow improvers and crystal nuclei of biodiesel/diesel blend 

Different studies have been conducted towards the synthesis and utilization of cold flow 

improvers for biodiesel so as to assure its wide applicability. Giraldo et al., (2013) investigates 

that a reduction in CP, PP and crystal size was observed with the addition of glycerol ketals, 

glycerol acetates and 2-Butyl esters (due to their similar structure with biodiesel), in which the 

effect was improved as the amount of each additive increases. The branched nature of 2-Butyl 

ester was responsible for its superior efficiency. Cao et al., (2014) investigate the effect of 

ethylene vinyl acetate copolymer (EVAC) on cold flow properties of waste cooking oil 
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biodiesel-diesel blend. A significant reduction in CP, PP, and CFPP by 8oC, 11oC, and 10oC 

respectively. However, kinematic viscosity significantly increased at high concentration of 

EVAC. And it was observed a lower effect of the additives on CP, PP, and CFPP at high 

biodiesel content.  

Yang et al., (2021) studies the effect of polar groups in polymethacrylate polymers on cold flow 

properties of diesel, by mixing using ultrasonicate for 30 minute at 30oC. Polymethacrylate 

polymers improved the fluidity of diesel significantly. This is because alkyl groups of the 

polymeric additive co-crystallize with the n-alkanes in diesel through van der Waals force to 

hinder regular arrangement of crystals. Besides, the polar groups of the additive interrupt the 

growth of crystal, modify its morphology and inhibit large crystal formation via adsorption on 

growth sites. However, the benzene functional groups might be a source soot emissions (Abe et 

al., 2016).   

Coussirat et al., (2019) evaluates the efficiency of dioctyl fumarate-co-vinyl benzoate 

copolymers (CP3, CP5 and CP7) as a cold flow improver by applying into waxy crude oil. CP5 

and CP7 copolymers were found to have better interaction with the paraffin fraction of the crude 

oil as compared to CP3, which shows that the molecular weight of polymers is an important 

structural parameter for cold flow improvers. However, vinyl benzoate (VB) rich higher 

molecular weight copolymers have no noticeable effect on cold flow behavior of waxy crude 

oil, which might be attributed to the structure of additives, which contains branches of 8 C atoms 

in which their chain length is not enough to induce noticeable spatial intervention on wax crystal 

molecules. The vinyl benzoate group could result in high level of harmful emissions during the 

combustion, which might pose another limitation in environmental point of view.  

A comparative study was done on the effect of tripropionin, glycerol formal, acetol, solketal on 

the cloud point (CP) of biodiesel (Senra et al., 2019). Addition of 5wt% and 15wt% solketal, 

glycerol formal, tripropionin to biodiesel reduced its CP by 1.2°C and 3.2°C; 1.8°C and 2.3°C; 

1.4°C and 2.5°C respectively. The glycerol formal and tripropionin have better impact than that 

of solketal with 5wt%, whereas their effect was smaller with 15wt%. This could be due to the 

self-association of these additives (i.e., glycerol formal and tripropionin) at lower percentage as 

compared to that of solketal. On the other hand, it was difficult with acetol (because of its less 

bulkiness than the other additives investigated), to interfere with the nuclei formed by C14:0 

and C16:0. But it was possible for acetol to integrate and disrupt the formation of nuclei from 
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longer FAMEs (such as C18:0). Thus, we can understand that various cold flow additives can 

interact in different manner with biodiesel obtained from different feedstocks.  

The solid point (SP) and CFPP of WCO biodiesel-diesel blend was evaluated with the addition 

of meth-cyclohexyl methacrylate-methacrylate copolymers (MCHMA-R1MC, R1 = C12, C14, 

C16, C18) (Yuan et al., 2022). The best reduction of SP and CFPP by 25°C and 18°C was 

attained with the addition of 2000 ppm MCHMA-C14MC into B20. MCHMA-C16MC and 

MCHMA-C18MC have a lower impact on SP and CFPP, within (5 - 10)°C and (0 - 7)°C, 

respectively, whereas MCHMA-C12MC has the least effect on ΔSP of B20. Thus, the efficiency 

of cold flow improvers is dependent on their chain length, in which additives have superior 

effect when their n-alkyl chain length is closer to average carbon number of the biodiesel. 

Table 2.3: Comparative summary of works related to cold flow additives of biodiesel 

Additives Biodiesel 

Used 

Additive 

loading 

Findings 

Poly-methacrylic 

acid and poly-acrylic 

acid (Muniz et al., 

2019)  

Palm oil 

biodiesel/ 

diesel 

blend  

(25, 50, 100, 

500, and 

1000) ppm 

 Addition of 1000 ppm A12M14 

copolymer results in reduction of 

pour point by 26oC and 7oC for B5 

and B20 respectively.   

Polyglycerol esters 

(PGE) & ethylene-

vinyl acetate (EVA) 

(Hamada et al., 

2010) 

Palm oil 

biodiesel 

(1 - 2) wt%  Reduction of CFPP by 3oC, 5oC, 6 
oC with 2wt% EVA, 2wt% PGE, 

and 1wt% PGE + 1wt% EVA 

respectively. 

 Decline in solid fat content by 26% 

and 31% at 1.2wt% PGE and 1wt% 

PGE + 1wt% EVA respectively.      

Poly-alpha-olefin 

(Xue et al., 2016) 

WCO 

biodiesel/ 

diesel 

blend 

200, 400, 

600, 800 

ppm 

 Addition of 400 ppm to B20 results 

optimum reduction of CP, CFPP 

and PP by 8oC, 9 oC and 7oC 

respectively.   

 Addition 400 ppm to B40 results 

optimum reduction of CP, CFPP 

and PP by 4oC, 4oC and 4oC 

respectively.           

Glycerol ketals, 

glycerol acetates and 

2-Butyl esters 

(Giraldo et al., 2013) 

Palm oil 

biodiesel  

(1, 3, 5, and 

10) vol% 

 Reduction of CP and PP by 5oC 

with 5% glycerol ketals/acetates  

 Reduction of CP and PP by 6oC 

with 5% 2-Butyl esters. 
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Poly (lactic acid) 

oligomer (Tesfaye & 

Katiyar, 2016) 

Soyabean 

biodiesel- 

diesel 

blend     

(3, 5, 10, 15, 

and 25) g/l  

 CP and PP decreased by 4oC and 

2oC respectively with 3g/l, 5g/l, 

10g/l   

 Emission of CO & HC shows a 

reduction in B20. 

Ethyl levulinate 

(Joshi et al., 2011)  

Cotton 

seed oil 

biodiesel  

(2.5, 5, 10 

and 20) vol% 

 A reduction in CP, PP, and CFPP 

by (4 - 5)oC, (3 - 4)oC, and 3oC 

respectively with 20vol% of 

additive. 

 Oxidative stability was also 

improved  

Alkyl acrylate-vinyl 

acetate-maleic 

anhydride 

terpolymer (Feng et 

al., 2014)  

Diesel  (0.05, 0.1, 

0.15, 0.2, 

0.25) wt%  

 A decrease in PP by 16oC with 

0.25% AVM-14   

 A decrease in CFPP by 5oC with 

0.25% AVM-16 (AVM-14 & 16 are 

chain lengths of the terpolymer). 

The cold flow improvers utilized so far are mostly synthesized from toxic and non-

biocompatible chemicals (Coussirat et al., 2019; Giraldo et al., 2013; Feng et al., 2014; Muniz 

et al., 2019; Yang et al., 2021). And also the majority of the additives are designed for diesel 

cold flow improvement so that their efficiency is less in pure biodiesel (Cao et al., 2014; 

Coussirat et al., 2019; Xue et al., 2016). Thus, the development of biodegradable cold flow 

improver has become an interest for researchers in recent years. For example, a study was done 

on the utilization of bio-compatible additives such as poly (lactic acid) oligomer (Tesfaye & 

Katiyar, 2016), ethyl levulinate (Joshi et al., 2011), for improving the cold flow properties of 

biodiesel. Thus, the advancement of bio-compatible cold flow improvers could be a valuable to 

improve the cold flow properties as well as to mitigate the limitations of non-biocompatible and 

toxic cold flow improvers.        

2.5.2. Oxygenated Additives 

Oxygenated additives are those that contain sufficient oxygen content to reduce the fuel ignition 

temperature. Oxygenated additives permit efficient inflame of fuels that allows more complete 

fuel combustion, which results lower exhaust gas emissions (Rashedul et al., 2014). The 

reduction of emissions by oxygenated additives depends on oxygen content and molecular 

structure of the fuels.  
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Yasin et al., (2014) evaluates the effect of methanol on engine performance and exhaust gas 

emissions by comparing with the biodiesel-diesel blends. The result revealed that, addition of 

methanol brought a reduction in density and viscosity of the fuel blend, which tends to improve 

the fuel spray atomization that enhances the combustion. Methanol-B20 blend and B20 were 

found to have comparable BTE, both higher than that of pure diesel. However, an increase in 

NOx emission (due to extended ignition delay causing more fuel injection in the premixed 

combustion), a lower BP (due to lower heating value), and high BSFC was observed in the 

methanol-B20.   

Another study by Imdadul et al., (2016) revealed that the addition of 2-ethylhexyl nitrate (EHN) 

at (1000 and 2000 ppm) into diesel-biodiesel-pentanol blend results an improved cetane number 

and reduction of; ignition delay, NOx emission, and BSFC. The increase in cetane number could 

be due to disruption of nitrate molecules in EHN to form free radicals resulting in higher 

decomposition. However, carbon monoxide (CO) and hydrocarbon (HC) emissions were high, 

which attributes to a reduction of oxidative free-radical formation and the reducing capability 

for CO oxidation.              

2.5.3. Metal Oxide Based Nanoparticle Additives           

Various kinds of metal oxide additives based on such as; aluminum (Al), cerium (Ce), 

magnesium (Mg), copper (Cu), iron (Fe), that are formed as nano particles could be used as a 

fuel additive in the diesel engine. The metal oxide nanoparticles are able to achieve more 

complete fuel ignition to minimize exhaust gas emissions and to enhance energy release rate 

due to more surface contact for fast fuel oxidation (Sundaram et al., 2015). The nano-additives 

are capable to increase brake power and brake thermal efficiency (BTE) as well as to reduce 

brake specific fuel consumption (BSFC) (Kannan et al., 2011). Principally, the action of metal 

oxide nano-additives is either it reacts (as a catalyst) with carbon atom and release oxidation 

temperature, or it reacts with water vapor to generate hydroxyl radicals in which the radicals are 

power full oxidizing agent and have a great impact to reduce exhaust emissions (Rashedul et al., 

2014). Metal oxide nano-particles donates oxygen atom from their lattice structure so as to 

catalyze the combustion reaction (Prabakaran & Vijayabalan, 2018). Those additives are 

capable of increasing combustion enthalpy and energy density, shortening ignition delay, and 

reducing toxic emissions (Saxena et al., 2017).     
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Numerous studies have been conducted regarding the effect of metal oxide nano-additives on 

the combustion efficiency of biodiesel and diesel blends. Ağbulut et al., (2020) studied the 

comparison among Al2O3, TiO2, SiO2 nano-additives by adding into WCO biodiesel-diesel 

blend (B10) at 100 ppm. Utilization of Al2O3 brought the higher impact on BTE, BSFC and CO 

due to highest heating value of B10Al2O3 and its high oxygen content, compared to the others. 

Whereas the maximum decrease in NOx emission was achieved with the addition of TiO2 due 

to its least heat capacity.            

Table 2.4: Summary of works related to utilization of metal oxide nano-additives 

Biodiesel 

source  

Additive 

Used 

Additive 

loading  

Findings  Reference 

Algae oil 

biodiesel-

diesel (B20)  

CeO2-NPs   (25, 50, 

75, and 

100) ppm  

 (2 - 5)% improvement of BTE 

 Up to 0.25% reduction in BSFC   

(Kalaimuru

gan et al., 

2020) 

WCO 

biodiesel-

diesel blends  

Al2O3-NPs   (40, 80, 

120 and 

160) ppm 

 Reduction of BSFC up to 10.41%,  

 A reduction in emission of CO and 

HC up to 39.47% and 11 ppm 

respectively.  

(Ghanbari 

et al., 

2021) 

Poultry litter 

biodiesel-

diesel (B20)  

Al2O3-NPs  30 mg/l 
 Up to 1% improvement in BTE. 

 A reduction in emission of CO and 

HC by (14.3 - 30.7)% and (4 - 8) 

ppm respectively.   

(Ramesh et 

al., 2018) 

Honge oil 

biodiesel- 

diesel blend  

(B20)  

Al2O3-NPs 

with sodium 

dodecyl 

sulfate 

(surfactant)   

(20, 40, 

60) ppm,     

1:4 mass 

ratio of 

surfactant 

to Al2O3  

 BTE enhanced by 10.57% 

 BSFC reduced by 11.65% 

 HC, CO, and smoke emissions 

were decreased by 26.72%, 

48.43%, and 22.84% respectively.  

(Soudagar 

et al., 

2020) 

Calophyllum 

inophyllum 

biodiesel-

diesel blend 

(B20) 

Al2O3-NPs +  

exhaust gas 

recirculation 

(EGR) 

 

40 ppm  
 5.04% and 7.71% increase in BTE 

for B20 and B20 + 20% EGR 

respectively.   

 11.5% and 13.33% reduction in 

BSFC for B20 and B20 + 20% 

EGR respectively. 

(Anchupog

., 2018) 
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 A reduction in CO, NOx, and HC 

6.09%, 12.83%; 7.76%, 23.2%; 

12.24%, 9.25%, for B20 and B20 + 

20% EGR respectively.  

Jatropha oil 

methyl ester 

(JOME)  

Al2O3-NPs  50 and 

150 mg/l  

 9.1% and 12.2% reduction in 

BSFC of JOME with respective 

addition of (50 and 150) mg/l. 

 BTE increased by 2.4% and 6.2% 

with respective addition of (50 and 

150) mg/l into JOME. 

 At 50 and 150 mg/l, reduction in 

emission of HC, CO, and NOx by 

5.7% and 13.7%; 8.4% and 16.7%; 

1.8% and 4.7% respectively.   

(Shrivastav

a et al., 

2018) 

Graphene oxide nanoplatelets (GNP) combined with dimethyl carbonate (DMC) was added in 

to B30 and brought a 22.80% improvement of BTE, and reduction of BSFC, CO, HC, and NOx 

by 5.05%, 4.41%, 25%, and 3.65% respectively (Razzaq et al., 2021). This could be due to high 

thermal conductive nature of GNP and high oxygen content of DMC. Addition of ZnO and TiO2 

nanoparticles in to calophyllum-inophyllum biodiesel improved BTE by (5 - 17)% (Nanthagopal 

et al., 2017) in which TiO2 was better than ZnO to enhance BTE, which indicates that TiO2 has 

better oxidizing capacity compared to ZnO, due to its high oxygen content in its lattice structure. 

The metal oxide nano-additives have better efficacy when they are used with the help of 

dispersants to prevent the agglomeration of particles (Soudagar et al., 2020). Thus, it is required 

to use suitable dispersant with environmentally friendly and better compatibility with fuels. 

