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ABSTRACT 

Biodiesel has achieved worldwide recognition for many years due to its renewability, 

lubricating property, and environmental benefits. The abstract represents a summary of all the 

chapters of the thesis. The research chapters are defined as research phases in the abstract. The 

thesis starts with an introduction followed by literature review. In the literature review, all the 

necessary data were collected reviewing the literature. Then an artificial neural network model 

(ANN) was built based on the published research data to capture the general trends or to make 

predictions. Both catalyst properties and reaction conditions were trended and predicted using 

the network model. The review study revealed that esterification and transesterification required 

catalysts with slightly different properties. In the first phase of the study, biodiesel production 

using 12-Tungstophosphric acid (TPA) supported on SBA-15 as a solid acid catalyst was 

studied. In this phase of the study, a large number of 0-35% TPA on SBA-15 catalysts were 

synthesized by impregnation method and the effects of various operating conditions such as–

catalyst wt.% and methanol to oil molar ratio on the transesterification of model feedstock 

Triolein were studied. A 25% TPA loading was found to be the optimum. A 4.15 wt.% catalysts 

(based on Triolein) and 39:1 methanol to Triolein molar ratio was found to be the optimum 

reaction parameter combination, when the reaction temperature was kept fixed at 200C, stirring 

speed of 600 rpm and 10 h reaction time. The biodiesel yield obtained using this condition was 

97.2%. In the second phase of the study, a 12-Tungstophosphoric acid (TPA) was supported by 

using organic functional group (i.e. 3-aminopropyltriethoxysilane (APTES)) and was 

incorporated into the SBA-15 structure. A 45 wt.% TPA incorporated SBA-15 produced an ester 

with biodiesel yield of 97.3 wt.%, when 3 wt.% catalyst (based on the green seed canola (GSC) 

oil) and 25.8:1 methanol GSC oil molar ratio were used at 2000C for reaction time of 6.2 h. In 

the third phase, process sustainability (i.e. process economics, process safety, energy efficiency, 

environmental impact assessment) studies were conducted based on the results obtained in phase 

three. Based on the study, it was concluded that heterogeneous acid catalyzed process had higher 

profitability as compared to the homogeneous acid catalyzed process. Additionally, it was 

obtained that heterogeneous acid catalyzed process was safe, more energy efficient and more 

environment friendly than homogenous process. In the fourth phase, the catalytic activity of 

Tungsten oxide (WO3) and TPA supported (by impregnation) on H-Y, H-β and H-ZSM-5 zeolite 

catalysts were tested for biodiesel production from Green Seed Canola (GSC) oil. In this phase 
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of the study, TPA/H-Y and TPA/H- zeolite were proved to be effective catalysts for 

esterification and transesterification, respectively. A 55% TPA/H- showed balanced catalytic 

activity for both esterification and transesterification. It yielded 99.3 wt.% ester, when 3.3 wt.% 

catalyst (based on GSC oil) and 21.3:1 methanol to GSC oil molar ratio were used at 200C, 

reaction pressure of 4.14 MPa and reaction time of 6.5 h. Additionally, this catalyst (55% 

TPA/H-) was experimented for etherification of pure glycerol, and maximum conversion of 

glycerol (100%) was achieved in 5 h at 120C, 1 MPa, 1:5 molar ratio (glycerol: (tert-butanol) 

TBA), 2.5% (w/v) catalyst loading. Later, these conditions were used to produce glycerol ether 

successfully from the glycerol derived after transesterification of green seed canola oil. A 

mixture of GSC derived biodiesel, and glycerol ether was defined as biofuels. In the fifth phase, 

catalytic activity of H-Y supported TPA (using different impregnation methods) was studied in 

details further for esterification of free fatty acid (FFA) of GSC oil. From the optimization study, 

97.2% FFA (present in the GSC oil) conversion was achieved using 13.3 wt.% catalyst, 26:1 

methanol to FFA molar ratio at 120C reaction temperature and 7.5 h of reaction time. In the 

sixth- and final phase, techno-economic and ecological impacts were compared between 

biodiesel and combined biofuel production processes based on the results obtained in phase four. 

Based on the study, it was concluded that, biodiesel production process had higher profitability 

as compared to that for combined biofuel production process. Additionally, biodiesel production 

process was more energy efficient than combined biofuel production process. However, 

combined biofuel production process was more environment-friendly as compared to that for 

biodiesel production process. 
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CHAPTER 1: INTRODUCTION AND RESEARCH OVERVIEW 

 

1.1 Introduction 

Biodiesel is a renewable, diesel substitute fuel. This fuel is produced from triglycerides 

(major constituents of oils or fats) using lower alcohol through transesterification reaction. The 

other name of transesterification is alcoholysis because in this process one alcohol is replaced by 

another i.e. the higher alcohol (glycerol) present in the triglyceride (TG) is replaced by a lower 

alcohol (e.g. methanol, ethanol). The resultant monoalkyl esters (i.e. methyl ester) of fatty acids 

are called biodiesel.  

Biodiesel is produced from vegetable oils and fats (e.g. rapeseed, soybean, sunflower, 

coconut, palm oil). Biodiesel yet cannot compete with the diesel because of its higher production 

price. The higher price is associated with the production cost, and 88% of the total production 

cost is related to the feedstock price (Kulkarni and Dalai, 2006; Marchetti and Errazu, 2008). The 

biodiesel production cost can be optimized by exploring cheap and low quality feedstocks (e.g. 

used cooking oil, yellow grease, green seed canola oil), which contain considerable amounts of 

free fatty acids (FFA) (4-40 wt.%). Acid catalysts catalyze esterification along with the 

transesterification reaction to produce similar type of esters from free fatty acids using alcohol.  

Homogeneous acid catalysts can be used for this purpose, but solid acid catalysts are 

favored over those for waste minimization and easy product recovery (Kulkarni et al., 2006). 

Mesoporous solid acids catalysts with a moderate to strong acid sites and a hydrophobic surface 

are desireable for the biodiesel preparation (Lotero et al., 2005; Kiss et al., 2006). 

 Among the solid acids, heteropoly compounds show strong Brønsted acidity which are 

commonly known as heteropoly acids (HPA) (Busca, 2007; Okuhara et al., 2000), especially, 

H3PW12O40 (TPA) possesses strong Brønsted acidity and higher thermal stability as compared to 

other HPA compounds (Kozhevnikov, 2007). The disadvantages of using this heteropoly acid are 

lower surface area (1 – 10 m2/g) and polar solvent solubility (Kulkarni et al., 2006). These 

problems may be bypassed supporting H3PW12O40upon various carriers. Details of TPA 

structure, supports, catalyst structure, and reaction conditions of biodiesel production are 

discussed in literature review section of the thesis. 
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1.2 Research overview 

 The overall objective of the Ph.D research was to develop TPA based heterogeneous 

(solid) acid catalysts to produce biodiesel. Different TPA based heterogeneous (solid) acid 

catalysts were synthesized with the help of different supports (e.g. SBA-15, zeolites) and their 

structure was analyzed. Besides, the reaction parameters effects on biodiesel production 

processes were also analyzed and optimized. In one of the studies, the biodiesel production 

process has been extended to the combined biofuel (biodiesel + glycerol-ether as fuel additives) 

production. Additionally, process economics, process safety, environmental impact and process 

energy efficiency of each process were assessed. The overall research is divided into six phases 

which are discussed in chapter 3 to chapter 8. In the chapter 3, Triolein (a model compound 

representation oil) was exploited to analyze the catalytic activity of SBA-15 supported TPA as a 

solid acid catalyst. This was a base-line study. In the Chapter 4, the feasibility of simultaneous 

esterification, transesterification and chlorophyll removal were studied using novel catalysts. In 

the Chapter 5, process sustainability (i.e. process economics, process safety, energy efficiency, 

environmental impact) of heterogeneous and homogeneous acid catalyzed simultaneous 

esterification, transesterification and chlorophyll removal were studied and compared. In the 

Chapter 6, catalytic activity of different acidic zeolite catalyzed combined biofuel (biodiesel + 

glycerol-ether as an additive) production process was studied. In Chapter 7, the catalytic activity 

of H-Y zeolite in esterification of FFA was studied. In the Chapter 8, techno-economic and 

ecological impacts were compared between biodiesel and combined biofuel production 

processes. The major conclusions from the entire research work are given in chapter 9. 
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CHAPTER 2: LITERATURE REVIEW 

A version of this chapter has been published in the following journal and presented in the 

following conference: 

 Chinmoy Baroi, Ajay K. Dalai. Review on biodiesel production from various feedstocks 

using 12-Tungstophosphoric acid (TPA) as a solid acid catalyst precursor. Industrial and 

Engineering Chemistry Research, July 2014. 

 Chinmoy Baroi, Ajay K. Dalai.Data Mining Study of 12-Tungstophosphoric Acid (TPA) 

Precursored Solid Acid Catalyzed Biodiesel Production. 64th Canadian Chemical 

Engineering Conference. Niagara Falls, Ontario, Canada, 19-22 October, 2014. 

 

Contribution of the Ph.D. Candidate 

The literature review and the Artificial Neural Network (ANN) model development were 

conducted by Chinmoy Baroi. The content in this chapter was written by Chinmoy Baroi with 

discussions and suggestions provided by Dr. Ajay Dalai. 

 

Contribution of this Chapter to the Overall Ph.D. Research 

This chapter contains the literature review and the results obtained through the Artificial 

Neural Network (ANN) model. The ANN model results helped to develop the overall research 

(see section 1.2) and to predict the catalytic activity of different TPA based catalysts both in 

esterification and transesterification. 

 

2.1 Abstract 

 Solid acid catalysts are an important class of catalysts due to their applications in various 

organic reactions. A 12-Tungstophosphoric acid (TPA) is a member of heteropoly acid (HPA) 

compounds, which grabbed attentions due to its low volatility, low corrosivity, higher activity 

and acidity compared to sulfuric acid. However, the major problems of using TPA are its 

solubility in polar media and its lower surface area. Therefore, various techniques are applied to 

use it as heterogeneous catalysts. Biodiesel is a diesel replacenment fuel, which is produced from 

various renewable feedstocks through transesterification and/ or esterification reactions. Acid 

catalysts can be utilized to catalyze both transesterification and esterification reactions. For this 
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reason, research has been conducted to study various TPA precursory heterogeneous (solid) acid 

catalysts catalytic activity for biodiesel production. In this review paper, a pattern recognition 

technique has been applied to extract valuable information from the previously published 

literature. For this purpose an Artificial Neural Network (ANN) model has been developed using 

the published data to capture the general trends or to make predictions. Both catalyst properties 

and reaction conditions are trended and predicted using the network model. 

 

2.2 Introduction 

The near zero sulfur content and renewability make vegetable oils an excellent source of 

diesel substitute renewable fuel feedstock. Vegetable oils have higher viscosity, flash points, 

cloud points and pour points due to their large molecular structure (Srivastava and Prasad, 2000). 

Vegetable oils mainly consist of esters. These esters are odorless and nonvolatile, but possess all 

the characteristic properties of general ester compounds. Vegetable oil esters are composed of 

trihedral alcohol-glycerol combined with organic fatty acids, which belong to the aliphatic 

straight-chain type, with few exceptions. These organic acids have an even number of carbon 

atoms per molecule, usually in the range between 8 and 24. In addition to these esters, there are 

some minor constituent present which are phospholipids, sterols, vitamins, antioxidants, 

pigments, free fatty acids and hydrocarbons. The other name of oil is triglyceride, because, in the 

oil, glycerol is esterified with three equivalents of fatty acids. These fatty acids may be of the 

same acid or three different acids attached with the same molecule of glycerol. In the fats or oils, 

glycerol may be esterified with one or two equivalents of fatty acids called mono or di-

glycerides.  Vegetable oils are mixtures of mixed triglycerides (one molecule of glycerol is 

attached with three different fatty acids) (Eckey and Millar, 1954). Fatty acid present in the 

triglyceride are of different types. These naturally occurring fatty acids may be saturated or 

unsaturated. Fatty acids having one or more double bond in their structure are called unsaturated 

fatty acids. Generally, these fatty acids are expressed in terms of shorthand notation (x: y 

system); where x represents the carbon atom numbers present in the acid chain and y represents 

the number of double bond present in the carbon chain (Hoffman, 1989). 

The higher viscosity, molecular weight and bulky chemical structure of vegetable oil 

limits its application as a diesel engine fuel. Thus, vegetable oil is used as a feedstock for 
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producing renewable fuels including biodiesel, whose properties are similar to those for diesel 

fuel.  

 

2.3 Biodiesel production process 

Biodiesel is produced from different vegetable oils mainly through transesterification. 

The other name of transesterification is alcoholysis because in this process one alcohol is 

replaced by another i.e. the higher alcohol (glycerol) present in the triglyceride (TG) is replaced 

by a lower alcohol (i.e. methanol, ethanol) and the resultant monoalkyl esters of long carbon 

chain fatty acids are called biodiesel. Three consecutive and reversible reaction steps are 

believed to occur in the transesterification process. The first step of transesterification is to 

convert the triglycerides (TG) into diglycerides (DG), then to convert the diglycerides (DG) to 

monoglyceride (MG), and of monoglyceride to glycerol, which generates three moles of methyl 

ester from one mole of triglyceride (Abbaszadeh et al., 2012). The detailed reaction is given in 

equations 2.1-2.3 (Gerpen and Knothe, 2005). 

CH2

CH

CH2
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CH2

CH
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As the stepwise reactions are reversible, a molar excess of alcohol is utilized to shiftthe 

equilibrium towards the ester formation according to the Le Chatellier’s principle (Veljkovic, 

2012). Although transesterification is a reversible reaction, in the final step when glycerol is 

…(2.1) 

…(2.2) 

…(2.3) 
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formed, the reverse reaction does not take place or is very negligible because it is not miscible 

with the product biodiesel.Thus, glycerol formation creates a two-phase system (Gerpen and 

Knothe, 2005).  

 Most of the commercial transesterification reaction is conducted with homogeneous 

alkaline catalysts, because of their faster reaction ratesas compared to the homogeneous acid 

catalyzed reaction (Srivastava and Prasad, 2000). One of the problems of the base catalyzed 

reaction is the soap formation as an undesired reaction between free fatty acids (FFA) and bases, 

which consumes some of the base. Thus, the base available for catalyzing the reaction is reduced. 

The biodiesel production processis not affected significantly upto the 3% FFApresence in the 

feedstock but if the oil contains more than 5% FFA, the separation of glycerol from the methyl 

esters is inhibited by soap (Gerpen and Knothe, 2005). The main problem of commercial 

biodiesel production is the high price of treated feedstock or pretreatment of the feedstock that 

causes a higher price of the biodiesel. Estimation depicts that approximately 88% of the total 

production cost is associated with the feedstock (Marchetti and Errazu, 2008). This cost can be 

reduced by using cheaper feedstocks i.e. used cooking oil, yellow grease, etc. which contain high 

free fatty acids. Enzyme catalysts and acid catalysts can play a significant role in biodiesel 

production process. These enzyme or acid catalysts can catalyze esterification reaction using 

alcohol to produce similar type of ester from free fatty acids, which is depicted in equation 2.4 

(Gerpen and Knothe, 2005). 

 

Enzymes are bio-catalysts, which offer a biological route of biodiesel production. The 

major problems of enzyme-catalyzed biodiesel production process are high cost of enzymes, low 

conversion efficiency, rapid deactivation of enzymes and thermal instability of enzymes 

(Christopher, 2014).  

Acid catalysts are free from these problems. Though homogeneous acid catalyst can 

serve this purpose, it causes severe corrosion problem to the equipment, and also lead to 

environmental problems. Thus, solid acid catalysts are point of interests in producing biodiesel 

from different feedstocks as they can catalyze esterification and transesterification reactions in 

producing biodiesel (Kulkarni et al., 2006). The overall reaction mechanism of heterogeneous 

…(2.4) 
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(solid) acid catalyzed esterification and transesterification reaction are depicted in Figure 2.1. 

The free fatty acids (RCOOH) and methanol (CH3OH) take part in esterification reaction, 

whereas glycerides (RCOOR’) and methanol take part in the transesterification reaction. The 

carbonyl oxygen of free fatty acid or glyceride interacts with the acidic site of the catalyst to 

form carbocation. Then a tetrahedral intermediate is produced by the nucleophilic attack of 

alcohol to the carbocation. In the esterification reaction, this tetrahedral intermediate formation 

generates one mole of water during rearrangement and formation of one mole of ester 

(RCOOCH3), and in case of transesterification the tetrahedral intermediate only rearranges and 

forms one mole of similar ester to that of the esterification reaction (Kulkarni et al., 2006). It is 

found that esterification reactions are faster than transesterification reaction (Ataya et al., 2007). 

Water is one of the products of the esterification reaction. 

 

Fig. 2.1(a) Reaction mechanism of acid catalyzed esterification reaction 

 

Fig. 2.1(b) Reaction mechanism of acid catalyzed transesterification reaction 
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According to Lotero et al. (2005), the presence of water molecules affects the TG 

accessibility to the catalysts and inhibits the reaction (Di Serio et al, 2007). It is found that 

homogeneous Brønsted acid catalysts are mainly active in the esterification and homogeneous 

Lewis acid catalysts are mainly active in the transesterification (Di Serio et al, 2007). In the case 

of heterogeneous catalysts, support structure, active species concentration, support-active species 

interaction determines the catalytic activity and acidity.  

 

2.4 TPA (12-Tungstophosphoric acid) as heterogeneous catalysts precursor 

A 12-Tungstophosphoric acid (TPA) belongs to the heteropoly acid (HPA) compounds. HPA 

compounds may have different structures. However, the most of the catalytic applications use 

Keggin structure type HPA compounds for acid catalysis. The Keggin HPAs consists of  

heteropoly anions of the formula [XM12O40]
n−, where X represents the heteroatom (P5+, Si4+, etc.) 

and M represents the adjunct atom (Mo6+, W6+, etc.). The Keggin anion structure is composed of 

a central tetrahedron XO4 surrounded by 12 edge- and corner-sharing metal-oxygen octahedral 

MO6 (Kozhevnikov, 2007; Kozhevnikov, 2009). Heteropoly acids show strong Brønsted acidity 

(Busca, 2007; Okuhara et al., 2000), especially, 12-Tungstophosphoric acid (TPA) which 

possesses super acidity (Brønsted acidity) and higher thermal stability as compared to other HPA 

(Kozhevvnikov, 2007). In TPA the Keggin structure is consists of a central PO4 tetrahedron, 

surrounded by 12 WO6 octahedra (Fig. 2.2). The formula of the heteropoly anion in TPA is 

[PW12O40]
3−. The net -3 charge of heteropoly anion requires three cations for electroneutrality. 

The Brønsted acidity arises when the three protons (H+) neutralize the net -3 charge of the 

heteropoly anion by acting as cations (Yadav, 2005). 

 

Fig. 2.2 Keggin structure of heteropoly anion (PW12O40)
3− of TPA 

Generally, TPA exists in hydrate form with a chemical formula of H3PW12O40.nH2O. The 

physisorbed water (Fig. 2.3) from TPA is removed, when it is heated to 100C, and the removal 

process is reversible. This heating leaves 6 moles of water (n=6) per Keggin unit, and the TPA 

exists in the pseudo-liquid phase (Kozhevnikov, 2007; Kozhevnikov, 2009; Uchida et al., 2000). 
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At this point, all the Keggin units are equally hydrogen bonded by H5O2
+ cations (Fig. 2.3). If the 

heating is continued, when n 1.5, all the Keggin units are equally hydrogen bonded by H3O
+ 

cations instead of by H5O2
+cations (Uchida et al., 2000). All the crystal water is removed (n= 0) 

at 200C, causing 3 acidic protons per Keggin unit, and the pseudo-liquid phase to disappear. All 

these acidic protons are removed at 450C, leaving anionic heteropoly Keggin unit. Finally, this 

Keggin structure decomposes into tungsten oxide (WO3) and phosphorus pentoxide (P2O5) 

(Kozhevnikov, 2007; Kozhevnikov, 2009).  

The disadvantages of using TPA in its bulk form are that they are soluble in polar media-

creating problems related to homogeneous catalysis, and they have a lower surface area (1 – 10 

m2/g) (Kulkarni et al., 2006; Yadav, 2005). This lower surface area reduces the accessibility of 

the protons to the reactants, especially if the reactants are non-polar.  

 

Fig. 2.3 Protonic species present in H3PW12O40.nH2O 

The problems associated with using bulk form TPA can be avoided by supporting 

H3PW12O40 on various support carriers. The protons of TPA interact with the support surface 

hydroxyl groups either by ligand exchange mechanism (Fig. 2.4a) or forming surface complex 

by hydrogen bonding (Fig. 2.4b), once the physisorbed waters are removed at 100C (Yadav, 

2005; Wu et al., 1996).  

In the ligand exchange mechanism, surface hydroxyl group (M-OH) reacts with the 

proton to produce water (eqn.2.5-2.7). 
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H3PW12O40H+ + (H2PW12O40)
-1 

M-OH(s) + H+ MOH2
+ 

MOH2
+ + (H2PW12O40)

-1MH2PW12O40 + H2O 

 

TPA interacts with supports such as MgO through this mechanism. However, strong interaction 

leading to loss of all protons may lead catalytic inactivity in some cases (Kulkarni et al., 2006; 

Herrera et al., 2008: Khder et al., 2008). Another mechanism involves hydrogen bonding of 

protonated surface hydroxyl groups with the Keggin anion to form a surface complex (eqn.2.8). 

 

MOH2
+ + (H2PW12O40)

-1 MOH2
+ (H2PW12O40)

-1 

 

                                              

(a) Exchange mechanism                    (b) Hydrogen bonding mechanism 

Fig. 2.4 Support-TPA interaction mechanisms 

The surface complex acid strength depends on the firmness of the immobilization of the 

TPA with the support and the cation present in TPA. The firmness of the immobilization depends 

on the concentration of the TPA, concentration of the hydroxyl group and pH of the TPA 

containing solution (Wu et al., 1996). At a lower TPA loading, strong interactions (following 

exchange mechanism) between the support and Keggin ions may lead to a reduction in HPW 

acid (Brønsted) strength. However, if the TPA loading is increased, if exists as a monomulti-

layer and the Keggin anions are hydrogen bonded through H3O
+ cations even at higher 

temperature (300C) (McCormick et al., 1998; Thomas et al., 2005). 
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In some cases, the firmness of the TPA immobilization on the support is increased by a 

binder (e. g. zirconia, titania). In this method, the support surface is coated with a binder, which 

binds the TPA through weak chemical interaction (Herrera et al., 2008). Weak organic bases 

(e.g. APTES) are used as the binders to minimize the loss TPA acidity during immobilization 

(Inumaru et al., 2007). 

Another approach of solving the problems of lower surface area and solubility in polar 

media involves converting TPA into Keggin anion water insoluble salts of large cations (e.g. 

Cs+, K+, NH4
+ etc.), obtained by precipitation from H3PW12O40 aqueous solution. The common 

formulae of these salts are MxH3-xPW12 (M = Cs+, K+, NH4
+ etc.), and these salts are 

micro/mesoporous solids having larger surface area (200 m2/g) (Busca, 2007). However, the salt 

particles form a colloidal solution in a highly polar medium and are difficult to separate 

(Inumaru, 2007). This problem is avoided by entrapping the TPA salt into the support structure 

matrix or supporting the TPA salts on various support carriers (Yadav, 2005; Izumi, 1997; Yadav 

et al., 2003). 

 

2.5 Pattern recognition algorithm for knowledge extraction 

 Pattern Recognition algorithm (Pattern recognition) is a branch of computer science used 

to extract useful information or knowledge which is very difficult to observe (Gunay and 

Yildirim, 2013). The purpose of the pattern recognition algorithm is to convert the real-world 

data into a model and analyzing the pattern using the model (Ohrenberg et al., 2005; Tally et al., 

2010). The algorithm includes collection of raw data, processing of raw data, pattern discovery 

using algorithm (model building) and visualization of the data (Fig. 2.5) (Rothenberg, 2008). 

 

Fig. 2.5 Pattern recognition algorithm 

An example of the algorithm is, a credit card issuer can collect credit and demographic 

data about the population of a certain geographic area. Using the historical data of the customer’s 
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credit history, the credit card issuer can build a model of the attributes associated with “good” 

customers (e.g., customers that generate high profits for the credit card issuer) and seek to target 

new potential customers by identifying prospects with attributes similar to the good customers 

(Talley et al., 2010). The model can be simple linear models, such as Partial Least Square (PLS) 

regression or non-linear models, for example Artificial Neural Network (ANN). The ANN model 

can handle complicated systems, but they are “Black-Box” models.  The ANN often used, when 

the input and output relationship is complex and difficult to explain in terms of “correlation” 

(Rothenberg, 2008).  

 

2.6 Use of TPA as a solid acid catalyst precursor for biodiesel production: a pattern 

recognition approach 

Research has been conducted for biodiesel production from various feedstocks composed 

of different triglycerides and fatty acids using different alcohols. TPA has been tested as a solid 

acid catalyst precursor to produce biodiesel from various feedstocks using different reaction 

conditions. However, the variations of TPA precursory catalysts, fatty acid compositions, and 

reaction conditions create difficulties to understand the effects of type of supports, support 

properties, TPA-support interactions, TG carbon chain lengths (which depends on the carbon 

number), TG unsaturation, FFA carbon chain lengths (which depends on the carbon number), 

FFA unsaturation, and reaction conditions on the biodiesel production process.  

 For pattern recognitionpurposes, all the literature mentioning TPA in any form as 

heterogeneous (solid) acid catalysts used to producevarious oils or free fatty acids derived 

biodiesel were outlined (Table 2.1). The least carbon number in the oil is 8 (i.e. C8), however, in 

the literature review Synopsis, research with various model compounds containing carbon 

number from 2 (i.e. C2) are considered to increase reliability in predictions for oils and FFAs 

with different carbon chain lengths (e. g. C8, C10, C12), for which the research has not been 

conducted yet using the TPA based catalysts. While summarizing, it was found that the variation 

from case to case were diversified, which made the pattern recognitioncomplicated. To avoid this 

complex issue, based on the data outlined in Table 2.1, the support structure, TPA state, 

feedstock structures were converted and expressed in some sort of common mathematical 

formulation which was gathered in Table 2.2.  



 

 
 

1
3
 

Table 2.1: Synopsis of the published research works using TPA as heterogeneous acid catalysts (cont’d) 

Case 
No. 

Support 
TPA 

precursor 

TPA 

loading 

(wt%) 

Calcination 

Temperature 

(C) 

Feedstock FFA 

Conc. 

(wt%) 

Alcohol 

Alcohol 

To 
feedstock 

ratio 

Time 
(h) 

Reaction 

Temperature 

(C) 

Cat. 
wt% 

Conv.%a/Yield%b 

Ref: 
Oil (TG) FFA Ester.a Transb 

1 HZSM-

5 

TPA 15 120 - Levulinic 100 MeOH 8 4 78 4 94 0 Nadiwalea et 

al., 2013 
2 H-β TPA 30 100 - Oleic 100 MeOH 20 6 60 3.54 84 0 Patel et al., 

2012 

3 Nb2O5 TPA 25 400 - Oleic 100 MeOH 14 6 65 1.65 100 0 Srilatha et al., 

2012a 

4 MCM-

41 

CsH2PW12O40 19.4 350 - Palmitic 100 MeOH 15 4 85 12 92 0 Trakarnpruk, 

2013 
5 - CsH2PW12O40 - 120 - Oleic 100 MeOH 14 4 65 5.35 92 0 Srilatha et al., 

2012b 

6 ZrO2 TPA 20 300 - Palmitic 100 MeOH 14 4 65 20 98 0 Srilatha et al., 
2011 

7 K-10 TPA 20 100 - Acetic 100 BuOH 3 12 150 3.33 88 0 Bhorodwaj et 

al., 2011 
8 Nb2O5 TPA 25 400 U. Oil - 100 MeOH 18 20 200 3 0 92 Srilathaet al., 

2010 

9 - Ag0.5H2PW12O40 - 120 Triacetin - 100 MeOH 29 3 50 8.33 0 80 Zieba et al., 
2010 

10 - TPPS-TPA - 100 - Acetic 100 BuOH 1.2 1.5 150 11 97 0 Zhang et al., 

2009 
11 Ta2O5-

R 

TPA 12 100 Soybean Mystric 20 MeOH 90 24 65 2 100 100 Xu et al., 2009a 

12 - TEAPS3-TPA - 100 - Acetic 100 BuOH 1.2 1.5 110 11 95 0 Leng et al., 

2009 

13 - TEAPS3-TPA - 100 - Acetic 100 EtOH 1.2 1.5 90 11 84 0 Matachowski et 
al., 2009 

14 - Cs2.5H.5PW12O40 - 120 Triacetin - 100 EtOH 29 3 50 4.95 0 21 Matachowski et 

al., 2009 
15 Nb2O5 TPA 25 400 - Palmitic 100 MeOH 13.7 4 65 10 97 0 Srilatha et al., 

2009 
aConversion in esterification; bYield in transesterification 
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Table 2.1: Synopsis of the published research works using TPA as heterogeneous acid catalysts  

Case 

No. 
Support 

TPA 

precursor 

TPA 

loading 

(wt%) 

Calcination 

Temperature 

(C) 

Feedstock 
FFA 

Conc. 

(wt%) 

Alcohol 

Alcohol 

To 

feedstock 

ratio 

Time 

(h) 

Reaction 

Temperature 

(C) 

Cat. 

wt% 

Conv.%a/Yield%b 

Ref: 
Oil FFA Ester.a Tranb 

16 Ta2O5-

R 

TPA 10 45 Soybean Mystric 20 MeOH 15 6 170 5 100 98 Xu et al., 
2009b 

17 K-10 TPA 20 100 Sunflower - 100 MeOH 29 3 65 8.33 0 37.8 Bokade and 

Yadav, 2009 

18 - K2HPW12O40 - 100 Castor - 100 MeOH 20 5 200 3 0 32 Zieba et al., 

2009 
19 ZrO2 TPA 15 750 Sunflower - 100 MeOH 15 8 170 5 0 86 Sunita et al., 

2008 

20 K-10 TPA 20 100 Sunflower - 100 MeOH 30.4 24 60 0.2 100 0 Bokade and 
Yadav, 2007 

21 - Cs2.3H.7PW12O40 - 100 Tributylen - 100 MeOH 30.4 24 60 0.2 0 82.3 Narasimharao 

et al., 2007 
22 - Cs2.3H.7PW12O40 - 100 - Palmitic 100 MeOH 9 10 200 3 100 0 Xu et al., 2008 

23 ZrO2 TPA 20 300 GSC oil Oleic 10 MeOH 3 3 78 3.4 100 0 Xu et al., 2008 

24 Ta2O5 TPA 11 100 - Lauric 100 EtOH 24 6.5 200 3.04 99.5 0 Kulkarni et 

al., 2006 

25 SBA-15 TPA 25 450 GSC oil Oleic 4.25 MeOH 25.84 6.25 200 2.96 92.6 97.3 Baroi and 
Dalai, 2013 

26 H-β TPA 55 450 GSC oil Oleic 4.25 MeOH 21.3 6.5 200 3.3 91.9 99.4 Baroi et al., 

2014 
aConversion in esterification ; bYield in transesterification 
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Table 2.2: Converted published research data for ANN model building(cont'd) 

Case 

No. 

Support 

Tag 

Flow 

path 
CationTag 

Cation 

No. 

TPA 

loading 

(wt%) 

Calcin. 

Temp. 

(C) 

FFA Oil FFA 

Conc. 

(wt%) 

Alc. 

Tag 

Alc. 

ratio 

Time 

(h) 
Temp.(C) 

Cat. 

wt% 

Conv.%/Yield% 

No. of 

Carbon  

No. of 

Unsat. 

No. of 

Carbon  

No. of 

Unsat. 
Ester.a Transb 

1 0.476 3 1 3 15 120 5 2 0 0 100 1 8 4 78 4 94 0 

2 0.476 3 1 3 30 100 18 1 0 0 100 1 20 6 60 3.54 84 0 

3 0.699 1 1 3 25 400 18 1 0 0 100 1 14 6 65 1.65 100 0 

4 0.47 2 132.9 1 19.4 350 16 0 0 0 100 1 15 4 85 12 92 0 

5 1 1 132.9 1 100 120 18 1 0 0 100 1 14 4 65 5.35 92 0 

6 0.74 1 1 3 20 300 16 0 0 0 100 1 14 4 65 20 98 0 

7 0.63 1 1 3 20 100 2 0 0 0 100 4 3 12 150 3.33 88 0 

8 0.699 1 1 3 25 400 0 0 18 1 0 1 18 20 200 3 0 92 

9 1 3 107.87 0.5 100 120 0 0 2 0 0 1 29 3 50 8.33 0 80 

10 1 3 556.43 3 100 100 2 0 0 0 100 4 1.2 1.5 150 11 97 0 

11 0.59 2 1 3 12 100 14 0 18 1 20 1 90 24 65 2 100 100 

12 1 3 224 3 100 100 2 0 0 0 100 4 1.2 1.5 110 11 95 0 

13 1 3 224 3 100 100 2 0 0 0 100 2 1.2 1.5 90 11 84 0 

14 1 1 132.9 2.5 100 120 0 0 2 0 0 2 29 3 50 4.95 0 21 

15 0.699 1 1 3 25 400 16 0 0 0 100 1 13.7 4 65 10 97 0 
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Table 2.2: Converted published research data for ANN model building  

 

Case 

No. 

Support 

Tag 

Flow 

path 
CationTag 

Cation 

No. 

TPA 

loading 

(wt%) 

Calcin. 

Temp. 

(C) 

FFA Oil FFA 

Conc. 

(wt%) 

Alc. 

Tag 

Alc. 

ratio 

Time 

(h) 
Temp.(C) 

Cat. 

wt% 

Conv.%/Yield% 

No. of 

Carbon  

No. of 

Unsat. 

No. of 

Carbon  

No. of 

Unsat. 
Ester.a Transb 

16 0.59 2 1 3 10 45 14 0 18 1 20 1 15 6 170 5 100 98 

17 0.63 1 1 3 20 100 0 0 18 2 0 1 29 3 65 8.33 0 37.8 

18 1 3 40 2 100 100 0 0 18 1 0 1 20 5 200 3 0 32 

19 0.74 1 1 3 15 750 0 0 18 2 0 1 15 8 170 5 0 86 

20 0.63 1 1 3 20 100 0 0 18 2 100 1 30.4 24 60 0.2 100 0 

21 1 1 132.9 2.3 100 100 0 0 4 0 0 1 30.4 24 60 0.2 0 82.3 

22 1 1 132.9 2.3 100 100 16 0 0 0 100 1 9 10 200 3 100 0 

23 0.74 1 1 3 20 300 18 1 18 1 10 1 3 3 78 3.4 100 0 

24 0.81 1 1 3 11 100 12 0 0 0 100 2 24 6.5 200 3.04 99.5 0 

25 0.47 2 1 3 25 450 18 1 18 1 4.25 1 25.84 6.25 200 2.96 92.6 97.3 

26 0.476 3 1 3 55 450 18 1 18 1 4.25 1 21.3 6.5 200 3.3 91.9 99.4 
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Usually, the supportsdon’t act as catalysts themselves. This was confirmed reviewing the 

literature, from where the data were collected for ANN model building. The support and solid 

acid catalyst precursor (TPA) together are called catalysts. Different types of supports (i.e. silica, 

ZrO2, zeolite) were used to immobilize TPA on them. However, this support name could not be 

used in the ANN model building. For this reason, the supports were tagged as the wt. fraction of 

the surface active species of support (i.e. the wt. fraction of Si in SiO2 or MCM-41 or SBA-15 is 

0.47, which was the support tag for pure silica-based materials). The surface active species (i.e. 

represented by M in eqn. 2.6-2.8) decides how strongly TPA will interact with the support. The 

unsupported TPA salts were assumed to have hydrogen as their support, thereby support tag 1 

(e.g. case number 5, column 2 in Table 2.2). Support structure can be different even if the 

constituent materials are same (i.e. MCM-41, SBA-15, SiO2 are made of silica). To distinguish 

them, the structure identification tag was required.  Some literature expressed structural 

properties with the help of support surface area, pore diameter, pore volume, whereas many 

literature did not mention anything about them, which made it difficult to accept these properties 

into the ANN model building. This problem was avoided by considering the reactant and product 

flow paths through the pores of the support structures.  Traditional/readily available porous 

supports have irregular pore systems with one end closed, and such pore systems are known as 

one-dimensional (Chung et al., 2013). Thus, the flow paths for these kinds of supports were 

assigned to be one (Scheme 1).  On the contrary, template assisted synthesized supports have 

well-defined pore systems with either two ends open (two-dimensional pores) or two pores 

connected by another pore (known as three-dimensional pore systems) (Wagner et al., 2013; 

Thommes et al., 2000; Zhao et al, 2013).  Thus, the flow paths for these kinds of supports were 

assigned to be two and three respectively (Scheme 1).  In the case of catalysts with no pores, the 

active sites are believed to be exposed outside (Wong and Wales, 1998) and, therefore, the 

flowpath was considered to be three dimensional (Scheme 1). The metal oxide supports reviewed 

in this study (case numbers 3, 6-8, 11, 15, 16, 17, 19, 20, 23, 24) were readily available supports 

or synthesized as simple metal oxides following standard synthesis procedures (Christopher et 

al., 2014; Srilatha et al., 2012a; Srilatha et al., 2012b; Bhorodwaj et al., 2011; Srilatha et al., 

2010; Xu et al, 2009a; Xu et al, 2009b; Bokade and Yadav, 2009; Zieba et al, 2009; Bokade and 

Yadav, 2007; Narasimharao et al., 2007; Baroi and Dalai, 2013). Therefore, it was appropriate to 

assign flow path 1 for these supports (column 3 of Table 2.2). Silica based MCM-41 and SBA-15 
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(case number 4, 25) were synthesized using templates following well established procedures, for 

which the two-dimensional pore systems were confirmed (Trakarnpruk, 2013; Zhang et al, 2013; 

Okuhara and Nakato, 1998). The zeolite supports reviewed in this study (case number 1, 2, 26) 

were commercial supports or synthesized following well established conditions (Nadiwalea et al, 

2013; Baroi et al., 2014), for which the pore systems are three dimensional (Haber et al, 2005).  

