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ABSTRACT 

 

  The most widely used process technology for biodiesel manufacture is the base-

catalysed liquid-liquid transesterification reaction. Due to the immiscibility between the 

reactants – alcohol (usually methanol) and a triglycerides source (refined vegetable oil or 

animal fat), this reaction is slow and limited by mass transfer. The reaction temperature is 

also limited by the boiling point of the alcohol (69
o
C for methanol). These resulted in overall 

slow reaction rates. In addition, reaction kinetics previously reported for the 

transesterification reaction may be inaccurate due to the effects of mass transfer. Presence of 

such mass transfer effects are acknowledged but have never been isolated or quantified in the 

literature for biodiesel research.  

 

The gas-liquid transesterification reaction carried out in a spray reactor is an 

innovative method to produce biodiesel developed by Behzadi and Farid [1]. This method 

uses a gas-liquid arrangement for biodiesel processing for the first time in biodiesel research. 

Mass transfer resistances are significantly reduced due to large interfacial surface area per 

volume of the small oil droplets, while high reaction temperatures can be achieved because 

they are no longer limited by the boiling point of the alcohol. As such, up to 97 – 99% 

conversion to biodiesel is achieved in about 8 seconds as opposed to 60 minutes using a 

liquid-liquid arrangement. However, the kinetics of this rapid process is yet to be explored.  

 

Therefore, the main objective of this thesis is to analyse and model the kinetics of the 

gas-liquid transesterification reaction between oil droplets and vapour alcohol. 

 

The mathematical model is derived based on the process of gas absorption followed 

by a second-order chemical reaction. The model has independent mass transfer and reaction 

kinetics terms. This enables the examination of the contribution of each term towards the 

overall process. In other words, the mass transfer effect on the transesterification reaction can 

now be isolated and quantified for the first time. In addition, the model in combination with 

experimental measurements also enables the calculation of the “true” reaction rate constant 

which does not incorporate any mass transfer effects. 
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  The experimental work of this thesis involves the fabrication of a simple droplet 

reactor capable of producing soybean oil droplets of 400 – 500 μm diameters. This facilitates 

the study of gas absorption followed by chemical reaction. Soybean oil is chosen for use in 

this thesis because it is a common feedstock for biodiesel production. Vapour methanol and 

1-propanol are both used as the alcohol to investigate the effect of the gas reactant solubility 

on the overall process. Methanol has significantly lower solubility in soybean oil when 

compared to 1-propanol. The respective sodium alkoxides are used as the base catalyst. The 

“true” reaction rate constant, activation energy and Arrhenius constant are reported for the 

gas-liquid transesterification reaction. 

 

 Simulation of the model is also performed to investigate the effect of temperature, oil 

droplet size, catalyst loading and alcohol solubility on the gas-liquid transesterification 

reaction. The performance of the model is validated by simulating the conditions within the 

spray reactor of Behzadi and Farid [2], and comparing their experimental measurements of 

oil conversion to the predictions of the present model. In addition, the model is also extended 

to simulate other gas-liquid reactions and reactors to demonstrate its application to cases 

other than those of biodiesel and spray reactors. 

 

 The mathematical model can be used to quantify the mass transfer and reaction 

kinetics contributions towards the transesterification reaction which is not previously 

investigated. It is found that both mass transfer and reaction kinetics contributes towards the 

gas-liquid transesterification process, and the extent of these contributions changes with 

reaction conditions like temperature and catalyst concentration; pr effectively the Hatta 

modulus (MH). During the gas-liquid transesterification process, the liquid phase reaction is 

slow enough for the gaseous reactant to diffuse into the entire liquid droplet while reacting. 

However, the liquid film resistance is not negligible. This provided insights into the rapid 

gas-liquid transesterification reaction which will be useful in scale-up procedures. The 

mathematical model has also been shown to be versatile and can be applied for other gas-

liquid reactions and reactors other than for biodiesel and spray reactor applications.  
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A = gaseous reactant ‘A’ or alcohol 

Ar = Arrhenius’ Law Constant for second-order reactions (m
3
/mol.s) 

Ar’ = Archimedes number 

a = interfacial area per unit volume of liquid (m
2
/m

3
) 

as = surface area (m
2
) 

B = liquid reactant ‘B’ or oil 

C = instantaneous concentration (mol/m
3
) 

d = diameter (m) 

d32 = Sauter mean dimeter (m) 

D = diffusion coefficient of solute in a solvent (m
2
/s) 

E, Ei = enhancement factor and infinite enhancement factor respectively 

Ea = Activation Energy (J/mol) 

FFA = free fatty acids 

f = frequency, s
-1

 

g = gravitational acceleration = 9.81 m/s
2
 

HA = Henry’s Law Constant of ‘A’ (Pa.m
3
/mol) 

I = ionic strength of solution (mol/m
3
) 

k1 = “true” reaction rate constant (m
3
/mol.s) 

k”1 = “apparent” reaction rate constant (m
3
/mol.s) 

kG = gas film mass transfer coefficient (mol/Pa.m
2
.s)  

kL = liquid film mass transfer coefficient (m/s) 

Kf = drag coefficient 

L = length (m) 

m = mass of droplet, kg 

MB = molecular weight of ‘B’ (kg/kmol) = 850 kg/kmol 

MH = Hatta modulus 

MT = the mass transfer term = 
      

    
 (mol.s/m

3
) 

NA = molar flux of ‘A’ (mol/m
2
.s) 

PA = partial pressure of ‘A’ (Pa) 

Pdrive = driving pressure (kPa) 

r = radius, m 
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R = universal ideal gas constant = 8.31434 J/(mol.K) or kg.m
2
/s

2
.mol.K 

-RA,B = rate of absorption or rate of reaction of ‘A’ and ‘B’ respectively (mol/m
3
.s) 

R” = alkyl group 

RXN = the reaction kinetics term = 
 

   
   

  

   
  (mol.s/m

3
) 

T = temperature (K or 
o
C) 

t = contact/residence time or reaction time (s) 

tflight = average flight time of liquid drops (s) 

U = velocity (m/s) 

Ut = terminal falling velocity (m/s) 

V = volume (m
3
) 

    = volumetric flow rate (m
3
/s)  

Vb = molar volume at boiling point of ‘A’ (cm
3
/mol) 

VB = molar volume of ‘B’ (cm
3
/mol) = 944 cm

3
/mol 

X = conversion (%) 

x = distance from gas-liquid interface (m) 

z = stoichiometry constant 

  

Oh 
= Ohnesorge number = 

    

   
 

Red = droplet Reynolds number = 
      

  
 

Rej = jet Reynolds number based on jet diameter = 
      

  
 

Reo = jet Reynolds number based on orifice nozzle diameter = 
      

  
 

Re” = jet Reynolds number based on droplet diameter = 
      

  
 

Sc = Schmidt number = 
  

   
 

Sh = Sherwood number = 
    

 
 

WeG 
= gas phase Weber number = 

      
 

 
 

We,WeL 
= liquid phase Weber number = 

      
 

 
 

 

  = numerical factor 

β = liquid holdup or fraction of liquid volume to reactor volume 
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  = diffusion sub-layer 

  = density (kg/m
3
) 

  = dynamic viscosity (Pa.s) 

  = kinematic viscosity = 
 

 
 

  = damped turbulence layer 

  = surface tension of soybean oil = 0.025 kg/s
2
 

   = disturbance wavelength, m 

θ = “degree of turbulence” 

  +1  = ratio of maximum to minimum surface area  

 

Subscripts 

A, g, G = gas/continuous phase 

B, l, L = liquid/dispersed phase 

d = droplet 

e = eddy 

i = interfacial 

j = jet 

m = molecular 

o = orifice nozzle 

opt = optimum 

0 = initial 



CHAPTER 1: INTRODUCTION 

1 

1. INTRODUCTION 
 

1.1 Background 

 

Today’s world energy supply is very much dependent on fossil-based fuels such as 

petroleum oils and natural gas. Crude petroleum oils is the most common liquid fuel and 

therefore is also most in danger of running out [3]. Coupled by increasing consumption of 

oils due to modern developments, it is only a matter of time when the demand of these oils 

surpasses its supply. It is reported that the annual demand for oil is quadruple the amount of 

new oil reservoirs discovered. In addition, the production of oil is decreasing 5 % or more per 

year [4]. A projection of the global oil supply is presented in Figure 1.1[3]: 

 

 

Figure 1.1: Global oil production based on current production rates [3] 

 

These numbers suggest that petroleum oils cannot be used to power the next century. 

It is also an indication that oil prices will continue to rise well before its supply runs out. Due 

to the global economy which is heavily dependent on oil prices, any substantial increase in 

price will cause dramatic inflation of food prices and disruptions to the globalised system of 

food production and distribution. Consequently, millions of people, especially from the third 

world countries will almost certainly starve [4]. 

 

*Figure 1.1 reproduced from [3]; courtesy of Springer London (Refer Appendix D1) 
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From an environmental point of view, the use of fossil-based fuels for the past century 

left behind detrimental effects to the earth. Excessive emissions of greenhouse gases like 

carbon dioxide from fossil fuel combustion have led to a rise in carbon dioxide levels in the 

atmosphere, which has been argued to result in global warming. Experts named rising sea 

levels due to the melting of glaciers in the Antarctica, flash floods and extreme weathers like 

draughts or higher rainfall as few of the many immediate effects of global warming [5]. 

 

1.2 Renewable Energy 

 

Addressing the fact that petroleum oils will not be able to sustain on-going energy 

consumptions in near future and its potential to bring about economic chaos, it is crucial to 

look for alternative sources which are renewable and carbon neutral. While it may be almost 

impossible to fully replace fossil fuels as the largest fuel source, the dependence on 

petroleum oil can be reduced. Growing concerns on the environmental footprints left behind 

by usage of fossil-based fuels also contributed towards considerable development to make 

use of renewable sources for energy. Different sources of renewable energy include 

hydropower, biomass, geothermal, solar, wind, wave and tidal [3].  

 

Table 1.1 is adapted from the June 2012 edition of the BP Statistical Review of World 

Energy [6]. It must be noted that “renewable energy” defined by the BP Statistical Review 

report excludes hydropower. From Table 1.1, the consumption of renewable energy and its 

contribution towards the world energy consumption has increased noticeably in the last 

decade. The consumption of renewable energy increased by 260.7% against only 30.7% 

growth in total energy consumption between year 2001 and 2011.  
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Table 1.1: Global renewable energy consumption [6] 

Year 

World energy consumption 

(million tonnes of oil 

equivalent) 

Renewable energy 

consumption 

(million tonnes of oil 

equivalent) 

Renewable energy 

contribution (%) 

2001 9394.0 54.0 0.57 

2002 9613.9 60.9 0.63 

2003 9950.2 66.1 0.66 

2004 10449.6 75.1 0.72 

2005 10754.5 54.1 0.50 

2006 11048.4 93.9 0.85 

2007 11347.6 107.3 0.95 

2008 11492.8 122.7 1.07 

2009 11391.3 140.6 1.23 

2010 11977.8 165.5 1.38 

2011 12274.6 194.8 1.59 

 

 

One of the main sources of renewable energy is biomass. Biomass refers to organic 

matters derived from all living matters on earth including plants, trees, crops, algae, animals, 

agricultural waste, food processing wastes and many more. “Sustainable solar energy stored 

as chemical forms within biomass is one of the most valuable and versatile sources on earth” 

[3]. Liquid fuel derived from biomass is known as biofuels. One of the two types of 

commercially available biofuels is biodiesel, the main focus of this thesis. The other type is 

bioethanol which will not be discussed in this thesis. 

 

1.3 Biodiesel 

 

Biodiesel consists of fatty acid alkyl esters derived from the transesterification of 

triglycerides, which are the building blocks of all fats and oils, with alcohol. Methanol is 

most widely used to produce methyl esters as biodiesel because of its low price. Biodiesel is a 

very attractive alternative to fossil fuel because it is produced from readily available 

vegetable oils or animal fats, is biodegradable, non-toxic and can be used in modern diesel 
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engines without modification. Studies have shown that biodiesel produces less amounts of 

harmful exhaust emissions (with exception to nitrogen oxides) thus lowering health and 

environmental impacts.  

 

A study on the life cycle of biodiesel shows that theoretically, the use of biodiesel will 

help reduce the effects of global warming because of its 0% contribution to carbon dioxide 

(greenhouse gas) emissions [7, 8]. It also has better lubricity leading to extended engine life 

and possesses better ignition properties. All these aspects can be observed when pure 

biodiesel - either neat (B100) or blended with petrodiesel (B5 – B20) - are used in diesel 

engines [4, 7, 8].  

 

Although biodiesel has 10-12 % less energy content when compared to conventional 

petrodiesel, the resulting decrease in engine efficiency is almost completely offset by its 

higher combustion efficiency due to higher oxygen content [4]. Coupled with the many 

benefits of using biodiesel as outlined earlier, it is not surprising that the biodiesel industry 

has seen significant growth in the last decade. This is illustrated in Figure 1.2 [4]. 

 

Europe is the global leader in biodiesel manufacturing and use, contributing 

approximately at least 50% of the world’s total biodiesel production. Many European 

countries have commercialised the sale and use of biodiesel blends (B10-B20) in all 

automobiles and public transportations since the mid 1990s [4, 7]. The European Union 

Commission has also set aside a number of policies which directly supports the biodiesel 

industry, in an effort to reduce dependency on petroleum oil imports [4].  At the same time, 

other regions like the United States, South America and Asia are steadily catching up as 

biodiesel manufacturers. This is illustrated in Figure 1.2. 



CHAPTER 1: INTRODUCTION 

5 

 

Figure 1.2: World biodiesel producers [9] 

 

Although biodiesel has many advantages as an alternative fuel, it is also not short of 

weaknesses. Biodiesel at present is still unable to compete commercially with fossil fuel as it 

is more costly to produce. The current biodiesel synthesis technology calls for expensive 

refined vegetable oils as feedstock which accounts for 70 – 85 % of total production costs [8]. 

On the other hand, the current base-catalysed processing technology to produce biodiesel is 

an expensive process with numerous purification steps [7]. In comparison to fossil fuel, 

biodiesel also has very poor cold temperature properties. Biodiesel has a much higher pour 

point causing it to solidify at relatively higher temperatures than petrodiesel. This renders it 

unsuitable for winter operations [10].  

 

Other implications that result from the use of biodiesel include deforestation due to 

the need to open up new lands for biodiesel feed crops plantation (e.g. palm oil and corn) [4], 

and subsequent inflation of traditional food crop prices due to demand and competit ion 

between food and fuel industries [11]. Last but not least, the surge of the global glycerol 

supply, produced as a side product of the booming biodiesel industry has depreciated its 

selling price. This once valuable oleochemical is widely used in the processing of drugs, 
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cosmetics, toothpastes, urethane foam, synthetic resins and ester gums as well as the tobacco 

and food industries [8]. However due to the over-supply, glycerol is now more of a waste 

rather than a valuable side product from the biodiesel industry.  

 

1.4 Further Research 

 

In conclusion, biodiesel has a lot of potential as an alternative fuel to petrodiesel. 

There is a great deal of on-going research to improve and refine the biodiesel processing 

technology and its low temperature properties. Past studies have highlighted several 

weaknesses of the biodiesel industry which must be addressed in order for it to develop as a 

realistic energy source for the future. These are summarised as follows: 

 

 Improvement of the biodiesel economics by searching for cheaper alternative 

feedstock (waste utilisation) [11, 12] 

 Improvement of processing technology (increase efficiency) [13-16] 

 Improvement of biodiesel cold flow properties [10] 

 Utilisation of glycerol to produce high value feedstock for biodiesel production[17] 

 

 Each of the issues raised is worthy of an independent and intensive research effort. Of 

all the above, this thesis aims to address the need for process technology improvement via 

improved reaction rates and/or mechanism to increase the efficiency of the current biodiesel 

processing method. This will be discussed in more detail in Chapter 2. 
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1.5 Thesis Overview 

 

Chapter 2 provides background information on the subject of biodiesel. This is done 

by presenting a literature review on the available biodiesel processing technologies, the 

kinetics of the transesterification reaction, the recent trends in process improvements, and the 

novelty of the gas-liquid transesterification reaction. In the chapter summary, “gaps” in the 

current knowledge of biodiesel research are identified, and the research objectives for this 

thesis are listed. 

 

Chapter 3 is a literature review on supporting information needed for the modelling 

work, including the theory of droplet formation, mass transfer considerations and available 

droplet models. Chapter 3 concludes with a summary in which the choices of the droplet 

formation techniques and correlations of mass transfer are justified based on the literature 

reviewed. 

 

Chapter 4 outlines the basis for the analysis of the gas-liquid transesterification 

reaction and the description of the mathematical model. The derivation of a new correlation 

for the mass transfer coefficient within falling drops is also presented.  

 

Once the mathematical model is in place, actual experiments are carried out to 

validate it. Chapter 5 describes the materials and methodology used for the experiment work 

carried out in this thesis.  

 

Chapter 6 presents the findings from the experimental work, accompanied by 

discussions. It also includes the results obtained by the simulation of the model and relevant 

discussions. 

 

Lastly, Chapter 7 presents the main conclusions drawn from the research work carried 

out in this thesis. It also includes recommendations for future research. A full bibliography 

and appendices then follow. 
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2. LITERATURE REVIEW ON BIODIESEL 

PROCESSING 
 

2.1 Introduction 

 

 As indicated in Section 1.4, this thesis aims to address the need for improvement of 

the biodiesel processing technology. Thus, thorough understanding of the background of 

biodiesel processing methods is essential. This chapter starts with background information on 

the transesterification reaction, from which biodiesel is produced, and the comparison 

between the different available process technologies. The base-catalysed process is the 

currently used route for biodiesel production, and thus it is discussed further in the next 

section, highlighting its problems and areas that need improvement. Next, the kinetics behind 

the base-catalysed transesterification reaction is discussed, again highlighting the problems 

reported in existing literature. Following this, a review of the recent trends and innovation in 

biodiesel processing is presented. Particular interest is placed on the gas-liquid 

transesterification reaction technology because of its novelty. The chapter closes with a 

summary of topics identified as requiring further research, and thus leading to an outline of 

specific objectives of this thesis. 

 

2.2 Background 

 

 All natural fats and oils consist of triglyceride molecules [18] which are essentially a 

glycerol backbone attached to three different long fatty acid chains as shown in Figure 2.1. 

The composition and variability of the free fatty acid chains (R1 – 3) are unique to the type of 

fat or oil which would determine its physical properties like melting point and viscosity.  

 

In year 1900, Rudolf Diesel successfully demonstrated the application of peanut oil as 

liquid fuel for a small diesel engine at the Paris Exposition 1900 [8]. Despite its comparable 

efficiency and power output to conventional petroleum diesel, the use of straight vegetable 

oils as fuel proved to be impractical due to its very high viscosity which leads to poor fuel 

atomisation, incomplete combustion, and deposition on engine parts [7]. 
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   H O     H  

  H C C O R1  H C OH 

    O       

  H C C O R2  H C OH 

    O       

  H C C O R3  H C OH 

   H      H 

 

Figure 2.1: Chemical structure representation of triglyceride and glycerol molecules 

 

As a response to this predicament, a lot of research has been carried out to modify 

natural fats and oils in hopes of producing a derivative with properties similar to petrodiesel. 

One of the outcomes of such research is the transesterification process. The transesterification 

reaction reduces the viscosity of triglycerides 10 to 20 times by releasing the fatty acid 

groups as free alkyl esters from its glycerol backbone using an alcohol [19]. This is illustrated 

in Figure 2.2 with methanol as the example alcohol.  

 

CH2 – CO – OR1             CH3 – OH                    CH3 – CO – OR1              CH2 – OH  

 

CH –  CO – OR2      +     CH3 – OH                    CH3 – CO – OR2      +      CH  – OH   

 

CH2 – CO – OR3             CH3 – OH                    CH3 – CO – OR3              CH2 – OH  

 

Triglyceride             +     3 Methanol                    3 Methyl Esters         +      Glycerol 

 

Figure 2.2: The transesterification reaction 

 

Biodiesel is essentially alkyl esters produced by the transesterification of triglycerides 

with an alcohol. Methanol is the most commonly used alcohol to produce methyl esters as 

biodiesel due to its lower cost and its abundance [8]. Other short chain alcohols like ethanol, 

propanol and butanol has also been studied to produce alkyl esters for fuel [20, 21] and heat 

storage applications [22]. For relevancy to fuel applications, the following will discuss the 

transesterification of triglycerides with methanol to produce methyl esters as biodiesel. 

Glycerol 

backbone 

Fatty acid 

groups 

Triglyceride molecule Glycerol molecule 

Catalyst 



                        CHAPTER 2: LITERATURE REVIEW ON BIODIESEL PROCESSING 

10 
 

At ambient to mild conditions (up to 65
o
C and 1 atmosphere for methanolysis), the 

transesterification reaction must be initiated and sustained by a catalyst. The most common 

catalysts employed are base and acid catalysts (chemical catalysts) [7]. The use of other types 

of catalysts is also possible, as will be discussed in Section 2.3. The transesterification 

reaction to produce biodiesel (methanolysis) is also a relatively slow process due to the fact 

that it consists of a series of three step-wise reactions, producing di- and monoglycerides as 

intermediates as shown in Figure 2.3 [21]. Each reaction step is reversible and therefore, 

excess of methanol is needed to drive the reaction forward to reach completion [21]. More 

details on the kinetics and reaction mechanisms are presented in Section 2.5 later. 

 

Triglyceride  + Methanol    Methyl Ester + Diglyceride 

Diglyceride  + Methanol    Methyl Ester + Monoglyceride 

Monoglyceride + Methanol    Methyl Ester + Glycerol 

 

Figure 2.3: Three step-wise reaction in transesterification 

 

2.3 Process Technology 

 

 The process technology used to produce biodiesel may be classified according to the 

type of catalyst being employed. The transesterification reaction may be catalysed by 

chemical catalysts – a base or an acid, or biocatalysts consisting of various types of enzymes. 

The transesterification reaction may also proceed without any catalysts if a co-solvent or 

supercritical conditions are applied. 

 

2.3.1 Base-Catalysed Process 

 

 The homogeneous base-catalysed process is the most popular process technology for 

commercial biodiesel production [7, 14]. The reason being: it is effective in giving high 

conversion and reaction rates at near ambient conditions when compared to the other two 

categories of catalysts. This technology is therefore currently most economically feasible to 

employ. Common types of base catalysts include hydroxides, alkoxides of alkaline metals 

like Sodium (Na) and Potassium (K), and the pure metals themselves [7, 14]. 
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 The base is dissolved in the alcohol before transesterification to release the actual 

catalytic species, which is the alkoxide anion (R”O
-
). The dissolution of a hydroxide, 

alkoxide and pure alkaline metals (Q) in alcohol are presented in Figure 2.4 [14]. 

 

      Hydroxide: QOH + R”OH   R”O
-
 + Q

+
 + H2O 

      Alkoxide:    R”OQ   R”O
-
 + Q

+
 

      Alkaline metal:            Q + R”OH   R”O
-
 + Q

+
 + 

2

1
H2 (g) 

Figure 2.4: Production of actual catalytic species – the alkoxide anion [8] 

 

The transesterification reaction is initiated with a nucleophilic attack of the alkoxide 

anion on the carbonyl carbon atom of the triglyceride molecule, forming a tetrahedral 

intermediate. This is followed by the splitting of the said intermediate into a methyl ester 

molecule (biodiesel) and the anion of the diglyceride. The alkoxide anion is released again to 

start another catalytic cycle. Diglycerides and monoglycerides are converted by the same 

manner to produce alkyl esters and/or glycerol. This mechanism is illustrated in Figure 2.5 

[14]. 

 

 

 

Figure 2.5: Mechanism of the base-catalysed transesterification reaction [14] 

RCOOR” 



                        CHAPTER 2: LITERATURE REVIEW ON BIODIESEL PROCESSING 

12 
 

 Optimum reaction conditions for the base-catalysed process are well established [13, 

21, 23-26]. Usually, the base catalyst is first dissolved in alcohol before being mixed into the 

oil or fat at a molar ratio of 6 to 1 (alcohol to oil). The reaction temperature is best kept close 

to the boiling point of alcohol (methanolysis at ~65
o
C) at atmospheric pressure. The amount 

of catalyst required is usually between 0.5 – 1.0 % weight of feedstock oil used. Agitation of 

reactant mixture is essential to keep it well mixed because triglycerides and methanol are 

immiscible in each other [27]. Typical conversion rate of oil to methyl ester is more than 95 

% within 60 minutes [7].  

 

 Alkaline metals and their alkoxides are more active and superior to hydroxides in 

catalysing the transesterification reaction [7]. However, hydroxides are still feasible because 

their inferior activity may be compensated by increasing their amount by a mere 1-2 mol % 

[7, 14]. In addition, hydroxides are cheaper, more abundant and less hazardous compared to 

the former two which are highly reactive, may generate hydrogen gas, and are toxic (Figure 

2.4) [7]. 

  

 Nevertheless, base catalysts are highly sensitive to the naturally present free fatty 

acids in the feedstock which poisons their activity through the undesirable and non-reversible 

saponification process [28]. Saponification not only consumes the catalyst, it also produces 

alkaline soaps that forms an emulsion between the esters and glycerol layers thus decreasing 

yields and complicating downstream purification processes [7, 8]. The same goes for water or 

moisture content because it causes hydrolysis of the esters and promote the saponification 

process with generation of more free fatty acids [28, 29] (Figure 2.6).  

 

 R’COOH + B
+
OH

- 
  R’COOB + H2O 

    FFA           Base   Soap         Water 

 

R’COOR” + B
+
OH

-
   R’COOB + R”OH 

    Ester Base   Soap         Alcohol 

 

    R’COOR” + H2O   R’COOH + R”OH 

       Ester   Water   FFA        Alcohol  

  

Figure 2.6: Undesirable saponification and hydrolysis reactions [8] 
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 Sensitivity to free fatty acids and moisture content therefore requires strictly 

anhydrous alcohols and refined oils when the base-catalysed process is to be used to produce 

biodiesel. Refined edible grade vegetable oils with free fatty acids of below 0.5% works best 

[30] while water content should be kept as low as possible [8]. The relatively more expensive 

refined feedstock required for the base-catalysed process is the major reason for the high cost 

of the biodiesel product as mentioned in Section 1.3 [4, 12]. 

 

2.3.2 Acid-Catalysed Process 

 

The transesterification reaction may also proceed using an acid catalyst, usually 

strong Bronstead acids like sulphuric acid (H2SO4) or sulfonic acids (–SO2OH) [14]. Acid 

catalysts are effective in giving very high yields of methyl esters but at a much slower 

reaction rate [7]. With ambient conditions employed in the base-catalysed process (~65
o
C, 1 

atm), the acid-catalysed process produced comparable conversion of oil into biodiesel only 

with much higher alcohol to oil molar ratios (30:1) and long reaction times (50 hours) [30]. 

Slight reaction rates improvement may be observed at higher reaction temperatures [31]. 

 

Referring to Figure 2.7 [14], the acid-catalysed transesterification reaction is initiated 

by the protonation of a carbonyl group of the triglyceride molecule forming a tetrahedral 

intermediate, followed by the protonation of the said carbonyl group to produce carbocation 

II. After a nucleophilic attack of the alcohol, a tetrahedral intermediate III is formed and with 

the elimination of the glycerol, a new ester is formed while the acid catalyst (H
+
) is 

regenerated [7, 14]. This mechanism is a few magnitudes slower than the base-catalysis 

mechanism (Figure 2.5) thus it has a much slower overall reaction rate [31]. 
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Figure 2.7: Mechanism of the acid-catalysed transesterification reaction [14] 

 

 Despite being much slower, the acid-catalysed process has an advantage over the 

base-catalysed process since it will not cause a saponification reaction (Figure 2.5) even in 

the presence of high concentrations of free fatty acids. Instead, the free fatty acids are 

converted into esters (biodiesel) via the esterification reaction as well (Figure 2.8). It was 

reported that the acid-catalysed process is more effective than the base-catalysed process if 

the oil feedstock contains free fatty acids of more than 2% by weight [15]. Such high content 

of free fatty acids are often associated with low quality feedstock oil like waste cooking oils. 

Therefore, the acid-catalysed process has potential to make the utilisation of alternative, 

lower grade and cheaper feedstock for biodiesel production possible. 

 

R’COOH + R”OH   R’COOR” + H2O 

FFA         Alcohol   Ester           Water 

 

Figure 2.8: Esterification of FFA into esters 

 

 Nonetheless, acid catalysts are much more sensitive to water content than base 

catalysts. It was found that the addition of 0.5% water content into the oil feedstock is enough 

to decrease the conversion from 95% to below 90%. At a water content of 5%, conversion 

was only a mere 5.6% [32]. The presence of water interferes with the mechanism depicted in 
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Figure 2.7 through the hydrolysis of the carbocation species II to form carboxylic acid instead 

of the product ester [7]. In addition, water formation through the esterification reaction 

(Figure 2.8) may further inhibit the progress of transesterification.   

  

 To date, the acid-catalysed process is not feasible as a sole technology for commercial 

biodiesel production because of the aforementioned factors [31]. Due to its capability of 

converting free fatty acids to esters instead of soaps, the acid-catalysed process is employed 

as the pre-treatment step instead, to lower the FFAs content of feedstock to the requirement 

for the base-catalysed-process (<0.5%), in order for it to proceed effectively [7]. The 

combined acid and base-catalysed process enabled the use of cheaper alternative feedstock 

usually high in free fatty acids content for biodiesel production. However, the water-free 

constraint still stands. 

 

2.3.3 Enzyme-Catalysed Process 

 

 The enzyme-catalysed process is a relatively new technology yet to be commercially 

developed. Various active research are on-going to investigate and optimise this process for 

biodiesel production [16]. Recent tests and results have shown that the use of common 

hydrolytic enzymes (lipase) to convert triglycerides as well as free fatty acids to methyl esters 

is possible although the reaction rates and yields are not as favourable as the base-catalysed 

process [3, 7, 8, 14].  

 

 The mechanism of the enzyme-catalysed process consists of two hydrolysis reactions. 

First, the triglyceride molecule is hydrolysed to form a FFA and a diglyceride molecule. The 

resulting FFA is esterified with alcohol to form the final product esters. This mechanism also 

applies to mono- and diglyceride molecules simultaneously. The mechanism is illustrated in 

Figure 2.9 [33]. 

 

The advantage of using the enzyme-catalysed process includes its very mild reaction 

conditions, usually in the lukewarm regions of 30 - 50
o
C. In addition, the resulting products 

need not be purified from soaps or residual catalysts content. This means easier product 

separation, elimination of waste water issues and cheaper downstream processing costs [7]. In 

addition, the enzyme-catalysed process is not affected by either free fatty acid (formation of 

soaps) or water content. In fact, some water content is required to activate the enzymes. This 
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is apparent from Figure 2.9. Therefore, low quality feedstock may be converted to biodiesel 

using this process without prior pre-treatment. 

 

CH2 – COOR’     CH2 – OH 

CH2 – COOR”      +    H2O   CH2 – COOR”    +    R’COOH 

CH2 – COOR”’    CH2 – COOR”’ 

 Triglyceride  Water   Diglyceride  FFA 

 

 R’COOH       +    ROH   R’COOR + H2O 

 FFA   Alcohol  Ester   Water 

 

Figure 2.9: Mechanism of the enzyme-catalysed process [33] 

 

The main drawback of the enzyme-catalysed process is its poor efficiency leading to 

longer reaction times and requirements of higher catalyst concentrations [7]. Due to the fact 

that these biocatalysts are substantially more expensive than conventional chemical catalysts, 

this process is currently unfeasible for commercial production of biodiesel [33]. 

Immobilisation of lipase for transesterification enables the reuse of these catalysts and may 

help to reduce its processing costs [7]. 

 

2.3.4 Non-Catalytic Processes 

 

 There are currently two different process technologies which enable the 

transesterification reaction to proceed without any catalysts. The BIOX co-solvent process 

and the supercritical methanol process [16, 34]. The absence of a catalyst implies reduction in 

downstream processing costs which is necessitated by the removal of residual catalysts and 

treatment of acidic or alkaline wastewater. 

 

 The BIOX co-solvent process incorporates an inert co-solvent like tetrahydrofuran 

(THF) into the reaction system to homogenize insoluble alcohol and oil reactants resulting in 

a single oil-rich phase. At atmospheric pressure and near ambient temperatures, the 

conversion of oil is over 99% within 5 - 10 minutes. The co-solvent is inert therefore may be 

reclaimed and reuse in subsequent reactions. One major weakness of this technology is 

potential safety hazards due to the toxicity of the co-solvent used. It was also found that 
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recovery of excess methanol was difficult because the boiling points of THF and methanol 

are very close. On the other hand, this process is capable of converting low quality feedstock 

with high free fatty acid content like waste frying oil and animal fats [16, 34]. 