2.6. Synthesis Mechanisms of Metal Oxide Nanoparticles   

Nano-sized materials having a particle size of (1 to 100) nm (Govindrao et al., 2019), have 

become very attractive in various application areas including biofuels, catalysis, magnetic, 

electronic industry (optoelectronics and sensors), pharmaceuticals, agricultural, environmental 

remediation, and cosmetics (Oskam, 2006; Sekoai et al., 2019) due to the magnificent 

characteristics. Metal oxide nanoparticles (MONPs) exhibit unique physical, chemical, optical 
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and electrical properties as compared to their bulk form. This is because of the quantum 

confinement and availability of more surface atoms to participate in various reactions, and also 

MONPs have enhanced reactivity and selectivity compared to the interior atoms (Parashar et al., 

2020; Sekoai et al., 2019). The successful application of MONPs is achieved through a 

controlled synthesis mechanisms in order to attain a narrow particle size distribution (Oskam, 

2006). The general methods for the synthesis of MONPs can be divided into two groups (i) top-

down approach, and (ii) bottom-up approach. 

2.6.1. Top-down Approach  

The top-down synthesis method is based on a systematic break down of large piece of materials 

into smaller entities in order to produce fine nanoparticles (Nikam et al., 2018). Such methods 

include ball milling, sputtering, laser ablation, electro-spraying, and electron beam evaporation 

(Parashar et al., 2020). The top-down synthesis approach has drawbacks such as (i) the 

requirement of complex, expensive and energy intensive process, (ii) the nanoparticles produced 

using this method have surface defects and non-uniform shapes, which hinders its applicability.   

2.6.2. Bottom-up Approach   

The bottom-up strategy is performed on the basis of integration of atoms or molecules which 

leads to distribution of different sizes of nanoparticles (NPs) (Parashar et al., 2020). This 

approach is mainly based on chemical synthesis or biological method.  

Biological method: This method involves utilization of biological materials that are rich in 

metabolites such as plant extracts, biopolymers, bacteria, fungus, algae, and yeast for the 

preparation of metal and metal oxide nanoparticles (Aisida et al., 2019). Those metabolites such 

as flavonoid, alkaloid, tannin, saponin and phenolic acid are used for reducing metal ions by the 

redox reaction in the formation metallic or metal oxide nanoparticles (Aisida et al., 2019). The 

biocompatibility of the biological materials is the major advantage of this synthesis method as 

compared to the others (Ahmadi et al., 2020). However, biological methods have limitation such 

as variable size ranges for nanoparticles, which might cause a problem while predicting its 

application (Pantidos, 2014), and it needs purification step for the biogenic reducing agent which 

adds extra task in the synthesis method.  

Chemical method: It is relatively simple, scalable and have better control over nanostructure 

(Nikam et al., 2018). This method involves the action of different chemical reducing agents like 

Sodium citrate, Ascorbate, Sodium borohydride (NaBH4), tollens reagent elemental hydrogen, 
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and metal-complex forming agents like citric acid and urea. And also it involves surfactants 

(Amines, alcohols and acids) to control the agglomeration of particles. The main advantage of 

the chemical methods is that it allows to have the nano-particles with a defined size, dimension, 

and structure, which could be useful for various applications such as catalysis, sensing and in 

electronic devices (Nikam et al., 2018; Parashar et al., 2020). Chemical synthesis method 

includes such as sol-gel method, polyol method, hydrothermal method, co-precipitation method, 

micro-emulsion technique. The synthesis of nanoparticles through chemical methods 

particularly sol-gel method requires low processing temperature and less energy and also it 

provides a large degree of control over the synthesis products, which makes this method more 

economical (Parashar et al., 2020). Sol-gel method is an effective method for the synthesis of 

high-quality metal oxide nanoparticles as well as mixed oxide composites, which has excellent 

control over the texture and surface properties of the materials (Parashar et al., 2020).  

 

 Figure 2.5: Graphical representation of Sol-gel synthesis method for nanoparticles 

The sol-gel synthesis method is based on the conversion of raw materials or precursors into 

colloidal solutions (sol) in which the prepared sols are going to be converted to nanoparticles 

after a series of steps such as hydrolysis, polycondensation, aging, drying, and calcination 

(thermal decomposition), Figure 2.5 shows those steps graphically (Parashar et al., 2020). 

Utilization of some toxic chemicals, for reducing agents as well as for controlling 
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agglomeration, could be the main disadvantage of the chemical method. But, it is possible to 

use less toxic chemical agents like citric acid (which is organic based), and the toxic chemical 

could be removed by heat treatment via calcination. 

2.7. Glycerol Based Products 

Previously, production of glycerol had been mainly based on petrochemicals for several years, 

but recently, due to a huge increase in biodiesel production from renewable sources, leads to 

surplus production of glycerol in average 10 wt% of the trans-esterification product (Pagliaro et 

al., 2007), which reduce synthetic based glycerol production plants. Finding an appropriate 

value chain to convert the surplus glycerol into valuable products should be focused to improve 

the economy of biodiesel production process. Glycerol (1,2,3-propanetriol) is a highly 

functional molecule which consists of three hydroxyl groups. Glycerol could be transformed 

into various value-added products via different conversion routes such as selective oxidation of 

glycerol into 1,3-dihy-droxyacetone and glyceric acid (Katryniok et al., 2011), hydrogenolysis 

into propylene glycol and ethylene glycol (Nakagawa et al., 2014), pyrolysis into synthesis gas 

(Fernández et al., 2009), Utilization of glycerol to produce cold flow additives for biodiesel such 

as glycerol alkyl ethers, glycerol ketals, glycerol acetate (Giraldo et al., 2013) have become 

another vital valorization pathways. This could be beneficial for biodiesel plants to enhance 

properties of biodiesel (such as cold flow properties and emissions characteristics) by converting 

the surplus byproduct (glycerol) in to biodiesel additives. Recently, glycerol was utilized to 

synthesize glyceryl lactate (Gly-lac) via esterification reaction among lactic acid and utilized 

for polymer plasticizer (Yuan et al., 2016). Glyceryl lactate could be synthesized in three-armed 

structure by allowing lactic acid to grow on three core oxygen molecule of glycerol (Tsion, 

2021). An optimum temperature of 190oC, reaction time of 8 hour, and different glycerol to 

lactic acid molar ratio (1:3, 1:6, 1:9, and 1:12) were used to produce 3-armed Gly-lac with 

different chain length. The 3-armed Gly-lac could be used for various applications such as 

dispersant for nanoparticles, cold flow improver for biodiesel, oxygenated additive, and others.   
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CHAPTER THREE 

3. MATERIALS AND METHODS 

3.1. Materials and Reagents Used   

Chemicals and Reagents: Different chemicals and reagents (analytical grade) were used for 

the synthesis of biodiesel, synthesis and purification of glyceryl lactate (Gly-lac), synthesis of 

alumina nanoparticle, and for conducting different titrations. The chemicals and reagents 

include; methanol (99%, Sisco Research Laboratories Pvt Ltd. India), sodium hydroxide 

(99.8%, LABKEMICAL India), soyabean oil, sulfuric acid (98%), distilled water, sodium 

thiosulphate (99.55%, Trust Chemical Laboratories), ethanol (96%, KILITCHESTRO 

BIOTECH PLC, Ethiopia), iodine solution, starch (99%, Ranchem China), potassium hydroxide 

(99.8%, Central Drug House (P) Ltd., India), phenolphthalein indicator (Dallul Pharmaceuticals 

PLC), glycerol (99.7%, Ranchem Industry &Trading India), lactic acid (88%, Loba Chemie Pvt. 

Ltd. India), chloroform (99.99%, Fisher chemicals the scientific UK), sodium chloride (99%), 

ethyl acetate (99.5%, Central Drug House (P) Ltd. India), citric acid, and aluminum nitrate 

nonahydrate (98%, Alpha Chemika India).   

Materials or Equipment’s: The materials that were used while accomplishing this thesis work 

includes; measuring cylinder, beakers (different capacity), hot plate with magnetic stirrer, 

conical flask, separatory funnel, temperature-controlled oven, Petri dish, round bottom flask, 

condenser (reflux and horizontal), vacuum pump, chiller, heating mantle, Ultrasonicate, 

Erlenmeyer flask, pepete, stand with clamp, spatula, thermometer, weight balance, hydrometer.  

3.2. Methodology 

In this section, the different methods followed for the synthesis biodiesel, Gly-lac, and alumina 

nanoparticles are discussed. In addition, the different characterizations techniques (both 

analytical as well as instrumental) utilized are also discussed in detail in this section.        

3.2.1. Characterization of Soyabean Oil  

Physicochemical properties of soyabean oil such as iodine value, acid value, free fatty acid 

(%FFA), and moisture content were examined to assure its suitability for the biodiesel synthesis.  

Acid value and % FFA: Determination of acid value and %FFA was conducted via titration 

using 0.1N aqueous solution of NaOH. A known mass of oil was taken into a conical flask and 

dissolved with ethanol (neutralized with 0.1N NaOH solution) and boiled under continuous 
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stirring. Then, the dissolved sample was titrated using 0.1NaOH solution until pink colour was 

observed in which phenolphthalein was used as an indicator for the endpoint of titration. Acid 

value and %FFA were calculated by using equations (3.1) and (3.2) (Ved & Padam, 2013).    

Acid Value = 
MwNaOHx N xVT

WS
                                                           Eq (3.1) 

                                 %FFA = 
Acid Value

2
                                                              Eq (3.2) 

Where; ‘MwNaOH’ is molecular weight of NaOH, ‘N’ is normality of NaOH, ‘VT’ is titrant 

volume used, and ‘WS’ is weight of sample oil.  

Moisture Content: The moisture content of the soyabean oil was determined by oven drying 

method. A 10 g of soyabean oil was taken in petri dish and dried in a temperature-controlled 

oven at 105 oC with timely weighing the mass until we got a constant mass.  

Moisture content (%) = 
(initial mass – final mass)

initial mass
 x 100                                   Eq (3.3) 

Iodine Value (IV): Iodine value was determined using green potentiometric method (Tubino & 

Aricetti, 2013). Sample soyabean oil was dissolved in 96% ethanol and mixed with 0.1M 

ethanolic iodine solution. After 5 minute agitation of the mixture with magnetic stirrer, distilled 

water was added and vigorously stirred again for 5 minute. The titration was done using 0.1N 

sodium thiosulfate solution and 1% starch solution (as indicator), until a milky white color was 

observed. The iodine value was calculated using equation (3.4) (Ved & Padam, 2013).    

Iodine Value (IV) = 
12.69 (B−S)N

WS
                                                                Eq (3.4) 

Where; ‘B’ and ‘S’ are titrant volume used for blank and sample solution respectively, ‘WS ’ is 

weight of sample, and N is normality of sodium thiosulfate solution. 

3.2.2. Biodiesel Synthesis and Separation of Glycerol   

Biodiesel Synthesis: The biodiesel synthesis was done via catalytic trans-esterification reaction 

between soyabean oil and methanol using homogenous base catalyst (sodium hydroxide). The 

parameters for trans-esterification reaction are shown in Table 3.1, defined based on the 

previous works (Keera et al., 2018; Tesfaye & Katiyar, 2016; Vicente et al., 2004).   

Table 3.1: Operation parameters for trans-esterification reaction 

Alcohol to oil 

Molar ratio 

Reaction temperature 

(oC) 

Reaction 

time (hour) 

Catalyst load (wt% of 

oil) 

6:1 60 1 1 
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During the biodiesel synthesis, 150 g of soyabean oil was poured into a round-bottom flask and 

heated until the reaction temperature reaches 60oC. 1.5 g of NaOH pellet was dissolved in 31.335 

g of methanol. Then, methanol-NaOH mixture was added into the flask, containing the 

preheated soyabean oil. The reaction was conducted in oil bath for 1 hour at 60oC with 

continuous agitation at 8 rps under reflux condition. Figure 3.1 illustrates the experimental 

setup of biodiesel synthesis and glycerol separation.         

 

 Figure 3.1: Experimental setup of biodiesel synthesis and glycerol separation 

Glycerol Separation and Purification of Biodiesel: After the completion of the reaction, the 

reaction mixture was poured into separatory funnel and kept on for 12 hour (Meher et al., 2006) 

so as to separate biodiesel and glycerol. The glycerol layer was removed at the bottom of 

separatory funnel and the biodiesel layer was subjected for washing with aqueous solution of 

H2SO4 (1:1) (Meher et al., 2006) to neutralize the mixture of esters. Following the neutralization, 

successive washing was carried out with distilled water to remove traces of catalyst and alcohol 

until the water layer remains completely translucent (Hong et al., 2014). Finally, biodiesel was 

boiled at 70oC for 15 minute to remove suspended moisture (Sahoo & Das, 2009).    
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3.2.3. Synthesis and Purification of 3-armed Glyceryl Lactate (Gly-lac)  

The synthesis of 3-armed Gly-lac was done via esterification of glycerol and lactic acid by 

means of condensation reaction. The reaction conditions were selected based the study by 

(Tsion, 2021). The reactants (glycerol and lactic acid), with different molar ratios (1:3, 1:6, 1:9, 

1:12), were loaded into a round bottom flask and well mixed by hand shake. The mixture in a 

round bottom flask was placed inside a temperature-controlled oven at 190oC for 8 hour reaction 

time. Figure 3.2 shows the experimental setup of synthesis and purification of 3-armed Gly-lac.  

 

Figure 3.2: Experimental setup for the synthesis and purification of 3-armed Glyceryl lactate 

Purification of 3-armed Gly-lac was conducted based on the solubility difference for lactic acid 

and glycerol among ethyl acetate and aqueous solution of sodium chloride (Yuan et al., 2016). 

The synthesized 3-armed Gly-lac was first dissolved in 0.5M aqueous solution of sodium 

chloride and delivered into separatory funnel. Then, ethyl acetate was added into the separatory 

funnel and mixing was performed by hand shake. The mixture was kept on for 20 minute to 

allow phase separation. The bottom layer containing NaCl solution with dissolved lactic acid, 

glycerol, and lactic acid oligomer was removed. The layer containing ethyl acetate and 3-armed 
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Gly-lac was poured in to a round bottom flask connected to horizontal condenser, and separation 

of 3-armed Gly-lac from ethyl acetate was done by heating under vacuum pump pressure.        

3.2.4. Synthesis of Alumina Nanoparticle (Al2O3-NPs) by Sol-gel Method 

Alumina nanoparticle (Al2O3-NPs) was synthesized via sol-gel method using aluminum nitrate 

nonahydrate (Al (NO3)3.9H2O) as a precursor and citric acid (C6H8O7.H2O) as a metal complex 

forming agent. Figure 3.3 describes experimental setup for the synthesis of Al2O3-NPs.    

 

Figure 3.4: Experimental setup for the synthesis of alumina nanoparticle 

The synthesis of Al2O3-NPs was conducted by following the previous study by (Li et al., 2006; 

Suhasinee Behera et al., 2017). A 0.5M solution of Al (NO3)3.9H2O was prepared using 100 ml 

of distilled water. And then citric acid was added into the solution with 1:1.5 molar ratio of Al 

(NO3)3.9H2O to citric acid. The solution was stirred at 60oC until the appearance of yellowish 

colour. Then, the temperature was raised to 80oC and the mixing was continued until the 

formation of transparent and highly viscous gel. The gel was subjected for oven drying for 2 

hour at 200oC followed by calcination using a muffle furnace at 800oC for 2 hour. Finally, size 

reduction using mortar and pestle was carried out for the Al2O3-NPs.   
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3.3. Characterizations of Biodiesel   

3.3.1. FTIR Analysis of Biodiesel  

Fourier Transform Infrared (FTIR) spectroscopy analysis was conducted in order to detect the 

functional groups in the synthesized biodiesel. The FTIR spectrum for the biodiesel was 

measured using FTIR spectrometer with a model number (FT/IR-6600 type A), at 2 mm/sec 

scanning speed within the wave number range of (400 - 4000) cm-1 at 4 cm-1 resolution. During 

the FTIR analysis, the biodiesel sample was first diluted at 1:20 with KBr and a background of 

pure KBr was acquired before scanning the sample.     