Therefore, it was appropriate to assign flowpath 2 for SBA-15, MCM-41 and flow path 3 for 

HZSM-5, H-β zeolites (column 3 of Table 2.2). Most of the TPA salts reviewed in this study 

(case number 5, 18, 21, 22) were porous (Srilatha et al., 2012b; Sunita et al., 2008; Bokade and 

Yadav, 2007; Haber et al., 2005; Moradi et al., 2013). However, Ag, TPPS and TEAPS3 salts 

(case number 9, 10, 12, 13) were non-porous (zieba et al., 2010; Zhang et al., 2009; Leng et al., 

2009; Matachowski et al., 2009). Thus, it was appropriate to assign flow path 1 and 3 

respectively for these (column 3 of Table 2.2).  

 

Scheme. 1  Flow path systems in different catalysts 

 

In the case of various TPA salts (e.g. CsH2PW12O40), the metal or organic cations (e.g. Cs 

for CsH2PW12O40) were tagged by their molecular weight in that salt (e.g. molecular wt. of Cs is 

132.9 in CsH2PW12O40 salt), and the numbers of cations (e.g. number of cation (Cs) in 

CsH2PW12O40 is 1) were also considered during model building (case number 5, columns 4 and 5 

in Table 2.2). However, for TPA form, proton (H+) was treated as cation. The atomic weight of 

the proton is 1, and pure TPA has 3 acidic protons. Thus, TPA form was tagged by cation tag 1 

and cation number 3 (e.g. case number 2, columns 4 and 5 of Table 2.2). The TPA loading for 

unsupported TPA salts was considered to be 100%, because the Keggin anion (PW12O40
-3) of 

TPA does not change because of the salt formation (e.g. case number 18, column 6 of Table 2.2). 

The calcination temperatures were used as it is from Table 2.1 to Table 2.2. Various feedstocks 
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(i.e. oil and FFAs) were used by various research groups. All these feedstocks (both TG and 

FFA) were identified in terms of their major constituent fatty acid carbon numbers and number 

of unsaturation bonds in their structure. For example, the major constituent of canola oil is 

Triolein (glycerol ester of oleic acid) (Baroi et al, 2014), and the fatty acid of Triolein can be 

expressed as 18:1 (following x: y system) – where 18 represents carbon numbers, and 1 

represents one double bond in the structure. Thus, in Table 2.2, the canola oil was represented by 

TG carbon number 18 and number of unsaturation 1 (e.g. case 25, columns 10 and 11). 

Similarly, the FFA were tagged with the help of their chemical structure following x: y system 

(columns 8 and 9 of Table 2.2). If the feedstock was pure fatty acid (FFA), then TG carbon 

number and number of double bonds were set to 0 (e.g. case 21) and when the feedstock was 

pure triglycerides then FFA carbon number and FFA double bond number  were set to 0 (e.g. 

case number 8). The feedstock was considered to be a mixture of oil (Triglycerides-TG) and fatty 

acids (FFA). In pure/refined vegetable oil (e.g. edible canola oil, soybean oil), fatty acid content 

is 0%. For the crude/used vegetable oil, if the fatty acid content is 60% the rest 40% is 

triglycerides (Scheme 2). If the feedstock is a pure fatty acid, i.e., fatty acid (FFA) content is 

100% obviously the triglyceride content in the feedstock is 0% (Scheme 2). Thus, FFA of 100% 

represented only fatty acids as feedstocks.  

 

 

Scheme. 2 Fatty acid content in the feedstock 

 

Similarly, various alcohols were identified in terms of their carbon numbers. For 

example, carbon number in ethanol is 2 (i.e. C2); thus ethanol was tagged as 2 in case 13 (column 

13 of Table 2.2). The alcohol ratio, catalyst wt.%, time (h) and temperature (C) were used as is 

from Table 2.1 to Table 2.2. 

The ANN is a powerful and complex mathematical modeling tool that can be applied to 

quantify a non-linear relationship between independent variables (input) and dependent variables 

(output) by means of iterative training of data. The network is composed of single computational 
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units (neurons), which are attached through a parallel structure.These structures are inspired by 

human brain biological neurons (Soleimani et al., 2013). There are different network types in 

ANN. The multi-layer perceptron (MLP) is the most commonly used because of its strong 

learning capability and good model performance (Soleimani et al., 2013; Abbasi and Mahlooji, 

2012). In an MLP, the inputs form the first layer and the outputs from the last layer. The 

intermediate layers are the hidden layers, where the processing takes place. In the hidden layers, 

in each neuron, the input is multiplied by the parameters (weight) and then added with another 

parameter (bias). This sum is pass through to a function (transfer or activation function), and 

finally output is generated (Soleimani et al., 2013; Shimizu et al., 2008). Generally, in an MLP 

network, the data sets are divided into three subsets. The first dataset is the training dataset, 

which takes part in the training and updating the network weights and biases. The second subset 

is the validation data set, which takes part in the training, used to prevent overfitting of the data. 

The third subset is the test dataset, which is not used during the training, but is used to check the 

reliability of the model and also to compare the performances of different models (Abbasi et al., 

2012). The performance of the ANN is determined by the sum of square error (SSE), which tries 

to minimize the squared error between the output and the target. 

The ANN model was developed using Data mining tool available in STATISTICA 12 

software. A multi-layer perceptron (MLP) method was used to correlate the inputs and outputs. 

For the network build-up, 1000 iterations were used with an initial guess of hidden units or 

neurons between 5 to 16. The optimal MLP structure obtained was with 3 layers (Fig.2.6): the 

first layer with 16 inputs, the second layer with 16 hidden units and the third layer with 2 

outputs. During the ANN model build-up, the test data and validation data were picked up 

randomly by the software. The correlation co-efficient (R) for validation of data was found to be 

0.99, which indicated that the optimal MLP was reached. 

Once the ANN model was built, the reliability of the model was verified by comparing 

the experimental results (published in different journals-which were not used in the modeling) 

with the predicted one (see appendix A). The model predicts similar results as published in the 

literature. This validated the model well.  
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Fig. 2.6 Artificial Neural Network (ANN) with Multilayer Perceptrons (MLP) 

The model is built based on the following assumptions: 

 Support has no or negligible catalytic activity 

 The results obtained from the literature were not affected by internal or external mass-

transfer limitations 

 All the reactors used in the literature were ideal  

 

To analyze the effect of different variable on the esterification and transesterification 

conversion, Design of Experiments (DOE) was exploited to vary a pair of variables, keeping 

other variables constant. Central Composite Design (CCD) was used for this purpose. The effect 

of a single variable on the esterification and transesterification conversion was analyzed by 

performing the experiments of varying the variable were performed manually. “Custom 

Prediction” option of the software was used to obtain the results of the experiments. 

The effects of supports can be described by support tag and flow path. The support tag 

referred to the wt. fraction of the surface active species of support (represented by M in eqn 2.6-

2.8). These surface active species determine how densely TPA will be attached with support 
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oxygen. The wt. fraction of the surface active species represents the concentration of these 

species in the support. Catalytic activity also depends on the reactants and products mass-transfer 

rate. These rates depend on the pore systems, which are defined by flow path (Scheme 2). Thus, 

the support tag and support flow path were varied keeping other variables constant. The active 

species (TPA) acid strength depends on the type of cations (M+), and the number of cations 

present in TPA (after support-TPA interaction and acidic cation-proton (H+) replacement by 

cation (M+)). The Brønsted acidity strength depends on the number of acidic cation-proton (H+) 

present in TPA (Okuhara et al., 2000). The Brønsted acidity strength decreases with a decrease in 

protons. However, depending on the type of proton substituting cations and support-TPA 

interactions, Lewis acidity increases, and its strength increase with the increase of the number of 

cations (Ataya et al., 2007; Khder 2008; McCormick et al., 1998; Molnar et al., 1998; Haber et 

al., 2003). The type of cation was defined by the atomic wt. of the cation (i.e. for H+ it is 1), 

which is used as cation tag. Thus, the cation tag and cation number were varied keeping other 

variables constant. The formation of mono/multilayer of active species (TPA) and availability of 

cations depend on calcination temperature and TPA loading. The calcination temperature and 

TPA loading were varied keeping other variables constant. The effect of feedstock (i.e. oil (TG) 

type, FFA type) depends on the fatty acid carbon number and the number of double bonds 

present in it. Thus, the TG carbon number and number of double bonds were varied keeping 

other variables constant to analyze the effect of the oil (TG) type on transesterification. 

Similarly, FFA carbon number and number of double bonds were varied to analyze the FFA type 

effects on the esterification. The FFA content in the feedstock was varied from 10 to 90% with a 

10% FFA content increment keeping all other variables constant. The effect of alcohol depends 

on alcohol carbon number and alcohol ratio. Thus, these two parameters were varied keeping all 

other variables constant. The effects of time (h), reaction temperature (C), catalyst wt.% were 

analyzed by varying one variable at a time within the range of 3-24 h, 50-200C, and 0-12 wt.% 

respectively.    

 

2.7 Effects of different parameters on the catalytic activity 

2.7.1 Effects of different supports and their structural properties 

Different support materials have different structural properties. These structural 

properties along with support pore structure contribute to the esterification and 
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transesterificationactivity. Transesterification of canola oil prefers oxide supports which consist 

of materials with lower atomic weight metals (i.e. silica based SiO2, SBA-15, MCM-41, zeolites) 

as compared to materials with higher atomic weight metals (i.e. Nb2O5, Ta2O5, ZrO2). 

Esterification of FFA prefers no support (Fig. 2.7). Support structural three-dimensional pore 

system provides the highest catalytic activity, rather than irregular one-dimensional pore systems 

for both transesterification and esterification (Figures 2.7).  

 

a) Transesterification                                                        b) Esterification 

Fig. 2.7 Effects of supports and its pore system in the a) transesterification, b) esterification 

reaction (0.10% H3PW12O40 loading, 100C calcination temperature, canola oil, 10 wt% catalyst, 

3:1 methanol molar ratio, 120C, 6 h) 

An unsupported TPA depicts only Brønsted acidity (Di Serio et al., 2008). Acidic or 

neutral supports like silica based materials (i.e. SiO2, SBA-15, MCM-41) attach to TPA through 

hydrogen bonding mechanism or weak interaction (through ion-exchange mechanism), in which 

no or minimal acidic protons (H+) of TPA are lost (Wu et al., 1996; Baroi and Dalai, 2012). This 

phenomena restores the acidity of TPA in both Brønsted and Lewis form and causes higher 

activity in esterification and transesterification as Brønsted and Lewis acidity are mainly active 

for esterification and transesterification respectively (Ataya et al., 2007; Di Serio et al., 2008; 

Busca, 2007; Okuhara et al., 2000; Shi et al., 2012). 
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2.7.2 Effects of cations types and number of cations 

The catalytic activity in the transesterification reaction increases with an increase in 

lower molecular/atomic weight cations (Fig. 2.8).  

On the contrary, the catalytic activity in the esterification increases with a decrease in 

higher atomic/molecular weight cations (Fig. 2.8).  

 

a) Transesterification                                                        b) Esterification 

Fig. 2.8 Effects of cation type and number of presence of cation number in the a) 

transesterification, b) esterification reaction (Support Tag:0.47, flow path 3, 0.1% loading, 100C 

calcination temperature, canola oil, 10 wt.% catalyst, 3:1 methanol molar ratio, 120C, 6 h) 

Cation exchanged TPA contains both Lewis and Brønsted acidity. Lower 

atomic/molecular weight cations generate moderate Lewis acidity, whereas higher 

atomic/molecular weight cations generate moderate to strong Lewis acidity (Shi et al., 2012). 

Combination of moderate Lewis acidity along with moderate Brønsted acid sites of catalysts are 

responsible for higher activity towards transesterification, whereas strong Brønsted acid sites or 

combination of moderate Brønsted acid sites and strong Lewis acid sites of catalysts are 

accountable for higher activity towards esterification (Shi et al., 2012).   

 

2.7.3 Effects of TPA loading and calcination temperature 

 The calcination temperature and TPA loading affect the mono/multilayer formation of 

TPA, the presence of the crystal water and protons. The catalytic activity in transesterification 

increases with a decrease in TPA loading and the activity increases with the calcination 
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temperatures (Fig. 2.9). It indicates that lower TPA loading and higher calcination temperature 

provides more moderate acid sites, which favor transesterification reaction, as mixture of 

moderate Lewis acid sites and Brønsted acid sites of catalysts are responsible for higher activity 

towards transesterification (Park et al., 2012). The catalytic activity in esterification is highest 

around 50% TPA loading and the activity increases with the calcination temperature (Fig. 2.9).  

 

a) Transesterification                                                        b) Esterification 

Fig. 2.9 Effects of H3PW12O40 loading and calcination temperature in the a) transesterification, b) 

esterification reaction (Support Tag: 0.47, flow path 3,   10 wt.% catalyst, 3:1 methanol to canola 

oil molar ratio, 120C, 6 h) 

It implies that excess TPA loading provides more active sites, which speeds up the 

esterification and produces water within a short period and may deactivate the catalysts. TPA 

Keggin structure decomposes to WO3 above 600 C (Kozhevnikov, 2007). Decomposition of 

one TPA Keggin unit yields 12 WO3. Supported WO3 exhibits both Brønsted and Lewis acidity 

(Park et al., 2012), which might be responsible for catalytic activity both in esterification and 

transesterification even if the TPA based catalysts are calcined above 600C. 

 

2.7.4 Effects of reactant properties on the catalytic activity 

 The catalytic activity for transesterification is optimum with feedstocks having carbon 

atom numbers between C16-C20. The catalytic activity is also favored by the absence of any 

unsaturation double bond (Fig. 2.10).  
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From previous studies through kinetic and thermodynamic properties measurement it was 

observed that there might be an optimum combination of carbon atom number and number of 

double bonds for which the formation of activation complex is fastest and the activation complex 

is readily decomposed (Nadiwalea et al., 2013; Choi et al., 2011). 

 

Fig. 2.10 Effects of TG carbon number and number of unsaturation on the transesterification 

reaction (Support Tag: 0.47, flow path 3,  0.1% H3PW12O40 loading, 100C calcination 

temperature, 10 wt.% catalyst, 3:1 methanol to canola oil molar ratio, 120C, 6 h) 

The catalytic activity for esterification is high with feedstocks having low carbon numbers 

and higher unsaturation (Fig. 2.11). Similar trend of results were observed in other studies 

(Cardoso et al., 2008; Cardoso et al., 2009). However, in both studies, the effects of carbon 

number and number of double bonds were considered negligible. 

The FFA presence in the feedstock oil reduces the catalytic activity in transesterification. 

On the contrary, the catalytic activity in esterification increases with the increase in FFA content 

(Fig. 2.12). TPA contains Brønsted acidity, which is mainly active in the esterification reaction. 

Esterification reaction is a faster reaction as compared to transesterification reaction (Ataya et 

al., 2007). The presence of water (by-product from esterification) which restricts TG 

accessibility (Ataya et al., 2007) may cause this catalytic behavior towards esterification and 

transesterification reaction.  

The catalytic activity in the transesterification increases with the alcohol molar ratio 

increase and the catalytic activity is relatively insensitive with the alcohol carbon chain number 
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(Fig. 2.13). Transesterification is a reversible reaction (Gerpen and Knothe, 2005), thus, an 

excess alcohol moves the transesterification reaction towards equilibrium. 

 

Fig. 2.11 Effects of FFA carbon number and number of unsaturation bonds in the esterification 

reaction (Support Tag: 0.47, flow path 3,   0.1% H3PW12O40 loading, 100C calcination 

temperature, 10 wt.% catalyst, 3:1 methanol to oleic acid molar ratio, 120C, 6 h) 

 

Fig. 2.12 Effects of FFA concentration in oil in esterification and transesterification reaction 

(Support Tag: 0.47, flow path 3,   0.1% H3PW12O40 loading, 100C calcination temperature, 10 

wt.% catalyst, 3:1 methanol ratio, 120C, 6 h) 

The catalytic activity in esterification increases with a decrease in the alcohol carbon 

number and increase in alcohol ratio (Fig. 2.13). High bulk hindrance occurs on the hydroxyl 

group, for alcohols with higher carbon numbers which reduces the attack efficiency to the 

carbonyl carbon of the fatty acids (Cardoso et al., 2008). Esterification is a reversible reaction 

(Gerpen and Knothe, 2005). Thus, excess alcohol moves the esterification reaction towards 
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equilibrium (Lavarez et al., 2009). Besides, increasing alcohol amount decreases the reaction 

mixture viscosityand therefore the rate of mass-transfer increases. As a result, the conversion of 

FFA increases (Gan et al., 2012). 

 

a) Transesterification                                                        b) Esterification 

 

Fig. 2.13 Effects of alcohol carbon number and alcohol to oil molar ratio on the a) 

transesterification, b) esterification reaction (Support Tag: 0.47, flow path 3,   0.1% H3PW12O40 

loading, 100C calcination temperature, 10 wt.% catalyst, 120C, 6 h) 

2.7.5 Effects of reaction parameters on the catalytic activity 

The catalytic activity for both esterification and transesterification decreases with an 

increase in catalyst loading (Fig. 2.14). More catalyst loading provides more active sites, which 

speeds up the esterification and transesterification and produces water and glycerol respectively 

within a short period of time. These may deactivate the catalysts. 

The catalytic activity for both esterification and transesterification reaction increases with 

the increase in the reaction temperature (Fig. 2.15), which is expected as both the reactions are 

endothermic in nature (Baroi et al., 2013). The catalytic activity for both transesterification and 

esterification increases with the increase in the reaction time (Figure not depicted). 
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Fig. 2.14 Effects of catalyst loading (wt.%) in the esterification and transesterification reactions 

(Support Tag: 0.47, flow path 3,   0.1% H3PW12O40 loading, 100C calcinations temperature, 3:1 

methanol ratio, 120C, 6 h) 

 

Fig. 2.15 Effects of reaction temperature in the esterification and transesterification reactions 

(Support Tag: 0.47, flow path 3,   0.1% H3PW12O40 loading, 100C calcination temperature, 10 

wt.% catalyst, 3;1 methanol ratio, 6 h) 
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2.8 Conclusions 

The pattern recognition of the literature review indicates that esterification and 

transesterification reactions require catalysts with slightly different properties. 

Supported/unsupported TPA, different type of proton exchange cation and different cation 

numbers are preferred for optimum activity in transesterification and esterification reactions. The 

feedstock properties, reaction conditions also affect the esterification and transesterification 

reaction activity. The catalytic activity in the transesterification decreases with an increase in the 

feedstock FFA content and decreases with the increase in the TPA loading. Alcohol ratio, 

reaction temperature and time affect the transesterification and esterification reaction activityin 

the similar manner. Thus, depending on the properties of the feedstocks, optimization of the 

catalyst properties (i.e. catalyst support, cation type, cation numbers, TPA loading) should be 

carried out in order to get balanced catalytic activity in both transesterification and esterification. 
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CHAPTER 3: CATALYTIC ACTIVITY OF TPA SUPPORTED ON SBA-15 FOR THE 

BIODIESEL PRODUCTION 

 

A version of this chapter has been published in the following symposium series and presented in 

the following conferences: 

 Chinmoy Baroi, Ajay K. Dalai. TPA supported on SBA-15 as solid acid catalysts for the 
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Chemicals, 1092 (2012), 93-109. 

 Chinmoy Baroi, Ajay K. Dalai. Biodiesel production using solid acid catalysts. 22nd 

North American Catalysis Society Meeting (NAM 22), Detroit, Michigan, USA - June 5-

10, 2011. 

 Chinmoy Baroi, T. Issariyakul, K. Srilatha, Ajay K. Dalai. Biodiesel production using 

solid acid catalysts. Agriculture and Biomass Innovation Network (ABIN) conference, 

London, Ontario, Canada, January 9-11, 2011. 

 Chinmoy Baroi,T.Issariyakul, K. Srilatha, Ajay K. Dalai. Biodiesel production using 

solid acid catalysts. The 2010 International Chemical Congress of Pacific Basin Societies 

(Pacifichem), Honolulu, Hawaii, USA, December 15 - 20, 2010. 

 Chinmoy Baroi, Ajay K. Dalai. Biodiesel Production Using Solid Acid Catalysts. 60th 

Canadian Society for Chemical Engineering (CSChE) conference. Saskatoon, SK, 

Canada, October 24-27, 2010. 

 Chinmoy Baroi, Ajay K. Dalai. Biodiesel production from Triolein using solid acid 
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Contribution of the Ph.D. Candidate 

Experiments were conducted by Chinmoy Baroi. The content in this chapter was written by 

Chinmoy Baroi with discussions and suggestions provided by Dr. Ajay Dalai. 

 

Contribution of this Chapter to the Overall Ph.D. Research 

Triolein is one of the major triglycerides of vegetable oils. The research work of this 

chapter can be considered as a base-line study. The aim of this chapter is to illustrate how the 



 

32 

 

presence of free fatty acids (FFA) and water can affect the catalytic activity in transesterification 

of Triolein. This chapter also illustrates what should be the desired characteristics be of a 

heterogeneous (solid) acid catalyst for both transesterification and esterification of crude 

vegetable oils, such as green seed canola oil. 

 

3.1 Abstract 

 Biodiesel has gained worldwide recognition for many years due to its renewability, 

lubricating property and environmental benefits. This research is focused on the synthesis of 

SBA-15 supported 12-Tungstophosphoric acid (TPA) as a heterogeneous (solid) acid catalyst for 

the model feedstock Triolein derived biodiesel production. A large number of SBA-15 supported 

0-35% TPA catalysts was synthesized by impregnation method and the catalysts were 

characterized using BET, XRD, FTIR, and ICP-MS.  These catalysts’ catalytic activity was 

tested by transesterification of Triolein using a stirred tank reactor. The effect of operating 

conditions for example catalyst concentration and methanol to Triolein molar ratio on the 

transesterification of Triolein was studied exploting response surface methodology (RSM). A 

25% TPA is identified as the optimum catalyst loading on SBA-15 by impregnation. From the 

optimization study of 25% TPA impregnated SBA-15 using RSM model, 4.15 wt% catalyst 

(based on Triolein) and 39:1 methanol to Triolein molar ratio is found to be the optimum 

reaction conditions, when the reaction temperature is kept fixed at 200C, stirring speed at 600 

rpm and allowing 10h of reaction time. Predicted ester yield at the above condition is 97.4%, and 

the actual (experimental) yield is 97.2%.  

 

3.2 Introduction 

The other name of transesterification is alcoholysis because in this process one alcohol is 

replaced by another, i.e., the higher alcohol (glycerol) present in the triglyceride is replaced by a 

lower alcohol (e.g., methanol, ethanol) and the resultant monoalkyl esters of fatty acids are called 

biodiesel. Alcohols (e.g., methanol, ethanol) and oils or fats (edible and non-edible) are used as 

reactants in the transesterification reaction.  Transesterification of triglycerides with methanol 

produces fatty acid methyl esters (FAME) and glycerol. Diglycerides and monoglyceride are the 

intermediates in thetransesterification. The overall equation of transesterification is given in 

equation 3.1. 
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Transesterification reaction can proceed either in the presence of catalysts at lower 

temperature, pressure or in the absence of catalysts. Catalyst assisted transesterification reaction 

is preferred in biodiesel production process because of the moderate reaction conditions. Most of 

the commercial transesterification reaction is conducted with homogeneous alkaline catalysts 

because homogeneous base catalyzed transesterification reaction is 4000 times faster than the 

homogeneous acid catalyzed reaction (Srivastava and Prasad, 2000). One of the problems 

associated with the base catalyzed reaction is the formation of soap as an undesired reaction 

between free fatty acids (FFA) and bases, which consumes some of the base catalyst. Thus, the 

base available for catalyzing the reaction is reduced. The biodiesel production process is not 

affected significantly upto the 3% FFA presence in the feedstock but if the oil contains more than 

5% FFA, the separation of glycerol from the biodiesel is inhibited by soap (Gerpen and Knothe, 

2005). The main problem of commercial biodiesel production process is the high price of treated 

feedstock or pre-treatment of the feedstock which leads to the higher price of the biodiesel. 

Estimation depicts that approximately 88% of the total production cost is associated with the 

feedstock (Marchetti and Errazu, 2008). This cost can be reduced by using cheaper feedstocks, 

e.g., used cooking oil, yellow grease. Acid catalysts can catalyze both esterification reaction and 

transesterification reaction to produce similar type of ester from free fatty acids using alcohol, 

which is depicted by equation 3.2 (Gerpen and Knothe, 2005). 

 

 

 

Though homogeneous acid catalyst can serve this purpose, it causes severe corrosion 

problem to the equipment and also leads to the environmental problem (Kulkarni et al., 2006). 
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Therefore, solid acid catalysts are now point of interests in producing biodiesel from different 

feedstocks. Among the solid acids, heteropoly compounds show strong and pure Brønsted acidity 

which are commonly known as heteropoly acids (HPA) (Busca, 2007; Okuhara et al., 2000), 

especially, H3PW12O40 (TPA) possesses super acidity (Brønsted acidity) and higher thermal 

stability as compared to other HPA compounds (Kozhevnikov, 2007). The disadvantages of 

using this heteropoly acid are lower surface area (1 – 10 m2/g) and polar solvent solubility 

(Kulkarni et al., 2006). These problems may be bypassed supporting H3PW12O40upon various 

carriers. Silica based mesoporous materials fully satisfy all the desired criteria as a support for 

these types of reactions (Wong and Knowles, 1998). Especially SBA-15, a silica-based 

mesoporous material is an attractive support for its higher hydrothermal stability and a low 

carbon deposition tendency compared to other silica based mesoporous supports (Herrera et al., 

2008). There is no literature available so far; on the TPA supported SBA-15 catalyzed 

transesterification. Thus, it can be considered as a baseline study to understand the catalytic 

activity of SBA-15 supported TPA in the transesterification reaction for biodiesel production. 

 

3.3 Experimental 

3.3.1 Reagents 

Triolein, Methanol (99.9%), P123 and TEOS (Tetraethyl orthosilicate) were purchased from 

Sigma-Aldrich, Oakville, Ontario, Canada. 12-Tungstophosphoric acid (TPA) was purchased 

from Alfa-Aesar, MA, USA.  

 

3.3.2 Catalyst preparation 

 SBA-15 was synthesized by utilizing amphiphilic triblock copolymer poly (ethylene 

glycol)-block-poly (propylene glycol)-block- poly (ethylene glycol), which is commonly known 

as P123. The typical synthesis procedure for SBA-15 is as follows: 13.38 g of P123 was 

dissolved in 396 g water plus 25.11 g HCl solution by stirring for 2-3 hours at 40C. Thereafter, 

30 g of Tetra Ethyl Orthosilicate (TEOS) was added into the aquous solution with stirring at 

40C. The mixture solution was stirred at 40C for 24 h and thereafter, the solution mixture was 

aged in a Teflon bottle at 110C for 24 h. The solids from the mixture were recovered by 
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filtration. These were washed with water and then dried overnight at 100C. Finally, the powder 

was calcined in a 550C for 6 h.     

TPA impregnated on SBA-15 was prepared as follows: Calcined SBA-15 was added into 

the solution of calculated amount of TPA. After stirring, the sample was oven dried at 110C for 

24 h and calcined at 300C for 2 h. TPA loading of 5, 15, 25 and 35 wt.% supported on SBA-15 

were prepared and used in the catalytic studies. These catalysts were designated as 

X%TPA/SBA-15, where X represents wt.% loading. 

 

3.3.3 Catalyst characterization 

 The synthesized catalysts BET surface area and pore size analysis were performed using 

Micrometrics adsorption equipment (Model ASAP 2000). The catalysts wereheated at 200C in a 

vacuum of 510-4 atm before the analysis. The surface area was calculated from the isotherms 

using Brunauer-Emmett-Teller (BET) method. The pore diameter and pore volume was 

calculated using BJH method from desorption branch of the isotherms. For XRD analysis, a 

small amount of each sample was placed on a standard Goniometer head and the sample was set 

at the center of the Diffractometer. Diffraction data were collected with a Bruker Smart 6000 

CCD detector on a Goniometer. The X-ray radiation source was Cu-K (1.54 A) X-ray tube 

fitted with pinhole Collimator. The sample to detector distance was 29.48 cm. The catalysts 

FTIR spectra were recorded through Perkin Elmer FTIR spectrum GX equipment. For the FTIR 

analysis, sample pallets were prepared by pelleting a well mixed 3 mg of catalyst powder with 

200 mg of KBr. The Brønsted and Lewis acid sites of the catalysts were differentiated by in situ 

infrared (FTIR) spectroscopy with chemisorbed pyridine. The catalyst sample was heated in a 

designed cell from room temperature to 300C in a flowing stream of pure Helium. The cell was 

heated at 300C for 2 h and then cooled to 100C. Pyridine vapour was introduced along with the 

flowing helium and the spectra were recorded from 1400–1600 cm-1. The Tungsten (W) content 

in the prepared catalysts and biodiesel were determined by ICP-MS. 

 

3.3.4 Transesterification of Triolein 

 Transesterification of Triolein (a model compound representing oil) using supported TPA 

was conducted in a 450 mL Parr reactor (Parr Instrument Co., ILL, USA). Initially, 100 g of 
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Triolein was taken into the reactor and preheated to 60C with stirring at 600 rpm. The stirring 

speed was optimized to eliminate the mass transfer limitation effect and the results are depicted 

in the section 3.4.2. Catalysts and methanol were then added to the reactor. Depending on the 

reaction temperature, the reactor was pressurized to ensure the liquid phase of the reactants. 

Preliminary catalyst screening experiments were carried out using reaction conditions of 200C, 

4.14 MPa, 9:1 methanol to oil (Triolein) molar ratio, 1.5 wt.% catalyst (based on the wt. of 

Triolein). These preliminary reaction conditions were chosen based on the previous research 

work by Kulkarni et al. (2006). Central Composite Design (CCD) was utilized to design the 

experiments and Design Expert 6.1 software was used for this purpose. The ester phase (after 

separation of the catalyst by filtration and separation of the glycerol phase) was analyzed 

utilizing High-performance liquid chromatography (HPLC). The ester phase collected from each 

experiment was analyzed for its ester content utilizing a Hewlett-Packard 1100 series HPLC. 

Two Phenogel 100A 300X7.80 mm 5 micron columns in series protected with guard column 

were exploited to separate different components of the samples during analysis. THF was used as 

a mobile phase at 1 mL/min for 25 min. The operating parameters were of sample injection 

volume 5 μL, detector temperature of 35°C, and column temperature of 24°C. Standard 

chemicals including methyl oleate, triolein, diolein, and monoolein were used for the HPLC 

calibration (see Appendix B). The ester yield (wt.%) was calculated according to the equation 

3.3. 

 

Ester yield (wt%) = (wt. of the methyl ester in the ester phase)/(wt. of the oil phase)100 

 

 

Biodiesel water content was determined by Karl-Fisher titration method (Fischer, 1935) and the 

acid value of the produced biodiesel was determined according to the AOCS-D6751 method.  

 

3.4 Results and Discussion 

3.4.1 Catalyst characterization 

 The catalysts textural properties are outlined in Table 3.1. The table depicts that the 

introduction and increase in the loading of TPA decrease the BET surface area, pore volume and 

…(3.3) 
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pore size compared to that of pure SBA-15. Similar types of results were observed by Tropecelo 

et al. (2010).  

 

Table 3.1: Textural property of various catalysts 

Catalyst 
Surface areaa 

(m2/g) 

Poreb 

volume (cc/g) 

Average pore 

diameter (nm) 

Theoretical 

loading 

Actual 

loadingc 

SBA-15 82141 1.260.26 6.100.36 0 0 

5% TPA/SBA-15 796 1.04 5.72 5 5 

15% TPA/SBA-15 749 0.97 5.61 15 15 

25% TPA/SBA-15 744 0.97 5.56 25 25 

35% TPA/SBA-15) 729 0.91 5.01 35 35 

aSurface area calculated by BET method 
bPore volume obtained from the desorption branch of the isotherm by BJH method 
cCalculated based on the Tungsten (W) content of the catalyst using ICP-MS 

 

For the catalysts the SBA-15 structure is affirmed by a XRD pattern made of a strong peak (at 2 

around 0.8) along with two small peaks (at 2 around 1.6 and 1.8) (Tropecelo et al., 2010; 

Yang et al., 2005). These weak peaks appeared as broad peaks with the increase of the TPA 

loading on SBA-15, indicating a loss of structure (Fig. 3.1). 
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Fig. 3.1 XRD patterns of different TPA loading on SBA-15: (a) SBA-15, (b) 5% TPA/SBA-15, 

(c) 15% TPA/SBA-15 and (d) 25% TPA/SBA-15 

Pure TPA depicts IR peaks approximately at 1081 (P-O in the central tetrahedron), 989 (terminal 

W=O), 898 and 806 (W-O-W) cm-1 indicating asymmetric vibration of Keggin ion (Tropecelo et 

al.2010; Satishkumar et al., 2006; Damyanova et al., 2003). The IR peaks at approximately 989, 

898 and 806 cm-1 are intensified significantly with the increase of TPA loading on SBA-15 (Fig. 

3.2). 
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Fig. 3.2 FTIR spectra of different TPA loading on SBA-15: (a) SBA-15, (b) TPA, (c) 5% 

TPA/SBA-15, (d) 15% TPA/SBA-15, (e) 25% TPA/SBA-15 and (f) 35% TPA/SBA-15 

The FTIR spectra of thepyride adsorbed catalysts are depicted in Figure 3.3. The FTIR spectra of 

the pyridine adsorbed catalysts depict intense bands at 1563 and 1585 cm-1assigned as Brønsted 

acid sites. The intense band at 1485 cm-1 is assigned as both Lewis and Brønsted acid sites. Also, 

strong bands are observed at 1441 cm-1which arise due to the presence of Lewis acid sites 

(Kulkarni et al., 2006).  

 

Fig. 3.3 FTIR spectra of pyridine absorbed on 25% TPA/SBA-15 
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3.4.2 Effect of mixing intensity and external mass transfer resistance 

Figure 3.4 depicts that 600 rpm is the optimum stirring speed beyond which there is no 

increase in the ester yield (wt.%). Thus, 600 rpm was chosen as the optimum stirring speed.  