 

 The supercritical methanol process takes place under extreme conditions where 

methanol is in its supercritical state i.e. beyond 250
o
C and 35MPa [35]. This process is very 

rapid with oil conversions to methyl ester greater than 90% in the first minute [3, 36]. In such 

extreme conditions, it is believed that methanol dissociates into the catalytic alkoxide ion and 

hydrogen ion therefore no additional catalysts is needed (Figure 2.4) [7]. However, a 

relatively high molar ratio of alcohol to oil of about 42 to 1 is needed instead of the usual 6 to 

1 in the base-catalysed process. Anyhow, free fatty acids are converted into esters while 

water content does not affect the process. The main drawback is the high energy requirement 

to sustain the extremely high reaction pressures and temperatures leading to costly processing 

expenditures [7]. 

 

2.4 Current Process Design 

 

 Based on the review of the different process technologies for biodiesel manufacture in 

Section 2.3, it is evident that the base-catalysed process is still the most feasible route for 

commercial scale production. While many researchers are constantly developing alternative 

technologies [37], there is also continuous effort in trying to improve the current base-

catalysed process design, especially in terms of reaction rates and reduction of soaps 

production. 

 

Figure 2.10 is a typical process flow diagram for the commercial production of 

biodiesel using the base-catalysed process technology currently employed [8]. Typically, the 

process is divided into four main sections – the transesterification section, methyl ester 

(biodiesel) purification section, glycerol purification section and the methanol recovery 

section [19]. 



                        CHAPTER 2: LITERATURE REVIEW ON BIODIESEL PROCESSING 

18 
 

 

Figure 2.10: Process flow diagram of the commercial base-catalysed process to produce 

biodiesel [8] 

 

 The transesterification section consist of a batch stirred tank reactor where the oil 

feedstock is mixed with correct amounts of methanol and base catalyst (further information is 

provided in Section 2.5) and agitated for the reaction to take place at ambient pressures and a 

constant reaction temperature of 60 – 65
o
C for an hour. For a continuous process, a 

continuous stirred tank reactor (CSTR) or a plug flow reactor (PFR) may be used instead [8]. 

As a rule of thumb, batch processes are easier to control and more effective for small plants 

producing 500 – 10000 tons/year of biodiesel. For larger plants producing beyond 30000 

tons/year of biodiesel, the continuous process are proven to be more economic albeit more 

complex processing and regulating steps [7]. 

 

 Once the transesterification reaction is completed, the product mixture containing 

excess methanol, methyl esters, the by-product glycerol, excess catalyst, soaps and a portion 

of unreacted oil is separated, usually using a decanter or centrifuge [19]. The much denser 

glycerol phase has low solubility in the methyl ester phase therefore a physical liquid-liquid 

separation step is sufficient. Although the excess methanol tend to act as a stabiliser and 

slows down the separation of both the phases, its removal prior to phase separation is not 

recommended for fear of reversing the transesterification reaction [8]. 

*Figure 2.10 reproduced from [8]; courtesy of AOCS Press. 
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 After separation, the methyl ester phase is purified in the methyl ester purification 

section while the glycerol in the glycerol purification section. In the methyl ester purification 

section, the methyl ester phase contains excess methanol, catalyst and soap as well as residual 

free glycerol and unreacted oil (including mono- and diglycerides). First, excess methanol is 

removed by evaporation. This is usually accomplished using a single vacuum flash process or 

a falling film evaporator. Removed methanol is passed to the recovery section of distillation 

and reuse [8].  

 

 The methanol-free methyl ester phase now goes through a neutralisation step with an 

acid solution to neutralise the residual catalyst [19]. Most times, the resulting sodium or 

potassium salt is discarded along with the wastewater. However, some researchers have 

suggested using a Potassium based catalyst and then phosphoric acid in this neutralisation 

step so that a resulting potassium phosphate salt may be sold as a fertiliser (side-product) [7, 

38].  

 

After the neutralisation step, a series of water washing and separating steps are carried 

out to “flush out” traces of soap, salts, glycerol or methanol which are all soluble in water 

[19]. The methyl ester oil phase may be separated by gravity settling or centrifuge because of 

its insolubility in water. The final step of methyl ester purification is by drying to remove 

water content and bring its purity beyond 96% [8]. 

 

 Meanwhile in the glycerol purification section, the by-product glycerol has about 50% 

purity while the rest is made up of most of the excess methanol, catalyst and soaps which are 

more soluble in the polar glycerol phase than the methyl ester phase. The first step in glycerol 

purification is acidulation to break the soaps into free fatty acids and salt (Figure 2.11) [7]. 

 

R-COOQ + H
+
Ac

-
   R-COOH + Q

+
Ac

-
 

  Soap         Acid   FFA         Salt 

 

Figure 2.11: Breakup of soaps by an acid 

  

 The free fatty acids oily phase floats to the surface and may be decanted out. The salt 

remains in the glycerol phase or may precipitate out depending on the type of catalyst and 

acid used. As mentioned, the use of potassium bases and phosphoric acid results in the 
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formation of potassium phosphate which could be sold as a fertiliser [38]. Free fatty acids 

may be recycled into the transesterification section for conversion into methyl esters [8] 

(Figure 2.12).  

 

Next, the excess methanol is removed easily by an evaporation process due to the 

large difference in boiling points of the two. The removed methanol is passed to the recovery 

section mentioned earlier for rectification and reuse. The purity of glycerol is improved to 

about 85% by now and may be sold as crude glycerol for further refining. The refining 

process is executed by means of vacuum distillation or ion exchange which elevates its purity 

to pharmaceutical grade of 99.5 – 99.7% [8].  

 

As mentioned in Section 2.3.1, the base-catalysed process calls for high quality 

vegetable oils with free fatty acids contents below 0.5% and it must be as dry as possible [8]. 

Free fatty acids content of up to 5% may be tolerated if compensated by addition of more 

base catalyst. However, in cases where the oil feedstock contains higher amounts of free fatty 

acids, or when the recycle of more free fatty acids from the glycerol purification step is 

desired, an additional acid pre-treatment step is preferred [8, 39].  

 

This pre-treatment step lowers the free fatty acids content by converting it into methyl 

esters via esterification (Figure 2.8). Thus with a lowered free fatty acids content, the base-

catalysed process may proceed effectively thereafter. However, the esterification reaction 

produces water which may accumulate and poison the acid-catalysed process thus preventing 

the complete conversion of free fatty acids into esters [8]. It is therefore recommended that 

the acid pre-treatment be done in 2 steps as shown in Figure 2.12. Methanol and water is 

separated from the oil mixture in Separator 1 so that completion can be achieved in Reactor 

2. Pre-treated oil with low free fatty acids may then go through the base-catalysed process as 

in Figure 2.10 to produce biodiesel [8]. 
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Figure 2.12: Acid pre-treatment of oil feedstock with high amounts of free fatty acids [8] 

 

The major drawbacks faced by this current process design may be summarised here 

[7, 8, 14]: 

 

 Slow reaction thus necessitating long residence times (approximately 60 minutes or 

more) and large reactor volumes. 

 Environmental issues concerning large amounts of acidic, alkaline or soapy 

(emulsion) wastewaters which may involve costly treatment processes. 

 Expensive process for continuous purification of excess methanol for reuse 

(distillation columns). 

 

It must be noted that apart from the first point, each identified drawback listed above 

is related to the downstream processing of biodiesel manufacture. In other words, slow 

reaction rate is directly associated with the “core” technology itself. Thus, addressing ways to 

expedite reaction rates and reduce reaction times is of more interest to most researchers trying 

to improve the current process technology and design [37]. Nevertheless, in order to do so, a 

good understanding of the reaction kinetics and mechanism of the base-catalysed 

transesterification reaction is necessary. This is presented in Section 2.5. 

 

 

*Figure 2.12 reproduced from [8]; courtesy of AOCS Press. 
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2.5 Kinetics of Base-Catalysed Transesterification Reaction 

2.5.1 Reaction Mechanism and Order 

 

 Freedman et. al. [21] is one of the pioneer research groups to investigate the 

transesterification kinetics between alcohols and a triglyceride source (soybean oil), and their 

work have set the tone for similar investigations in later years. Freedman et. al. [21] used 

methanol and butanol as the alcohols, and compared both base and acid catalysts. The 

transesterification reaction is proposed to be a consecutive series of three-step reversible 

reactions, previously shown in Figure 2.3, and presented here again in more detail as 

(Equation 2.1): 
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Therefore, the overall reaction may be written as: 
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 Although stoichiometrically one mole of triglyceride (feedstock oil) requires 3 moles 

of alcohol to produce 3 moles of esters and one mole of glycerol, a 100% mole excess of 

alcohol (R - OH) is recommended by Freedman et. al. [21] to drive the equilibrium of 

Equation 2.2 towards the right hand side. Thus a 6 to 1 alcohol to oil molar ratio, or higher 

(chosen to be 30 to 1) are used in the work of Freedman et. al. [21].  

 

For both the acid and base-catalysed transesterification of butanol with soybean oil at 

20 – 60
o
C, the forward reactions in Equation 2.1 follow the second order reaction model 

k3 

k1 

k4 

k2 

k5 

k6 

kTG 

k’TG 

forward reaction rate constants 

reverse reaction rate constants 

 (Equation 2.1) 

reverse reaction rate constant 

forward reaction rate constant 

(Equation 2.2) 
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when a 6 to 1 alcohol to oil molar ratio is used (Equation 2.3). When an excess of butanol is 

used (30 to 1 alcohol to oil molar ratio), the concentration of alcohol in the reaction mixture 

becomes high and constant, thus becoming unimportant in the reaction kinetics. This 

condition is termed by Freedman et. al. [21] as being “pseudo-first order” with respect to the 

concentration of soybean oil (Equation 2.4): 

 

 
    

  
                                                     (Equation 2.3) 

 
    

  
                                                          (Equation 2.4) 

 

   Where KTG = kTG.CR-OH = constant. 

  

Freedman et. al. [21] also performed transesterification of soybean oil with methanol 

at 20 - 60
o
C, catalysed either by a base or an acid. At 30 to 1 methanol to oil ratio, the 

reaction kinetics is similar to what was found for the butanolysis of soybean oil i.e. pseudo-

first order (Equation 2.4). However, when a 6 to 1 methanol to oil molar ratio is used, 

Freedman et. al [21]observed a very fast fourth-order reaction, with fast formation of esters 

and close to no intermediates detected. This is termed by Freedman et. al [21] as the “shunt” 

reaction (Equation 2.5). 

 

 
    

  
             

                                   (Equation 2.5) 

 

Freedman et. al [21] explained that because the methanol molecule is smaller in size 

than the butanol molecule, 3 methanol molecules can attack one single triglyceride molecule 

simultaneously, thus the occurrence of the “shunt” reaction (Equation 2.2). However, it must 

be noted that Freedman et. al. [21] only compared butanolysis and methanolysis at 6 to 1 

alcohol to oil molar ratio, and did not address the fact that butanol and methanol has very 

different solubilities in soybean oil, which could possibly contribute towards this disparity in 

reaction kinetics as well [25]. 

 

Nevertheless, based on the conditions used in their work, Freedman et. al. [21] found 

that the reverse reactions of Equation 2.1 are of second order, while the reverse reaction rate 

constants (k4-6) are significantly smaller than its forward reaction counterparts (k1-3). In 
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addition, the reaction rate constants (k1-6) for the acid-catalysed reaction are also significantly 

smaller than when a base catalyst is used. 

 

 Mittelbach and Trathnigg [25] studied the kinetics of potassium hydroxide (KOH) 

catalysed transesterification of sunflower and rapeseed oils at 25
o
C, at close to stoichiometric 

conditions of 3 to 1, and 3.3 to 1 methanol to oil molar ratios. The results obtained from their 

experimental work re-established the suitability of the kinetic models proposed by Freedman 

et. al. [21] (Equations 2.1 and 2.3). Mittelbach and Trathnigg [25] found that the forward 

reaction rate constants of Equation 2.1 to be in the order of: k1 < k2 < k3. Therefore, the 

conversion of triglycerides (TG) into diglycerides (DG) is the rate determination step for the 

transesterification reaction. This is later reconfirmed by the findings of Darnoko and Cheryan 

[38], and Bambase Jr et. al. [23]. 

 

 In addition, Mittelbach and Trathnigg [25] also observed an induction period in the 

first two minutes of reaction time before conversion began to take place. This was explained 

by the immiscibility of oil and methanol during the initial stages of the reaction, where two 

distinct phases could be seen. The presence of DG and monoglycerides (MG) formed later 

helped emulsify all phases into a homogeneous solution, and this was when conversion 

occurred rapidly. After 10 minutes of reaction time, the reaction rate decreased considerably 

which Mittelbach and Trathnigg [25] claimed was due to the formation of a glycerol layer. 

Glycerol is insoluble in the oil (TG, DG and MG) and ester phases but the catalyst has a 

higher affinity towards glycerol than the oil phase, causing loss of catalyst for further reaction 

in the oil phase. Mittelbach and Trathnigg [25] stressed that these factors complicate the 

reaction kinetics and must be taken into consideration. 

 

 Noureddini and Zhu [40] again investigated the base-catalysed transesterification 

kinetics of soybean oil with methanol. The effect of reaction temperature and mixing 

intensity, described by Reynolds number based on the impeller dimensions, were put into 

focus. The 6 to 1 molar ratio of methanol to oil is held constant, while other reaction 

conditions are comparable to Freedman et. al [21] and Mittelbach and Trathnigg [25]. 

 

Consistent with the findings of Mittelbach and Trathnigg [25], Noureddini and Zhu  

[40] obtained a sigmoidal curve profile for the plot of esters formation with time, indicating 

an initial induction period before reaction takes place (Figure 2.13). Therefore, the 
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transesterification reaction is hypothesised to begin with a mass transfer-controlled slow 

reaction region, followed by a kinetically controlled fast reaction region, and finally a slow 

reaction region towards the end when equilibrium conditions are approached [40].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: Illustration of a sigmoidal curve concentration profile 

 

 The experimental data of Noureddini and Zhu [40] again agrees well with the reaction 

kinetics model of Freedman et. al. [21] (Equations 2.1 and 2.3). However, Noureddini and 

Zhu [40] showed that the occurrence of the “shunt” reaction (Equation 2.5) is negligible and 

may not be necessarily included to improve the performance of the proposed reaction model 

of Equation 2.3. Higher impeller Reynolds number was shown to shorten the period of 

induction prior to conversion, thus confirming the earlier hypothesis that the 

transesterification reaction between oil and methanol is a mass transfer-controlled reaction 

[40]. However, the effect of impeller Reynolds number becomes less apparent at higher 

temperatures, implying that temperature has a stronger influence on reaction rates than 

mixing intensity [40].  

 

 Boocock et. al [41] discussed the reasons behind the sigmoidal curve profile of the 

esters (formation) concentration with time (Figure 2.13) as addressed by Mittelbach and 

Trathnigg [25], and Noureddini and Zhu [40]. In order to eliminate mass transfer limitations 

that may complicate the kinetics study, base-catalysed transesterification reactions between 

methanol and soybean and coconut oils were carried out with a co-solvent – tetrahydrofuran. 

Amount of 

esters formed 

Time 

Induction 

period 

Fast 

reaction 

Slow 

reaction 
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The co-solvent tetrahydrofuran also improved the reaction rates significantly due to increased 

reactant contact [41]. Boocock et. al [41] achieved maximum conversion of oil into methyl 

esters (reaction completion)in 7 minutes as opposed to 30 minutes by Freedman et. al. [21], 

120 minutes by Mittelbach and Trathnigg [25], and 90 minutes by Noureddini and Zhu [40]. 

 

On the other hand, although an increase in catalyst concentration accelerated the 

reaction rates considerably, Boocock et. al. [41] found that the extent of reaction did not 

improve much if given enough reaction time. In addition, higher amounts of catalyst used 

resulted in lower product yield due to soap formation (Figure 2.6). Hence, the use of catalyst 

to boost reaction rates should be employed only sparingly. Boocock et. al. [41] further 

explained that a rapid decrease of reaction rate during the course of the reaction (the 

sigmoidal curve profile) was due to the fall of catalyst concentration and a polarity effect 

when polar methanol was mixed into the non-polar oil phase (i.e. inefficient mixing).  

 

To summarise, the base-catalysed transesterification between methanol and an oil 

source consists of a series of reversible reactions as shown in Equation 2.1. Under near 

stoichiometric conditions (3 – 6 alcohol to oil ratios), the forward reaction is of second order 

(Equation 2.3), and for alcohol to oil molar ratios of about 30, the reaction becomes pseudo-

first order (Equation 2.4). Moreover, at 6 alcohol to oil molar ratios or higher, the reverse 

reaction rate constants (k4-6) are significantly smaller than their forward reaction counterparts 

(k1-3), thus irreversibility can be assumed. The first reaction step of Equation 2.1 has the 

lowest reaction rate constant (k1) and thus is the rate controlling step.  

 

The immiscibility of methanol and oil phases has been acknowledged to affect the 

reaction kinetics considerably [25, 40, 42]. However, there is so far no research that attempt 

to separate and quantify this “mass transfer limitation”. It must be noted that the quantitative 

reaction kinetics study on the clearly mass transfer-controlled transesterification reaction thus 

far has been carried out by ignoring the (adverse) contribution of the mass transfer effects. 

This could be the reason behind the large inconsistencies of the reported reaction kinetics 

parameters for the transesterification reaction, as discussed in Section 2.5.2. 
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2.5.2 Reaction Kinetic Parameters 

  

The Arrhenius Law equation expresses the dependence of the reaction rate constant 

with temperature, and is used extensively to describe the kinetics of a particular reaction 

(Equation 2.6) [43, 44] : 

 

        
  
   or       

  

 
 
 

 
                            (Equation 2.6) 

 

 The reaction kinetic parameters can be defined by the pre-exponential factor or 

Arrhenius constant (Ar), and activation energy (Ea). It must be noted that the units for the 

pre-exponential factor is dependent on the unit of the reaction rate constant, which in turn 

depends on the reaction order. Some of the reaction kinetics parameters for the base-catalysed 

transesterification reaction reported in literature are compiled in Table 2.1. 
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Table 2.1: Comparison of reaction kinetics parameters for the transesterification reaction reported in literature 

Feedstock Process condition Alcohol:Oil 

(Molar ratio) 

Reaction 

order 

Temperature 

(
o
C) 

Ar Ea (kJ/mol) Ref. 

Sunflower Oil Ambient 6:1 Second 25 - 60 3.38 ×10
-8

 m
3
/mol.s* 58.8 [23] 

Soybean Oil Ambient 6:1 Second 30 - 70 3.95 × 10
-6

 m
3
/mol.s* 

2.96 × 10
-6

 m
3
/mol.s* 

55.2 (Re = 6200) 

57.12 (Re = 12400) 

[40] 

Palm Oil Ambient 6 : 1 Second 50 - 65 Not available 61.74 [38] 

Soybean Oil Ambient 6 : 1 Second 20 - 60 Not available 67.46 [21] 

Jatropha Oil Supercritical 

methanol 

18 – 36 : 1 Pseudo-first 240 - 250 2.21 × 10
5
 s

-1
 84.1 [45] 

Soybean Oil Supercritical 

methanol 

6 – 27 : 1 Second 220 - 235 Not available 117.0 [46] 

Soybean Oil Supercritical 

methanol 

42 : 1 Second 270 - 350 2.67 × 10
-4

 m
3
/mol.s 

1.16 × 10
-2

 m
3
/mol.s 

38.36 (subcritical) 

46.94 (supercritical) 

[35] 

Soybean Oil Supercritical 

methanol 

36 : 1 Pseudo-first 200 - 260 12.17 s
-1

 75.94 [47] 

Rapeseed Oil Supercritical 

methanol 

12 – 36 : 1 Pseudo-first 200 - 250 3.613 × 10
6
 s

-1
 85.40 [48] 

Palm Oil Supercritical 

methanol 

60 : 1 Pseudo-first 200 - 400 4.34 × 10
5
 s

-1
 105.0 [49] 

*extrapolated values 
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 Table 2.1 showcased a large array of different values reported in the literature for the 

reaction kinetic parameters of the transesterification reaction. With the exception of 

D’Ippolitoet. al. [35], the activation energies and pre-exponential factors for the supercritical 

methanol process is much higher than the conventional liquid-liquid transesterification 

process.  

 

As discussed in Section 2.3.4, at supercritical conditions, the transesterification 

reaction is a single phase reaction with minimal mass transfer limitations and may proceed 

with or without a catalyst. The conventional liquid-liquid transesterification process however 

(at ambient pressure), is mass transfer-controlled as mentioned in Section 2.5.1. As such, 

mass transfer limitations during the liquid-liquid transesterification and the absence of such 

limitations during the supercritical process could be the reason behind the consistently higher 

values of Ea reported for the supercritical process as compared to the liquid-liquid process. 

Nevertheless, an entirely different non-catalytic reaction mechanism during the supercritical 

process (Section 2.3.4) might be the reason behind the discrepancies in Ea values as well.  

 

In other words, the reaction parameters reported for the liquid-liquid 

transesterification reaction [21, 23, 38, 40] has mass transfer effects incorporated, hence are 

questionable. Santacessaria et. al. [50] also expressed similar doubts towards the kinetic 

parameters reported for transesterification reactions in which reaction time exceeds 20 

minutes.    
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2.6 Recent Developments in Process Design 

 

This section is a literature review on the recent trends and developments of the base-

catalysed process technology, in line with the aim of this thesis, which is to contribute 

towards the improvement of the existing biodiesel process design. According to Section 

2.5.1, researchers have found an initial mass transfer-controlled region during the early stages 

of the liquid-liquid transesterification reaction, which is due to the immiscibility of methanol 

in oil. This factor has affected the reaction kinetics noticeably (Table 2.1).  

 

While there is so far no information available that specifically quantifies this mass 

transfer resistance and how it affects the kinetics, there are however, research efforts that 

targets the enhancement of heat and mass transfer between reactants to elevate reaction rates, 

thus reducing reactor residence time and its size. This is achieved through the use of 

innovative reactor designs. Some of these recent developments are summarised in Table 2.2. 

 



                        CHAPTER 2: LITERATURE REVIEW ON BIODIESEL PROCESSING 

31 
 

Table 2.2: Recent developments in the base-catalysed process design to produce biodiesel (innovative reactors) 

Reactor Feedstock Alcohol : Oil  

(Molar ratio) 

T (
o
C) Residence time 

(minutes) 

Ester yield;  

Oil conversion 

Scale Ref. 

Packed column,  

co-current 

Refined Palm Oil 6 : 1 60 5 92.2 %; 97.5 % Laboratory [51] 

Corrugated plates heat 

exchanger 

Soybean Oil 6 : 1 60 0.5 98.34 %, 98% Laboratory [50] 

Stirred tank with 

microwave heating  

Soybean oil 6 : 1 50 1 - 2 Not reported; 98.9 % Laboratory [52] 

Oscillatory flow reactor Rapeseed Oil 1.5 : 1 60 10 > 99.6 %; 99.2 % Laboratory [53] 

Rotating packed bed Soybean Oil 6 : 1 60 0.72 97.3 %; Not reported Laboratory [54] 

Narrow channel reactor Canola Oil 6 : 1 60 3 Not reported, 98 % Laboratory [55] 

Reactive distillation 

(tray) column 

Canola Oil 4 : 1 65 3 95.1 %; 94.4 % Laboratory [56] 

Continuous tank with 

ultrasonic transducer 

Refined Palm oil 7.5 : 1 38 - 40 10 Not reported; > 95% Laboratory [57] 

Gas-liquid spray reactor Edible beef tallow 30 - 40 : 1 70 - 120 8 seconds Not reported; > 96 % Pilot [1] 
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 Table 2.2 indicates very good progresses towards improving the current process 

design for biodiesel manufacture i.e. via increasing reaction rates and reducing reaction times 

(as highlighted in Section 2.4, page 21). It should be pointed out that the work of Behzadi and 

Farid [1] stands out from the rest because of its unique gas-liquid arrangement for 

transesterification reaction (vapour methanol and sprayed oil droplets) as opposed to liquid-

liquid, not to mention having the lowest reaction residence time as shown in Table 2.2. 

Moreover, the gas-liquid technology of Behzadi and Farid [1] is also by far the first to be able 

to overcome slow reaction rates and problems associated with methanol recovery (Section 

2.4, page 21) simultaneously. This novel process design and technology is described in 

Section 2.6.1.   

 

2.6.1 Gas-Liquid Transesterification Reaction using a Spray Reactor 

 

Reaction rates in the spray reactor of Behzadi and Farid [1] are tremendously 

improved due to the use of higher reaction temperatures which are no longer limited by the 

boiling point of methanol (~65
o
C). The atomised oil phase also has a very high interfacial 

area for mass transfer [1, 2]. 

 

Figure 2.14 is a schematic representation of Behzadi and Farid’s [1] semi-continuous 

process design. Preheated beef tallow is fed through a fuel spray nozzle for atomisation using 

a high pressure pump. The atomised oil droplets size depends on the temperature of the oil 

(viscosity and surface tension). At 90
o
C and 120

o
C injection temperatures, Behzadi and Farid 

[1] obtained fine droplets of 200 and 120 µm diameter respectively. The catalyst sodium 

hydroxide (NaOH) is dissolved in pure methanol to form a 5.0 g/L catalyst in methanol 

solution. This solution is vapourised and fed from the bottom of the spray reactor as shown in 

Figure 2.14. 
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Figure 2.14: The gas-liquid transesterification process using a spray reactor [1] 

 

With oil and methanol flow rates of 10 litres/hour and 17.2 litres per hour 

respectively, a maximum oil conversion of 96% is achieved in about 8 seconds [2]. The 

methanol to oil molar ratio was exceptionally high at 30 to 40 to 1, but this is not considered 

a weakness to the process because the excess methanol may be recovered for reuse without 

any additional purification steps [1, 2].  

 

Typical with any base-catalysed transesterification process, Behzadi and Farid’s [1] 

reaction is also sensitive to free fatty acids and moisture, and therefore also prone to soap 

formation (Figure 2.6). At free fatty acids content beyond 1% weight of feedstock oil, no 

transesterification reaction occurred [2]. Behzadi [2] also reported that reaction temperature, 

oil injection temperature (which affects the atomised droplet size) and methanol flowrate 

(thus the amount of catalyst in the reactor) had significant influence on the reactor 

performance [2]. After rinsing with mild acidic warm water a few times, purified biodiesel 

samples produced from the spray reactor were tested and its quality is found to comply with 

EN 14103 and ASTM D 6584 standards for methyl esters as fuel [2]. 

 

Although the results of Behzadi and Farid [1, 2] has proven that the spray reactor is 

capable in expediting the base-catalysed transesterification process, investigation of the 

*Figure 2.14 reproduced from [1]; courtesy of Elsevier (Refer Appendix D2). 
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reaction kinetics and actual mechanisms taking place during the rapid process is yet to be 

done. This is because truly isothermal conditions within the spray reactor is not achieved due 

to inefficient heating systems used, hence hindering reliable modelling work to be carried out 

by Behzadi and Farid [1, 2] at the time.  

 

2.7 Summary and Thesis Objectives 

 

In summary, while the base-catalysed transesterification method is subject to the 

undesirable saponification reaction, it remains the most feasible route for commercial scale 

biodiesel manufacture when compared to the acid, enzymatic and non-catalytic processes. 

Further improvement to this technology can be made by addressing the setbacks of this 

process. This thesis focuses on improving the process technology by expediting the reaction 

rates using higher temperatures; and by eliminating mass transfer resistance which is due to 

the immiscibility of the reactants.  

 

As a first step towards improving the transesterification reaction rate, its reaction 

kinetics is explored. From the literature review, it is revealed that the liquid-liquid 

transesterification reaction is indeed a mass transfer-controlled process. Previous researchers 

have incorporated this mass transfer resistance when carrying out kinetic studies thus the 

results obtained is questionable. Hence, there is a need to isolate and/or quantify the mass 

transfer resistance as an independent term. This has not been reported in the existing 

literature so far. 

 

Furthermore, it is identified that improving mass transfer between the reactants is key 

towards improving the transesterification reaction rates. This in turn, improves the current 

process technology and design, the aim of this thesis. Among the literature reviewed, Behzadi 

and Farid [1] developed an attractive and novel technology in which a gas-liquid 

transesterification reaction system is used for the first time in the history of biodiesel 

research. Behzadi and Farid [1] achieved 96 % conversion into high quality biodiesel in 8 

seconds using a gas-liquid spray reactor, in which atomised oil droplets react with methanol 

vapour.  
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The gas-liquid reaction is very fast because the use of high reaction temperature 

which is no longer limited by the boiling point of methanol (65
o
C). Large interfacial area for 

reactant contact due to the fine droplets (120 – 200 µm diameter) produced is also a 

contributing factor. By using methanol in the vapour phase, Behzadi and Farid [1] also 

eliminated the often costly methanol separation and purification step. However, investigation 

into the reaction mechanism and kinetics of this rapid process is yet to be carried out. 

 

Hence, the research objective of this thesis is to study the kinetics and mechanism of 

the gas-liquid transesterification of a single oil droplet with vapour methanol, catalysed by 

sodium methoxide. This is done through the analysis of the reaction kinetics using a 

mathematical model which provides fundamental understanding to the base-catalysed gas-

liquid transesterification reaction. The model should be suitable for design and scale-up 

purposes. In addition, this model must also be able to quantify the mass transfer 

“contribution” and express it as an isolated and independent term. This enables the 

determination of the “true” reaction kinetic parameters – reaction rate constant, activation 

energy and Arrhenius contant. 
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CHAPTER 3: DROPLET AND MASS TRANSFER 

CONSIDERATIONS 
 

3.1 Introduction 

 

 As the first step towards modelling of the gas-liquid transesterification reaction 

between oil droplets with alcohol vapour, an understanding of liquid droplets and its 

hydrodynamic characteristics is essential. Oil droplets of 100 -200 µm diameter as in Sam 

and Behzadi’s [1] work, and oil droplets of 400 – 500 µm diameter produced in this work are 

of interest. This chapter presents supporting information for the modelling work which 

concerns liquid droplets and mass transfer considerations. This includes information on the 

disintegration of liquid jets which is often applied as the basic method to form liquid droplets. 

The motion and behaviour of these liquid droplets falling in a gaseous medium is discussed 

next. Then, models and correlations for the liquid-film mass transfer coefficient within falling 

droplets are discussed in the latter part of the chapter.  

 

3.2 Droplet Considerations 

3.2.1 Formation of Liquid Droplets by Disintegration of Liquid Jets 

 

 A free liquid jet travelling in a gaseous medium will essentially disintegrate or break 

up into droplets [58]. The breakup of a liquid jet is due to a combination of forces namely: 

surface energy, kinetic energy and shear forces. These forces each play a role in affecting the 

manner in which the liquid jet disintegrates. As such, liquid jet breakup can be classified into 

a few distinctive regimes as will be discussed in the following. 

 

Early attempts at classifying the different regimes of liquid jet breakup has been 

carried out by many [59-61]. These early studies established that the mechanism of liquid jet 

breakup is dependent on the hydrodynamic properties of the liquid jet. The four main regimes 

of liquid jet breakup can be identified in order of increasing jet velocity [62, 63]: 

 

i. Dripping regime 

ii. Rayleigh jet breakup regime 

iii. First wind-induced breakup regime 
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iv. Second wind-induced breakup regime 

v. Atomisation regime 

 

In the dripping regime, droplets of liquid are “pinched off” near the nozzle due to 

gravitational pull and surface tension forces. Droplets formed by dripping are almost twice 

the diameter of the nozzle or larger. It should be noted that the liquid velocity in this regime 

is too low for successful formation of a liquid jet. Formation of a liquid jet is only possible 

when the liquid is travelling beyond the minimum jetting velocity. 

 

The minimum jetting velocity is defined as the lowest velocity of the liquid emerging 

from the nozzle required for successful formation of a liquid jet instead of dripping. The 

minimum jetting velocity may be calculated by performing an energy balance around the jet 

nozzle. The law of energy conservation requires that the rate of kinetic energy flow from the 

liquid before emergence 








dt

dEt must equal to the sum of kinetic energy of the emerged liquid 

jet 








dt

dEk  and the rate of increase in surface energy for constant new jet surface formation










dt

dS
. To successfully form a liquid jet, 









dt

dEt must be greater than 








dt

dS
[64]: 

 

   
  

 
  

  
 

 

 
   

          

 

 
      

          

     
 

   
                                       (Equation 3.1) 

 

In the Rayleigh and first wind-induced breakup regimes, the condition of Equation 3.1 

is met and the formed liquid jet is subject to symmetrical dilational wave disturbances (Figure 

3.1 (a)). These disturbances lead to necking along the length of the jet and finally formation 

of a droplets stream, as described by Rayleigh’s [58] theory of liquid jet instability in the 

following.  
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Figure 3.1: Typical disturbance wave structures along a liquid jet [65] 

 

 The theory of liquid jet instability is developed by Rayleigh [58] based on the analysis 

of Plateau. Plateau (as cited in [65]) showed that a cylindrical liquid jet injected into air is 

unstable when its length exceeds its diameter because two drops with a smaller combined 

surface area can be formed instead. On the other hand, Savart’s (as cited in [64]) pioneer 

investigation into liquid jet disintegration concluded that: (i) for a constant jet diameter, the 

breakup length of a jet is directly proportional to the square root of the head driving the jet, 

and (ii) for constant jet velocity, the breakup length of the jet is directly proportional to its 

diameter.  