3.3.2. NMR Analysis of Biodiesel   

Nuclear Magnetic Resonance (NMR) analysis (1H NMR and 13C NMR) was conducted to 

investigate the chemical structure of FAMEs (biodiesel) synthesized from soyabean oil and 

methanol. Prior to the NMR analysis, the biodiesel sample was completely dissolved in 

deuterated chloroform (CDCl3) and filtered using a 0.25µm filter. Then, the sample was 

transferred to a 5 mm diameter NMR tube. For the analysis of 1HNMR, the chemical shift at 

7.26 ppm (a standard chemical shift of deuterated chloroform in 1H NMR) and for 13C NMR 

analysis (77.16 ppm) were used as reference line. The conversion during biodiesel synthesis was 

determined from the result of 1H NMR analysis, using equation (3.5), adapted from (Tariq et 

al., 2011).   

Conversion (%) = 100 x 
2AME

3ACH2
                                                                     Eq (3.5) 

Where; ‘AME’ is integral area of OCH3 group, and ‘ACH2’ is integral area of the 𝛼-CH2 group. 

3.3.3. Physico-Chemical Properties of Biodiesel  

Viscosity: Viscosity is a measure of the resistance to flow. Viscosity of biodiesel was measured 

at room temperature using VK-2000 viscometer based on the method adapted from (Akanksha 

et al., 2009). The biodiesel sample was first poured into clean and dry Borosilicate beaker (250 

ml). The analysis was done using spindle number 5, which rotates at 25 rpm with 100% torque.  

Density: Density of biodiesel is a vital physical property that determines its characteristics (such 

as fuel atomization, energy density) when used in diesel engine. The density of biodiesel was 

determined based on the hydrometer method defined in ASTM D 1298-85 (ASTM, 1999). A 

glass hydrometer with specific gravity range of (0.7 - 1.0) was used for measuring the specific 

gravity. Then, the specific gravity was correlated with density by using the equation (3.6).                            
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𝜌𝑆 = 𝜌𝑊x SG                                                                                                                 Eq (3.6)  

Where; ‘𝜌𝑆’ is density of substance ‘𝜌𝑤’ is density of water, and ‘SG’ is specific gravity.   

Calorific Value (CV): CV is the energy released in the form of heat when a fuel undergoes 

complete decomposition with oxygen at standard conditions. The calorific value of biodiesel 

was determined based on the adiabatic calorimeter analysis method using oxygen Bomb 

calorimeter (Awulu et al., 2018). During the test, 1gram of biodiesel sample was transferred into 

clean and dry crucible fixed with the electrode placed inside the bomb. The bomb head was 

carefully and tightly closed and connected to the oxygen cylinder. Then, the bomb was 

transferred into the calorimeter bucket filled with distilled water. The calorimeter is helpful to 

automatically determine the calorific value from the heat release during combustion. The 

calorific value test was conducted  at Geo-chemical laboratory, Geological Survey of Ethiopia.    

Iodine Value (IV): IV was determined using green potentiometric method (Tubino & Aricetti, 

2013), via titration of sample and blank solution with 0.1N sodium thiosulfate solution using 

1% starch solution as an indicator. Sample biodiesel was dissolved in 96% ethanol and mixed 

with 0.1M ethanolic iodine solution. The titration was done after adding 1% starch solution (as 

indicator), until the appearance of a milky white color. IV was determined using equation (3.4).  

Saponification Value (SV): The SV of biodiesel was detrmined via titration of the sample 

solution and blank solution with 1.5N HCl and using phenolphthalein indicator. A sample 

solution was prepared by dissolving biodiesel in 0.5N ethanolic KOH solution (Sahar et al., 

2018) via heating at 40°C. The solution was refluxed using reflux condenser until the formation 

of clear solution (end of reaction). The blank (0.5N ethanolic KOH) solution was also heated 

and refluxed. The titration was done until the disappearance of pink color. SV was calculated 

using eq (3.7).    

SV = 
(B−S) x N x 56.1

W
                                                                                Eq (3.7)        

Where; ‘B’ and ‘S’ are the titrant volumes required for titration of blank and sample 

respectively, ‘N’ is normality of HCl, and ‘W’ is weight of sample. 

Cetane Number (CN): CN is an important property which determines the ignition probability 

of fuels. Fatty acid distribution in is original oils decides the cetane number of biodiesels. Cetane 

number of the biodiesel was calculated using the correlation with the saponification value and 

iodine value, adapted from (BOSE, 2009; Sahar et al., 2018), as shown in equation (3.8).     
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Cetane Number = 46.3 + 
5458

SV
 – 0.225 x IV                                                          Eq (3.8)   

Where; ‘SV’ and ‘IV’ represents the saponification value and iodine value respectively.  

Flash Point and Fire Point: Flash point and fire point are important biodiesel properties that 

determine the ease of handling and storage. Flash point and fire determination was carried out 

based on standard flash point test method (ASTM, 2015; Kaisan et al., 2020). The biodiesel 

sample was subjected for continuous heating using heating mantle with temperature detection 

using thermometer and passing a light source (flame) over the surface of sample. The flash point 

temperature was detected at which a flame was created in the biodiesel sample. At the fire point 

temperature, the flame was formed at the surface of biodiesel sample and sustained for 5 second.  

3.4. Characterization of 3-armed Glyceryl Lactate (Gly-lac) 

3.4.1. FTIR Analysis of 3-armed Gly-lac 

The molecular group formed by the reaction among lactic acid and glycerol during the synthesis 

of 3-armed Gly-lac was characterized by using FTIR analysis. The FTIR spectrum of the 3-

armed Gly-lac was measured using FTIR spectrometer with model number (FT/IR-6600 type 

A), at 2 mm/sec scanning speed. The spectrum was recorded in the wave number range of (400 

- 4000) cm-1 at 4 cm-1 resolution. During the analysis, the Gly-lac sample was first diluted at 

1:20 with KBr, and a background pure KBr was acquired prior to scanning the sample. 

3.4.2. NMR Analysis of 3-armed Gly-lac   

The chemical structure of 3-armed Gly-lac as well as the existence of free and oligomer lactic 

acid was identified using Nuclear Magnetic Resonance (1H NMR and 13C NMR) analysis. 

During the analysis, 3-armed Gly-lac (both non-purified and purified) was first dissolved in 

deuterated chloroform (CDCl3) and filtered using 0.25μm filter, and transferred to 5 mm 

diameter NMR tube. During the NMR analysis, standard chemical shift of deuterated 

chloroform (7.26 ppm for 1H NMR) and (77.16 ppm for 13C NMR) were used as the reference 

line (Francis, 2012).     

3.4.3. Analysis of Viscosity of 3-armed Gly-lac    

Determination of viscosity for non-purified and purified 3-armed Gly-lac was conducted at 

room temperature using VK-2000 viscometer, based on the method adapted from (Akanksha et 

al., 2009). The Gly-lac sample was first transferred into clean and dry Borosilicate beaker, and 

the analysis was done using spindle number 5, which rotates at 25 rpm with 100% torque. 
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3.4.4. Acid Value Characterization for 3-armed Gly-lac   

The acid value of 3-armed Gly-lac (non-purified and purified) was characterized to compare the 

extent of unreacted lactic acid among different chain 3-armed Gly-lac, and for examining the 

extent of purification by comparing the acid value of non-purified and purified 3-armed Gly-

lac. The acid value for of 3-armed Gly-lac was determined by titration of the sample dissolved 

in chloroform and blank solution with 0.1N KOH solution using 1 ml phenolphthalein indicator, 

following the ASTM D974-12 standard method (Knothe, 2006). 1g of 3-armed Gly-lac was 

dissolved in 20 ml of chloroform, and titrated using 0.1N aqueous solution of KOH until the 

appearance of pink colour (end point of titration).    

AV = 
(B−S) x N x 56.1

Ws
 𝑥 100 %                                                                             Eq (3.9)  

Where; ‘AV’ is acid value (in mg KOH/g), ‘B’ and ‘S’ are titrant volumes used for blank and 

sample solution respectively, ‘N’ is normality of KOH solution, and ‘WS
’ is weight of sample. 

3.5. Characterization of Alumina Nanoparticle (Al2O3-NPs) 

3.5.1. UV-Vis Spectroscopy Analysis of Al2O3-NPs  

UV-vis spectroscopic analysis was conducted for Al2O3-NPs in order to analyze its specific 

absorption band and to compare with its standard wave length at which absorption of UV-visible 

light by Al2O3-NPs is occurred. Before the analysis, Al2O3-NPs were dispersed in distilled 

water. Then, the Uv-vis absorbance of the dispersed sample was recorded in the wave length 

range of (200 - 800) nm using UV-vis instrument (UV-Vis NIR CLB, V-770) at 1000 nm/min 

scanning rate using (Deuterium/Tungsten) light sources.        

3.5.2. FTIR Analysis of Al2O3-NPs  

FTIR analysis of Al2O3-NPs was performed to understand its macromolecular structure so as to 

confirm the existence of expected function groups within the nanoparticle. The FTIR spectrum 

of the as prepared Al2O3-NPs was measured using FTIR spectrometer with a model number 

(FT/IR-6600 type A). The sample was first diluted at 1:20 with KBr prior to the analysis, and a 

background of pure KBr was acquired before scanning the sample. 

3.5.3. Particle Size Analysis of Al2O3-NPs  

The analysis of particle size for the Al2O3-NPs was performed using Particle Size Analyzer 

(PSA)/Zetasizer-Nano, model number ZEN 3600 (Malvern Instrument Ltd. Worcestershire, 
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UK). The size measurement of PSA was based on dynamic light scattering (DLS), which 

measures the particle size with a measurement range of (0.3 nm to 10 µm). Before the analysis, 

the sample was dispersed two types of dispersants (distilled water and propan-2-ol) for 40 

minute. The sample dispersed in both dispersant solvents was analyzed to understand the effect 

of dispersant on the particle size of the nanoparticle. The result of PSA was reported by percent 

intensity to determine the average particle size of the nanoparticle. 

3.5.4. X-ray Diffraction (XRD) Analysis of Al2O3-NPs   

The XRD analysis of the as prepared Al2O3-NPs was conducted using (XRD-700 XRAY 

diffractometer, shimadzu Corporation, Japan) with continuous scanning at a speed of 3o/min 

within (10o - 80o) diffraction angles. During the XRD analysis, the sample was placed into the 

center of the instrument and illuminated with a beam of X-rays, and the XRD patterns from the 

sample was recorded via measurements of the diffraction angles of X-ray beams altered by the 

interference of atomic structure of the sample.    

Scherrer equation: 

D = 
Kλ

βcosθ
                                                                                                                 Eq (3.10) 

Where; ‘D’ is Crystallite size, ‘K’ is shape factor (Scherrer constant = 0.9), ‘𝜆’ is wave length 

of X-ray (𝜆 = 0.15406 nm), ‘𝛽’ is Full width half maxima (FWHM), ‘𝜃’ is diffraction angle. 

Bragg’s equation:  

 d = 
nλ

2sinθ
                                                                                                                   Eq (3.11) 

Where; ‘d’ is d-spacing, ‘n’ is order of diffraction (n = 1), ‘𝜃’ is diffraction angle, and ‘𝜆’ is 

wave length of incident X-ray (𝜆 = 0.15406 nm).  

3.5.5. Analysis of Dispersion Stability of Al2O3-NPs with in Gly-lac 

The dispersion stability of Al2O3-NPs within purified Gly-lac was analyzed by physical 

detection and as well as using Zeta potential analysis. In the physical detection, the Al2O3-NPs 

was first dispersed in purified Gly-lac at different loading rate of Al2O3-NPs (1wt%, 2wt%, 

3wt%, and 4wt%). The dispersion was agitated by ultrasonicating for 45 minute to reduce 

particle aggregation and to enhance its dispersion (Anchupogu, 2018; Soudagar et al., 2018). 

Then, the sample was kept on for 72 hours and noticed if a visible separate phase was created 

or not in the dispersion.    
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The analysis of zeta potential was conducted after obtaining the maximum loading rate at which 

stable dispersion was possible during the physical detection. Zeta potential analysis was 

conducted at 3wt% Al2O3-NPs loading rate with in Gly-lac. Zeta potential was measured using 

Zetasizer Nano instrument (Nano ZS (Red badge)) with model number ZEN 3600 (Malvern 

Instrument Ltd. Worcestershire, UK). The size range for Zetasizer to measure zeta potential was 

(3.8 nm - 100 µm). A 4mW He-Ne laser (with 632.8 nm wavelength) light source was used to 

provide an incident and a reference beam. The minimum required concentration was (0.1-1)%w/v 

to obtain sufficient scattering from the solution to perform effective zeta potential measurement.     

3.6. Cold Flow Property of Analysis of Biodiesel  

Biodiesel cold flow properties (cloud point and pour point) tests were conducted in the 

laboratory of Nazteck Petroleum group (LUBTAM Company), located in Gelan city. 

3.6.1. Testing Cloud Point (CP) and Pour Point (PP) of Biodiesel       

The measurement of CP and PP was performed by using automatic cloud point and pour testing 

machine (Koehler model) based on the ASTM standard methods, ASTM D2500-ISO3015 for 

cloud point and ASTM D97-ISO3016 for pour point. The setup for cloud point and pour point 

test machine is shown in Figure 3.4.  

 

Figure 3.4: Setup of cold flow property test (A) at cloud point, (B) at pour point 

During the analysis, the biodiesel sample was poured into the cylindrical sample holder fitted 

with thermometer. Then the sample holder was placed inside the cooling bath. For the cloud 

point test, the detection was done for every 1oC drop in the sample temperature until the 

formation of a haze at the bottom of the sample holder as shown in Figure 3.4A. For pour point 
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test, the detection was done for every 3oC drop in sample temperature until the sample ceases to 

flow when the sample holder is held horizontally for 5 second as shown in Figure 3.4B. 

3.6.2. The Effects of Gly:lac Molar Ratio and Loading Rate on CP and PP 

The purified 3-armed Gly-lac with different Gly:lac molar ratio (1:3, 1:6, 1:9, and 1:12) was 

used as cold flow improver for biodiesel. Biodiesel-(3-armed Gly-lac) mixture was prepared by 

dissolving the purified Gly-lac within biodiesel by heating at 60oC using hot plate and agitating 

at 200 rpm for 10 minute, and subsequent ultra-sonication at 30oC for 30 minute to allow further 

mixing (Yang et al., 2021).  Here, the effect of Gly:lac molar ratio on CP and PP was studied 

by loading each Gly:lac molar ratios (1:3, 1:6, 1:9, and 1:12) into biodiesel at constant loading 

rate of 10 g/l based on previous works (Hamada et al., 2010; Tesfaye & Katiyar, 2016; Yang et 

al., 2021). Then, the effect of loading rate of 3-armed Gly-lac on CP and PP was investigated 

using the selected Gly:lac molar ratio (1:6). The CP and PP of biodiesel were tested by loading 

the 3-armed Gly-lac in to biodiesel at a rate of (5 g/l, 10 g/l, and 15 g/l).         