 

Fig. 3.4 Optimization stirring speed for transesterification (1.5 wt% catalyst, 25% TPA loading, 

9:1 methanol to Triolein molar ratio, 200C, 4.14 MPa and 10 h) 

The intensity of mixing in the reactor can be expressed by the Reynold’s number 

 

Re =
D2Nρ

μ
 

Where, N is the rotational speed of the impeller, D is the diameter of the impeller,  is the 

density and μ is the viscosity of the fluid respectively. The Reynold’s number for the optimized 

stirring speeds used in the transesterification reaction was 27041. This is an indication that the 

flow in the reactor was turbulent using those impeller speeds. 

The catalyst inter-particle mass transfer resistance was calculated exploiting the Wilke–

Chang equation and Sherwood number. The diffusivity of the limiting reactant (Triolein/oil) 

Doil,MeOH was calculated from Wilke–Chang equation given by DOil,MeOH = 7.4 ×10-10 × (. 

MMeOH)0.5×T/×(VOil)
0.6 , where   = 1.9 (the association factor for methanol), MMeOH molecular 

weight of methanol, T reaction temperature in K,  viscosity of liquid medium, VOil molar 

volume of oil(Satterfield, 1970). The value Doil,MeOH calculated to be 9.35 × 10-12m2/s. The value 

…(3.4) 
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of mass transfer co-efficient for the limiting reactant kcoil was calculated from Sherwood number 

Sh = kcoil Dp/ Doil,MeOH and the value was found to be 8.5 × 10-7 m/s. Assuming the extreme 

case, the Sherwood number was taken to be 2. The mass transfer flux of GSC oil is given by Woil 

= kcoil.Coil and the value obtained was 6.17×10-4 mol/m2.s. The initial rate (r”
oil) was found to be 

8.21 10-12 mol/m2.s.  It confirms that the mass transfer rates were much higher than rates of 

reaction and hence speed of agitation had no influence on reaction rate. 

 

3.4.3 Effect of intra-particle diffusion resistance 

The influence of the internal (intra-particle) diffusion resistance was assessed exploiting 

Weisz – Prater criterion (Fogler, 2006). The Weisz–Prater criterion is a dimensionless parameter 

{CWP = robs Rp
2/Deoil [Coil]} that represents the ratio of the intrinsic reaction rate to the intra-

particle diffusion rate. This ratio can be estimated based on the observed rate of reaction, the 

particle radius (Rp), effective diffusivity of the limiting reactant (Deoil) and [CoilS] concentration 

of the reactant at the external surface of the particle. The effective diffusivity of GSC oil 

Deoilwas calculated by utilizing bulk diffusivity (DOil,MeOH), porosity () and tortuosity ().The 

average values of porosity and tortuosity were taken as 0.4 and 3, respectively, as a conservative 

estimate. The effective diffusivity of GSC oil (Deoil) was obtained to be1.25  10-12 m2/s. In the 

present phase, the highest value of CWP wasestimated as 1.22×10-3, which is much less than 1 

(Fogler, 2006; Yadav and Manyar, 2003). Hence, there was no intra-particle diffusion resistance. 

 

3.4.4 Catalytic activity 

 Figure 3.5 depicts that 25% TPA/SBA-15 produced the highest ester yield of 80.21.45 

wt.% (at 95% confidence interval) as compared to that using 35% TPA/SBA-15, when 1.5 wt.% 

catalyst (based on Triolein) and 9:1 methanol to Triolein molar ratio were used at 200C, 4.14 

MPa reaction pressure and 10 h reaction time as an initial reaction condition, and further increase 

in loading results in almost same amount of ester formation. This 25% TPA loading also 

produces almost same ester yield (15.11.2% at 95% confidence level) compared to that of 35% 

TPA loading (15.2%), when 3.25 wt% catalyst (based on Triolein) and 10.5:1 methanol to 

Triolein molar ratio are used at 150C, 1.38 MPa reaction pressure and 10 h reaction time. Thus, 

25% TPA/SBA-15 was considered as the optimum catalyst composition. 
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Fig. 3.5 TPA loading screening (1.5 wt% catalyst, 9:1 methanol to Triolein molar ratio, 200C, 

4.14 MPa and 10 h) 

3.4.5 Experimental design, statistical analysis and optimization 

 In the first stage, the range of experimental parameters studied are: (1) catalyst wt.: 1.5 -5 

wt.% (2) Methanol to oil molar ratio: 6:1-15:1 and (3) Reaction temperature: 100-200C. A 

three-factor two level design was used to perform 20 experiments.  From the experiments, it was 

found that reaction temperature is the most important factor, which affected the ester yield 

positively without the interaction of other parameters. These experiments also showed that the % 

ester yieldincreased with the increase in values of other two parameters. Similar results were 

found using homogeneous acid catalyst in another study by Canakci and Gerpen (1999). 

According to their study, reaction temperature dominates the reaction rate and the conversion 

increases with increasing the temperature of the reaction, increasing methanol to oil molar ratio 

and increasing acid catalyst concentration. The nitrogen pressure used in the experiments 

according to the reaction temperature and the pressure requirement increases exponentially with 

the reaction temperature (i.e. for the reaction temperature 240C, pressure requirement is 7.72 
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MPa). Thus, the reaction temperature was kept fixed at 200C for energy saving to analyze the 

effects of catalyst wt.% and methanol to Triolein molar ratio on the ester yield. Later in the 

second stage, the catalyst weight was varied from 1.5 to 8.5 wt.% and the methanol to Triolein 

molar ratio from 19.4:1 to 40.6:1. A two-factor two level designs was used to perform the 

experiments. Figure 3.6 depicts the effects of methanol to oil molar ratio on the ester yield (wt. 

%). This figure depicts the optimum region of parameter combinations for obtaining the highest 

ester yield. From the experiments, a second-order polynomial equation is developed to fit the 

experimental data. 

 

Ester yield% = 47.95+1.21Cat.wt%+2.39Methanol to Triolein molar ratio-0.48Cat. wt%2-

0.03Methanol to Triolein molar ratio2 +.072Cat.wt%Methanol to Triolein molar ratio 

 

 

From the above model, Cat.wt%, Methanol to Triolein molar ratio, Methanol to Triolein molar 

ratio2 are found to be the significant factors. 

 

Fig. 3.6 Effects of methanol to oil (Triolein) molar ratio and catalyst wt.% (based on Triolein) on 

Ester yield% 

 

…(3.5) 



 

44 

 

From the optimization, 4.15 wt.% catalyst (based on Triolein) and 39:1 methanol to 

Triolein molar ratio are found to be the optimum reaction conditions, when the reaction 

temperature is kept fixed at 200C, stirring speed at 600 rpm and allowing 10 h of reaction time. 

Predicted ester yield using the above condition is 97.4 % and the actual (experimental) yield is 

97.2%, which indicates that the model prediction is validated well. In the second stage of the 

experiments, reaction temperature, residence time and reaction pressure are kept constant (all 

experiments were conducted at fixed temperature, time and reaction pressure). Thus for the 

above polynomial model three fixed reaction parameters are 200C reaction temperature, 10 h 

reaction time, and 4.14 MPa reaction pressure. 

 

3.4.6 Catalyst deactivation and reusability study 

For catalystsreusability study, the catalyst was separated from the reaction mixture by 

filtration.The separated spent catalyst was washed with hexane and methanol to remove non-

polar and polar compounds (e.g. methyl esters, glycerol) present on the surface and dried at 

100C for 1 h. Finally, the dried catalyst was used for transesterification. The study was done 

using the center point reaction condition of the optimization study. Table 3.2 depicts the catalytic 

activity (in term of ester yield) of fresh and spent catalyst. It depicts that the activity of the spent 

catalyst decreased with the usage.  

 

Table 3.2: Catalytic activity of fresh and spent catalyst (5 wt.%, 25% TPA/SBA-15 at 200C, 

4.14 MPa, 600 rpm, 10 h and using 30:1 methanol to triolein molar ratio 

Run no. Ester yield (wt.%) 

1 (Fresh) 93.9 

2 87.2 

3 59.7 

4 56.9 

 

This loss in catalytic activity of the spent catalyst is due to the leaching of the active acid 

species, which is confirmed by pyridine adsorption study and W content of the biodiesel and the 

catalysts in the successive runs (Fig. 3.7, Tables 3.3 and 3.4).  
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Fig. 3.7 FTIR spectra of the pyridine absorbed fresh and spent catalysts (25%TPA/SBA-15) 

 

Table 3.3: Metal content in Triolein and biodiesel samples in successive runs 

Sample Metal (W) content/ppm 

Triolein 0.03  

Run 1 3.20  

Run 2 18.6  

Run 3 13.8 

Run 4 2.60 

 

 

Table 3.4: TPA content of the fresh and spent catalysts 

Run No. TPA content in the catalyst (wt.%)a 

1 (Fresh) 25 

2 10.86 

3 4.78 

4 4.41 
acalculated based on the Tungsten content (W) of the catalyst using ICP-MS 
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Table 3.3 indicates that with a higher yield, less TPA is present in the ester (biodiesel) 

phase, whereas at a lower yield higher amount of TPA is present in the biodiesel (ester) phase. 

The surface area, pore volume and pore diameter of the spent catalyst (25% TPA/SBA-15) are 

found to be 570 m2/g, 0.73 cc/g and 5 nm respectively, which are almost same as those of fresh 

catalysts (Table 3.1), that indicating that there was no structural change in the catalyst 25% 

TPA/SBA-15. 

 

3.4.7 Effect of presence of water 

 For this study 0-2 wt.% water was mixed with the Triolein. Figure 3.8 depicts the effect 

of the presence of water in the feedstock on the ester yield%. It depicts that the ester yield % 

dropped from 93.9% to 56.8% with the presence of 1wt% water and this ester yield further 

decreased to 51.3% with the presence of 2 wt.% water in the feedstock. 

 

 

Fig. 3.8 Effect of presence of water in Triolein on ester yield% (5wt% catalyst 25% TPA/SBA-

15 at 200C, 4.14 MPa, 600 rpm, 10 h and using 30:1 methanol to oil molar ratio) 

Similar result was found using homogeneous catalyst by Canakci and Gerpen (1999). Increasing 

the concentration of water can give rise to water-rich clusters around protons and can block it 

from triglyceride molecules, inhibiting reactions. On the other hand, free fatty acid (FFA) with 

its polar carboxyl group can interact easily with the water molecules through hydrogen bond, and 

esterification reaction can continue in the presence of water (Lotero et al., 2005).  
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3.4.8 Effect of free fatty acids (FFA) 

 For this study 0-35 wt.%, oleic acid was mixed with the Triolein. Figure 3.9 depicts the 

effect of free fatty acid on the catalytic activity. It depicts that the ester yield decreases to 

64.7±3.21 wt.% (at 95% confidence interval) with the presence of 5 wt.% free fatty acid (FFA) 

in the Triolein and again increases with the increase in the FFA content in the Triolein (for 15% 

FFA the ester yield increases to 71.94±1.58 wt.% (at 95% confidence interval). Figure 3.9 

depicts that the water content is the highest in the biodiesel (0.4.01 wt.% at 95% confidence 

interval) when the Triolein contains 5% FFA. Further increase in FFA, the water content in the 

biodiesel is less compared to that of 5% FFA, whereas the water contents of the Triolein 

(containing 0% FFA) and corresponding biodiesel is 0.01 and 0.09 wt.% respectively. Figure 

3.10 depicts that with the increase of the FFA in the feedstock Triolein, the acid value of the 

product biodiesel increased, whereas the acid value of the Triolein containing 0% FFA and 

corresponding biodiesel was 1.3 and 0.83.02 mg KOH/g sample (at 95% confidence interval) 

respectively.  

 

(a) 
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(b) 

Fig. 3.9 Effect of presence of (a) free fatty acids (FFA) in Triolein on ester yield% and (b) water 

content (5wt% catalyst 25% TPA/SBA-15 at 200C, 4.14 MPa, 600 rpm, 10 h and using 30:1 

methanol to oil molar ratio) 

 

Fig. 3.10 Effect of free fatty acids in Triolein on acid value (mg KOH/g sample) in the produced 

biodiesel 
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The sudden decrease of the ester yield in presence of 5% FFA can be explained based on 

the water content in the biodiesel and the acid catalyzed transesterification and esterification 

reaction mechanism (Fig. 3.9 and 3.11). The overall reaction mechanism of solid acid catalyzed 

transesterification and esterification reaction is depicted in Figure 3.11. The free fatty acids 

(RCOOH) and methanol (CH3OH) take part in esterification reaction, whereas glycerides 

(RCOOR’) and methanol take part in the transesterification reaction. The carbonyl oxygen of 

free fatty acid or glyceride interacts with the acidic site of the catalyst to form carbocation. Then 

a tetrahedral intermediate is produced by the nucleophilic attack of alcohol to the carbocation.  

 

a) Esterification 

 

b) Transesterification 

Fig. 3.11 Reaction mechanism of acid catalyzed a) esterification and b) transesterification 

reaction 
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In the esterification reaction, this tetrahedral intermediate formation generates one mole 

of water during rearrangement and formation of one mole of ester (RCOOCH3), and in case of 

transesterification the tetrahedral intermediate only rearranges and forms one mole of similar 

ester to that of the esterification reaction (Kulkarni et al., 2006). In studies it was found that 

esterification reactions are faster than transesterification reaction (Ataya et al, 2007; Lopez et al., 

2008). Water is one of the products of the esterification reaction. According to Lotero et al.’s 

findings, the water molecules affect the TG molecules accessibility to the catalyst and inhibit the 

reaction (Lotero et al., 2005). 

 The higher water content in the produced biodiesel from the feedstock containing 5% 

FFA indicated that, in that case, the catalyst initially catalyzes the esterification reaction than 

transesterification reaction. The esterification reaction product water later worked as a poison for 

the transesterification reaction, which was already evident from the effect of the presence of 

water study. The lower acid value of biodiesel in absence of FFA (Fig. 3.10) indicated that 25% 

TPA/SBA-15 mainly catalyzes the transesterification reaction for biodiesel production. 

 

3.5 Conclusions 

      This research can be considered as a baseline study to understand the catalytic activity 

of SBA-15 supported TPA in the transesterification reaction for biodiesel production. Based on 

the study, 25% TPA is identified as the optimum catalyst loading on SBA-15 by impregnation 

method for biodiesel production from Triolein. From the optimization study using RSM model, 

4.15 wt% catalyst (based on Triolein) and 39:1 methanol to Triolein molar ratio are found to be 

the optimum reaction conditions, when the reaction temperature is kept fixed at 200C, stirring 

speed at 600 rpm and allowing 10 h of reaction time. Predicted ester yield at the above condition 

is 97.4%, whereas the actual (experimental) yield is 97.2%. The catalyst suffers from poor 

reusability characteristics due to the leaching of the active species and the catalytic activity is 

reduced in the presence of FFA and by-product water.  
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CHAPTER 4: SIMULTANEOUS ESTERIFICATION, TRANSESTERIFICATION AND 

CHLOROPHYLL REMOVAL FROM GREEN SEED CANOLA OIL USING SOLID 

ACID CATALYSTS 

 

A version of this chapter has been published in the following journal and presented in the 

following conference: 

 Chinmoy Baroi, Ajay K. Dalai. Simultaneous esterification, transesterification and 

chlorophyll removal from green seed canola oil using solid acid catalysts. Catalysis 

Today, 2013, 207, 74-85. 

 Chinmoy Baroi, Titipong Issariyakul, Ajay K. Dalai. Simultaneous esterification, 

transesterification and chlorophyll removal of green seed canola oil using solid acid 

catalysts. 61st Canadian Society for Chemical Engineering (CSChE) conference, October 

23-26, 2011, London, Ontario, Canada.  

 

Contribution of the Ph.D. Candidate 

Experiments were conducted by Chinmoy Baroi. The content in this chapter was written by 

Chinmoy Baroi with discussions and suggestions provided by Dr. Ajay Dalai. 

 

Contribution of this Chapter to the Overall Ph.D. Research 

Green seed canola oil is a low price feedstock. In this phase of the study a new method of 

catalyst preparation (Cat-2) has been developed. This catalyst is proved to be effective to 

produce biodiesel from different fatty acids (i.e. oleic acid). On the other hand, TPA doped SBA-

15 (Cat-3-45-450) is proved to be an effectual catalyst for transesterification, esterification and 

chlorophyll removal in a single step to produce high-quality biodiesel from GSC oil. The concept 

of the chlorophyll removal, esterification, transesterification using a heterogeneous (solid) 

catalyst in a single step is novel. 

 

4.1 Abstract 

Green Seed Canola (GSC) oil is a non-edible potential feedstock for biodiesel production. 

In this work, 12-Tungstophosphoric acid (TPA) was supported by using organic functional group 
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(i.e. APTES) and was incorporated into the SBA-15 structure. The catalysts were characterized 

by BET, XRD, FTIR, Raman, TPD and ICP-MS analysis techniques.  The catalytic activity of 

these catalysts was tested using a stirred tank reactor. From the study, organic functional group 

anchored TPA on SBA-15 showed higher catalytic activity for esterification of free fatty acid 

(FFA), whereas TPA incorporated into SBA-15 showed higher catalytic activity for 

transesterification, for biodiesel production from waste green seed canola oil. A 45 wt.% TPA 

incorporated SBA-15 produced the ester yield of 97.3 wt.%, when 2.96 wt.% catalyst (based on 

green seed canola oil) and 25.8:1 methanol to Green Seed Canola (GSC) oil molar ratio were 

used at 200C for reaction time of 6.25 h. Besides, the catalyst also improved the quality of the 

biodiesel by adsorbing chlorophyll from the feedstock (75.6 % chlorophyll removal), during the 

transesterification reaction. Kinetic study showed that the formation of Methyl Oleate was the 

slowest, compared to other fatty acid methyl ester (FAME) formation. The thermodynamic 

property values also agreed with this result.  

4.2 Introduction 

 The limited stock of fossil fuels and environmental pollution from the use of these fuels 

has intensified the need for research on producing renewable fuels. Biodiesel is a renewable 

diesel substitute fuel. This fuel is produced from triglycerides using lower alcohol through 

transesterification reaction. The other name of transesterification is alcoholysis because in this 

process one alcohol is replaced by another i.e. the higher alcohol (glycerol) present in the 

triglyceride is replaced by a lower alcohol (e.g. methanol, ethanol) and the resultant monoalkyl 

esters of fatty acids are called biodiesel. Biodiesel is produced are vegetable oils and fats e.g. 

rapeseed, soybean, sunflower, coconut and palm oil.  Biodiesel can also be produced from free 

fatty acids though esterification reaction. However, the existence of pure fatty acid is rare, as 

they exist in the form of triglyceride (oil) in nature, and production of pure free fatty acids (FFA) 

for biodiesel production is not economically feasible. Most of the conventional feedstocks for 

transesterification are food crops, which creates controversy of creating world food crisis by 

using those for biodiesel production. Besides, the biodiesel yet cannot compete with the petro-

diesel because of its higher price, which is associated with the production cost (Kulkarni and 

Dalai, 2006). Estimation depicts that approximately 88% of the total production cost is 

associated with the feedstock (Marchetti and Errazu, 2008). This cost can be reduced by using 
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cheaper feedstocks, e.g., used cooking oil, yellow grease. Acid catalysts can catalyze 

esterification reaction along with transesterification reaction to produce similar type of esters 

from free fatty acids. Homogeneous acid catalysts can serve this purpose, but solid acid catalysts 

are preferred over those for waste minimization and easy product recovery (Kulkarni et al., 

2006). Mesoporous solid acids catalysts with a moderate to strong acid sites and a hydrophobic 

surface are desireable for the biodiesel preparation (Lotero et al., 2005; Kiss et al., 2006). 

Green seed canola oil is one of the low-grade oils available in huge quantity in Western 

Canada. The raw green seed canola oil are not edible because of the presence of the 

higheramount of chlorophyll (Abraham and DeMan, 1986). The higher chlorophyll content also 

reduces the oxidation stability of the oil (Rawks and Santen, 1970). However, the green seed 

canola oil processing cost for edible purpose is high (Kulkarni et al., 2006). Untreated green seed 

canola oil has poor oxidation stability due to the presence of the higher amount of chlorophyll. 

However, this can be improved by pre-treating the green seed canola oil with the mixture of 

mineral acids and/or using acid treated adsorbents, which can reduce the chlorophyll to a 

significant amount, and the pretreated oil can produce biodiesel with improved oxidation 

stability similar to that of canola biodiesel following traditional base catalyzed reaction (Kulkarni 

et al., 2006; Bahmaei et al., 2005). 

Heteropolyacids (HPA) depicts strong and pure Brønsted acidity (Devassy and 

Halligurdi, 2005; Busca, 2007; Okuhara et al., 2000). A 12-Tungstophosphoric acid (TPA)with a 

Keggin structure has higher thermal stability and depicts superior acidity as compared to other 

HPA compounds (Kozhevnikov, 2007). Heteropolyacid compounds have lower surface area (1 – 

10 m2/g) and they are soluble in polar media (Kulkarni et al., 2006). These problems can be 

avoided by supporting H3PW12O40 on various carriers. Silica based mesoporous materials fully 

satisfy all the desired criteria as a support for reactions involving polar solvents (Wong and 

Wales, 2006). SBA-15, a silica-based mesoporous material can be an ideal support due to its 

higher hydrothermal stability and the low carbon deposition tendency compared to other silica 

based mesoporous supports (Herrera et al., 2008). Possible pathways for preparation of TPA 

supported SBA-15 catalysts are direct incorporation of TPA into SBA-15 structure and use of 

organosilane compounds as an anchoring agent of TPA on the silica surface. In a previous work 

(Inumaru et al., 2007) TPA was supported on SBA-15 with the help of 3-Aminopropyl 

triethoxysilane (APTES) and the surface was made hydrophobic with the help of n-
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octyltriethoxysilane. That catalyst was used for the hydrolysis reaction, and the SBA-15 surface 

was modified with APTES and n-octyltriethoxysilane by post-synthesis method (Inumaru et al., 

2007).  Incorporating TPA into SBA-15, as well as template removal, was performed by varying 

the sequence of addition and composition of components such as templates, HCl, TEOS and 

TPA precursor (Yun et al., 2004; Yang et al., 2005; Dufaud et al., 2009; Guo et al., 2008; 

Galarneau et al., 2001; Gagea et al., 2009; Shi et al., 2005; Wang et al., 2006; Zhang and Yang, 

2008). All these catalysts were tested in different reactions other than transesterification reaction. 

In this work for the first time, APTES and n-octyltriethoxysilane were directly incorporated into 

the SBA-15 structure, and TPA was loaded on SBA-15 with the help of APTES. Moreover, a 

different catalyst was prepared by direct incorporation of TPA into SBA-15 structure following a 

modified composition of components (template/HCl/TPA/TEOS) and modified synthesis steps 

without using organic functional groups. 

The overall objective of this work was for the first time to explore the possibility of using 

untreated green seed oil for esterification, transesterification and chlorophyll removal in a single 

step to produce high quality biodiesel using acid catalysts. 

 

4.3 Experimental 

4.3.1 Reagents 

 Unrefined green seed canola oil (4.25 wt.% FFA) was obtained from Milligan Biotech 

Inc., Foam Lake, Saskatchewan, Canada. Methanol (99.9%), P123 and TEOS (Tetraethyl 

orthosilicate) were purchased from Sigma-Aldrich, Oakville, Ontario, Canada. 12-

Tungstophosphoric acid (TPA) was purchased from Alfa-Aesar, MA, USA.  

 

4.3.2 Catalyst preparation 

Cat-1:  

For this catalyst the following composition was used (mole basis): TEOS: APTES: P123: 

HCl: H2O= 0.098612: 0.001388: 0.0014: 0.585: 16.2. The synthesis procedure for Cat-1 is as 

follows: 14.58 g of P123 was dissolved in 426 g water plus 85 g HCl solution by stirring for 2 

hours at 35C. Thereafter, 30 g of Tetra Ethyl Orthosilicate (TEOS) was added to the aquous 

solution with stirring at 35C. After 1 hour .324 mL APTES was added into the solution, as it 
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was found previously that hydrolysis of TEOS is completed within 1 hour and adding APTES 

thereafter doesn’t negatively affect the SBA-15 structure (Wang et al., 2004; Wang et al., 2005). 

The resulting mixture was stirred at 35C for 20 h and thereafter, the mixture was aged in a 

Teflon bottle at 110C for 48 h. The solid product was filtered and washed several times with 

water. Refluxing ethanolfor 48 h (40 mL ethanol per 1 g of material) was used to remove the 

template from the material and then the material was dried overnight at 110C. The resultant 

material was treated with HCl solution for 24 h. The treated material was filtered out, water 

washed, and dried overnight. The material was immerged into the TPA solution and dried at 

110C overnight. 

 

Cat-2: 

For this catalyst the following composition was used (mole basis): TEOS: APTES: P123: 

HCl: H2O = 0.098612: 0.001388: 0.0014: 0.585: 16.2. The synthesis procedure for Cat-1 is as 

follows: 14.58 g of P123 was dissolved in 426 g water plus 85 g HCl solution by stirring for 2 

hours at 35C. Thereafter, 30 g of TEOS was added to the aquous solution with stirring at 35C. 

After 1 hour 0.324 mL APTES was added into the solution, as it was found previously that 

hydrolysis of TEOS is completed within 1 hour and adding APTES thereafter does not 

negatively affect the SBA-15 structure (Wang et al., 2004; Wang et al., 2005). Then after another 

1 h calculated amount of TPA was added. The resulting mixture was stirred at 35C for 20h and 

thereafter, 6 mL n-octyltriethoxysilane was added into the mixture and was stirred at 35C for 

another 20 h.  The mixture was aged in a Teflon bottle at 110C for 48 h. The solid product was 

filteredout and water washed several times. Refluxing ethanolfor 48 h (40 mL ethanol per 1 g of 

material) was used to remove the template from the material and then the material was dried 

overnight at 110C.  

 

Cat-3: 

 For this catalyst the following composition was used (mole basis): TEOS: P123: HCl: 

H2O= 0.1 0.0014: 0.585: 16.2. The synthesis procedure for Cat-4 is as follows: 14.58 g of P123 

was dissolved in 426 g water plus 85 g HCl solution by stirring for 2 hours at 35C. Thereafter, 

calculated amount of TPA was added in an aqueous solution form (dropwise). After 1 h, 30 g of 
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TEOS was added to the solution with stirring at 35C. The resulting mixture was stirred at 35C 

for 20 h and thereafter, the mixture was aged in a Teflon bottle at 110C for 48 h. The solid 

product was filtered out, water washed and dried overnight at 110C. The catalysts were calcined 

at 350, 450, 550 and 650. The catalysts were designated as Cat-3-X-T, where X represents 

the loading and T represents the calcination temperature. 

 

4.3.3 Catalyst characterization 

 The synthesized catalystsBET surface area and pore size analysis were performed using 

Micrometrics adsorption equipment (Model ASAP 2000). The catalysts were heated at 200C in 

a vacuum of 510-4 atm before the analysis. The surface area was calculated from the isotherms 

using Brunauer-Emmett-Teller (BET) method. The pore diameter and pore volume was 

calculated using BJH method from desorption branch of the isotherms. Temperature 

programmed desorption of ammonia (TPD) was carried out on a Micrometrics equipment using a 

TCD detector. In a typical experiment, at first 75 mg of the each sample was pretreated in He 

(Helium) at 400 C for 1 h with a flow rate of helium of 20 mL/min. The sample was exposed to 

NH3 at 100 C for 0.5 h (half hour) and then was purged by helium for 1 hour. Then the spectra 

was recorded between 100 C to 750 C, with a temperature ramp of 10 C /min. The X-ray 

diffraction (XRD) patterns of the samples were collected on a Bruker D8 Advance diffractometer 

using Cu Kα radiation (λ = 1.5418 A). The catalysts FTIR spectra were recorded through Perkin 

Elmer FTIR spectrum GX equipment. For the FTIR analysis, sample pallets were prepared by 

pelleting a well mixed 3 mg of catalyst powder with 200 mg of KBr. Raman spectra of the 

catalyst were recorded at room temperature with a Renishaw system 2000 spectrometer (785 

nm). The W (Tungsten) and Mg (Magnesium) was determined by ICP-MS.  

 

4.3.4 Catalytic activity testing 

The catalytic activity of the prepared catalysts was tested through transesterification of 

green seed canola oil. The reactions were conducted in a 450 mL Parr reactor (Parr Instrument 

Co., ILL, USA). Initially, 100 g of GSC oil was taken into the reactor and preheated to 60C 

with optimized stirring at 600 rpm. Methanol and catalysts were then added to the reaction 

vessel. Preliminary catalyst screening experiments were conducted at a reaction temperature of 
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150C, 20:1 methanol to oil molar ratio, 3 wt.% catalyst (based on the wt. of Green seed canola 

oil). Central Composite Design (CCD) was utilized to design the combination of experiments 

analyzing the effect of reaction parameters and Design Expert 6.1 software was used for this 

purpose. The biodiesel phase (after separation of the catalyst by filtration and separation of the 

glycerol phase) was analyzed utilizing High-performance liquid chromatography (HPLC). The 

sample collected from each experiment was analyzed for its ester content utilizing a Hewlett-

Packard 1100 series HPLC. Two Phenogel 100A 300X7.80 mm 5 micron columns in series 

protected with guard column were exploited to separate different components of the samples 

during analysis. THF was used as a mobile phase at 1 mL/min for 25 min. The operating 

parameters were of sample injection volume 5 μL, detector temperature of 35°C, and column 

temperature of 24°C. Standard chemicals including methyl oleate, triolein, diolein, and 

monoolein were used for the HPLC calibration (see Appendix B). The ester yield (wt. %) was 

calculated according to the equation 4.1. 

 

Ester yield (wt. %) = (wt. of the methyl ester in the ester phase)/ (wt.. of the oil phase) 100 

 

 

An Agilent make Gas Chromatography system (model 7890A) along with flame ionization 

detector (FID, 260 C) and capillary column DB-23 (dimensions: 60 m length, 0.25 mm ID, 0.25 

m film) was used for the analysis of different fatty acids in methyl ester (FAME). Throughout 

the experimentation, the GC was operated at constant conditions (Carrier: hydrogen gas with 

flow rate 20 cm/min & 0.16MPa pressure; Oven: 140 to 240 C at 4 C/min. and Injection: 1 l 

sample, 260 C & split: 20:1). The acid value, cloud point and pour point of the biodiesel 

product was determined according to the ASTM D6751 methods. A UV-260 Shimadzu 

spectrometer was exploited to determine the amount of chlorophyll. Chlorophyll content in the 

feedstock Green Seed Oil and biodiesel was calculated according to the method described by 

Lichtenthaler (1987). The free fatty acid conversion was calculated based on the initial and final 

acid value. 

 

…(4.1) 
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4.4 Results and discussion 

4.4.1 Catalyst characterization 

 The catalysts textural properties are depicted in Table 4.1. It depicts that, introduction of 

n-octyltriethoxysilane reduces the surface area, pore diameter and pore volume (Cat-2 compared 

to Cat-1). Table 4.1 also depicts that for Cat-3, with the increase in the calcination temperature 

up to 450C, surface area, pore diameter and pore volume increase and decrease thereafter, 

whereas the Keggin anion density increases. These facts can be explained as an incomplete 

removal of the template at 350C and start of sintering beyond 450C (Guo et al., 2008; Berube 

and Kaliaguine, 2007; Sawant et al., 2008). For all the catalysts, the actual loading is in good 

agreement compared to that of theoretical loading (25%), except for Cat-2. While preparing Cat-

2, another approach was taken, where APTES and n-octyltriethoxysilane was directly 

incorporated, followed by post grafting of TPA. The theoretical loading for this catalyst was 25 

wt.% and the actual loading obtained was 5.63 wt.%, which indicates the presence of n-

octyltriethoxysilane has a negative impact on the TPA loading. However, following a new 

method during Cat-2 preparation, the TPA loading can be improved. For Cat-1, 2 and 3 the 

Keggin anion density was calculated following the method described by Chai et al. (2008). It is 

observed from Table 4.1 that Keggin anion density increases with the decrease of the pore 

diameter, surface area and pore volume and vice versa.  

 

Table 4.1: Textural property of different catalysts 

Sample 

TPA 

Loading 

(wt.%) 

BET 

Surface area 

(m2/g) 

Pore 

Volume 

(cc/g) 

Average 

Pore 

diameter 

(nm) 

d spacing 

d100/nm1 

Pore 

Wall 

thickness 

nm2 

Keggin-

anion 

density 

(HPA 

nm-2) 

Cat-1 26.21 534 0.67 3.98 5.86 2.79 0.10 

Cat-2 16.5 496 0.57 3.49 5.86 2.79 0.07 

Cat-3-25-350 - 318 0.53 5.74 5.87 1.04 0.17 

Cat-3-25-450 25.98 344 0.55 6.15 5.86 0.62 0.163 

Cat-3-25-550 - 305 0.49 5.69 5.86 1.07 0.183 

Cat-3-25-650 - 28351 0.320.09 4.900.39 5.86 1.87 0.23 
1 d100 was calculated using Bragg’s law 
2 Pore wall thickness = a-pore dia (a=2d100/3

1/2) 
3 Assuming the intact Keggin-structure 
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Table 4.2 depicts the acid strength of different catalysts. It depicts that Cat-3-25-450 has the 

highest acidic strength.  

 

Table 4.2: Acid strength distribution of different catalysts 

Sample 
Acidity (×104 mol/g of catalyst) 

weak moderate/strong 

Cat-1 1.14 - 

Cat-2 4.97 - 

Cat-3- 25- 350 8.47 1.79 

Cat-3- 25- 450 9.88 1.80 

Cat-3- 25- 550 5.83 2.54 

Cat-3- 25- 650 4.02 0.47 

 

Table 4.3 depicts textural properties of different loadings of Cat-3-X-450. It depicts that, with the 

increase of TPA loading, surface area, pore diameter and pore volume decrease, which indicates 

the presence of TPA on to the pore wall rather than buried inside the pore wall of SBA-15 

(Gagea et al., 2009).  

 

Table 4.3: Textural property of various TPA loading on Cat-3-X-450 

TPA loading (wt. %) 
BET surface area 

(m2/g) 
Pore volume (cc/g) 

Average 

Pore diameter (nm) 

25 343.9 0.55 6.12 

35 310.4 0.51 5.63 

45 272.7 0.46 5.14 

55 265.9 0.36 4.52 

 

 

For the catalysts, the SBA-15 structure is decided by a XRD pattern made of a strong peak (at 2 

around 0.8) along with two small peaks (at 2 around 1.6 and 1.8) (Fig. 4.1) (Yang et al., 

2005; Tropecelco et al., 2010).  
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Fig. 4.1 Low angle XRD of different catalysts: (a) Cat-1, (b) Cat-2, (c) Cat-3-25-350, (d) Cat-3-

25-450, (e) Cat-3-25-550, (f) Cat-3-25-650 

The IR bands approximately at 690 cm-1 (N-H bending) and a very weak peak at 1510 cm-1 (-

NH2 bending) confirm the presence of APTES in Cat-1 and Cat-2 (Fig. 4.2) (Wang et al., 2005).  

 

Fig. 4.2 FTIR spectra of (a) Cat-1 (b) Cat-2 
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The IR band approximately at 970 cm-1 is associated with the Si-OH vibration (Ming et al., 

2010). In Cat-1 and Cat-2, this band is shifted to 954 cm-1, which indicates strong interaction 

between the Si-O-C2H5 of APTES and the Si-OH of the support and the peak at 2928 cm-1 

indicates strong interaction between TPA and APTES (Wang et al., 2005; Ming et al., 2010). The 

presence of n-octyl triethoxysilane in Cat-2 was confirmed by IR bands approximately at 2968 

cm-1 (C-Hstretching;-CH3) and 2875 cm-1 (C-H stretching; -CH2-) (Fig. 4.3) (Wang et al., 2005; 

De Prado et al., 2010; Sun et al., 2011).  