 

Rayleigh’s [58] theory of jet instability states that an inviscid liquid jet of infinite 

length is subject to natural wavelength disturbances due to aerodynamic and surface tension 

actions. The growth of such disturbances consequently leads to necking along the jet and it 

subsequently breaks up into a stream of droplets. Figure 3.2 is an exaggerated illustration of 

this phenomenon. The breakup length, L (Figure 3.2) is many times the jet diameter (dj) and 

droplets formed are either larger than or in the order of the jet diameter, but smaller than 

those formed in the dripping regime [65].  

 

The mathematical analysis of Rayleigh [58] states that under laminar flow conditions, 

all disturbance wavelengths of larger than the circumference of a non-viscous liquid jet will 

grow. A liquid jet is considered laminar if the liquid flow immediately before the nozzle exit 

is below a critical Reynolds number (Rej; Equation 3.6) of approximately 2320 [66]. 

However, the disturbance wavelength with the highest growth rate dominates and eventually 

controls the jet breakup into droplets. By ignoring the influences of liquid viscosity and 

  

  

*Figure 3.1 reproduced from [65]; courtesy of Hemisphere Publication Corporation. 

 

2 
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surrounding air, Rayleigh [58] used a linearised analysis approach to predict the fastest 

growing disturbance wavelength i.e. the optimum wavelength for breakup into drops (      

and found:  

 

                                                    (Equation 3.2) 

 

Equation 3.2 is only valid for laminar conditions (Rej < 2320) and no influence due to 

liquid viscosity. Assuming each portion of the liquid cylinder “4.51dj” eventually forms one 

individual spherical drop, the volume of the said cylinder is set to equal the volume of a 

sphere to obtain: 

 

                                                   (Equation 3.3) 

 

 

 

 

 

 

 

 

Figure 3.2: Illustration of liquid jet breakup due to wavelength disturbances as described by 

Rayleigh [58] 

 

 

Liquid jet velocity, Uj 

Disturbance wavelength, λ 

Breakup length, L 

Liquid jet diameter, dj 

Liquid drop diameter, dd 
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 From Equation 3.3, Rayleigh’s [58] theory predicts formation of liquid drops with 

diameters 1.89 times the liquid jet diameter. It must be noted that Rayleigh [58] has ignored 

the influences of liquid viscosity and the surrounding air. In other words, Rayleigh’s [58] 

analysis is on an inviscid liquid jet injected into a vacuum atmosphere. So, the drop formation 

mechanism is due to surface tension forces only.  

 

Tyler [67] captured photographs of liquid jet disintegration and measured the 

frequency of drop formation as a function of the liquid jet disturbance wavelength. Mercury, 

water and aniline jets of 200 < Rej < 7000 are examined. His results (Equation 3.4) reveal 

close agreement with Rayleigh’s [58] predictions (Equation 3.3). This close agreement 

validated Rayleigh’s [58] idealised approach even though actual liquids are viscous and 

subject to surrounding air influences (and might be turbulent) [65]. 

 

                                                    (Equation 3.4) 

 

 Weber [68] also extended the analysis of Rayleigh [58] to include liquid viscosity 

effects and expressed      in terms of the liquid jet properties: 

 

              
   

      
 
   

                          (Equation 3.5) 

 

 It should be noted that if a non-viscous liquid jet is assumed (    ), Equation 3.5 

reduces to      = 4.44 dj, which is very close to Rayleigh’s [58] Equation 3.2. The analysis of 

Weber [68] is validated by its good agreement with Haenlein’s [60] experimental work using 

liquid jets of water (µ = 0.001 Pa.s), gas oil (µ = 0.0084 Pa.s), glycerol (µ = 0.092 Pa.s) and 

castor oil (µ = 0.84 Pa.s). Heated soybean oil (80 – 100
o
C) to be used in this work has a 

viscosity of 0.003 – 0.007 Pa.s.  

 

The second-induced regime occurs with further increase of jet velocity, where the 

disturbance waves become more random and asymmetrical, thus forming sinuous waves 

(Figure 3.1 (b)). Disintegration occur many jet diameters downstream producing droplets that 

are smaller than the jet diameter. Additional rise of jet velocity thereafter leads to turbulence 

and finally random and violent breakup in the atomisation regime. In the atomisation regime, 
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breakup starts at the nozzle exit producing droplets that are much smaller than the jet 

diameter [65]. The molten beef tallow droplets in Behzadi and Farid’s [1] spray tower is 

produced via atomisation. 

 

 The definition of the different jet breakup regimes recognises that the behaviour of jet 

breakup is highly dependent on a combination of forces: gravitational, inertial, surface 

tension and viscous forces. These forces can be represented by the Reynolds, Weber and 

Ohnesorge numbers [69]: 

 

Jet Reynolds number,      
      

  
                                    (Equation 3.6) 

Weber number (liquid phase),     
     

 

 
                      (Equation 3.7) 

Weber number (gas phase),    
     

 

 
                          (Equation 3.8) 

Ohnesorge number,     
    

   
                                          (Equation 3.9) 

 

 The onset of the different liquid jet breakup regimes is defined by the Ohnesorge chart 

(Figure 3.3), first developed by Ohnesorge [59], then refined by Miesse [61] and Reitz [62]. 

 

 

Figure 3.3: Ohnesorge Chart (as seen in [70]) 

*Figure 3.3 reproduced from [70]; courtesy of Elsevier (Refer Appendix D3). 
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Recently, Lin and Reitz [69] established the criteria of occurrence for the different 

breakup regimes in terms of WeG, We and Oh, which compliments the Ohnesorge Chart 

(Figure 3.3). 

 

The criteria for the Rayleigh breakup regime:  

 

WeL > 8 and WeG < 0.4                                (Equation 3.10) 

 

The criteria for the first wind-induced regime: 

 

1.3 + 3.41 Oh
0.9

 < WeG < 13                    (Equation 3.11) 

 

The criteria for the second wind-induced regime: 

 

13 < WeG < 40                            (Equation 3.12) 

 

The criteria for atomisation: 

 

     WeG > 40                                       (Equation 3.13) 

 

 Now that the mechanism of droplets formation and the different regimes of jet 

breakup have been defined, the next section (Section 3.2.2) describes the behaviour of the 

droplets which are formed. 

 

3.2.2 Motion of Liquid Drops in a Gaseous Medium 

 

 The motion of fluid particles (droplets or bubbles) falling or rising in a liquid is often 

described using the Stokes’ Law where creeping flow is assumed. Stokes’ Law for viscous 

flow is able to predict the behaviour of fluid or solid particles having droplet Reynolds 

numbers smaller than 1.0 [71, 72]: 

 

Droplet Reynolds number,      
      

  
                  (Equation 3.14) 
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For motion of liquid drops falling in a gaseous medium due to gravity, the Stoke’s 

flow regime is only applicable to extremely small droplets. However, such small droplets are 

rarely encountered in actual practice [72]. In other words, liquid drops falling in a gaseous 

medium most likely have Red >> 1.0. Nevertheless, due to its large density in relation to the 

surrounding gas, the motion of a liquid drop in a gaseous medium is assumed to be identical 

to that of a rigid sphere with identical dimensions and falling in a similar medium [71].  

 

The shape of a liquid drop is highly dependent on its size (diameter, dd), surface 

tension (σ) and density (ρL). Liquid drops falling in gas have been proven to either retain a 

spherical shape, an ellipsoidal (bean-like) shape or oscillate about a spherical shape. The 

condition under which liquid drops falling in gases due to gravitational acceleration (g) will 

retain a spherical shape is given by [73]: 

   

         
  

 
                                        (Equation 3.15) 

 

 The terminal velocity of a free falling liquid drop is derived by considering a balance 

of forces acting on it. At steady state, the gravitational force equals the drag force acting on 

the liquid drop as shown in Equation 3.16 [71]:  

 

           
  
 

 
                                      (Equation 3.16) 

 

 Assuming that the drop retains its spherical shape (i.e. Equation 3.15 has been 

satisfied); the drag coefficient can be taken as 0.5, which is the drag coefficient for rigid 

spheres. Thus the terminal velocity of the drop may be written in terms of the drop diameter 

(dd) as shown in Equation 3.17. For the case of water droplets falling in air, this corresponds 

to drops of sizes 0.2 – 1.0 mm in diameter [71, 72, 74]. 

 

              
 

 

     

    
                                       (Equation 3.17) 

 

 For larger free falling liquid droplets which are no longer spherical according to 

Equation 3.15, its velocity ceases to follow Equation 3.17. According to the Bernoulli Law, 

“flattening” of the drop is expected due to the pressure difference between the fore and aft 
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portions of the drop, which is a direct result of its relative velocity to the surrounding gas. 

Capillary pressure within the droplet acts against this pressure difference and prevents further 

deformation. Hence the ellipsoidal or bean-like shape [71].  

 

Taking into account the Bernoulli forces and capillary forces due to surface tension, 

the approximate velocity of these slightly larger and ellipsoidal drops is derived (Equation 

3.18) [71]. 

 

      
     

    
 

 
                                           (Equation 3.18) 

 

 Equation 3.18 implies that the velocity of the droplet is now independent of the 

diameter but is directly proportional to the power of 
 

 
 of its density and also surface tension. 

The higher the droplet velocity, the higher the degree of deformity it experiences, leading to 

more “flattening” of the drop and thus increasing the cross-sectional area (as) and 

subsequently the hydrodynamic resistance. In addition, drops with strong surface tension 

have less pronounced deformation and thus, its falling velocity increases. Using water drops 

falling in air, predictions of Equation 3.18 is close to experimental values for larger droplets 

of diameters between 4.0 – 6.0 mm [71, 72]. Gunn and Kinzer [74] measured terminal 

velocity of falling water drops in stagnant air of 4.0 – 6.0 mm diameter to be 8.8 – 9.2 cm/s 

while Equation 3.18 predicted 7.1 – 7.7 cm/s. 

 

 Equations 3.15 to 3.18 describe the motion and behaviour of liquid drops falling in a 

gaseous medium. Because of the shear forces acting on the surface of the drop during fall, 

plus possible oscillations and deformations on the droplet shape, many researchers have 

acknowledged the presence of internal circulation within falling drops [75]. Internal 

circulation within falling drops is expected to affect any mass transfer into these drops. The 

discussion of mass transfer into liquid drops is presented next in Section 3.3. 
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3.3 Mass Transfer Considerations 

 

As with the modelling of any gas-liquid operations, it is important to first determine 

the rate-determining step, if any, of the overall process. In Behzadi and Farid’s [1] spray 

reactor, pure methanol vapour is used, and the liquid phase transesterification reaction within 

the fine oil droplets (120 – 200 µm diameter) is expected to be rapid as indicated by high 

conversion to biodiesel within a very short reaction time of 8 seconds. In addition to the fact 

that the diffusivity of a species in the gas phase is often at least an order of magnitude higher 

than in the liquid phase [76], it is reasonable to assume that the gas-liquid transesterification 

reaction between oil droplets in vapour methanol is a liquid film-controlled process.  

 

Thus, this section presents information on the study of mass transfer (gas absorption) 

within falling liquid drops formed by atomisation as occurred in Behzadi and Farid’s [1] 

spray reactor.  The soybean oil droplets of 400 – 520 µm diameter produced by Rayleigh 

breakup in the experiment work of this thesis are also of interest. 

 

There are several basic diffusion models like the film, penetration and surface renewal 

theories that can be used to predict mass transfer coefficients [77]. However, empirical results 

for the liquid film mass transfer coefficient in liquid droplets during physical gas absorption 

do not support these models [78]. Many workers have observed that measured mass transfer 

coefficients are significantly higher [73].  

 

The earliest hypothesis used to explain such discrepancies between actual 

measurements of the liquid film mass transfer coefficients and model predictions is the 

presence of chemical reactions within the liquid droplet. However, even with clear omission 

of the probability of reactions, higher absorption rates still prevailed. Therefore, some other 

explanation must be sought. The most probable cause is that of internal circulation within the 

liquid droplet itself, which enhances surface renewal for mass transfer  [73, 79]. In other 

words, insufficient consideration was given to the surface renewal rate due to internal 

circulation of liquid droplets. Section 3.3.1 describes the occurrence of internal circulation 

inside liquid drops. 
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3.3.1 Internal Circulation in Liquid Droplets 

 

 Internal circulation within a falling or rising liquid drop in another fluid is caused by 

shear forces transmitted across the interface as the drop travels. These shear forces create 

vortex flows within the drop. This is first postulated and described by Hadamard (as cited in 

[80]) (Figure 3.4). Well-developed internal circulation is proven to be present through 

photographic evidence of water droplets as small as 355  m, falling at terminal velocity in air 

[81].  

 

 

Figure 3.4: Flow patterns in and outside a falling perfect spherical droplet according to: (a) 

experimental observations, and (b) predictions of Hadamard assuming ideal Stoke’s flow [81] 

 

 In addition, internal circulation may also be caused by drop oscillations during and 

shortly after formation which leads to rapid surface renewal at the drop interface and 

producing a “mixing” effect which enhances mass transfer rates considerably [73, 80]. The 

droplet formation stage has been proven to play a vital role in determining the degree of 

turbulence within the drops shortly after detachment and throughout fall [73, 82-84]. 

Therefore, the internal circulation in forming droplets is discussed more in detail in Section 

3.3.2.  

 

 

(a) (b) 

*Figure 3.4 reproduced from [81]; courtesy of John Wiley and Sons (Refer Appendix D4). 
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3.3.2 Internal Circulation in Forming Liquid Droplets 

  

Dixon and Russell [82] investigated the effect of drop size and droplet formation 

times on the absorption of carbon dioxide by water drops. They produced droplets of 

different sizes (in terms of droplet volume) using a range of nozzle tip sizes. Single droplets 

are formed by “dripping” or detachment from the nozzle tip (the regime with the lowest 

velocity as defined in Section 3.2.1). The droplets produced are relatively large in the range 

of approximately 3.9 – 6.1 mm in equivalent diameter. The presence of circulation within the 

detached drops is acknowledged [82].  

 

 The rate of carbon dioxide absorption is measured to be higher for shorter formation 

times of the drops (less than 1 second) and decreases gradually thereafter with increase of 

formation times, to almost constant beyond 4 seconds formation time [82]. Dixon and Russell 

[82] also found that the amount of carbon dioxide absorbed during droplet flight is far less 

than that absorbed during droplet formation.  

 

According to Dixon and Russell [82], the high absorption rates observed during short 

formation times is due to convection provoked by the emerging jet, reducing resistance to 

diffusion or specifically the effective film thickness, and promoting surface renewal [85]. 

From the results, they postulated that it is very likely the turbulence due to internal circulation 

during droplet formation will persist during the initial stages of droplet fall, and damp at a 

rate which is difficult to determine, as the droplet approaches terminal velocity. In addition, it 

is concluded that the absorption coefficients of drops during formation are inversely 

proportional to the time of formation and directly proportional to the “degree of turbulence” 

within the drop – a concept developed in their research [82]. 

 

The “degree of turbulence” ( ) is derived and believed to be a simplification of the 

many factors influencing the complicated flow pattern within the drop [82]. Assuming that 

the degree of turbulence would most largely depend on the velocity of the emerging jet and 

the volume of drop (Vd), and finding the best experimental data fit, Dixon and Russell [82] 

found a linear relationship between the mass transfer coefficient in the liquid phase (kL) and 

the inverse of the radius (ro) of the jet nozzle (Equation 3.19). 
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Degree of turbulence,      
  

  
      

 

  
  

                                      Fitting data,    
  

  
  

   

  
 

  
 
   

 

    Therefore,   
 

  
 

And,      
 

  
                                                 (Equation 3.19) 

 

 The size of the drops is manipulated by using different nozzle tip size and formation 

times. Therefore, single drops of close to identical sizes may be produced using different tips. 

According to Equation 3.19, the “degree of turbulence” is constant for a given nozzle tip size. 

Dixon and Russell [82] proved that the absorption rate of carbon dioxide was directly 

proportional to the “degree of turbulence” by producing drops of identical sizes using 

different tips. In other words, at constant volume of drops, tips of smaller sizes will produce 

drops with more severe internal circulation i.e. turbulence. This is favourable to mass transfer 

[82]. It must be noted that these findings are valid only for the scope of the experiments 

carried out by Dixon and Russell [82] i.e. spherical drops of 0.03 – 0.12 mL (3.9 – 6.1 mm 

diameter) and “degree of turbulence” of 3 – 50 (jet nozzle opening diameter of 0.4 – 5.5 mm). 

 

 Burkhart et. al. [80] attempted to quantify the extent of internal circulation in a 

forming drop by inducing forced convection. The degree of forced convection is controlled 

by managing the inlet velocity of liquid and the liquid viscosity to form the liquid drop. Thus, 

the degree of forced convection is measured by the Reynolds number of the liquid flow 

through the nozzle opening (Equation 3.20).  

 

    
      

  
                                            (Equation 3.20) 

 

The scope of the study is confined to a single drop growing in an upright orientation 

at the tip of a nozzle of fixed geometry without detachment (Figure 3.5). The forming drop 

(dispersed phase) consists of a mixture of mineral oil and varsol (a kerosene-like liquid) at 

different volume ratios to achieve different liquid viscosities. The liquid drop is formed in a 

continuous phase of distilled water saturated with varsol. No mass transfer takes place 

between the two liquid phases [80]. 
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The different patterns of internal circulation observed are classified and illustrated in 

Figure 3.5. It should be noted that the boundary of the droplets shown in Figure 3.5 is 

expanding with time and that the very fine aluminium particles are incorporated within the 

injected liquid to act as markers. The drops are allowed to grow to a size of about 0.6 – 1.7 

cm in equivalent diameter, assuming a spherical shape. 

 

 

Figure 3.5: Internal circulation within forming drops at different inlet velocities [80] 

 

 A summary of Burkhart et. al.’s [80] results is presented in Figure 3.6. These results 

quantified the onset of internal circulation for droplets of different viscosities in terms of the 

jet inlet velocity, which corresponded to Reo as low as 10. As expected, for more viscous 

liquids, the onset of internal circulation occurs at higher inlet velocity than less viscous 

liquids. No circulation is observed for droplets with Reo < 10 (Figure 3.5(c)). Beyond Reo of 

30, full internal circulation (Figure 3.5 (a)) associated with a great degree of turbulence is 

expected to affect mass transfer rates appreciably during the entire drop life i.e. after 

detachment and during flight. These findings are able to explain the experimental results of 

past researchers [82, 85-87] on mass transfer into forming drops, and why the validity of 

certain empirical models was poor in different Reo regimes [80]. 

 

*Figure 3.5 reproduced from [80]; courtesy of John Wiley and Sons (Refer Appendix D5). 
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Figure 3.6: Droplet internal circulation as a function of inlet velocity and viscosity [80] 

 

The discussion of Section 3.2.2 so far is focused on droplets during its formation 

stage. In addition, the formation of droplets is also in the dripping regime in which liquid 

velocities are lower than the minimum jetting velocity (Equation 3.1). The drop formation 

periods are also long. Nevertheless, these “gently formed” droplets still exhibit internal 

circulation characteristics (turbulence). Burkhart et. al. [80] states that the onset of internal 

circulation within their forming drops occurs at Reo of about 10 as shown in Figure 3.6. 

However, it should be noted that these liquid drops are formed in an immiscible liquid 

environment (liquid-liquid system) where interfacial shear is higher than in a gas-liquid 

system. 

 

The oil droplets in Behzadi and Farid’s [1] spray reactor is rapidly formed in the 

atomisation regime. The emerging liquid with calculated Reo of at least 360 disintegrates into 

droplets following the atomisation regime (Section 3.2.1). Therefore, it is reasonable to 

conclude that this produced droplets with more severe internal circulation, or in other words, 

internally well mixed despite its much smaller size. Section 3.3.3 in the following presents 

existing models that describe mass transfer into droplets with internal circulation. 

 

Reo = 34.4 

Reo = 9.7 

*Figure 3.6 reproduced from [80]; courtesy of John Wiley and Sons (Refer Appendix D5). 



CHAPTER 3: DROPLET AND MASS TRANSFER CONSIDERATIONS 

51 
 

3.3.3 Models for Mass Transfer into Liquid Droplets 

 

 Models that describe mass transfer into liquid droplets may be categorised into 

droplets which are stagnant (diffusion only), with steady internal circulation, and with 

unsteady or turbulent internal circulation [78]. Section 3.3.3 presents these models which are 

available in the literature while Section 3.3.4 discusses their performance in predicting 

experimental findings. 

 

 Kronig and Brink [88] developed a model to predict the liquid film mass transfer 

model in falling droplets with steady or laminar internal circulation. The model predicted 

absorption rates of about 2.5 – 3.0 times of that predicted by molecular diffusion rates 

(stagnant drop). It is derived under the assumption of Stokesian (creeping) flow where Red < 

1.0 (Equation 3.14). However, Danckwerts [89] suggested that the model can be used to 

predict mass transfer into droplets with Red higher than 1.0. Johnson and Hamielec [75] also 

found the model to predict mass transfer rate into water droplets of 2 < Red < 15 travelling in 

cyclohexane reasonably well.  

 

 Handlos and Baron [90] recognised that drops shortly after formation may be subject 

to oscillations causing unsteady circulation and turbulence. They derived a model which 

includes these effects. Their model predicts mass transfer rates 5 to 10 times of diffusion 

rates. Pritchard and Biswas [91] claimed that the onset of oscillations in falling liquid 

droplets is at Re” between 200 – 600 (Equation 3.21). The model of Handlos and Baron is 

presented in terms of the drop velocity (Ud) and the viscosities of the dispersed (  ) and 

continuous phases (  ) [78, 90] (Equation 3.22): 

 

    
      

  
                                            (Equation 3.21) 

 

   
         

   
  
  

 
                                  (Equation 3.22) 

 

 Ruckenstein [92] assumed a liquid drop is well mixed inside and resistance to mass 

transfer is limited to a thin liquid boundary layer at the interface. The model of Ruckenstein 
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[92] is written as a function of the drop velocity (Ud), drop diameter (dd) and the diffusion 

coefficient (D) [78]:  

 

     
   

   
                                     (Equation 3.23) 

 

 Angelo et. al. [93] adopted the penetration theory for stretching surfaces similar to a 

forming drop as it is detaching from the nozzle. They postulated generation of new surface 

area when the newly detached drop oscillates, and thus mixing it into the liquid bulk which is 

also assumed to be well mixed. This model includes the frequency of oscillation (f) and the 

ratio of maximum to minimum surface area during oscillation (   ) [78]:  

 

     
           

  
                              (Equation 3.24) 

 

 The frequency of drop oscillation can be calculated using the equation developed by 

Lamb [73] (Equation 3.25). The performance of the model of Angelo is discussed later in 

Section 3.3.4. 

 

   
  

   
                                   (Equation 3.25) 

    

 Meyer et. al. [94] came up with a numerical model for spray towers used in gas 

cleaning operations (absorption of alcohols, ketones and aldehydes in air by water spray). 

Droplets of three hydrodynamic regimes were considered in their model – the rigid droplet, 

droplet with laminar circulation and droplet with turbulent circulation. The dispersed phase 

(droplet) mass transfer coefficients are expressed in terms of Sherwood (Sh) and Schmidt 

(Sc) numbers (Equations 3.26 and 3.27). These expressions that appear to be analogous to the 

Ranz-Marshall heat transfer correlation [95] for spheres are presented in Table 3.1 [94].  

 

Sherwood number,    
    

 
                              (Equation 3.26) 

Schmidt number,       
  

   
                                (Equation 3.27) 
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Table 3.1: Mass transfer into droplets in a spray tower [94] 

Droplet regime Mass transfer model 

Rigid Sh = 1.6534 + 0.459 Re
0.5

 Sc
0.33

 

Laminar circulation Sh = 2.277 + 0.529 Re
0.5

 Sc
0.33

 

Turbulent circulation Sh = 0.662 Re
0.5

 Sc
0.5

 

 

 However, the application of the correlations presented in Table 3.1 is difficult because 

no exact definition is provided for Re by Meyer et. al. [94]. The performance of some of the 

models mentioned in Section 3.3.3 is reviewed in Section 3.3.4. 

 

3.3.4 Performance of Droplet Models 

  

Altwicker and Lindjehm [78] studied the absorption of carbon dioxide into water 

drops of diameters 0.6 and 1.2 mm during the early life of droplet upon detachment (< 0.1 

seconds flight time), with deliberate omission of the formation stage. The results are 

compared with some of the models discussed in Section 3.3.3 and also to those of larger drop 

sizes from the literature [73, 96]. Therefore, the range of drop sizes discussed in their paper is 

from 0.6 – 5.9 mm. Mono-dispersed water droplets were produced by controlled breakup of a 

liquid jet and drop sizes were manipulated by controlling known frequencies of disturbance. 

The regime of jet breakup is in the Rayleigh regime. A summary of their findings is tabulated 

in Table 3.2. 

 

Table 3.2: Sherwood numbers (Sh) calculated using several droplet models in comparison to 

experimental measurements [97] 

dd × 10
-3

 m 
Angelo et. al. [93] Ruckenstein 

[92] 

Handlos and 

Baron [90] 

Experimental 

measurement 
Ref. 

            

0.6 460 400 920 60 320 ± 80 [78] 

1.2 565 489 1480 150 370 ± 30 [78] 

2.2 658 570 1780 190 275 – 350 [96] 

4.22 775 670 5240 1920 400 – 680 [73] 

5.85 838 727 5860 2400 350 – 920 [73] 
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The Kronig and Brink [88] model underestimated the droplets Sh of all sizes 

generated by Altwicker and Lindjehm [78] and Garner and Lane [73] by at least 70%. 

Altwicker and Lindjehm [78] discussed that the droplets generated in their study may be 

oscillating and have unsteady internal flow patterns. However, the Handlos and Baron [90] 

model which considers these effects also underestimated Sh for drops of 2.2 mm and smaller, 

but it over-predicted mass transfer into larger drops due to its higher velocity (Red). The 

Ruckenstein [92] model over-predicted Sh for all drop sizes being studied as shown in Table 

3.2 

 

Table 3.2 also shows that the model of Angelo et. al. [93] displayed more promising 

results when the value of   is between 0 – 0.3 (Equation 3.24). Here, the drop oscillation 

frequency (f) is set by Altwicker and Lindjehm [78] to be one half of that predicted by Lamb 

(Equation 3.25). The analysis of Hsu and Shih [98] agrees with this choice of f. Nevertheless, 

the data analysis  of Altwicker and Lindjehm [78] showed that the experimental value of    

was actually about 0.09, indicating that drop oscillations are minimal [78]. This shows that 

the model of Angelo et. al. [93] works well even with droplets that are barely oscillating. 

 

From Table 3.2, Altwicker and Lindjehm [78] concluded that droplets below 2.2 mm 

diameter exhibit higher mass transfer rates than those predicted by Handlos and Baron [90] 

even though they were barely oscillating. In addition, droplets as small as 0.6 mm diameter 

also demonstrated much higher kL values than those predicted by steady circulation models 

like Kronig and Brink [88]. Altwicker and Lindjehm [78] concluded that for drop sizes 

between 0.6 – 5.9 mm diameter, the kL value is independent of drop velocity [78]. This 

agrees with the findings of Kaji et. al. [96]. 

 

 On the other hand, Srinivasan and Aiken [76] derived a correlation for mass transfer 

into a stream of liquid droplets (370 < Re” < 790 according to Equation 3.21) formed by the 

controlled breakup of a liquid jet (Rayleigh regime). Their correlation is validated using 

experiment measurements of carbon dioxide gas absorption into the stream of water droplets. 

Santacesaria et. al. [99] successfully applied Srinivasan and Aiken’s [76] correlation to model 

the performance of a spray absorber-reactor. Therefore, their correaltion appears to be most 

suitable for the application of Behzadi and Farid’s [1] process and the modelling work in this 

thesis. However, the derivation of Srinivasan and Aiken [76] is found to be faulty [100]. 

More detailed discussion will be presented in Section 4.3. 
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3.4 Summary 

 

 The disintegration of a liquid jet is a basic method to form liquid droplets. Section 

3.2.1 discussed the different regimes of liquid jet disintegration in terms of its hydrodynamic 

properties: Reynolds, Weber and Ohnesorge numbers. The molten beef tallow droplets from 

Behzadi and Farid’s [1] work is 120 – 200 μm in diameter and formed via the atomisation 

regime. In this thesis, soybean oil droplets of 400 – 500 μm diameter formed via the breakup 

of a liquid jet (Rayleigh regime) is used to model the behaviour of the molten beef tallow 

droplets in Behzadi and Farid’s [1] work. Section 5.2 describes the equipment setup used to 

form these droplets while Section 6.2 presents the measured hydrodynamic properties of the 

produced jet and droplets.   

 

 Section 3.3 showed that liquid droplets formed by disintegration of a liquid jet 

exhibits internal circulation which affects mass transfer rates. As such, mass transfer models 

for liquid droplets are developed based on the concept of well-mixed droplets. Section 3.3.3 

presented several well-known single droplet models. Section 3.3.4 revealed that the 

oscillating single droplet model of Angelo et. al. [93] shows the most promising predictions 

of experimental measurements. Though, for a stream of droplets as in this thesis, or a swarm 

of droplets as in Behzadi and Farid’s [1] spray, the correlation of Srinivasan and Aiken [76] 

appear to be more suitable. However, the derivation of Srinivasan and Aiken is faulty [100]. 

Thus, more detailed discussion is presented in Section 4.4. 

 

 Chapter 3 presented relevant information about the formation of liquid droplets and 

models that describe straight mass transfer into these droplets. The next chapter: Chapter 4 

extends this knowledge to the case of mass transfer into liquid droplets followed by a liquid 

phase chemical reaction. This concept leads to the derivation of a mathematical model able to 

describe the gas-liquid transesterification reaction, which is the main objective of this thesis. 
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CHAPTER 4: THE MATHEMATICAL MODEL 

 
4.1 Introduction  

 

This chapter provides information on the theory and basis for the analysis and 

modelling of the gas-liquid transesterification reaction between oil droplets and alcohol 

vapour. The mathematical model is obtained based on the fundamentals of the gas absorption 

process followed by a liquid phase chemical reaction, and contains mass transfer and reaction 

kinetics terms. The mass transfer term of the model can be theoretically calculated. The 

derivation of a correlation for the liquid film mass transfer coefficient (kL), which enables the 

calculation of the mass transfer term in the model, is presented in Section 4.4. This 

correlation is applicable to falling liquid droplets formed by the breakup of a liquid jet, the 

droplets considered in this thesis (as mentioned in Section 3.4).  

 

4.2 Gas Absorption Followed by Chemical Reaction 

 

In the absence of any chemical reaction, the absorption of a gas into a liquid is purely 

physical, governed by mass transfer resistances and gas-liquid equilibrium (Henry’s Law). At 

steady state, the gas absorption rate (-RA) is expressed in terms of the mass transfer 

coefficients and the driving force for solute transfer – partial pressure and/or concentration 

difference [44, 101]:  

 

    =                                                     (Equation 4.1) 

 

The process of gas absorption coupled with chemical reaction on the other hand, must 

consider both the mass transfer and the kinetics of chemical reaction simultaneously [101-

108]. In addition to the mass transfer terms as described by Equation 4.1, the chemical 

reaction term should also be included in the model.  

 

A general scheme demonstrating this phenomenon is shown in Equation 4.2. Figure 

4.1 is the schematic illustration according to the film theory. 

 

                                                                                      (Equation 4.2) 
kG, kLE k1 
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Gaseous reactant (A) is absorbed into the liquid phase and reacts with liquid reactant 

(B) to generate products in the liquid phase. The gas-film and liquid-film mass transfer 

coefficients are kG and kL respectively. Meanwhile, k1 and z are the reaction rate and 

stoichiometric constants for the liquid phase reaction respectively.  