3.6.3. The Effects of Al2O3-NPs dispersed Gly-lac on CP and PP   

The effect of Al2O3-NPs dispersed Gly-lac on CP and PP was studied with the selected Gly:lac 

molar ratio and Gly-lac loading rate. The Al2O3-NPs (1wt%, 2wt%, and 3wt%) was dispersed 

in Gly-lac (1:6) and labeled as GAl1%, GAl2, GAl3% respectively. The Gly-lac loading rate 

with respect to biodiesel was 10 g/l selected from the study of loading rate effect on CP and PP. 

The ultrasonic method was used to disperse the Al2O3-NPs within Gly-lac to enhance its 

dispersion (Soudagar et al., 2018). Then, the Gly-lac/Al2O3-NPs blend was dissolved in 

biodiesel with the help of ultrasonicate at 30oC for 30 minute (Yang et al., 2021). The CP and 

PP tests were conducted with the addition of GAl1%, GAl2, and GAl3% into biodiesel.     

3.7. Analysis of IC Engine Performance and Emission Characteristics   

3.7.1. Fuel-Additive Blend Preparation  

 Biodiesel-Diesel Blend (B20): It was prepared by mixing the synthesized soyabean-based 

biodiesel and diesel with a B20 proportion (i.e., 20% biodiesel and 80% diesel). The B20 

blend was mixed by hand shake for 5 minute to allow homogenous mixture.     

 B20-(3-armed Gly-lac) Blend (B20G): In order to prepare B20-(3-armed Gly-lac) blend, 

first 10 g of 3-armed Gly-lac was dissolved in 200 ml of B20 via heating using hot plate at 

60oC for 10 minute. Then, additional B20 was added to make one 1liter of B20-(3-armed 
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Gly-lac) blend. B20-(3-armed Gly-lac) blend was further mixed with the help of 

ultrasonicate at 30oC for 20 minute (Yang et al., 2021).       

 B20-(3-armed Gly-lac)-Al2O3-NPs Blends: In this case, first the Al2O3-NPs were dispersed 

in 3-armed Gly-lac at different loading rate of Al2O3-NPs (1wt%, 2wt%, and 3wt% with 

respect to 3-armed Gly-lac). Then, the 3-armed Gly-lac/Al2O3-NPs blend was mixed with 

B20 using ultrasonicate at 30oC for 20 minute (Yang et al., 2021). The B20-(3-armed Gly-

lac)-Al2O3-NPs blends (at 10g/l of 3-armed Gly-lac/Al2O3-NPs) were labeled as B20GA1%, 

B20GA2%, B20GA3% for respective Al2O3-NPs loading rate of 1wt%, 2wt%, and 3wt%.      

 B20-Al2O3-NPs Blend (B20A): In this case, the Al2O3-NPs (0.1 g/l with respect to B20 

which is in equal amount with 1wt% in case of B20-(3-armed Gly-lac)-Al2O3-NPs) were 

dispersed in B20 by using ultrasonicate at 30oC for 45 minute (Anchupogu, 2018).                       

3.7.2. The Effect of Gly-lac/Al2O3-NPs on Emission and Engine Performance of B20  

The experiments for engine performance and exhaust gas emission tests were conducted at 

Defense University Engineering College in Automotive workshop. Four strokes, single 

cylinder, water cooled diesel engine (Model-R180) was used for IC engine performance test. 

The experimental setup of IC engine test is shown in Figure 3.5A. In parallel with IC engine 

test, a probe, which is a component of automotive emission gas analyzer (FGA-4100) shown in 

Figure 3.5B, was connected with the exhaust gas line in order to measure the concentration of 

exhaust gases. During the engine performance and emission gas analysis, biodiesel-diesel blend 

(B20) was used as a reference so as to investigate the effect of Al2O3-NPs dispersed 3-armed 

Gly-lac on performance parameters (brake power, brake thermal efficiency, and brake specific 

fuel consumption) as well as on the exhaust gas emission (HC, CO, CO2, and NOx). 

The IC engine performance and emission test experiments were done at various engine loads 

(%) at constant engine speed of 1500 rpm. During the test, measurement of torque was 

performed with the help of hydraulic dynamometer, and the volumetric flow rate of fuel sample 

consumed by the combustion process was determined with the help of fuel flow meter.   
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Figure 3.5: Setup of (A) IC engine test, (B) FGA-4100 automotive emission gas analyzer 

The specifications of the IC diesel engine and that of the FGA-4100 automotive gas analyzer 

are described in Table 3.2 and 3.3 respectively. The experimental frame work followed during 

the analysis of IC engine performance and exhaust gas emission for biodiesel-diesel-additive 

blends is illustrated in Table 3.4. 
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Table 3.2: Specification of the test diesel engine 

Name Details Name Details 

Model R180 Injection timing 230 bTDC 

Engine type 4-stroke, single cylinder, 

water cooled DI diesel 

engine 

Displacement 

volume 

402 cc 

Loading device Hydro-dynamometer Maximum torque ˃=23.4 

Rated power 5.67 kW at 2600 rpm Nozzle opening 

pressure 

20MPa 

Cylinder bore and 

stroke 

80 mm x 80mm Nozzle type, hole 

diameter 

Pintle, 0.84 mm 

Compression ratio 21:1 Net weight(kg) 72 

Table 3.3: Specification of FGA-4100 automotive gas analyzer 

Gas Measurement Range Resolution 

CO 0-10 %vol 0.01% 

CO2 0-20% vol 0.1% 

HC 0-2000 ppm 1ppm 

Nox 0-5000 ppm 1ppm 

Table 3.4: Experimental frame work for engine performance and emission gas test   

Controlled variables Fuel-additive blend 

samples 

Performance 

parameters 

evaluated 

Emission 

gases 

measured 
Engine speed Load (%) 

Constant at 

1500 rpm 

 

 

 

 

 

 

 20% 

 40%  

 60% 

 80% 

 100% 

 

B20 
 Brake power 

(BP) in kW.  

 Brake thermal 

efficiency 

(BTE) in %  

 Brake specific 

fuel 

consumption 

(BSFC) in 

kg/kWh.  

 

 HC (ppm) 

 CO 

(%vol) 

 CO2 

(%vol) 

 NOx 

(ppm) 

B20G (B20 + Gly-

lac) 

B20A (B20 + Al2O3)  

B20GA1% (B20 + 

Gly-lac + 

1wt%Al2O3) 

B20GA2% (B20 + 

Gly-lac + 

2wt%Al2O3) 

B20GA3% (B20 + 

Gly-lac + 

3wt%Al2O3) 
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 Brake Power (BP): The power available at the engine crank shaft (drive shaft) is referred 

as brake power or shaft power or delivery power. BP was calculated by using equation 

(3.12).    

BP = 
2πxNxT

60,000
                                                            Eq (3.12) 

Where; ‘BP’ is brake power in kW, ‘N’ is engine speed in (rpm), and ‘T’ is Torque in (N.m). 

 Brake specific fuel consumption (BSFC): Describes the amount of fuel consumed for the 

generation of unit brake power. It is expressed as the ratio of mass flow rate of fuel (kg/s) to 

brake power (kW) generated from the combustion of the fuel in the engine. 

BSFC = 
ṁfx3600

BP
                                                                         Eq (3.13)  

Where; ‘BSFC’ is brake specific fuel consumption in (kg/kWhr), ‘ṁf’ is mass flow rate of 

fuel in kg/s, and ‘BP’ is brake power in kW. 

 Brake thermal efficiency (BTE): It is the critical engine performance parameters for a 

certain fuel which describes its ignition capability, or it shows how well the fuel’s energy is 

transformed into useful work (Ağbulut et al., 2020). BTE was calculated using eq (3.14).  

 BTE (%) = 
BP

ṁfxCV
 x 100%                                                                          Eq (3.14) 

Where; ‘BTE’ is brake thermal efficiency in (%), ‘ṁf’ is mass flow rate of fuel in kg/s, ‘CV’ 

is calorific value of the fuel sample, and ‘BP’ is brake power in kW.  
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CHAPTER FOUR 

4. RESULTS AND DISCUSSION  

In this chapter, the different results obtained are discussed in detail starting from the results of 

soyabean oil characterization. The results from different characterizations of biodiesel 

(synthesized from soyabean), synthesized and purified Gly-lac, and for the synthesized alumina 

nanoparticle are also discussed in this chapter. The results from the analysis of cold flow 

properties of biodiesel were also discussed in this chapter with an emphasis on the effects of 

Gly:lac molar ratio, Gly-lac loading rate, and Al2O3-NPs dispersed Gly-lac on biodiesel cold 

flow properties (mainly cloud point and pour point). Later in this chapter, the results from the 

analysis engine performance and exhaust gas emission for biodiesel-diesel were understood in 

detail. In this case the effects of Al2O3-NPs dispersed Gly-lac on brake power, brake thermal 

efficiency, and the emission of unburned hydrocarbon (HC), NOx, and CO were discussed using 

B20 as a baseline reference.                           

4.1. Characterization of Properties of Soyabean Oil  

Acid Value and %FFA: Acid value for any type of oil describes the extent by which the free 

fatty acid is present in oil, which is defined as the weight in mg of KOH required to neutralize 

the free fatty acid in 1 g of oil (Seneviratne & Jayathilaka, 2020). The acid value and %FFA 

were determined by titration using 0.1N NaOH solution until the appearance of pink colour. The 

parameters used to determine acid value and %FFA were mass of soyabean oil used, the titrant 

volume used, molecular weight of NaOH, and normality of NaOH solution. The acid value and 

%FFA of soyabean oil were found to be 0.99 mg KOH/g and 0.495% respectively as shown in 

Table 4.1. The titration results and calculations are shown in Appendix A (Table A1). 

Table 4.1: Characterization results of soyabean oil properties  

Acid value %FFA Moisture content Iodine value 

0.99 mg KOH/g  0.495%  1.43% 126.054 g I2/100 g oil 

Moisture Content of Oil: The soyabean oil moisture content was found to be 1.43% as shown 

in Table 4.1. See Appendix A (Table A2) for detail results of the moisture content test.   

Free fatty acids (FFA) are formed via hydrolysis of triglycerides by the action of enzymes such 

as lipase (Seneviratne & Jayathilaka, 2020). A certain oil to be used in homogenous base trans-

esterification reaction, its %FFA and moisture content should be less than 2% and 1.5% 
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respectively (Chen et al., 2012), otherwise the reaction between base catalyst and excess free 

fatty acid could be favored to form soap. The value of %FFA (0.45%) and moisture content 

(1.43%) for the soyabean oil were suitable for the biodiesel synthesis through base catalyzed 

trans-esterification reaction, which was performed with appropriate reaction conditions.  

Iodine Value (IV): IV of soyabean oil was found 126.054 g I2/100 g as shown in Table 4.1. 

Iodine value measures the unsaturation degree of fatty acids, which is expressed as the number 

of grams of iodine required to saturate 100 g of oil. The higher iodine value indicates high 

unsaturation degree, as I2 reacts with the double bonded fatty acid contents of the given oil 

(Seneviratne & Jayathilaka, 2020). The standard for soyabean oil IV is (120 - 143) g I2/100 g 

(Seneviratne & Jayathilaka, 2020). Here, the soyabean oil IV was in agreement with its standard 

value which was good to use the soyabean oil for biodiesel synthesis. The titration results for 

iodine value determination are shown in Appendix A (Table A3). The IV soyabean oil is in 

agreement with a study by (Soares & Rocha, 2018), in which IV of refined soyabean oil was 

133 g I2/100 g.    

4.2. Characterization of Synthesized Biodiesel  

The biodiesel was synthesized from soyabean oil, separated from glycerol and purified by 

washing with distilled water. During the glycerol separation a clear phase separation was 

detected in which the top layer was biodiesel whereas glycerol was in bottom layer due to the 

higher density of glycerol relative to biodiesel. The different characterizations of soyabean-

based biodiesel are discussed in this section.    

4.2.1. Functional Group Analysis of Biodiesel  

The FTIR spectrum of the synthesized soyabean-based biodiesel is shown in Figure 4.1, in 

which different transmittance peaks were observed associated with the stretching and bending 

vibration of different functional groups while being exposed to infrared radiation. A strong peak 

was observed at 1744 cm-1, which is attributed to the stretching vibration of the carbonyl (C=O) 

group in the methyl ester (Rabelo et al., 2015). The spectra at 1170 cm-1, 1196 cm-1, and 1026 

cm-1 indicate the stretching vibration of  OCH3 (Rabelo et al., 2015). The transmittance peaks 

at 2921 cm-1 and 2858 cm-1 denote the C–H stretching (Nabi et al., 2009; Rabelo et al., 2015). 

The other spectra was observed at 1440 cm-1 and 1461 cm-1, which illustrate the asymmetric 

stretching of CH3 and the C–H bending, respectively (Nabi et al., 2009; Rabelo et al., 2015).   



   46 

 

 
Figure 4.1: Fourier Transform Infrared (FTIR) spectrum of synthesized biodiesel 

The characteristics peaks at 725 cm-1 and 1364 cm-1 are attributed to bending vibration of CH3 

and (CH2) n respectively (Nabi et al., 2009). The other peak at 3472 cm-1 describes the OH 

stretching that could be suspended from residual glycerol. In general, the existence of the 

function groups in biodiesel was confirmed by their characteristic’s peaks in the FTIR spectrum.     

4.2.2. Analysis of Chemical Structure for Biodiesel   

1H NMR analysis: A 1H NMR spectrum of the as synthesized soyabean-based biodiesel is 

shown in Figure 4.2. The chemical shift for the unsaturated protons (CH=CH) and the outer 

hydrogen in the conjugated double bonds (-CH=CH–CH=CH-) were detected at (5.21 - 5.21) 

ppm, which are expected in the range of (5.06 - 5.65) ppm (Doudin, 2021; Sarpal et al., 2015). 

Those groups require high shifting energy due to de-shielded nature because of the strong 

attraction force among the double bonded carbons. The triplet peaks at (1.91 - 1.94) ppm and 

(2.63 - 2.66) ppm are attributed to methylene group in allylic (CH2-CH=CH) and bisallylic 

(CH=CH-CH2-CH=CH) groups, respectively (Sarpal et al., 2015). The allylic and unsaturated 

groups indicate the existence of unsaturated FAME, whereas the presence of bisallylic 

methylene group validates the existence of the di-unsaturated FAME.        
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Figure 4.2: 1H NMR Chemical shift of synthesized biodiesel                  

 

Figure 4.3: 13C NMR Chemical Shift for Soyabean biodiesel 
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The chemical shifts at 2.68 ppm and 2.69 ppm represent the methylene group between two 

double bonds of linoleic (C18:2) and linolenic (C18:3) groups (Morgenstern et al., 2006; Sarpal 

et al., 2015), which are the key components of soyabean-based biodiesel. The other chemical 

shifts at 3.51 ppm, 2.18 ppm, and (1.48 - 1.51) ppm are attributed to the methoxy group (O-

CH3), 𝛼-CH2 group (adjacent to carbonyl group, CH2-C=O), and 𝛽-CH2 (CH2-CH2C=O) 

respectively (Sarpal et al., 2015; Tariq et al., 2011). Those peaks are evidence for the existence 

of methyl esters in the as synthesized biodiesel. The doublet at (1.15 - 1.20) ppm describes the 

long alkyl chain (CH2) n. The chemical shift at (0.77 - 0.85) ppm is attributed to the terminal -

CH3 group (Tariq et al., 2011).  

1H NMR is also helpful to determine the conversion of oil into FAME by using integral areas 

of OCH3 and 𝛼-CH2 groups (Tariq et al., 2011). Conversion was calculated using equation (3.5). 

Conversion (%) = 100 x 
2AME

3ACH2
 = 100 x 

2𝑥1.09

3𝑥0.83
 = 87.55%                                                                            

Where; ‘AME’ is integral area of OCH3 = 1.09, and ‘ACH2’ is integral area of 𝛼-CH2 = 0.83.  

