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Abstract 

In present thesis five different series of catalysts viz., Ce/ZrO2-TiO2/SO4
2-

, Zr/CaO, Mo/CaO, 

Li/ZrO2 and Sr:Zr were prepared by wet chemical route and/or co-precipitation method to 

catalyze the esterification and/or transesterification of free fatty acid containing VOs in 

heterogeneous mode. The structure of catalysts was established by powder XRD study, while 

the surface morphology and particle size by SEM and TEM studies. The acidic/basic active 

sites present in catalysts were quantified by Hammett indicator test method. 

For the esterification of fatty acids, in presence of triglycerides, sulfated Ce/ZrO2‒TiO2 was 

employed as solid catalyst. The catalyst activity was found to be a function of its Bronsted 

acidic sites which in turn depends on the cerium concentration in catalyst. The catalyst was 

able to catalyze the fatty acid esterification even in presence of up to 12 wt% moisture 

contents (with respect to fatty acids). The catalyst has shown excellent stability as negligible 

sulfate leaching was observed and recovered catalyst was reused in five successive runs 

without significant loss in activity. However, the catalyst was not found to be active to carry 

out the transesterification of triglycerides. 

In order to replace highly toxic and non renewable methanol with nontoxic as well as 

renewable ethanol for biodiesel production, Zr/CaO catalyst was employed as heterogeneous 

catalyst for the transesterification of jatropha oil which contain up to 15.6 wt% FFA content. 

The catalytic activity was found to be a function of basic sites which in turn depend on 

calcination temperature and zirconium concentration. The activity of the catalyst was lost 

after two successive runs mainly due to the leaching of active metal. To further improve the 

reusability and stability of CaO based catalyst, Mo impregnated CaO catalyst was prepared 

(Mo/CaO) and employed as reusable catalyst for the ethanolysis of non edible oils (having up 

to 18 wt% FFA content), to obtain > 99% fatty acid ethyl ester (FAEE) yield. The catalyst 

was recovered and reused five times without significant loss in activity.  

In order to develop a catalyst for simultaneous esterification as well as transesterification, 

Li/ZrO2 was prepared and successfully employed for one-pot production of biodiesel via 

esterification and transesterification from vegetable oil having FFA content as high as 18.1 

wt%. No significant loss in catalyst activity was observed even during 9 consecutive runs as 

> 90 % fatty acid alkyl ester yield was maintained. Another catalyst, Sr:Zr was also found to 

catalyze simultaneous esterification and transesterification of high free fatty acid containing 

vegetable oils with ethanol. The catalyst has been recovered and recycled without any 

significant loss in activity during four successive catalytic cycles. 



 
 

  xiii 
 

Besides catalytic activity, kinetics and thermodynamic parameters of the reactions catalyzed 

by prepared catalyst, were also evaluated. The transesterification reaction catalyzed by all 

catalysts has followed (pseudo) first order kinetic equation. For all catalysts, the 

heterogeneous mode of action has been proved by performing hot filtration test. Koros-

Nowak test was performed to demonstrate that catalytic activity was free from internal mass 

diffusion limitations. Few physicochemical properties of the prepared FAME and FAEE have 

also been studied and compared with EN 14214 and ASTM standard values. 

 

Keywords: Biodiesel, Transesterification, Esterification, Methanolysis, Ethanolysis, 

Leaching, Kinetics, Koros-Nowak test and Mass transfer. 
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Abstract: Biodiesel, defined as fatty acid alkyl esters, is a renewable, biodegradable, and 

non-toxic alternate to conventional diesel fuel. The replacement of mineral diesel with 

biodiesel would be beneficial from environmental point of view, as later fuel does not contain 

aromatic and sulfur compounds, and upon combustion causes lower emissions of 

hydrocarbon and COx in comparison to conventional diesel fuel. At present, edible vegetable 

oils are the main feedstock for the commercial scale biodiesel production. Due to scarcity of 

edible oil, however, in India use of non edible or waste cooking oils is encouraged for 

biodiesel production. These oils are much cheaper than refined edible vegetable oil and 

hence, their application as feedstock may also reduce the biodiesel production cost to 

significant extent. However, due to the presence of high free fatty acids (2.5-40 wt%) and 