 

  

 

 

 

 

 

 

 

 

  

 

 

  

Figure 4.1: Illustration of species distribution near the gas-liquid interface according to the 

film theory 

 

The enhancement factor ‘E’ is a term that illustrates the effect of having a liquid 

phase chemical reaction on the mass transfer rate of ‘A’ across the liquid film (Equation 4.1) 

[44, 77]: 

 

   
                                                     

                                              
                   (Equation 4.3) 

 

According to Equation 4.3, the enhancement factor is dimensionless and takes a value 

of 1.00 or larger, therefore indicating that having a liquid phase chemical reaction will either 

augment the mass transfer rate (E > 1.00) or have no effect on it at all (E = 1.00). In other 

words, the enhancement factor is a measure of the improvement of mass transfer rate in the 

presence of a liquid phase chemical reaction.  

 

PA 
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x 
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The enhancement factor may be expressed as a function of the Hatta modulus (MH) 

and the infinite enhancement factor (Ei) as shown in Figure 4.2.  

 

 

Figure 4.2: Plot of enhancement factor (E) as a function of Hatta modulus (MH) and the 

infinite enhancement factor (Ei) [44] 

 

An explicit solution for E as a function of MH is developed by DeCoursey [109], 

based on the surface renewal model of Danckwerts [79]. This is given in Equation 4.4. Thus 

E can be evaluated using Equation 4.4 if MH and Ei are calculated. 

 

    
  

 

        
   

  
 

         
   

    
 

     
    

 

 
                          (Equation 4.4) 

 

The infinite enhancement factor (Ei) is the maximum achievable E if an infinitely fast 

reaction exists in the liquid film. In other words, it is the limiting value of E given the specific 

*Figure 4.2 reproduced from [44]; courtesy of John Wiley and Sons (Refer Appendix D6). 
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conditions of a particular gas-liquid reaction system. The value of Ei can be calculated 

according to Equation 4.5 [101].  

 

       
  

   
  

   

   
                                         (Equation 4.5) 

 

The Hatta modulus (MH) is also known as the film conversion parameter. It is a 

measure of the maximum possible chemical conversion of solute ‘A’ in the liquid film 

compared to the maximum transport through the film [44]:  

 

    
       

  
                                          (Equation 4.6) 

 

The Hatta modulus is also used to determine the scheme of a particular gas-liquid 

reaction. As a general rule of thumb, the following conditions apply [44, 101, 110]: 

 

 MH > 2.0: fast reactions occurring inside the liquid film; mass transfer controlled 

process (Cases A –D) . 

 0.02 < MH < 2.0: intermediate reactions occurring in both film and bulk; both mass 

transfer and reaction kinetics contributes to the overall process (Cases E, F and G). 

 MH < 0.02: extremely slow reactions occurring in liquid bulk; liquid phase reaction 

kinetics-controlled process (Case H). 

 

Figure 4.3 shows the illustration of reactant concentration profiles at the interface for 

different reaction schemes. These reaction schemes are: 

 

 Case A: Instantaneous reaction at interface with low CB 

 Case B: Instantaneous reaction at interface with high and constant CB (pseudo-first 

order) 

 Case C: Fast reaction in liquid film with low CB 

 Case D: Fast reaction in liquid film with high and constant CB (pseudo-first order)  

 Case E and F: Intermediate reaction in both liquid film and bulk 

 Case G: Slow reaction in liquid bulk with liquid film resistance 

 Case H: Slow reaction in liquid bulk with no mass transfer resistance 
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Figure 4.3: Typical concentration profiles of reactants within the liquid film [44] 

 

The determination of the gas-liquid reaction scheme is important in the design of gas-

liquid reactors and processes. For example, if MH > 2.0, then the overall gas-liquid process is 

controlled by mass transfer. Therefore, the gas-liquid reactor should be designed to maximise 

gas-liquid interfacial area. On the other hand, if MH < 0.02, the overall gas-liquid process is 

controlled by the liquid phase reaction kinetics. As such a large volume of liquid or the use of 

a catalyst to enhance the liquid phase reaction rate is of more importance than the interfacial 

area [110]. For 0.02 < MH < 2.0, both the mass transfer and reaction kinetics play an 

important role and should be considered simultaneously. 

 

 

*Figure 4.3 reproduced from [44]; courtesy of John Wiley and Sons (Refer Appendix D6). 
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4.3 The Mathematical Model 

4.3.1 Derivation of Model 

 

In the case of gas-liquid transesterification reaction, gaseous reactant (A) of Equation 

4.2 is methanol vapour and the liquid reactant (B) is the feedstock oil droplets (triglycerides). 

The products are methyl esters (biodiesel) and glycerol. The reaction rate constant for the 

transesterification reaction in the liquid phase is then given by k1. 

 

The liquid phase transesterification reaction is reversible and can be written as 

Equation 4.7 [21, 25, 40]. This is previously discussed in Section 2.5.1. Thus the 

stoichiometric constant of Equation 4.2, z = 
 

 
.  

 

       
 

 
                                           

 

 
                          (Equation 4.7) 

 

Hitherto, analysis of the transesterification reaction to produce biodiesel (forward 

reaction of Equation 4.7) has been based entirely on the consideration of chemical kinetics 

alone, which is established as second order as discussed Section 2.5.1 [21, 25, 40]:  

 

                         )                              (Equation 4.8) 

 

Since mass transfer is expected to have an effect, the rate constant in Equation 4.8 

(k”1) would incorporate mass transfer effects and therefore is not the “true” reaction rate 

constant.  Hereby, it should be also pointed out that Equation 4.8 describes Case H in Figure 

4.3 for an infinitely slow reaction and mass transfer resistance is negligible.  

 

As in the case of gas-liquid transesterification reaction, a general rate expression can 

be written [44]:  

 

     
  

 
  

  
 

   
  

  
    

  
  

     

                                 (Equation 4.9) 

 

Where: 

 

   
 = gas-film resistance term 
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 = liquid film resistance term 

  

     
 = reaction kinetics term 

 

The reaction kinetics term in Equation 4.9 contains the “true” reaction rate constant of 

the transesterification reaction which does not incorporate mass transfer effects. The 

resistance to mass transfer are given separately as the gas-film and liquid-film resistance 

terms respectively. The kinetic model for the gas-liquid transesterification reaction between 

oil droplets and vapour methanol of this work is derived from Equation 4.9 and based on the 

following assumptions: 

 

i. The gas film resistance to mass transfer is negligible because pure methanol vapour is 

used as the gaseous reactant. 

ii. The liquid phase transesterification reaction is non-reversible because a continuous 

(excess) supply of methanol vapour is available. 

iii. Isothermal conditions are achieved. 

 

In accordance to the first assumption, the value of kG becomes infinitely large and 

thus Equation 4.9 reduces to (with z = 
 

 
): 

 

            
  

  
    

  
  

     

                                                                             (Equation 4.10) 

 

The kinetic model can be derived by formal integration of Equation 4.10: 

 

     
   

  
 

 

 
 

  
  
    

  
  

     

 
 

 
 

  

  
 

 
 

    
  

 

     

                     (Equation 4.11) 

 

Rearrangement gives: 

 

 
 

    
  

 

     
        

 

 

  

  
                                               (Equation 4.12) 
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Integrating with boundary conditions and applying the Henry’s Law           : 

 

  
 

    
  

 

     
 

  

   
       

 

 
       
 

 
                                             (Equation 4.13)  

 

 

The resulting kinetic expression can now be written as Equation 4.14: 

 

         

    
  

 

   
   

  

   
    

 

 
                                                                        (Equation 4.14) 

 

4.3.2 Calculation of Reaction System Parameters 

 

The modelling of the gas-liquid transesterification reaction is based on Equation 4.14. 

The main aim of the modelling work is to estimate the values of E and the true reaction rate 

constant (k1), in addition to the contribution of the mass transfer term  
         

    
  and the 

reaction kinetics term  
 

   
   

  

   
   respectively, towards the overall gas-liquid process as 

represented by Equation 4.14. 

 

Firstly, the diffusion coefficients of methanol molecules in oil droplets (DA) can be 

estimated using the Wilke-Chang (Equation 4.15) [111] and Scheibel (Equation 4.16) [112] 

correlations. An average of the two values calculated using Equations 4.15 and 4.16 is taken 

for use in the model. 

 

    

         
  

              
   

  
                                (Equation 4.15) 

 

Where    = 1.0 for unassociated solvents i.e. non-polar. 

 

    
         

    
        

   

  
 
   

                (Equation 4.16) 

 

The self-diffusion coefficient of soybean oil molecules (DB) can be estimated using a 

correlation given by Dullien [113]: 
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                                      (Equation 4.17) 

 

The well-known oil-film experiment predicts the size of an oil molecule to be 2.0 × 

10
-9

 m [114]. Assuming that the molecules are one molecular size apart in liquid state, thus 

the effective molecule diameter, dm = 4.0 × 10
-9

 m. 

 

The viscosity of soybean oil is readily available in literature. The following is the 

correlation of soybean oil viscosity with temperature as given by Anand et. al. [115]: 

 

            
       

         
                              (Equation 4.18) 

 

 The initial concentration of reactant ‘B’ or triglycerides (CB0) is derived from the 

density of soybean oil, measured to be 918 kg/m
3
. Using an average molecular weight for 

triglycerides of 850 kg/kmol, then CB0 is calculated to be 1082.35 mol/m
3
. 

 

The interfacial concentration of methanol on the surface of soybean oil droplets (CAi) 

can be estimated using the Henry’s Law Constant. However, Henry’s Law constant of 

methanol in soybean oil is not readily available. The partition coefficient (dimensionless 

Henry’s Law constant) of methanol between air and liquid paratherm oil as measured by 

Poddar and Sirkar [116] is the closest reference information that could be obtained. This is 

presented here as Table 4.1. 

 

Table 4.1: Partition coefficient of methanol between air and paratherm oil [116]. 

T (
o
C)                    

   
   

 

30.0 0.132 

40.0 0.144 

49.8 0.145 

 

 

The partition coefficient of methanol between air and soybean oil is taken to be 0.15 

at elevated temperatures (80 – 100
o
C) in this present work. As pure methanol vapour was 
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used in this work, the vapour phase concentration of methanol (CAg) can be calculated using 

the Ideal Gas Law (Equation 4.19), taking the partial pressure to be 1 atmosphere. 

 

    
 

 
 

  

  
                                         (Equation 4.19) 

 

The gas-liquid interfacial area (a) is taken to be the surface area of individual oil 

droplets per unit volume of liquid. Assuming spherical shaped drops, this is defined by the 

surface area per unit volume of a sphere, and derived using the experimentally measured 

Sauter mean diameter of the soybean oil droplets. This will be discussed later in Section 

6.2.3. As such, the system boundary for consideration in the model of Equation 4.14 is 

confined to one single oil droplet. Therefore, the liquid holdup β = 1.0. 

 

For gas absorption into liquid drops, the liquid film mass transfer coefficient (kL) of 

droplets falling in a gaseous media can be estimated using a correlation that takes into 

account the internal circulation within the droplet, in addition to diffusion [73, 75, 78-81]. 

This is previously discussed in Section 3.3. Srinivasan and Aiken [76] derived a correlation 

for falling liquid droplets formed by the breakup of a liquid jet, which is applicable to the 

work in this thesis: modelling of droplets formed by laminar jet breakup and spray 

atomisation of Behzadi and Farid [1]. Moreover, Santacesaria et. al. [99] and Dimiccoli et. al. 

[117] also successfully applied the correlation of Srinivasan and Aiken [76] to describe the 

mass transfer in spray tower loop reactors.  

 

However, as mentioned in Section 3.3.3, the derivation of Srinivasan and Aiken [76] 

is faulty. Section 4.4 is a detailed examination of their analysis followed by the derivation of 

a more justifiable correlation for kL. It should be noted that Section 4.4 has been adapted and 

published in the Journal of Chemical Engineering Science [100]. 

 

4.4 Correlation for the Liquid Film Mass Transfer Coefficient (kL) Inside 

an Internally Well-Mixed Drop 

4.4.1 Background and Theory 

 

Srinivasan and Aiken [76] studied the absorption of carbon dioxide into water 

droplets generated by the controlled breakup of a capillary jet using known disturbance 
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frequencies. The analysis deals with the droplet liquid phase internal mass transfer 

coefficient. Their treatment was based on the study of mass transfer into turbulent jets of 

water by Davies and Ting [118] and the analysis of Davies [119] on Levich’s [71] theory of 

boundary layers and eddies near free surfaces. In other words, their treatment is based on the 

model of internally well-mixed drops. 

 

A total of eight experimental runs were performed by Srinivasan and Aiken [76] using 

mono-dispersed droplets of Reynolds number between 370 – 790 where the Reynolds number 

is defined by Equation 4.20, and Uj is that of the liquid jet velocity at the nozzle.  

 

    Re” = 
      

  
                                      (Equation 4.20) 

 

 The droplets generated in each run have a constant diameter (~82.4 µm) but with 

different hydrodynamic characteristics (by varying volumetric flowrate of feed and frequency 

of disturbance). In this present work, the Reynolds number based on the liquid phase 

properties (Equation 4.20) is used to represent the hydrodynamic conditions of the droplets so 

as to be consistent with Srinivasan and Aiken [76] for the purpose of comparison. 

 

While Srinivasan and Aiken [76] have shown good agreement between their 

experimental data and their derived correlation, which is based on the Blasius equation for 

turbulent flow in a smooth pipe, it should be noted that there are only eight data points 

covering a very narrow Reynolds number range of 370 – 790 based on Equation 4.20. It 

should also be pointed out that Equation 4.20 is not the conventional definition of the droplet 

Reynolds number, but the Reynolds number of the internal flow of liquid within the nozzle 

upon emergence, which is based on the jet velocity at the nozzle (Uj), the liquid density and 

liquid viscosity. However for the characteristic dimension, Srinivasan and Aiken [76] have 

used the diameter of the droplets (dd).  

 

Using the conventional droplet Reynolds numbers as shown in Equation 4.21 but still 

using the jet velocity Uj, the range of Reynolds number becomes 20 – 50.  

 

Droplet Reynolds number, Red = 
      

  
                      (Equation 4.21) 
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Such low Reynolds number clearly indicated that turbulent flow could not have 

occurred. For rigid spheres, fully turbulent flow occurs at Red as defined by Equation 4.21 of 

greater than approximately 3 × 10
5 

[120]. Stokesian flow occurs at Red < 1.0 while the 

laminar region can be considered to occur at Red < 1000. For water droplets in air, Clift et. al. 

[72] showed that the drag behaviour follow that for solid spheres up to Red of about 1000. 

 

Thus, the treatment of Srinivasan and Aiken [76] for such low Reynolds numbers of 

370 – 790 based on Equation 4.20, and 20 – 50 based on Equation 4.21 using the turbulent 

flow equation cannot be justified. The purpose of this section (Section 4.4) is to re-examine 

the analysis of Srinivasan and Aiken [76] and present an alternative derivation for the liquid 

film mass transfer coefficient that is applicable to the conditions relevant to their 

experimental data, and suitable to be extended for the modelling work of this thesis. Section 

4.4.2 is a critical analysis and discussion of the work of Srinivasan and Aiken [76]. 

 

4.4.2 Analysis and Discussions 

 

Recognizing the kinematic similarities between a train of droplets moving together 

and a cylindrical jet of liquid of same diameter, Srinivasan and Aiken [76] employed the 

Levich [71] theory of eddies at free surfaces which was previously used by Davies and Ting 

[118] to successfully describe mass transfer into turbulent jets of water. Davies and Ting 

[118] presented data for laminar and turbulent jets in their work. However, only turbulent jets 

were considered in their discussion, where these jets have Reynolds numbers ranging from 

7000 – 20 000 using the definition of Equation 4.20.  

 

Levich [71] suggested that very close to the free surface of a liquid film is a layer of 

damped turbulence ( ) where eddy currents (or turbulence) from the main body of the liquid 

is significantly damped. Beyond this zone, mass transfer is by eddies. Within this zone of 

damped turbulence is a diffusion sub-layer or surface film ( ) where mass transfer is by 

diffusion only. This surface film is the main resistance to mass transfer and therefore mass 

transfer across it is controlling. Srinivasan and Aiken [76] adopted the theory of Levich [71] 

(Figure 4.4) to the surface of an internally well mixed droplet. 
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Figure 4.4: Boundary layers near the free surface of liquid film according to Levich [71] 

  

Levich [71] expressed   in terms of measurable parameters by stating that the 

dynamic thrust of eddies must be counter-acted by capillary forces (surface tension, σ) thus 

damping out turbulence and preventing the eddy currents from splashing the liquid beyond 

the liquid surface (Equation 4.22); and in the case analysed by Srinivasan and Aiken [76], the 

droplet surface.  

 

   
   

  

 
                                       (Equation 4.22) 

 

The radius of curvature of surface deformation due to approaching eddy (r) may be 

expressed in terms of the thickness of the damped turbulence layer ( ) using a numerical 

factor, alpha ( ) [118]: 

 

                                                   (Equation 4.23) 

 

The mass transfer flux (N) across the diffusion sub-layer or surface film may be 

expressed as Equation 4.24 [118], with the kinematic viscosity written as  . The existence of 

a diffusion sublayer   signifies that the convection term “    ” is negligible.  

 

  
 

 
  

    

      
  

 

  
                              (Equation 4.24) 

  

  

    

Free liquid surface 

Well mixed liquid 

(Mass transfer by eddies) 
         

*Figure 4.4 reproduced from [71]; courtesy of Elsevier (Refer Appendix D7). 
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 Recognizing the general form for mass transfer as given in Equation 4.24, a 

correlation for the liquid film mass transfer coefficient (kL) may be written: 

 

   
 

  
                                               (Equation 4.25) 

 

 Levich [71] has derived   in terms of the diffusion coefficient (D) and eddy velocity 

(Ue). Upon combining with Equations 4.22 and 4.23, the term   becomes: 

 

   
  

  
 

 

 
   

    

   
  

 

 
                                   (Equation 4.26) 

 

Therefore, Equation 4.25 can be rewritten as: 

 

         
 

  
 

   
 

   
 

  
 

                                (Equation 4.27) 

 

 Levich [71] has arbitrarily taken   = 0.5 to obtain Equation 4.28 while Davies and 

Ting [118] have taken   = 1.0 to obtain Equation 4.29. Srinivasan and Aiken [76] adopted 

Levich’s   value (Equation 4.28) in their analysis of mass transfer into a train of droplets, but 

had to incorporate a further correction factor to achieve matching with experiment data. 

 

       
 

   
 

   
 

  
 

                                     (Equation 4.28) 

        
 

   
 

   
 

  
 

                                    (Equation 4.29) 

 

In order to apply Equation 4.28, it must be presented in terms of measurable 

parameters. First, a relationship between eddy velocities (Ue) and the average droplet velocity 

(Ud) is required. This is provided by Levich [71] (page 34). It must be noted that Srinivasan 

and Aiken has taken the average droplet velocity to be equal the velocity of liquid emerging 

from the jet nozzle (Ud = Uj). Therefore, the eddy velocity can now be presented in terms of 

the jet velocity: 

 

    
 

 
                                                  (Equation 4.30) 
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The wall friction factor ( ) may be estimated using the Blasius formula for laminar 

boundary layer flow along a flat plate [121]. It is important to note that fully turbulent flow 

inside a smooth pipe (Equation 4.31) is generally taken to be when the Reynolds number 

(Equation 4.20) is greater than 4000. Equation 4.32 is the Hagen Poiseulle equation which is 

applicable if the flow is laminar.  

 

  = 
      

  
 
 

         for 2100 < Re” < 10
5
 (turbulent flow)                  (Equation 4.31) 

  = 
  

  
              for Re” < 2100 (laminar flow)                              (Equation 4.32) 

 

Substituting Equation 4.31, which is relevant for turbulent pipe flow conditions, into 

Equation 4.30, the following is obtained by Srinivasan and Aiken [76]: 

 

            
 
 

                                             (Equation 4.33) 

 

Equation 4.33 is subsequently used to substitute into Equation 4.29 to obtain: 

 

          
   

     
 

 

 
                                       (Equation 4.34)      

 

 And in terms of dimensionless numbers, writing as a function for the Sherwood 

number (Sh): 

 

             
 

     
 

      
 

                              (Equation 4.35) 

 

It should be pointed out that Equations 4.34 and 4.35 are obtained using Equation 

4.31 and thus will only be valid for turbulent flow with reference to the liquid conditions at 

the jet nozzle. The relationship kL  Re”
1.313

 as indicated by Equation 4.34 agreed well with 

Srinivasan and Aiken’s [76] experimental data which showed kL  Re”
1.34

. The subsequent 

correlation of dimensionless numbers that is Equation 4.35 does not represent the true 

dependence of Sherwood number on Reynolds number because Weber number (We) contains 

a velocity term which in turn affects the Reynolds number term.  
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Therefore, it is of more relevance to express Equation 4.35 in terms of the Ohnesorge 

number which has no velocity terms (Equation 4.36). The Ohnesorge number is of relevance 

to jets and is used extensively for dispersion, atomisation and spray applications [122]. 

 

Ohnesorge number, Oh = 
   

   
                              (Equation 4.36) 

  

The true dependence of Sherwood number on Reynolds number (Sh  Re”
1.313

) is 

given by Equation 4.37 which has the Ohnesorge number: 

 

             
 

                                           (Equation 4.37) 

 

 Referring to Equation 4.37, it may be observed that the predicted dependence of the 

Sherwood number on Reynolds number has a rather large exponent value of 1.313. Although 

this dependence is close to the experimental dependence of Sh   Re
1.34

, it should be stressed 

once again that this is based only on eight experimental data points over a very narrow 

Reynolds number range of 370 – 790 (Table 4.2), which are not in the turbulent flow regime. 

 

Equation 4.37 underestimated the measured Sherwood numbers in Table 4.2 severely 

as shown in Figure 4.5. Srinivasan and Aiken [76] argued that because their correlation is 

derived based on the work of Davies and Ting [118] which was developed for turbulent jets 

of water (not droplets); they incorporated a correction factor into Equation 4.37 to enable its 

application for the case of droplets. However, Srinivasan and Aiken [76] did not mention the 

fact that their data are not in the turbulent flow regime. 
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Table 4.2: Experimental data of Srinivasan and Aiken [76] 

Run Flow velocity (m/s) Reynolds number Sherwood number (measured) 

1 4.1 377.4 100.4 

2 4.8 445.7 117.1 

3 5.6 514.5 150.6 

4 5.9 548.7 179.9 

5 6.7 617.2 188.2 

6 7.4 685.8 200.8 

7 7.8 720.1 251.0 

8 8.5 788.6 267.7 

 

 

The correction factor was in the form of a geometric factor based on the momentum 

differences between a stream of drops and a liquid jet of the same diameter. It was calculated 

by Srinivasan and Aiken [76] to be 3.59 and when incorporated into Equation 4.37, Equation 

4.38 was obtained. Equation 4.38 represents the limited experimental data very well as shown 

in Figure 4.5. 

 

            
 

                                          (Equation 4.38) 
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Figure 4.5: Comparison between Equations 4.37, 4.38 and 4.41 with the experimental data of 

Srinivasan and Aiken [76] 

 

However, as mentioned earlier, the Reynolds number reported in Table 4.2 is too low 

for the flow to be in the turbulent regime and therefore the use of Equation 4.31 cannot be 

justified. An attempt to use Equation 4.32 instead is presented here to investigate if a more 

justifiable correlation can be obtained.  

 

Substituting Equation 4.32 which is applicable to laminar flow into Equation 4.30 

gives: 

 

              
 
 

                                     (Equation 4.39) 

 

 

 

 

*Figure 4.5 reproduced from [71]; courtesy of Elsevier (Refer Appendix D7). 
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Using Equation 4.39, Equation 4.27 now becomes: 

 

         
   

      
 

 

 

   
 

  

 

And:                                    
    

  
    

 

     
 

       
 

                          (Equation 4.40) 

 

 In terms of Ohnesorge number: 

 

   
    

  
    

 

           
 

                              (Equation 4.41) 

 

Under laminar conditions, the relationship between Sherwood number and Reynolds 

number becomes Sh  Re”
0.75

 (Equation 4.41). According to Davies and Ting [118], 

Sherwood numbers of laminar jets of water absorbing carbon dioxide gas (1000 < Re” < 

4000) were measured and reported to be dependent on the Reynolds number to the power of 

slightly higher than 0.5. Therefore, the Reynolds number exponent of 0.75 in Equation 4.41 is 

more reasonable for laminar conditions compared to Srinivasan and Aiken’s [76] 1.313 in 

Equation 4.38. 

 

 It may also be observed that the numerical factor of Equation 4.41 can be changed 

without altering the relationship of Sh  Re
0.75

. This can be done by varying the value of  . 

Thus, it may be concluded that varying the value of   (which is arbitrary) is equivalent to 

Srinivasan and Aiken’s [76] approach to incorporating a correction factor (geometric factor 

of 3.59) into Equation 4.37. 

 

 Figure 4.5 shows the predictions of Equation 4.41 with different values of   plotted 

on the same grids with the predictions of Equations 4.37 and 4.38, as well as the experimental 

data of Table 4.2 for comparison. A reasonable match with experimental data is achieved by 

Equation 4.41 using   = 0.08, given by Equation 4.42: 

 

            
 

          
 

                                  (Equation 4.42) 
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It is noted that Srinivasan and Aiken [76] used an   value of 0.5 followed by a 

geometric correction factor of 3.59. In an attempt to find out what the net effect is, a simple 

mathematical formulae is written to represent the numerical factor of the Sherwood number 

expression (C’), in terms of the numerical factor of the eddy velocity expression (B’) and  : 

 

    
    

  
     

 

                                            (Equation 4.43) 

 

As an example, for Equation 4.38, C’ = 0.16 and for Equation 4.42, C’ = 5.89. On the 

other hand, for turbulent flow (Equation 4.33), B’ = 0.2 and for laminar flow (Equation 4.39), 

B’ = 2.83.  

 

According to Srinivasan and Aiken’s [76] correlation (Equation 4.38 with C’ = 0.16 

and B’ = 0.2), which was incorrectly based on the turbulent Blasius equation and with the 

choice of   = 0.5 in addition to a geometric factor of 3.59, Equation 4.43 indicates that this is 

equivalent to choosing an overall   value of 0.04. Similarly, under laminar conditions 

(Equation 4.39), Equation 4.43 can be used to verify that Equation 4.42 is a result of choosing 

  = 0.08.  

 

 With reference to Equation 4.23, the value of   represents the ratio of the thickness of 

the damped turbulence layer ( ) to the radius of surface deformation due to approaching 

eddy (r). The value of r may be regarded as a measurement of the size of ripples or waves on 

the free surface. In other words, it signifies the degree of “smoothness” of the free surface 

and the size of the approaching eddy. On the other hand, the thicker the layer of damped 

turbulence ( ), the higher the resistance is to mass transfer across it. 

 

 Thus, the value of   may be taken as an indication of the level of surface renewal. A 

small value of   indicates a high level of surface renewal because the relatively larger eddies 

can approach relatively closer beneath the free surface to “sweep away” and replace with 

fresh solute, thus maintaining a good concentration gradient across the relatively thinner 

diffusion sub-layer for mass transfer. Within the scope of this present analysis, the value of 

alpha ( ) may be adjusted to improve agreement with experimental data. 
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In conclusion, Srinivasan and Aiken [76] used turbulent flow equations to describe 

mass transfer to droplets in the laminar flow regime which cannot be justified. An alternative 

derivation using the Haen Poiseuille equation (Equation 4.32) is presented. The new 

correlation for mass transfer to droplets generated by the controlled breakup of a capillary jet, 

relevant to the data of Srinivasan and Aiken [76] is given by Equation 4.42.  

 

The relationship Sh   Re”
0.75

 for mass transfer into droplets of low Reynolds number 

or in the laminar regime (Equation 4.41) is similar to those reported by Davies and Ting 

[118], where the dependence of Sherwood number on the Reynolds number is to the power of 

slightly higher than 0.5 for laminar jets of water (1000 < Re” < 4000). It is shown that the 

value of   may be adjusted to improve agreement with experimental data, similar in approach 

to that of Srinivasan and Aiken [76] by incorporating a geometric factor of 3.59. Using the 

new mass transfer correlation based on laminar flow conditions, a reasonable fit with 

experimental data was obtained at   = 0.08. Thus, Equation 4.42 with   = 0.08 may be 

applied directly for the soybean oil droplets formed by the breakup of a laminar liquid jet of 

this work. 
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4.5 Summary 

 

A mathematical model to describe the gas-liquid transesterification reaction between 

oil droplets and an alcohol vapour is obtained based on the theory of gas absorption followed 

by chemical reaction. This model is given by Equation 4.14. Equation 4.14 consists of several 

important reaction system parameters which need to be defined in order to model the gas-

liquid transesterification reaction. This is discussed in Section 4.3.2. One of these parameters 

is the liquid film mass transfer coefficient (kL) into droplets formed by the laminar breakup of 

a liquid jet. A suitable correlation is derived in Section 4.4 based on the boundary layer 

theory of Levich [71].  

 

Once the parameters discussed in Sections 4.3.2 and 4.4 are defined, the only 

unknowns in Equation 4.14 are the instantaneous concentration of reactant ‘B’ (CB) and the 

second-order reaction rate constant (k1) and the enhancement factor (E). The value of CB can 

be determined experimentally as will be discussed in Chapters 5 and 6. Consequently, the 

value of k1 and E can be determined using Equation 4.14 next. As mentioned in Section 4.3.1, 

k1 of Equation 4.14 is the “true” reaction rate constant of the transesterification reaction with 

no mass transfer effects incorporated. The calculation of k1 is one of the main objectives of 

this thesis (Section 2.7) and it enables the modelling of the reaction kinetics of the gas-liquid 

transesterification process.  
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5. EXPERIMENT METHODOLOGY  
 

5.1 Introduction 

 

In this chapter, the equipment set-up for the laboratory gas-liquid reaction system, 

reactants and materials, experiment procedures, and experiment sample analysis methods are 

presented. The experimental work is divided into two main parts. The first part of the 

experiment work is carried out to characterise the hydrodynamic properties of oil droplets 

(Section 5.3), while the second part is the actual gas-liquid transesterification reaction 

experiments (Section 5.4). 

 

5.2 Equipment Set-Up 

 

 A simple laboratory droplet reactor system is developed in this work so that the 

fundamental nature of individual liquid droplets being formed can be investigated. 

Subsequently, the results derived from studying the behaviour of individual droplets can 

provide understanding to the gas-liquid transesterification reaction process in a pilot scale 

spray tower [1], one of the main objectives of this thesis (Section 2.7).  

 

Figure 5.1 is a schematic representation of the closed-system droplet reactor set-up 

used in this work. Figure 5.2 is an actual photograph of the set-up. 
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Figure 5.1: Schematic drawing of the laboratory-scale droplet reactor system 

 

 

 

 

Figure 5.2: Actual photograph of the droplet reactor system. 
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 The soybean oil feed tank (T-01) and droplet reactor (C-01) are fabricated using 

stainless steel. The dimensions of T-01 are 0.08 m diameter × 0.23 m height, with a matching 

stainless steel flange lid and heated on a hot plate (Figure 5.3). Both T-01 and C-01 are fitted 

with thermocouples T1 and T2 respectively, and are temperature controlled. T-01 is also 

fitted with a pressure gauge P3 and a pressure relief safety valve V-01. 

 

 

Figure 5.3: The soybean oil feed tank (T-01) 

 

C-01 is fabricated using a 0.455 m length of a standard 2-inch stainless steel pipe 

(0.625 m inner diameter). C-01 is designed with flange ends so that it is removable from the 

system for cleaning purposes. A 0.34 mm diameter opening orifice nozzle purchased from 

Spraying Systems (NZ) Limited is attached at the top of C-01 for oil droplet formation, while 

the bottom of C-01 is fitted with a funnel-shaped stainless-steel sample collector. Figure 5.4 

illustrates the design of the droplet reactor C-01 in more detail. 

 

 

Hot plate 

P3 

T-01 

V-02 
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Figure 5.4: Design of the stainless steel laboratory-scale droplet reactor (C-01) 
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 C-01 is heated by a removable “clamp-on” electric element heater custom made by 

Hislop and Barley Electrical Limited to fit along column body for even heat distribution 

along the length of the reactor (Figure 5.5). The methanol pump (P-01) is a laboratory 

peristaltic pump. The methanol heater (H-01) consists of a stainless steel tubing coil 

submerged in a temperature controlled hot water bath containing 50 wt% of ethylene glycol 

(Figure 5.6 (a)), in which methanol is pumped through,. The addition of ethylene glycol 

elevates the boiling point of the solution to 107
o
C thus water bath temperature of up to 100

o
C 

is achievable. The methanol condenser H-02 uses continuous flow of cold tap water as the 

coolant (Figure 5.6 (b)). 