13C NMR Analysis: The 13C NMR chemical shifting of biodiesel is shown in Figure 4.3, in 

which the chemical shifting at different frequency corresponds to carbon atom involved in 

various chemical groups. The chemical shift value at (173.46 - 173.49) ppm describes the 

carbonyl group (C=O) group, and the other carbonyl (C–O) group was indicated by the chemical 

shift at 50.87 ppm (Tariq et al., 2011). The chemical shift was observed at (129.41 - 129.82) 

ppm, which denotes the unsaturated carbons (-CH = CH-) and the outer carbons of the non-

conjugated group (-CH = CH - CH2 - CH = CH-), whereas the inner carbons of the non-

conjugated group (-CH = CH - CH2 - CH = CH-) are represented by the chemical shift at (127.54 

- 127.96) ppm (Doudin, 2021). The existence of chemical shift at (13.78 - 13.98) ppm, (22.41 - 

31.79) ppm, and 33.74 ppm represent the carbon in the terminal methyl group, long carbon chain 

(CH2) n, and the methylene -CH2- group adjacent to the carbonyl group, respectively (Doudin, 

2021; Tariq et al., 2011). 

4.2.3. Analysis of Biodiesel Physico-chemical Properties   

Iodine value (IV): IV of the synthesized biodiesel was found to be 73.602 g I2/100g as shown 

in Table 4.2, which is in agreement with the biodiesel standard (IV≤120). IV is the measure of 

amount in gram of iodine absorbed by 100 g of biodiesel, which defines the unsaturation nature 

of biodiesel that helps to examine its oxidation stability. High unsaturation degree leads to the 
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occurrence of oxidation reaction caused by addition of oxygen in double bonds which 

deteriorate the oxidation stability of the biodiesel (Lawan et al., 2019; Sahar et al., 2018). The 

IV result is in agreement with previous works by (Sahar et al., 2018) in which IV was found 

63.5 g I2/100 g.               

Saponification Value (SV): SV is defined as the mg of KOH required to neutralize 1 gram 

biodiesel. High SV indicates the existence of high fraction of free fatty acid and vice versa. The 

biodiesel standard for SV is (<320 mg KOH/g) (Sahar et al., 2018). In this study, the biodiesel 

SV was found to be 148.104 mg KOH/g as shown in Table 4.2, which is in agreement with its 

standard, describing that it has acceptable quality.      

 Cetane Number (CN): The CN of biodiesel was fond to be 66.59. As per the standards, 

biodiesel have a cetane number (45 - 70), therefore the synthesized biodiesel has acceptable 

cetane number.  Fuel with high cetane number has good ignition feature, which indicates short 

ignition delay period between the start of fuel injection and the start of auto ignition. The cetane 

number of the soyabean-based biodiesel was relatively higher, which shows a good ignition 

probability.    

Table 4.2: Properties of biodiesel synthesized from soyabean oil 

Properties Unit Synthesized 

Biodiesel 

Biodiesel 

Standards 

Reference 

Iodine value (IV) g I2/100g 73.602 ≤ 120 
(Sahar et al., 

2018) Saponification value 

(SV) 

mg of 

KOH/g 

148.104 < 320 

Cetane number   --- 66.59 (45 - 70) 
(Smith et al., 

2010) 

Flash point ℃ 153 ≥ 130 (Astm D, 2012; 

ASTM D6751-02, 

2002)  

Fire point ℃ 165 --- 

Kinematic Viscosity 

@ 25oC 

mm2/s 4.24 1.9 - 6.0 

Density g/cm3 0.885 0.86 - 0.9 EN ISO 3675 

Calorific Value kJ/kg 38970.75 --- --- 

Viscosity: Viscosity of biodiesel is a crucial property that influences its flow ability within the 

engine pipe line. As shown in Table 4.2, the biodiesel viscosity standard is (1.9 - 6) mm2/s. 

Viscosity below the lower limit could result in unnecessary internal pump leakage which 

ultimately leads to the formation of black smoke. On the other hand, viscosity above the standard 
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limit might result in poor spray atomization that causes engine operational problems such as 

higher emissions, lower engine performance and deposits (Lawan et al., 2019). As shown in 

Figure 4.4, the viscosity analysis result was 3.75 cP that is equivalent to 4.24 mm2/s, which is 

in agreement with its standard as per the ASTM D-6751. The viscosity result is also in 

agreement with the previous work done by (Tesfaye & Katiyar, 2016), in which viscosity was 

found to be 4.17 mm2/s.         

 

Figure 4.4: Analysis result for viscosity of biodiesel 

Flash point and fire point are also important properties of biodiesel that determines the ease of 

handling and storage (Agarwal et al., 2010). A high flash point and fire point of biodiesel 

indicates that the biodiesel is safe for handling and storage (Agarwal et al., 2010). On the other 

hand, the flash point should not exceed 176oC, as too high flash point could affect its 

vaporization, which have negative impact when it is used in diesel engine (Kaisan et al., 2020). 

As shown in Table 4.2, flash point and fire point of biodiesel were found to be 150oC and 163oC 

respectively which is in agreement with its standards, indicating that the biodiesel is safe for 

handling and storage. 

Density of biodiesel is another key property which determines its consumption in which a 

certain fuel should have to be less dense that favors a lower fuel consumption. Density of 

biodiesel was obtained 0.885 g/cm3 which is in agreement with the standard limit (0.86 - 0.9) 

g/cm3 as per the EN ISO 3675 standard. The density result of biodiesel is comparable with study 

by (Tesfaye & Katiyar, 2016), in which density of 0.891 g/cm3 for soyabean-based biodiesel 

was obtained.                            
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4.3. Characterization of 3-armed Gly-lac 

3-armed Gly-lac was synthesized from the reaction among glycerol and lactic acid. Purification 

was done due to the possibility for the existence of free lactic acid and lactic acid oligomer. The 

characterizations for synthesis and purification of 3-armed Gly-lac are discussed in this section.  

4.3.1. Analysis of Functional Group in 3-armed Gly-lac  

The FTIR spectrum of the synthesized 3-armed Gly-lac (non-purified and purified) is shown in 

Figure 4.5. A strong transmittance peak at 1748 cm-1 indicates the stretching vibration of 

carbonyl group (C=O) (Slivniak & Domb, 2005). This peak is very intense in case of the purified 

3-armed Gly-lac compared to the non-purified, which might be due to removal of unreacted and 

oligomer lactic acid. The transmittance peaks at 945 cm-1 and 1039 cm-1 are due to stretching 

vibrations of C–O in primary and secondary hydroxyl group from glycerol respectively (Gómez-

Siurana et al., 2013). The transmittance peaks around 2930 cm-1 denotes CH stretching in CH3 

and CH2 groups.        

 

Figure 4.5: FTIR spectrum of purified and non-purified (1:6) 3-armed Gly-lac   

A transmittance peak at 1645 cm-1 in non-purified 3-armed Gly-lac is attributed to the stretching 

vibration of (C=O) group in the free lactic acid (Tang et al., 2019), however, this peak is not 

available in the purified one that validates the removal of free lactic acid via purification. The 
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transmittance peak at (1300 - 1000) cm-1 indicates the C-O-C stretching vibration. A broad peak 

at (3260 - 3650) cm-1 was observed in non-purified 3-armed Gly-lac that indicates O-H 

stretching, which attributes to both 3-armed Gly-lac and lactic acid in broad range. In the case 

of purified 3-armed Gly-lac, the OH peak is sharp and intense, which converges into a narrow 

range (3330 - 3500) cm-1. This is a validation for the removal of free and oligomer lactic acid.           

4.3.2. Analysis of Chemical Structure for 3-armed Gly-lac  

1H NMR Analysis: 1H NMR spectrum is used to determine the chemical shift for the H proton 

which involves in different functional groups. In this case, the 1H NMR spectrum is used to 

analyze the H proton in the chemical structure of the 3-armed Gly-lac synthesized from lactic 

acid and glycerol. It is also helpful to determine the presence and absence of free lactic acid and 

oligomer, before and after purification of 3-armed Gly-lac. Figures 4.6 and 4.7 illustrate the 1H 

NMR spectrum of both non-purified and purified 3-armed Gly-lac respectively, typically for 

(1:6) molar ratio with the inclusion of its possible structure.     

The reaction among glycerol and lactic acid could be confirmed by the methylene group from 

esterified glycerol at the core of 3-armed Gly-lac chain, which is indicated at (4.25 - 4.29) ppm, 

and that of methine group from lactic acid at 4.09 ppm (Li et al., 2014) as shown in Figure 4.6 

for the non-purified 3-armed Gly-lac. Whereas for the purified one (shown in Figure 4.7), the 

chemical shift for the core methylene group was shifted into (4.13 - 4.15) ppm and that of 

methine group was shifted into 3.98 ppm. The existence of chemical shift at (3.54 - 3.63) ppm 

is responsible for the terminal OH group in the 3-armed Gly-lac end chain, in which its value 

was shifted to (3.40 - 3.51) ppm in case of purified 3-armed Gly-lac. The decrease in chemical 

shifting value in case of the purified 3-armed Gly-lac could be due to the shielding effect by 

electrons which would have been de-shielded due to the van der Waals attraction with the 

approaching free and oligomer lactic acid. As shown in Figure 4.6, three doublet peaks were 

detected at a chemical shift value of (1.33 - 1.35) ppm, (1.39 - 1.41) ppm, and (1.44 - 1.46) ppm 

that corresponds to the esterified methyl (CH3) group (Gross et al., 2018). Those peaks indicate 

the existence of six methyl group with small variation in chemical shift value. This variation 

could be the effect of the van der Waals attraction force by free and oligomer lactic acid. On the 

other hand, in case of purified 3-armed Gly-lac, the methyl group was denoted by a singlet peak 

at 1.33 ppm. This describes that all the methyl group become in similar energy level due to 
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diminishing of the van der Waals attraction upon the removal of free and oligomer lactic acid 

via purification.  

Figure 4.6: 1H NMR spectrum of non-purified 3-armed Gly-lac for (1:6) molar ratio 

Figure 4.7: 1H NMR spectrum of purified 3-armed Gly-lac for (1:6) molar ratio 
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As shown in Figure 4.6, the peak (1.27 - 1.30) ppm in non-purified 3-armed Gly-lac denotes the 

CH3 group in unreacted and oligomer lactic acid (Rashkov et al., 1996), on the other hand, only 

a small peak with a minimal integral area exist at 1.28 ppm in the purified 3-armed Gly-lac as 

shown in Figure 4.7. In addition, the intensity of this peak was decreased and comparatively the 

intensity of OH and methine groups was increased. This illustrates the removal of free and 

oligomer lactic acid that have been approaching to the OH and methine groups. The chemical 

shift at (4.17 - 4.23) ppm and (4.96 - 5.06) ppm in non-purified 3-armed Gly-lac indicates the 

methine (CH) group in dimer and trimmer lactic acid (Espartero et al., 1996), but those peaks 

were absent in the purified 3-armed Gly-lac shown in figure 4.7, which is evidence for the 

removal of lactic acid oligomer via purification. In the purified 3-armed Gly-lac there exist a 

new peak at (1.16 - 1.21) ppm as shown in Figure 4.7, which might be attributed to the hydrogen 

in methyl and methylene groups of ethyl acetate that could be left over after purification (Sharma 

et al., 2007). The chemical shift at 4.04 ppm is attributed to the methine group in the free lactic 

acid monomer (Espartero et al., 1996), whereas this chemical shifts doesn’t exist in the purified 

3-armed Gly-lac, which validates the removal of unreacted lactic acid through purification.                          

13C NMR Analysis: The 13C NMR analysis was used to determine the carbonyl bonds within 

the CO, CH, CH2, and CH3 in the structure of 3-armed Gly-lac, which is shown in Figures 4.8 

& 4.9 for the non-purified and the purified respectively. The carbon associated with ester group 

((C=O)-O), which was observed at (172.28 - 172.64) ppm is an indication for the occurrence of 

a reaction among lactic acid and glycerol. A resonance at (169.46 - 169.91) ppm is attributed to 

the carbonyl adjacent to (-O-CH2) group, this peak also occurred in purified 3-armed Gly-lac at 

(168.97 - 169.59) ppm with a small decrease in chemical shift value, which could be attributed 

to more shielding by electron due to reduction of van der Waals force upon the removal of 

unreacted and oligomer lactic acid. In both the non-purified and purified 3-armed Gly-lac, the 

chemical shift at (66.10 - 69.67) ppm indicates the methine (-CH-) group. The end chain 

carbonyl group adjacent to the 𝛼-methine was denoted by the chemical shift at (174.54 - 174.95) 

ppm, whereas the methyl (CH3) group in the end chain was identified at a chemical shift value 

of (16.34 - 19.84) ppm. The existence of two methylene (CH2-CH-CH2) groups was verified by 

DEPT-135 analysis shown in Appendix F, in which two downward peaks were observed at 

(62.80 – 62.86) ppm and (65.21 - 65.38) ppm. These peaks are attributed to the esterified 
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methylene group (Rashkov et al., 1996), which is another evidence for the occurrence of a 

reaction among glycerol and lactic acid.  

Figure 4.8: 13C NMR spectrum of non-purified 3-armed Gly-lac for (1:6) molar ratio 

Figure 4.9: 13C NMR spectrum of purified 3-armed Gly-lac for (1:6) molar ratio 



   56 

 

As shown in Figure 4.8, the carbonyl group from the lactic acid monomer could be observed at 

177.43 ppm (Espartero et al., 1996) in non-purified 3-armed Gly-lac. This peak have higher 

intensity than that of 𝛼-methine group in non-purified 3-armed Gly-lac, but this peak was found 

at (176.85 ppm) with lower intensity than that of 𝛼-methine group in purified 3-armed Gly-lac 

as shown in figure 4.9. This is evidence for the removal of unreacted lactic acid via purification. 

For the non-purified 3-armed Gly-lac shown in Figure 4.8, an intense peak was observed at 

170.31 ppm that denotes the carbonyl group in the trimmer lactic acid (Espartero et al., 1996). 

The intensity of this peak was higher that of the carbonyl adjacent to (-O-CH2) group in the non-

purified 3-armed Gly-lac as shown in Figure 4.8, whereas the reverse is true for the purified one 

as shown in Figure 4.9, which is evidence for the removal of oligomer lactic acid via 

purification. The other carbon signals were observed at (76.84 - 77.48) ppm which represents the 

carbons from solvent Deuterated chloroform (CDCl3) used for dissolving the sample in the analysis  

(Borowicz et al., 2019).  

4.3.3. Viscosity of 3-armed Gly-lac for non-purified and purified 

The viscosity of the synthesized 3-armed Gly-lac (both purified and non-purified) was 

determined for the different molar ratios. The viscosity result was used as a confirmation for the 

synthesis of 3-armed Gly-lac with different chain length as well as validating its purification. 

The chain length of a given material determines its molecular weight that affects its viscosity 

(Pinzi et al., 2011).      