moisture contents, such feedstock could not be used in homogeneous catalyzed process for 

biodiesel production. Additionally homogeneous catalysts required subsequent neutralization, 

separation, and purification steps which are time consuming and generate huge quantity of 

industrial effluents. Recently more attention has been paid for the development of 

heterogeneous catalyst for biodiesel production due to the advantages of separation, 

reusability, and high FFA and moisture tolerance. A wide variety of heterogeneous acid/base 

catalysts for biodiesel production have been reported in literature including sulfated metal 

oxides, heteropolyacids, sulfonic ion exchange resins, zeolites, mesoporous silica,  sulfonated 

carbon based, and miscellaneous solid acid catalysts, alkali or alkaline earth oxides, alkali 

doped mixed oxides, transition metal oxides, basic zeolites and clays such as hydrotalcites, 

and immobilised organic bases.  

 

 

 

 

 

 



Chapter 1 

 

  1 
 

1.1. Introduction 

Spiralling fossil fuel consumption in past three decades, due to severe industrialization, is 

exhausting the limited fossil fuel resources at a great pace and causing the environmental 

distress due to the emission of greenhouse gases and other pollutants (Aransiola et al., 2014). 

Thus for a sustainable future non renewable fuel resources must be replaced with alternative 

and renewable one. From energy security point of view it is extremely important for a 

country like India, which supplement 60-70% of its demand with imported crude oil, to find 

out the alternative and renewable fuel resources derived from locally grown sources.  

Biodiesel, defined as fatty acid alkyl esters (FAAE), is a renewable, biodegradable, and non-

toxic alternate to conventional diesel fuel. The replacement of mineral diesel with biodiesel 

would also be beneficial from environmental point of view, as later fuel does not contain 

aromatic and sulfur compounds, and on burning causes lower emissions of hydrocarbon and 

COx than fossil based diesel fuel (Singh et al., 2014). Transesterification of vegetable oils 

(VOs) and animal fat with short chain alcohols in presence of alkali catalysts (NaOH, KOH, 

etc.) leads to the generation of biodiesel and glycerol as shown in Scheme 1 (Srinivas and 

Satyarthi, 2011).  

 

3ROH

ROCOR'

ROCOR''

ROCOR'''

Catalyst

Triglyceride
(Vegetable oil or Animal f at)

Alcohol
Fatty acid alkyl esters

(Biodiesel)
Glycerol

H2C OCOR'

HC OCOR''

H2C OCOR'''

H2C

HC

H2C OH

OH

OH

 

Scheme 1.1. Transesterification of triglycerides with alcohol to form methyl esters of fatty 

acids (biodiesel) in the presence of acid, base or enzyme as catalyst. R’, R’’ and R’’’ are the 

straight hydrocarbon chains of fatty acids, usually having 14-20 carbon atoms. 

 

At present, edible VOs are the main feedstock for the commercial scale biodiesel production. 

Currently, more than 95% biodiesel across the globe is produced from edible oil which is 

easily available on large scale from the agricultural industry (Teo et al., 2014). Due to 

scarcity of edible oil, however, in India use of non edible or waste cooking oils is encouraged 

for biodiesel production. These oils are much cheaper than refined edible VOs and hence, 

their application as feedstock may also reduce the biodiesel production cost to significant 

extent. 
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1.2. Biodiesel  

The name Biodiesel was introduced in United States during 1992 by the National Soy diesel 

Development Board (presently national biodiesel board) which has pioneered the 

commercialization of Biodiesel (Vyas et al., 2010). Biodiesel properties mainly depend on 

the characteristics of the VOs from which it has been derived.  