 

 

Figure 5.5: The “clamp-on” electric element heater of C-01 



CHAPTER 5: EXPERIMENT METHODOLOGY 

83 
 

 

(a) (b) 

Figure 5.6: (a) Methanol heater (H-01), (b) Methanol condenser (H-02) 

 

5.3 Materials 

 

Edible soybean oil purchased from a local supermarket (Taiping Trading Limited, 

New Zealand) is chosen as the raw material for the work in this thesis because it is commonly 

used as the feedstock oil for biodiesel research. Technical grade methanol and 1-propanol (> 

99.8 % purity) are purchased from Sigma-Aldrich and used as the reactants. For gas-liquid 

transesterification experiments using methanol, reagent grade sodium methoxide powder (95 

% purity) purchased from Sigma-Aldrich is used as the catalyst. For gas-liquid 

transesterification experiments using 1-propanol, sodium propoxide is used as the catalyst 

instead. The sodium propoxide catalyst is prepared by dissolving known amounts of pure 

sodium metal purchased from Sigma Aldrich in 1-propanol. This is because unlike sodium 

methoxide, sodium propoxide is not commercially available. The catalyst preparation 

procedures are outlined in Section 5.5.1. 
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5.4 Characterisation of Soybean Oil Droplets 

  

The first part of the experiment work in this thesis deals with the characterisation of 

soybean oil droplets formed inside the droplet reactor C-01. Characterisation of the 

hydrodynamic properties of droplets formed before carrying out actual gas-liquid 

transesterification experiments is important to (i) determine the flow regime of these droplets 

and whether they are comparable to those produced in Behzadi and Farid’s [1, 2] spray 

reactor, and (ii) enable the calculation of liquid film mass transfer coefficient within the oil 

droplets, kL (Equation 4.41) for use in the mathematical model (Equation 4.14). 

 

5.4.1 Soybean Oil Droplets Formation 

 

 As mentioned in Section 3.4, the method for droplet formation chosen for use in this 

thesis is via the Rayleigh breakup of a liquid jet. With reference to the equipment set-up in 

Figure 5.1, soybean oil is heated inside T-01 on top of a hot plate with magnetic stirring. 

With V-02 closed, compressed air supply (41.4 – 137.9 kPa gauge) is used to pressurise the 

soybean oil. A capillary liquid jet is produced when pressurised and heated soybean oil is 

forced through the 0.34 mm orifice nozzle fitted at the top of C-01. This liquid jet then breaks 

up into a stream of droplets. 

 

5.4.2 Calibration of Soybean Oil Flowrate 

 

 The flowrate of the soybean oil jet is dependent on the temperature and pressure 

within T-01. Hence calibration of the soybean oil flowrate as a function of these two 

parameters is essential. The time needed to collect 50-mL of soybean oil emerging from the 

orifice nozzle is measured at T1 temperature readings of 80
o
C, 90

o
C and 100

o
C, coupled with 

P3 gauge pressure readings of 41.37 kPa, 68.95 kPa, 110.32 kPa and 137.9 kPa respectively. 

Each measurement at a temperature and pressure pair is repeated three times, resulting in 36 

readings in total.  
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5.4.3 Calculation of Dimensionless Numbers 

 

With the soybean oil flowrate in place, the velocity of the soybean oil jet can be 

calculated using Equation 5.1. 

 

   
   

   
                                                 (Equation 5.1) 

 

 The soybean oil jet velocity then enables the calculation of the dimensionless numbers 

– Reynolds number, Weber number, and Ohnesorge number that are used to define the 

hydrodynamic properties and regimes of fluid flows. These are previously defined by 

Equation 3.6 to 3.9 

 

5.4.4 Measurement of Droplet Diameter 

  

 A Canon 450D digital single-lens reflex (DSLR) camera set at ISO 800, 1/50 second 

shutter speed and with the built-in flash switched on is used to capture the images of the 

soybean oil jet breakup at different temperatures and pressures as stated in Section 5.4.2. It 

should be noted that the reactor body C-01 is removed to enable direct observation of the 

liquid jet breakup (Figure 5.7). The images of the jet and subsequent breakup into droplets 

are used to directly measure the droplet diameter and establish the relationship between 

droplet size and soybean oil temperature and T-01 driving pressure. 
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Figure 5.7: Equipment set-up to capture images of soybean oil jet breakup 

 

5.5 Gas-Liquid Transesterification Reaction 

5.5.1 Preparation of Catalyst Solution 

 

The base catalyst of choice for the transesterification reaction in this thesis is the 

alkoxide of sodium (a base metal) because of its superior activity in comparison to other 

types of base catalyst (Section 2.3.1). For methanol, the sodium methoxide catalyst solution 

is prepared by dissolving a known amount of commercially available sodium methoxide 

powder in pure methanol. In this thesis, two different catalyst loadings are tested: 2.5 g/L and 

5.0 g/L of sodium methoxide in methanol. 

 

For 1-propanol, the sodium propoxide catalyst solution is prepared in the laboratory 

by dissolving pure sodium metal in 1-propanol. This is because sodium propoxide is not 

commercially available. In this thesis, a 5.0 g/L sodium propoxide solution is used. 

 

First, one liter of 1-propanol is measured into a glass bottle. This is placed on top of a 

magnetic stirrer and put under continuous nitrogen blanketing in a fume hood. Nitrogen 

blanketing is for purging purposes because the dissolution (reaction) of sodium metal in 1-

propanol releases hydrogen gas according to Equation 5.2. 
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Na + CH3CH2CH2 – OH               CH3CH2CH2 – ONa   + 
 

 
H2 (g)          (Equation 5.2) 

 

Meanwhile, 5.0 grams of pure sodium metal block(s) are weighed into a beaker 

containing n-Hexane. The n-Hexane is to: (i) rinse away traces of gasoline of which the 

sodium metal blocks are stored in, and (ii) minimise exposure to air which will cause rapid 

oxidation of sodium. Using a scalpel, the weighed sodium block(s) are cut up into 

approximately 0.5 cm pieces and added into the prepared 1-propanol gradually. The 1-

propanol solution is stirred under nitrogen blanketing until sodium have completely 

dissolved. 

 

5.5.2 Start-Up Procedures 

 

The gas-liquid transesterification reaction experiments are carried out using the set-up 

described in Figure 5.1. First, the catalyst solution prepared in Section 5.5.1 is poured into the 

alcohol feed tank T-02. H-01 is switched on and kept at 80
o
C. Continuous flow of cold tap 

water is supplied to H-02. Meanwhile, soybean oil is heated and kept at a specified 

temperature in T-01. The C-01 heater is also switched on and kept at a specified temperature 

that matched the temperature in T-01. Once all temperatures have reached steady state, P-01 

is switched on and the catalyst solution is vapourised in H-01, subsequently filling up C-01 

and is condensed into T-03. The catalyst solution is circulated in the system until all 

temperatures have reached steady state once again. 

 

5.5.3 Reaction and Sample Collection 

  

The pressure regulator P2 is adjusted to achieve a specified pressure (P3) within T-01. 

Once P3 is stable, V-02 is opened and the soybean oil phase emerges into C-01 which is now 

filled with the methanol catalyst vapour phase, and the gas-liquid reaction takes place. 

Isothermal condition within C-01 is maintained by ensuring T1 and T2 give the same 

temperature reading at all times. 

 

Reacted soybean oil then accumulates in the sample chamber at the bottom of C-01 

(Figure 5.4). For reaction sample collection, V-02 is closed and V-03 is opened to extract the 

reacted soybean oil. Reaction samples are collected straight into a sample container filled 
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with 5 mL of cold distilled water, and shaken to stop the reaction by removing heat and the 

water soluble catalyst and methanol. It must be noted that this also extracts the polar glycerol, 

side product of the reaction. The ester/oily phase then separates from the water phase; leading 

to the formation of two distinct layers after being left to settle for half an hour. The top oily 

phase is then extracted for analysis to ascertain its composition. Detailed sample analysis 

method using the Gas chromatography is presented in Section 5.6. 

 

Gas-liquid transesterification reaction experiments are carried out at different 

conditions as summarised in Table 5.1. Experiment #1 to #20 is carried out using a 5 g/L 

sodium methoxide in methanol. The conditions listed in Table 5.1 are repeated in another set 

of experiments using 2.5 g/L of sodium methoxide in methanol (Experiment #21 to #40). It 

should be noted that all gas-liquid reaction experiments (Experiments #1 to #40) is replicated 

3 times each. 
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Table 5.1: Summary of conditions for the gas-liquid reaction experiments using 5.0 g/L 

catalyst loading 

Reaction temperature 

(T1, T2) 

T-01 pressure 

(kPa) 

Experiment 

reference number 

80
o
C 

55.19 #1 

82.74 #2 

110.32 #3 

137.9 #4 

85
o
C 

55.19 #5 

82.74 #6 

110.32 #7 

137.9 #8 

90
o
C 

55.19 #9 

82.74 #10 

110.32 #11 

137.9 #12 

95
o
C 

55.19 #13 

82.74 #14 

110.32 #15 

137.9 #16 

100
o
C 

55.19 #17 

82.74 #18 

110.32 #19 

137.9 #20 

 

5.5.4 Shutdown Procedures 

 

 Once gas-liquid reactions are completed, and reaction samples are extracted, the 

following heating equipment is first switched off: (i) T-01 hot plate, (ii) C-01 electric heater, 

and (iii) H-01 water bath heater. All power sources are then switched off and disconnected. 

Pressure regulator P1 is adjusted so that T-01 is no longer pressurised. Then, P-01 is switched 

off. The cold tap water is kept running in H-02 until no more methanol is condensed into T-

03. The experiment set-up is left to cool down until T1 and T2 indicate temperatures low 
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enough for safe handling i.e. 40
o
C and below. The equipment set-up is then cleaned 

thoroughly using warm soapy water and left to air dry completely for next use. 

 

5.6 Flame-Ionised Detector Gas Chromatography (GC-FID) 

 

 The reaction samples as collected in Section 5.5.3 is analysed to determine its 

composition. The instrument used to analyse these samples is a Shimadzu (Model GC-17A) 

Flame-Ionised Detector Gas Chromatograph (GC-FID) machine with a computer interface 

(Figure 5.8). The GC-FID is fitted with a MXT-Biodiesel TG Column (0.32 mm inner 

diameter × 15 m length) purchased from Restek (USA), which is suitable for analysis of 

species related to biodiesel research. 

 

 

Figure 5.8: The Shimadzu GC-FID (Model GC-17A) and computer interface 

 

The settings and temperature program used for the GC-FID is developed in-house 

specifically for biodiesel research applications, and is summarised in Table 5.2. However, 

before the reaction samples can be analysed, the GC-FID must first be calibrated using 

standard solutions, as described in Section 5.6.1. 
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Table 5.2: The GC-FID settings 

Carrier gas Helium 

Injection mode Splitless 

Pressure 45 kPa 

Total flow 9 ml/min 

Column flow 2.17 mL/min 

Split ratio 3.0 

Linear velocity 41.7 cm/s 

Injector 

temperature 
275

o
C 

Detector 

temperature 
310

o
C 

Column 

temperature 

program 

Ramp Rate Hold Temperature Hold time 

1 - 80
o
C 1 min 

2 13
o
C/min 250

o
C - 

3 20
o
C/min 400

o
C 10 min 

 

 

5.6.1 Calibration of the GC-FID 

 

 The GC-FID is calibrated using standard solutions of pure chemical species expected 

to be present in the reaction samples of this work, namely: mono-, di- and triglycerides, and 

methyl esters (biodiesel). Gas Chromatography (GC) grade of high purity mono-olein 

(monoglycerides), di-olein (diglycerides), tri-olein (triglycerides) and methyl oleate are 

purchased from Sigma Aldrich (NZ). These species are each weighed and prepared into 

known concentrations of 4.0 – 10.0 mg/ml, via dilution with GC grade n-Hexane (Section 

5.6.2). The prepared solutions are then transferred into 1.5 mL vials for GC injection and 

analysis. 

 

Upon injecting into the GC-FID and analysed using the program summarised in Table 

5.2, a chromatogram is produced with the appearance of a peak corresponding to each species 

present. The retention time of each peak as it appears on the chromatogram is also unique to 

different species. Thus identification of species based on the retention time of peaks on the 
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chromatogram is now possible. The retention times of peaks corresponding to methyl esters, 

mono- di- and triglycerides, obtained from the calibration work of this thesis is summarised 

in Table 5.3. 

 

Table 5.3: Identification of species based on chromatogram peak retention times 

Species Peak retention time on chromatogram 

Methyl oleate (methyl esters) 6.0 – 8.5 minutes 

Mono-olein (monoglyceride) 10.5 – 12.5 minutes 

Di-olein (diglyceride) 15.5 – 17.0 minutes 

Tri-olein (triglyceride) > 17.5 minutes 

 

In addition, the number of area units under the peaks can be measured using the 

Shimadzu GC software, and correlated to the known concentrations of the standard solutions 

being injected. Figures A1 to A4 in Appendix A are the area-concentration calibration curves 

for each species obtained for this work.  

 

5.6.2 Reaction Sample Preparation 

 

 As the GC-FID is calibrated using standard solutions prepared in concentrations 

between 4.0 – 10.0 mg/mL, the reaction samples collected from the gas-liquid reaction 

experiments (Section 5.5.2) should be prepared into concentrations that fall between the same 

ranges as well. For each experiment, the top-most oily layer is extracted and 40 mg is 

weighed into a 5-mL volumetric flask. This volumetric flask is then filled with 5 mL of n-

Hexane, and mixed; forming an 8.0 mg/mL sample solution. It should be noted that the 5-mL 

volumetric flask purchased from Sigma-Aldrich has a line marker indicating the level of 5-

mL volume of liquid within an accuracy of ±0.04 mL. 

 

This prepared solution is then poured into a 1.5 mL GC vial ready for injection into 

the GC-FID for analysis. The resulting chromatogram is expected to have peaks 

corresponding to all species as listed in Table 5.3. Using the calibration curves in Figures A1 

to A4, the composition of the reaction sample can now be quantified. 
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5.7 Summary 

 

 A simple laboratory droplet reactor system is developed for the experimental work of 

this thesis. This system (Figure 5.1) enables the production of liquid droplets via the Rayleigh 

breakup of a liquid jet. The materials and reagents used for the experimental work are also 

presented in Section 5.3. Next, the hydrodynamic properties of the soybean oil jet flow and 

the subsequent formed oil droplets can be measured using the procedures outlined in Section 

5.4. The hydrodynamic properties of the jet and droplet flow define the important 

dimensionless numbers: Rej, WeL, Sc and Oh (Equations 3.6 to 3.9) and subsequently the 

liquid film mass transfer coefficient, kL (Equation 4.41).  

 

Gas-liquid transesterification reaction experiments between soybean oil drops and an 

alcohol vapour can be carried out using the procedures outlined in Section 5.5. The reaction 

samples collected from these experiments is analysed using the GC-FID. Section 5.6 

explained how the GC-FID can be calibrated to identify and quantify important species that 

are expected to be present in the reaction samples: methyl esters, mono-, di-, and 

triglycerides. Following this, the composition of the reaction samples can be determined. This 

allows the calculation of the soybean oil conversion of the reaction samples (XB) as will be 

discussed in Section 6.3.1.  

 

In summary, Section 5.4, 5.5 and 5.6 outlined the procedures for the experimental 

measurements of kL, and XB which are directly applicable to the use of Equation 4.14 to 

model the gas-liquid transesterification reaction. The experimental measurements and 

subsequent modelling results are presented in Chapter 6. 
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CHAPTER 6: RESULTS AND DISCUSSIONS 
 

6.1 Introduction 

 

 This chapter presents the findings from the experimental work carried out in this 

thesis, accompanied by discussions. The experiment methodology is previously presented in 

Chapter 5. In this chapter, the experiment results and their accompanying discussions are 

organised into four sections: 

 

i. Characterisation of soybean oil droplets 

ii. Gas-liquid transesterification reaction experiments 

iii. Model simulation 

iv. Model validation using existing literature data 

 

The chapter then closes with a summary of the main findings.  

 

6.2 Characterisation of Soybean Oil Droplets 

6.2.1 Calibration of Soybean Oil Jet Flowrate and Velocity 

 

 The determination of the soybean oil jet volumetric flowrate and subsequently its 

velocity as a function of the temperature and driving pressure is important in this work. This 

is because the velocity of the soybean oil jet enables the calculation of important 

dimensionless numbers that identify its hydrodynamic properties as will be discussed in 

Section 6.2.2 later. The driving pressure is the pressure of compressed air used to drive the 

heated soybean oil in T-01 (Figure 5.1) through the orifice nozzle, forming a liquid jet which 

subsequently breaks up into droplets as described in Section 5.4.1.  

 

Figure 6.1 shows the measurements of soybean oil flowrate at different temperatures 

and driving pressures. According to Figure 6.1, the soybean oil temperature is found to have 

an insignificant effect on the jet volumetric flowrate. As such, the soybean oil density is 

assumed constant because its variation with temperature (20 - 30
o
C) is known to be less than 

1.4% [123]. However, this is not the case with soybean oil viscosity as will be discussed later. 

Thus, the average soybean oil jet volumetric flowrate is hereby determined as a function of 
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the driving pressure only. The final calibration graph for soybean oil jet flowrate is shown in 

Figure 6.2. 

 

 

Figure 6.1: Measurements of soybean oil jet volumetric flowrate at different temperatures 

  

 

Figure 6.2: Calibration graph for soybean oil jet volumetric flowrate 
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 From Figure 6.2, the linear relationship between the soybean oil volumetric flowrate 

and the driving pressure is obtained as Equation 6.1. It should be noted that Equation 6.1 is 

only valid between driving pressures of 40 – 140 kPa. 

 

                                                  (Equation 6.1) 

 

 Measurement of the soybean oil jet diameter captured on photographic images 

showed that the diameter of the liquid jet is close enough to the orifice nozzle diameter 

(0.034 mm) and thus they are taken to be identical. As such, the velocity of the soybean oil 

jet can be determined using Equation 5.1. Determination of the soybean jet velocity is 

required in order to calculate dimensionless numbers used to define the regimes of jet 

breakup as will be discussed in Section 6.2.2. 

 

 

Figure 6.3: Calibration graph for soybean oil jet velocity 

 

 Figure 6.3 shows the soybean oil jet velocity as a function of the driving pressure. 

This linear relationship is presented as Equation 6.2: 

 

                                                 (Equation 6.2) 
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6.2.2 Regime of Soybean Oil Jet Breakup 

 

 The regimes of liquid jet breakup has been defined in Section 3.2.1. Important 

dimensionless numbers that enable the characterisation of the soybean oil jet breakup regime 

and subsequently the formed droplets are given by Equations 3.6 to 3.9 namely: Reynolds, 

Weber and Ohnesorge numbers. 

 

The soybean jet Reynolds number (Rej) is calculated using Equation 3.6. Although 

the variability of soybean oil density with temperature is considered negligible as mentioned 

in Section 6.2.1, the soybean oil viscosity is not. The viscosity of soybean oil can be written 

as a function of temperature, and is given by Equation 4.18 [115]. According to Equation 

4.18, the viscosity of soybean oil reduces 50% as the temperature is increased from 80
o
C to 

100
o
C. The viscosities of soybean oil at different temperatures are calculated using Equation 

4.18 to enable the computation of Rej and subsequently WeL, WeG and Oh (Equations 3.6 to 

3.9) as functions of temperature and driving pressure. As mentioned, soybean oil density is 

taken as a constant.  

 

Table 6.1 is a summary of the soybean oil jet hydrodynamic properties in terms of the 

relevant dimensionless numbers. 

 

Table 6.1: Calculated dimensionless numbers of the soybean oil jet.  

Pdrive (kPa) 55.2 82.7 110.3 137.9 

80
o
C 

Oh = 0.077 

Rej = 182.4 

WeL = 197.4 

WeG = 1.683 

Rej = 270.7 

WeL = 434.3 

WeG =2.382 

Rej = 378.7 

WeL = 850.2 

WeG = 4.663 

Rej= 463.9 

WeL = 1274.8 

WeG = 6.992 

90
o
C 

Oh = 0.051 

Rej = 223.8 

WeL = 223.8 

WeG = 1.728 

Rej = 615.3 

WeL = 524.7 

WeG = 2.878 

Rej = 615.3 

WeL = 993.7 

WeG = 5.450 

Rej = 735.4 

WeL = 1415.7 

WeG = 7.765 

100
o
C 

Oh = 0.035 

Rej = 423.6 

WeL = 227.3 

WeG = 1.972 

Rej = 645.6 

WeL = 498.0 

WeG = 2.731 

Rej = 933.8 

WeL = 1040.5 

WeG = 5.707 

Rej = 1068.5 

WeL = 1362.1 

WeG = 7.471 
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Table 6.1 shows that within the range of driving pressures and temperatures used, the 

soybean oil liquid jets in this study has a maximum Reynolds number (Rej) of 1068.5. It is 

reported that a capillary liquid jet undergoes significant geometrical changes indicating the 

onset of turbulent conditions at approximately Rej = 3500 [124]. Therefore, the soybean oil 

jets produced in this present work are in the laminar regime. As such, the correlation derived 

in Equation 4.41 for the liquid-film mass transfer coefficient into well-mixed droplets (kL) is 

suitable for use in this work.  

 

In terms of the liquid jet breakup regime, the criteria set by Equations 3.10 to 3.13 

indicate that the soybean oil jets in Table 6.1 break up in the first wind-induced regime. This 

is supported by the Ohnesorge chart shown in Figure 3.3. Figures 6.4 and 6.5 are some of the 

actual images of the soybean oil jet breakup at different temperatures and driving pressures 

obtained in this work. These images are captured according to the procedures outlined in 

Section 5.4.4. 

 

 

(a) 80
o
C                             (b) 90

o
C                           (c) 100

o
C 

Figure 6.4: Soybean oil capillary jet driven by 55.2 kPa gauge pressure 
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(a) 80
o
C                               (b) 90

o
C                           (c) 100

o
C 

Figure 6.5: Soybean oil capillary jet driven by 82.7 kPa gauge pressure 

 

Figures 6.4 and 6.5 show that the soybean oil jet breakup started many jet diameters 

downstream from the orifice nozzle and the size of formed droplets appear to be in the order 

of the jet diameter. In other words, Figures 6.4 and 6.5 also show agreement with the 

characteristics of a liquid jet breaking up in the first wind-induced regime. Thus, the jet 

instability theory of Rayleigh [58] (Section 3.2.1) can be used to describe the behaviour of 

the soybean oil jets produced in this thesis reasonably well. The physical difference between 

the soybean oil jets as shown in Figures 6.4 and 6.5 is not obvious. However, actual 

measurements show that the produced droplets are smaller at higher temperatures. Actual 

measurements of the droplet diameters are discussed in Section 6.2.3.  

 

On the other hand, soybean oil droplets formed in this work are not mono-dispersed 

and formation of some small satellite droplets is observed. This is a departure from the 

idealised Rayleigh [58] jet breakup phenomena which predicts the formation of regular sized 

droplets with diameters of 1.89 times the orifice opening (Figure 6.6 and Equation 3.3). 

However, this departure is in agreement with previous studies where researchers have also 

observed actual liquid jet breakup to deviate from the predictions of Rayleigh [65, 125, 126]. 

This is due to the fact that natural growth rates of disturbances along an actual liquid jet are 
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non-linear as opposed to Rayleigh’s [58] linearised analysis. Actual liquid jets are subject to 

random disturbances from surroundings which then leads to irregular breakup patterns and 

consequently departure from the predictions of Rayleigh [65]. 

 

 

Figure 6.6: Illustration of liquid jet breakup according to (a) Rayleigh predictions and (b) 

actual observations [65] 

  

The application of liquid jet disintegration to form nano-sized droplets is found in the 

printing industry and the formation of satellite drops and non-dispersity of drops is a problem 

[127]. Much research has been carried out to understand satellite formation phenomena in 

hopes of minimising its occurrence [124, 126, 128, 129]. However, within the scope of this 

thesis - which is to model the behaviour of droplets formed in Behzadi and Farid’s [1] spray 

reactor - the mono-dispersity of soybean droplets is of low importance. This is because the 

atomisation regime as in Behzadi and Farid’s [1] spray reactor produces droplets that are fine 

and in a range of different sizes as well (i.e. not mono-dispersed).  

 

For mass transfer analysis in this thesis, the overall gas-liquid interfacial area is of 

more significance than the degree of mono-dispersity of the formed droplets. Section 6.2.3 

details the measurement of the soybean oil droplets formed in this thesis and the selection of 

a suitable representative droplet size. Subsequently, this enables the calculation of the gas-

liquid interfacial area produced in the droplet reactor of this work.  

*Figure 6.6 reproduced from [65]; courtesy of Hemisphere Publication Corporation. 
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6.2.3 Measurement of Soybean Oil Droplet Sizes 

 

 The close-up of actual images of the soybean oil droplets are used to directly measure 

the soybean oil droplet diameters. These images which are captured at different soybean oil 

temperatures and driving pressures are presented in Appendix B as Figures B1 to B12.  

 

The mean Sauter diameter (Equation 6.3) is chosen as the representative droplet 

diameter because of its relevance to mass transfer and multiphase reaction applications [65]. 

The mean Sauter diameter is calculated using a sample of ten droplet diameters measured 

directly from each of the Figures B1 to B12 as presented in Appendix B. 

 

Droplet Mean Sauter Diameter, d32 = 
     

 

     
                      (Equation 6.3) 

 

Table 6.2 is a summary of the calculated d32 of soybean oil droplets produced by the 

jet breakup at different temperatures and driving pressures.  

 

Table 6.2: Mean Sauter diameter (× 10
6
 m) of soybean oil droplets at different temperatures 

and driving pressures 

Temperature (
o
C) 55.2 kPa 82.7 kPa 110.3 kPa 137.9 kPa 

80 518.3 442.3 439.3 422.6 

90 446.6 435.5 422.6 410.2 

100 409.3 409.3 408.3 408.9 

 

 

 According to Table 6.2, the soybean oil temperature and driving pressure affects the 

diameter of formed droplets, where higher temperatures favour formation of smaller droplets. 

This is because as the soybean oil temperature increases, this decreases the jet Weber number 

(WeL, Equation 3.7). The same effect on WeL can be observed when there is an increase in 

the jet driving pressure (i.e. jet velocity). An increase in WeL indicates that the ratio of 

inertial forces to surface tension forces acting on the jet is increasing as can be seen in 

Equation 3.7. In other words, reduced surface tension forces (which “holds” a liquid body 

together) in relative to the inertial forces acting on the soybean oil jet due to its increasing 

velocity favours breakup into smaller sized droplets as a result. 
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 Referring to images in Figures B1 to B12, it is also appropriate to treat the soybean oil 

droplets produced in this work as being spherical. Thus the gas-liquid interfacial area per unit 

volume of a single droplet can then be calculated based on that of a single sphere (Equation 

6.4).  

 

  
   

 

   
 

 

 
 

  
                                            (Equation 6.4) 

 

Table 6.3 presents the gas-liquid interfacial area (a) per unit volume of a single 

droplet produced in this thesis at different soybean oil temperatures and driving pressures. 

These will be directly applicable to the mathematical model derived as Equation 4.14. 

  

Table 6.3: Gas-liquid interfacial area “a” (m
2
/m

3
) of the droplet reactor at different conditions 

Temperature (
o
C) 55.2 kPa 82.7 kPa 110.3 kPa 137.9 kPa 

80 11583 13565 13639 14197 

90 13435 13777 14197 14627 

100 14659 14659 14695 14674 
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6.3 Gas-Liquid Transesterification Reactions 

6.3.1 The Conversion of Soybean Oil, XB 

 

 The gas-liquid transesterification reactions are carried out as outlined in Section 5.5. 

Reaction samples are analysed using the GC-FID (Section 5.6) and its composition (mass 

fractions of methyl esters, tri-, di- and monoglycerides) is determined using the calibration 

curves of Figures A1 to A4 in Appendix A. The conversion of soybean oil (XB) is then 

calculated by subtracting the mass fraction of triglycerides species (or species “B”) in the 

reaction sample from the mass fraction of triglycerides in the original reactant soybean oil, 

which consists of triglycerides (100% species B). The final concentration of triglycerides 

(CB) can then be derived from Equation 6.5 [44].  

 

   
      

   
                                            (Equation 6.5) 

 

Table 6.4 presents the measured XB and calculated CB of gas-liquid transesterification 

experiments carried out according to the conditions of Table 5.1 which corresponds to the use 

of 5.0 g/L of sodium methoxide per liter of methanol (Experiments #1 to #20). Table 6.5 is 

the summary of results of Experiments #21 to #40 which corresponds to the use of 2.5 g/L of 

sodium methoxide catalyst in methanol. The driving pressure (Pdrive) is the pressure of 

compressed air driving the soybean oil jet as explained in Section 6.2.1.  

 

The conversion of oil reported in Tables 6.4 and 6.5 are very low because these values 

are measured based on the very short retention times of the droplets in the droplet reactor. 

According to measurements, the droplet retention times are only between 0.0274 – 0.0567 

seconds in the 0.455 m length reactor. Higher residence times cannot be achieved in this 

work because this will lead to an extensive length of the reactor. The values of CB as reported 

in Tables 6.4 and 6.5 are directly applicable to the use of Equation 4.14 to model the gas-

liquid transesterification reaction as mentioned in Section 4.5, and now extended to Section 

6.3.2 in the following.  
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Table 6.4: Summary of measured XB and calculated CB for gas-liquid reactions using 

methanol and 5.0 g/L sodium methoxide 

T (
o
C) Pdrive (kPa) Experiment  XB (%) CB (mol/m

3
) 

80
o
C 

55.19 #1 6.82 ± 1.03 1008.57 ± 11.10 

82.74 #2 6.55 ± 2.08 1011.46 ± 22.52 

110.32 #3 6.73 ± 1.10 1009.54 ± 11.91 

137.9 #4 6.40 ± 1.64 1013.08 ± 17.80 

85
o
C 

55.19 #5 9.73 ± 3.36 977.07 ± 36.36 

82.74 #6 9.54 ± 2.22 979.09 ± 24.08 

110.32 #7 7.76 ± 2.01 998.40 ± 21.80 

137.9 #8 6.96 ± 2.05 1006.98 ± 22.21 

90
o
C 

55.19 #9 12.07 ± 2.62 951.67 ± 28.37 

82.74 #10 11.48 ± 2.46 958.10 ± 26.63 

110.32 #11 8.04 ± 1.15 995.33 ± 12.49 

137.9 #12 7.77 ± 2.54 998.25 ± 27.45 

95
o
C 

55.19 #13 14.76 ± 2.24 922.63 ± 24.26 

82.74 #14 14.00 ± 2.33 930.78 ± 25.23 

110.32 #15 12.12 ± 1.89 951.21 ± 20.46 

137.9 #16 9.48 ± 1.44 979.71 ± 15.56 

100
o
C 

55.19 #17 17.27 ± 2.44 895.46 ± 26.44 

82.74 #18 16.61 ± 1.49 902.57 ± 16.08 

110.32 #19 12.81 ± 2.15 943.70 ± 23.25 

137.9 #20 11.06 ± 1.72 962.64 ± 18.57 
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Table 6.5: Summary of measured XB and calculated CB for gas-liquid reactions using 

methanol and 2.5 g/L sodium methoxide 

T (
o
C) Pdrive (kPa) Experiment  XB (%) CB (mol/m

3
) 

80
o
C 

55.19 #21 5.84 ± 0.93 1019.14 ± 10.10 

82.74 #22 5.72 ± 1.74 1020.44 ± 18.83 

110.32 #23 5.70 ± 1.56 1020.62 ± 16.90 

137.9 #24 5.44 ± 1.16 1023.51 ± 12.56 

85
o
C 

55.19 #25 7.61 ± 2.43 999.98 ± 26.30 

82.74 #26 6.90 ± 1.80 1007.70 ± 19.49 

110.32 #27 5.91 ± 1.33 1018.38 ± 14.43 

137.9 #28 5.71 ± 1.92 1020.51 ± 20.78 

90
o
C 

55.19 #29 8.87 ± 1.27 986.35 ± 13.69 

82.74 #30 8.15 ± 1.10 994.14 ± 11.88 

110.32 #31 8.31 ± 1.99 992.41 ± 21.59 

137.9 #32 7.55 ± 1.00 1000.67 ±10.83 

95
o
C 

55.19 #33 10.36 ± 1.64 970.25 ± 17.71 

82.74 #34 8.28 ± 1.02 992.73 ± 10.99 

110.32 #35 8.15 ± 1.75 994.11 ± 18.90 

137.9 #36 8.21 ± 1.38 993.45 ± 14.91 

100
o
C 

55.19 #37 12.33 ± 1.65 948.86 ± 17.88 

82.74 #38 11.00 ± 1.62 963.29 ± 17.55 

110.32 #39 10.84 ± 2.39 965.02 ± 25.84 

137.9 #40 9.91 ± 1.94 975.13 ± 20.97 
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6.3.2 Kinetics Study of Gas-Liquid Transesterification Reaction Using Methanol 

 

 Section 4.3.1 presented the mathematical model derived to model the gas-liquid 

transesterification reaction (Equation 4.14). Equation 4.14 consists of independent mass 

transfer term  
         

    
  and reaction kinetics term  

 

   
   

  

   
  . The reaction system 

parameters for the soybean oil-methanol reaction system are defined in Section 4.3.2. 