Table 4.3: Viscosity analysis results of 3-armed Gly-lac  

Viscosity (cP) Molar ratio 

1:3 1:6 1:9 1:12 

Non-purified 348 385 427 462 

Purified > 5270 cP > 5270 cP > 5270 cP > 5270 cP 

As shown in Table 4.3, the viscosity of the 3-armed Gly-lac was increased with increasing 

Gly:lac molar ratio, this is because the chain length of the 3-armed Gly-lac is enlarged when 

high amount of lactic acid (with high Gly:lac molar ratio) is supplied into the reaction thereby 

the molecular weight is intended to become higher, which results a high viscosity (Akbar et al., 

2009). The viscosity of the purified 3-armed Gly-lac was increased for all Gly:lac molar ratios 

as shown in Table 4.3. The viscometer used for viscosity analysis can only measure viscosity 

up to 5270 cP. As a result, the viscometer was unable to display a measurement for the viscosity 
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of purified 3-armed Gly-lac as shown in Figure 4.10, indicating that the viscosity is higher than 

5270 cP. The increase in viscosity might be due to removal of unreacted and oligomer lactic 

acid through purification.          

 

Figure 4.10: Viscosity measurement for (1:12) 3-armed Gly-lac (A) non-purified, (B) purified 

4.3.4. Acid Value Analysis for 3-armed Gly-lac    

The acid value is helpful for understanding the existence of free lactic acid in 3-armed Gly-lac 

as well as it could be used for analyzing the extent of purification.      

Table 4.4: Acid value of Gly-lac for purified and non-purified 

Acid Value 

(mg KOH/g) 

Gly:lac Molar ratio 

1:3 1:6 1:9 1:12 

Non-purified 73.85 131.463 151.27 159.382 

Purified 32.326 84.045 90.724 108.106 

As shown in Table 4.4, the acid value was increased with increasing Gly:lac molar ratio, which 

might be attributed to the increase in unreacted lactic acid and lactic acid oligomer. This could 

be due to the fact that as the amount of input lactic acid increased keeping the reaction time and 

temperature constant, there is high tendency for the increase in unreacted lactic acid and for the 

formation of lactic acid oligomer. On the other hand, the acid value was decreased for all Gly:lac 

molar after the purification, which might be due to the removal of unreacted and oligomer lactic 

acid during purification, which results a decrease in acid value.  

4.4. Characterization of Al2O3 Nanoparticle  

4.4.1. UV-vis Spectroscopy Analysis  

The Uv-vis absorption of the as prepared Al2O3-NPs was observed at 223 nm wave length as 

shown in Figure 4.11. The Uv-vis spectroscopy analysis was based on the absorption of Uv-vis 



   58 

 

light radiation by a chemical compounds that results a distinct spectrum at a specific wave length 

of absorption, which depends on its size and morphology (Nduni et al., 2021).  

 

Figure 4.11: Uv-visible Spectra of Al2O3 nanoparticle 

A specific chemical species has a specific wave length at which absorption of Uv-visible light 

occurs. The Uv-vis absorption of Al2O3-NPs has been characterized so far and it could be 

detected within (200 - 300) nm wave length range (Nduni et al., 2021; Vijaya et al., 2018; Yuan. 

et al., 2015) and the as prepared Al2O3-NPs has absorption band at 223 nm which is in agreement 

with these previous works, which confirms that the Al2O3-NPs was perfectly synthesized.               

4.4.2. FTIR Analysis of Al2O3-NPs 

The FTIR analysis for the as prepared Al2O3-NPs is described in Figure 4.12, which describes 

the transmittance peaks attributed to stretching and bending vibration of the associated 

functional groups existing in the Al2O3-NPs. The FTIR spectrum of the Al2O3-NPs was analyzed 

and compared with its standard spectra. A characteristics peak was observed at 3460 cm-1 that 

indicates the O-H stretching of α-Al2O3-NPs, similar result was obtained previously (Nduni et 

al., 2021). Transmittance peaks were observed at 421 cm-1, 438 cm-1, 459 cm-1, 486 cm-1, 516 

cm-1, 570 cm-1, 615 cm-1, and 664 cm-1 which are attributed to the stretching vibration of the (O-

Al-O) groups (Nduni et al., 2021; Vijaya et al., 2018). Those peaks are characteristics peaks of 

α-Al2O3-NPs.  
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Figure 4.12: FTIR Spectrum of Al2O3 nanoparticle 

The other transmittance peak was detected around 1078 cm-1, which is attributed to the (Al–O–

H) symmetric bending (Djebaili et al., 2013; Nduni et al., 2021), whereas the peak around 1605 

cm-1 denotes the OH bending vibration (Vijaya et al., 2018). Thus, the characteristics 

transmittance peaks detected in the FTIR spectrum are evidence for the synthesis of Al2O3-NPs. 

4.4.3. Particle Size Analysis (PSA) of Al2O3-NPs    

The particle size of the as prepared Al2O3-NPs was determined using particle size analyzer 

(PSA), which measures the size distribution of the nanoparticle based on intensity. The analysis 

was performed with two different dispersants at similar dispersion time to investigate the effect 

of dispersant on the size distribution of the nanoparticle. As shown in Table 4.5, the particle size 

of Al2O3-NPs was obtained within the nano-size level (i.e. below 100 nm). The raw data of 

particle size analysis is shown in Appendix B (Figure B1 and B2).  

Table 4.5: Particle size analysis result of Al2O3-NPs with different dispersant 

Dispersant Dispersion time (minute) % Intensity Size (d. nm) 

Propan-2-ol 40 100 91.28 

Water 40 100 71.24 

When we compare between the dispersants, the size of Al2O3-NPs is lower when the dispersion 

was performed using water as compared to that of propan-2-ol which elaborates that water has 

better dispersion ability for the Al2O3-NPs. The variation in dispersion ability between water 
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and propan-2-ol could be due to the difference in stearic interaction with the surface of Al2O3-

NPs, which is brought on by the variation in polarity among water and propan-2-ol.            

4.4.4. X-Ray Diffraction (XRD) Analysis of Al2O3-NPs  

XRD analysis was used to identify the crystalline structure of Al2O3-NPs as well as the 

crystalline phase of the nanoparticle. The XRD pattern of the as prepared Al2O3-NPs is shown 

in Figure 4.13, in which different peaks were observed with respect to angle of diffraction. The 

XRD patterns are described by specific lattice plane direction of Al2O3-NPs corresponding to 

the peak position.  

 
Figure 4.13: X-ray diffraction (XRD) patterns of alumina nanoparticle 

The diffraction peaks have been appeared at lattice plane directions of (012), (104), (110), (113), 

(116), (018), (214), which corresponds to a diffraction angle (2θ) value of 25.43o, 35.08o, 37.82o, 

43.76o, 57.35o, 61.04o, and 66.58o respectively. Those lattice planes designate the specific plane 

orientations of the typical hexagonal and rhombohedral structure of the 𝛼-Al2O3-NPs 

(Farahmandjou & Golabiyan, 2016; Mohammed et al., 2020). Another small peak was observed 

at a diffraction angle of 32.56o (200), which indicates the cubic structure 𝛾-alumina nanoparticle 

(Patra et al., 2012). The XRD analysis result for the Al2O3-NPs corresponds to the Joint 

Committee on Powder Diffraction Standards (JCPDS card no. 029-0063 Fd-3m). The XRD 
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analysis result revealed that the as prepared Al2O3-NPs has an 𝛼-crystalline phase with a small 

portion of 𝛾-phase that is superimposed over the 𝛼-Al2O3-NPs as shown in Figure 4.13.        

The crystalline size and d-spacing for the Al2O3-NPs were determined by using equation (3.8) 

and (3.9) respectively. As shown in Table 4.6, the average crystal size (D) of Al2O3-NPs and 

that of the average d-spacing were found to be 4.7025 nm and 0.2146 nm respectively.       

Table 4.6: Crystalline size and d-spacing of alumina nanoparticle 

Peak 

position 

(2𝜽) 

FWHM Crystal size 

D (nm) 

D-Average 

(nm) 

d-spacing 

(nm) 

Average 

d-spacing 

(nm) 

25.43396 2.37151 3.434127757  

 

 

4.70255498

2 

 

 

 

0.34992116  

 

 

0.214661601 

35.08498 10.1089

5 

0.824197256 0.255562979 

37.78167 1.5333 5.476130632 0.237918686 

43.7629 2.43242 3.519562119 0.206687982 

57.35224 1.59141 5.68986464 0.160526698 

61.04296 0.89793 10.27041782 0.151675256 

66.58143 2.56614 3.703584646 0.140338446 

The crystalline size of the nanoparticles has a great impact on their application such as on 

catalysis. The crystal size of the nanoparticle determines its physical properties such as surface 

area and surface energy. A small crystallite size of the nanoparticle permits high surface area 

(Wang et al., 2014), which could enhance its catalytic performance. The lower crystallite size 

could also have lower particle agglomeration (Suhasinee et al., 2017) when it is used as nano-

fluid  such as for fuel additive. In this study, a small crystal size of Al2O3-NPs (4.7025 nm) was 

obtained, which is in agreement with previous study (Velu & Gangwal, 2006). The small crystal 

size might be advantageous as it could enhance its catalytic efficiency while used for biodiesel-

diesel additive to enhance engine performance and to reduce emission gas.  

4.4.5. Analysis Zeta Potential for Dispersion Stability of Al2O3-NPs within Gly-lac  

The zeta potential analysis was conducted so as to investigate the dispersion stability of Al2O3-

NPs within Gly-lac. Zeta potential refers to the electric potential (electrostatic repulsive forces) 

in the interfacial double layer at the position of the slipping plane, which is associated with a 

point in the considerable volume of fluid away from the interface (Soudagar et al., 2018). Before 
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conducting zeta potential analysis, the maximum possible loading rate of Al2O3-NPs in Gly-lac 

was identified by physical detection of the dispersion. As shown in Figure 4.14, at loading rate 

of 4wt% of the Al2O3-NPs within Gly-lac, there was noticeable particle agglomeration. To 

prevent the particle agglomeration, the dispersion of Al2O3-NPs in Gly-lac should be lower than 

4wt%. Thus, the Zeta potential analysis was conducted at 3wt% loading rate to further validate 

the dispersion stability.      

 

Figure 4.14: Physical detection for dispersion stability of Al2O3-NPs within Gly-lac at loading 

rate of (A) 1wt%, (B) 2wt%, (C), 3wt% and (D) 4wt% 

The dispersion stability of nanoparticle is influenced by zeta potential or their surface charge. It 

is altered by the sum of van der Waals attraction forces and electrostatic repulsive forces among 

the nanoparticles in the dispersion, in which the stability is attained when the electrostatic 

repulsive forces exceed the van der Waals attraction forces (Babita et al., 2016). An absolute 
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zeta potential more than 60 mV shows excellent dispersion stability, and that of above 30 mV 

shows a good stable dispersion, whereas zeta potential below 5 mV permits a noticeable particle 

agglomeration (Soudagar et al., 2018). The zeta potential for the as prepared Al2O3-NPs when 

it is dispersed in Gly-lac was found +30.495 mV, as shown in Appendix B (Figure B3), which 

indicates the better stable dispersion of Al2O3-NPs within Gly-lac. And the positive sign in the 

zeta potential result shows that the Al2O3-NPs have a positive surface charge. The zeta potential 

result is in agreement with (Lee et al., 2008) in which zeta potential was obtained 34 mV for 

Al2O3-water nano-fluid and concluded that the nano-fluid has better dispersion stability.   

4.5. Cold Flow Property Analysis of Biodiesel    

The effect of 3-armed Gly-lac on the cold flow properties of biodiesel was investigated through 

evaluation of cloud point (CP) and pour point (PP) of biodiesel before and after the addition of 

purified 3-armed Gly-lac synthesized with four glycerol to lactic acid (Gly:lac) molar ratios 

(1:3, 1:6, 1:9, and 1:12). The raw data of cold flow property analysis results are shown in 

Appendix C. The addition of different Gly:lac molar ratio and loading rate of 3-armed Gly-lac 

into biodiesel have brought a decrease in both CP and PP of biodiesel as shown in Figures 4.15 

and 4.16. The reduction effect of 3-armed Gly-lac on CP and PP might be as a result of co-

crystallization of non-polar groups of 3-armed Gly-lac with crystal molecules and simultaneous 

hindrance of crystal growth by the 3-armed Gly-lac polar groups, or it could be due to the 

adsorption of polar groups of 3-armed Gly-lac on the surface of crystal nuclei, thereby 

modifying the shape and size of the crystal nuclei (Boshui et al., 2010; Feng et al., 2014). The 

3-armed structure of Gly-lac might be also able to provide a barrier for agglomeration of crystal 

lattices so that it could enhance the flow-ability of biodiesel at low temperature. The effect of 

Gly:lac molar ratio and loading rate of 3-armed on CP and PP was investigated by varying one 

parameter at a time. Here, first the effect of Gly:lac molar ratio was investigated at loading rate 

of 10 g/l. Then, a selected Gly:lac molar ratio was used to study the effect of loading rate.    

4.5.1. The Effect of Gly:lac Molar Ratio on Biodiesel Cold Flow Properties 

The effect of Gly:lac molar ratio on cloud point (CP) and pour point (PP) of biodiesel is shown 

in Figure 4.15, in which the efficiency of 3-armed Gly-lac, to reduce the CP and PP of biodiesel, 

changes with variation in Gly:lac molar ratio. Amongst the four Gly:lac molar ratio, a maximum 

reduction of CP by 7oC and PP by 8.14oC was achieved by the addition of a (1:6) Gly:lac molar 

ratio. And the least reduction of CP by 4oC and PP by 5.02oC was obtained with the 
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incorporation of (1:12) Gly:lac molar ratio in to biodiesel. The difference in efficiency among 

the different Gly:lac molar ratios might be due to the fact that the cold flow improvers have 

superior efficiency when their alkyl chain length is more closer to the carbon chain length of the 

target biodiesel (Yuan et al., 2022). In this case, the carbon chain length of soyabean-based 

biodiesel is closer to (1:6) as compared to those of (1:3, 1:19, 1:12) molar ratio, which resulted 

that the 3-armed Gly-lac (1:6) has greater efficiency in reducing the CP and PP of biodiesel. The 

closeness of alkyl chain length of 3-armed Gly-lac (1:6) to the biodiesel carbon chain length 

might be able to satisfy the necessity of the balance among the 3-armed Gly-lac alkyl groups 

and the biodiesel methyl ester groups. Consequently, the interaction between the 3-armed Gly-

lac molecule with the methyl ester group might be able to create steric hindrance on the 

formation and growth of crystal so as to enhance the flow-ability of biodiesel  (Phan et al., 

2021). On the other hand, when higher alkyl groups exist in the cold flow improver (3-armed 

Gly-lac) beyond the optimal level, the interaction among 3-armed Gly-lac molecule and crystal 

nuclei might be interrupted and cause a decline in efficiency to trap longer alkyl chains of 

biodiesel, which could favor self-crystallization (Phan et al., 2021) in which self-crystallization 

reduces the biodiesel flow-ability at lower temperature.                      

 

Figure 4.15: The effects of; (A) Gly:lac molar ratio, (B) loading rate on CP and PP of 

biodiesel 

4.5.2. The Effect of Loading Rate of 3-armed Gly-lac on Biodiesel Cold Flow Properties   

The effect of loading rate of 3-armed Gly-lac on cloud point (CP) and pour point (PP) of 

biodiesel is shown in Figure 4.15B, which was studied based on the selected Gly:lac molar ratio 

(1:6), having superior impact on the reduction of biodiesel CP and PP. As shown in Figure 4.16, 
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the CP and PP of biodiesel were decreased from 3oC and -1.09oC to 1oC and -6.11oC; -4oC and 

-9.23oC; -3oC and 7.06oC upon addition of the respective loading rate of 5g/l, 10g/l, and 15g/l. 