 

1.2.1. Feedstock for biodiesel production 

Theoretically any vegetable oil could be employed for biodiesel production, however, choice 

of feedstock is mainly restricted by the cultivation of vegetable oil in a particular 

geographical area. For example, soybean oil is main feedstock in South America and United 

States, rapeseed oil in European countries, canola oil in Canada, palm oil in Malaysia and 

Indonesia, jatropha oil in India and African region (Kiakalaieh et al., 2013). Soybean and 

rapeseed oils account for ~ 85% of global biodiesel production. Edible refined oils (e.g., 

soya, rapeseed, sunflower, etc.) are the feedstock for the production of first-generation 

biodiesel fuel. However, application of refined VOs is unviable in many countries including 

India due to their limited availability and high cost (McLaughlin, 2011).  On the other hand, 

second-generation biodiesel is produced from non edible VOs (e.g., castor, jatropha, karanja, 

animal fats, microalgae etc.), waste frying oils and animal fats, which are much cheaper than 

edible oils (Sheldon, 2014). Nevertheless, these low-quality feed stocks generally contain a 

relatively high concentration of free fatty acids (FFA; > 2.5 wt%)  and water (> 0.3 wt%), 

which may negatively influence homogeneous base catalyzed transesterification of 

triglycerides.  

Biodiesel production, in recent past, has gained a lot of criticism as it has mainly utilized 

edible vegetable oil which has not only caused the global vegetable oil scarcity but also 

escalated its price to significant extent.  Additionally, the cost of biodiesel is not competitive 

to petroleum diesel fuel due to high price of feedstock and expensive processing. Therefore, it 

is essential to explore the use of alternate feedstock for biodiesel production, such as non 

edible oil, waste cooking oils and animal fat, as they are much cheaper than conventional 

feedstock and hence their application may reduce biodiesel production cost. The oil yield 

from non edible jatropha seed (up to 40%) is significantly higher than edible seeds (20-30%) 

and former plant can grow in poor quality soil and waste land, thus avoiding the competition 

with arable land (Achten et al., 2008).  Approximately 15 million tons of waste cooking oil is 

disposed of annually worldwide, which could also be employed as a cheap feedstock for the 



Chapter 1 

 

  3 
 

biodiesel production. As per the estimates, biodiesel production cost could be halved using 

waste oils for biodiesel production. Nevertheless, waste cooking and non edible oils usually 

contains relatively higher concentration of FFA (2.5-40 wt%) and/or moisture contents (0.3-

61 wt%) (Chung et al., 2008; Atadshi et al., 2012). Current biodiesel production technology 

mainly utilizes homogeneous alkali catalysts which get deactivated via saponification in 

presence of fatty acid and/or moisture contents. Thus it is desired to develop new 

technologies which could utilize low quality feedstock for the biodiesel production.  

Another triglyceride source, algal oil, has also received significant attention as a biodiesel 

feedstock. Microalgae are fast growing, produce higher oil yield than vegetable plants, and 

can be grown on waste land without requiring fresh water.  However, biodiesel produced 

from algal oil, due to the presence of high saturated fatty acid contents, show poor low 

temperature operability (Tran et al., 2010).  

Fatty acid profile of feedstock influences the chemical composition as well as 

physicochemical properties of biodiesel fuel. VOs usually comprise five major fatty acid 

components viz., palmitic (16:0), stearic (18:0), oleic (18:1), linoleic (18:2) and linolenic 

(18:3).Usually saturated fatty acid rich biodiesel is thermally more stabile but at the same 

time it demonstrates poor cold flow properties. On the other hand high concentration of 

unsaturated fatty acid is beneficial to achieve better cold flow properties but at the cost of 

thermal stability of fuel. Table 1.1 demonstrates the fatty acid composition of commonly used 

VOs as feedstock for biodiesel production (Aransiola et al., 2014).  
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Table 1.1. The common feed stocks with their chemical composition and physicochemical 

properties (Aransiola et al., 2014). 
 

Feedstock 

 

Country 

Fatty acid composition (Cxx:y) 

Saturated Monounsaturated Polyunsaturated 

C16:0 C18:0 C20:0 C22:0 C20:1 C18:1 C18:2 C18:3 

Cottonseed 

(Gossypium spp.) 