 

 Now that the reaction system parameters are defined and the conversion of soybean 

oil is reported in Tables 6.4 and 6.5, the only unknown in Equation 4.14 is the reaction rate 

constant (k1) and enhancement factor (E). According to Equations 4.4 to 4.6, these 

parameters are inter-related and thus, cannot be determined independently. In this thesis, the 

“Goal Seek” function in Microsoft Excel is used to find k1 and E which satisfied Equation 

4.14 and Equations 4.4 to 4.6. Table 6.6 shows the values of MH and E obtained for the gas-

liquid transesterification reactions using methanol (methanolysis) as carried out in this thesis.  

 

Table 6.6: The Hatta Modulus (MH) and enhancement factor (E) for gas-liquid 

transesterification using methanol 

T (
o
C) 5.0 g/L catalyst loading 2.5 g/L catalyst loading 

MH E MH E 

80 0.010 1.00 0.012 1.00 

85 0.020 1.00 0.015 1.00 

90 0.025 1.00 0.020 1.00 

95 0.034 1.00 0.025 1.00 

100 0.046 1.00 0.034 1.00 

 

 

From Table 6.6, the Hatta modulus (MH) for all experiment conditions fall in the 

range of 0.01 < MH < 0.05. As discussed in Section 4.2, this indicates that the liquid phase 

reaction rate is slow to intermediate in relation to the mass transfer rate across the liquid film 

(Equation 4.6). When 0.02 < MH < 2.0, this corresponds to Cases E, F or G. For these gas-

liquid reaction schemes, the liquid phase reaction is slow enough for the gaseous reactant ‘A’ 

to diffuse through the entire oil droplet while it is reacting, but the liquid film mass transfer 

resistance still exists [44]. Therefore, both the mass transfer and reaction kinetics 
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contributions should be considered simultaneously. When MH < 0.02, this corresponds to 

Case H in which the liquid phase reaction is infinitely slow and mass transfer resistance is 

negligible [44]. 

 

Table 6.6 also shows that the enhancement factor is calculated to be 1.0 and is 

constant for all the cases considered in this work (Equation 4.4). This indicates that the liquid 

phase chemical reaction does not enhance the mass transfer rate across the liquid film 

(Equation 4.3) because according to the values of MH, the mass transfer rate across the film is 

higher than the reaction rate inside the droplets. In addition, having evaluated that the 

enhancement factor is equal to 1.0 and constant, the gas-liquid transesterification reaction can 

be described by Case G of Figure 4.3 and not Cases E or F when 0.02 < MH < 2.0. According 

to Levenspiel [44], Cases E and F has effective enhancement factors (E > 1.0) which is not 

the case for the gas-liquid transesterification as shown in Table 6.6. Thus, the model of 

Equation 4.14 can be reduced further to (with E = 1 and β = 1): 

 

         

   
  

 

  
   

  

   
    

 

 
                                (Equation 6.5) 

 

It should be noted that by assuming the mass transfer resistance has been eliminated, 

Behzadi and Farid [1] is effectively considering Case H (Figure 4.3) in which the liquid phase 

reaction is infinitely slow in relation to the mass transfer rate (i.e. no mass transfer 

resistance). Consequently, the mass transfer term  
 

    
  of Equation 4.10 is negligible and 

Equation 4.10 takes the form of Equation 6.6. In other words, the reaction rate constant 

reported by Behzadi [2] is equivalent to k”1 of Equation 4.8, which only considers the 

contributions of chemical kinetics alone. In reality, this approximation is not too far off the 

mark as revealed by the detailed examination of Table 6.6, particularly the data points for the 

low temperature range in which MH < 0.02. This will later be shown by Table 6.8.   

 

The “apparent” reaction rate constant can be calculated by integrating Equation 4.8 

with the following boundary conditions to obtain Equation 6.6. 

 

Boundary conditions: t = 0, CB = CB0,  

t = t, CB = CB 

CA = CAi = constant 
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Therefore:     
  

   
    

 

 
                                                             (Equation 6.6) 

 

Note that Equation 6.5 takes the form of Equation 6.6 when the mass transfer 

resistance term  
         

   
  is negligible. Equations 6.5 and 6.6 are both used to calculate the 

“true” (k1) and “apparent” (k”1) reaction rate constants in this thesis. The results are presented 

in Table 6.7. 

 

Table 6.7: The “true” and “apparent” reaction rate constants (k1 and k”1) of the gas-liquid 

transesterification reactions. 

T (
o
C) 

5.0 g/L sodium catalyst loading 2.5 g/L catalyst loading 

k1 (m
3
/mol.s) k1” (m

3
/mol.s) k1 (m

3
/mol.s) k1” (m

3
/mol.s) 

80 0.0289 ± 0.0009 0.0241 ± 0.0068 0.0221 ± 0.0007 0.0201 ± 0.0056 

85 0.0401 ± 0.0006 0.0301 ± 0.0050 0.0276 ± 0.0005 0.0243 ± 0.0042 

90 0.0550 ± 0.0008 0.0375 ± 0.0047 0.0344 ± 0.0010 0.0292 ± 0.0076 

95 0.0749 ± 0.0012 0.0464 ± 0.0071 0.0425 ± 0.0009 0.0349 ± 0.0073 

100 0.1011 ± 0.0024 0.0571 ± 0.0072 0.0523 ± 0.0012 0.0416 ± 0.0093 

 

 

The Arrhenius Law (Equation 2.6) is used to generate plots of natural logarithm of 

reaction rate constants reported in Table 6.7 versus the inverse of absolute temperature. 

Equation 2.6 is rewritten here for convenience. These linear plots will enable the 

determination of the activation energy (Ea) and Arrhenius constant (k0) using graphical 

methods. Figures 6.7 and 6.8 show the Arrhenius plots for the gas-liquid transesterification 

reactions carried out in this work. 

 

       
  
     or         

  

 
 
 

 
                            (Equation 2.6) 
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Figure 6.7: Arrhenius plots for gas-liquid transesterification reactions between soybean oil 

and methanol using 5.0 g/L sodium methoxide as the catalyst.  
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Figure 6.8: Arrhenius plots for gas-liquid transesterification reactions between soybean oil 

and methanol using 2.5 g/L sodium methoxide as the catalyst.  

 

According to Table 6.7, there are noticeable differences between the values of the 

“true and “apparent” reaction rate constants. The major observations from the results 

presented in Table 6.7, and Figures 6.7 and 6.8 are listed in the following: 

 

i. The “true” reaction rate constants (k1) are larger than the “apparent” reaction rate 

constants (k”1). 

ii. Both k1 and k”1 obtained using 2.5 g/L catalyst loading are lower than those obtained 

using 5.0 g/L catalyst loading. 

iii. The difference between k1 and k”1 obtained using 2.5 g/L catalyst loading is smaller 

than when 5.0 g/L catalyst loading is used. 

 

The following discussion explains the underlying principles behind the above 

observations. 
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A simple mathematical comparison between Equations 4.10 and 4.8 gives Equation 6.7 

which shows that k1 is essentially larger than k”1. This agrees with the results obtained in 

Table 6.7. 

 

     
 

 

   
 

 

    
                                           (Equation 6.7) 

 

Qualitatively speaking, k”1 < k1 indicates that when mass transfer is incorporated, the 

“apparent” reaction rate constant becomes smaller. This indicates that mass transfer has an 

adverse effect on the overall reaction rate. The adverse effect of mass transfer on the liquid-

liquid transesterification reaction rate due to the immiscibility between the methanol and oil 

phases is observed by many past researchers [25, 40]. However, this adverse effect of mass 

transfer has not been isolated or quantified.  

 

At a lower catalyst loading of 2.5 g/L, there are smaller amounts of methoxide 

(alkoxide) anions available for the nucleophilic attack of the carbonyl carbon atom of the 

triglyceride molecule to produce a methyl ester (biodiesel) molecule as shown in Figure 2.5 

[14]. Therefore, a lower catalyst loading leads to slower reaction. As such, a smaller reaction 

rate constant is obtained. This is consistent with the findings reported in Table 2 whereby a 

lower catalyst loading led to lower reaction rate constants.  

 

In addition, slower reaction rates obtained for 2.5 g/L catalyst loading in comparison 

to 5.0 g/L catalyst loading also corresponds to lower MH values as shown in Table 6.6 (with 

the exception at 80
o
C). This indicates that the gas-liquid process becomes closer to the 

description of Case H (MH < 0.02) i.e. the mass transfer resistance is becoming smaller. 

According to Equation 6.7, this means the values of k1 and k”1 will agree better with each 

other. This is consistent with Figures 6.7 and 6.8 where the difference between k1 and k”1 is 

smaller when 2.5 g/L catalyst loading is used in comparison to when 5.0 g/L catalyst loading 

is used. 

 

Table 6.8 presents the contribution of the mass transfer term  
         

   
  and reaction 

kinetics term  
 

  
   

  

   
   of Equation 6.5 towards the overall gas-liquid methanolysis 

process. The contribution of these terms is expressed in its dimensionless forms (percentages) 

(Equations 6.8 and 6.9).  
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MT% = 
 
         

   
 

 
 

 
    

                                            (Equation 6.8) 

RXN% = 
 
 

  
   

  
   

  

 
 

 
    

                                           (Equation 6.9) 

 

Table 6.8: The contributions of the mass transfer and reaction kinetics terms (%) towards the 

gas-liquid transesterification process using methanol. 

T (
o
C) 5.0 g/L catalyst loading 2.5 g/L catalyst loading 

MT% RXN% MT% RXN% 

80 11.5 % 88.5 % 9.4 % 90.2 % 

85 17.7 % 82.3 % 11.6 % 88.5 % 

90 20.8 % 79.2 % 15.1 % 84.9 % 

95 26.2 % 73.8 % 16.5 % 83.5 % 

100 33.0 % 67.0 % 21.6 % 78.5 % 

 

 

As discussed earlier, the gas-liquid transesterification reactions carried out in this 

thesis are of Case G when 0.02 MH < 2.0 in which both the mass transfer and reaction 

kinetics terms of Equation 6.5 contributes towards the process. When MH < 0.02, the gas-

liquid transesterification can be described by Case H and the mass transfer term of Equation 

6.5 can be assumed negligible (thus effectively taking the form of Equation 6.6). Table 6.8 

presents the extent in which mass transfer and reaction kinetics contributes towards the 

overall gas-liquid transesterification at different conditions. 

 

In design and scale-up procedures, it is important to consider the separate 

contributions of MT% and RXN% to the overall gas-liquid process. Previously, these 

contributions were incorrectly lumped together as a single chemical kinetics term as shown in 

Equation 4.8. Errors are introduced if only chemical kinetics is assumed to be contributing 

towards the overall process (as in Equation 4.8) because as shown by Table 6.8, the 

respective contributions of MT% and RXN% change with reaction conditions. Within the 

context of this work, it is believed that the change in MT% and RXN% is due to MH because 

E = 1.0 and constant as shown by Table 6.6. However, it should be noted that for MH < 0.02 

(Table 6.6), the contributions of mass transfer is in the order of 10 % or less (Table 6.8). In 
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other words, when MH < 0.02, which corresponds to Case H, taking the overall gas-liquid 

process to be entirely contributed by chemical kinetics alone (Equation 6.6) will only 

introduce errors in the order of 10% or less. But for 0.02 < MH < 2.0 (Table 6.6), doing so 

will introduce large errors (15 – 33 %) as shown by Table 6.8. 

 

Table 6.8 also shows that the gas-liquid transesterification reactions carried out in this 

work are at least 67.0 % contributed by reaction kinetics. The contribution of mass transfer 

(MT%) is relatively smaller than the contribution of reaction kinetics (RXN%). In other 

words, the mass transfer limitation as reported for the liquid-liquid transesterification 

(Section 2.5.1) is overcome by using a gas-liquid arrangement. However, the contribution of 

mass transfer still exists as shown in Table 6.8. Furthermore, MT% increased with reaction 

temperature and catalyst loading. This increase can also be attributed by the increase of MH 

because E = 1.0 and constant as shown by Table 6.6. The following is a discussion of this 

observation. 

 

As the reaction temperature increases, the reaction rate constant increases which 

subsequently reduces the reaction kinetics resistance term  
 

  
   

  

   
  . Thus, this reduces 

RXN% and increases MT% in relation. The same trend can be observed when a higher 

catalyst loading is used because the reaction rate constant also increases with catalyst 

concentration as discussed earlier. This demonstrates the effect of reaction temperature and 

catalyst loading on the gas-liquid transesterification reaction. Effectively, the contribution of 

MT% increases with decreasing MH. 

 

It must be noted again that the results reported in Tables 6.4 and 6.5 are obtained for 

very short reactor retention times due to the small size of the droplet reactor column (0.455 m 

length) used in this work. Therefore, the reported values of XB are very small even though the 

reaction rate constants obtained here are much higher than those reported in literature. 

Referring to Equation 6.5, the conversion of oil (XB) can be improved significantly without 

prolonging the reaction retention time by increasing the amount of dissolved gaseous reactant 

in the oil droplets (CAi). This can be achieved through the use of higher pressures. However, 

for the system of methanol-soybean oil in this work, CAi is predetermined by the partition 

coefficient  
   

   
  of methanol between air and liquid oil at ambient pressure. This is because 

the droplet reactor system as shown in Figure 5.1 is not designed to operate at pressures 
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higher than ambient. The air-oil partition coefficient of methanol vapour was approximated to 

be 0.15 as discussed in Section 4.3.2. Alternatively, solubility of the gaseous reactant can be 

increased by using a more soluble alcohol vapour as will be discussed in the following.  

 

Section 6.3.3 presents the results from the gas-liquid transesterification reactions 

carried out using 1-propanol instead of methanol as the gaseous reactant. The use of 1-

propanol instead of methanol is an attempt to test the hypothesis that XB will be improved if 

the solubility of the gaseous reactant is increased which then leads to higher values of CAi. 

The solubility of an alcohol in an oily (non-polar) solvent increases as the polarity of the 

alcohol decreases with increasing carbon chain length. Thus, methanol, ethanol and 1-

propanol have ascending solubility in soybean oil, with 1-propanol being most soluble of the 

three. The alcohol 1-propanol is chosen in this work because its transesterification with a 

triglycerides source (oil) to produce propyl esters has never been studied in detail before. 

Moreover, the product propyl ester has better cold flow properties than methyl ester as a 

biodiesel [130]. 

 

6.3.3 Gas-Liquid Transesterification Experiments Using 1-Propanol 

 

Gas-liquid transesterification reaction using 1-propanol is carried out according to the 

methods outlined in Section 5.5. The base catalyst used is 5.0 g sodium propoxide per liter of 

1-propanol. The driving pressure of soybean oil is held constant at 55.19 kPa because the 

effect of the limited range of driving pressures used in this work has minimal effect on the 

conversion of oil as shown in Tables 6.4 and 6.5 for the gas-liquid transesterification 

reactions using methanol. The reaction temperatures used for the gas-liquid transesterification 

reactions using 1-propanol are higher at 100
o
C, 110

o
C and 120

o
C because the boiling point of 

1-propanol is at 97
o
C. The calculated XB and CB values are presented in Table 6.9. 

 

Table 6.9: Summary of measured XB and calculated CB for gas-liquid reactions using 1-

propanol and 5.0 g/L catalyst loading 

T  (
o
C) Driving pressure (kPa) Experiment XB (%) CB (mol/m

3
) 

100 55.2 #41 61.00 ± 3.61 422.12 ± 39.02 

110 55.2 #42 72.67 ± 1.53 295.84 ± 16.53 

120 55.2 #43 89.33 ± 3.06 115.45 ± 33.07 
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Table 6.9 shows that the conversion of soybean oil is vastly improved to 61 – 90% 

when a more soluble gaseous reactant like 1-propanol is used. The equilibrium concentration 

of alcohol on the surface of soybean oil droplets (CAi) can be estimated using the Henry’s 

Law. Unfortunately, the Henry’s Law constant (HA) for alcohol vapour in liquid oil is not 

readily available as mentioned in Section 4.3.2. The partition coefficients (Equation 6.10) of 

various alcohols between air and olive oil as measured by Kaneko et. al. [131] are the closest 

reference information that can be found. However, their measurements are performed at 37
o
C 

only.  

 

Nevertheless, Kaneko et. al. [131] reported that the partition coefficient of methanol 

between olive oil and air is approximately 3 to 4 times larger than 1-propanol. This 

demonstrates the higher solubility of 1-propanol in olive oil than methanol. Section 4.3.2 

discussed that the partition coefficient of methanol between air and soybean oil at 100
o
C is 

taken to be 0.15. Thus the partition coefficient of 1-propanol between soybean oil and air is 

taken to be 3.5 times smaller than 0.15 in this work. 

 

Partition coefficient = 
   

   
                                   (Equation 6.10) 

 

Table 6.10 shows the evaluation of E and MH for the gas-liquid transesterification 

reactions using 1-propanol in the same way as described for the gas-liquid transesterification 

reaction using methanol in Section 6.3.2 (i.e. using Equation 4.14 and “Goal Seek” in 

Microsoft Excel). 

 

Table 6.10: The Hatta Modulus (MH) and enhancement factor (E) for gas-liquid 

transesterification using 1-propanol 

T (
o
C) 5.0 g of sodium propoxide per liter of 1-propanol 

MH E 

100 0.0493 1.00 

110 0.0816 1.00 

120 0.1549 1.00 
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According to Table 6.10, the values of Hatta modulus fall in the range: 0.02 < MH < 

2.0, and the enhancement factor, E = 1.0 and constant. Therefore, this corresponds to the 

intermediate Case G in Figure 4.3. Therefore, the transesterification reaction inside the oil 

droplets is slow enough for the gaseous reactant to diffuse into the body of the droplet but yet 

the liquid film resistance still exists [44]. This is identical to the gas-liquid transesterification 

reaction using methanol as discussed in Section 6.3.2. Thus, both mass transfer and reaction 

kinetics are important to the process and Equation 6.5 is applicable to the gas-liquid 

transesterification reaction using 1-propanol.  

 

Figure 6.9 presents the Arrhenius plots for the gas-liquid transesterification reaction 

using 1-propanol and 5.0 g/L catalyst loading. Table 6.11 is a summary of the k1 and k”1 

obtained for the gas-liquid transesterification using 1-propanol.  

 

 

Figure 6.9: Arrhenius plots for gas-liquid transesterification reactions using 1-propanol and 

5.0 g/L sodium propoxide catalyst. 
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Table 6.11: Reaction rate constants for gas-liquid transesterification reactions using 1-

propanol and 5.0 g/L catalyst loading 

T (
o
C) Reaction rate constant (m

3
/mol.s); 

5.0 g/L catalyst loading 

k1 k”1 

100 0.0597 ± 0.0120 0.0441 ± 0.0071 

110 0.1104 ± 0.0100 0.0687 ± 0.0051 

120 0.1980 ± 0.0293 0.1047 ± 0.0122 

  

 

Figure 6.9 is comparable to Figures 6.7 and 6.8. Table 6.10 shows that k1 values are 

also consistently larger than k”1 values, indicating that mass transfer resistance still 

contributes towards the overall process (Equation 6.7). Comparison between the reaction rate 

constants obtained in Table 6.11 (for 1-propanol) and 6.7 (for methanol) will be discussed 

later. 

 

Table 6.12 presents the contribution of the mass transfer and reaction kinetics terms 

towards the gas-liquid transesterification reaction using 1-propanol. These contributions are 

expressed in their dimensionless forms previously defined in Equations 6.8 and 6.9. 

According to Table 6.12, the gas-liquid transesterification reaction using 1-propanol is 

contributed by both reaction kinetics and mass transfer, with the mass transfer term 

contributing 47.9 – 27.3 %. However, when compared to Table 6.8 for 5.0 g/L catalyst 

loading, MT% for propanolysis is higher than methanolysis. This is because the MH found for 

propanolysis (Table 6.10) is higher than methanolysis (Table 6.6). 

 

Table 6.12: The contributions of the mass transfer and reaction kinetics terms (%) towards 

the overall gas-liquid transesterification process using 1-propanol 

T (
o
C) 5.0 g of sodium propoxide per liter of 1-propanol 

MT% RXN% 

100 27.3 % 72.7 % 

110 35.8 % 64.2 % 

120 47.9 % 52.1 % 
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Looking at the high conversions of soybean oil (XB) as reported in Table 6.9, it is 

apparent that the gas-liquid transesterification reaction using 1-propanol is more rapid in 

comparison to when methanol is used as the gaseous reactant. However, a fair comparison 

between the use of these two different alcohols for transesterification can only be made by 

comparing the “true” reaction rate constants as will be discussed in the following. 

 

The activation energy (Ea) and Arrhenius constant (Ar) obtained from Figures 6.7 and 

6.9 are used to obtain “true” reaction rate constants for the comparison of the kinetics of 

transesterification reaction using methanol and 1-propanol. Equations 6.11 and 6.12 are the 

Arrhenius expression representing the reaction kinetics of the gas-liquid transesterification 

using 5.0 g/L of catalyst loading with methanol and 1-propanol as the alcohol respectively. 

More detailed discussion on this is presented later in Section 6.3.4. 

 

For methanol:                                              
     

                                 (Equation 6.11) 

For 1-propanol:                                           
     

                                 (Equation 6.12) 

 

Using Equations 6.11 and 6.12, the “true” reaction rate constants of the 

transesterification reaction using methanol and 1-propanol can be calculated for the same 

temperature ranges as shown in Table 6.13. 

 

Table 6.13: “True” reaction rate constants for methanolysis and propanolysis 

T (
o
C) 

k1 (m
3
/mol.s) 

Methanol 1-propanol 

80 0.0289 0.0157 

90 0.0550 0.0312 

100 0.1011 0.0597 

110 0.1800 0.1104 

120 0.3111 0.1980 

130 0.5234 0.3448 

 

Table 6.13 shows that the “true” reaction rate constants for the transesterification of 

soybean oil using 1-propanol is smaller than that of methanol at the range of temperatures 

shown. This indicates that the transesterification of triglycerides by methanol is more rapid 
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than 1-propanol if the concentration of reactants present in the reaction zone for both cases is 

equal. In the case of gas-liquid transesterification reaction, the reaction zone is at the surface 

of the oil droplet (liquid film) where the alcohol and catalyst dissolves according to the 

partition coefficient (Equation 6.10).  

 

The results obtained in Table 6.13 is justified by the fact that methanol is more polar 

than 1-propanol. As such, methanol is more reactive when taking part in the 

transesterification reaction which involves nucleophilic attacks of carbonyl atoms (Figure 

2.5). However, because the amount of methanol present in the reaction zone is low (low 

solubility), its effective reaction rate also becomes low too. On the other hand, although the 

“true” reaction rate constant for the transesterification reaction using 1-propanol is smaller 

due to its reduced polarity, the amount of 1-propanol (and catalyst) present in the reaction 

zone is high due to its better solubility in oil. This resulted in its higher reaction rate in 

comparison to methanolysis, as shown by higher oil conversions as reported in Table 6.9 in 

comparison to Table 6.4.  

 

Section 6.3.4 that follows discusses how the effect of mass transfer can have on the 

activation energy of the gas-liquid transesterification reaction. 

 

6.3.4 Activation Energy, Ea 

 

The activation energy is defined as the amount of energy required to initiate a 

particular reaction. It can also be used to “fingerprint” a particular reaction route or 

mechanism. For example, the Ea of a particular reaction reduces when a suitable catalyst is 

added because the catalyst enables the reaction to proceed via an alternative route or 

mechanism with lower Ea  [44]. However, it should be noted that the magnitude of Ea does 

not indicate whether a reaction will proceed at a fast or slow rate.  

 

According to the Arrhenius Law (Equation 2.6), the value of Ea can be determined 

from the slope of the linear Arrhenius plot of ln k1 versus 
 

 
 (K

-1
). Due to the graphical 

method of determining Ea from experimentally measured values of reaction rate constants, 

the resulting Ea value is subject to errors especially when determined using the “apparent” 

reaction rate constant (k”1) instead of the “true” reaction constant (k1). The use of k”1 values 
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instead of k1 values might be the reason of the wide range of Ea values reported for the liquid-

liquid transesterification reaction in existing literature as shown in Table 2.1. This is because 

there may be variations of mixing conditions (mass transfer limitation) within the reactors 

used by different researchers. This is previously discussed in Section 2.5.2.  

 

Referring to the Arrhenius plots of Figures 6.7, 6.8 and 6.9, the obtained activation 

energies and Arrhenius constants of the gas-liquid transesterification reaction are summarised 

in Table 6.14. 

 

Table 6.14: Activation energy (Ea) and Arrhenius constant (Ar) for the gas-liquid 

transesterification reaction 

Gaseous 

reactant 

Catalyst 

loading 

“True” values “Apparent” values 

Ea (kJ/mol) Ar Ea (kJ/mol) Ar 

Methanol 5.0 g/L 68.6 4.00 × 10
8
 47.4 2.43 × 10

5
 

Methanol 2.5 g/L 47.3 2.19 × 10
5
 40.0 1.63 × 10

4
 

1-propanol 5.0 g/L 73.1 1.03 ×10
9
 52.8 1.08 × 10

6
 

 

 

According to Table 6.14, the “true” activation energies (Ea) are consistently higher 

than the “apparent” activation energies. This indicates that when the adverse mass transfer 

effects are incorporated, a lower Ea results. Noureddini and Zhu [40] also reported a slight 

decrease in activation energy when the mass transfer limitation within their reactor is 

increased by reducing the agitation speed (Reynolds number) within the stirred tank reactor 

(Table 2.1).  

 

In another example, during fluid-solid catalytic reactions, Smith [132] states that 

external diffusion resistances affects the experimental measurements of activation energy 

significantly. It is shown that higher diffusion resistances in the fluid-solid interface leads to 

smaller measured activation energies as illustrated in Figure 6.9 [132]. The slope of the solid 

line represents the “true” activation energy, while the slope of the dashed line is the 

“apparent” activation energy measured experimentally when external diffusion resistances 

are significant.  
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Figure 6.10: The effect of external diffusion resistance on the measured activation energy 

[132]. 

 

It should be noted that Figure 6.10 illustrates the effect of external resistance on the 

activation energy over a wide range of reaction temperatures. For the scope of this thesis, the 

range of reaction temperatures investigated is much smaller i.e. 80 – 130
o
C and thus the 

Arrhenius plots of Figures 6.7 – 6.9 (both true and apparent plots) appear as straight lines. It 

is expected that if the range of reaction temperatures investigated is expanded; the apparent 

reaction rate constant plot will be non-linear as in the manner of the dashed line in Figure 

6.10. 

 

In summary, the graphical method used to determine activation energy (Ea) of a 

reaction is subject to errors. This is especially so when the “apparent” reaction rate constant 

with mass transfer effects incorporated is used to obtain values of Ea. When a reaction is 

affected by mass transfer, the Ea value becomes lower if determined using the “apparent” 

reaction rate constant instead of the “true” reaction rate. This is demonstrated by Table 6.12 

and Figure 6.10. In other words, the present model of Equation 4.14 should be used to 

determine the “true” reaction rate constants. This in turn will give a more accurate Ea value 

for a reaction which is affected by mass transfer, for example the transesterification reaction. 

 

In Section 2.5.2 and as demonstrated in Table 2.1, mass transfer limitations during the 

liquid-liquid transesterification reaction is postulated as one of the reasons behind the 

consistently lower values of Ea as compared to those reported for the supercritical methanol 

ln k 

 

 
 

Slope = -
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process where mass transfer limitations are minimal. While the minimal mass transfer 

resistance during the supercritical methanol process could have contributed towards higher Ea 

values, such significant increase in Ea for the supercritical process as in Table 2.1 could also 

be due to its entirely different reaction mechanism (Section 2.3.4) from the base catalytic 

mechanism (Section 2.3.1) in the liquid-liquid process. 

 

From Table 6.14, the “true” Ea values (except for 2.5 g/L catalyst loading using 

methanol) are higher than those reported for the liquid-liquid process in Table 2.1. This 

suggests that the mass transfer limitation during the liquid-liquid transesterification reaction 

is reduced when a gas-liquid arrangement in used. Using the Arrhenius Law (Equation 2.6)  

the reaction rate constants obtained for the gas-liquid transesterification using the parameters 

of Table 6.14 is also much higher than those reported for the liquid-liquid transesterification 

reported in the literature at all temperatures (Table 2.1). Nevertheless, both “true” and 

“apparent” values of Ea obtained for 2.5 g/L catalyst loading are lower than those obtained 

for 5.0 g/L catalyst loading.  

 

 In summary, the graphical method used to determine activation energy (Ea) of a 

reaction is subject to errors. This is especially so when the “apparent” reaction rate constant 

with mass transfer effects incorporated is used to obtain values of Ea. When a reaction is 

affected by mass transfer, the Ea value becomes lower if determined using the “apparent” 

reaction rate constant instead of the “true” reaction rate. This is demonstrated by Table 6.14. 

In other words, the present model of Equation 6.5 should be used to determine “true” reaction 

rate constants. This in turn will give a more accurate Ea value for a reaction which is affected 

by mass transfer, for example the transesterification reaction. 

 

6.4 Model Simulation 

 

 Section 6.3 discussed the use of the present model (Equation 4.14 and subsequently 

Equation 6.5) to determine important reaction kinetic parameters like the reaction rate 

constant and activation energy of the gas-liquid transesterification reaction. The present 

model is also able to isolate the contribution of mass transfer and reaction kinetics to the 

overall gas-liquid within the experiment conditions. Section 6.4.1, 6.4.2 and 6.4.3 are the 

simulation of the gas-liquid transesterification reaction using the present model of Equation 
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4.14 to demonstrate the effect of temperature, oil droplet size and catalyst loading on the 

overall gas-liquid transesterification process using methanol as the gaseous reactant. Section 

6.4.3 presents the effect of using 1-propanol, which is more soluble than methanol in soybean 

oil, as the gaseous reactant in comparison to methanol. 

 

6.4.1 Effect of Temperature 

 

  The effect of reaction temperature on the gas-liquid transesterification process using 

methanol as the gaseous reactant is carried out by simulation using the present kinetic model 

of Equation 6.5. Soybean oil droplet diameter is held constant at 400 µm. Simulation is 

carried out using the “true” reaction rate constant (k1) values calculated using Equation 6.12. 

 

 The contribution of the mass transfer and reaction kinetics resistance towards the 

overall gas-liquid transesterification is presented as plots of the dimensionless parameters: 

MT% and RXN% (Equations 6.8 and 6.9) versus reaction time. As such, the actual mass 

transfer and reaction kinetic resistance terms:  
         

   
  and  

 

   
   

  

   
  , can be easily 

obtained by multiplication with the term:  
 

 
     . These plots illustrates how MT% and 

RXN% contributes towards the overall gas-liquid process during the entire course of the 

reaction up to completion (XB = 99.9%).  
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Figure 6.11: Contribution of mass transfer (MT%) and reaction kinetics (RXN%) towards the 

gas-liquid transesterification using methanol; T = 80
o
C, dd = 400 µm. 

 

 

 Figure 6.11 shows that at 80
o
C and with 400 µm droplets, the overall process has 

minimal mass transfer resistance as shown by low MT% of less than 15 %. Figure 6.12 shows 

the plot of MT% and RXN% at 130
o
C reaction temperature.  

 



CHAPTER 6: RESULTS AND DISCUSSIONS 

125 
 

 

Figure 6.12: Contribution of mass transfer (MT%) and reaction kinetics (RXN%) towards the 

gas-liquid transesterification using methanol; T = 130
o
C, dd = 400µm. 

 

 According to Figure 6.11, the overall gas-liquid process is 85 – 98 % contributed by 

reaction kinetics over the course of the reaction at 80
o
C. At 130

o
C (Figure 6.12), the mass 

transfer-control term becomes dominant with MT% = 82.4 % at t = 0. This is because at 

120
o
C, k1 is higher and this reduces RXN% while increasing MT% in relative as a result. It 

should be noted that the increase of MT% in this case is due entirely to the decrease of 

RXN%. The term MT% is a strong function of “kLa” (Equation 6.8) which is a constant for a 

specified gas-liquid reactor system. Thus MT% is expected to not change much if the gas-

liquid reaction system is fixed. This will be shown and discussed more using Figures 6.13 

and 6.14. 

 

Also according to Figure 6.12, as the liquid phase reaction rate slows down due to the 

depletion of reactant ‘B’ in the droplets (i.e. approaching complete conversion), the term 

RXN% increases and the process becomes dominated by reaction kinetics towards the end. 