 

Fig. 4.3 FTIR spectra of (a) Cat-1 (b) Cat-2 

Pure TPA depicts IR peaks approximately at 1081 (P-O in the central tetrahedron), 976-995 

(terminal W=O), 890-900 and 805-810 (W-O-W) cm-1 refers to asymmetric vibration of the 

Keggin ion (Tropecelo et al., 2010; Satish kumar et al., 2006; Damyanova et al., 2003; Yun and 

Kubara et al., 2004). The IR peaks at approximately 1081, 977, 897 and 816 cm-1 are observed 

for Cat-1 and Cat-2, which confirms the preservation of Keggin structure (Fig. 4.2). From Figure 

4.4 it is observed that, the  IR bands of P-O in the central tetrahedron moves to the higher energy 

region (10801091) and that of terminal W=O approximately at 977 cm-1 weaken with the 

increase of calcination temperature in Cat-3-25%. Figure 4.4 also depicts that IR band 

approximately at 970 cm-1 associated with the Si-OH vibration moved towards 951 cm-1 with the 

increase of calcination temperature. IR bands moving towards lower wave number (energy) 
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indicative of increase in interaction and vice versa (Lopez-Salinas et al., 2000; Touvenot et al., 

1984), confirms strong interaction of terminal W=O of TPA structure with SBA-15, with the 

increase in calcination temperature.  

 

Fig. 4.4 FTIR spectra of Cat-3 calcined at different temperature: (a) Cat-3-25-350 (b) Cat-3-25-

450 (c) Cat-3-25-550 (d) Cat-3-25-650 

The IR peak at 1370 cm-1 is assigned to the C-O-C stretch of P123 (Wang et al., 2005), which are 

found to be diminished with an increase of the calcination temperature (Fig. not depicted). 

Raman scattering peaks between 1100-900 cm-1   are assigned as to the Keggin unit of TPA (Guo 

et al., 2008; Thouvenot et al., 1984).  Figure 4.5 depicts the Raman spectra of Cat-3 at different 

calcination temperatures. It depicts that the Keggin structure is present up to 450C, by showing 

characteristic Raman scattering approximately at 1007 cm-1 (P-O in the central tetrahedron) and 

994 cm-1 (terminal W=O). Figure 4.5 also depicts that beyond calcination temperature of 450C, 

Raman scattering at 1007 cm-1 (P-O in the central tetrahedron) and 994 cm-1 (terminal W=O) 

completely disappears and two strong bands approximately at 802 cm-1 (shifting of terminal 

W=O from 994 cm-1) and 715 cm-1 (shifting of  W-O-W from 912 cm-1) appears. These shifting 

of the peak positions confirms strong interaction between SBA-15 and the terminal W=O of TPA 

(Guo et al., 2008).  

 Figure 4.6 depicts wide angle XRD pattern of different catalysts. It depicts that TPA is 

highly dispersed in Cat-1, Cat-2, Cat-3-25-350 and Cat-3-25-450 (Dufaud et al., 2009; Gagea et 
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al., 2009). However, in Cat-3-25-450 and Cat-3-25-550, characteristic peaks of crystalline 

Tungsten oxide (23.06, 23.54 and 24.34) is observed, which indicates that TPA structure has 

been destroyed (Yang et al., 2008; Bordoloi and Hallligudi, 2008; Zhang et al., 2009). 

 

Fig. 4.5 Raman spectra of Cat-3 calcined at different temperature: (a) Cat-3-25-350 (b) Cat-3-25-

450 (c) Cat-3-25-550 (d) Cat-3-25-650 

 

 

Fig. 4.6 Wide angle XRD pattern of different catalysts: (a) Cat-1 (b) Cat-2 (c) Cat-3-25-350 (d) 

Cat-3-25-450 (e) Cat-3-25-550 (f) Cat-3-25-650 
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4.4.2 Postulated synthesis mechanism for Cat-3 

Figure 4.7 depicts the postulated synthesis mechanism of the TPA incorporated into 

SBA-15. According to the postulation, the hydrophilic ethylene oxide (EO) of the surfactant, 

Pluronic 123 (EO20PO70EO20) associates with hydronium ions as POm[(EO).H3O+)]x….xCl-, in 

presence of HCl. After addition of TPA the Keggin anion of TPA (PW12O40
3-) substitutes the Cl- 

anions leading to strongly attached on the P123 micelle before the silica source addition. TEOS 

as (SiO4H5)
+ cations interacts with the anionic side of the P123 micelles (Dufaud and Lefebvre, 

2010). After hydrothermal treatment (aging), the silica network traps Keggin anions between 

P123 and the silica. The P123 are removed by washing, filtration and calcinations, and the TPA 

would attach on the silica pore wall. 

 

 

Fig. 4.7 Postulated synthesis mechanism for Cat-3 
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4.4.3 Catalytic activity 

The absence of external and internal mass transfer resistance was confirmed by the 

Reynolds number of the reaction mixture, mass-transfer flux, reaction rate and Weisz-Prator 

criteria (see appendix C). Figure 4.8 depicts catalytic activity of different catalysts. It depicts that 

Cat-1 and Cat-2 were less catalytically active compared to that of Cat-3 calcined at different 

temperatures. The reasons might be due to the weak acidity and lower loading as compared to 

that for Cat-3. However, Cat-2 was found to be more active than that of Cat-1 instead of having 

lower TPA loading, which might be the contribution of hydrophobic surface and also due to the 

higher acidity. Figure 4.8 also depicts that Cat-3-25-450 had the highest catalytic activity (ester 

yield of 290.15% at 95% confidence interval using 10 h reaction time), which might be because 

of the highest and optimum surface area, pore diameter, pore volume and highest acidity among 

the prepared catalysts.  

 

Fig. 4.8 Catalyst screening study (3 wt.% catalyst, 20:1 methanol to GSC oil molar ratio, 150C 

and 10 h) 

Figure 4.9 depicts the catalytic activity of Cat-2 and Cat-3-25-450 in the FFA (present in the 

GSC oil) esterification. It depicts that Cat-2 is more catalytically active (96.72.3% at 95% 

confidence level) in esterification reaction than Cat-3-25-450 (70.21.6% at 95% confidence 
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level). This fact can be explained with the help of Brønsted and Lewis acidity. Brønsted acid 

catalysts are mainly active in the esterification reaction and Lewis acid catalysts are mostly 

active in the transesterification reaction (Di Serio et al., 2008). Previously it was found that 

APTES attaches the TPA by co-valent bond, therefore the Brønsted acidity of TPA is retained 

(Inumaru et al., 2007), whereas, in TPA incorporated SBA-15, TPA is attached to the silica 

surface by strong electrostatic bond (by calcination), as a result the Lewis acidity may arise from 

the Brønsted acidity (Yori et al., 2005).  

 Figure 4.10 depicts catalytic activity of different loading of TPA in Cat-3-X-450. It 

depicts that catalytic activity increase with the increase of the TPA loading up to 45% and there 

is no further increase in the catalytic activity beyond that loading thereafter. Similar result was 

acquired by Caetano et al. (2008). According to their explanation, catalytic activity increases 

with the increase of the TPA loading by kinetic effect, and catalytic activity decreases with 

higher loading due to the internal diffusion limitation inside the pores of the catalyst.  

 

 

Fig. 4.9 Catalytic activity study different catalyst in esterification of FFA present in the oil (3 

wt.% catalyst, 20:1 methanol to GSC oil molar ratio, 150C and 10 h) 
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Fig. 4.10 Cat-3-X-450 loading screening study (3 wt.% catalyst, 20:1 methanol to GSC oil molar 

ratio, 150C, and 10 h) 

4.4.4 Effect of reaction parameters 

From the preliminary experiments, reaction temperature was found to be the most 

important factor, which affected the ester yield without the interaction of other parameters. For 

this, the reaction temperature effect on ester yield was analyzed keeping the catalyst 

concentration at 3 wt.% (based on the wt. of oil), 20:1 methanol to GSC oil molar ratio and 10 h 

of reaction time. Figure 4.11 depicts that ester yield increases with the increases in the reaction 

temperature (the reproducibility of the data at 200C was found to be ±0.67 error at 95% 

confidence level). Similar result was obtained by Canakci and Gerpen (1999). According to their 

findings, reaction temperature dominates the rate of reaction and the conversion increases with 

an increasing reaction temperature. However, exceptional results were also found by Melero et 

al. (2010) and Alba-Rubio AC et al. (2010), where optimum reaction temperature is found, 

beyond which catalytic activity decreases. The reason for these is, in their studies, organic 

sulfonic acid functional group (similar kind of functional groups used in Cat-1 and Cat-2, having 

temperature tolerance below 200C) was used as active acid sites, which breaks down beyond 

the optimum (maximum tolerable) temperature. As a result the catalyst surface acidity reduces, 

the active species leach out and the acid value of the biodiesel increases.  
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Fig. 4.11 Effect of reaction temperature on catalytic activity (3 wt.% catalyst, 20:1 methanol to 

GSC oil molar ratio and 10 h) 

 

To grasp the effects of other reaction parameters, the catalyst weight was varied from 0 to 

6 wt%, the methanol to GSC oil molar ratio from 10:1 to 30:1 and reaction time from 4 to 10 h. 

A thee-factor two level design was used to perform the experiments. Figures 4.12, 4.13 and 4.14 

depicts the effects of methanol to oil molar ratio, catalyst wt.% and reaction time on the ester 

yield (wt.%). These figures show the optimum region of parameter combinations for obtaining 

the highest ester yield.  

 

 



 

69 

 

 

Fig. 4.12 Effect of catalyst wt.% and methanol ratio on the ester yield 

 

Fig. 4.13 Effect of catalyst wt.% and reaction time on the ester yield 
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Fig. 4.14 Effect of methanol ratio and reaction time on the ester yield 

 

From the experiments, a second-order polynomial equation is developed to fit the 

experimental data. 

 

Ester yield (wt.%)  = -67.84 + 20.36× Catalyst wt.% + 5.67× Methanol ratio + 14.65 × Time 

(h) - 4.76× Catalyst wt.%2 - 0.07× Methanol ratio2 - .48× Time (h)2 + 0.26×Catalyst wt.% 

×Methanol ratio + 0.87 × Catalyst wt.% × Time (h) - 0.37 × Methanol ratio × Time (h)  

 

From the above model both linear and quadratic terms of cat.wt.%, Methanol to GSC oil 

molar ratio, reaction time are found to be the significant factors. Besides, the interactions 

between cat. wt.%, methanol to GSC oil molar ratio and the reaction time are found to be 

significant. Figure 4.15 depicts the Perturbation plot, which implies the effect of individual 

reaction parameter on ester yield (wt. %), keeping the other parameters constant, using the same 

design range. It exhibits that ester yield (wt.%) increases with the increase of the catalyst wt.% 

up to a certain limit, then decreases. It also exhibits that ester yield (wt.%) increases with the 

reaction time, which is found to be similar to another study by Kaufuku et al. (2010). The ester 

yield (wt.%) is found to be same after increasing the methanol to GSC oil molar ratio to a certain 

…(4.2) 
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limit, that means the reaction mixture was not affected by the solubility of the glycerol, which 

was found to be a problem with the increase of the methanol ratio, thereby decrease in ester yield 

in another study by Kaufuku et al. (2001).  

 

 

Fig. 4.15 Perturbation plot 

 

From the optimization, 2.96 wt% catalyst (based on GSC oil) and 25.8:1 methanol to GSC oil 

molar ratio and 6.25 hour are found to be one of the optimum reaction conditions. The predicted 

yield using the conditions is 97.6 wt% and the actual yield is 97.3 wt%, which validates the 

model well. Besides, 92.6% of FFA conversion to ester was obtained using the optimized 

reaction condition. The 6.25 h reaction time required to reach 97.3% ester yield can be explained 

with the help of the transesterification reaction chemistry. Transesterification is an equilibrium 

reaction and after reaching a certain yield or conversion, the reaction becomes slow; which is 

also evident from Figure 4.11. Similar results were found by Boocok et al. (1998), where 90 
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wt.% ester was obtained fast; thereafter the reaction took a long time to reach the final 

equilibrium. That is the reason many papers limit their study up to this point to show the novelty 

of the catalytic activity, which is misleading. Many papers report catalytic activity for biodiesel 

production through transesterification reaction in terms of conversion of triglycerides, which 

does not confirm formation of methyl ester. Transesterification reaction is a thee-step reaction, 

where diglycerides and monoglyceride are the reaction intermediates. Thus, conversion of 

triglycerides includes mono and diglycerides along with methyl ester.  

 

4.4.5 Development of the kinetic model of the fatty acid methyl ester (FAME) compounds 

The optimized reaction condition was exploited to develop the kinetic model of 

transesterification of triglycerides. In transesterification reaction, triglycerides (TGi) and 

methanol (M) react to produce methyl ester (ME) and glycerol (G). It was presumed that 

different triglycerides (TGi, i.e. glycerol trioleate, glycerol linoleate) and methanol (M) were 

weakly adsorbed on the catalyst (Yadav et al., 2012). Adsorption of different triglycerides (TGi) 

on a vacant site is given by  

TGi + S 
K1
⇔ TGi.S 

Adsorption of Methanol (M) on a vacant site is given by 

M + S 
K2
⇔ M.S 

Surface reaction of TGi.S and M.S leading to the formation of methyl ester (MEi.S) and glycerol 

(G.S) on the site 

TGi.S + M.S 
KSR
⇔  MEi.S + G.S 

Desorption of different methyl esters (MEi) and glycerol (G) is given by 

MEi.S 
KME
,

⇔  MEi + S 

G.S 
KG
,

⇔ G + S 

If the surface reaction (4.5) is the rate limiting step, then the rate of reaction of TGi is given by 

−rTGi = −
dCTGi
dt

= kSRCS.TGi . CM.S − kSR
, CS.MEi . CG.S 

The reaction is far away from equilibrium, as initial rate data were used. Thus, reverse reaction 

cane be neglected (Yadav et al., 2012). 

…(4.3) 

…(4.4) 

…(4.5) 

…(4.6) 

…(4.7) 

…(4.8) 
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−
dCTGi
dt

=
kSR{K1K2CTGiCM−(KMEKGCMEiCG KSR⁄ )}Ct

2

(1+CTGiK1+K2CM+KMECMEi+KGCG)
2  

−
dCTGi
dt

=
krwCTGiCM

(1+CTGiK1+K2CM+KMECMEi+KGCG)
2 

Where 

krw = kSRK1K2Ct
2; w = catalyst wt.If the adsorption constants are very small (Yadav et al., 

2012), then the above equation reduces to 

−
dCTGi
dt

= krwCTGiCM 

As a large molar excess of methanol was used in the reaction. Therefore, CM CM,o can be 

assumed in this reaction. Therefore, the above equation can be rewritten in terms of fractional 

conversion as follows, 

dXTGi
dt

= k′(1 − XTGi) 

Where,  

k′ = krwCMo 

Integrating the above equation and for constant initial triglyceride concentration, the final 

expression is 

− ln(1 − XTG,i) = k
′t 

 

Thus a plot of –ln(1 - XTGi) against time at different temperatures gave the values of the reaction 

rate constants of different fatty acid methyl ester (FAME) at different temperatures (Table 4.4). 

The reaction rate constants for different temperatures were calculated and based on the values an 

Arrhenius plot was exploited to estimate the apparent activation energy of the reaction (Table 

4.4).  

 

 

 

 

 

…(4.9) 

…(4.10) 

…(4.11) 

…(4.12) 

…(4.13) 
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Table 4.4: Reaction rate constants and Activation energy of different fatty acid methyl ester 

(FAME) 

Fatty acid methyl ester structure 

Reaction rate constant (k’) 

1/sec 
Activation Energy, Ea (kJ/mole) 

180C 190C 200C 

C15:0 2.00  10-5 2.24  10-5 9.03  10-5 133.4 

C18:1 3.80  10-5 4.03  10-5 8.19  10-5 67.9 

C18:2 1.00  10-5  2.01  10-5  7.95  10-5 184.2 

C18:3 2.43  10-5 3.58  10-5 7.81  10-5 103.7 

 

From the kinetic model results, it is obtained that the reaction rate constant increases with the 

temperature for all the fatty acid methyl ester (FAME) compounds, indicating the reaction is 

endothermic (Table 4.4).  It also depicts that the activation energy of Methyl Oleate formation is 

the least (67.9 kJ/mole) and is highest (184.2 kJ/mole) for methyl linoleate formation. Table 4.5 

depicts that reaction rate constant per unit initial reactant concentration increases in the order of 

Linolinate>Linoleate>Pentadecyclate>Oleate. These phenomena can be explained with the help 

of a double bond numbers and the carbon atom numbers in the fatty acids. Higher the double 

bond numbers and/or lower the carbon atom numbers in the fatty acids, faster the reaction rates 

(Choi et al., 2011). The enthalpy of activation (H‡), and the entropy of activation (S‡) 

wereevaluated using Eyring equation (Eyring, 1935): 

 

ln
k′

T
= −

∆H‡

R
.
1

T
+ ln

kB
h
+
∆S‡

R
 

 

Where, kB is the Boltzmann constant and h is the Plank constant. Gibbs energy of activation 

(G‡) was calculated using the following equation: 

 

G‡ = H‡ –T. S‡ 

 

…(4.15) 

…(4.14) 
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Table 4.5: Reaction rate constants and Activation energy of different fatty acid methyl ester 

(FAME) 

Fatty acid methyl ester 

structure 

Reaction rate constant per unit initial reactant concentration 

L/mol. sec 

180C 190C 200C 

C15:0 4.00  10-4 4.48  10-4 1.80  10-3 

C18:1 6.33  10-4 6.72  10-4 1.37  10-3 

C18:2 5.00  10-4  1.01  10-3 3.98  10-3 

C18:3 4.05  10-3 5.97  10-3 1.30  10-2 

 

Table 4.6 depicts the thermodynamic property values of individual fatty acid methyl ester 

(FAME). It depicts that enthalpy of activation is the least and the entropy of activation is far 

negative for Methyl Oleate as compared to other fatty acid methyl ester (FAME) compounds. 

This indicates that least energy input from an external source is required to transform the 

Triolein into transition state (activation) complex. The far negative value of entropy of activation 

of Methyl Oleate activation complex indicates that the reactant species joined together to form 

activation complex through association mechanism. Therefore, the activation complex has a 

more ordered or more rigid structure than the reactants in the ground state, which makes the rate 

of reaction of the reactant triolein the fastest (Ong et al., 2013). The positive nonzero values of 

Gibb’s free energy for all the compounds indicate that the transesterification reaction is non-

spontaneous.  

 

Table 4.6: Thermodynamic properties data of different fatty acid methyl ester (FAME) 

Fatty acid methyl 

ester structure 

H‡ 

kJ/mol 

S‡ 

J/mol. K 

G‡ 

kJ/mol 

C15:0 129.6 -54.1 155.2 

C18:1 64.1 -192.4 155.1 

C18:2 180.3 53.1 155.3 

C18:3 99.9 -116.8 155.1 
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4.4.6 Chlorophyll removal and catalyst reusability testing 

The % of chlorophyll removal by different catalysts using the catalysts screening reaction 

condition is depicted in Table 4.7. It depicts that, Cat-2 removes the least amount of chlorophyll 

from the reaction mixture containing produced biodiesel. Previous studies show that higher 

acidity improves chlorophyll adsorption (Mokaya et al., 1993; Didi et al., 2009). It is also proven 

from the previous work that, the chlorophyll is adsorbed on the acid sites by chemisorption. 

Weak acid sites chemisorb chlorophyll, whereas strong acid sites convert chlorophyll (aand b) 

into phaeophytin (a and b) by replacing magnesium ion of the chlorophyll with two hydrogen, 

and the phaeophytin is also found to be chemisorbed on the weak acid sites (Didi et al., 2009; 

Giler and Tunc, 1993; Sabah, 2007; Manna et al., 2009). The trend of presence of chlorophyll in 

the reaction mixture containing produced biodiesel using different catalysts indicates that, the 

lowest TPA content of Cat-2 among the prepared catalysts, therefore, lowest loading is 

responsible for lowest chlorophyll adsorption. Besides, in Cat-2, the losses of weak acid sites by 

replacing silanol groups with alkyl chains are responsible for the least phaeophytin adsorption.   

 

Table 4.7: Chlorophyll removal from the reaction mixture containing produced biodiesel using 

different catalysts 

Sample 
Ch A 

(ppm) 

Ch B 

(ppm) 

Ph A 

(ppm) 

Ph B 

(ppm) 

Total 

(ppm) 
% removed1 

GSC oil 21.5 3 53.26 0 77.7 - 

Cat-1 9.15 6.41 21.36 0 36.9 52.5 

Cat-2 11.94 12.15 24.33 0 48.3 37.9 

Cat-3-25-450 9.35 14.06 16.89 5.15 45.4 41.5 
1 Reaction condition: 3 wt.% catalyst, 20:1 methanol to GSC oil molar ratio, 150C and10 h 

 

For the catalyst reusability study, the catalyst was separated from the reaction mixture by 

filtration.The separated catalysts was washed with THF to remove non-polar, polar compounds 

and chlorophyll, as THF was found to be an effective solvent for chlorophyll removal from the 

adsorbent in a previous study (Issariyakul and Dalai, 2010). The catalyst was then dried and 

finally regenerated by calcination, to remove the residual organic compounds.  Table 4.8 depicts 

that, the catalyst strong acid sites are still active and reusable in presence of chlorophyll after 

several reaction cycles. It also depicts that the chlorophyll adsorption increases with the 
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temperature (Tables 4.7 and 4.8), which is due to an increase in adsorption capacity with the 

increase of temperature (Didi et al., 2009). The adsorption of chlorophyll (a and b) by the 

catalysts was confirmed by the presence of Mg in the regenerated catalyst and the amount of 

TPA found in the reaction mixture was very negligible (0.009 wt.%). 

 

Table 4.8: Catalyst reusability and chlorophyll removal from produced biodiesel using Cat-3-45-

450 

Sample 
Ester 

yield%1 

Ch A 

(ppm) 

Ch B 

(ppm) 

Ph A 

(ppm) 

Ph B 

(ppm) 

Total 

(ppm) 
% removed 

GSC oil - 21.5 3 53.26 0 77.7 - 

Run 1 97.3 4.15 10.75 4.1 0 19 75.5 

Run 2 94.8 4.45 8.02 8.31 4.94 25.7 66.9 

Run 3 92.1 6.67 4.96 14.64 0 26.3 66.2 

Run 4 90.8 6.2 6.32 14.22 0 26.7 65.6 

1 Reaction condition: 2.96 wt.% catalyst, 25.84:1 methanol to GSC oil molar ratio, 200C and 

6.25 h 

 

4.4.7 Properties of the biodiesel 

The quality and properties, such as an acid value, cloud point, cloud point of the produced 

biodiesel were assessed according to ASTM D6751 standards. Table 4.9 depicts the biodiesel 

properties value comparison. It depicts that the produced biodiesel property values are close to 

those mentioned in the ASTM standard. The fatty acid profile of the produced biodiesel is 

depicted in Table 4.10. It depicts that the major component of the produced biodiesel is Methyl 

Oleate, which is also the major component of the commercial grade canola biodiesel.  

 

Table 4.9: Comparison of the biodiesel properties 

Properties Produced biodiesel ASTM standard 

Acid number (mg KOH/g 

sample) 
0.69 0.5 

Cloud point -2C -2C 

Pour point -15C -15C 
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Table 4.10: Fatty acid profile of the biodiesel 

Structure Compound name wt.% 

C15:0 Methyl pentadecyclate 35.80 

C18:1 Methyl Oleate 45.79 

C18:2 Methyl linoleate 13.96 

C18:3 Methyl linolenate 4.45 

 

 

4.5 Conclusion 

This research work reveals that solid acid catalysts are able to remove chlorophyll while 

catalyzing simultaneous transesterification and esterification reactions. Therefore, solid acid 

catalysts allow using unrefined waste grade feedstock such as GSC oil as a direct feedstock for 

biodiesel production and reduce pre-treatment costs of the feedstock. While conducting this 

study, a new method of catalyst preparation (Cat-2) has been developed. This catalyst is proved 

to be effectual to produce biodiesel from different fatty acids (i.e. Oleic acid). On the other hand, 

TPA doped SBA-15 (Cat-3-45-450) is proved to be effectual for simultaneous transesterification, 

esterification and chlorophyll removal to produce high-quality biodiesel from GSC oil.  

 

 

 

 

 

 

 

 

 

 

 

 



 

79 

 

CHAPTER 5: PROCESS SUSTAINABILITY OF BIODIESEL PRODUCTION PROCESS 

FROM GREEN SEED CANOLA OIL USING HOMOGENEOUS AND 

HETEROGENEOUS ACID CATALYSTS 

 

A version of this chapter has been accepted in the following journal: 

 Chinmoy Baroi, Ajay K. Dalai. Process sustainability of biodiesel production process 

from Green Seed Canola oil using homogeneous and heterogeneous acid catalysts. 

Accepted in Fuel Processing Technology (2015). 

 

Contribution of the Ph.D. Candidate 

Simulation models and analysis were performed by Chinmoy Baroi. The content in this chapter 

was written by Chinmoy Baroi with discussions and suggestions provided by Dr. Ajay Dalai. 

 

Contribution of this Chapter to the Overall Ph.D. Research 

This chapter deals with the process sustainability study of green seed canola biodiesel production 

processes along with the chlorophyll removal using homogeneous and heterogeneous acid 

catalysts. This chapter demonstrates the prospects of using heterogeneous acid catalysts in 

biodiesel production.  

 

5.1 Abstract 

 In this study, the sustainability of homogeneous and heterogeneous acid catalyzed 

biodiesel production process from green seed canola (GSC) is evaluated. The term 

“sustainability” is assessed based on four criteria, e.g. process economics, process safety, 

environmental impact and process energy efficiency. Based on the assessment, it is concluded 

that both the processes are economically profitable, when the cost of the feedstock is $ 0.35/kg. 

Surprisingly, heterogeneous acid catalyzed process depicts higher profitability. Comparatively, 

heterogeneous acid catalyzed process is a safer process and creates less environmental impact. 

Additionally, heterogeneous acid catalyzed process is more energy efficient and more 

environment friendly than homogeneous process. 
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5.2 Introduction 

Biodiesel is an attractive diesel substitute fuel because of its low emission profile and 

renewability. However, the biodiesel production process profitability is still being challenged 

due to higher feedstock price. On the contrary, cheaper feedstock is only compatible with acid-

catalyzed process because of presence of higher amount offree fatty acid (FFA). Especially, 

heterogeneous (solid) acid catalysts are desired because of easy product separation and waste 

minimization (Kulkarni et al., 2006). 

Green seed canola oil is one of the low-grade oils available in huge quantity in 

Saskatchewan, Canada. The raw green seed canola oil are not edible because of the presence of 

the higher amount of chlorophyll (Abraham and De Mann, 1986; Rawk and Santen, 1970). 

However, a study showed that high quality biodiesel with improved oxidation stability can be 

produced from this oil using a novel catalyst, which acts as a chlorophyll adsorbent along with 

its role as a catalyst (Baroi and Dalai, 2013).  

Sustainability is a global and a very important issue for the long-term ecosystem and 

societal benefit, which demands minimum impact on the ecosystem during the manufacturing of 

any goods or substances (Gangadharan et al., 2013). As criteria of sustainability assessment (Fig. 

5.1), now a day, many researches include ecological and social indicators along with economic 

studies during the early process development and design stages (Li et al., 2011).  From economic 

point of view, a process with positive or higher number in net present value (NPV) and internal 

rate of return (IRR) are considered to be economically feasible (Li et al., 2011). Ecological 

impacts are evaluated based on the environmental impacts and energy efficiency of the process 

(Fig. 5.1). An algorithm namely, waste reduction algorithm (WAR) is developed by US EPA 

(Young and Cabezas, 1999)  to assess the environmental impact at the manufacturing stage 

within the overall lifecycle of the chemical production and process. The process energy 

efficiency can be evaluated based on the energy of the raw materials and the products (Trippe et 

al., 2013). Social impacts are evaluated based on the possibility of the accident, explosion 

hazard, occupational diseases, toxicity of the process and materials. All these facts cannot be 

measured in numbers, however can be correlated with the chemical safety and the process 

equipment safety. Recently a comprehensive safety analysis method has been developed 

(Gangadharan et al., 2013) to rank and score the individual equipment and overall chemical 

process by considering the facts of hazard from individual chemical, reactivity and explosion 
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from the chemical mixture, flow rates, individual equipment operating capacity, temperature and 

pressure. Higher score indicates higher risks of accident associated with the process. This 

method provides detailed process safety information with minimal process information at the 

initial stage of design. An algorithm of sequential process sustainability study has been depicted 

by Li et al. (2011). According to the algorithm, economic feasibility is conducted first. If it 

proves feasible, then the second stage is social impact analysis and the last stage is ecological 

impact analysis (Fig. 5.2). If all the criteria satisfy, then the new process and its design are 

finalized over existing conventional process.  

 

 

Fig. 5.1 Criteria for sustainability assessment 
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Previous economic studies on biodiesel process show that one-step homogeneous acid 

catalyzed process is more profitable than two-step homogeneous acid and base catalyzed process 

(Zhang et al., 2003; West et al., 2008). It has also been demonstrated that heterogeneous acid 

catalyzed process is much more profitable as compared to homogeneous acid catalyzed process 

if the operating conditions are close (West et al., 2008). However, no literature is found on the 

process sustainability study of the homogeneous and heterogeneous acid catalyzed biodiesel 

production from the green seed canola oil. This chapter introduces for the first time the process 

sustainability study of green seed canola biodiesel production processes along with the 

chlorophyll removal.   

 

Fig. 5.2 Algorithm for sustainability analysis (redrawn from Gangadharan et al., 2013) 
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5.3 Development of process models 

Aspen HYSYS v.2006 is employed to obtain mass and energy balance for simultaneous 

esterification, transesterification and chlorophyll removal of GSC oil process using 

homogeneous and heterogeneous acid catalysts and thereafter sustainability assessment are 

performed for the same systems. All the unit operations, input conditions and operating 

conditions are specified during process flow sheet development. Triolein, diolein, monoolein, 

and oleic acid are selected to represent the triglycerides (TG), diglycerides (DG), monoglyceride 

(MG) and free fatty acids (FFA) of the GSC oil. In all the previous process feasibility analysis 

papers, the presence of DG and MG are neglected, even though the MG is present in the case of 

incomplete conversion. In the process simulation, TG, DG, MG, solid catalysts, CaO, CasO4, 

chlorophyll A and B (Ch-A and Ch-B) are inserted as hypothetical compounds. Thermodynamic 

group contribution method is used to develop and define the properties of TG, DG, MG as the 

hypothetical liquid compounds (Marrero and Gani, 2001; Reid et al., 1987) (see appendix D). 

Chlorophyll A and B are treated as solids and the properties of solids and thermodynamics are 

obtained elsewhere (Annamalai et al., 1987; Chen and Cai, 2007) (see appendix D). The 

properties of other components (e.g. water, oleic acid, methyl oleate, glycerol, methanol) are 

collected from the HYSYS library. As the simulation involves polar components (glycerol and 

methanol), non–random two liquid (NRTL) thermodynamic model (West et al., 2008) is chosen 

as the base model for the biodiesel production process simulation. Since some of the binary 

interaction parameters are not provided in the databank, theses parameters are estimated using 

the UNIFAC vapour-liquid equilibrium and UNIFAC liquid-liquid equilibrium model. Plant 

biodiesel production capacity is taken at 8000 tonnes/year (the same as in Zhang et al., 2003; 

West et al., 2008). This translates to vegetable oil roughly 1000 kg/h for process configuration. 

Gravity separation methods are used to separate the salts after neutralization in homogeneous 

(liquid) acid catalyzed process and to separate the catalysts in the heterogeneous acid catalyzed 

process. Conversion reactors are used to represent the simultaneous esterification, 

transesterification and chlorophyll removal and also neutralization of the homogeneous acid 

catalyst with base. Similarly, conversion reactor is used to represent the simultaneous 

esterification, transesterification and chlorophyll removal for heterogeneous acid catalyzed 

process. In the simulation flowsheet, a dummy conversion reactor is used to represent the 

chlorophyll removal by the catalysts, even though practically transesterification, esterification 
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reactions and adsorbance occur in a single reactor. The reactors are assumed to operate 

continuously. For homogeneous acid catalyzed process, sulphuric acid (H2SO4) is used as a 

catalyst. The esterification, transesterification conversions and the chlorophyll removal are taken 

to be 100%, 97% and 100% respectively. The chlorophyll removal is considered to be 

conversion of chlorophyll into biodiesel (FAME), as there is no solid adsorbance unit operation 

is available and removal of chlorophyll helps to increases the methyl ester concentration in the 

biodiesel. The operating conditions for the above reactions are 80C. 50:1 methanol to oil molar 

ratio, 4 h of reaction time, which are taken from a previous literature (West et al., 2008). For 

heterogeneous acid catalyzed process, the original data mentioned in the paper (Baroi and Dalai, 

2013) are converted to conversions for the use in this paper. The reaction conversions for the 

transesterification, esterification are 99.4% and 92.6% respectively. The chlorophyll removal of 

75.6% is considered to be a conversion of chlorophyll into biodiesel (FAME). After the 

reactions, methanol is retrieved and purified by exploiting a multistage atmospheric distillation 

column and the purity obtained are 99.96 and 99.92% for homogeneous and heterogeneous 

processes, respectively. For both the processes, a pressure drop of 20-50 kPa is considered across 

each vessel (Towler and Sinnott, 2013). 

 

5.4 Process design 

The homogeneous acid catalyzed biodiesel production process flowsheet is depicted in 

Figure 5.3. The process is described with the help of stream numbers, equipment names, and 

numbers mentioned in Figure 5.3. Both GSC oil (stream no. 106) and H2SO4 catalysts (stream 

no. 104) enter the process at atmospheric pressure and room temperature. However, the methanol 

(stream no. 101) enters at higher pressure (can be obtained by placing the vessel at a higher 

elevation) to account for the pressure drop across the heat exchanger E-100 (equipment name 

and number) (Fig.5.3), through which it exchanges the heat with reactor products and to acquire 

heat. The methanol stream is selected over other streams for preheating to optimize the cost 

associated with the heat-exchanger geometry which is determined with the help of HTFS-TASC 

software. The reaction mixture is then pumped through P-101 (see Fig. 5.3) to obtain the desired 

pressure of 500 kPa to keep the reactor mixture in the liquid phase inside the reactor. The high-

pressure reaction mixture is preheated by exchanging heat with the hot biodiesel product through 

exchanger E-101. The reaction products are then cooled down by passing through the heat 
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exchanger E-100, and fed to the neutralizer. In the neutralizer H2SO4 catalysts are neutralized 

with CaO to convert into CaSO4. The neutralized stream (stream no. 112) is then heated using a 

heater (E-102). The stream is fed to the 3-phase separator (V-100), where methanol are separated 

as a vapour (114) and CaSO4 is separated in the gravity separator (V-100) by using gravity force. 

The methanol Vapour (114) is then purified in the distillation column (T-100), cooled down 

through a cooler (E-103), and then recycled back (details of unit operations are given in Table 

5.1). The mainstream is then brought down to lower pressure and sent to another 3-phase 

separator (V-101) to separate glycerol from biodiesel.
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Fig. 5.3 (a) Flowsheet for homogeneous acid catalyzed simultaneous esterification, transesterification and chlorophyll removal 

process 

 

Fig. 5.3 (b) Condenser and reboiler section of methanol recovery unit (T-100)
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Table 5.1: Synopsis of the unit operation conditions for each process 

 Homogeneous Heterogeneous 

Catalyst H2SO4 Cat-3-45-450 

Reactor type CSTR CSTR 

Temperature (C) 80 200 

Pressure (kPa) 500 4187 

Alcohol to oil ratio 50:1 25.84:1 

Residence time (h) 4 6.25 

Conversion (%) Esterification, 

Transesterification and 

chlorophyll removal 

100/97/100 92.6/99.40/75.65 

Methanol recovery    

Reflux ratio 1 1 

Number of stages  12 8 

Condenser/reboiler pressure 

(kPa) 
101.3/124.3 101.3/124.3 

Type of trays Sieve Sieve 

Tray spacing 0.61 m 0.61 m 

Distillate purity (%) 99.96 99.92 

Catalyst Removal  Gravity 

Catalyst recovery %  100 

Glycerol Separation Gravity Gravity 

Glycerol purity % 96.52 98.89 

Biodiesel Purification   

Reflux ratio 1 4 

Number of stages  20 20 

Condenser/reboiler pressure 

(kPa) 
10/12 10/12 

Type of trays Valve Valve 

Tray spacing 0.61 m 0.61 m 

Biodiesel purity, wt% 99.80 99.84 

 

The product biodiesel stream (stream no. 120) is fed to a vacuum distillation column (T-

101), where  high purity biodiesel is produced as a top product (stream no.123) (Table 5.2 and 

Fig. 5.3).  