Canada, 

Cambodia 

20.10 

 

2.60 - - - 19.20 55.20 0.60 

Pea nut  

(Arachis hypogaea) 

China, India 8.23 2.46 1.83 3.89 - 58.69 21.77 0.34 

Soybean  

(Glycine max) 

USA, 

Brazil, 

China 

11.0 4.0 - - - 23.40 53.20 7.80 

Rapeseed  

(Brassica napus) 

Germany 3.5 0.9 - - - 64.1 22.3 8.2 

Sunflower  

(Helianthus annuus) 

Brazil - 4.50 0.30 - 2.0 21.10 66.20 - 

Canola  

(Brassica campestris) 

Canada 4.0 2.0 - - - 62.0 20.0 9.0 

Corn  

(Zea mays) 

USA 11.67 

 

1.85 0.24 - - 25.16 60.6 0.48 

Palm  

(Elaeis guineensis) 

Malaysia, 

Costa Rica 

44.0 4.50 - - - 39.20 10.10 0.40 

Camelina  

(Camelina sativa) 

USA 5.4 2.6 0.25 1.4 16.8 14.3 2.9 38.4 

Jatropha  

(Jatropha Curcas) 

India  14.20 

 

7.0 - - - 44.70 32.80 0.20 

Karanja  

(Pongamia pinnata) 

India, Brazil 3.7-

7.9 

2.4-8.9 - - - 45-71 11-

18.3 

- 

Tallow USA, India, 

Brazil 

23.30 19.40 - - - 42.40 2.90 0.90 

Poultry USA, India, 

Russia 

22.20 5.10 - - - 42.30 19.30 1.0 

Used cooking oil USA Depends upon fresh cooking oil 

xx:y = no. of carbon atoms: unsaturated centres. 16:0 - palmitic acid, 18:0 - stearic acid, 18:1- 

oleic acid, 18:2 - linoleic acid, 18:3 - linolenic acid, 20:0 - arachidic acid, 20:1- eicosenoic 

acid, 22:0 - behenic acid. 

 

Biodiesel produced from various feedstock sources must satisfy ASTM 6751 or EN 14214 

specifications (Table 1.2) prior to application in diesel engine. Kinematic viscosity is one of 

the most important property of biodiesel as it affects the operation of fuel injector, 

particularly at low temperatures (Atabani et al., 2013). On the other hand low cetane number 

causes the diesel fuel knocking which increases gaseous and particulate exhaust emissions 

due to incomplete combustion of biodiesel fuel. 
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Table 1.2. ASTM-6751 and EN 14214 specifications of biodiesel fuels (Atabani et al., 2013). 

 

Property specification 

 

Units 

Biodiesel 

ASTM D6751 EN 14214 

Limits Test method Limits Test method 

Ester content % mass - - 96.5 min EN 14103 

Density at 15 °C kg/m
3
 880 D 1298 860-890 EN ISO 

3675/12185 

Kinematic  viscosity at 

40 °C 

mm
2
/s 1.9-6.0 ASTM D445 3.5-5.0 EN ISO 3104 

Flash point  °C 130 min ASTM D93 101 min EN ISO 3679 

Cloud point °C -3 to -12 ASTM 2500 - - 

Pour point °C -15 to -16 ASTM 97 - - 

Cetane number  47 min ASTM D613 51 min EN ISO 5165 

Cold filter plugging point °C +5 max ASTM 6371 - EN 14214 

Iodine number g I2/g - - 120 EN 14111 

Acid number mg KOH/g 0.5 max ASTM D664 0.5 max EN 14014 

Oxidation stability  - - 3 h min EN 14112 

Carbon residue  % m/m 0.050 max ASTM D4530 0.3 max EN ISO 10370 

Ash content % mass 0.002 max ASTM D874 0.02 max EN ISO 3987 

Lubricity (HFRR) M 520 max ASTM D6079   

Water and sediment  0.005 vol% max ASTM D2709 500 mg/kg max EN ISO 12937 

Moisture  wt%  - - 0.05 max EN 1412 

Free glycerine % mass 0.02 max ASTM D6584 0.02 max EN 

1405/14106 

Total glycerin % mass 0.24 ASTM D6548 0.25 EN 14105 

Methanol content % mass - - 0.2 max EN 14110 

Na and K mg/kg - - 5 max EN 14108, EN 

14109 

Total contamination mg/kg 24 ASTM D 5452 24 EN 12662 

  

1.2.2. Alcohols used for biodiesel production 

Methanol is most frequently employed alcohol in existing technologies for biodiesel 

production due to its suitable physicochemical properties, low cost, mild reaction conditions 

and easy phase separation of fatty acid methyl esters (FAME) from glycerol. However, there 

are few disadvantages associated with the use of methanol such as toxicity, explosion risk 

(due to low boiling point) and non-renewability as it is mainly derived from the refining of 

crude oil (Stamenkovic et al., 2011). During last few years researchers are striving to replace 

methanol with nontoxic and renewable alcohol such as ethanol for biodiesel production.  