The maximum reduction of CP by 7oC and PP by 8.14oC was achieved with a loading rate of 

10g/l. The CP and PP reduction effectiveness of 3-armed Gly-lac was increased with increasing 

loading rate up to 10g/l. However, when the loading rate was raised to 15g/l, the 3-armed Gly-

lac efficiency was decreased, which might be due to a decrease in solubility of Gly-lac 3-armed 

within biodiesel as the loading rate increased beyond the optimal value (Pham et al., 2021). At 

a reduced solubility, there might be a formation of small crystal by the 3-armed Gly-lac 

molecules so that they could not co-crystallize with biodiesel molecules. Thus the impact of 3-

armed Gly-lac on the reduction of CP and PP could become lesser (Pham et al., 2021). On the 

other, at lower loading rate below the optimal level, the interaction among the molecules of 3-

armed Gly-lac and that of the crystal nuclei could not be sufficient to hinder the crystal growth 

(Pham et al., 2021). Thus, an optimum loading rate of 10 g/l is better for achieving the best 

efficiency of 3-armed Gly-lac as a cold flow improver to reducing the CP and PP of biodiesel.          

The effects of different Gly:lac molar ratio and loading rate of 3-armed Gly-lac were also tested 

for other important properties of biodiesel such as viscosity, cetane number, flash point and fire 

point, density, and calorific value and compared with the biodiesel standard limits.       

Table 4.7: Effect of Gly:lac molar ratio on biodiesel important properties 

Properties 
Gly:lac molar ratio 

0 Gly-lac 1:3  1:6 1:9  1:12  

Cloud point (oC) 3 -2 -4 -3 -1 

Pour point (oC) -1.09 - 6.17 - 9.23 - 7.30 - 6.11 

Kinematic viscosity 

@ 25 oC (mm2/s) 

4.24 4.26 4.30 4.38 4.42 

Cetane number 66.59 66.64 66.70 66.75 66.82 

Calorific value 

kJ/kg 

38970.75 --- 38670.576 --- --- 

Density g/cm3 0.885 0.887 0.893 0.897 0.92 

Flash point (℃) 150 157 163 172 181 

Fire point (℃) 165 172 180 187 192 

As shown from Tables 4.7 and 4.8, viscosity of biodiesel was increased with increasing Gly:lac 

molar ratio and loading rate. However, the viscosity is within its standard limits (1.9 - 6) mm2/s 

of viscosity standards (Astm D, 2012; ASTM D6751-02, 2002). Upon addition of 3-armed Gly-
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lac with different molar ratio and different loading rate; cetane number, flash point, and density 

are within their standard limits (tabulated in Table 4.2), even the results show an increasing flash 

point, fire point and cetane number with increasing Gly:lac molar ratio and loading rate. 

Table 4.8: Effect of loading rate of 3-armed Gly-lac on important properties of biodiesel 

Properties 3-armed Gly-lac (1:6) loading rate (g/l) 

0 5 10 15 

Cloud point (oC) 3 1 -4 -3 

Pour point (oC) -1.09 -6.11 -9.23 -7.06 

Kinematic viscosity 

@ 25 oC (mm2/s) 

4.24 4.51 

 

4.70 4.81 

Cetane number 66.59 66.64 66.70 66.74 

Calorific value 

(kJ/kg) 

38970.75 --- 38670.576 --- 

Density g/cm3 0.885 0.889 0.893 0.895 

Flash point 150 158 168 175 

Fire point 163 170 178 187 

4.5.3. The Effect of 3-armed Gly-lac/Al2O3-NPs on Biodiesel Cold Flow Properties  

In order to the investigate effect of Al2O3-NPs dispersed 3-armed Gly-lac on the CP and PP of 

biodiesel was, the dispersion of 3-armed Gly-lac/Al2O3-NPs into biodiesel was performed using 

1:6 molar ratio and at 10g/l based on the results from the study on effects of Gly-lac molar and 

loading rate. The effect of Al2O3-NPs dispersed 3-armed Gly-lac on CP and PP of biodiesel is 

shown in Figure 4.16, which is presented in comparison with CP and PP of pure biodiesel (i.e., 

with no additive condition). Upon the addition of Al2O3-NPs dispersed 3-armed Gly-lac into 

biodiesel, a maximum reduction of CP by 7oC and PP by 9.44oC (at 3wt% loading rate of Al2O3-

NPs) was obtained as compared to that of biodiesel. The synergic effect of the Al2O3-NPs and 

3-aarmed Gly-lac was better than that of 3-armed Gly-lac. This might be due to the fact that the 

Al2O3-NPs are capable to form emulsions capable of trapping small crystal molecules and delay 

the formation of large crystals to permit a better cold flow behavior of biodiesel (Fathurrahman 

et al., 2021). The high adsorption affinity and large surface area of the Al2O3-NPs might permit 

adsorption of crystal molecules in biodiesel so that it could form a needle like small crystals 

(Xue et al., 2022). The adsorption of crystals could result a reduction in surface energy of the 

crystal that decrease the interaction among crystals, thereby delaying the crystal growth so as to 
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improve the cold flow behavior. The Al2O3-NPs dispersed 3-armed Gly-lac might be able to 

form electrostatic double layer that could create electrostatic repulsion among crystal molecules 

adsorbed on surface of the Al2O3-NPs dispersed 3-armed Gly-lac, thereby improving the flow 

behavior of biodiesel at cold temperature (He et al., 2016; Sharma et al., 2019). On the other 

hand, variation in loading rate of Al2O3-NPs with respect to Gly-lac shows small effect on 

reduction of CP and PP of biodiesel.              

 

Figure 4.16: The effects of 3-armed Gly-lac/Al2O3-NPs on CP and PP of biodiesel 

4.6. Analysis of IC Engine Performance and Emission Characteristics     

4.6.1. The Effect of 3-armed Gly-lac/Al2O3-NPs on Engine Performance of B20    

The engine performance test for biodiesel-diesel blend (B20) was conducted by adding 3-armed 

Gly-lac, Al2O3-NPs and Al2O3-NPs dispersed 3-armed Gly-lac into B20 to study the effect on 

brake power, brake thermal efficiency (BTE), and brake specific fuel consumption (BSFC).   

Figure 4.17A describes the brake (BP) for different test fuel blends with variation in engine 

load. BP was increased with increasing engine load for all test fuel blends. This could be due to 

the injection of high fuel mass and a high combustion temperature at high engine load that might 

facilitate the power generation (Shirneshan et al., 2014). The addition of Al2O3-NPs in to B20 

increased the BP at all engine loads, which might be due to the increase in calorific value of the 

fuel blend upon the addition of Al2O3-NPs. And also Al2O3-NPs play a great role in the reduction 

of ignition delay and duration of fuel combustion, which leads to higher peak cylinder pressure 

and faster heat release rate (Gad & Jayaraj, 2020). Al2O3-NPs dispersed 3-armed Gly-lac 

brought a better increment in BP as compared to that of Al2O3-NPs alone (without Gly-lac). 

This might result from long ignition delay due to agglomeration while adding Al2O3-NPs alone 

into B20 (Soudagar et al., 2020). In average, BP was increased by 0.247 kW, 0.444 kW, 0.639 
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kW, and 0.843 kW for the fuel blends; B20A, B20GA1%, B20GA2%, and B20GA3% 

respectively as compared to that of B20. On the other hand, the addition of 3-armed Gly-lac into 

B20 result an average reduction of BP by 0.0213 kW, which might be due to lower heat release 

rate brought on by a reduction in calorific value.          

   

Figure 4.17: The effect 3-armed Gly-lac/Al2O3-NPs; (A) on brake power, (B) on BTE at 

different engine load conditions 

Figure 4.17B illustrates the effect of Al2O3-NPs dispersed 3-armed Gly-lac on BTE (%) at 

various engine loads. BTE was increased with increasing engine load, which might be caused 

by high combustion temperature that aids a better fuel combustion. At all engine load conditions, 

BTE was found in the sequence; B20GA3%> B20GA2%> B20GA1%> B20A> B20> B20G. 

Addition of Al2O3-NPs into B20 brought an improvement in BTE at all engine load conditions. 

This might be explained by the ability of Al2O3-NPs to maintain high reactive surface so as to 

facilitate the fuel combustion so that the fuel's chemical energy could be converted into useful 

power more efficiently (Gad & Jayaraj, 2020). The increase in surface to volume ratio via the 

addition of Al2O3-NPs could favor generation of additional energy inside the cylinder which 

leads to an increase in heat transfer (Gad & Jayaraj, 2020; Shaafi & Velraj, 2015), which tends 

to increase the brake thermal efficiency. The reduction of BP upon the addition of 3-armed Gly-

lac into B20 has brought a decrease in BTE.                   

Another significant finding is that the addition of Al2O3-NPs dispersed 3-armed Gly-lac brought 

a better improvement in BTE compared to that of (Al2O3-NPs without 3-armed Gly-lac). As 
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shown in Figure 4.17B, at 20% engine load, the BTE exhibits a maximum increase by 4.404%, 

5.82%, and 6.837% for the blends; B20GA1%, B20GA2%, and B20GA3%, respectively 

compared to that of B20. In contrast, for B20A (i.e., adding Al2O3-NPs alone), the only 

increment in BTE was by 2.595%. When Al2O3-NPs are added without 3-armed Gly-lac, it 

might have a tendency to agglomerate because of their large surface area and high surface 

activity (Soudagar et al., 2018); this could be the main reason for the lower impact on BTE of 

B20 while adding Al2O3-NPs alone. On the other hand, while using Al2O3-NPs dispersed 3-

armed Gly-lac, there might be lesser chance of agglomeration. In this case, 3-armed Gly-lac 

used as a dispersant that prevents agglomeration of Al2O3-NPs and permits a stable dispersion 

so as to maintain uniform distribution of Al2O3-NPs inside the fuel system. The uniform 

distribution of Al2O3-NPs aids a better fuel atomization by avoiding clogging problems during 

fuel injection (Ojha & Karmakar, 2018), that could improve the BTE. The dispersion stability 

of Al2O3-NPs with the help of 3-armed Gly-lac could be supported by the result of Zeta potential 

analysis (discussed in section 4.4.5). During the fuel combustion, an improved thermal 

conductivity due to stable dispersion of Al2O3-NPs could permit uniform heat distribution 

(Babita et al., 2016; Soudagar et al., 2018), thereby increasing the BTE.                 

Figure 4.18 describes the effect of Al2O3-NPs dispersed 3-armed Gly-lac on BSFC at various 

engine loads. The BSFC was decreased with increasing engine load, which is caused by the rise 

in BTE. At higher engine load, a high BTE leads to higher percentage increase in BP compared 

to the increase in fuel consumption, which results a lower BSFC.         

 

Figure 4.18: The effect of 3-armed Gly-lac/Al2O3-NPs on BSFC (g/kWhr) at different engine 

loads 
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Upon the addition of Al2O3-NPs, BSFC (g/kWhr) of B20 was reduced, which corresponds to 

the rise in BTE. Because the BTE and BSFC are inversely proportional i.e., when the BTE is 

higher, the fuel’s energy is converted into useful power more efficiently, thus lowering the 

BSFC. In a similar circumstance with that of BTE, the BSFC of B20 was also greatly affected 

with the addition of Al2O3-NPs dispersed 3-armed Gly-lac (i.e. for B20GA1%, B20GA2%, and 

B20GA3%), as compared to the impact of Al2O3-NPs alone. Over the different engine load 

conditions, BSFC shows an average reduction by 15.48%, 20.22%, and 25.26% for the blends; 

B20GA1%, B20GA2%, and B20GA3% respectively, as compared to that of B20. Whereas only 

a 9.78% decline in BSFC was attained for B20A compared that of B20. The higher reduction in 

BSFC of B20 upon the addition Al2O3-NPs dispersed 3-armed Gly-lac might be due to enhanced 

fuel combustion with an improved fuel atomization as a result of uniform dispersion of Al2O3-

NPs (Ojha & Karmakar, 2018).   

The calorific value of the fuels is another significant factor responsible for the variation of BSFC 

among different fuel blends. As shown in table 4.9, the calorific value is higher for the fuel 

blends; B20A, B20GA1%, B20GA2%, and B20GA3%, compared to that of B20. The fuel 

blends with a higher calorific value have a higher heat input rate when injected into the engine, 

which tends to lower the mass of fuel required to generate a unit power compared to the fuel 

with a lower calorific value, which results lower BSFC. On the other hand B20G have lower 

calorific value and heat input rate than B20, which results a higher BSFC for B20G compared 

to that of B20.                            

Table 4.9: Properties of the different fuel blend used in engine tests 

Sample 

fuel 
Calorific 

value, CV 

(kJ/kg) 

Density 

(g/cm3) 

Average Mass flow 

rate of fuel (kg/hr) 

Average heat 

input rate 

(kJ/hr) 

B20 39645.354 0.847 0.8098 32104.81 

B20G 39426.786 0.854 0.8125 32034.26 

B20A 41771.772 0.85 0.816 34085.76 

B20GA1% 41653.668 0.858 0.8275 34468.41 

B20GA2% 42675.738 0.86 0.832 35506.21 

B20GA3% 42804.09 0.865 0.8398 35946.87 
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With increasing Al2O3-NPs concentration in the fuel blends, the BP and BTE were increased 

whereas BSFC was decreased. This might result from a further improved combustion system as 

the additional Al2O3-NPs are employed to catalyze the oxidation of fuel. It might be also caused 

by an increase in the calorific value of the fuel blends brought on by an increase in energy 

density upon the addition of more Al2O3-NPs into the fuel blend (Saxena et al., 2017).       

4.6.2. The Effect of 3-armed Gly-lac/ Al2O3-NPs on Exhaust Gas Emission of B20 

Hydrocarbon (HC) Emission (ppm): It results from incomplete fuel combustion as a result of  

insufficient oxygen supply (Sunil et al., 2021) and poor fuel-air ratio (i.e. fuel-rich and fuel-

lean) in which poor fuel-air ratio is caused by low injection pressure and poor fuel atomization 

(Hosseini et al., 2017). Figure 4.19A shows the HC emission for the test fuels under various 

load conditions. For all test fuels, HC emission was decreased with increasing engine load. As 

the engine load increases, the combustion temperature is intended to rise, which allows the 

available oxygen to react quickly, enabling a more thorough combustion (Prabakaran & Udhoji, 

2016; Prabakaran & Vijayabalan, 2018), thereby reducing the HC emission at high engine load.      

Upon the addition of 3-armed Gly-lac and Al2O3-NPs in to B20, an average decrease in HC 

emission by 5.4 ppm, 10 ppm, 16.8 ppm, 22.4 ppm, and 27.4 ppm were achieved for the test 

fuels; B20G, B20A, B20GA1%, B20GA2%, and B20GA3% respectively, compared to that of 

B20. This might be because the Al2O3-NPs and 3-armed Gly-lac contain chemically bonded 

oxygen that promotes the oxidation of the unburned hydrocarbon (Aalam & Saravanan, 2017). 

It could be also due to a reduction in carbon activation temperature via the addition of Al2O3-

NPs, which permits an improved fuel combustion (Anchupogu, 2018; Ghanbari et al., 2021). 

The reduction in HC emission was higher for B20GA1%, B20GA2%, and B20GA3% when 

compared to B20A (i.e., Al2O3-NPs alone). In case of Al2O3-NPs dispersed 3-armed Gly-lac, 

the uniform dispersion of Al2O3-NPs and its smaller size helps to improve the fuel-air mixture 

during fuel injection as well as it prevents clogging and fuel atomization difficulties (Ojha & 

Karmakar, 2018). Thus, it could allow fast vaporization and enhanced combustion of the fuel 

that reduces HC emission.            