 

 



 

88 

 

Table 5.2: Feed and product stream information for the homogeneous acid catalyzed process 

 101 104 106 119 123 

Temperature (C) 25.0 25.0 25.0 148.3 97.72 

Pressure (kPa) 151.3 101.3 101.3 10 101.3 

Molar flow (kmol/h) 5.899 1.632 1.355 1.002 3.651 

Mass flow (kg/h) 189 160.1 1100 93.44 1007 

Component mass 

fraction 

     

Methanol 1 - - 0.0031 0.0002 

GSC oil - - 0.9574 - - 

DG - - - - - 

MG - - - 0.0275 0.0007 

Free Fatty Acids - - 0.0425 - 0.0001 

Ch-A - - 0.0001 - - 

Ch-B - - 0.0000* - - 

H2SO4 - 1 - - - 

Glycerol - - - 0.9652 0.0011 

Water - - - 0.0011 - 

FAME - - - 0.0031 0.9980 

*Very less amount 

 

The heterogeneous acid catalyzed biodiesel production process flowsheet is depicted in 

Figure 5.4. The process is described with the help of stream numbers and equipment name and 

numbers mentioned in Figure 5.4. For heterogeneous acid catalyzed process, both GSC oil 

(stream number 105) and solid acid catalysts (103) enter the process at atmospheric pressure and 

room temperature. However, the methanol (101) enters at higher pressure (can be obtained by 

placing the vessel at an elevation) to account for the pressure drop across the heat exchanger E-

100 (equipment name and number) (Fig. 5.4), through which it exchanges the heat with reactor 

products and to acquire heat. The methanol stream is selected over other streams for preheating 

to optimize the cost associated with the heat-exchanger geometry which is determined with the 

help of HTFS-TASC software. The reaction mixture is then pumped through P-101 to obtain the 

desired pressure of 4187 kPa to keep the reactor mixture in the liquid phase inside the reactor 

(Baroi and Dalai, 2013). The high-pressure reaction mixture is then preheated by exchanging 

heat with a hot product biodiesel (stream no. 121B) through exchanger E-101. The reaction 

products are then cooled down by passing through the heat exchanger E-100, and fed to the 3-
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phase separator (V-100), where the catalysts and residual chlorophyll are removed by gravity 

force. The stream is then brought down to lower pressure and heated to strip off the methanol in 

the 3-phase separator (V-101). The methanol is then purified in the distillation column (T-100), 

cooled down (E-103) and then recycled back (details of unit operations are given in Table 5.1). 

The bottom stream of the separator (V-101) is rich in glycerol and mainstream is rich in biodiesel 

(stream no. 119). The biodiesel rich stream (119) is fed to the vacuum distillation column (T-

101), where high purity biodiesel is produced as a top product (121A) (Table 5.3 and Fig. 5.4).  

The heated biodiesel is then passed through heat exchangers (E-101) to cool down. 

 

 

5.5 Equipment sizing 

Distillation columns and 3-phase separators are sized using HYSYS sizing utility. 

Reactors are sized by multiplying volumetric flow rate with the residence time. The residence 

time for the 3-phase separators are considered to be 0.5 h (Datta, 2008). Table 5.4 summarizes 

the dimensions of all relevant vessels. All the heat transfer equipments were sized based on the 

“minimizing cost” criteria using HTFS-TASC software. 
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Fig. 5.4 (a) Flowsheet for solid acid catalyzed simultaneous esterification, transesterification and chlorophyll removal process 

 

Fig. 5.4 (b) Condenser and reboiler section of biodiesel purification unit (T-101)
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Table 5.3: Feed and product stream information for the heterogeneous acid catalyzed process 

 101 103 103 118 122 

Temperature (C) 25.0 25.0 25.0 158.9 92.07 

Pressure (kPa) 151.3 101.3 101.3 10 101.3 

Molar flow (kmol/h) 4.703 0.0167 1.355 0.9341 3.684 

Mass flow (kg/h) 150.7 33 1100 86.11 1088 

Component mass 

fraction 
     

Methanol 1 -  0.0025 0.0002 

GSC oil - - 0.9574  - 

DG - - -  - 

MG - - - 0.0057 0.0001 

Free Fatty Acids - - 0.0425  - 

Ch-A - - 0.0001  - 

Ch-B - - 0.0000*  - 

Solid acid catalysts - 1 -  - 

Glycerol - - - 0.9889 0.0010 

Water - - - 0.0001 - 

FAME - - - 0.0028 0.9984 

*Very less amount 

 

Table 5.4: Equipment size for various unit operations in the process 

Type Description Homogeneous Heterogeneous 

Reactor (vertical)* Esterification, 

Transesterification and 

Chlorophyll Removal 

2.00 × 6.00 2.33 × 7.00 

 Neutralization 1.28 × 3.85 - 

Column (vertical)* Methanol Purification 0.91× 7.3 0.91×4.87 

 Biodiesel Purification 1.52× 12.19 1.68× 12.19 

Separator (horizontal)** Solid/Catalyst Separator 0.92× 3.2 0.42 × 2.12 

 Glycerol separator 0.92 × 3.2 0.76× 2.67 
*Dia×Height (m) 
** Dia×Length (m) 
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5.6 Economic assessment 

The plant capacity is assumed to be of 8000 tonnes/year biodiesel production. Operating 

hours are considered to be 7920h/year (assuming 330 operating days/year). The processes are 

evaluated based on the net present value (NPV), internal rate of return (IRR) and payback period. 

The “study estimate”, with a range of expected accuracy from +30% to – 20% was used for 

economic assessment (Turton et al., 2012).  

Table 5.5 gives the breakdown of the capital investments of two processes. The 

equipment prices are estimated using Bare module method (Turton et al., 2012).  

The capital cost for the equipments (Table 5.5) depicts that biodiesel distillation column 

is the most expensive equipment and then reactors are the second highest expensive equipment.  

Direct manufacturing expenses are estimated based on the chemical price and utility 

consumption. The chemical and utility prices are presented in Table 5.6 and material flow 

information is obtained from HYSYS process flowsheet.  

The operating labour cost has been estimated based on the number and types of 

equipments (Turton et al., 2012). Table 5.7 represents the breakdown of the total manufacturing 

costs. The detailed direct and indirect manufacturing costs are estimated following the method 

described elsewhere (West et al., 2008). The net annual profit after tax is calculated assuming an 

income tax of 42%. The estimated project life is 20 years and the estimated construction period 

is 2 years. Based on the net present value (NPV), and internal rate of return (IRR), it can be 

deduced that heterogeneous acid catalyzed process is more economically favorable. 
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Table 5.5: Major equipment costs, total fixed capital costs and total capital investments (in 

millions) of the process 

Equipment  Description Homogeneous Heterogeneous 

Reactor 

Esterification, 

Transesterification and 

Chlorophyll Removal 

0.24 0.31 

 Neutralization 0.12 - 

Column Methanol Purification 0.38 0.37 

 Biodiesel Purification 0.56 0.79 

 Solid/Catalyst Separator 0.03 0.03 

 Glycerol separator 0.03 0.02 

Pump  Reaction mixture pump 0.02 0.04 

Heater  0.12 0.12 

Cooler  0.12 0.12 

Heat Exchangers  0.24 0.24 

Total bare module 

cost, CBM 

 

4.35 4.28 

Total module cost, 

CTM 

 

5.13 5.05 

Fixed Capital cost, 

CFC 

 

6.44 6.33 

Working Capital 

cost, CWC 

 

0.97 0.95 

Total Capital 

Investment, CTCI 

 

7.41 7.28 

 

 

 

 

 

 



 

94 

 

Table 5.6: Condition for the economic assessment of the process 

Item Specifications 
Price ($/kg) 

Homogeneous Heterogeneous 

Chemicals   

Biodiesel  1 1 

Glycerol  0.94 0.94 

Methanol 99.9% 0.21 0.21 

Green Seed Canola oil raw 0.35 0.35 

Solid acid catalyst - - 2.5 

H2SO4  0.08 - 

CaO  0.06 - 

CaSO4  0.01 - 

Utilities    

Cooling water 25-30C $0.0001/kg $0.0001/kg 

Low pressure steam 5 bar, 160C $0.03/kg $0.03/kg 

Medium pressure steam 10 bar, 184C $0.03/kg $0.03/kg 

High-pressure steam 41 bar, 254C $0.03/kg $0.03/kg 

Electricity  $16.8/GJ $16.8/GJ 
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Table 5.7: Total manufacturing cost and profit after the tax of the processes 

 Homogeneous Heterogeneous 

Direct Manufacturing costs   

Total raw material cost ($ in 

millions) 4.56 5.00 

Total utility cost ($ in millions) 0.03 0.12 

Cost of operating labours ($ in 

millions) 0.16 0.16 

Waste Treatment cost ($ in 

millions) 0.06 0.06 

Maintenance and repair(M&R), 

6% of CFC 0.38 0.38 

Operating supplies, 15% of M&R 0.06 0.06 

Lab charges, 15% of operating 

labour 0.02 0.02 

Patents and Royalties 0.11 0.11 

Indirect Manufacturing costs   

Overhead packaging and storage 0.09 0.09 

Local taxes, 1.5% CFC 0.09 0.09 

Insurance, 0.5% CFC 0.03 0.03 

Depreciation, 10% 0.64 0.63 

Administrative costs 0.02 0.02 

Distribution and selling 0.38 0.38 

R&D 0.19 0.19 

Total Manufacturing costs ($ in 

millions) 6.85 7.36 

Revenue from sales ($ in 

millions) 9.13 9.73 

Net annual profit ($ in millions) 2.28 2.37 

Annual taxes, 42% 0.96 0.99 

Net annual profit ($ in millions) 1.32 1.37 

Net Present Value (NPV) 

(millions) 
4.13 4.37 

Internal rate of return  (IRR)% 17.99 18.20 
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5.7 Sensitivity analysis 

Figure 5.5 depicts the sensitivity analysis of homogeneous biodiesel production process. 

It depicts that the maximum price of GSC oil: $0.45/kg and minimum selling price of biodiesel: 

$0.88/kg are allowable in order to run the process profitable. 

 

 

Fig. 5.5 Sensitivity analysis of homogeneous biodiesel production process 

 

Figure 5.6 depicts the sensitivity analysis of heterogeneous biodiesel production process. 

It depicts that the maximum price of GSC oil: $0.46/kg, solid acid catalysts: $6.1/kg, and 

minimum selling price of biodiesel: $0.88/kg are allowable in order to run the process profitable. 
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Fig. 5.6 Sensitivity analysis of heterogeneous biodiesel production process 

5.8 Social impact assessment 

Social impact of the processes was assessed and compared based on the safety index 

scores. The safety index score encounters chemical hazards associated with individual chemicals, 

chemical reactivity hazards associated with chemical mixture flowrates, individual equipment 

safety (capacity, temperature, pressure) and also the connections (i.e. process streamline 

connecting two equipments) between the equipments. 

In a chemical process safety score and individual equipment score are calculated as 

follows: 

At first, the individual component flow rates are calculated around an equipment. Then 

individual chemical severity index are multiplied with the corresponding component flow rate to 

give that component severity score. Adding all the component scores give chemical severity 

score (SSCI) around that equipment. For calculating the chemical reactivity index, the total flow 

rate around the equipment and the overall mixture are considered. The reactivity of the chemical 

mixture is predicted by using NOAA’s Chemical Reactivity Worksheet (CRW) (NOAA). Based 

on the prediction, an index score is estimated and multiplied with the total flowrate, which gives 

chemical reactivity score (SSRI). 
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SCSI (Chemical Safety score) = SSCI (Chemical Severity Score) +  SSRI (Chemical Reactivity 

Score) 

 

Equipment Safety score (SESI) are decided based on the capacity, temperature and pressure of the 

equipment. 

 

SIESI (discrete equipment safety score) = SCSI (Chemical Safety score) + SESI (Equipment Safety 

score) 

 

The detailed indexing systems are described elsewhere (Gangadharan et al., 2013). Once the 

individual equipment index are obtained, the connection (process streamline connecting two 

equipments) score between the two equipments are estimated as 10% of  the summation of the 

scores of the two equipments (Gangadharan et al., 2013).  Then the total process safety score are 

calcuated as follows: 

 

Stotal =  SIESI +  Connections  

 

The chemical severity index are obtained for all the chemicals are listed in Table 5.8. 

 

Table 5.8: Chemical Severity Index of the chemicals 

Chemicals 
Chemical Severity 

Index 
Chemicals 

Chemical Severity 

Index 

Oil 6 Glycerol 5 

FFA 6 Solid acid catalyst 5 

FAME 6 Methanol 7 

MG 6 H2SO4 10 

Water 0 CaO 5 

CaSO4 3   

 

…(5.1) 

…(5.2) 

…(5.3) 
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The chemical safety index score for the homogeneous and heterogeneous processes 

indicates that the score are quite high across every equipment probably due to the dealing with 

highly corrosive and hazardous homogeneous materials. The equipment safety score indicates 

that reactor and heat exchanger (E-100) of the heterogeneous process have the highest risk 

because of operating at high temperature, pressure and capacity (Tables 5.9 and 5.10). 

 

The individual equipment safety score (SIESI) indicates that the reactor of homogeneous 

process is prone to the highest risk and its connecting process streamlines are prone to highest 

risks compared to any other process streamlines (Fig. 5.7). The overall safety score indicates that 

heterogeneous catalyzed process is a safer process than that of homogeneous process (Fig. 5.7 

and Fig. 5.8).   
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Table 5.9: Chemical Safety Index scores through individual equipment (Homogeneous Process) 

Equipment 

Chemical 

Severity Score 

(SSCI) 

Chemical 

Reactivity score 

(SSRI) 

Chemical Safety 

Index Score 

(SCSI) 

Equipment 

Safety score 

(SESI) 

P-101 23.44 13.76 37.19 2 

E-101 29.90 18.06 47.97 3 

Reactor 30.63 18.66 49.28 5 

E-100 39.02 22.85 61.87 4 

Neutralizer 25.46 15.54 41.01 5 

E-102 23.09 16.31 39.40 3 

V-100 23.09 10.90 33.99 3 

T-100 14.16 6.20 20.37 3 

P-104 8.68 4.42 13.11 3 

E-105 8.68 6.58 15.27 4 

V-102 8.68 4.42 13.11 3 

E-104 27.4 119.88 147.28 3 

V-103 27.4 7.86 35.26 2 

P-108 13.69 3.93 17.63 2 

P-102 13.70 3.93 17.63 2 

E-103 13.70 75.99 89.69 3 

V-101 7.18 3.63 10.81 4 

T-101 6.59 3.29 9.88 4 

P-105 29.19 14.59 43.78 7 

E-106 29.19 165.92 195.11 7 

V-104 29.19 14.59 43.78 5 

E-107 12.93 8.09 21.02 5 

V-105 12.93 6.47 19.40 4 

P-106 6.47 3.23 9.70 4 

P-103 6.47 3.23 9.70 4 
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Table 5.10: Chemical Safety Index scores through individual equipment (Heterogeneous 

Process) 

Equipment 

Chemical 

Severity Score 

(SSCI) 

Chemical 

Reactivity score 

(SSRI) 

Chemical Safety 

Index Score 

(SCSI) 

Equipment 

Safety score 

(SESI) 

P-101 14.74 6.82 21.56 4 

E-101 21.34 10.12 31.46 5 

Reactor 21.45 10.18 31.63 7 

E-100 23.43 10.60 34.03 5 

E-102 14.62 7.91 22.52 4 

V-100 14.62 6.82 21.44 4 

T-100 7.31 3.16 10.47 3 

P-104 13.67 6.07 19.75 3 

E-105 13.67 9.31 22.99 4 

V-102 13.67 6.07 19.75 3 

E-104 22.54 69.11 91.65 3 

V-103 22.54 9.66 32.20 2 

P-108 15.60 6.69 22.29 2 

P-102 6.93 1.98 8.92 1 

E-103 6.93 16.39 23.33 2 

V-101 7.13 3.56 10.70 4 

T-101 6.57 3.28 9.85 4 

P-105 64.71 32.35 97.06 5 

E-106 64.71 183.68 248.38 7 

V-104 64.71 32.35 97.06 7 

E-107 32.65 21.73 54.38 4 

V-105 32.65 16.32 48.98 4 

P-106 26.11 13.05 39.16 4 

P-103 6.53 3.26 9.79 4 
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Fig. 5.7 Safety scores across every equipments and connections (Homogeneous process) 
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Fig. 5.8 Safety scores across every equipments and connections (Heterogeneous process) 
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The risk associated with the homogeneous and heterogeneous processes were analyzed 

further with the help of P&ID diagrams (Fig. 5.9 and 5.10). The pipeline diameters were 

calculated following two-K method (Datta, 2008), considering the number of fittings and valves. 

The hydraulics calculation indicates that the pipe segments diameters of homogeneous process 

are larger than those for heterogeneous process, implying more piping cost for homogeneous 

process. Additionally, homogeneous process requires more relief valves as compared to 

heterogeneous process (Fig. 5.9 and 5.10).  The pressure relief valves (PRV) were sized based on 

two-phase (liquid and vapour) flow. The PRV orifice areas of homogeneous and heterogeneous 

reactors were found to be 127 mm2 (E-orifice) and 96.77 mm2 (D-orifice) respectively. The 

HAZOP studies around the reactors indicate that a homogeneous process require more 

safeguards than those for heterogeneous process (Tables 5.11 and 5.12).  
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Fig. 5.9 P&ID diagram for homogeneous acid catalyzed simultaneous esterification, transesterification and chlorophyll removal 

process (homogeneous process) 
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Fig. 5.10 P&ID diagram for solid acid catalyzed simultaneous esterification, transesterification and chlorophyll removal process
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Table 5.11: HAZOP study of the homogeneous process 

Causes Consequences Exist. Safeguards 

TCV-101 failed to close or 

control loop malfunction 

Vaporization of the methanol occurs 1. PRV-1 will open 

2. XV-101 will shut 

down 

PCV-101 failed to close or 

control loop malfunction 

Vaporization of the reactant mixture 

occurs 

1. PRV-3 will open 

2. XV-101 will shut 

down 

FCV-101 failed to close or 

control loop malfunction 

1. Higher reactant volume to the 

reactor 

2. Liquid level High in the reactor 

1. PRV-3 will open  

2. XV -113 will shut 

down the recycle line 

3. XV-101 will shut 

down  

Pressure in the reactor is very 

high 

Potential explosion risk of the reactor 1. PRV-3 will open  

2. XV-101 will shut 

down 

Pressure in the reactor is very 

low 

Vaporization of methanol and 

incomplete reaction 

1. XV-107 will shut 

down 

Temperature in the reactor is 

very high 

1. Runway of the reaction 

2. High pressure in the reactor 

1.  PRV-3 will open 

2. XV-106 will shut 

down 

Temperature in the reactor is 

very low 

Incomplete reaction XV-107 will shut down 

Level in the reactor is very 

low 

Improper stirring XV-107 will shut down 

Level in the reactor is very 

high 

1. Possible overflow of the reactor 

2. High pressure in the tank 

1. PRV-3 will open 

2. XV-101 will shut 

down 

Level in the neutralizer is very 

high 

Possible overflow of the neutralizer 1.  PRV-4 will open  

2. XV-105 will shut 

down 

3. XV-104 will shut 

down 

Level in the neutralizer is very 

low 

Improper stirring XV-108 will shut down 
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Table 5.12: HAZOP study of the heterogeneous process 

Causes Consequences Exist. Safeguards 

TCV-101 failed to close or 

control loop malfunction 

Vaporization of the methanol occurs 1. PRV-1 will open 

2. XV-101 will shut 

down 

PCV-101 failed to close or 

control loop malfunction 

Vaporization of the reactant mixture 

occurs 

1. PRV-3 will open 

2. XV-101 will shut 

down 

FCV-101 failed to close or 

control loop malfunction 

1. Higher reactant volume to the 

reactor 

2. Liquid level High in the reactor 

1. PRV-3 will open  

2. XV -110 will shut 

down the recycle line 

3. XV-101 will shut 

down  

Pressure in the reactor is very 

high 

Potential explosion risk of the reactor 1. PRV-3 will open  

2. XV-101 will shut 

down 

Pressure in the reactor is very 

low 

Vaporization of methanol and 

incomplete reaction 

1. XV-105 will shut 

down 

Temperature in the reactor is 

very high 

1. Runway of the reaction 

2. High pressure in the reactor 

1. PRV-3 will open 

2. XV-104 will shut 

down 

3. XV-101 will shut 

down 

Temperature in the reactor is 

very low 

Incomplete reaction XV-105 will shut down 

Level in the reactor is very 

low 

Improper stirring XV-105 will shut down 

Level in the reactor is very 

high 

1. Possible overflow of the reactor 

2. High pressure in the tank 

1. PRV-3 will open 

2. XV-101 will shut 

down 

 

 

5.9 Ecological impact assessment 

 Ecological impact of the processes were assessed and compared based on the 

environmental impact and the process efficiency. The environmental impact is expressed in 

terms of Potential Environmental Impact (PEI/h) and is calculated based on the amount of waste 

generation (kg/h) from the process. The PEI/h can be calculated based on the equation5.4 

(Young et al., 1999; Young et al., 2000). 
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(
𝑃𝐸𝐼

ℎ
) = ∑ 𝛼𝑖

𝐸𝑛𝑣 𝑐𝑎𝑡
𝑖 ∑ 𝑀𝑗,𝑖𝑛

𝑆𝑡𝑟𝑒𝑎𝑚𝑠
𝑗 ∑ 𝑥𝑘𝑗𝑘𝑖

𝑠𝐶𝑜𝑚𝑝𝑠
𝑘  

Where, ki
s is the specific potential environmental impact of component k,  represents the 

weighing factor associated with potential environmenta impact, Mj is the mass-flowrate of 

stream j and xkjis the mass-fraction of the component k in stream j. The weighing factor by 

defaults is considered to be 1, however, depending on the geopraphic location, the weighing 

factor can be increased for specific potential environmental impact category (Young et al., 1999; 

Young et al., 2000). The specific environmental impact category fall into two general areas of 

concern (global atmospheric and global toxicological) with four categories in each area. The four 

global atmospheric impact categories are: Global Warming Potential (GWP), Ozone Depletion 

Potential (ODP), Acidification Potential (AP), Photochemical Oxidation Potential (PCOP). The 

specific potential environmental impact is the normalized score within individual impact 

category (eqn. 5.5).  


𝑘𝑙
𝑠 =

(𝑆𝑐𝑜𝑟𝑒)𝑘𝑙
〈(𝑆𝑐𝑜𝑟𝑒)𝑘〉𝑙

 

The (Score)kl represents the value k in some arbitery scale for category l and <(Score)k>l 

represents the average value of all chemicals in category l. The  (Score)kl for HTPI and TTP 

category is calculated by taking the inverse value of LD50 of the corresponding chemical.The  

(Score)kl for ATP category is calculated by taking the inverse value of LC50 (any species other 

than rat). The  (Score)kl for HTPE category is calculated based on the time weighted average of 

Threshold Limit Values (TLV) obtained from occupatioanal safety. The  (Score)kl for GWP 

category is calculated  based on the half-life of the chemical. The ODP score is determined by 

comparing the rate at which a unit mass of chemical reacts with oznoe to form molecular 

oxygen. The PCOP score is determined by comparing the rate at which a unit mass of chemical 

reacts with a hydroxyl radical (OH.) to the rate at which a unit mass of ethylene reacts with  

hydroxyl radical (OH.). The AP score is determined by comparing the rate of release of H+ to the 

atmosphere as compared to the rate of release of H+ by SO2 (Young et al., 1999). The PEI index 

provides a relative indication of the environmental friendliness or unfriendliness of the process 

across the system boundary. The WAR software is used to calculate the PEI indexes, and the PEI 

indexes with lower score indicates more environmental friendliness. The impact analysis 

indicates that heterogeneous acid catalyzed process is more environmentally friendly compared 

to that for homogeneous process (Table 5.13). 

…(5.4) 

…(5.5) 
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Table 5.13: Toxicity Index comparison of the two processes 

 Homogeneous Heterogeneous 

Human Toxicity Potential by Ingestion (HTPI) 7.21 2.18 

Human Toxicity Potential by Exposure (HTPE) 2.61 0.66 

Terrestrial Toxicity Potential (TTP) 7.21 2.18 

Aquatic Toxicity Potential (ATP)  0.18 0.06 

Global Warming Potential (GWP) 1.01 0.35 

Ozone Depletion Potential (ODP) 3.82×10-6 1.32×10-6 

Photochemical oxidation potential (PCOP) 58.1 18.3 

Acidification Potential  (AP) 10.4 3.6 

 Total (PEI/h) 86.8 27.3 

 

The process energy efficiency is calculated by dividing the raw materials energy to 

product energy.  

Energy  Efficiency =  
Energy of the products

Energy of the raw materials + Input energy
× 100% 

 

The process efficiency obtained for homogeneous and heterogeneous processes are 18% 

and 27% respectively. The most of the energy inhomogeneous process is utilized in reactant and 

product separation and purification as compared to heterogeneous process.  

 

5.10 Discussion 

All the assessment results are outlinedand compared between the two processes. Based 

on the relative comparison, the score 0 or 1 are assigned. Score 0 indicates unfavourable, 

whereas score 1 indicates favourable. The assessment comparison indicates that the 

heterogeneous acid catalyzed process is more sustainable than homogeneous acid catalyzed 

process (Table 5.14). 

 

 

 

 

 

 

…(5.6) 
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Table 5.14: Overall comparison of the processes 

Assessment Criteria 
Scores 

Homogeneous Heterogeneous 

Profitability (profit, NPV, 

IRR) 
0 1 

Process Safety 0 1 

Environmental Impact 0 1 

Process Efficiency 0 1 

Total  0 4 

 

 

5.11 Conclusions 

From the process simulation and sustainability assessment study it is obtained that 

heterogeneous acid catalyzed process is more sustainable than the conventional homogeneous 

acid catalyzed process. The profitability of heterogeneous acid catalyzed process is high 

compared to that of homogeneous process, even though the risk of profitability in heterogeneous 

process is higher. 
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CHAPTER 6: COMBINED BIOFUEL PRODUCTION FROM GREEN SEED CANOLA 

OIL USING ZEOLITES 

 

A version of this chapter has been published in the following journal and presented in the 

following conference: 

 Chinmoy Baroi, Saloni S. Mahto, Catherine Niu, Ajay K. Dalai. Combined biofuel 

production from green seed canola oil using zeolites. Applied Catalysis A: General, 2014, 

469, 18-32. 

 

 Chinmoy Baroi, Ajay K. Dalai. Catalytic behavior of highly active TPA impregnated 

zeolites in the production of biodiesel from Green Seed Canola (GSC) oil. 22nd Canadian 

Symposium on Catalysis, Canadian Catalysis Division, May 13-16, 2012, Quebec City, 

Quebec, Canada. 

 

Contribution of the Ph.D. Candidate 

Experiments were conducted by Chinmoy Baroi and Saloni Mahto (under mentorship of 

Chinmoy Baroi). The content in this chapter was written by Chinmoy Baroi with discussions and 

suggestions provided by Dr. Ajay Dalai and Dr. Catherine Niu. 

 

Contribution of this Chapter to the Overall Ph.D. Research 

In this phase of the research, the interaction of TPA with H-β zeolite has been postulated. 

Additionally, for the first time the possibility of using the same catalyst for producing value 

added combined biofuel from GSC oil through three different reactions (transesterification, 

esterification and etherification) was explored. 

 

6.1 Abstract 

Solid acid catalysts are of interests for various organic reactions. Among the solid acids, 

heteropoly acids (HPA) show strong Brønsted acidity. Especially, 12-Tungstophosphoric acid 

(TPA) (H3PW12O40) possesses super acidity (Brønsted acidity) and prominent thermal stability as 

compared to other HPA compounds. The major disadvantages of using this heteropoly acid are 

their lower surface area (1 – 10 m2/g) and polar solvent solubility. These problems can be 
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bypassed by supporting TPA upon various carriers. In this work, Tungsten oxide (WO3) and 

TPA was supported on H-Y, H-β and H-ZSM-5 zeolite catalysts. The catalysts were 

characterized extensively using BET, XRD, FTIR, Raman, XPS, NH3-TPD and EXAFS.  Their 

catalytic activity was tested by esterification of the free fatty acid (FFA) of the green seed canola 

(GSC) oil, and transesterification of the GSC oil, using a stirred tank reactor for biodiesel 

production. In this study, TPA impregnated H-Y zeolite showed higher catalytic activity for 

esterification, and TPA impregnated H- zeolite showed higher catalytic activity for the 

transesterification reaction as compared to other catalysts. A 55% TPA/H- showed optimum 

catalytic activity for both esterification and transesterification. It yielded 99.3 wt.% ester, when 

3.3 wt% catalyst (based on green seed canola oil) and 21.3:1 methanol to green seed canola oil 

molar ratio were used at 200C, reaction pressure of 4.14 MPa (4.14 MPa) and reaction time of 

6.5 h. Glycerol is derived from the transesterification of vegetable oils. This catalyst (55% 

TPA/H-) was experimented for etherification of pure glycerol, and maximum conversion of 

glycerol (100%) was achieved in 5 h at 120⁰C, 1 MPa, 1:5 molar ratio (glycerol: TBA), 2.5% 

(w/v) catalyst loading. Later, these conditions were used to produce glycerol-ether successfully 

from the glycerol derived after transesterification of green seed canola oil. A mixture of GSC 

derived biodiesel and glycerol-ether was defined as biofuels. The properties of biofuels were 

evaluated and compared to those reported with ASTM standard for pure biodiesel. 

 

6.2 Introduction 

Biodiesel is environment friendly because of low carbon monoxide, particulate matter, and 

unburned hydrocarbon emissions as compared to fossils derived diesel fuel (Agarwal et al., 

2006; Reyes and Sepulveda, 2006). Biodiesel is produced through transesterification reaction 

from triglycerides (oils or fats) using lower alcohol. The other name of transesterification is 

alcoholysis because in this process one alcohol is replaced by another i.e. the higher alcohol 

(glycerol) present in the triglyceride is replaced by a lower alcohol (e.g. methanol, ethanol), and 

the resultant monoalkyl fatty acids esters are called as biodiesel. Biodiesel is produced from 

vegetable oils and fats (e.g. rapeseed, soybean, sunflower, and palm oil).  Biodiesel can also be 

produced from free fatty acids through esterification reaction. However, the existence of pure 

fatty acid is scarce, as they exist in the form of triglycerides (oil) in nature, and production of 

pure free fatty acids (FFA) for biodiesel production is not economically feasible. Biodiesel yet 
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cannot compete with the diesel because of its higher production price. The higher price is 

associated with the production cost, and 88% of the total production cost is caused by the 

feedstock price (Kulkarni and Dalai, 2006; Marchetti and Errazu, 2008). This cost can be 

reduced by using low quality and cheaper feedstocks such as used cooking oil, yellow grease, 

green seed canola oil, etc. Acid catalysts catalyze esterification along with the transesterification 

reaction to produce similar type of esters from free fatty acids using alcohol (Hara, 2010). 

Homogeneous acid catalysts can be exploited for this purpose, but heterogeneous (solid) acid 

catalysts are favored over those for waste minimization and easy product recovery (Kulkarni et 

al., 2006). Mesoporous solid acids catalysts with a moderate to strong acid sites and a 

hydrophobic surface are desireable for the biodiesel preparation (Lotero et al., 2005; Kiss et al., 

2006). 

Another approach to improving the economy of the biodiesel market is to find useful 

application for the co-product i.e. glycerol. Glycerol ethers, a derivative of glycerol, can be used 

as fuel additives which enhance fuel combustion properties and help in decreasing the cloud 

point of biodiesel (Klepacova et al., 2003). Glycerol ethers can be produced from etherification 

of glycerol in the presence of another alcohol and acid catalysts.The acid catalysts initiates the 

etherification reaction between the two alcohols (Gu et al., 2008). The nature of the reaction is a 

condensation reaction mainly producing mono glycerol-ether. This mono ether undergoes further 

etherification to form di and tri glycerol ethers if molar excess of alcohol is present (Fig. 6.1) 

(Zhao et al., 2013; Da Silva et al., 2009). A tert-butyl glycerol ether (TTBG) produced from tert-

butanol (TBA) and glycerol has a potential for blending with petro-diesel (Wessendorf et al., 

1995. Especially, di-tert-butyl glycerol ethers (DTBG) and tri-tert-butyl glycerol-ether (TTBG) 

are preferred as additives over mono-tert- butyl glycerol-ether (MTBG) because of their higher 

solubility in diesel/biodiesel compared to that of MTBG (Xiao et al., 2011).  

Green seed canola oil is one of the low-grade oils available in huge quantity in North 

America. The raw green seed canola oil are not edible because of the presence of the higher 

amount of chlorophyll(Abraham and Man, 1986). The higher chlorophyll content also reduces 

the oxidation stability of the oil (Rawks and Santen, 1970). However, the green seed canola oil 

processing cost for edible purpose is high (Kulkarni et al., 2006). Raw green seed canola oil has 

poor oxidation stability due to the presence of high chlorophyll content. However, this can be 

improved by pre-treating the green seed canola oil with the mixture of mineral acids and/or using 
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acid treated adsorbents, which can reduce the chlorophyll to a significant amount, and the 

pretreated oil can be used to produce biodiesel with improved oxidation stability similar to that 

of canola biodiesel following conventional base catalyzed reaction (Kulkarni et al., 2006; 

Bahmaei et al., 2005).   

 

 

Fig. 6.1 Reaction scheme for the glycerol etherification 

Heteropoly acids (HPA) made up of heteropoly anions show strong Brønsted acidity 

(Devassy and Halligudi, 2005; Busca, 2007; Okuhara et al., 2000). 12-Tungstophosphoric acid 

(TPA) with Keggin structure is thermally stable and depicts super acidity compared to other 

HPA compounds (Kozhevnikov, 2007). Heteropoly acids have lower surface area (1 – 10 m2/g) 

and are soluble in polar solvents (Kulkarni et al., 2006). These problems can be avoided by 

supporting TPA on various carriers. Zeolite is a crystalline poroussolid typically made up of Si, 

Al, and O atoms and a catalytic material with wide industrial applications. Among these, Y, 

ZSM-5 and β zeolites are the most typical and commercially available zeolites. In all the 

previous works, TPA has been supported on H-Y, H-ZSM-5 and H-β zeolites, and their catalytic 

activity was tested in the reactions other than the transesterification of green seed canola oil 

(Gonzalez et al., 2011; Pain et al., 2000; Atalay and Gunduz, 2011; Prabhakaran and Fereiro, 
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2011). Moreover, no literature was found to compare the catalytic activity of the H-Y, H-ZSM-5 

and H-β zeolites supported TPA.  

The first research objective is to compare the catalytic activity of the H-Y, H-ZSM-5 and 

H-β zeolites supported Tungsten oxide and TPA, in both transesterification and esterification of 

green seed canola oil to produce high quality biodiesel. The best-performed catalyst in 

transesterification has been used for etherification of glycerol and for the first time the combined 

biofuel (GSC biodiesel + GSC glycerol-ether) properties were evaluated and compared against 

the pure biodiesel ASTM standard. The overall objective was to explore the possibility of using 

the same catalyst for producing value added combined biofuel from GSC oil through three 

different reactions (transesterification, esterification and etherification).  

 

6.3 Experimental 

6.3.1 Reagents 

 Unrefined green seed canola oil (4.25 wt% FFA) was obtained from Milligan Biotech 

Inc., Foam Lake, Saskatchewan, Canada. Commercial grade NH4-Y, NH4-β and NH4-ZSM-5 

were purchased from ZEOLYST, PA, USA. A 12 - Tungstophosphoric acid (TPA) and tert –

Butanol (TBA) were purchased from Alfa-Aesar, MA, USA. Glycerol was purchased from EMD 

Chemicals, Mississauga, Ontario, Canada.  