Nevertheless, the overall gas-liquid process is more rapid at 130
o
C in comparison to 80

o
C 

with the former reaching complete conversion at 0.33 seconds and the latter, 3.19 seconds. 
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Figures 6.13 and 6.14 illustrate the effect of temperature on the mass transfer 

resistance and reaction kinetics resistance terms during the gas-liquid transesterification 

reaction using methanol. Both graphs are presented as a function of soybean oil conversion 

(XB) to enable plotting on the same grids for comparison. Comparison would otherwise be 

difficult due to the different reaction completion times at different reaction temperatures. 

Figure 6.15 that follows is the plot of soybean oil conversion versus time at different reaction 

temperatures. Figure 6.15 illustrates the effect of temperature on the time to reach complete 

conversion of soybean oil (XB = 99.9%).  

 

Both the reaction kinetics and mass transfer resistance terms increases as the reaction 

progresses. This is because, as the reaction approaches completion and the amount of 

soybean oil reactant (CB) depletes, this decreases the concentration drive for mass transfer 

(CB – CB0). Consequently, the mass transfer resistance increases as shown in Figure 6.13. 

Meanwhile, depletion of reactant (CB) also leads to slower reaction which leads to higher 

reaction kinetics resistance as shown in Figure 6.13. 

 

When comparing Figures 6.13 and 6.14, the reaction temperature does not have a 

significant effect on the mass transfer resistance term:  
         

   
 . However, the reaction 

kinetics resistance term:  
 

   
   

  

   
   appears to be very dependent on the reaction 

temperature. For example, at XB = 50%, the mass transfer resistance term increased from 3.00 

to 4.48 mol.s/m
3
 (49.3% increase) when the temperature increased from 80

o
C to 130

o
C. 

Meanwhile, the reaction kinetics resistance term decreased from 23.97 to 1.32 mol.s/m
3
 

(94.5% decrease). Thus, this shows that reaction temperature has a significant effect on 

reducing the reaction kinetics resistance. This is supported by Figure 6.15 later. 
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Figure 6.13: Comparison of the mass transfer resistance during the gas-liquid 

transesterification using methanol at different temperatures; dd = 400 μm. 

 

 

Figure 6.14: Comparison of the reaction kinetics resistance during the gas-liquid 

transesterification using methanol at different temperatures; dd = 400 μm. 
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Figure 6.15: Soybean oil conversion (XB) as a function of time (t) during gas-liquid 

transesterification using methanol; dd = 400 µm. 

  

According to Figure 6.15, the rate of soybean oil conversion is a strong function of 

reaction temperature. This supports the earlier statement in which an increase of reaction 

temperature decreases the reaction kinetics resistance term significantly. In other words, the 

overall gas-liquid process is expected to proceed more rapidly at a higher reaction 

temperature. This is as illustrated in Figure 6.15. The reaction completion time reduced from 

3.19 seconds at 80
o
C to 1.05 seconds at 100

o
C and finally 0.33 seconds at 130

o
C.  

 

 Next, Section 6.4.2 discusses the effect of droplet size on the overall gas-liquid 

transesterification reaction. 
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6.4.2 Effect of Droplet Size 

 

 The effect of droplet size on the gas-liquid transesterification process using methanol 

as the gaseous reactant is carried out by simulation using the kinetic model of Equation 6.5. 

Reaction temperature and catalyst loading are held constant at 100
o
C and 5.0 g/L 

respectively. The droplet diameter will directly affect the interfacial area (a) for gas-liquid 

mass transfer through Equation 6.4, which in turn affects the term “kLa” in the mass transfer 

resistance term:  
         

   
  (Equation 6.8). 

 

Figures 6.16 and 6.17 illustrate the contribution of mass transfer and reaction kinetics 

(MT% and RXN% respectively) towards the overall gas-liquid transesterification process 

using methanol over the course of reaction at 100
o
C. Figure 6.16 shows that the overall gas-

liquid process is 84 – 98% contributed by reaction kinetics over the course of the reaction for 

dd = 100 µm. For dd = 1000 µm, the gas-liquid process becomes dominated by mass transfer 

instead. The contribution of mass transfer towards the overall process when dd = 1000 µm is 

64.2 % and this decreased to 20.7 % by the end of the reaction.  

 

Hereby, it should be noted that the decrease of MT% towards the end of the process is 

due to the depletion of reactant ‘B’ (approaching complete conversion) thus slowing down 

the reaction rate and elevating the reaction kinetics resistance term:  
 

   
   

  

   
  . This 

causes MT% to reduce in relative as shown in Figure 6.17 beyond t = 0.35 seconds.  
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Figure 6.16: Contribution of mass transfer (MT%) and reaction kinetics (RXN%) towards the 

gas-liquid transesterification using methanol; T = 100
o
C, dd = 100 µm. 

 

 

Figure 6.17: Contribution of mass transfer (MT%) and reaction kinetics (RXN%) towards the 

gas-liquid transesterification using methanol; T = 100
o
C, dd = 1000 µm. 
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Figure 6.18 shows the effect of droplet diameter on the mass transfer resistance term: 

 
         

   
  at T = 100

o
C over the course of the gas-liquid transesterification reaction using 

methanol. Figure 6.18 is plotted against the oil conversion XB to enable the comparison 

between different droplet diameters over the course of reaction. Comparison would be 

otherwise difficult due to the different reaction completion times at varying droplet 

diameters. It should be noted that the simulation work of Section 6.4.2 (present section) is 

carried out at a constant reaction temperature of 100
o
C, therefore the reaction kinetics 

resistance term:  
 

   
   

  

   
   is expected to stay constant for different droplet diameters. In 

other words, the varying of droplet diameter does not have an effect on the reaction kinetics 

resistance term.  

 

 

Figure 6.18: Comparison of the mass transfer resistance during the gas-liquid 

transesterification using methanol for different oil droplet diameters; T = 100
o
C. 

 

According to Figure 6.17, the mass transfer resistance term increases with droplet 

diameter. This is expected as the droplet size affects the gas-liquid interfacial area directly 

which in turn affects the term “kLa” of Equation 6.8, as mentioned earlier. For example at XB 

= 40 %, the mass transfer resistance term increased from 0.71 mol.s/m
3
 for dd = 100 µm to 
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2.86 mol.s/m
3
 for dd = 400 µm, and to 7.14 mol.s/m

3
 for dd = 1000 µm. The reaction kinetics 

resistance term remained constant at 5.05 mol.s/m
3
 for all droplet diameters at XB = 40 %.  

 

As shown by Figures 6.16 and 6.17, the droplet diameter affects the MT% and 

consequently RXN% noticeably. When the droplet diameter increases, the term “kLa” 

increases to a point where the MT% > RXN%. As such, the overall process shifts to being 

dominated by mass transfer. The overall gas-liquid transesterification process at 100
o
C is 

predicted to shift to being dominated by mass transfer approximately at dd ≥ 800 µm, in 

which the mass transfer resistance (MT% = 61.8%) begins to dominate over the reaction 

kinetics resistance (RXN% = 38.2). 

 

At reaction temperatures other than 100
o
C, this shift to being dominated by mass 

transfer occurs at different droplet diameters as listed in Table 6.15. In other words, Table 

6.15 provides conditions in which the gas-liquid transesterification reaction between soybean 

oil drops in vapour methanol will become dominated by mass transfer resistance. 

 

Table 6.15: Temperature and droplet diameter criteria for the overall gas-liquid 

transesterification process to be mass transfer-controlled 

T (
o
C) dd (µm) 

110 ≥ 500 

120 ≥ 300 

130 ≥ 200 

140 ≥ 100 

150 ≥ 50 

 

Figure 6.19 presents plot the soybean oil conversion as a function of time, simulated 

for different oil droplet diameters. It shows that the rate of soybean oil conversion is not a 

strong function of the droplet diameter. According to Figure 6.19, soybean oil conversion 

reaches 99.9% at 0.97 seconds, 1.04 seconds and 1.16 seconds for droplet diameters of 100 

µm, 400 µm and 900 µm respectively. This is because the droplet diameter only affects the 

mass transfer resistance term which contributes about 50 % to the overall gas-liquid process 

at T = 100
o
C for dd ≤ 900 µm at T = 100

o
C. At lower temperatures (T < 100

o
C), this 

contribution is even smaller because the reaction kinetics resistance becomes larger with 
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smaller k1. The effect of droplet diameter on the reaction completion time is therefore 

minimal.  

 

 

Figure 6.19: Soybean oil conversion (XB) during gas-liquid transesterification using methanol 

as a function of time (t) for different droplet diameters; T = 100
o
C. 

 

At higher temperatures (T > 100
o
C), the droplet diameter should have a more 

significant impact on soybean oil conversion when the conditions of Table 6.15 is met i.e. 

when the overall process is mass transfer-controlled. Figure 6.20 is the plot of XB versus time 

at 140
o
C for droplet sizes of dd ≥ 100µm to demonstrate this. In comparison to Figure 6.19, 

the effect of droplet diameter on the soybean oil conversion rate is more pronounced. 

 

Section 6.4.3 that follows discusses the effect of catalyst loading on the overall gas-

liquid transesterification reaction. 
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Figure 6.20: Soybean oil conversion (XB) during gas-liquid transesterification using methanol 

as a function of time (t) for different droplet diameters; T = 140
o
C. 

 

6.4.3 Effect of Catalyst Loading 

 

 The effect of catalyst loading – 2.5 g and 5.0 g of sodium methoxide per liter of 

methanol – is examined. Droplet diameter of 400 µm and reaction temperature of 100
o
C is 

held constant during the model simulation. If the reaction temperature is held constant, the 

catalyst loading only affects k1. In other words, catalyst loading only affects the reaction 

kinetics resistance  
 

   
   

  

   
   while the mass transfer resistance  

         

   
  remains 

unchanged.  

 

Figures 6.21 and 6.22 illustrate the contributions of MT% and RXN% towards the 

gas-liquid transesterification using methanol coupled with 2.5 and 5.0 g/L catalyst loadings 

respectively. 
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Figure 6.21: Contribution of mass transfer (MT%) and reaction kinetics (RXN%) towards the 

gas-liquid transesterification using methanol coupled with 5.0 g/L sodium methoxide catalyst 

loading; T = 100
o
C, dd = 400 µm. 

 

 

Figure 6.22: Contribution of mass transfer (MT%) and reaction kinetics (RXN%) towards the 

gas-liquid transesterification using methanol coupled with 2.5 g/L sodium methoxide catalyst 

loading; T = 100
o
C, dd = 400 µm. 
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 Comparing Figures 6.21 and 6.22, RXN% decreased slightly when a higher catalyst 

loading is used. A higher catalyst loading gives a larger k1 value thus reducing the reaction 

kinetics resistance directly. Figure 6.23 demonstrates the effect of catalyst loading on the 

reaction kinetics resistance term directly.  

 

According to Figure 6.23, the reaction kinetics resistance term:  
 

   
   

  

   
   at XB = 

50% reduced from 16.82 mol.s/m
3
 to 6.86 mol.s/m

3
 when the catalyst loading is increased 

from 2.5 to 5.0 g/L. This is very similar to the effect of reaction temperature to the gas-liquid 

transesterification process as discussed in Section 6.4.1. This is because catalyst loading also 

affects k1 directly like reaction temperature does. However, as shown by the comparison 

between Figures 6.21 and 6.22, and Figures 6.11 and 6.12, the effect of catalyst loading on 

the reaction kinetics term contribution is not as strong as reaction temperature.  

  

 

Figure 6.23: Comparison of the reaction kinetics resistance during the gas-liquid 

transesterification using methanol coupled with different catalyst loadings; T = 100
o
C, dd = 

400 µm. 
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Figure 6.24: Soybean oil conversion (XB) during gas-liquid transesterification using methanol 

coupled with different catalyst loadings as a function of time (t); T = 100
o
C, dd = 400 µm. 

  

Figure 6.24 shows that reducing the catalyst loading from 5.0 g/L to 2.5 g/L have a 

noticeable effect on the conversion rate of soybean oil. The reaction completion time 

increased from 1.04 seconds to 1.92 seconds when the catalyst loading is reduced by half. 

 

 Section 6.4.4 that follows discusses the effect of the solubility of the gaseous alcohol 

phase on the overall gas-liquid transesterification reaction. 

 

6.4.4 Effect of Alcohol Solubility 

 

 The effect of alcohol solubility on the gas-liquid transesterification reaction is 

examined by comparing between the modelling of methanol and 1-propanol as the gaseous 

reactant. 1-propanol is more soluble than methanol therefore by comparing the use of these 

two different alcohols; the effect of the gaseous reactant solubility can be studied. Figures 

6.25 and 6.26 illustrate the contribution of MT% and RXN% towards the overall gas-liquid 

transesterification at 100
o
C, 400 µm oil droplet diameter and 5.0 g/L catalyst loading using 

methanol and 1-propanol as the gaseous reactant respectively. 
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Figure 6.25: Contribution of mass transfer (MT%) and reaction kinetics (RXN%) towards the 

gas-liquid transesterification using methanol; 5.0 g/L sodium methoxide catalyst loading T = 

100
o
C, dd = 400 µm. 

 

 

Figure 6.26: Contribution of mass transfer (MT%) and reaction kinetics (RXN%) towards the 

gas-liquid transesterification using 1-propanol; 5.0 g/L sodium propoxide catalyst loading T 

= 100
o
C, dd = 400 µm. 
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 From Figure 6.25, the gas-liquid transesterification reaction is 58 – 91 % contributed 

by reaction kinetics when methanol is used. This is very close to when 1-propanol is used, of 

which the gas-liquid process is 65 – 93 % contributed by reaction kinetics (Figure 6.26). It 

can be deduced from Figures 6.27 and 6.28 that a higher solubility of the gaseous reactant 

increases the mass transfer and reaction kinetic resistance terms. For example at XB = 40 %, 

the reaction kinetics resistance term:  
 

   
   

  

   
   is 5.05 mol.s/m

3
 when methanol is used 

and this increased to 8.56 mol.s/m
3
 when 1-propanol is used. At the same time, the mass 

transfer resistance term:  
         

   
  increased from 2.86 mol.s/m

3
 to 3.60 mol.s/m

3
. 

According to Equation 4.14, this means that with higher alcohol solubility (higher CAi), the 

reaction rate (-RB) is expected to be higher. This is supported by Figure 6.29 that follows. 

 

 

Figure 6.27: Comparison of the mass transfer resistance term during the gas-liquid 

transesterification using methanol and 1-propanol coupled with 5.0 g/L catalyst loading;  dd = 

400 µm, T = 100
o
C. 
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Figure 6.28: Comparison of the reaction kinetics resistance during the gas-liquid 

transesterification using methanol and 1-propanol coupled with 5.0 g/L catalyst loading;  dd = 

400 µm, T = 100
o
C. 

 

Figure 6.29 is the plot of soybean oil conversion as a function of time for methanol 

and 1-propanol. By using 1-propanol which is a more soluble gaseous reactant in soybean oil, 

the conversion rate improved significantly. The complete conversion of soybean oil is 

achieved in 0.34 seconds when 1-propanol is used. When methanol is used, complete 

conversion occurs in 1.04 seconds instead. 

 

 



CHAPTER 6: RESULTS AND DISCUSSIONS 

141 
 

 

Figure 6.29: Soybean oil conversion (XB) for gas-liquid transesterification reaction using 

different alcohols and 5.0 g/L catalyst loading as a function of time (t); dd = 400 µm, T = 

100
o
C. 

  

 In summary, Section 6.4 discussed the results from using the model (Equation 6.5) to 

simulate and demonstrate the effects of temperature, droplet size, catalyst loading and 

solubility of the gaseous reactant on the overall gas-liquid transesterification reaction. Section 

6.5 extends the present model to simulate the experiment conditions used by other researchers 

in similar gas-liquid processes in the literature. This allows comparison between the results 

measured and reported in literature and the results simulated in this thesis. 
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6.5 Model Validation 

 

 The present model (Equation 4.14) is extended to simulate the conditions of a few 

relevant cases found in literature. The model simulation results are then compared to the 

reported experimental results and discussed. 

 

i. Gas-liquid transesterification reaction between molten beef tallow and methanol in a 

spray reactor [1, 2]. 

ii. Carbon dioxide absorption by an aqueous sodium hydroxide solution in a spray tower 

loop reactor [117]. 

iii. Carbon dioxide absorption by an aqueous amine solution in a wetted wall column 

[133]. 

 

6.5.1 Comparison to the Gas-Liquid Transesterification Reaction in a Spray Reactor [1, 

2] 

 

 The spray reactor of Behzadi and Farid [1, 2] for the gas-liquid transesterification 

reaction between molten beef tallow and vapour methanol is most relevant to the present 

modelling work in this thesis. Moreover, modelling the process of Behzadi and Farid [1, 2] is 

also one of the main objectives of this work.  

 

 The validity of the present model (Equation 4.14) is investigated by using it to predict 

conversion of oil (XB) if the conditions within the spray reactor of Behzadi [2] is applied. The 

predicted conversion is then compared against the reported experimental measurements. It 

should be noted that Behzadi [2] have used 5.0 g of sodium methoxide per liter of methanol 

as the gaseous reactant. Due to variations of temperature and droplet speeds along the length 

of the spray reactor used by Behzadi [2], variations of both temperature and mass transfer 

resistances must be considered simultaneously. Table 6.16 is a summary of the conditions 

within the spray reactor of Behzadi [2]. It should be noted that the temperature T of Table 

6.16 is the temperature of the vapour as measured at the respective temperature port. 

 

 

 



CHAPTER 6: RESULTS AND DISCUSSIONS 

143 
 

Table 6.16: Conditions within the spray reactor of Behzadi [2]. 

 

From Table 6.16, oil droplets formed at both 90
o
C and 120

o
C injection seem to have 

reached the terminal velocity of 0.25 m/s by the time it reaches sample port 3, which is within 

about 2 seconds or less flight time. The terminal velocity of 200 µm and 120µm oil droplets 

falling in a gaseous medium can be estimated by assuming a free falling sphere, using the 

method presented by Karamanev [134]: 

 

Terminal velocity,    
          

     
                                                                     (Equation 6.13) 

 

Where the drag coefficient,    
   

   
           

 

   
     

        
 
 
 

                (Equation 6.14) 

And the Archimedes number,     
            

  
                                         (Equation 6.15) 

 

The terminal velocities calculated for oil droplets of 200 µm and 120 µm diameters 

were 0.25 m/s and 0.07 m/s respectively. The 200 µm is shown to have reached its terminal 

velocity at 0.25 m/s while the 120 µm droplets have not. However, according to the 

measurements of Behzadi [2], the 120 µm droplets have reached a steady falling velocity by 

the time it arrived at sample port 3 (Table 6.16). 

 

In order to take into account the variations of both temperature and droplet speeds (i.e. 

droplet Reynolds number and thus the mass transfer resistance) in the model simulation, the 

average temperature and droplet velocities were calculated along the 2.3 m length of the 

reactor. For example, an average temperature and droplet speed is calculated between the 

Droplet Location 

Distance from 

injection point 

(m) 

90
o
C spray injection, 120

o
C spray injection, 

dd = 200 µm dd = 120 µm 

t (s) T (
o
C) Ud (m/s) t (s) T (

o
C) Ud (m/s) 

Injection point 0.0 0 90 5.9 0 120 4.3 

Sample port 2 0.816 0.711 88.9 0.6 0.792 90.9 0.6 

Sample port 3 1.149 1.874 78.4 0.25 2.046 83.6 0.25 

Sample port 4 1.482 5.891 72.7 0.25 6.2 72.7 0.25 

Sample port 5 1.815 6.687 72.7 0.25 6.988 72.7 0.25 
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injection point and spray cone end point, followed by between spray cone end point and 

sample port 2 and so on. The resulting “averaged” conditions are presented in Table 6.17. 

 

Table 6.17: Averaged conditions within the spray reactor of Behzadi [2]. 

 

Each “averaged” temperature-velocity conditions of Table 6.17 are plugged into 

Equation 4.14 to simulate a plot of XB versus reaction time. These simulated plots are then 

compared to the experimental data obtained corresponding to each sample port. Figures 6.30 

and 6.31 presents the simulation results in comparison to the experimental measurements of 

Behzadi [2] for 90
o
C and 120

o
C oil injection temperatures respectively. 

 

Droplet Location 

90
o
C spray injection, 120

o
C spray injection, 

200µm droplets 120µm droplets 

T (
o
C) U (m/s) T (

o
C) U (m/s) 

Injection point/  sample port 2 89.45 3.25 105.45 2.45 

Sample port 2/ sample port 3 83.65 0.425 87.25 0.425 

Sample port 3/ sample port 4 75.55 0.25 78.15 0.25 

Sample port 4/ sample port 5 72.7 0.25 72.7 0.25 
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Figure 6.30: Model simulation for 90
o
C oil injection (200 µm droplets) 

 

 

Figure 6.31: Model simulation for 120
o
C oil injection (120 µm droplets) 
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 According to Figures 6.30 and 6.31, the current model (Equation 4.14) overestimates 

the conversion rate for all conditions. Because the gas-liquid transesterification of oil droplets 

in methanol vapour is largely controlled by reaction kinetics as demonstrated in Section 6.4, 

these discrepancies in reported data and model predictions are most probably due to 

inconsistencies in the reaction temperature. This means that the reaction temperature used in 

model simulation might not match what actually occurred inside the spray reactor of Behzadi 

[2]. Due to the size of the pilot scale spray column (0.38m diameter × 2.3 m length) and 

reported inefficient steam jacket heating, non-isothermal conditions might occur along the 

radius of the column in addition to along its length. In addition, condensation of the alcohol 

vapour might also occur thus reducing the availability of the gaseous reactant and catalyst for 

transesterification to occur. 

 

 In applying Equation 4.14 in the modelling work, the liquid film mass transfer 

coefficient (kL) calculated using Equation 4.41 is taken to be constant. In reality, as the 

triglycerides convert to methyl esters, the density and viscosity of the liquid droplets change. 

The change in the liquid droplet physical properties in turn affects Re, WeL, Oh and 

ultimately kL. This could be one of the reasons of the discrepancies between the predictions 

of Equation 4.14 and the results of Behzadi [2]. In addition, the “true” reaction rate constant 

(k1) derived from the experimental work of Section 6.3 (i.e. Equation 6.11) is validated using 

experimental data for very short reaction times (0.0274 – 0.0567 s). In other words, the 

validity of Equation 4.14 is only limited to the initial stages of the reaction. Applying it 

across the entire course of the reaction would have introduced errors. According to Figures 

6.30 and 6.31, the predictions of Equation 4.14 appear to be good but start to deviate beyond 

approximately 0.3 seconds. 

 

6.5.2 Comparison to the Process of Chemical Absorption of Carbon Dioxide Using a 

Spray Tower Loop Reactor [117] 

 

 Dimiccoli et. al. [117] studied the kinetic and mass transfer behaviour of spray tower 

loop absorbers and reactors. The absorption of carbon dioxide (CO2) by an aqueous solution 

of sodium hydroxide (NaOH) is carried out isothermally at 46
o
C and atmospheric pressure. 

The performance of the laboratory scale spray tower loop reactor is measured by the rate of 

disappearance of hydroxide ions (OH
-
) in the liquid phase (droplets). This approach is very 
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similar to the experimental work of Section 6.3 in which the rate of disappearance of 

triglycerides in the liquid phase (-RB) is the parameter being measured.  

 

 For the purpose of model simulation, the liquid phase reactant: the OH
-
 ionic solution 

(aqueous NaOH) is designated as reactant ‘B’, while CO2 is the gaseous reactant ‘A’. The 

liquid phase reaction between CO2 and aqueous NaOH is represented by Equation 6.16. 

 

CO2 + 2OH
-
                CO3

2-
 + H2O                           (Equation 6.16) 

  

 The reaction depicted in Equation 6.16 is first order to CO2 and OH
-
 respectively i.e. 

second-order overall [135]. The second-order reaction rate constant is a function of 

temperature and ionic strength (I) of the NaOH solution [117, 136]: 

 

                                               (Equation 6.17) 

 The ionic strength of a solution is given by: 

 

  
 

 
                                                         

             

 

(Equation 6.18) 

 

 For an aqueous solution of NaOH, the ionic species present are Na
+
 and OH

-
 at equal 

concentrations. Therefore, the ionic strength (I) of an NaOH solution is calculated using 

Equation 6.18 and found to be identical to its molar concentration (mol/m
3
). 

 

The gas-side liquid mass transfer resistance in the spray tower loop reactor is estimated 

to be 2 orders of magnitude smaller than its liquid side counterpart. As such, it is assumed 

negligible [95, 117]. Dimiccoli et. al. [117] used the internally well mixed droplet model of 

Srinivasan and Aiken [76] to calculate the liquid film mass transfer coefficient (kL) within the 

flying droplets. However, as discussed in Section 4.4, the derivation of this correlation is 

faulty [100]. Thus, the modified correlation derived as Equation 4.41 is used for this present 

model simulation instead. 

 

Taking into account the reaction stoichiometry in Equation 6.16, Equation 4.14 is 

modified slightly so that it can be applied to simulate the process of Dimiccoli et. al. [117]: 
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                                   (Equation 6.19) 

  

 Dimiccoli et. al. [117] performed an analysis on the whole spray-loop system instead 

of one single droplet. The partial pressure of carbon dioxide within the spray reactor is kept 

constant while a fixed amount (volume) of NaOH solution is kept in a closed loop for 

continuous spray absorption of CO2. This is illustrated by the scheme in Figure 6.32. 

Therefore, modelling of the process should be on the basis of the total volume of circulating 

liquid (VL).  

 

Spray Tower

Pump

Spray nozzle

NaOH Solution

recirculation

CO2 supply

 

Figure 6.32: Illustration of the spray tower loop absorber system [117]. 

 

 The total surface area (as) available for mass transfer within the spray tower is given 

by: 

 

   
 

   
                                                (Equation 6.20) 

 

 The Sauter mean diameter of droplets (d32), average flight time of the droplets (tflight) 

and the volumetric flowrate of the circulating liquid (  ) are measured by Dimiccoli et. al. 

[117] to be 136 × 10
-6

 m, 4.83 × 10
-3

 seconds and 1.096 × 10
-5

 m
3
/s respectively. Thus, the 

interfacial area per unit volume of liquid can be calculated: 

 

  
  

  
                                                   (Equation 6.21) 
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 The volume holdup (β) is the total volume of flying droplets within the spray tower at 

any time per unit volume of the spray tower. The volume of the spray tower used by 

Dimiccoli et. al. [117] is 0.004 m
3
. Thus, the liquid holdup can be calculated: 

 

  
         

     
                                             (Equation 6.22) 

 

 The equilibrium concentration of CO2 in NaOH solution is related to the solubility of 

CO2 in pure water. The solubility of CO2 in water at 46
o
C and atmospheric pressure is 15.9 

mol/m
3
 [137]. This relationship is given by [135, 138]: 

 

    
         

          
                                     (Equation 6.23) 

 

 Dimiccoli et. al. [117] performed several runs of CO2 absorption with NaOH solutions 

in the spray tower but only reported the results of three of them. The conditions of these three 

runs are tabulated in Table C1 (Appendix C). Table C2 summarises the calculated values of 

important parameters (Equations 6.17, 6.18 and Equations 6.20 to 6.23) to enable the 

modelling of Dimiccoli et. al.’s [117] process using Equation 6.19.  

 

 Figures 6.33 to 6.35 show the plots of concentration of species OH
-
 in the liquid phase 

(CB) versus time as measured by Dimiccoli et. al. [117], and as calculated using the model of 

Equation 6.19.  
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Figure 6.33: Simulation of CO2 absorption with aqueous NaOH; PA = 24318 Pa, CB0 = 713 

mol/m
3
 

 

Figure 6.34: Simulation of CO2 absorption with aqueous NaOH; PA = 28371 Pa, CB0 = 588 

mol/m
3 
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Figure 6.35: Simulation of CO2 absorption with aqueous NaOH; PA = 27358 Pa, CB0 = 719 

mol/m
3
 

 Figures 6.33 to 6.35 show good agreement between Equation 6.19 with the 

experimental measurements. The slight deviation from model simulation from experimental 

measurements is because an average droplet flight time is used for model simulation. As 

such, liquid droplets are assumed to have a constant superficial velocity along the length of 

the tower (single, vertical flight path). In reality, liquid drops emerging from a spray nozzle 

accelerates and decelerates along the length of the spray tower and may not travel vertically. 

This affects the calculation of Reynolds number and consequently the kL. By taking into 

account the various droplet path and the change of drop velocity as a function of flight time 

using a combination of differential equations, Dimiccoli et. al. [117] is able to model their 

experimental results well. Nevertheless, Equation 6.19 provided a satisfactory estimation of 

the chemical absorption process as shown by Figures 6.33 to 6.35. 

 

 Hereby, it is shown that Equation 6.19 (which is a modified version of the present 

model Equation 4.14) can be used for any other chemical absorption process using a spray 

other than the gas-liquid transesterification reaction of Behzadi and Farid [1, 2]. 
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6.5.3 Comparison to the Process of Chemical Absorption of Carbon Dioxide Using a 

Wetted Wall Column [19]. 

 

 Yoon et. al. [133] used a wetted wall column to determine the reaction rate constant 

of carbon dioxide (CO2) with an aqueous amine solution (2-amino-2-methyl-1.3-propanediol 

or AMPD) by measuring the chemical absorption rate of CO2. The wetted wall column has a 

calculated surface area of 70.3 cm
2
 and liquid film thickness of about 1.0 mm. This work is 

chosen to validate the present model because the chemical absorption of CO2 into aqueous 

AMPD also involves a second-order liquid phase reaction like the liquid phase 

transesterification reaction between triglycerides (oil) and methanol. In addition, simulating 

the chemical absorption of CO2 into aqueous AMPD in a wetted wall column also validates 

the applicability of the present model for other gas-liquid contactors other than the spray 

reactor. 

 

 For the purpose of model simulation, the liquid phase reactant: aqueous AMPD is 

designated as reactant ‘B’ while CO2 is gaseous reactant ‘A’. The second order liquid phase 

reaction between CO2 and an aqueous amine (AMPD) is represented by Equation 6.24. 

 

CO2 + R-NH2 + H2O                      R-NH3 + HCO3
-
                   (Equation 6.24) 

 

 The experiment conditions, measurement of important system parameters and kinetic 

data calculation results of Yoon et. al. [133] is summarised in Table C3. The reported 

reaction rate constants in Table C3 are pseudo-first order (kpseudo = k1CB0). The value of kpseudo 

is estimated with the assumption of a fast pseudo-first order liquid phase reaction of Equation 

6.24 due to the very large concentration of AMPD (CB0) in relative to absorbed CO2. In the 

context of Figure 4.3, they are considering Case D in which the overall process is controlled 

by mass transfer only. To obtain the second order reaction rate constant (k1), a plot of kpseudo 

versus CB0 is generated. The slope of the plot gives the second order reaction rate constant 

(k1) - the parameter of interest.  

 

Table 6.18 is a summary of the second-order reaction rate constant (k1) obtained by 

Yoon et. al. [133] for the reaction between CO2 and AMPD at different temperatures. The 

activation energy is found to be 38.3 kJ/mol and the Arrhenius constant is 1.54 × 10
6
 [133]. 
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Table 6.18: Second order reaction rate constants (k1) for the reaction of CO2 with AMPD as 

reported by Yoon et. al. [133] 

T (K) k1 (mol/m
3
.s) 

303 0.382 

313 0.665 

323 0.977 

 

 

 The present model of Equation 4.14 has to be modified for suitable application to the 

case of Yoon et. al. [133]. This is because Equation 4.14 is derived by integration of Equation 

4.9 based on the assumptions outlined in Section 4.3.1, which are specific to the case of the 

gas-liquid transesterification reaction. Therefore, for the simulation of the work of Yoon et. 

al. [133], the original general rate expression of Equation 4.9 (rewritten below) is used 

instead.  

 

     
  

 

   
  

  
    

  
  

     

                                     (Equation 4.9) 

 

 The flux of CO2 absorption (NA) as measured by Yoon et. al. [133] is summarised in 

Table C3. It should be noted that a fast liquid phase reaction has been assumed, thus the 

effective flux of absorption can be expressed in the forms shown by Equation 6.25. In other 

words, Yoon et. al. [133] has assumed the term  
  

     
  of Equation 4.9 to be negligible 

because k1 is perceived to be infinitely large (fast pseudo-first order reaction, Case D in 

Figure 4.3). However, Table 6.18 shows that k1 is a finite number. 

 

                         
   

 
                      (Equation 6.25) 

 

 Thus, Equation 4.9 is used to model the process instead. It is re-arranged for the 

calculation of k1 using the CO2 absorption flux (NA) as measured by Yoon et. al. [133]: 

 

  

    
 

  

    
 

  

     
 

 

   
                              (Equation 6.26) 
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Table C3 reports the values for NA, PA, HA, and CB0, as measured by Yoon et. al. 