Bioethanol is not only nontoxic and a ―green‖ reactant but also renewable as it is mainly 

derived by the fermentation of biomass. Produced fatty acid ethyl esters (FAEE) have better 

low temperature operability than corresponding methyl esters. However, at present ethanol is 

costlier than methanol, less reactive, and FAEE are difficult to separate from glycerol. Due to 

less reactivity, ethanol is not frequently employed for biodiesel production in presence of 

heterogeneous catalysts and hence, more efficient solid catalysts are essential to utilize 

ethanol for biodiesel production (Brunschwig et al., 2012). 
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1.3. Catalysis in transesterification 

The transesterification of VOs mainly utilizes two different types of catalysts viz., chemical 

and enzyme based (Scheme 2) which further could be categorized as homogeneous and 

heterogeneous catalysts (Lam et al., 2010). Due to extremely high cost of lipase catalyzed 

transesterification, it is mainly explored at lab scale for academic purpose. At present, 

biodiesel industry is dominated by homogeneous acid or alkali catalyzed transesterification 

process due to cost effectiveness, simple usage, higher activity and forming the acceptable 

biodiesel yield under mild reaction conditions. Heterogeneous catalysts although have the 

advantages of easy separation and reusability, however, very few biodiesel production plants 

across the globe utilizes them, owing to their low reactivity which requires high temperature 

and pressure to achieve acceptable FAME yield.  

 

Scheme 1.2. Catalysts used for biodiesel production. 

 

1.3.1 Homogeneous catalysis 

At industrial scale, biodiesel is commonly produced in homogeneous alkali (e.g., NaOH, 

KOH and CH3ONa etc.) catalyzed reaction as these catalysts are low cost and yielded high 

conversion rate even under less energy intensive ambient reaction conditions. Homogeneous 

base catalysts are used for those VOs having < 0.5 wt% FFA and/or < 0.3 wt% moisture 

content. Alkali catalysts, if employed for the transesterification of feedstock having > 0.5 

CATALYSTS

Chemical 
based catalysts

Homogeneous

Heterogeneous

Bio catalysts
e.g., enzymes

Heterogeneous
e.g., Lipase 
immobilized on silica

Homogeneous
e.g., Pure lipase

Acid catalysts
e.g., H2SO4 and HCl

Base catalysts
e.g.,  NaOH and 

KOH

Base catalysts
e.g., Pure CaO, MgO, 

ZnO, hydrotalcites

alkali impregnated 

CaO, MgO and ZnO,  

mixed metal oxides

Acid catalysts
e.g., WO3/ZrO2, 

H3PW12O40·6H2O, 

SO4
2−/ZrO2, 

SO4
2−/TiO2–SiO2, 

SO4
2−/SnO2–SiO2
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wt% FFA contents, gets deactivated via saponification reaction. The presence of water in the 

reaction mixture could hydrolyze the fatty esters which can further react with alkali to form 

soap. Thus, excessive soap formation resulted the catalyst deactivation, reduced biodiesel 

yield and increased biodiesel purification and separation cost (Meher et al., 2006).   

Homogeneous acid (e.g., H2SO4 and HCl) catalysts could be used for biodiesel production 

from high FFA containing VOs as they can catalyze the simultaneous esterification of fatty 

acid and transesterification of triglycerides. However, acid catalysts are sensitive to the 

presence of water; a by-product of esterification reaction and less reactive as rate of acid 

catalyzed transesterification is ~ 4000 times slower as compared to alkali catalyzed reaction 

(Lam et al., 2010). The major drawbacks of using homogeneous catalysts are the subsequent 

neutralization, separation, and purification steps which are time consuming and lead to 

generate huge quantity of industrial effluents which can pollute the environment.  