 

6.3.2 Catalyst preparation 

Commercial grade NH4-Y, NH4-β and NH4-ZSM-5 were calcined at 550C for 6 h to 

acquire H-Y, H-β and H-ZSM-5 form. Tungsten oxide (WO3) and TPA impregnated H-Y, H-β 

and H-ZSM-5 were prepared as follows: Calcined H-Y, H-β and H-ZSM-5 zeolites were added 

into the solution of calculated amount of Ammonium Meta Tungstate or TPA. After stirring at 

room temperature, the samples were oven dried at 110C for 12 h and calcined at 350-850C for 

6 h. These catalysts were designated as X%WO3/S (T) or X%TPA/S (T), where S represents the 

support, X represents wt% loading and T represents the calcination temperature in degree 

Celsius. However, throughout the work, symbol X%WO3/S or X%TPA/S was used for those 

catalysts, which were calcined at 450C.  

 



 

117 

 

6.3.3 Catalyst characterization 

The synthesized catalystsBET surface area and pore size analysis were performed using 

Micrometrics adsorption equipment (Model ASAP 2000). The catalysts wereheated at 200C in a 

vacuum of 510-4 atm before the analysis. The surface area was calculated from the isotherms 

using Brunauer-Emmett-Teller (BET) method. The pore diameter and pore volume was 

calculated using BJH method from desorption branch of the isotherms. The X-ray diffraction 

(XRD) patterns of the samples were collected on a Bruker D8 Advance diffractometer using Cu 

Kα radiation (λ = 1.5418 A). The catalysts FTIR spectra were recorded through Perkin Elmer 

FTIR spectrum GX equipment. For the FTIR analysis, sample pallets were prepared by pelleting 

a well mixed 3 mg of catalyst powder with 200 mg of KBr. Raman spectra of the catalyst were 

recorded on powder samples at room temperature with a Renishaw system 2000 spectrometer 

(785 nm). The X-ray photoelectron spectroscopy (XPS) study was carried out at Canadian Light 

Source. The photon energy used for this study was 235 eV with the total energy resolution of 70 

meV. All spectra were collected by Scienta SES100 spectrometer. X-Ray absorption spectra 

(XAS) were recorded on HXMA beam-line at Canadian Light Source Inc., Canada, utilizing 

synchrotron radiation of 5-40keV and 100 mA current. W LIII data were recorded both in 

transmission and fluorescence mode employing a Lytle detector typically over 45 min. For 

EXAFS analysis, the spectra were extracted by utilizing the cubic spline method and normalized 

to the edge height. The k3-weighted EXAFS oscillation was Fourier transformed into r space 

using ATHENA software. Curve-fitting analysis was performed for the W=O and W-Oext-W 

with the range between r = 1.0 and 2.0 Å using ARTHEMIS software. Temperature programmed 

desorption of ammonia (TPD) was conducted using Quantachrome (USA) instrument. In a 

typical experiment, at first 200 mg of each sample was pretreated in He (Helium) at 550 C for 1 

h. The sample was later cooled to room temperature in flowing He and saturated with 1% 

NH3/N2 (v/v) mixture at a flow rate of 30 mL/min for 120 min. Then the spectra were recorded 

between 100 C to 750 C, with a temperature ramp of 10 C /min. 

 

6.3.4 Postulation of catalyst structure 

The strength of interaction of TPA (Terminal W6+) with the β zeolite (Si or Al) was 

calculated exploiting the Density Functional Theory (DFT) at B3LYP/6-31+G level (Li et al., 
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2011). Pseudopotential basis set was used for the tungsten (W) atom in the calculation. A cluster 

model of H-β zeolite (Papai et al., 1994) was used in the calculation to represent the H-β zeolite 

structure. All calculations in this work were executed exploiting the Spartan 8 software. The 

models (schemes) and their structural contributions were selected by matching the calculated IR 

spectra peaks obtained from the DFT calculations against the experimental IR spectra peaks. 

 

6.3.5 Catalytic activity testing 

The catalytic activity of the prepared catalysts was tested through transesterification of 

green seed canola oil. The green seed canola oil was pretreated with K-10 clay to remove the 

chlorophyll following the procedure described by Issariyakul and Dalai (2010). The reactions 

were conducted in a 450 mL Parr reactor (Parr Instrument Co., ILL, USA). Initially, 100 g of 

GSC oil was taken into the reactor and preheated to 60C with optimized stirring at 600 rpm. 

Catalysts and Methanol added to the reactor. Preliminary catalyst screening experiments were 

conducted at a reaction temperature of 150C, 20:1 methanol to oil molar ratio and 3 wt% 

catalyst (based on the wt. of Green seed canola oil). Central Composite Design (CCD) was 

exploited for designing the experiments to analyze the effects of reaction parameters and 

Response Surface Methodology (RSM) was exploited for optimizing the reaction parameters. 

Design Expert 8 software was used for these purposes.The ester phase (after separation of the 

catalyst by filtration and separation of the glycerol phase) was analyzed utilizing High-

performance liquid chromatography (HPLC). The ester phase collected from each experiment 

was analyzed for its ester content utilizing a Hewlett-Packard 1100 series HPLC.Two Phenogel 

5 100A 300X7.80 mm columns in series protected with guard column were exploited to 

separate different components of the samples during analysis. THF was used as a mobile phase at 

1 mL/min for 25 min. The operating parameters were of sample injection volume 5 μL, detector 

temperature of 35°C, and column temperature of 24°C. Standard chemicals including methyl 

oleate, triolein, diolein, and monoolein were used for the HPLC calibration (see Appendix B). 

The ester yield (wt %) was calculated according to the equation 6.1. 

 

Ester yield (wt %) = {(wt. of the methyl ester in the ester phase)/ (wt. of the ester phase)} 100 

 …(6.1) 



 

119 

 

For reaction kinetics analysis, the samples were analyzed utilizing an Agilent 1200 series 

HPLC. Two PLgel 5 50A 300X7.80 mm columns in series protected with guard column were 

exploited to separate different components of the samples during analysis. THF was used as a 

mobile phase at 1 mL/min for 25 min. The operating parameters were of sample injection 

volume 5 μL, detector temperature of 70°C, and column temperature of 35°C. Standard 

chemicals including methyl oleate, triolein, diolein, and monoolein were used for the HPLC 

calibration (see Appendix B). For kinetics analysis, the concentration (Ci=mol/L) of triglycerides 

(TG), diglycerides (DG), monoglycerides (MG) and free fatty acid (FFA) were converted to 

equivalent oil concentration as follows (Zheng et al., 2006). 

 

Coil(t=t) = CTG(t=t) + 2/3*CDG(t=t) + 1/3*CMG(t=t) + 1/3*CFFA(t=t) 

 

The acid value of the produced biodiesel was determined according to the AOCS-D6751 method. 

The free fatty acid conversion was calculated based on the initial and final acid value. 

Etherification of pure glycerol reaction was also performed in the Parr reactor (Parr 

Instrument Co., ILL, USA) and the inert atmosphere was maintained with N2 using optimized 

stirring speed of 800 rpm. The catalyst screening studies were performed with different loadings 

of TPA in H-β by maintaining the process conditions at 120⁰C, 1 MPa, 1:5 molar ratios 

(glycerol/TBA), 2.5% (w/v) catalyst loading with respect to the reaction volume, and 800 rpm 

for 5 hours. The effects of various reaction parameters e.g. TPA loading in catalysts, catalyst 

loading in reaction mixture, temperature and molar ratio (glycerol: TBA) were studied to achieve 

one of the best conditions for glycerol ether production.  

For etherification reaction, TBA was taken in excess in the reaction solution, and the 

conversion was based on the limiting reactant, glycerol. Samples were analyzed using a GC 

(Hewlett Packard 5890 series II) equipped with a stabil wax column (length 30 m, internal 

diameter 0.25mm and width 0.1µm) and a FID detector. The analysis was started at 40⁰C, heated 

up to 240⁰C with 20⁰C/min ramp rate and kept at 240 for 5 minutes. The injector and detector 

temperatures were maintained at 280⁰C. 

 

% Conversion of glycerol = {(Initial Concentration – Final Concentration)/ Initial 

Concentration} × 100% 

…(6.2) 

…(6.3) 
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% Selectivity of Mono, Di or Tri Tert- Butyl Glycerol Ether 

= {(Concentration of Mono, Di or Tri ether)/ Concentration of (mono + di + tri) ether} ×100 

 

Ether Yield = Conversion × Selectivity 

 

Later, this condition was used for etherification of crude glycerol produced from the 

transesterification of green seed canola oil in the same reactor vessel. In a typical sequential 

transesterification and etherification reaction, after finishing the transesterification reaction using 

the optimum reaction conditions, TBA was added for etherification of the glycerol derived from 

the GSC oil as a byproduct of the methyl ester, and the experiments were performed at the best 

reaction conditions determined previously. Then the combined biofuel (GSC biodiesel + GSC 

glycerol-ether) properties were evaluated and compared against the pure biodiesel ASTM 

standard. 

 

6.4 Results and discussion 

6.4.1 Catalyst characterization 

The synthesized catalysts textural properties are outlined in Table 6.1. It depicts that there 

is a decrease in the BET surface area of the H-Y, H-, and H-ZSM-5, compared with those 

obtained with the ammonical form analyzed by ZEOLYST. It implies that thermal treatment 

(calcination) lessened the surface area (Costa et al., 2012). It also depicts that introducing WO3 

and TPA into H-Y zeolite increases the micropore area, BET surface area and decreases total 

pore volume and pore size compared to that of pure H-Y zeolite. For H-β zeolites, the 

introduction of WO3 and TPA decreases the micropore area, BET surface area, pore volume and 

pore diameter (Table 6.1). For H-ZSM-5 zeolites, the introduction of WO3 and TPA also 

decreases the micropore area, BET surface area, total pore volume but increases pore diameter 

(Table 6.1). The surface density calculation depicts that the values are higher for H-β and H-

ZSM-5 containing catalysts compared to those of H-Y (Table 6.1). Both thermal treatment and 

strong acidity modify the zeolite structure and create secondary pore ranging from 12-300A. It 

enables to house 12-Tungstophosphoric acid in spite of having its large size (12 A) (Pamin et 

…(6.4) 

…(6.5) 
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al., 2000; Olejniczak et al., 2000; Camblor et al., 1998). Especially, H-β is flexible in changing 

its structure compared to H-Y and H-ZSM-5 (Gonzalez et al., 2011).  

 

Table 6.1: Textural property of various catalysts 

Sample 

BET 

surface 

area 

(m2/g) 

Pore 

volume 

(cc/g) 

Micropore 

area 

(m2/g) 

Average 

Pore 

Diameter 

nm 

Surface 

densitya 

(/nm2) 

Crystallinity 

(%)b 

H-Y 513 0.49 328 11.39 0 100 

H- 536 0.54 336 11.04 0 100 

H-ZSM-5 577 0.71 354 12.05 0 100 

25% WO3/ H-Y 531 0.13 411 4.75 1.22 4.3 

25% WO3/ H- 299 0.06 202 3.70 2.17 13.6 

25% WO3/ H-ZSM-5 43423 0.510.27 265 13.070.42 1.54 10.4 

25% TPA/ H-Y 511 0.15 413 5.80 0.10 4.8 

25% TPA/ H- 471 0.14 387 6.13 0.11 7.3 

25% TPA/ H-ZSM-5 459 0.55 285 12.54 0.11 13.4 
aSurface density = [(WO3or TPA%/100) × 6.023 × 1023]/[F.W. × BET surface area × 1018] (Papai 

et al. 1994) 
bCalculated from XRD pattern 

 

Table 6.2 depicts the textural properties of the different loadings of TPA in H-β zeolite. It depicts 

that with the increase in the loading, the micropore area, BET surface area, pore diameter, pore 

volume and surface density increase. It also depicts that the normalized BET surface area (per g 

of β zeolite) changes with the variation of TPA loading, which indicates that, the β zeolite 

structure changes with the TPA loading (Olejniczak et al., 2000). 

Figure 6.2 depicts the XRD patterns of H-β, tungsten oxide and TPA impregnated H-β 

zeolite. It depicts that the characteristic peak of H-β zeolite structure (appears at 22.44) 

diminishes upon tungsten oxide and TPA impregnation, which indicates loss of crystallinity of 

H-β zeolite structure (Zheng et al., 2011). It also depicts that upon the impregnation, tungsten 

oxide and TPA have high degree of crystallinity. This high degree of crystallinity arises probably 

due to high surface density of tungsten oxide and TPA on H- β compared to those for H-Y and 

HZSM-5 (Table 6.1). 
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Table 6.2: Textural property of TPA/H- catalysts 

Sample 

BET 

surface 

area 

(m2/g) 

Pore 

volume 

(cc/g) 

Micropore 

area 

(m2/g) 

Normalized  

BET surface 

area 

(m2/g - β) 

Average 

Pore 

Diameter 

nm 

Surface 

Density 

(/nm2)a 

25% TPA/ H- 471 0.14 387 628 6.13 0.11 

35% TPA/ H- 233 0.05 168 359 3.82 0.31 

45% TPA/ H- 263 0.06 187 477 4.08 0.36 

55% TPA/ H- 297 0.24 196 661 9.84 0.39 

65% TPA/ H- 334 0.39 211 954 13.0 0.41 
aSurface density = [(WO3%/100) × 6.023 × 1023]/[F.W. × BET surface area × 1018] (Papai et al. 

1994) 

Figure 6.3 depicts the XRD patterns of tungsten oxide and TPA impregnated H-Y zeolite. 

It depicts that the characteristic peaks of H-Y structure (appear at15.88, 18.96, 20.65 and 

23.95) diminish upon tungsten oxide and TPA impregnation, which points to loss of 

crystallinity of H-Y zeolite structure (Zheng et al., 2011). It also depicts that upon the 

impregnation, tungsten oxide and TPA are very well dispersed on H-Y zeolite.  

Figure 6.4 depicts the XRD patterns of tungsten oxide and TPA impregnated H-ZSM-5. 

It depicts that the characteristic peak of H-ZSM-5 structure (appears at 22.27) diminishes upon 

tungsten oxide and TPA impregnation (Li et al., 2010). It also depicts that upon the 

impregnation, tungsten oxide and TPA are very well dispersed on H-ZSM-5 zeolite.  

The IR bands approximately at 440–463 cm−1, 700–810 cm−1 and 1250-950 cm−1 are 

assigned to the T-O4 (Si or Al) bending vibrations, Si-O symmetrical stretching vibrations and 

asymmetric stretching vibrations of the tetrahedral Si, Al atoms respectively (Zheng et al., 2011; 

Morales-Pacheco et al., 2011). Upon tungsten oxide (WO3) and TPA impregnation on H-β 

zeolite, stretching vibrations of the tetrahedral Si, Al atoms appear at higher wavenumber (1093 

cm-1) compared to those for H-β zeolite (1080 cm-1) (Fig. 6.5). This is an indication of a 

breakdown of the zeolite framework Si-O-Al bonds (Pamin et al., 2000; Mozgawa, 2000). Figure 

6.5 also depicts that upon Tungsten oxide (WO3) and TPA impregnation the IR band assigned to 

Si-O symmetrical stretching vibrations appear to lower wavenumber (790 cm-1) compared to 

those for H-β zeolite (798 cm-1), and the IR bands assigned to the T-O4 (Si or Al) bending 

vibrations appear to lower wavenumber (448 cm-1) compared to those for H-β zeolite (459 cm-1). 
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It indicates a strong interaction of Tungsten oxide and TPA with the H- zeolite structure 

network (Lopez-Salina et al., 2000; Thouvenot et al., 1984).  

 

Fig. 6.2 XRD patterns of different β catalysts: (a) H-, (b) 25%WO3/H- and (c) 25%TPA/H- 

(*) Tungsten oxide, (+) TPA 

 

Fig. 6.3 XRD patterns of different Y catalysts: (a) H-Y, (b) 25%WO3/H-Y and (c) 25%TPA/H-Y 
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Fig. 6.4 XRD patterns of different ZSM-5 catalysts: (a) H-ZSM-5, (b) 25%WO3/H-ZSM-5 and 

(c) 25%TPA/H-ZSM-5 

Figure 6.6 depicts that upon Tungsten oxide (WO3) and TPA impregnation, asymmetrical 

stretching vibrations corresponding to the tetrahedral Si, Al atoms appear at higher wave number 

(1093 cm-1) compared to those for H-Y zeolites (1050 cm-1). This is an indication of a 

breakdown of the zeolite framework Si-O-Al bonds (Pamin et al., 2000; Zheng et al., 2011; 

Mozgawa, 2000). Figure 6.6 also depicts that the IR bands assigned to the T-O4 (Si or Al) 

bending vibrations appear at higher wave number (463 cm-1) compared to that of H-Y (455 cm-1) 

with the impregnation of Tungten oxide and TPA on H-Y zeolite respectively, which indicates 

weakening of T-O4 (Si or Al) bond. Pure TPA depicts IR peaks approximately at 1081 (P-O in 

the central tetrahedron), 976-995 (terminal W=O), 890-900 and 805-810 (W-O-W) cm-1 refers to 

asymmetric vibration of the Keggin anion (Tropecelo et al., 2010; Satishkumar et al., 2006; 

Damyanova et al., 2003; Yun and Kuabara, 2004). After impregnation of TPA (Fig. 6.6) a new 

weak band at 900 cm−1 appears in the spectrum. This is assigned to W–O–W vibrations of the 

heteropoly acid. 

Figure 6.7 depicts that upon Tungsten oxide (WO3) and TPA impregnation asymmetrical 

stretching vibrations corresponding to the tetrahedral Si, Al atoms (Morales-Pacheco et al., 2011; 

Naskaar et al., 2012), appear approximately at the same wave number (1225 cm-1) compared to 

that for H-ZSM-5 zeolites (1227 cm-1). Also, no change in the IR bands assigned to the T-O4 (Si 
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or Al) bending vibrations (468 cm-1) and Si-O symmetrical stretching vibrations (797 cm-1) is 

observed upon Tungsten oxide (WO3) and TPA impregnation. 

 

Fig. 6.5 FTIR spectra of different β catalysts: (a) H-, (b) 25%WO3/H- and (c) 25%TPA/H- 

 

Fig. 6.6 FTIR spectra of different Y catalysts: (a) H-Y, (b) 25%WO3/H-Y and (c) 25%TPA/H-Y 
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Fig. 6.7 FTIR spectra of different ZSM-5 catalysts: (a) H-ZSM-5, (b) 25%WO3/H-ZSM-5 and 

(c) 25%TPA/H-ZSM-5 

 Figures 6.8 and 6.9 show the Raman spectra of the  zeolite and different loadings of 

TPA impregnated on H-β zeolite in the Raman shifting range of 100 – 600 cm-1 and 600-1100 

cm-1respectively. Raman scatterings at 464 cm-1; 340 cm-1 (interlayer), 312 cm-1 (intralayer) and 

396 cm-1, 423 cm-1, represent T-O4  (T = Si or Al) tetrahedra of the four, five (intra layer and 

interlayer) and six membered ring of H-β respectively (Moller et al., 2011; Mihailova et al., 

2005; Yu et al., 2001). Upon TPA impregnation the peak representing T-O4 (T = Si or Al) 

tetrahedra of the four membered ring appears at higher wave number as compared to that for H-

β, indicating the weakening the bonds of the 4 membered ring. On the other hand, peaks 

representing T-O4 (T = Si or Al) tetrahedra of the five and six membered ring appear at lower 

wave number as compared to that for H-β, indicating contraction of the bonds of the 5 and 6 

membered ring (Fig. 6.8). Figure 6.9 depicts that the Keggin structure of TPA is intact clearly up 

to 55% loading, when impregnated, by showing signature scattering pattern of TPA 

approximately at 1010 cm-1 (P-O in the central tetrahedron) and 989 cm-1 (terminal W=O) 

(Huang et al., 2008; Guo et al., 2008). It also depicts that up to 55% TPA loading, peak 

approximately at 805 cm-1 (W=O stretching) and 711 cm-1 (W-O-W stretching) are observed, 

which arises probably due to the strong interaction of TPA Keggin structure with the zeolite 

structural alumina (Herrera et al., 2008). Above 55% loading, very weak intensity of these peaks 

indicates the absence of strong interaction of TPA Keggin structure with the zeolite structural 
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alumina. However, in all the cases, signature scattering pattern of TPA approximately at 1010 

cm-1 (P-O in the central tetrahedron) and 989 cm-1 (terminal W=O) are observed (Huang et al., 

2008; Guo et al., 2008). 

 

Fig. 6.8 Raman spectra of different amount of TPA loaded β: (a) H-, (b) 25% TPA/H-, (c) 

35%TPA/H-, (d) 45% TPA/H-(e) 55%TPA/H-, (f) 65% TPA/H- and (g) 75% TPA/H- 

 

Fig. 6.9 Raman spectra of different amount of TPA loaded β: (a) H-, (b) 25% TPA/H-, (c) 

35%TPA/H-, (d) 45% TPA/H-,(e) 55%TPA/H-, (f) 65% TPA/H- and (g) 75% TPA/H- 
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Silica 2p depicts the peak to be formed approximately at 104 eV. The movement to 

higher binding energy refers to the shorter Si-O bonds whereas the lower binding energy refers 

to the elongated Si-O bonds and in the vicinity to the distorted [AlO4
-] component of the zeolite 

framework (Chichova et al., 2009). Upon TPA impregnation, Si (2p) peaks are to be found at 

around 101 eV and 108 eV (Table 6.3). The Full Width Half Maximum (FWHM) of the peak at 

101 eV increases with the TPA loading indicating the creation of more elongated Si-O bonds and 

in vicinity to the distorted [AlO4
-] component of the zeolite framework. Besides, the FWHM of 

the peak at 108 eV decreases with the TPA loading up to 55% TPA, beyond 55% loading, the 

FWHM of the peak at 108 eV increases (Table 6.3). The Al (2p) binding energy approximately 

at 74 eV corresponds to Al in IV-fold site β zeolite (Chichova et al., 2009). Upon TPA 

impregnation, the FWHM of Al (2p) binding energy peak remains almost same up to 55% TPA 

loading, which increases for 65% TPA loading (Table 6.3). This increase in FWHM is an 

indication of the existence of the other co-ordination states of alumina when 65% TPA loading is 

used (Niwa and Katada, 1997). 

 

Table 6.3: The binding energy and FWHM of silica and alumina in the zeolite structure 

Sample 

Si (2P) Al (2P) 

FWHM (at 101 eV) 

(eV) 

FWHM (at 108 eV) 

(eV) 

FWHM (at 74 eV) 

(eV) 

H-β - 6.9 4.1 

45% TPA/H-β 1.8 3.3 4.7 

55% TPA/H-β 1.9 3.3 4.4 

65% TPA/H-β 2.1 4.3 8.6 

 

The coordination number of W=O and W-Oext-W bonds in TPA, 55%TPA/H-β, 

65%TPA/H-β are found to be identical (Table 6.4). However, with an increase in TPA loading, 

the bond length of W=O decreases and the bond length of W-Oext-W increases as compared to 

pure TPA (Table 6.4). The fitted W LIII EXAFS spectra of the 55%TPA/H-β sample is depicted 

in Figure 6.10. The figure depicts the corresponding radial distribution functions for this 

material. The pattern of change in bond length is an indication of distortion in TPA kegging 
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structure with an increase in TPA loading, especially for 65% TPA loading (Yamazoe et al., 

2008). 

 

Table 6.4: Structural parameters derived from fitted EXAFS for supported and bulk TPA 

samples 

Samples Parameters 
Coordination environment 

W=[O] W-[Oext]-W 

Pure TPA C.N. 1 4 

 r (0A) 1.88 1.97 

 R-factor 0.008 0.008 

55% TPA/H-β C.N. 1 4 

 r (0A) 1.62 1.98 

 R-factor 0.01 0.01 

65% TPA/H-β C.N. 1 4 

 r (0A) 1.54 2.14 

 R-factor 0.04 0.04 

 

 

Fig. 6.10 (a) Fitted W LIII EXAFS of 55%TPA/H-β 

 



 

130 

 

 

Fig. 6.10 (b) Fitted Redial distribution function (RDF) of55%TPA/H-β 

 

Figure 6.11 depicts the NH3-TPD results of different loadings of TPA on H-β zeolite. It 

depicts that the intensity of the low-temperature desorption peak (indicative of weak Brønsted 

acidity) (Katada and Niwa, 2004; Collignon et al., 2001) increases with the increase in the 

loading. However, the high temperature peak indicating strong acidity diminishes beyond 55% 

loading, which is in agreement with the conclusion obtained from the Raman spectra, XPS 

binding energy pattern and distortion of TPA Keggin structure analyzed through EXAFS 

analysis. 
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Fig. 6.11 NH3-TPD of different amount of TPA loaded β: (a) H-, (b) 25% TPA/H-, (c) 

35%TPA/H-, (d) 45% TPA/H-,(e) 55%TPA/H-, (f) 65% TPA/H- and (g) 75% TPA/H- 

 

6.4.2 Postulated catalyst structure 

Figure 6.12 depicts the postulated catalyst structure of H- supported TPA. It depicts that 

upon the impregnation, TPA attaches to the 4 member structural alumina and silica, and Si-O-Al 

bond breaks down. This creates a cavity in the structure and mespore. Figure 6.13 depicts 4 

different schemes of the interaction of TPA (Terminal W6+) with the H-β zeolite structural IV 

fold Si or Al. 

The cohesive energy can be taken as a measure of the stability with respect to the 

decomposition. The cohesive energy is given in Equation (6.6) in which i represent the 

individual atoms that constitute the solid. The higher the cohesive energy of the solid, the more 

stable it is and more energy is required to decompose the solid (Shetty et al., 2006). 

     Ecoh = Esolid − ∑ Eii  

The 55% TPA (55% loading) impregnated H- having combined higher cohesive energy 

compared to those for other TPA loading impregnated H- indicates higher structural stability of 

the prepared 55% TPA/H-β catalyst (Table 6.5).  

…(6.6) 
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Fig. 6.12 Postulated structure of H- supported TPA 

                                                              

Scheme 1     Scheme 2 

                                                              

Scheme 3     Scheme 4 

Fig. 6.13 Different schemes of interaction 
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Table 6.5: Cohesive energy of different samples 

Samples 
Scheme No. 

(see Fig. 6.13) 

Contribution of the 

schemes (%) 

Combined 

Cohesive energy 

(eV) 

45% TPA/H-β 1 25 

518.9 2 25 

3 50 

55% TPA/H-β 1 40 

546.5 2 20 

3 40 

65% TPA/H-β 1 40 

545.8 
2 20 

3 20 

4 20 

  

 

6.4.3 Catalytic activity in the transesterification reaction 

The absence of external and internal mass transfer resistance was confirmed by the 

Reynolds number of the reaction mixture, mass-transfer flux, reaction rate and Weisz-Prator 

criteria (see appendix C). Table 6.6 depicts the catalytic activity of different catalysts. It depicts 

that 25% WO3 or TPA impregnated H-Y zeolite depicts higher activity in the conversion of FFA 

through esterification compared to that for transesterification. It also depicts that 25% WO3 

impregnated H-ZSM-5 zeolite depicts higher activity in the conversion of FFA through 

esterification and 25% TPA impregnated H-ZSM-5 zeolite depicts optimum catalytic activity 

both in esterification and transesterification. These implies that higher degree of TPA dispersion 

favors esterification reaction, whereas, higher degree of crystallinity favors transesterification 

reaction (Table 6.1). A 25% TPA impregnated  zeolite depicts the optimum catalytic activity in 

terms of ester yield (wt%) through transesterification and conversion (%) of FFA through 

esterification, when 3 wt% catalyst (based on the oil), methanol to oil molar ratio of 20:1, 

reaction temperature of 150C and reaction time of 10 h are used. This optimum activity might 

result from an optimum combination of degree of crystallinity and surface density of the TPA 

(Tables 6.1).  
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Table 6.6: Catalyst screening experiments (3 wt% catalysts, 20:1 methanol to oil molar ratio, 

150C, 10 h reaction time) 

Catalysts Catalytic activity 

Ester yield (wt.%) Conversion of FFA (%) 

25% WO3/H-Y (450C) 25.9 86.3 

25% WO3/H-Y (850C) 23.2 74.6 

25% WO3/H-ZSM-5 (450C) 26.7 78.5 

25% WO3/H- (450C) 48.8 55.9 

25% WO3/H- (550C) 17.0 - 

25% WO3/H- (350C) 37.0 66.9 

25% TPA/H-Y (450C) 34.92.7 61.54.8 

25% TPA/H-ZSM-5 (450C) 51.7 53.1 

25% TPA/H- (450C) 67.8 74.3 

25% TPA/H- (550C) 21.7 77.9 

25% TPA/H- (350C) 34.9 83.1 

 

Table 6.7 depicts catalytic activity of different loading of TPA in H-β zeolite. It depicts 

that the catalytic activity (in terms of ester yield wt%) increases with the increase in the TPA 

loading up to 55%, and there is no further increase in the catalytic activity above that loading. On 

the other hand, the conversion of FFA decreases with an increase in the loading up to 45% and 

increases thereafter (Table 6.7). This can be explained with the help of Brønsted and Lewis 

acidity concept. Børnsted acid catalysts are mainly active in the esterification reaction, and 

Lewis acid catalysts are mainly active in the transesterification reaction (Di Serio et al., 2008). 

The ratio of Brønsted to Lewis acid sites is responsible for relative reaction progress between 

transesterification and esterification. Transesterification reaction requires moderate but more acid 

sites compared to the strong and fewer acid sites (Kulkarni et al., 2006; Lotero et al., 2005). A 

55% TPA loading on β zeolite has moderate, but higher number of acid sites (Fig. 6.11) 

compared to the other loadings of TPA. This causes the highest activity of 55%TPA/H-β in 

transesterification reaction and probably a higher relative ratio of Brønstead to Lewis acid sites 

(Lewis acidity decreases with the increase of TPA loading- obtained from the DFT calculation) 
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causes an optimum activity in FFA conversion. Thus, considering the fact that esterification 

reaction rate is faster than that of the transesterification reaction (Ataya et al., 2007), 55% TPA is 

considered to be the optimum. 

 

Table 6.7: Catalyst loading screening (3 wt% catalysts, 20:1 methanol to oil molar ratio, 150C, 

10 h reaction time) 

Catalysts 
Catalytic activity 

Ester yield (wt%) Conversion of FFA (%) 

25% TPA/H- 67.8 74.3 

35% TPA/H- 86.2 75.7 

45% TPA/H- 94.0 67.3 

55% TPA/H- 95.3 71.8 

65% TPA/H- 67.9 76.1 

75% TPA/H- 55.4 93.6 

 

6.4.4 Effects of reaction parameters in the transesterification reaction 

From the preliminary experiments, reaction temperature is found to be the most important 

factor affecting ester yield. The effects of reaction temperature on ester yield was analyzed 

keeping the catalyst concentration at 3 wt% (based on the wt. of oil), 20:1 methanol to GSC oil 

molar ratio and 10 h of reaction time. Figure 6.14 depicts that ester yield increase with the 

increases in the reaction temperature. It also depicts that at higher temperature (200C) the initial 

ester formation is slow compared to those for low temperatures, which can be explained with the 

help of the transesterification reaction scheme (Fig. 6.15). Transesterification is a three-step 

reaction. At higher temperature initially the rate of diglyceride and monoglyceride formation (1st 

and 2nd step) are higher, which leads to complete ester formation later. On the contrary, at lower 

temperature the three-step transesterification precedes consecutively, which leads constant slow 

formation of ester (results not depicted). Transesterification reaction is an endothermic reaction, 

thus reaction temperature has a positive impact on the ester yield (wt.%) (Baroi and Dalai, 2013; 

Canakci and Van Gerpen, 1999). However, if the catalyst is thermally unstable, catalytic activity 



 

136 

 

increases up to the temperature of the catalyst stability, beyond which the activity drops because 

of the loss of active sites (Melero et al., 2010; Alba-Rubio et al., 2010).  

 

 

Fig. 6.14 Effect of reaction temperature (55% TPA loading, 3wt% catalyst, 20:1 methanol to 

GSC oil molar ratio, 4.14 MPa and 10 h) 
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Fig. 6.15 Detailed steps of the transesterification reaction 

To understand the effects of other reaction parameters at constant temperature of 200C, 

the catalyst weight was varied from 0 to 6 wt%, the methanol to GSC oil molar ratio from 10:1 to 

30:1 and reaction time from 4 to 10 h. A three-factor two level design was used to perform the 

experiments. Figures 6.16, 6.17 and 6.18 show the effects of methanol to oil molar ratio, catalyst 

wt% and reaction time on the ester yield (wt %). These figures show the optimum region of 

parameter combinations for obtaining the highest ester yield. Figure 6.16 shows that beyond 4 

wt.% catalysts, the ester yield decreases. Exces catalysts concentration provides excess acid sites 

and therefore promotes the reation rate fatster. As a result, glycerol and water form very fast and 

may deactivate the catalysts may cause lower yield (Lin et al., 2013). From the experiments, a 

second-order polynomial equation is developed to fit the experimental data. 

 

Ester yield (wt%)  = -83.69 + 36.27× Catalyst wt% + 1.75× Methanol ratio + 22.26 × Time 

(h) - 4.48× Catalyst wt%2 - 0.05× Methanol to oil molar ratio2 - 1.08× Time (h)2  

 

…(6.7) 



 

138 

 

From the above model, both linear and quadratic terms of cat. wt%, methanol to GSC oil 

molar ratio and reaction time are found to be the significant (p<0.05) factors.  

 

Fig. 6.16 Effect of catalyst wt.% and methanol ratio on ester yield% 

 
 

Fig. 6.17 Effect of catalyst wt.% and reaction time on ester yield% 
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Fig. 6.18 Effect of methanol to GSC oil molar ratio and reaction time on ester yield% 

Figure 6.19 depicts the Perturbation plot, which signifies the effect of individual reaction 

parameter on ester yield (wt %), keeping the other parameters constant, using the same design 

range. It depicts that ester yield (wt.%) increases with the increase in the catalyst wt% up to a 

certain limit, then decreases. It also depicts that ester yield (wt. %) increases with the reaction 

time. The ester yield (wt%) is found to be same after increasing the methanol to GSC oil molar 

ratio to a certain limit, which implies that the reaction mixture was not affected by the solubility 

of the glycerol (Baroi and Dalai, 2013). From this study, 3.3 wt% catalyst (based on GSC oil) 

and 21.3:1 methanol to GSC oil molar ratio and reaction time of 6.5 h are found to be one of the 

optimum reaction conditions. The predicted yield using the condition is 100 wt% and the actual 

yield is 99.3 wt%, which validates the model well (see eqn 6.7). The 6.5 h reaction time required 

to reach 99.3% ester yield can be explained with the help of the transesterification reaction 

chemistry. Transesterification is an equilibrium reaction and after reaching a certain yield or 

conversion, the reaction becomes slow (Boocock et al., 1998); which is also evident from Fig. 

6.14.  

 



 

140 

 

 

Fig. 6.19 Perturbation plot of the reaction parameters on esters yield. 

(A) Catalyst wt%, (B) Methanol to oil molar ratio and (C) reaction period, h 

 

6.4.5 Reusability of the catalysts in the transesterification reaction 

For the catalyst reusability study, the catalyst was separated from the reaction mixture 

and was washed with methanol. It was then dried and finally regenerated by calcination, to 

remove the residual organic compounds.  The ester yield was reduced from 99.3 wt% in 

experiment one to 91.4 wt.% in experiment three indicating that the catalyst strong acid sites of 

the catalysts are still active and reusable after at least three reaction cycles. 

 

6.4.6 Catalytic activity in etherification reaction 

Table 6.8 depicts the catalytic activity of different loading of TPA in H-β zeolite. It 

depicts that the conversion of glycerol reaches 100% for 45-65% TPA loading, when the 

etherification reaction is carried out at 120C, 1 MPa, 1:5 molar ratio (glycerol: TBA) and 800 

rpm for 5 hours.  However, 55% TPA loading on H-β produces highest yields of (DTBG+TTBG) 

compared to those for 45% and 65% TPA loadings. Both the acid site strength and the porosity 

or pore volume limitation affect the catalytic activity (Melero et al., 2012). A 55% TPA loading 

on H-β has an optimum combination of acid site strength and porosity compared to those of 45% 
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and 65% TPA loadings (Table 6.2 and Fig. 6.11) is responsible to obtain the highest combined 

yield of DTBG and TTBG.  