[133]. The interfacial area per volume of liquid (a) and kL has to be determined before k1 can 

be calculated using Equation 6.26. The gas-side mass transfer resistance is assumed 

negligible [133]. 

 

The liquid film mass transfer coefficient (kL) within a thin and moving laminar liquid 

film can be calculated using the penetration theory of Higbie [139]: 

 

     
  

  
                                           (Equation 6.27) 

  

The diffusion coefficient of CO2 in aqueous AMPD (DA) is reported in Table C3. The 

term “t” is the gas-liquid contact time and is given by: 

 

  
 

 
                                                 (Equation 6.28) 

 

The velocity of the liquid film (U) is not reported by Yoon et. al. [133]. However it 

can be derived from the volumetric flowrate (  ) and thickness (h = 1.0 mm) of the liquid film 

and the outer diameter of the wetted wall (dw = 2.54 cm): 

 

  
  

    
                                              (Equation 6.29) 

 

The interfacial area per unit volume of liquid (a) can now be determined by 

substituting Equations 6.28 and 6.29 to obtain: 

 

  
  

                
 

  
  

    
                                                        (Equation 6.30) 

 

 Table C4 in Appendix C is a summary for the calculated values of kL, U, t, a and 

finally –RA and kpseudo according to Equations 6.27 to 6.30. It should be noted that the 

calculated interfacial area for a wetted wall column is found to be much smaller than for the 

spray reactor or the droplet reactor of this work, which is expected.  
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For verification purposes, the values of kL determined by Equation 6.27 are compared 

to those obtained by Yoon et. al. [133] using Equation 6.25. From Equation 6.25, kL can be 

calculated as shown in Equation 6.31.  

 

   
           

 
                                          (Equation 6.31) 

 

 Table 6.19 is the list the values of kL as calculated using Equation 6.27 and 6.31 

respectively for comparison. According to Table 6.19, the kL values predicted by the 

penetration theory of Higbie [139] are agree well with those obtained from the data of Yoon 

et. al. [133]. Therefore, the use of Higbie’s penetration theory (Equation 6.27) for the liquid 

phase mass transfer in a wetted wall column is justified. 

 

Table 6.19: The values of kL as measured by Yoon et. al. [133] in comparison to the 

prediction of Higbie’s [139] penetration theory.  

T (
o
C) PA (Pa) HA 

(Pa.m
3
/mol) 

CB0 

(mol/m
3
) 

kL (m/s) 

Higbie’s  

kL (m/s) 

Yoon et. al. [133] 

29.85 96200 3567 237 1.18 × 10
-4

 1.09 × 10
-4

 

29.85 96200 3609 477 1.14 × 10
-4

 1.07 × 10
-4

 

29.85 96200 3699 960 1.09 × 10
-4

 1.00 × 10
-4

 

29.85 96200 3895 1947 9.96 × 10
-5

 8.50 × 10
-4

 

29.85 96200 4117 2963 8.67× 10
-5

 7.08 × 10
-5

 

39.85 93650 4402 237 1.23 × 10
-4

 1.20 × 10
-4

 

39.85 93650 4443 475 1.20 × 10
-4

 1.17 × 10
-4

 

39.85 93650 4533 956 1.16 × 10
-4

 1.09 × 10
-4

 

39.85 93650 4744 1939 1.05 × 10
-4

 9.43 × 10
-5

 

39.85 93650 4999 2950 9.51 × 10
-5

 7.95 × 10
-5

 

49.85 90000 5167 236 1.26 × 10
-4

 1.30 × 10
-4

 

49.85 90000 5175 473 1.24 × 10
-4

 1.26 × 10
-4

 

49.85 90000 5218 952 1.23 × 10
-4

 1.19 × 10
-4

 

49.85 90000 5423 1930 1.13 × 10
-4

 1.03 × 10
-4

 

49.85 90000 5801 2936 1.03 × 10
-4

 8.83 × 10
-5
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 Figure 6.36 is the plot of kpseudo obtained using Equation 6.26 versus CB0. The slopes 

of the linear plots correspond to the second order reaction rate constant k1 at different 

temperatures. 

 

 

Figure 6.36: Plot of kpseudo versus CB0 at various temperatures as calculated using Equation 

6.26 

 

 Table 6.20 summarises the calculated values of k1 using Equation 6.26. These are 

used to generate an Arrhenius plot (Figure 6.37) to obtain the activation energy and 

Arrhenius constant. 

 

Table 6.20: Second order reaction rate constants (k1) for the reaction of CO2 with AMPD 

calculated by Equation 6.26. 

T (K) k1 (mol/m
3
.s) 

303 0.223 

313 0.382 

323 0.572 
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Figure 6.37: Arrhenius plot for k1 values obtained from Equation 6.26 and Yoon et. al. [133] 

  

 The values of k1 predicted using Equation 6.26 (Table 6.20) are lower than those 

reported by Yoon et. al. [133] (Table 6.18). However, the activation energy (Ea) is calculated 

at 38.4 kJ/mol which is very close to Yoon et. al.’s [133] 38.3 kJ/mol. The Arrhenius constant 

is calculated to be 9.41 × 10
5
, also very close compared to the measured Yoon et. al’s [133] 

1.54 × 10
6
. The lower values of k1 obtained in Table 6.20 is expected as now the absorption 

process is considered to be contributed by both mass transfer and reaction kinetics as opposed 

to only mass transfer by Yoon et. al. [133]. This relationship or comparison between the 

values obtained in Tables 6.18 and 6.20 can be illustrated by Equation 6.32: 

 

  
 

        
 
           

  
 

   
 

 

    
 
             

                 (Equation 6.32) 

 

6.6 Limitation of Model 

  

 The application of Equation 4.14 for the modelling work of Section 6.5 assumes that 

the physical properties of the liquid drop i.e. density and viscosity remains constant. In reality 

however, the physical properties of the droplets may change as the reactants convert into 
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products with possibly different physical properties. Such variation in physical properties has 

a direct effect on Re, WeL, and Oh and ultimately the liquid film mass transfer coefficient kL. 

In the case of gas-liquid transesterification, the change of density and viscosity of 

triglycerides as it converts into methyl esters is not negligible.  

 

In addition, several analysis assumptions and sources of experimental errors which are 

inevitable in the course of deriving and validating the model may have contributed to 

uncertainties in the model performance. Examples of these sources of error applicable to the 

work in this thesis include the assumption of ideal gas behaviour of methanol vapour, 

assumption of constant density of soybean oil, sampling of droplets directly from 

photographic images for diameter measurements, and relatively poor fit of the mono- and 

triglyceride gas chromatography calibration curves (Figures A2 and A4).  

 

Lastly, due to the limitation of the droplet reactor used in this work, the model of 

Equation 4.14 can only be verified experimentally for reaction times of 0.0274 – 0.0567 

seconds i.e. initial stages of the gas-liquid transesterification reactions. Therefore, the 

application of the model is only valid for very short residence time of droplets.  

 

6.7 Summary 

 

 Section 6.2 showed how the measurements of the liquid jet volumetric flowrate and 

velocity can be correlated with the soybean oil temperature and driving pressure. The velocity 

of the soybean jet and subsequently the droplet sizes are dependent only on the soybean oil 

driving pressure. Subsequently, the Reynolds, Weber and Ohnesorge numbers of the jets are 

determined. These dimensionless parameters are very useful in classifying the regime of the 

jet breakup in this work. The soybean oil jets are classified as laminar and break up in the 

first wind-induced regime according to Table 6.1 and Equations 3.10 to 3.13. Thus, the 

correlation developed for the liquid mass transfer into falling droplets in Section 4.4 

(Equation 4.41) is applicable for this work. 

 

The actual breakup of the soybean oil jet in different conditions is also observed 

through high speed photography (Figures A1 – A12 of Appendix A). From these 

photographs, the soybean oil droplets produced are not mono-dispersed. This agrees with 
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previous literature findings as illustrated by Figure 6.6. The high-speed photographs are used 

to measure the diameter of droplets directly.  These measurements are used to determine the 

Sauter Mean Diameter (d32) of the droplets (Equation 6.3) and reported in Table 6.2. The gas-

liquid interfacial area (a) available for mass transfer in the droplet reactor is then determined 

using Equation 6.4 and summarised in Table 6.3. The “d32” and “a” obtained are directly 

applicable to the analysis in Section 6.3.  

 

Section 6.3 presents results from the gas-liquid transesterification reactions carried 

out with the set up of Figure 5.1. Gas-liquid transesterification reactions are carried out with 

methanol (Section 6.3.1 and 6.3.2) and 1-propanol (Section 6.3.3) as the gaseous reactant. 

With methanol as the gaseous reactant, the calculations of soybean oil conversions (XB) at 5.0 

g/L and 2.5 g/L catalyst loadings are reported in Tables 6.4 and 6.5 respectively. The XB 

values are very low due to the very short droplet residence time inside the droplet reactor 

(0.02 – 0.06 seconds).  

 

The kinetics study in Section 6.3.2 revealed that the gas-liquid transesterification 

reaction between oil droplets (400 – 500 μm diameters) and methanol belong to the gas-liquid 

scheme of Case G when 0.02 < MH < 2.0, and Case H when MH < 0.02 (Figure 4.3). The 

enhancement factor is 1.0 and constant (Table 6.6). Consequently, the model of Equation 

4.14 can be further reduced to Equation 6.5. According to Levenspiel [44], this means that 

the transesterification reaction is slow enough for gaseous methanol to diffuse into the entire 

oil droplet while reacting, but the liquid film resistance still exists (Case G). As such, the gas-

liquid transesterification reaction between soybean oil droplets and methanol vapour is 

affected by both the mass transfer and reaction kinetics terms of Equation 6.5. This is as 

reported by Table 6.8. Table 6.8 also shows that the contributions of the mass transfer and 

reaction kinetics terms change with MH. Effectively, MT% increases with increasing MH. 

When Case H is considered, the mass transfer resistance term of Equation 6.5 is neglected, 

thus effectively using Equation 6.6. By doing so, errors in the order of 10 % should be 

expected, as shown by Table 6.8. 

 

In addition, the reaction rate constants whether “true” or “apparent”, obtained in this 

work are higher than those reported in the literature at all temperatures. This proves that by 

using a gas-liquid arrangement, the mass transfer resistance is overcome and higher reaction 

rates can be achieved. In addition, the “true” reaction rate constants are essentially higher 
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than “apparent” reaction rate constants (k”1) which include mass transfer effects. This 

demonstrates that mass transfer brings adverse effects to the overall reaction rate as found by 

previous researchers on the liquid-liquid transesterification reaction.  

 

Gas-liquid transesterification reactions are also carried out using 1-propanol as the 

gaseous reactant, at 5.0 g/L catalyst loading. It is found that the gas-liquid transesterification 

reactions using 1-propanol as carried out in this thesis fits the description of Case G (Figure 

4.3) as well. Therefore, Equation 6.5 is applicable and both mass transfer and reaction 

kinetics contributes towards the overall gas-liquid process as is the case for methanolysis. 

The triglycerides conversion (XB) reported for the reactant 1-propanol (Table 6.9) are 

significantly higher than those reported in Table 6.4 for methanol (using 5.0 g/L catalyst 

loading). However, Table 6.13 shows that k1 for propanolysis are smaller than methanolysis 

within the temperature range presented. This is consistent with the fact that 1-propanol is less 

polar and reactive compared to methanol during the neucleophilic attack of carbonyl atoms 

for transesterification to occur. Nevertheless, the larger amount of 1-propanol present in the 

reaction zone due to its higher solubility in oil resulted in a higher effective reaction rate than 

methanol. This observation indicates the strong influence of the gaseous reactant solubility in 

the liquid reactant (CAi) (gas-liquid equilibrium) on the overall gas-liquid transesterification 

process. 

 

Section 6.4 presents the results of the simulation of Equation 4.14 to demonstrate the 

effect of temperature, oil droplet size, catalyst loading and alcohol (gaseous reactant) 

solubility on the overall gas-liquid transesterification process. Due to the fact that the gas-

liquid transesterification reaction is mostly governed by reaction kinetics, the reaction 

temperature has a significant effect on the overall process. The oil droplet size shows some 

noticeable effects on the overall process only when the process shifts to being mass transfer 

controlled instead. Table 6.15 summarises the critical droplet size at certain reaction 

temperatures when the overall process shifts from being reaction kinetics-controlled to being 

mass transfer-controlled. The alcohol solubility affects the overall reaction rate directly like 

the reaction temperature does, albeit milder. 

  

Section 6.5 uses existing literature data to validate the performance of the present 

model of Equation 4.14. The present model is extended to the conditions of the spray reactor 

of Behzadi [2] in Section 6.5.1. In other words, the k1 values obtained in this work is used to 
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predict the data of Behzadi and Farid [1]. Simulation results are then compared to the 

reported experimental measurements of oil conversion (XB) as a function of time (t). The 

present model predicted oil conversion rates that are higher than those reported by Behzadi 

[2]. This is most probably due to the size of the pilot scale spray reactor used by Behzadi [2] 

which may have led to variations of temperature along the radius of the column in addition to 

its length. This effect is difficult to be taken into account for the model simulation. 

 

Next, Section 6.5.2 discusses the use of the Equation 6.19 (modified from the model 

of Equation 4.14) to model the chemical absorption of CO2 into aqueous NaOH in a spray 

tower loop reactor [117]. Equation 6.19 shows satisfactory predictions of experimental 

measurements even though an average and constant superficial velocity of liquid droplets is 

assumed. In reality, the liquid droplets emerging from a spray nozzle have varying speeds and 

flight paths. Agreement between simulation results and experimental measurements in 

Section 6.5.2 show that Equation 6.19 can be used to model other chemical absorption 

processes using a spray other than the gas-liquid transesterification reaction.   

 

The general form of the present model (Equation 4.9) is also used to model the 

chemical absorption data of Yoon et. al. [133] in a wetted wall column and predict the 

second-order reaction rate constant for the reaction of CO2 and AMPD. The present model is 

modified to suit the conditions of Yoon et. al [133] and the second order reaction rate 

constant is calculated accordingly. The resulting values are lower than those obtained from 

Yoon et. al. [133]. This is understandable as Yoon et. al has considered Case D (Figure 4.3) 

in which the reaction kinetics term is neglected, while Equation 4.9 does not. The difference 

is illustrated by Equation 6.32. However, good agreement is obtained for the reaction 

activation energies and Arrhenius constant. This shows that the present model has the 

potential to be applied to any gas-liquid reactions and contactors other than the 

transesterification reaction and spray reactor. 
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7. CONCLUSIONS 

 

 This thesis is motivated by the need to improve the technology of biodiesel 

manufacturing in an effort to increase the potential of using biodiesel as a realistic alternative 

to petroleum fuels. The basis for research of this thesis is the novel gas-liquid 

transesterification reaction carried out in a spray reactor by Behzadi and Farid [1] which 

demonstrated extremely fast reaction rates. This gas-liquid reaction stands out amongst the 

other innovative technologies to produce biodiesel because it addresses the limitations 

associated with mass transfer and recovery of the alcohol reactant simultaneously. As a 

result, it shows potential in reducing the cost of biodiesel manufacture through improved 

reaction rates and eliminated alcohol recovery expenses.  

 

Therefore, the main objective of this research is to analyse and model the kinetics of 

this gas-liquid reaction between oil droplets and vapour alcohol to provide more fundamental 

understanding to this rapid process. Sections 7.1 – 7.3 summarises the achievements of this 

work, followed by the main findings concerning the kinetics study in Sections 7.4 and 7.5. 

Finally, Section 7.6 presents some recommendations for future work. 

 

7.1 The Mathematical Model 

 

 The mathematical model is obtained from the rate expression describing the process 

of gas absorption followed by chemical reaction presented by Levenspiel [44]. Since the 

objective of this thesis is to analyse the kinetics of the gas-liquid transesterification reaction 

in a spray reactor, the model is customised to describe the absorption of alcohol vapour into 

single droplets of oil followed by a second-order transesterification reaction between alcohol 

and soybean oil in the liquid phase.  

 

The model as presented by Equation 4.14 contains separate mass transfer and reaction 

kinetics terms. This enables the investigation of the contribution of mass transfer and reaction 

kinetics towards the overall process, which is necessary for design and scale-up procedures. 

In addition, this also enables the isolation and quantification of the adverse effect of mass 

transfer to the transesterification reaction. As discussed in Section 2.5, such adverse effect of 



CHAPTER 7: CONCLUSIONS 

163 
 

mass transfer to the transesterification reaction is acknowledged in the literature but has not 

been isolated or quantified by previous biodiesel researchers. 

 

7.2 Mass Transfer into Well-Mixed Droplets 

 

 The oil droplets of interest in this thesis are those of 100 – 200 μm diameter produced 

by atomisation in Behzadi and Farid’s [1] spray reactor and those of 400 – 500 μm diameter 

produced by the Rayleigh jet breakup in this work. The gas side mass transfer resistance 

during the gas-liquid transesterification reaction is negligible because pure alcohol vapour is 

used as the gaseous reactant. The liquid film mass transfer coefficient within the falling oil 

droplet is given by a correlation derived in this thesis. 

 

The literature review in Section 3.3 revealed that the droplets of interest in this thesis 

are internally well-mixed. The correlation of Srinivasan and Aiken [3] is found to be most 

applicable for the mass transfer into droplets considered in this thesis. However, it is also 

found to be faulty [4]. A modified correlation is derived in Section 4.4 based on the Levich 

[71] theory of boundary layers and is presented as Equation 4.41. Equation 4.41 is used in 

Equation 4.14 to model the gas-liquid transesterification reaction. 

 

7.3 Experiment Design 

 

 The droplet reactor system in this thesis is designed to achieve: (i) formation of oil 

droplets comparable in hydrodynamic properties to Behzadi and Farid’s [1] droplets, and (ii) 

isothermal conditions for the gas-liquid reactions to occur. The Rayleigh (natural) breakup of 

a liquid jet is chosen as the method for droplet formation because it is easier to achieve in 

comparison to controlled breakup mechanisms. Soybean oil droplets of 400 – 500 μm 

diameters are produced by driving pressurised soybean oil through a 0.34 mm diameter 

orifice nozzle. Isothermal conditions are also successfully achieved and maintained during 

experiments with the use of an effective electric heater and a suitable reactor size. The droplet 

reactor system as illustrated in Figure 5.1 is built and successfully used to carry out gas-liquid 

transesterification reactions. 
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7.4 Kinetics of the Gas-Liquid Transesterification Reaction 

 

 The evaluation of Hatta modulus (MH) and enhancement factor (E) revealed that the 

gas-liquid transesterification reactions carried out in this thesis (both methanolysis and 

propanolysis) belong to the gas-liquid reaction scheme of Case G when 0.02 < MH < 2.0 and 

Case H when MH < 0.02 (Figure 4.3). For Case G, this indicates that the liquid phase reaction 

is slow enough for the gaseous reactant ‘A’ to diffuse through the entire oil droplet while it is 

reacting, but the mass transfer resistance still exists. For Case H, the mass transfer resistance 

can be taken as negligible and this is shown to give errors in the order of 10 % or less (Table 

6.8).  

 

Although MH varies with reaction conditions, the enhancement factor as calculated 

using Equation 4.4 is found to be E = 1.0 and constant for all conditions applied in this thesis. 

Thus, Equation 4.14 can be further reduced to Equation 6.5; and both the mass transfer and 

reaction kinetics terms are important and must be considered simultaneously. This indicates 

that the liquid phase chemical reaction does not enhance the mass transfer rate because 

according to the values MH, the mass transfer rate is higher than the reaction rate inside the 

droplets. In other words, by using a gas-liquid arrangement, the transesterification reaction is 

no longer largely hindered by mass transfer as reported by previous researchers (Section 2.5).  

 

The kinetics of the gas-liquid transesterification reaction is explored by calculating 

the “true” and “apparent” reaction rate constants using the model of Equation 6.5 and 6.6 

respectively. Subsequently, the activation energy and Arrhenius constant are determined by 

graphical means. Comparison between the “true” and “apparent” values demonstrates how 

the adverse effect of mass transfer can introduce errors to the kinetics study of the 

transesterification reaction. Such comparison also enabled the quantification of this mass 

transfer effect which has not been carried out in the literature for biodiesel research. The 

reaction rate constants are reported in Table 6.7 and 6.11 for methanol and 1-propanol as the 

gaseous reactant respectively, while the activation energy and Arrhenius constants are 

reported in Table 6.14.  

  

Table 6.8 and 6.12 also show that while the mass transfer resistance is not dominant, 

it cannot be neglected. Hence, reaction temperature is expected to have a more significant 
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effect on the overall kinetics of the gas-liquid transesterification reaction instead of droplet 

diameter. Simulation of the model is then used to demonstrate the effects of temperature, 

droplet size, catalyst loading and gaseous reactant solubility on the overall gas-liquid 

transesterification reaction. The model simulation work validated the dominant effect of 

reaction temperature, and defined the conditions in which the overall process shifts to being 

more dominated by mass transfer than reaction kinetics (Table 6.15). 

 

7.5 Model Validation 

 

 Validation of the model is carried out by extending Equation 4.14 to simulate the 

conditions of Behzadi and Farid’s [1, 2] spray reactor. The model is found to overestimate the 

oil conversion measured by Behzadi and Farid [1, 2]. This is because the present model is 

calibrated based on isothermal conditions while the spray reactor has variations of 

temperature due to its larger size and inefficient heating. Since reaction temperature is a 

dominant effect on the gas-liquid transesterification, such discrepancies between 

experimental measurements and model predictions are expected. In addition, the model of 

Equation 4.14 has assumed that the kL calculated using Equation 4.41 is constant over the 

entire course of the transesterification reaction. Change of droplet density and viscosity 

during conversion of triglycerides into methyl esters might contribute to the change in kL 

which Equation 4.41 has not taken into account. Moreover, the model of Equation 4.14 is 

calibrated using reaction data during the first 0.0274 – 0.0567 seconds of reaction time. Thus 

the prediction of the model is applicable only for the initial stages of the transesterification 

reaction, as can be seen in Figures 6.30 and 6.31. 

 

 The model is also extended to simulate the conditions of two other gas-liquid 

reactions found in the literature. There is reasonable agreement between the predictions of the 

present model to the experimental results obtained for: (i) carbon dioxide absorption by a 

sodium hydroxide solution in a spray tower loop reactor (Case A of Figure 4.3) and (ii) 

carbon dioxide absorption with amine solution in a wetted wall column (Case D of Figure 

4.3).  
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7.6 Recommendations 

 

 In summary, this thesis has addressed its main objectives: to analyse the kinetics of 

the gas-liquid transesterification reaction using a model obtained from the fundamentals of 

gas absorption followed by chemical reaction. The modelling work in this thesis has provided 

insights into the gas-liquid transesterification reaction kinetics. This section presents some 

recommendations for future work based on the main findings of this thesis. 

 

 The mathematical model used in this work does not directly take into account the 

effect of the type of catalyst used in the gas-liquid reaction. Therefore, future research to 

investigate the effect of different types of catalyst like acid catalysts (H2SO4) will help 

improve the versatility of the model. In addition, the investigation of the effect of using 

different droplet sizes on the gas-liquid transesterification reaction will also be beneficial. In 

this thesis, the oil droplets are produced by the Rayleigh (natural) breakup of a liquid jet with 

no control over the resulting droplet sizes. The use and performance of other alcohols like 

ethanol and butanol during the gas-liquid transesterification reaction is worthy of research as 

well. Further validation of the model can also be carried out by experimental work on other 

types of gas-liquid reactions and contactors. 

 

The simple droplet reactor designed in this thesis has a very low residence time of the 

droplets. As such, it is not possible to examine the process as it progresses with time. 

Therefore, it is recommended that a similarly-themed research be carried out but using a 

stirred tank reactor. This stirred tank reactor will have a defined (i) volume of liquid and (ii) 

gas-liquid contact area. The surface of the liquid should be exposed to continuous supply of 

pure alcohol vapour to eliminate the gas-side resistance. The liquid side mass transfer 

coefficient can be varied by the stirrer agitation speed while the exposure time of the liquid 

can be easily manipulated by controlling the supply of alcohol vapour into the system. Such 

investigation is expected to provide more information that would further refine the 

mathematical model. 

 

 As highlighted by Section 7.5, application of the model of Equation 4.14 assumes that 

the physical properties of the liquid droplet remain constant over the course of reaction, and 

thus the assumption of constant kL. Future work to determine the change of kL as the 
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composition of the liquid droplets change will greatly improve the versatility of the present 

model. 
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APPENDIX A: GC-FID CALIBRATION CURVES 
 

 

Figure A1: Area-concentration calibration curve for methyl oleate (methyl esters, biodiesel) 

 

 

Figure A2: Area-concentration calibration curve for mono-oleate (monoglyceride) 
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Figure A3: Area-concentration calibration curve for di-olein (diglyceride) 

 

 

Figure A4: Area-concentration calibration curve for tri-olein (triglyceride) 
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APPENDIX B: PHOTOGRAPHS OF LIQUID JET 
 

 

Figure B1: Soybean oil droplets formed at T = 80
o
C, Pdrive = 55.2 kPa 
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Figure B2: Soybean oil droplets formed at T = 80
o
C, Pdrive = 82.7 kPa 
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Figure B3: Soybean oil droplets formed at T = 80
o
C, Pdrive = 110.3 kPa 

 

 



APPENDIX B: LIQUID JET DATA 

188 
 

 

Figure B4: Soybean oil droplets formed at T = 80
o
C, Pdrive = 137.9 kPa 
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Figure B5: Soybean oil droplets formed at T = 90
o
C, Pdrive = 55.2 kPa 
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Figure B6: Soybean oil droplets formed at T = 90
o
C, Pdrive = 82.7 kPa 
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Figure B7: Soybean oil droplets formed at T = 90
o
C, Pdrive = 110.3 kPa 
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Figure B8: Soybean oil droplets formed at T = 90
o
C, Pdrive = 137.9 kPa 
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Figure B9: Soybean oil droplets formed at T = 100
o
C, Pdrive = 55.2 kPa 
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Figure B10: Soybean oil droplets formed at T = 100
o
C, Pdrive = 82.7 kPa 
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Figure B11: Soybean oil droplets formed at T = 100
o
C, Pdrive = 110.3 kPa 
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Figure B12: Soybean oil droplets formed at T = 100
o
C, Pdrive = 137.9 kPa 
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APPENDIX C: MODELLING DATA 

 

Table C1: Conditions of the experiments of Dimiccoli et. al. [117] 

 

 

Table C2: Calculations of important parameters for the modelling of the data of Dimiccoli et. al. [117] 

 

 

 

 

 

 

 

 

 

 

 

 

T (
o
C) T (K) CB0 VL (m

3
) PA (Pa) DA (m

2
/s) D32 (m) V (m

3
/s) t flight (s) a (m

2
/m

3
) L (m) U (m/s) σ (kg/s

2
) ρL (kg/m

3
) μL (kg/m.s)

46 319.15 713 0.001503 24318 2.2E-09 1.36E-04 1.96E-05 4.83E-03 2.77 0.147 30.43 0.074 1030 8.50E-04

46 319.15 588 0.001954 28371 2.2E-09 1.36E-04 1.96E-05 4.83E-03 2.13 0.109 22.57 0.074 1024 7.90E-04

46 319.15 719 0.001011 27358 2.2E-09 1.36E-04 1.96E-05 4.83E-03 4.12 0.189 39.13 0.074 1030 8.50E-04

Re We Sc Oh Alpha Sh kL (m/s) CAi (mol/m
3
) k1 (m

3
/mol.s) MH Ei Ei-1 E

5026.72 1757.28 375.11 0.00834 0.08 569.31 9.19E-03 20.31 5.82 0.33 18.56 17.56 1.05

3987.02 960.56 350.67 0.00777 0.08 431.24 6.96E-03 19.45 5.60 0.39 16.11 15.11 1.07

6462.92 2904.90 375.11 0.00834 0.08 687.40 1.11E-02 20.35 5.83 0.27 18.67 17.67 1.04
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Table C3: Conditions and measurements of Yoon et. al. [133] 

 

 

Table C4: Summary of calculated parameters for the modelling of data of Yoon et. al. [133] 

T  (
o
C) T (K) HA (Pa.m3/mol) PA (Pa) DA (m

2
/s) CB0 (mol/m

3
) NA (mol/m

2
.s) VL (m

3
/s) E = MH kpseudo (s

-1
)

29.85 303 3567 96200 2.36E-09 237 6.95E-03 2.98E-06 2.37 27.3

29.85 303 3609 96200 2.27E-09 477 1.07E-02 2.90E-06 3.74 70.6

29.85 303 3699 96200 2.08E-09 960 1.62E-02 2.87E-06 6.21 187

29.85 303 3895 96200 1.72E-09 1947 2.28E-02 2.92E-06 10.84 501

29.85 303 4117 96200 1.3E-09 2963 2.47E-02 2.93E-06 14.93 821

39.85 313 4402 93650 2.61E-09 237 7.08E-03 2.93E-06 2.78 40.7

39.85 313 4443 93650 2.52E-09 475 1.11E-02 2.91E-06 4.5 109

39.85 313 4533 93650 2.33E-09 956 1.74E-02 2.93E-06 7.67 306

39.85 313 4744 93650 1.95E-09 1939 2.44E-02 2.89E-06 13.09 793

39.85 313 4999 93650 1.59E-09 2950 2.78E-02 2.88E-06 18.63 1403

49.85 323 5167 90000 2.87E-09 236 7.31E-03 2.79E-06 3.23 5802

49.85 323 5175 90000 2.77E-09 473 1.14E-02 2.82E-06 5.17 152

49.85 323 5218 90000 2.57E-09 952 1.81E-02 3.00E-06 8.84 432

49.85 323 5423 90000 2.18E-09 1930 2.55E-02 2.95E-06 14.86 1098

49.85 323 5801 90000 1.8E-09 2936 2.92E-02 2.96E-06 21.34 1996

T (
o
C) T (K) CB0 (mol/m

3
) NA (mol/m

2
.s) U (m/s) t (s) VL (m

3
) a (m

2
/m

3
) RA (mol/m3.s) kL (Higbie) (m/s) k1 (mol/m

3
.s) kpseudo (s

-1
) MH E

29.85 303 237 0.0070 0.0373 2.36 7.03E-06 1000 6.95 1.18E-04 0.096 22.64 2.13 2.21

29.85 303 477 0.0107 0.0363 2.42 7.03E-06 1000 10.69 1.14E-04 0.143 68.04 3.67 3.54

29.85 303 960 0.0162 0.0360 2.45 7.03E-06 1000 16.15 1.09E-04 0.184 176.31 6.06 5.74

29.85 303 1947 0.0228 0.0366 2.41 7.03E-06 1000 22.77 9.96E-05 0.205 400.11 9.75 9.28

29.85 303 2963 0.0247 0.0367 2.40 7.03E-06 1000 24.69 8.67E-05 0.211 625.64 12.74 12.21

39.85 313 237 0.0071 0.0367 2.40 7.03E-06 1000 7.08 1.23E-04 0.177 41.97 2.76 2.73

39.85 313 475 0.0111 0.0365 2.42 7.03E-06 1000 11.09 1.20E-04 0.246 116.88 4.64 4.39

39.85 313 956 0.0174 0.0367 2.40 7.03E-06 1000 17.35 1.16E-04 0.321 307.20 7.73 7.25

39.85 313 1939 0.0244 0.0362 2.43 7.03E-06 1000 24.38 1.05E-04 0.361 700.18 12.38 11.73

39.85 313 2950 0.0278 0.0361 2.44 7.03E-06 1000 27.76 9.51E-05 0.361 1064.22 16.35 15.61

49.85 323 236 0.0073 0.0350 2.52 7.03E-06 1000 7.31 1.26E-04 0.310 73.17 3.53 3.36

49.85 323 473 0.0114 0.0353 2.49 7.03E-06 1000 11.37 1.24E-04 0.390 184.49 5.65 5.28

49.85 323 952 0.0181 0.0376 2.34 7.03E-06 1000 18.12 1.23E-04 0.480 457.40 9.12 8.54

49.85 323 1930 0.0255 0.0370 2.38 7.03E-06 1000 25.51 1.13E-04 0.530 1022.97 14.44 13.66

49.85 323 2936 0.0292 0.0371 2.38 7.03E-06 1000 29.22 1.03E-04 0.547 1606.52 19.27 18.39
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Appendix D1: Written permission to reproduce Figure 1.1 
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Appendix D2: Written permission to reproduce Figure 2.14 
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Appendix D3: Written permission to reproduce Figure 3.3 
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Appendix D4: Written permission to reproduce Figure 3.4 
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Appendix D5: Written permission to reproduce Figures 3.5 and 3.6 
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Appendix D6: Written permission to reproduce Figures 4.2 and 4.3 
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Appendix D7: Written permission to reproduce Figures 4.4 and 4.5 
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