 

1.3.2. Heterogeneous acid catalysts 

A wide range of solid acid catalysts have been explored for the transesterification of oils to 

produce biodiesel. Solid acid catalysts are generally less active than their alkali counterparts 

and hence, usually required high temperature, pressure and alcohol to oil molar ratio to 

achieve acceptable conversion levels. In spite of their poor activity, solid acids have the 

advantage as (i) they are less sensitive to FFA contents, (ii) they can catalyze simultaneous 

esterification and transesterification, (iii) their application can eliminate the need of 

neutralization and washing of biodiesel, (iv) they are easy to separate from reaction medium 

and reusable, (v) their application can reduce corrosion of reactor, thus simplifying the 

reactor design (Helwani et al., 2009).   

The ideal solid acid catalyst could catalyze simultaneous esterification of fatty acids and 

transesterification of triglycerides over Bronsted and/or Lewis acid centres. A wide variety of 

heterogeneous acid catalysts for biodiesel production have been reported in literature (Su and 

Guo, 2014) including sulfated metal oxides (SO4
2−

/ZrO2, SO4
2−

/SnO2, SO4
2-

/SiO2 and 

SO4
2−

/TiO2), heteropolyacids (H3PW12O40·24H2O and H4SiMo12O40·13H2O), and 

heteropolyacids supported on TiO2, ZrO2, SnO2, SiO2 and Al2O3, sulfonic ion exchange resins 

(Nafion and Amberlyst), zeolites (H‒ZSM-5, Y and Beta), mesoporous silica (SO3H-SBA-

15, ZnO/SBA-15 and SO3H-KIT-6),  sulfonated carbon based (sulfonated D-glucose derived 

sugar and sulfonated bearing cellulose-derived carbon), and miscellaneous solid acid 

catalysts such as Fe(HSO4)3, and WO3/SnO2. 
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1.3.2.1. Sulfated metal oxides 

           Sulfuric and sulfonic acids have shown excellent activity as homogeneous acid 

catalyst and in order to prepare solid acid catalysts, a variety of metal oxides have been 

explored as support material for the sulfate or sulfonic acid group immobilization. Sulfated 

metal oxides such as phenyl and propyl sulfonic acid supported SBA-15, SO4
2-

/ZrO2, SO4
2-

/SnO2, SO4
2-

/SiO2 and SO4
2-

/TiO2 are frequently used solid super acid catalysts in literature, 

due to their capability of catalyzing the esterification and transesterification of VOs having 

high FFA concentration (Petchmala et al., 2010; Jitputti et al., 2006; Perin et al., 2008; Chen 

et al., 2007). Metal oxides such as ZrO2, SnO2, SiO2 and TiO2 possess both Bronsted and 

Lewis acid sites as they can simultaneously protonate pyridine as well as coordinatively bind 

to pyridine (Alsalme et al., 2010). The surface modification of these oxides with sulfate 

groups can enhance the Bronsted acid sites which in turn resulted in improved catalytic 

activity. As shown in Fig. 1.1, in a typical SO4
2−

/ZrO2 unit, two oxygen atoms from S–O 

bonds are linked to Zr atoms, and one oxygen atom from S=O group is bonded to the Zr—

OH group. The acidic proton from Zr —OH group can be released easily to form total three 

S–O–Zr bonds between SO4
2-

 group and ZrO2 matrix. The addition of water to the catalyst 

hydrolyzes one of the S-O-Zr bond to form Bronsted acid sites which further enhances Lewis 

acid sites (Arata, 2009). 
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
+ H2O

- H2O


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Fig.1.1. Illustration of Lewis and Bronsted acidic sites in SO4
2-

/ZrO2 (Arata, 2009). 

 

Kiss et al. (2006) demonstrated that SO4
2-

/ZrO2 showed high catalytic activity and selectivity 

for the esterification of dodecanoic acid with methanol at 150 °C. The catalyst was reused 

during five consecutive runs to maintain 90% FAME yield. Garcia et al. (2010) used sulfated 

zirconia for the methanolysis as well as ethnaolysis of soybean oil to achieve 98.6 and 92 % 

FAME and FAEE yield, respectively, in 1 h. Chen et al. (2007) found that SO4
2-

/TiO2 

showed 95 % FAME yield from cotton seed oil at relatively high reaction temperature of 230 

°C, and longer reaction duration of 10 h. Jittiputi et al. (2006) reported SO4
2-