 

Table 6.8: Effect of TPA loading on etherification reaction (2.5 (w/v)% catalyst, 120C, 1 MPa, 

1:5 molar ratio (glycerol: TBA) and 800 rpm for 5 h) 

TPA loading 

on H-β 

zeolite (wt%) 

Conversion 

of glycerol 

(%) 

Yield of 

MTBG 

(wt%)  

Yield of 

DTBG 

(wt%)  

Yield of 

TTBG (wt%)  

Yield of 

(DTBG+TTBG) 

(wt%)  

45 100 31.1 40.6 28.3 68.9 

55 100 7.9 13.5 78.6 92.1 

65 100 23.1 4.6 72.3 76.9 

 

Table 6.9 depicts the effects of catalyst loading on etherification reaction. It depicts that 

glycerol conversion and yield of (DTBG+TTBG) increase from 1.5 to 2.5 (w/v)% catalyst 

loading, and above 2.5 (w/v)%  both glycerol conversion and combined yield of DTBG and 

TTBG decrease. It implies that above 2.5 (w/v)% catalyst loading, secondary reactions becomes 

dominant, as excessive catalyst loading can catalyze dehydration of TBA to isobutylene, 

etherification of isobutylene to di-isobutylene (DIB) - precursors of gummy products and 

oligomerization reaction to produce gummy products instead of etherification of glycerol (Da 

Silva et al., 2009; Frusteri et al., 2012). 

 

Table 6.9: Effect of catalyst loading on etherification reaction (55% TPA/H- β, 120C, 1 MPa, 

1:5 molar ratio (glycerol: TBA) and 800 rpm for 5 h) 

Catalyst 

Loading 

(w/v)% 

Conversion 

of glycerol 

(%) 

Yield  

of MTBG 

(wt%)  

Yield  

of DTBG 

(wt%)  

Yield 

 of TTBG 

(wt%)  

Yield of 

(DTBG+TTBG) 

(wt%)  

1.5 98.1 45.4 52.6 0.1 52.7 

2.5 100 7.9 13.5 78.6 92.1 

3.5 86.7 27.5 26.1 43.1 69.2 

 



 

142 

 

Table 6.10 depicts the reaction temperature effects on the etherification reaction. It 

depicts that glycerol conversion increases with the increase in reaction temperature up to 120C, 

above which the conversion remains the same. However, above 120C reaction temperature, the 

combined yield of DTBG and TTBG drops, as the de-etherification reaction of the product ethers 

becomes important at high temperature (Frusteri et al., 2012). 

 

Table 6.10: Effect of reaction temperature (2.5 (w/v)% catalyst, 55% TPA/H- β, 1 MPa, 1:5 

molar ratio (glycerol: TBA) and 800 rpm for 5 h) 

Reaction 

Temperature 

C 

Conversion 

of glycerol 

(%) 

Yield of 

MTBG 

(wt%) 

Yield of 

DTBG 

(wt%) 

Yield of  

TTBG (wt%) 

Yield of 

(DTBG+TTBG) 

(wt%) 

90 84.5 64.6 3.6 16.3 19.9 

120 100 7.9 13.5 78.6 92.1 

180 100 26.3 39.9 33.8 73.7 

 

Table 6.11 depicts the effect of glycerol to TBA molar ratio on the etherification reaction. 

It depicts that both the glycerol conversion and yield of (DTBG+TTBG) increase with the 

increase of the molar ratio up to 1:5, beyond which both the conversion and combined yield of 

DTBG and TTBG decrease. Excess concentration of tert-butanol favors oligomerization reaction 

to form di-isobutylene, which might lessen the conversion and yield (Liao et al., 2012). 

 

Table 6.11: Effect of Glycerol to TBA molar ratio (2.5 (w/v)% catalyst, 55% TPA/H- β, 1 MPa, 

120C and 800 rpm for 5 h) 

Glycerol: 

TBA 

ratio 

Conversion 

of glycerol 

(%) 

Yield of 

MTBG 

(wt%) 

Yield of 

DTBG 

(wt%) 

Yield of 

TTBG (wt%) 

Yield of 

(DTBG+TTBG) 

(wt%) 

1:4 96.7 53.1 6.7 36.9 43.6 

1:5 100 7.9 13.5 78.6 92.1 

1:6 95.8 60.1 5.6 30.2 35.7 
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The catalyst reusability study was also carried out for etherification reaction. The best-

performed catalyst was regenerated using a similar method as in for the transesterification 

reaction. After three consecutive runs, there was only 2% drop in the conversion of the glycerol.  

 

6.4.7 Development of the kinetic model of the transesterification and etherification 

The optimized reaction conditions were exploited to develop the kinetic model of 

simultaneous transesterification and esterification of GSC oil. At first, simple power law model 

was exploited calculating the apparent activation energy (Ea) and apparent equilibrium constants 

(K). The overall reaction was: 

Oil + 3MeOH = 3FAME + Glycerol 

 

The reaction model form was as follows: 

-roil = k1Coil
 -k2CFAME

β 

 

From the power law model, it is observed that the apparent reaction rate constant, 

equilibrium constant and the reaction order increases with the reaction temperature and is an 

endothermic reaction (Table 6.12). The fractional reaction order indicates that the overall 

reaction involves several intermediate reaction steps (DG, MG formation) and the increase in 

reaction order with temperature indicates that the reaction was in heterogeneous phase (Atkins 

and De Paula, 2006). The obtained activation energy using the model is 82.5 kJ/mole (Table 

6.12).  

 

Table 6.12: Reaction rate constant, equilibrium constant and activation energy of simultaneous 

esterification and transesterification of GSC oil 

Reaction  

Temperature 

(C) 

Forward 

Reaction 

order () 

Forward 

Reaction 

rate 

constant 

k1 

Backward 

Reaction 

order (β) 

Backward 

Reaction 

rate 

constant k2 

Equilibrium 

constant 

(K) 

R2 of 

fitting 

Activation 

Energy 

(Ea) 

kJ/mol 

R2 of 

fitting 

180 0.98 0.02 1.04 0.008 3.25 0.99   

190 0.97 0.03 0.92 0.01 3.33 0.91 82.5 0.85 

200 1.6 0.07 2.34 0.019 3.47 0.96   

…(6.8) 

…(6.9) 
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 To understand the simultaneous esterification and transesterification of GSC oil reaction 

mechanism, severalEley-Rideal (E-R) models was developed using the optimum reaction 

condition. The following model is obtained after fitting the experimental data: 

It is assumed through the mechanism that methanol (MeOH) are weakly adsorbed or not 

adsorbed on the catalyst. Adsorption of triglycerides (TG) on a vacant site is given by  

 

rADFFA = FFA + S ⟺ FFA. S 

rSFFA = 𝐹𝐹𝐴. 𝑆 + 𝑀𝑒𝑂𝐻 ⇔ 𝐹𝐴𝑀𝐸. 𝑆 + 𝐻2𝑂 

𝑟ADTG = TG + S ⟺ TG. S 

𝑟STG = 𝑇𝐺. 𝑆 + 𝑀𝑒𝑂𝐻 ⟺ 𝐹𝐴𝑀𝐸. 𝑆 + 𝐷𝐺 

𝑟ADDG = DG + S ⟺ DG. S 

𝑟SDG = 𝐷𝐺. 𝑆 + 𝑀𝑒𝑂𝐻 ⟺ 𝐹𝐴𝑀𝐸. 𝑆 + 𝑀𝐺 

𝑟ADMG = MG + S ⟺ MG. S 

𝑟SMG = 𝑀𝐺. 𝑆 +𝑀𝑒𝑂𝐻 ⟺ 𝐹𝐴𝑀𝐸. 𝑆 + 𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 

𝑟DFAME = FAME. S ⟺ FAME + S 

At steady-state, 

𝑟𝐴𝐷𝐹𝐹𝐴 = 𝑟𝑆𝐹𝐹𝐴 = 𝑟𝐴𝐷𝑇𝐺 = 𝑟𝑆𝑇𝐺 = 𝑟𝐴𝐷𝐷𝐺 = 𝑟𝑆𝐷𝐺 = 𝑟𝐴𝐷𝑀𝐺 =  𝑟𝑆𝑀𝐺 = 𝑟𝐷𝐹𝐴𝑀𝐸 = −𝑟𝑜𝑖𝑙
,

 

 

If surface reaction of TG (eqn. 6.13) is the rate limiting, 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 = 𝑘CTG.S. CMEOH − 𝑘_1CDG. CFAME.S 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 = 𝑘 (CTG.S. CMEOH −

CDG. CFAME.S
K

) 

From eqn. (6.10), 

rADFFA = kADFFA (CFFA. CS −
CFFA.S
KADFFA

) 

At equilibrium, 
rADFFA

kADFFA
≈ 0 ⟹ CFFA.S = KADFFACFFA. CS 

Similarly, CTG.S = KADTG . CTG. CS ; CDG.S = KADDG . CDG. CS ; CMG.S = KADMG . CMG. CS ;  

CFAME.S = KDFAME . CFAME. CS 

Then eqn. (6.19) can be written as, 

…(6.10) 

…(6.11) 

…(6.12) 

…(6.13) 

…(6.14) 

…(6.15) 

…(6.16) 

…(6.17) 

…(6.18) 

…(6.19) 

…(6.20) 
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−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 = 𝑘 (KADTG . CTG. CS. CMEOH −

CDG. KDFAME . CFAME. CS

K
) 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 = 𝑘. KADTG . CS (CTG. CMEOH −

CDG. KDFAME . CFAME

K. KADTG
) 

From acid site balance, 

C𝑡 = CS + CFFA.S + CTG.S + CDG.S + CMG.S + CFAME.S 

C𝑡 = CS(1 + KADFFA . CFFA + KADTG . CTG + KADDG . CDG + KADMG . CMG + KDFAME . CFAME) 

CS =
C𝑡

(1 + KADFFA . CFFA + KADTG . CTG + KADDG . CDG + KADMG . CMG + KDFAME . CFAME)
 

 

Placing into equation (6.21), 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 =

𝑘. KADTG . Ct (CTG. CMEOH −
CDG.KDFAME .CFAME

K.KADTG
)

(1 + KADFFA . CFFA + KADTG . CTG + KADDG . CDG + KADMG . CMG + KDFAME . CFAME)
 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 =

𝑘′(CTG.CMEOH−
CDG.KDFAME

.CFAME

K.KADTG
)

(1+KADFFA .CFFA+KADTG .CTG+KADDG .CDG+KADMG .CMG+KDFAME .CFAME)
 

` 

Neglecting reverse reaction, 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 =

𝑘′.CTG.CMEOH

(1+KADFFA .CFFA+KADTG .CTG+KADDG .CDG+KADMG .CMG+KDFAME .CFAME)
 

 

Similarly, if adsorption of TG is the rate limiting step, then 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝐴𝐷𝑇𝐺 =

𝑘′.CTG

(1+KADFFA .CFFA+KADTG .CTG+KADDG .CDG+KADMG .CMG+KDFAME .CFAME)
 

 

From eqn. (6.23) and (6.24), if the adsorption co-efficients are very small 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 = 𝑘

′. CTG. CMEOH 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝐴𝐷𝑇𝐺 = 𝑘

′. CTG 

After data-fitting using the above equations, 

From eqn. (6.22) 

…(6.21) 

…(6.22) 

…(6.23) 

…(6.24) 

…(6.25) 

…(6.26) 
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−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 =

0.0009 (CTG. CMEOH −
35.CDG.CFAME

45×−1.24×107
)

(1 + CFFA + 45CTG + 195CDG + 71CMG + 35CFAME)
 

 

R2=0.96; Radj
2 =0.91 

From eqn. (6.23) 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 =

0.01CTGCMeOH

(1+1241CTG+1358CFAME+3426CDG+1.03×104CMG+5432CFFA)
 

 

R2=0.99; Radj
2 =0.98 

From eqn. (6.24) 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺

=
0.01CTG

(1 + 1412CTG + 1952CFAME + 2425CDG + 1.03 × 104CMG + 1.12 × 104CFFA)
 

 

R2=0.98; Radj
2 =0.97 

From eqn. (6.25) 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 = 0.0005CTG. CMEOH 

R2=0.95; Radj
2 =0.95 

From eqn. (6.26) 

−𝑟𝑜𝑖𝑙
′ ≈ 𝑟𝑆𝑇𝐺 = 0.0003CTG 

R2=0.95; Radj
2 =0.95 

 

Based on the statistical data-fitting and co-efficient values, eqn (6.23) is found to be the best 

model, where TG to DG conversion (1st step of transesterification) is the rate-limiting step. 

 

 

…(6.27) 
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The optimized reaction condition was exploited to develop a kinetic model for 

etherification of glycerol. In this reaction, glycerol (G) and TBA (T) react to produce MTBG (M) 

and water (W). Adsorption of glycerol (G) and TBA (T) on vacant site is given by 

G + S
KG
⇔G. S 

T + S
KT
⇔T. S 

 

Surface reaction of glycerol (G) and TBA (T) leads to  

G. S + T. S
Ks
⇔M. S +W. S 

 

Desorption of MTGE (M) and Water (W) are given by 

 

M. S
KM
,

⇔ M+ S 

 

W. S
KW
,

⇔ W+ S 

If the surface reaction (6.26) controls the rate of reaction, then the rate of reaction of glycerol is 

given by 

 

−rS = kSCG.SCT.S − kS̅̅ ̅CM.SCW.S 

−rS =
kSCt

2(KGKTCGCT −
KMKWCMCW

KS
)

(1 + KGCG + KTCT + KMCM + KWCW)
2
 

 

The reaction is far away from equilibrium, as initial rate data were used. Thus, reverse reaction 

cane be neglected (Yadav et al., 2012) 

 

−rS =
kSKTKGCt

2CGCT
(1 + KGCG + KTCT + KMCM + KWCW)2

 

 

Assuming the adsorption constants are very small (Yadav et al., 2012), then the above equation 

reduces to 

…(6.28) 

…(6.29) 

…(6.30) 

…(6.31) 

…(6.32) 

…(6.33) 

…(6.34) 

…(6.35) 
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−rS = kSKTKGCt
2CGCT 

Where, Ct=ktw; w=catalyst wt. 

−rS = kS(ktw)
2CGCTKTKG 

−
dCG
dt
= −rS = kEtherw

2CGCT 

Where kEther=kt
2.ks.KT.KW ; The above equation can be written in terms of fractional conversion 

as, 

dXG
(1 − XG)(M − XG)

= kEtherw
2 CG0t 

Where, M is the molar ratio of TBA to glycerol. By integrating the above equation, 

 

ln
(M−XG)

M(1−XG)
= (M− 1)kEtherw

2 𝐶𝐺0𝑡 

 

This is an expression of a second-order reaction. Thus a plot of ln
(M−XG)

M(1−XG)
 vs t at different 

temperatures gave the values of the reaction rate constants at different temperatures (Table 6.13). 

The activation energy using the reaction rate constants is 71.3 kJ/mol (Table 6.13). 

 

Table 6.13: Reaction rate constant, equilibrium constant and activation energy of etherification 

of biodiesel derived glycerol 

Reaction  

Temperature 

(C) 

Reaction 

order 

Reaction rate 

constant kEther.w
2
 

(L/mol).s-1 

Activation Energy 

(Ea) 

kJ/mol 

R2 of fitting 

90 2 3.33×10-4   

100 2 5×10-4 71.3 0.95 

120 2 1.1×10-3   

 

6.4.8 Comparison of biodiesel and combined biofuelproperties 

The quality and properties, such as cloud point, cloud point and lubricity (wear and scare 

μm) of the produced combined biofueland biodiesel were measured according to ASTM D6751 

standards. Table 6.14 depicts the comparison of the properties. It depicts that the properties of 

…(6.36) 

…(6.37) 

…(6.38) 

…(6.39) 
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the produced biodiesel are close and the combined biofuelproperties are better than those 

reported by ASTM standards. 

 

Table 6.14: Comparison of the properties of biodiesel and combined biofuelmeasured to those of 

ASTM standard 

Properties Biodiesel Biofuel 
Biodiesel 

ASTM standard 

Cloud point (C) -2 -10 -2 

Pour point (C) -15 -19 -15 

Lubricity (HFRR, μm) 210  0 314 

 

6.5 Conclusions 

From the study, TPA impregnated H-Y zeolite showed higher catalytic activity for 

esterification, and TPA impregnated H- zeolite showed higher catalytic activity for the 

transesterification reaction as compared to other catalysts. A 55% TPA/H- showed optimum 

catalytic activity for both esterification and transesterification. This 55% TPA/H- is proved to 

be an efficient catalyst producing high-quality biodiesel from green seed canola oil through 

simultaneous esterification and transesterification reaction. This catalyst is also proved to be an 

effective catalyst for etherification of glycerol, which enables to use the same catalyst for 

transesterification of GSC oil and etherification of GSC oil derived the glycerol thereafter. The 

combined biofuel from green seed canola (GSC) oil depicts better fuel properties compared to 

those of pure GSC biodiesel and ASTM biodiesel standards. 
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CHAPTER 7: ESTERIFICATION OF FREE FATTY ACIDS (FFA) OF GREEN SEED 

CANOLA (GSC) OIL USING H-Y ZEOLITE SUPPORTED 12-

TUNGSTOPHOSPHORIC ACID (TPA) 

 

A version of this chapter has been published in the following journal: 

 Chinmoy Baroi, Ajay K. Dalai.Esterification of free fatty acids (FFA) of Green Seed 

Canola (GSC) oil using H-Y zeolite supported 12-Tungstophosphoric acid (TPA), 

Applied Catalysis A, 2014, 485, 99-107. 

 

Contribution of the Ph.D. Candidate 

The experiments were conducted by Chinmoy Baroi. The content in this chapter was written by 

Chinmoy Baroi with discussions and suggestions provided by Dr. Ajay Dalai. 

 

Contribution of this Chapter to the Overall Ph.D. Research 

This chapter contains the catalytic activity of H-Y zeolite supported TPA catalysts, synthesized 

by different methods in esterification of oleic acid and FFA present in GSC oil. 

 

7.1 Abstract 

 H-Y is one of the most typical and commercially available zeolites. In this research work, 

the effect of TPA impregnation in H-Y zeolite has been analyzed. The impregnated catalysts 

have been characterized in details using TGA, BET, ICP-MS, FTIR, XRD, XPS, NH3-TPD and 

EXAFS. The catalytic activity of the prepared catalysts has been tested in esterification of pure 

oleic acids and free fatty acids (FFA) present in the green seed canola (GSC) oil. A 10.2% actual 

TPA loading in H-Y zeolite showed optimum catalytic activity in oleic acid esterification. The 

reaction conversion of 99.3 % (for oleic acid) and 97.2% (for FFA) were achieved, when 13.3 

wt% catalyst containing 10.2% TPA and 20:1 methanol to FFA molar ratio were used at 120C 

and reaction time of 7.5 h. The catalyst is proved to be reusable. Kinetics study depicts that the 

activation energy of the esterification reaction is 66.3 kJ/mol.  
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7.2 Introduction 

 Biodiesel shows higher promise as a diesel substitute fuel due to its renewability, 

biodegradability and non-toxicity (Lotero et al., 2005). Alkali catalysts are usually used for 

transesterification of vegetable oils to produce biodiesel (Encinar et al., 1999). However, higher 

price of biodiesel is the main problem for its commercialization. The higher price is associated 

with the production cost, and 88% of the total production cost is related to the feedstock price 

(Kulkarni and Dalai, 2006; Marchetti and Errazu, 2008). This cost can be reduced by using low 

quality and cheaper feedstocks such as used cooking oil, yellow grease, green seed canola oil, 

etc.Acid catalyzed esterification reaction with alcohol produces similar type of esters from free 

fatty acids (Hara, 2010). Homogeneous acid catalysts can be used for this purpose, but solid acid 

catalysts are favored over those for waste minimization and easy product recovery (Kulkarni et 

al., 2006). Brønsted acid sites are highly active in the esterification reaction (Di Serio et al., 

2008). Heteropoly acids (HPA) made up of heteropoly anions show strong and Brønsted acidity 

(Devassy and Halligudi, 2005; Busca, 2007; Okuhara et al., 2000). A 12-Tungstophosphoric acid 

(TPA) with Keggin structure is thermally stable and depicts super acidity as compared to other 

HPA compounds (Kozhevnikov, 2007). Heteropoly acids have lower surface area (1 – 10 m2/g) 

and are soluble in polar solvent (Kulkarni et al. 2006). These problems can be avoided by 

supporting TPA on various carriers.Previous study depicts that the H-Y zeolite supported 12-

Tungstophoisphoric acid (TPA) has higher activity towards esterification as compared to the 

transesterification reaction (Baroi et al., 2014). Zeolites are microporous materials with specific 

pore systems. Acid or thermal treatment creates hierarchical pore (meso/micro) systems in the 

zeolite structure, which might cause loss of zeolite structural Brønsted acidity (Fig.7.1) (Perez-

Ramirez et al., 2008; Zheng et al., 2013). In this paper for the first time, the effect of TPA loading 

on H-Y zeolite has been examined and the catalytic activity has been tested in esterification of 

fatty acids (e.g. Oleic acid) and free fatty acids (FFA) present in the GSC oil. 
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Fig. 7.1 Mespore creation in and loss of acidity in Y zeolite 
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7.3 Experimental Section 

7.3.1 Reagents  

 Unrefined green seed canola oil (4.25 wt% FFA) was obtained from Milligan Biotech 

Inc., Foam Lake, Saskatchewan, Canada. Commercial grade NH4-Y was purchased from 

ZEOLYST, PA, USA. A 12 - Tungstophosphoric acid (TPA) was purchased from Alfa-Aesar, 

MA, USA. Oleic acid was purchased from Sigma-Aldrich, Mississauga, Ontario, Canada. 

 

7.3.2 Catalyst preparation 

Commercial grade NH4-Y was calcined at 550C for 6 h to obtain H-Y form. TPA was 

impregnated into H-Y following different methods. In method A: calcined H-Y was added into 

the methanol solution of calculated amount of TPA. Then the solution was dried at 110C for 12 

h. Then the dried solid was washed and filtered with water. Then the solid was dried again at 

110C for 12 h. In method B: all the steps were same as in A except the TPA dissolving solvent 

was water. In method C, all the steps were same as in A except that TPA washing solvent was 

methanol. The dried materials were calcined at 250 and 350C for 6 h. These catalysts were 

designated as A/B/C-X-T, where A/B/C represents the method name, X represents TPA wt% 

loading and T represents the calcination temperature in degree Celsius.  

 

7.3.3 Catalyst characterization 

Thermo Gravimetric Analyses (TGA) of the prepared catalysts was performed using 

TGA Q analyzer. The X-ray diffraction (XRD) patterns of the samples were collected on a 

Bruker D8 Advance diffractometer using Cu Kα radiation (λ = 1.5418 A). The synthesized 

catalystsBET surface area and pore size analysis were performed using Micrometrics adsorption 

equipment (Model ASAP 2020). The catalysts wereheated at 200C in a vacuum of 510-4 atm 

before the analysis. The surface area was calculated from the isotherms using Brunauer-Emmett-

Teller (BET) method. The pore diameter and pore volume was calculated using BJH method 

from desorption branch of the isotherms. The catalysts FTIR spectra were recorded through 

Perkin Elmer FTIR spectrum GX equipment. For the FTIR analysis, sample pallets were 

prepared by pelleting a well mixed 3 mg of catalyst powder with 200 mg of KBr. The X-ray 
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photoelectron spectroscopy (XPS) study was carried out at Canadian Light Source. The photon 

energy used for this study was 235 eV with the total energy resolution of 70 meV. All spectra 

were collected by Scienta SES100 spectrometer. X-Ray absorption spectra (XAS) were recorded 

on HXMA beam-line at Canadian Light Source Inc., Saskatoon, Canada, utilizing synchrotron 

radiation of 5-40 keV and100 mA current. W LIII data were recorded both in transmission and 

fluorescence mode employing a Lytle detector typically over 45 min. For EXAFS analysis, the 

spectra were extracted by utilizing the cubic spline method and normalized to the edge height. 

The k3-weighted EXAFS oscillation was Fourier transformed into r space using ATHENA 

software. Curve-fitting analysis was performed for the W=O and W-Oext-W with the range 

between r = 1.0 and 2.0 Å using ARTHEMIS software. Temperature programmed desorption of 

ammonia (TPD) was conducted using Quantachrome (USA) instrument. In a typical experiment, 

200 mg of each sample was pretreated in He (Helium) at 550 C for 1 h. The sample was later 

cooled to room temperature in flowing He and saturated with 1% NH3/N2 (v/v) mixture at a flow 

rate of 30 mL/min for 120 min. Then the spectra were recorded between 100 C to 750 C, with 

a temperature ramp of 10 C /min. 

 

7.3.4 Catalytic activity study 

The catalytic activity of the prepared catalysts was tested through esterification of oleic 

acid and FFA of green seed canola oil. The green seed canola oil was pretreated with K-10 clay 

to remove the chlorophyll following the procedure described by Issariyakul and Dalai (2010), 

and there was no change in the FFA content (4.25 wt.%) of the oil after pretreatment. The 

reactions were conducted in a 450 mL Parr reactor (Parr Instrument Co., ILL, USA). Initially, 

100 g of oleic acid/GSC oil was taken into the reactor and preheated to 50C with a stirring 

speed at 600 rpm. Catalysts and Methanol were then added to the reactor. Preliminary catalyst 

screening experiments were carried out using reaction conditions of 65C, 20:1 methanol to oleic 

acid molar ratio and 5 wt.% catalyst. Artificial Neural Network (ANN) was used to correlate the 

catalyst structure properties with the catalytic activity in esterification. Central Composite 

Design (CCD) was exploited for designing the experiments to analyze the effects of reaction 

parameters and Response Surface Methodology (RSM) was used to optimize the reaction 

parameters. Design Expert 8 software was used for these purposes. The acid value of the 
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produced biodiesel was determined according to the AOCS-D6751 method.The free fatty acid 

conversion was calculated based on the initial and final acid value according to the equation 7.1. 

 

Conversion % =
Acid valueinitial − Acid valuefinal

Acid valueinitial
× 100% 

7.4 Results and discussion 

7.4.1 Catalyst characterization 

 The TGA profile of the prepared catalysts (Fig. 7.2) indicates that the maximum weight loss 

occurs in the range between 100 - 200C, indicating loss of the physisorbed and crystal water 

associated with TPA Keggin structure (Kozhevnikov, 2007; Kozhevnikov, 2009; Uchida et al., 

2000). The catalyst prepared following method C contains the least amount of 

crystal/physisorbed water and thermally more stable than those of methods A and B (Fig. 7.2). 

The synthesized catalysts textural properties are outlined in Table 7.1.  

 

 

Fig. 7.2 TGA profiles of different catalysts (Cat. A/B/C-25-T) 

 

 

 

…(7.1) 
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Table 7.1: Textural property of different catalysts 

Sample 

TPA 

Loading 

(wt%) 

Actual 

Si/Al 

ratio 

BET 

Surface area 

(m
2

/g) 

Pore 

Volume 

(cc/g) 

Average 

Pore 

diameter 

(nm) 

Mesopore 

Area 

(m
2

/g) 

Micropore 

Area 

(m
2

/g) 

H-Y - - 910.152.6 0.27.22 6.85.28 178.9 731.1 

Cat.A-25-250 5.6 6.7 863.9 0.25 6.46 159.5 704.4 

Cat.B-25-250 4.2 6.6 859.1 0.24 6.68 157.5 701.5 

Cat.C-25-250 7.2 6.4 880.1 0.25 6.44 165.64 714.4 

Cat.C-25-350 7.2 6.4 742.1 0.23 6.52 133.9 608.2 

Cat.C-35-250 9.9 6.4 801.9 0.22 6.45 145.8 655.3 

Cat.C-45-250 10.2 6.5 816.8 0.24 6.63 153.5 663.2 

Cat.C-55-250 15.4 6.5 780.7 0.19 6.29 139.5 641.3 

 

Increase in TPA loading and micropore surface area improves mesopore area up to a 

certain range beyond which it decreases (Table 7.1). This indicates that TPA might deposit in 

mesopores while helping to create it. Increase in TPA loading and pore diameter increase 

mesopore area up to a certain range and decrease thereafter (Table 7.1). The overall scenario 

indicates that, while TPA loading creates hierarchal pore (by structural breakdown) in the zeolite 

structure, it deposits itself at the same time in the pores. Similar result was obtained in a previous 

study, where impregnation and increase of TPA loading increased mesopore area of support 

zeolites due to the structural breakdown (Baroi et al., 2014).  

Figure 7.3 depicts the XRD patterns of TPA impregnated H-Y zeolite prepared by 

different methods. It depicts that the characteristic peaks of H-Y zeolite at 15.88, 18.96, 20.65 

and 23.95 are present upon TPA impregnation, which indicates that the loss of H-Y zeolite 

crystalline structure is insignificant (Zheng et al., 2011). It also depicts that upon the 

impregnation, TPA is very well dispersed on H-Y zeolite.  
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Fig. 7.3 XRD patterns of different catalysts: (a) Cat. A-25, (b) Cat. B-25, (c) Cat. C-25, (d) Cat. 

C-35, (e) Cat. C-45, (f) Cat. C-55 

The IR bands approximately at 1250-950 cm−1are referred to the asymmetric stretching 

vibrations of the tetrahedral Si, Al atoms respectively (Zheng et al., 2011; Li et al., 2010; 

Morales-Pacheco et al., 2011). Pure TPA depicts IR bands approximately at 1081 (P-O in the 

central tetrahedron), 976-995 (terminal W=O), 890-900 and 805-810 (W-O-W) cm-1 

corresponding to asymmetric vibration of the Keggin anion (Tropecelo et al., 2010; Satishkumar 

et al., 2006; Damyanova et al., 2003; Yun and Kuabara, 2004). After impregnation of TPA (Fig. 

7.4) a new weak band at 898 cm−1 appears in the spectrum. This is assigned to W–O–W 

vibrations of the heteropoly acid and no significant change in asymmetric stretching vibrations 

(at 1206 cm−1) of the tetrahedral Si, Al atoms are observed. The IR band corresponds to the TPA 

terminal W=O approximately at 989 cm−1 and becomes vigilant with the increase in TPA loading 

(Fig. 7.5). 

Tungsten (W) 4f (4f7/2 component) binding energy appears at approximately at 35.8 eV 

for pure TPA. This binding energy shifts to lower energy state for a perturbed tungstate state and 

to higher energy state (approximately at 37.3 eV) for bulk TPA in presence of water around the 

Keggin unit of TPA (Lagagneux et al., 2009). For 45% theoretical TPA loading, when the 

catalyst is calcined at 250C the TPA kegging structure is present with perturbed tungstate state 
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(Fig. 7.6). With the increase in TPA loading both bulk and perturbed tungstate states are 

observed (Fig. 7.7).  

 

Fig. 7.4 FTIR spectra of different catalysts:(a) H-Y, (b) Cat. A-25, (c) Cat. B-25, (d) Cat. C-25 

 

 

Fig. 7.5 FTIR spectra of different amount of TPA loaded Cat. C: (a) Cat. C-25, (b) Cat. C-35, (c) 

Cat. C-45, (d) Cat. C-55 
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Fig. 7.6 XPS pattern of 45% TPA-Y (A) 34.8 eV 

 

Fig. 7.7 XPS pattern of 55% TPA-Y (A) 34.8 eV, (B) 37.3 eV 

The coordination number of W=O and W-Oext-W bonds in TPA, 45%TPA/H-Y, 

55%TPA/H-Y are found to be identical (Table 7.2). However, with an increase in TPA loading, 

the bond length of W=O decreases for 45% TPA loading and increase thereafter and the bond 
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length of W-Oext-W decreases as compared to pure TPA (Table 7.2). The fitted W LIII EXAFS 

spectra of the 45%TPA/H-Y sample depicted in Fig. 7.8, indicates the corresponding radial 

distribution functions for this material. The pattern of change in bond length is an indication of 

distortion in TPA kegging structure with an increase in TPA loading, especially for 55% TPA 

loading (Yamazoe et al., 2008). 

Table 7.2: Structural parameters derived from fitted EXAFS for bulk and supported TPA 

samples 

Samples Parameters 
Coordination environment 

W=[O] W-[Oext]-W 

Pure TPA C.N. 1 4 

 r (0A) 1.88 1.97 

 R-factor 0.008 0.008 

45% TPA/H-Y C.N. 1 4 

 r (0A) 1.49 1.89 

 R-factor 0.007 0.007 

55% TPA/H-Y C.N. 1 4 

 r (0A) 1.93 1.90 

 R-factor 0.001 0.04 
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Fig. 7.8 Fitted W LIII EXAFS of 55%TPA/H-Y 

The NH3-TPD results of different loadings of TPA on H-Y zeolite (Table 7.3) indicate 

that the weak acidity decreases with an increase in the loading. However, strong acidity reduces 

to moderate acidity beyond 45% loading, which is in agreement with the conclusion obtained 

from the XPS binding energy pattern and distortion of TPA Keggin structure analyzed through 

EXAFS analysis. 

 

Table 7.3: Acid strength of the catalysts obtained by NH3-TPD analysis 

Samples 
Acidity (mmole NH3/g sample) 

Weak  Moderate  Strong 

H-Y 3.3×104 7.6×104 - 

45% TPA/H-Y 1.3×104 4.0×104 1.0×104 

55% TPA/H-Y 1.4×104 3.8×104 4.5×103 

 

 

7.4.2 Catalytic activity in the esterification reaction 

Table 7.4 depicts the catalytic activity of different catalysts. It depicts that 45% TPA 

(theoretical loading) impregnated H-Y zeolite depicts higher activity for the conversion of oleic 

acid through esterification.  
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Table 7.4: Catalytic activity of different catalysts (65C, 20:1 methanol to oleic acid molar ratio, 

5 wt% catalysts, 6 h) 

Sample Conversion % 

H-Y 66.7 

Cat. A-25-250 68.5 

Cat. B-25-250 68.4 

Cat. C-25-250 71.7 1.2 

Cat. C-25-350 72.1 

Cat. C-35-250 72.3 

Cat. C-45-250 77.3 

Cat. C-55-250 72.7 

 

To understand the impact of catalyst structural properties on catalytic activity an artificial 

neural network (ANN) model was developed with the help of STATISTICA 12 software. To 

analyze the effect of different variable on the esterification and transesterification conversion, 

Design of Experiments (DOE) was used to vary a pair of variables, keeping other variables 

constant. Central Composite Design (CCD) was used for this purpose. “Custom Prediction” 

option of the software was used to obtain the results of the experiments. From the model, 

micropore area is found to be the least important factor to affect the catalytic activity, then 

mesopore area and then pore diameter as compared to the loading (wt.%). The catalytic activity 

increases with the increase in catalyst loading and relatively insensitive with the increase in 

mesopore surface area of the catalysts, whereas the catalytic activity increases with the increase 

in pore diameter (Figures 7.9 and 7.10). For 55% (theoretical) TPA loading, the TPA keggin 

structure exists in a distorted state (Table 7.2), which causes a reduction in surface area, pore 

diameter (Table 7.1) and acid strength (Table 7.3). These are responsible for lower activity in 

esterification. 
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Fig. 7.9 Effects of mesopore area and loading on FFA conversion (6.55 nm pore diameter, 

669.65 m2/g micropore area, Si/Al atio 5.85) 

 

 

Fig. 7.10 Effects of pore diameter and loading on FFA conversion (669.65 m2/g micropore area, 

156.4 m2/g mesopore area, Si/Al ratio 5.85) 
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7.4.3 Effects of reaction parameters in the esterification reaction 

From the preliminary experiments, reaction temperature is found to be the most important 

factor affecting esterification conversion. The effects of reaction temperature on ester conversion 

was analyzed keeping the catalyst concentration at 5 wt% (based on the wt. of oil), 20:1 

methanol to oleic acid molar ratio and 6 h of reaction time. Table 7.5 depicts that conversion 

increases with the increase in the reaction temperature. Esterification reaction is an endothermic 

reaction, thus reaction temperature has a positive impact on the FFA conversion 

(Sathyaselvabala et al., 2012). 