Nitrogen oxide (NOx) Emission (ppm): NOx is a general name for N2O2, NO, and NO2 which 

are formed when nitrogen is oxidized at high temperature inside the engine cylinder. As shown 

in Figure 4.19B, the emission of NOx rises with increasing engine load for all test fuels, which 
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might be due to a high combustion temperature at high engine load that could breakdown strong 

triple bond of nitrogen molecules into reactive atomic nitrogen that reacts with oxygen to 

produce NOx (Varatharajan et al., 2011).  

 

 

Figure 4.21: The effect of 3-armed Gly-lac/Al2O3-NPs on the exhaust gas emission; (A) HC, 

(B) NOx, (C) CO, and (D) CO2 at different engine load conditions             

The addition of Al2O3-NPs into B20 reduced the NOx emission, which might due to a reduction 

in average temperature as a result high convective heat transfer (Anbarasu et al., 2016; Kumar 

et al., 2017). The ability of Al2O3-NPs to act as a catalytic convertor might cause a decrease in 

NOx emission, in which the NOx could be converted into N2 molecule via catalytic reduction, 

thereby lowering the NOx emission (Aalam et al., 2015; Anchupogu, 2018). In average, the NOx 
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emission was reduced by 41.8 ppm, 64.2 ppm, 82.8 ppm, and 98.6 ppm for the fuel blends; 

B20A, B20GA1%, B20GA2%, and B20GA3% respectively. The reduction in NOx emission 

was highly impacted with the addition of Al2O3-NPs dispersed 3-armed Gly-lac, compared that 

of Al2O3-NPs alone. Because, a better dispersion of Al2O3-NPs when used with 3-armed Gly-

lac, permits an improved homogenization of fuel blends and a better heat transfer in the engine 

cylinder, thus lowering the chance to form high local temperature (Soudagar et al., 2018), which 

further reduce the thermal based formation of NOx. The addition of 3-armed Gly-lac into B20 

also reduced the NOx emission averagely by 29.8 ppm. As shown in Table 4.9, B20G has lower 

calorific value and heat input rate as compared that of B20 blend, thus the combustion of B20G 

might have lower heat release rate, which leads a reduction of NOx as a result of lower 

combustion temperature relative to B20 (Ağbulut et al., 2020).    

Emission of CO and CO2 (vol%): CO is formed from an incomplete fuel combustion brought 

on by inadequate air fuel ratio, temperature fluctuation, longer ignition delay and poor carbon 

activation (Sunil et al., 2021). The emission of CO and CO2 for test fuel blends are presented in 

Figures 4.19C and 4.19D respectively, with engine load variation. CO emission was decreased 

as engine load increases whereas that of CO2 was increased that might result from the rise in 

average combustion temperature at higher engine load. Thus, an improved reaction among 

oxygen and hydrocarbon could covert CO in to CO2 so as to reduce CO emission.    

Upon the addition of Al2O3-NPs and 3-armed Gly-lac into B20, the emission of CO was reduced 

and that of CO2 was increased. On average, the emission of CO was decreased by 9.26%, 

15.93%, 26.078%, 34.16%, and 39.52%, and that of CO2 was increased by 2.44%, 4.055%, 

5.24%, 6.294%, and 7.16% for B20G, B20A, B20GA1%, B20GA2%, and B20GA3% 

respectively, as compared to that of B20. This is attributed to the sufficient oxygen supply from 

the structure of Al2O3-NPs as well as 3-armed Gly-lac that could facilitate the oxidation of CO 

that converts into CO2. The addition of Al2O3-NPs aids a better combustion by reducing the 

ignition delay and by enhancing the fuel ignition probability (Tanvir & Qiao, 2012). Similar to 

those of NOx and HC emissions, the impact of Al2O3-NPs dispersed 3-armed Gly-lac on the 

reduction of CO emission for B20 was higher than that of Al2O3-NPs alone. The uniform Al2O3-

NPs dispersion (when used with 3-armed Gly-lac), could enhance the heat transfer in the fuel 

system that advance the combustion reaction allowing the available oxygen to involve in further 

oxidation reaction towards converting CO into CO2 that results a lower CO emission.    
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5. CONCLUSION AND RECOMMENDATION 

5.1. Conclusion  

In this study, prior to the biodiesel synthesis the physico-chemical properties soyabean oil were 

characterized. The %FFA and moisture content were found to be 0.495% and 1.43% 

respectively, so that the soyabean oil was suitable to be used for biodiesel synthesis via base 

catalyzed trans-esterification reaction. The functional groups of the synthesized biodiesel were 

confirmed by Fourier Transform Infrared (FTIR) spectroscopy analysis. Further, the chemical 

structure of the biodiesel was analyzed by Nuclear Magnetic Resonance (NMR) analysis. 

87.55% conversion was obtained for biodiesel, which was calculated based on 1HNMR analysis 

result. The physico-chemical properties of biodiesel like viscosity, cetane number, flash point, 

fire point, and density were also tested and obtained in agreement with their standard value.      

The synthesized and purified 3-armed glyceryl lactate was characterized by using FTIR, NMR, 

viscosity, and acid value analysis. The Al2O3-NPs was synthesized via sol-gel method using 

aluminum nitrate nonahydrate and citric acid and characterized using UV-vis, FTIR, PSA, and 

XRD analysis. The dispersion stability of Al2O3-NPs in Gly-lac and the surface charge was 

detected by Zeta potential analysis. Zeta potential was found +30.495 mV that indicates a 

positive surface charge and good dispersion stability of Al2O3-NPs with 3-armed Gly-lac.            

The effect of Gly:lac molar ratio and loading rate of 3-armed Gly-lac on the biodiesel cloud 

point (CP) and pour point (PP) was investigated, and the results revealed that molar ratio and 

loading rate have significant effect on the improvement of CP and PP of biodiesel. The addition 

of Gly-lac with (1:6) Gly:lac molar ratio at loading rate of 10g/l brought a maximum reduction 

of CP by 7oC and PP by 8.14oC as compared to that of pure biodiesel. The addition of Al2O3-

NPs dispersed 3-armed Gly-lac into biodiesel also resulted in reduction of CP and PP up to 7oC 

and 9.44oC respectively, at Al2O3-NPs loading rate of 3wt% of 3-armed Gly-lac.    

The result of engine performance and emission test revealed that the addition of Al2O3-NPs with 

and without dispersant (3-armed Gly-lac) shows an improvement in engine performance and 

emission characteristics of biodiesel-diesel blend (B20). And the addition of 3-armed Gly-lac 

into B20 also brought a reduction in emission of NOx, HC, and CO. As compared to the Al2O3-

NPs alone, Al2O3-NPs dispersed 3-armed Gly-lac brought a better impact on the engine 

performance and emission characteristics of B20. The maximum impact was achieved at Al2O3-
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NPs loading rate of (3wt% of 3-armed Gly-lac), which brought an increase in BTE by 6.837%, 

a decline in BSFC by 25.26%. In a similar condition, it was achieved a maximum reduction in 

emission of HC, NOx, and CO by 27.4 ppm, 98.6 ppm, and 39.52%, respectively as compared 

to that of B20.  

Generally, we can conclude that the 3-armed Gly-lac was obtained to be a dispersant for good 

dispersion of Al2O3-NPs. And also, Al2O3-NPs dispersed 3-armed Gly-lac was obtained a 

potential additive to reduce CP and PP of biodiesel, to reduce exhaust gas emission and BSFC 

as well as to improve the BP and BTE of the biodiesel-diesel blend.     

5.2. Recommendations  

In this study, 3-armed Gly-lac which was synthesized from glycerol and lactic acid is compatible 

with the biodiesel structure as well as it is biocompatible. The synthesis of Al2O3-NPs was via 

sol-gel method and citric acid (which was used a metal complex agent) is less toxic due to its 

organic nature. Therefore, the 3-armed Gly-lac and Al2O3-NPs could be employed for the 

biodiesel additive in real applications. Further research work should better to be done on the 

following cases.   

 Since the structural variation of biodiesel among different feedstock have an influence on 

the efficacy of the different cold flow improvers, the effects of 3-armed Gly-lac (with 

varying molar ratio), on the cold flow properties of biodiesel obtained from feedstock (other 

than soyabean oil) should be studied in future works.    

 Due to the surface reactive nature of Al2O3-NPs, a study on the effect of 3-armed Gly-lac/ 

Al2O3-NPs on engine wear and engine parts such as piston, cylinder and fuel injectors, 

should be focused in future work to validate the compatibility of the nano-additive in diesel 

engine.  

 The other potential future works could be on investigation of the thermal conductivity of 

the Al2O3-NPs dispersed 3-armed Gly-lac with subsequent study on its possibility as 

potential heat transfer fluid.    

 The effect of particle size of the Al2O3-NPs on biodiesel cold flow properties, IC engine 

performance as well as emission characteristics should be investigated in future work.                 
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Appendix 

Appendix A: Titration Result for Oil and Biodiesel Property Test  

Table A1: Results of acid value and %FFA determination via titration with 0.1N NaOH solution   

Parameters  Numerical Value  
Acid value (AV) = 

40g/mol x 0.1N x 2.8ml

10.10 g
 = 

0.99                  

𝑀𝑤𝑁𝑎𝑂𝐻  = weight of NaOH 40 g/mol 

N = normality of NaOH  0.1N %FFA = 
𝐴𝑉

2
 = 0.495 % 

𝑉𝑇 = volume of titrant solution  2.9 – 0.1 = 2.8 ml 

𝑊𝑆 = weight of sample oil 10.10 g  

 Table A2: Oil moisture content determination results   

Measurement trial 

(within 10 min) 

Initially 1st trial 2nd trial  3rd  4th  5th  

Mas of oil (g) 10 9.982 9.941 9.874 9.857 9.857 

Moisture content (%) = 
(𝐢𝐧𝐢𝐭𝐢𝐚𝐥 𝐦𝐚𝐬𝐬 – 𝐟𝐢𝐧𝐚𝐥 𝐦𝐚𝐬𝐬)

𝐢𝐧𝐢𝐭𝐢𝐚𝐥 𝐦𝐚𝐬𝐬
 𝐱 100 = 

(𝟏𝟎 – 𝟗.𝟖𝟓𝟕)

𝟏𝟎
 𝒙 100 = 1.43% 

Table A3: Results for Iodine value determination for soyabean oil  

Weight of oil sample (g)  B (ml) S (ml) N 

   0.15 18.6 3.7 0.1 

Iodine value = 
𝟏𝟐.𝟔𝟗 (𝐁−𝐒)𝐍

𝑾𝑺
 = 

(𝟏𝟖.𝟕 − 𝟑.𝟕) 𝐱 𝟎.𝟏 𝐱 𝟏𝟐.𝟔𝟗

𝟎.𝟏𝟓
 = 126.054 g I2/100 g  

Table A3: Results of Iodine value determination for the biodiesel 

Weight of sample (g) B (ml) S (ml) N 

   0.15 9.4 0.7 0.1 

Iodine value = 
𝟏𝟐.𝟔𝟗 (𝐁−𝐒)𝐍

𝑾𝑺
 = 

(𝟗.𝟒 − 𝟎.𝟕) 𝐱 𝟎.𝟏 𝐱 𝟏𝟐.𝟔𝟗

𝟎.𝟏𝟓
 = 73.602 g I2/100 g  

Table A4: Results of saponification value determination for the biodiesel 

Weight of sample (g) B (ml) S (ml) N 

   5  10.2 1.4 1.5 

Saponification value = 
(𝟏𝟎.𝟐−𝟏.𝟒) 𝐱 𝟏.𝟓 𝐱 𝟓𝟔.𝟏

𝟓.𝟒𝟖
 = 148.104 mg of KOH/g    

Where, ‘B’ and ‘S’ are Titrate value for blank and sample respectively, ‘N’ normality of (sodium 

thiosulfate solution for iodine value test) and normality of (HCl for saponification value test).   
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Appendix B: Particle Size and Zeta Potential Analysis Result for Al2O3-NPs 

 
Figure B1: Analysis result of size distribution by intensity for Al2O3 nanoparticle (Propan-2-ol 

used as a dispersant)  
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Figure B2: Analysis result of size distribution by intensity for Al2O3 nanoparticle (Water used 

as a dispersant) 



   95 

 

 

Figure B3: Analysis result of Zeta potential for Al2O3 nanoparticle dispersed in Gly-lac 
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Appendix C: Cold Flow Property Analysis Results  
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Appendix D: Calorific Value Test Result   
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Appendix E: Analysis Results for Engine Performance and Emission Test 

Table D1: Engine performance test results 

Load 

(%) 

Measured 

Variables 

Sample 

B20 B20G B20A B20GA1

% 

B20GA2

% 

B20GA3

% 

20 
Volume 

flow rate 

(ml/hr) 

803.57 798.22

6 

808.98 813.56 817.25 820.045 

Torque 

(N.m) 

6.38 6.26 8.11 9.14 10.18 12.74 

40 Volume 

flow rate 

(ml/hr) 

867.47 862.27 870.61 875.91 879.12 882.35 

Torque 

(N.m) 

10.12 9.53 11.25 12.67 13.73 17.38 

60 Volume 

flow rate 

(ml/hr) 

953.65 948.61 957.44 962.567 966.44 970.35 

Torque 

(N.m) 

13.01 12.31 14.27 14.76 15.98 19.35 

80 Volume 

flow rate 

(ml/hr) 

1025.6

5 

1021.2

8 

1028.5

7 

1034.48 1035.97 1040.46 

Torque 

(N.m) 

15.14 14.42 16.06 17.35 17.89 22.89 

100 Volume 

flow rate 

(ml/hr) 

1130.3 1126.7

6 

1133.8

6 

1135.64 1139.24 1141.046 

Torque 

(N.m) 

17.56 17.35 18.54 19.63 20.24 21.63 
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Table D2: Exhaust gas emission test results 

Load 
(%) 

Exhaust gas 

emission 

Sample 

B20 B20G B20A B20GA1% B20GA2% B20GA3% 

20 HC (ppm) 61 56 52 45 39 34 

NOx (ppm) 240 215 206 189 174 161 

CO (vol%) 0.031 0.030 0.029 0.025 0.023 0.021 

CO2 (vol%) 2.12 2.19 2.24 2.28 2.32 2.35 

40 HC (ppm) 50 45 41 33 27 22 

NOx (ppm) 325 297 286 267 250 236 

CO (vol%) 0.030 0.028 0.026 0.024 0.022 0.020 

CO2 (vol%) 2.53 2.61 2.67 2.71 2.74 2.77 

60 HC (ppm) 43 37 32 25 19 14 

NOx (ppm) 418 389 377 356 338 323 

CO (vol%) 0.026 0.023 0.022 0.019 0.017 0.016 

CO2 (vol%) 2.98 3.06 3.11 3.14 3.17 3.20 

80 HC (ppm) 38 33 28 21 16 11 

NOx (ppm) 528 496 483 461 442 426 

CO (vol%) 0.022 0.020 0.018 0.016 0.014 0.013 

CO2 (vol%) 3.87 3.94 3.98 4.02 4.05 4.07 

100 HC (ppm) 36 30 25 20 15 10 

NOx (ppm) 648 613 598 565 541 520 

CO (vol%) 0.019 0.016 0.014 0.012 0.01 0.009 

CO2 (vol%) 4.80 4.86 4.89 4.91 4.93 4.94 
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Appendix F: Dept -135 for 3-armed Gly-lac (A) non-purified, (B) purified 

 

 
 

 

(A) 

(B) 