/SnO for the 
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transesterification of crude kernel oil at high reaction temperature of 200 °C. Mixed metal 

oxides, due to the presence of structural defects, are found to be better catalytic support than 

single metal oxide. Although it is not often well understood which of the constituent metal 

cation plays a role of active center in mixed metal oxides (Gawande et al., 2012). Sulfate 

group immobilize ZrO2-TiO2/La
3+

 mixed oxide was also observed to be an effective catalyst 

for simultaneous esterification and transesterification of VOs containing 60 wt% FFA. The 

role of lanthanum was to strengthen the interaction of SO4
2- 

with the ZrO2-TiO2 support 

material to reduce the loss of SO4
2-

 in reaction mixture. Lanthanum although enhances the 

catalyst stability as an assistant component, but itself remain silent during the catalytic 

process. The developed catalyst was reused during five runs without any regeneration process 

to maintain 90.2% FAME yield after fifth cycle (Li et al., 2010a; Li et al., 2010b). Few, other 

sulfated mixed oxides employed for biodiesel production is illustrated in Table 1.3 along with 

their reaction conditions.  

 

Table 1.3. Literatures reported sulphated metal oxides heterogeneous acidic catalysts.  
 

Catalyst 
 

Feedstock 
Reaction conditions  

Reusability 
 

Ref. 

 
Catalyst 
amount 

(wt%) 

Alcohol to oil 
molar ratio 

(m/m) 

Reaction 
temp. 

(°C) 

Reaction 
time 

(h) 

FAAE 
Yield 

(%) 

Methanolysis 

SO4
2-/ZrO2 Dodecanoic 

acid 

3 3:1 150 0.1 90 5 Kiss et al., 2006 

SO4
2-/ZrO2 Palm 0.5 25:1 250 0.16 90 2 Petchmala et al., 

2010 

S-ZrO2 Soybean  5 20:1 120 1 98.6 2 Garcia et al., 2010 

SO4
2-/TiO2 Cotton seed  2 12:1 230 10 95 5 Chen et al., 2007 

SO4
2-/SnO Kernel oil 3 6:1 200 4 95.4 NR Jitputti et al., 

2006 
SO4

2-/ZrO2-Al2O3 Sea mango 5 8:1 180 NR 83.8 NR Kansedo et al., 

2009 

SO4
2–/ZT/La3+ Rapeseed  5 6.3:1 80 5 97.8 5 Li et al., 2010a 

SO4
2–/ZT/La3+ Acid oil 5 15:1 200 2 96.24 5 Li et al., 2010b 

SO4
2-/ZrO2-SiO2 Lauric acid 20 10:1 68 6 97.4 NR Chen et al., 2007 

SO4
2-/SnO2-TiO2 Waste cooking 6 15:1 150 1.5 88.2 NR Lam et al., 2009 

Ethanolysis 

S-ZrO2 Soybean oil 5 20:1 120 1 92 NR Garcia et al., 2010 

SO4
2-/SiO2 Castor  10 6:1 60 6 95 1 Perin et al., 2008 

S = Sulfated, ZT = ZrO2-TiO2 

 

1.3.2.2. Mesoporous silicas 

Mesoporous silica owing to its insolubility in most of the organic solvents, tuneable pore size, 

and ease of surface modification has been proved a versatile support for the preparation of a 

variety of industrial catalysts (Sierra and Guth, 1999). To develop solid catalysts for biodiesel 

production, sulfonic acid, phenyl and propyl sulfonic acid groups have been incorporated 

over various categories of silica supports. In order to tune the pore size of mesoporous 

material, to reduce the internal mass transfer limitations, poragens such as trimethyl-, triethyl- 
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or triisopropyl-benzene are employed as pore swelling agents (Chen et al., 2006; Cao et al., 

2009). To further enhance the stability/activity of the catalyst instead of pure silica, Ti or Al-

doped silica material was used for the impregnation of active species. For example, Ti-doped 

SBA-15 was employed for the simultaneous esterification and transesterification of high FFA 

containing VOs with methanol (Chen et al., 2014). The catalyst was found effective even in 

presence of common oil impurities, and up to 5 wt% water or 30 wt% FFA contents. Superior 

catalytic activity can be achieved in case of mesoporous based catalysts by incorporating 

more acid sites, tuning pore diameter (5-20 nm), and adjusting the surface 

hydrophilic/hydrophobic property. High temperature requirement to achieve the acceptable 

oil conversion levels and leaching of the sulfate group in reaction medium are the common 

drawbacks of the mesoporous based catalysts.  