 

Table 7.5: Effect of reaction temperature on the conversion (20:1 methanol to oleic acid molar 

ratio, 5 wt% catalysts, 6 h) 

Reaction Temperature (C) Conversion (%)  

65 77.3  

90 82.7  

120 92.7  

 

To understand the effects of other reaction parameters at constant temperature of 120C, 

the catalyst weight was varied from 5 to 15 wt%, the methanol to oleic acid molar ratio from 

10:1 to 30:1 and reaction time from 2 to 10 h. A three-factor two level design was used to 

perform the experiments. Figures 7.11, 7.12 and 7.13 show the effects of methanol to oleic acid 

molar ratio, catalyst wt% and reaction time on the oleic acid conversion. These figures show the 

optimum region of parameter combinations for obtaining the highest conversion. From the 

experiments, a second-order polynomial equation is developed to fit the experimental data. 

 

Conversion (%)  = -92.3 + 3.1 × Catalyst wt% + 7.7× Methanol ratio + 22.2 × Time (h) –0.06 

× Catalyst wt%2 - 0.1 × Methanol to oleic acid molar ratio2 - 1.11 × Time (h)2 + 0.1 × Time× Cat. 

wt%- 0.3 × Methanol to oleic acid molar ratio× Time - 0.1 × Methanol to oleic acid molar ratio × 

Cat. wt%                                                                                                                              …(7.2) 
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From the above model, both linear and quadratic terms of methanol to FFA molar ratio, 

reaction time and their interaction are found to be the significant (p<0.05) factors. From this 

study, 13.3 wt% catalyst (based on the oleic acid) and 26:1 methanol to oleic acid molar ratio 

and reaction time of 7.5 h are found to be one of the optimum reaction conditions. The predicted 

conversion using the condition is 100% and the actual conversion (experimental) is 99.3 wt%, 

which validates the model well (see eqn. 7.2). Using this optimized condition, the conversion of 

FFA present in GSC oil obtained is 97.2%. 

 

Fig. 7.11 Effects of catalyst wt% and methanol to oleic acid molar ratio on the FFA conversion 

(reaction temperature 120C, 6 h) 
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Fig. 7.12 Effects of catalyst wt% and reaction time on the FFA conversion 

 

Fig. 7.13 Effects of methanol to oleic acid molar ratio and reaction time on the FFA conversion 
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7.4.4 Reusability of the catalysts in the esterification reaction 

For the catalyst reusability study, the catalyst was separated by filtration from the 

reaction mixtureand was washed with methanol. It was then dried and finally regenerated by 

calcination, to remove the residual organic compounds.  The conversion reduced from 99.3 wt% 

in experiment one to 96.9 % in experiment three indicating that the strong acid sites of the 

catalysts are still active and the catalyst is reusable after at least three reaction cycles. 

Additionally, the Tungsten (W) content in the product was analyzed with the help of ICP. The 

presence of Tungsten (W) in the product was found to be 4 ppb only. 

 

7.4.5 Development of kinetic model and thermodynamics of the fatty acid methyl ester 

(FAME) 

 The optimized reaction condition was used for developing the kinetic model of 

esterification of oleic acid. In esterification reaction, free fatty acids (FFA) and methanol (M) 

react to produce methyl ester (ME) and water (W). It was assumed that oleic acids (OA) and 

methanol (M) were weakly adsorbed on the catalyst. Adsorption of different FFA on a vacant 

site is given by  

OA + S 
K1
⇔OA.S 

Adsorption of Methanol (M) on a vacant site is given by 

M + S 
K2
⇔ M.S 

Surface reaction of OA.S and M.S leading to the formation of methyl ester (ME.S) and glycerol 

(G.S) on the site 

OA .S +M.S 
KSR
⇔  ME.S + W.S 

Desorption of methyl ester (ME) and water (W) is given by 

ME.S 
KME
,

⇔  ME + S 

W.S 
KW

′

⇔ W + S 

…(7.3) 

…(7.4) 

…(7.5) 

…(7.6) 

…(7.7) 
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If the surface reaction (eqn. 7.5) controls the rate of reaction, then the rate of reaction of OA is 

given by 

 

−rOA = −
dCOA
dt

= kSRCS.OA. CM.S − kSR
, CS.ME. CW.S 

 

−
dCOA

dt
=
kSR{K1K2COACM − (KMEKWCMECW KSR⁄ )}Ct

2

(1 + COAK1 + K2CM + KMECME + KWCW)2
 

The reaction is far away from equilibrium, as initial rate data were used. Thus, reverse reaction 

cane be neglected (Yadav et al., 2012). 

−
dCOA
dt

=
krwCOACM

(1 + COAK1 + K2CM + KMECME + KWCW )2
 

 

Where 

krw = kSRK1K2Ct
2; w = catalyst wt. Assuming the adsorption constants are very small (Yadav et 

al., 2012), then the above equation reduces to 

−
dCOA
dt

= krwCOACM 

A large excess of methanol was used in the reaction. Therefore, CMCM,o can be assumed 

constant in this reaction. Then the above equation can be written in terms of fractional 

conversion as, 

dXOA

dt
= k"CM,o (1 − XOA) 

Where, k" = krw 

Integrating the above equation and for constant initial triglyceride concentration, the final 

expression leads to  

− ln(1 − XOA) = k
′t 

Where,  

k′ = k"CM,o 

…(7.8) 

…(7.9) 

…(7.10) 

…(7.11) 

…(7.12) 

…(7.13) 
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Thus, a plot of –ln(1 – XOA) against time at different temperatures gave the values of the reaction 

rate constants at different temperatures. The values of the rate constants at different temperatures 

were calculated and an Arrhenius plot was used to estimate the apparent activation energy of the 

reaction. The activation energy is comparable to values obtained from other literature (Table 

7.6). The enthalpy of activation (H‡), and the entropy of activation (S‡) were estimated using 

Eyring equation (Eyring, 1935). 

ln
k"

T
= −

∆H‡

R
.
1

T
+ ln

kB

h
+
∆S‡

R
 

Where, kB is the Boltzmann constant and h is the Plank constant. Gibbs energy of activation 

(G‡) was calculated using the following equation: 

G‡ = H‡ –T. S‡ 

The positive value of entropy of activation indicates that the activation complex is formed 

through dissociation mechanism. Therefore, the activation complex has less ordered or less rigid 

structure than the reactants in the ground state, which made the rate of reaction slower (Ong et 

al., 2013). The positive nonzero values of Gibb’s free energy indicate that the esterification 

reaction is non-spontaneous (Table 7.6). 

 

Table 7.6: Activation energy and Thermodynamic data obtained from reaction kinetics 

 Unit Value Lit. value 

(Tesser et 

al., 2009) 

Lit. value 

(Berrios et 

al., 2007) 

Lit. value 

(Su, 2013) 

Activation Energy (E
a
) kJ/mol 66.3 68.9 50.7 44.9 

Enthalpy of activation 

(H‡) 
kJ/mol 63.2 

- - - 

Entropy of activation (S‡) J/mol.K 81.4 - - - 

(G‡) kJ/mol 40.5 - - - 

 

…(7.14) 

…(7.15) 
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7.5 Conclusions 

This research work reveals that TPA impregnated H-Y zeolite is an effectual and reusable 

catalyst for esterification of oleic acid and free fatty acids. The reaction kinetics indicate that the 

esterification reaction is an endothermic pseudo-first order reaction with an activation energy of 

66.3 kJ/mol and the reaction intermediates are unstable as compared to the reactants.  
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CHAPTER 8: TECHNO-ECONOMIC AND ECOLOGICAL IMPACT COMPARISON 

BETWEEN BIODIESEL AND COMBINED BIOFUE LPRODUCTIONPROCESSES 

USING HETEROGENEOUS ACID CATALYSTS 

 

A version of this chapter will be submitted in a journal. 

 

Contribution of the Ph.D. Candidate 

Studies were conducted by Chinmoy Baroi. The content in this chapter was written by Chinmoy 

Baroi with discussions and suggestions provided by Dr. Ajay Dalai. 

 

Contribution of this Chapter to the Overall Ph.D. Research 

In this chapter, the techno-economic feasibility of combined biofuel production process is 

compared with the traditional biodiesel production process. 

 

 

8.1 Abstract 

In this study, the techno-economic and ecological impact of heterogeneous acid catalyzed 

biodiesel production process and combined biofuel production processes from green seed canola 

(GSC) are evaluated. The two processes are compared based on three criteria, e.g. process 

economics, environmental impact and process energy efficiency. Based on the assessment, it is 

concluded that both the processes are economically profitable, when the cost of the feedstock is $ 

0.35/kg. Surprisingly, biodiesel production process depicts higher profitability as compared to 

that for combined biofuel production process. Additionally, biodiesel production process is more 

energy efficient than combined biofuel production process. However, combined biofuel 

production process is more environment friendly as compared to that for biodiesel production 

process. 

 

8.2 Introduction 

Biodiesel is a diesel substitute renewable fuel is more attractive than diesel fuel because 

of its low emission profile and renewability. The biodiesel production process yet to be 

economically attractive due to higher feedstock price. On the contrary, cheaper feedstock is only 
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compatible with acid-catalyzed process because of higher free fatty acid (FFA) content. 

Especially, solid acid catalysts can be a good choice because of easy product separation and 

waste minimization (Kulkarni et al., 2006). 

Green seed canola oil is one of the low-grade oils available in huge quantity in North 

America. The raw green seed canola oil are not edible because of the presence of the higher 

amount of chlorophyll.The higher chlorophyll content also reduces the oxidation stability of the 

oil (Abraham and DeMan, 1986; Rawk and Santen, 1970). However, a method has been 

developed to remove the chlorophyll from the GSC oil effectively using K-10 clay as a 

chlorophyll adsorbent (Issariyakul and Dalai, 2010).  

One of the approaches to improving the biodiesel market economy is to find useful 

application for the co-product i.e. glycerol. Approximately, biodiesel production generates about 

10% (w/w) glycerol as the main by-product (Sdrula, 2010). Glycerol ethers, a derivative of 

glycerol, can be used as fuel additives that enhance fuel combustion properties and help in 

decreasing the cloud point of biodiesel (Klepacova et al., 2003). In a previous study, a process 

has been developed to produce a combined biofuel (mixture of biodiesel and glycerol-ether) 

from GSC oil (Baroi et al., 2014). 

From an economic point of view, a process with positive or higher number in the net 

present value (NPV) and internal rate of return (IRR) are considered to be economically feasible 

(Li et al., 2011). Ecological impacts are evaluated based on the environmental impacts and 

process energy efficiency. An algorithm namely, waste reduction algorithm (WAR) is developed 

by US EPA (Young et al., 1999) to assess the environmental impact at the manufacturing stage 

within the overall lifecycle of the chemical production and process. The energy efficiency of the 

process can be evaluated based on the energy of the raw materials and the products (Trippe et al., 

2013). Previous economic studies on biodiesel process show that one-step heterogeneous acid 

catalyzed process is profitable, safe and environment friendly process than homogeneous acid 

catalyzed process (Baroi and Dalai, 2015). However, no literature is found on the techno-

economic and ecological impact comparison between the biodiesel and combined biofuel 

production processes from the green seed canola oil. This research introduces for the first time 

the techno-economic and ecological impact comparison between the biodiesel and combined 

biofuel production processes. 
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8.3 Development of process models 

Aspen HYSYS v.8.2 is employed to obtain mass and energy balance for biodiesel and 

combined biofuel production processes using heterogeneous acid catalysts, and thereafter 

economic and ecological assessment are performed for the same systems. All the unit operations, 

input conditions and operating conditions are specified during process flow sheet development. 

Triolein, diolein, monoolein, oleic acid are selected to represent the triglycerides (TG), 

diglycerides (DG), monoglyceride (MG) and free fatty acids (FFA) of the GSC oil. In this paper 

in the process simulation, DG, MG, tertbutyl glycerol-ether (TTBG), di-tert-butyl glycerol ethers 

(DTBG), mono-tert- butyl glycerol-ether (MTBG), solid catalysts, chlorophyll A and B (Ch-A 

and Ch-B) are inserted as hypothetical compounds. Thermodynamic group contribution method 

is used to develop and define the properties of DG, MG, TTBG, DTBG and MTBG as the 

hypothetical liquid compounds (Marrero and Gani, 2001; Reid at el., 1987) (see appendix D). 

Chlorophyll A and B are treated as solids and the properties of solids and thermodynamics are 

obtained elsewhere (Annamali et al., 1987; Chen and Cai, 2007) (see appendix D). The 

properties of other components (e.g. water, oleic acid, methyl oleate, glycerol, methanol) are 

collected from the HYSYS library. As the simulation involves polar components (glycerol and 

methanol), a non–random two liquid (NRTL) thermodynamic model is chosen as the base model 

for the simulation of the biodiesel production process. Since some of the binary interaction 

parameters are not provided in the databank, these parameters are estimated using the UNIFAC 

vapour-liquid equilibrium and UNIFAC liquid-liquid equilibrium. Plant capacity is assumed to 

be 8000 tonnes/year (the same as in Zhang et al., 2003; West et al., 2008). This translates to 

vegetable oil roughly 1000 kg/h for process configuration. Centrifuge separation methods are 

used to separate the pre-treatment clay and solid catalysts from the processes. Conversion 

reactors are used to represent the biodiesel and etherification reactors. The reactors are assumed 

to operate continuously. For biodiesel and combined biofuel production processes, the original 

data mentioned in the paper (Baroi et al., 2014) are converted to conversions for the use in this 

paper. The conversion from glycerol to MTBG, MTBG to DTBG, DTBG to TTBG are 100%, 

94.6%, and 88.9% respectively. After the reactions, methanol is retrieved and purified using a 

multistage atmospheric distillation column and the purity obtained is 100%.  
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8.4 Process design 

The biodiesel production process flowsheet is depicted in Figure 8.1. The process is 

described with the help of stream numbers, equipment names, and numbers mentioned in Figure 

8.1. Both GSC oil (stream no. 101) and K-10 clay (stream no. 102) enter the preteater at 

atmospheric pressure and room temperature, where the chlorophyll is adsorbed by K-10 clay. 

Then the adsorbed clay is removed by gravity settling. The treated oil (stream no. 105) is mixed 

with solid acid catalyst (stream no. 106) and methanol (stream no. 107). The reaction mixture is 

then pumped through P-100 (Fig. 8.1) to obtain the desired pressure of 4187 kPa to keep the 

reactor mixture in the liquid phase inside the reactor and sent to the biodiesel reactor. The 

pressure of the reaction products are then relieved and then heated in the heater (E-100). The 

reaction mixture is fed to a 3-phase separator (V-101), to separate the catalyst and to strip off the 

methanol. The methanol is then purified in the distillation column (T-100), cooled down (E-102) 

and then recycled back (details of unit operations are given in Table 8.1). The mainstream is then 

brought down to the lower temperature and sent to an ultrafiltration membrane separator. The 

glycerol is separated as a retanate (stream no. 121) and the pure biodiesel is separated as a 

permeate (stream no. 122) through the membrane separator (Saleh et al., 2010). The reactant and 

product composition are given in Table 8.2. 

The combined biofuel production process flowsheet is depicted in Figure 8.2. The process is 

described with the help of stream numbers and equipment name and numbers mentioned in 

Figure 8.2. Both GSC oil (stream no. 101) and K-10 clay (stream no. 102) enter the preteater at 

atmospheric pressure and room temperature, where the chlorophyll is adsorbed by K-10 clay. 

Then the adsorbed clay is removed by gravity settling. The treated oil (stream no. 105) is mixed 

with solid acid catalyst (stream no. 106) and methanol (stream no. 107). The reaction mixture is 

then pumped through P-100 (see Fig. 8.2) to obtain the desired pressure of 4187 kPa to keep the 

reactor mixture in the liquid phase inside the reactor and sent to the biodiesel reactor. The 

pressure of the reaction products are then relieved and fed to a flash separator (V-101) to strip off 

the methanol. The methanol is then purified in the distillation column (T-100), cooled down (E-

102) and then recycled back (details of unit operations are given in Table 8.1). The mainstream is 

then cooled down and mixed with catalysts (stream no. 119) and TBA (stream no. 135). The 

mixed stream then pumped through P-101 (see Fig. 8.2) to obtain the desired pressure of 1050 

kPa to keep the reactor mixture in the liquid phase inside the reactor. The pressure of the reaction 
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products are then relieved and fed to a 3-phase separator (V-102). The vapour and liquid stream 

are then cooled down in a cooler (E-103). The cold stream (stream no. 128) is then pumped to 

the desired pressure and sent to an ultrafiltration membrane separator. The mixture of TBA + 

water + methanol is separated as a permeate (stream no. 131) and the pure combined biofuelis 

separated as a retanate (stream no. 130) through the membrane separator (saleh et al., 2010). The 

TBA is recovered through pervaporation membrane (TBA separator) as retanate (Biduru et al., 

2005). The permeate stream contained water and residue methanol and thrown out as waste.  The 

reactant and product composition are given in Table 8.3. 
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Fig. 8.1 Flowsheet for heterogeneous acid catalyzed biodiesel production process 
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Fig. 8.2 (a) Flowsheet for combined biofuel production process 

 

Fig. 8.2 (b) Flowsheet for combined biofuel production process
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Table 8.1: Synopsis of the unit operating conditions for each process 

 Biodiesel Biofuel 

Catalyst 55%TPA/H-β 55%TPA/H-β 

Reactor type (Biodiesel) CSTR CSTR 

Temperature (C) 200 200 

Pressure (kPa) 4187 4187 

Alcohol to oil ratio 21.3 21.3 

Residence time (h) 6.5 6.5 

Reflux ratio 1 1 

Condenser/reboiler pressure 

(kPa) 
101.3/124.3 101.3/124.3 

Type of trays Packed Packed 

Distillate purity (%) 99.79  

Catalyst Removal Gravity Gravity 

Glycerol separation Gravity - 

Glycerol purity (%) 92.8 - 

Reactor type (Etherification) - CSTR 

Temperature (C) - 120 

Pressure (kPa) - 1050 

TBA to glycerol ratio - 5 

Residence time (h) - 6 

Glycerol to MTBG conv.% - 100 

MTBG to DTBG conv.% - 94.66 

DTBG to TTBG conv.% - 88.90 

Biodiesel/Combined 

biofuelpurity, wt% 

99.47 
99.58 
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Table 8.2: Feed and product stream information for the biodiesel production process 

 101 102 104 106 122 121 

Temperature (C) 25.0 25.0 25.0 25 25.31 25 

Pressure (kPa) 101.3 101.3 101.3 101.3 506.3 101.3 

Molar flow 

(kmol/h) 
1.355 0.2003 5.110 1.7 × 10-2 3.696 1.183 

Mass flow (kg/h) 1100 110 163.7 36.3 1096 98.32 

Component mass 

fraction 

      

Methanol - - 1 - - 0.0600 

GSC oil 0.9574 - - - - - 

DG - - - - - - 

MG - - - - 0.0023 - 

Free Fatty Acids 0.0425 - - - 0.0030 - 

Ch-A 0.0001 - - - - - 

Ch-B 0.0000* - - - - - 

Glycerol - - - - 0.0001 0.9280 

K-10 clay - 1 - - - - 

Solid acid catalyst - - - 1 - - 

Water - - - - - 0.0009 

FAME - - - - 0.9947 0.0111 

*Very less amount 
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Table 8.3: Feed and product stream information for the combined biofuel production 

process 

 101 102 104 106 119 135 130 

Temperature (C) 25.0 25.0 25.0 25 25 25 25 

Pressure (kPa) 101.3 101.3 101.3 101.3 101.3 101.3 506.5 

Molar flow 

(kmol/h) 
1.355 0.2003 5.110 1.7 × 10-2 1.4× 10-2 3.25 4.92 

Mass flow (kg/h) 1100 110 163.7 36.3 29.7 240.9 1396 

Component mass 

fraction 
  

  
 

  

Methanol - - 1 - - - - 

GSC oil 0.9574 - - - - - - 

DG - - - - - - - 

MG - - - - - - 0.0018 

Free Fatty Acids 0.0425 - - - - - 0.0023 

Ch-A 0.0001 - - - - - - 

Ch-B 0.0000* - - - - - - 

K-10 clay  1 - - - - - 

Solid acid catalysts - - - 1 1 - - 

TBA - - - - - 1 - 

Water - - - - - - - 

FAME - - - - - - 0.7888 

MTBG - - - - - - 0.0067 

DTBG - - - - - - 0.0296 

TTBG - - - - - - 0.1707 

*Very less amount 

 

8.5 Equipment sizing 

All the equipments were sized using HYSYS sizing utility. Reactors are sized by 

multiplying volumetric flow rate with the residence time. The required surface areas of 

all the heat transfer equipments were sized using the integrated energy analysis utility. 

The required membrane surface area was sized considering the flux through membrane to 

be 35 gallon/day.m2. The surface area was calculated based on the membrane surface 

area sizing procedure (Peters et al., 2011). Table 8.4 summarizes the dimensions of all 

relevant vessels.  
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Table 8.4: Equipment size for various unit operations in the process 

Type Description Biodiesel Biofuel 

Reactor (vertical)* Biodiesel 2.14 × 6.42 2.14 × 6.42 

 Etherification - 2.20 × 6.6 

Column (vertical)* Methanol Purification 0.61× 3.31 0.61× 3.31 

Separator 

(horizontal)** 
K-10 clay Separator 0.91 × 3.66 0.91 × 3.66 

 Catalyst separator 0.61 × 3.35 0.91 × 3.66 

Membrane***  Ultrafiltration (UF) 82.13 19.6 

 Pervaporation - 53.89 
*Dia×Height (m) 
** Dia×Length (m) 
***Surface area (m2) 

 

8.6 Economic assessment 

The plant capacity is assumed to be of 8000 tonnes/year biodiesel production. 

Operating hours are assumed to be 7920h/year (assuming 330 operating days/year). The 

processes are evaluated based on the net present value (NPV), internal rate of return 

(IRR) and payback period. The “study estimate” method with a range of expected 

accuracy from +30% to – 20% (Turton et al., 2012) is used foe economic assessment.  

Table 8.5 gives the breakdown of the capital investments of two processes. The 

equipment prices are estimated using Bare module method (Turton et al., 2012). The bare 

module costs of membrane are considered to be $20/m2 (Arvid Lie et al., 2007). The 

fixed capital cost, working capital and the total capital investment are estimated using the 

procedure mentioned earlier (West et al, 2008).  

The capital cost for the equipments (Table 8.5) depicts that biodiesel distillation 

column is the most expensive equipment and then reactors are the second highest 

expensive equipment.  

Direct manufacturing expenses are estimated based on the price and consumption 

of each chemical and utility. The chemical and utility prices are presented in Table 8.6 

and material flow information is obtained from HYSYS process flowsheet.  
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The operating labour cost has been estimated based on the number and types of 

equipments (Turton et al., 2012). Table 8.7 represents the details of the total 

manufacturing costs. The detailed direct and indirect manufacturing costs are estimated 

following the method described elsewhere (West et al, 2008). The net annual profit after 

tax is calculated assuming an income tax of 42%. The estimated project life is 20 years, 

and the estimated construction period is 2 years. Based on the net present value (NPV), 

and internal rate of return (IRR), it can be concluded that biodiesel production process is 

more economically favourable. 

 

Table 8.5: Major equipment costs, total fixed capital costs and total capital investments 

(in millions) of the process 

Equipment  Description Biodiesel Biofuel 

Reactor Biodiesel 0.27 0.27 

 Etherification - 0.28 

 Pretreater 0.06 0.06 

Column Methanol Purification 0.38 0.38 

 Solid/Catalyst 

Separator 

0.03 0.04 

 K-10 Separator 0.02 0.02 

Pump  Reaction mixture pump 0.04 0.04 

Membrane Ultrafiltration (UF) 3.72×10-4 7.48×10-3 

 Pervaporation - 0.021 

Total bare module 

cost, CBM 

 

1.28 1.61 

Total module cost, 

CTM 

 

1.51 1.89 

Fixed Capital cost, 

CFC 

 

1.89 2.38 

Working Capital 

cost, CWC 

 

0.28 0.36 

Total Capital 

Investment, CTCI 

 

2.17 2.74 
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Table 8.6: Condition for the economic assessment of the process 

Item Specifications 
Price ($/kg) 

Biodiesel Biofuel 

Chemicals   

Biodiesel/Biofuel  1 1.03 

Glycerol  0.9 - 

Methanol 99.9% 0.21 0.21 

Green Seed Canola oil raw 0.35 0.35 

Solid acid catalyst - 3.6 4.45 

K-10 Clay  0.31 0.31 

TBA 99.9% - 1.47 

    

Utilities    

Cooling water 25-30C $0.0001/kg $0.0001/kg 

Low-pressure steam 5 bar, 160C $0.03/kg $0.03/kg 

Medium pressure steam 10 bar, 184C $0.03/kg $0.03/kg 

High-pressure steam 41 bar, 254C $0.03/kg $0.03/kg 

Electricity  $16.8/GJ $16.8/GJ 
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Table 8.7: Total manufacturing cost and profit after tax of the processes 

 Biodiesel Biofuel 

Direct Manufacturing costs   

Total raw material cost ($ in 

millions) 4.86 9.14 

Total utility cost ($ in millions) 0.29 0.41 

Cost of operating labours ($ in 

millions) 0.16 0.16 

Waste Treatment cost ($ in 

millions) 0.06 0.06 

Maintenance and repair(M&R), 

6% of CFC 0.11 0.14 

Operating supplies, 15% of 

M&R 0.02 0.02 

Lab charges, 15% of operating 

labour 0.02 0.02 

Patents and Royalties 0.11 0.11 

Indirect Manufacturing costs   

Overhead packaging and 

storage 0.09 0.10 

Local taxes, 1.5% CFC 0.03 0.04 

Insurance, 0.5% CFC 0.01 0.01 

Depreciation, 10% 0.19 0.24 

Administrative costs 0.02 0.02 

Distribution and selling 0.38 0.38 

R&D 0.19 0.19 

Total Manufacturing costs ($ in 

millions) 6.55 11.04 

Revenue from sales ($ in 

millions) 9.86 11.98 

Net annual profit ($ in millions) 3.31 0.94 

Annual taxes, 42% 1.39 0.39 

Net annual profit ($ in millions) 1.92 0.54 

Net Present Value (NPV) 

(millions) 8 0.5 

Internal rate of return  (IRR)% 61.5 12.9 
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8.7 Sensitivity analysis 

 Figure 8.3 depicts the sensitivity analysis of biodiesel production process. It 

depicts that the maximum price of GSC oil: $0.6/kg, catalyst price: $12/kg and minimum 

selling price of biodiesel: $0.75/kg are allowable in order to run the process profitable. 

 

 

 

Fig. 8.3 Sensitivity analysis of biodiesel production process 

Figure 8.4 depicts the sensitivity analysis of combined biofuel production process. It 

depicts that the maximum price of GSC oil: $0.37/kg, catalyst price: $4.6/kg and 

minimum selling price of biofuel: $1.02/kg are allowable in order to run the process 

profitable. 
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Fig. 8.4 Sensitivity analysis of combined biofuel production process 

8.8 Ecological impact assessment 

 Ecological impact of the processes were assessed and compared based on the 

potential environmental impact index (PEI) and the process efficiency. The PEI index 

provides an indication of the chemical process environmental friendliness across the 

system boundary. The WAR software (www.epa.gov) is used to calculate the PEI 

indexes, and the PEI indexes with a lower score indicates more environmental 

friendliness. The impact analysis indicates that the heterogeneous acid catalyzed process 

is more environmentally friendly compared to that for homogeneous process (Table 8.8). 

 

 

 

 

 

 

 



 

187 

 

Table 8.8: Toxicity Index comparison of the two processes 

 Biodiesel Biofuel 

Human Toxicity Potential by Ingestion (HTPI) 2.47 2.12 

Human Toxicity Potential by Exposure (HTPE) 0.86 3.04×10-2 

Terrestrial Toxicity Potential (TTP) 2.47 2.12 

Aquatic Toxicity Potential (ATP)  0.93 1.49 

Global Warming Potential (GWP) 0.67 1.09 

Ozone Depletion Potential (ODP) 7.11×10-6 1.14×10-5 

Photochemical oxidation potential (PCOP) 21.5 5.36 

Acidification Potential  (AP) 21 33.6 

 Total (PEI/h) 49.9 45.8 

 

The process energy efficiency is calculated by dividing the raw materials energy 

to product energy.  

 

Energy  Efficiency =  
Energy of the products

Energy of the raw materials+Input energy
× 100% 

 

The process efficiency obtained for biodiesel and combined biofuel production processes 

are 47.4% and 31.9% respectively. It indicates that the excess amount of energy in 

combined biofuel production process is utilized in the reactor, but the heating value of the 

combined biofuelis not improved as compared to that for biodiesel.  

 

8.9 Discussion 

All the assessment results are outlinedand compared between the two processes. 

Based on the relative comparison, the score 0 or 1 are assigned. Score 0 indicates 

unfavourable, whereas score 1 indicates favourable. The assessment comparison indicates 

that biodiesel production process is more favorable than combined biofuel production 

process (Table 8.9). 

 

 

…(8.1) 



 

188 

 

Table 8.9: Overall comparison of the processes 

Assessment Criteria 
Scores 

Biodiesel Biofuel 

Profitability (profit, NPV, 

IRR) 
1 0 

Process Efficiency 1 0 

Environmental Impact 0 1 

Total  2 1 

 

 

8.10 Conclusions 

From the process simulation, economic and ecological impact assessment study it 

is obtained that biodiesel production process is more favourable than the combined 

biofuel production process. The profitability of biodiesel production process is high 

compared to that of combined biofuel production process. Thus, it is wise to sell the pure 

glycerol as a separate product  rather than selling as a combined biofuel. 
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CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS 

 

9.1 Conclusions 

 The Ph.D research reveals that silica-based solid acid catalysts are able to remove 

the chlorophyll while catalyzing simultaneous transesterification and esterification 

reactions in a single step. Therefore, solid acid catalysts allow using unrefined waste 

grade feedstock such as GSC oil as a direct feedstock for biodiesel production and reduce 

pre-treatment costs of the feedstock. Additionally the solid acid catalyzed biodiesel 

production process is proved to be profitable, safe and environment friendly process as 

compared to the homogeneous process. The research also reveals that glycerol derived 

after biodiesel production can be used to produce glycerol-ether. Later feasibility of a 

combined biofuel (mixture of biodiesel + glycerol-ether) production process indicates 

that combined biofuel production process is less profitable than biodiesel production 

process and it is worth to sell high purity glycerol as a product itself. 

 

9.2 Recommendations 

 Different TPA based heterogeneous solid acid catalysts (e.g. carbon nanotube, 

gamma alumina, MAS-9 supported TPA) should be tested for simultaneous 

esterification, transesterification and chlorophyll removal. 

 The catalytic activity should be tested in a continuous flow reactor to verify the 

catalytic activity. 

 The heterogeneous acid catalyzed biodiesel production process should be tested in 

the presence of co-solvents (e.g. THF) and process sustainability study should be 

conducted for this. 

 An appropriate catalyst synthesis cost estimation method need to be established. 

 In combined biofuel production process, TBA should be replaced with cheaper 

alcohol and the entire combined biofuel production process should be revised. 
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APPENDIX A: ADDITIONAL DATA USED FOR MODEL VALIDATION (FOR LITERATURE REVIEW STUDY) 

Example Catalysts Feedstock Reaction conditions 
Experimental 

Results 

Model 

Prediction 

1 
25% TPA/SBA-

15, 300C  

Triolein, no FFA 

present  

25% TPA loading, 4.13 wt% cat. 

39:1 methanol ratio, 10 h, 200C  
97.2% yielda 

98.8% yield 

2 
45% TPA/H-Y, 

250C 
Oleic acid  

10.2% TPA loading, 13.6 wt% cat. 

26:1 methanol ratio, 7.5 h, 120C 
99.9% conv. of FFAb 

99.9% conv. 

3 
45% TPA/H-Y, 

250C 

GSC oil and 

4.25% FFA  

10.2% TPA loading, 13.6 wt% cat. 

26:1 methanol ratio, 7.5 h, 120C 

97.64% conv. of 

FFAb 
97.37% conv. 

4 
10% TPA/Al2O3, 

300C  

GSC oil and 

4.25% FFA  

10% TPA loading, 3 wt% cat. 

6:1 methanol ratio, 10 h, 200C 
62.5% yieldc 

63.52% yield 

 References: 
aBaroi, C., A. K. Dalai,“TPA supported on SBA-15 as solid acid catalysts for the biodiesel production,” ACS symposium 

series, 1092, 93-109 (2012). 
bBaroi, C., A. K. Dalai, “Esterification of free fatty acids (FFA) of Green Seed Canola (GSC) oilusing H-Y zeolite supported 

12-Tungstophosphoric acid (TPA),” Applied Catalysis A: General,485, 99-107(2014). 
cKulkarni, M. G., R. Gopinath, L. C. Meher, A. K. Dalai, “Solid acid catalyzed biodiesel production by simultaneous 

esterification and transesterification,” Green Chemistry,  8, 1056 – 1062 (2006). 
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APPENDIX B: CALIBRATION CURVES OF HPLC, GC 

 

Fig. B.1 Calibration curve for TG (HPLC 1100) 

 

Fig. B.2 Calibration curve for DG (HPLC 1100) 
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Fig. B.3 Calibration curve for MG (HPLC 1100) 

 

Fig. B.4 Calibration curve for FAME (HPLC 1100) 
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Fig. B.5 Calibration curve for TG (HPLC 1200) 

 

 

Fig. B.6 Calibration curve for DG (HPLC 1200) 
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Fig. B.7 Calibration curve for MG (HPLC 1200) 

 

Fig. B.8 Calibration curve for FAME (HPLC 1200) 
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Fig. B.9 Calibration curve for Glycerol (GC HP 5890) 

 

Fig. B.10 Calibration curve for FAME (GC Agilent 7890) 
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Fig. B.11 Calibration curve for FAME (GC Agilent 7890) 

 

Fig. B.12 Calibration curve for FAME (GC Agilent 7890) 
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Fig. B.13 Calibration curve for FAME (GC Agilent 7890) 
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APPENDIX C: Confirmation of absence of external and internal mass-transfer limitations 

 

 

Table C.1: Confirmation of absence of external and internal mass-transfer limitations 

Chapters 

Mixing 

intensity 

(Reynolds 

no.) 

External mass-transfer Internal mass-transfer 

Mass 

transfer  

flux 

(mol/m2.s) 

Reaction 

rate 

(mol/m2.s) 

Effective 

diffusivity 

(m2/s) 

Weisz – Prater 

criteria 

4 35186 6.27 10-4 1.4 10-12 1.67 10-12 9.42 × 10-5 

6 

(transesterification) 
35186 5.82 10-4 1 10-10 1.67 10-12 9.22 × 10-3 

6 (etherification) 5018 9.1 10-4 9.3 10-10 7.26 10-13 3.75 × 10-4 

7 35186 1.37 10-4 1.7 10-12 5.59 10-12 1.29 × 10-3 
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APPENDIX D: THERMODYNAMIC PROPERTIES OF DIFFERENT CHEMICAL 

COMPOUNDS 

 

Table D.1: Thermodynamic properties of liquid compounds 

Compound 

Density 

(kg/m3) 

Boiling 

Point (C) 

Critical 

Temp. 

(C) 

Critical 

Pressure. 

(bar) 

Molar 

volume 

(cm3/mole) 

Accentric 

Factor 

() 

DG 934 485.4 657.4 4.59 2240 1.97 

MG 970 391 582.8 11.54 1247 1.11 

MTBG 1000 164.9 277 38.58 481.5 0.14 

DTBG 940 411.2 577 24.12 626.5 0.96 

TTBG 880 481.3 655 16.71 812.5 1.44 

 

Table D.2: Thermodynamic properties of solid compounds 

Sample 

Molecular 

weight 

Density 

(kg/m3) 

Particle 

size (m) 

Surface 

area 

(m2/g) 

Area/volume 

ratio 

K-10 clay 549.1 2500 25 270 - 

β zeolite 1941 2000 22 268 - 

Ch-A 892 892 5 - 200 

Ch-B 906 1500 5 - 200 

 

 