 

1.3.2.3. Heteropolyacids 

Heteropolyacids are another category of acid catalysts which posses super acid sites (pKH > 

12) and flexible structure, although in native form, they are not suitable as heterogeneous 

catalysts for biodiesel production due to their high solubility in polar media (Mizuno and 

Misono, 1998; Kozhevnikov, 1998). To reduce the solubility of polyacids during the reaction, 

they are often impregnated over support material of high surface area. Proton exchange with 

large cations, such as Cs
+
, into Keggin type phospho- (CsxH(3-x)PW12O40) and silicotungstic 

(CsyH(4-y)SiW12O40) acids can also increase their chemical stability. Although acidic proton is 

lost, both CsxH(3-x)PW12O40 and CsyH(4-y)SiW12O40  remain active towards palmitic acid 

esterification as well as tributyrin transesterification (Narasimharao et al., 2007; Pesaresi et 

al., 2009). To make the catalyst separation easier, Duan et al. (2013) have reported the 

immobilization of H3PW12O40 over Fe2O3 to prepared magnetic catalyst for the esterification 

of palmitic acid under mild conditions. Water resistance of the catalyst was further improved 

by incorporating nonyl chains over the catalyst surface.  

 

1.3.2.4. Miscellaneous solid acids 

A variety of other solid acid catalysts have also been investigated for biodiesel production 

such as sulfonated carbonaceous material (carbon is mainly derived from sugar, cellulose and 

crop waste), supported tungsten oxides (WO3/SnO2,WO3/ZrO2), ferric hydrogen sulphate 

(Fe(HSO4)3), ferric zinc metal cyanide, supported partially substituted heteropolytungstates, 

and bifunctional catalysts, such as Mo-Mn/Al2O3-15 wt% MgO, ZnO-La2O3 having the 

advantages of acid well as base catalysis (Sivasamy et al., 2009; Zong et al., 2007; Okamura 
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et al., 2006; Xie and Wang, 2013; Laosiripojana et al., 2010; Alhassan, 2013; Sreeprasanth et 

al., 2006; Shiekh et al., 2013; Farooq et al., 2013; Yan et al., 2009b) A few heterogeneous 

catalysts used for the simultaneous transesterification and esterification of high FFA 

containing vegetable oils are compared in Table 1.4. 

 

Table 1.4. Comparison of catalytic activity for simultaneous transesterification and 

esterification by heterogeneous catalysts. 

a
Tungstophosphoric acid supported on hydrous zirconia; N.R- Not Reported 

 

1.3.3. Heterogeneous base catalysts 

Heterogeneous base catalysts are generally more active than heterogeneous acid catalysts, 

and hence are suitable for the transesterification of high purity oils with low FFA content. 

The advantages of solid base catalyzed reaction includes, (i) relatively faster reaction rate 

than acid-catalyzed transesterification, (ii) achievement of acceptable FAME yield even 

under mild reaction condition, (iii) less energy intensive process and (iv) easy separation of 

catalyst from product and hence, high possibility to reuse and regenerate the catalyst 

(Helwani et al., 2009). 

Esterfip process, developed by the French Institute of Petroleum, utilizes Zn/Al  mixed-oxide 

as a heterogeneous catalyst for industrial scale biodiesel production but requires relatively 

higher pressure (3–5 Mpa) and temperature (483–523 K) compared to conventional 

homogeneous catalyzed process (Chen et al., 2014). A variety of solid base catalysts are 

reported for transesterification reaction viz., alkali or alkaline earth oxides, alkali doped 

 

Catalyst 

Reaction conditions  

Ref. FFA/ 

Moisture 

content (wt%) 

Catalyst 

amount 

(wt%) 

Reaction 

temp. 

(°C) 

Methanol to 

oil molar 

ratio 

Reaction 

time  

(h) 

FAME 

yield 

(%) 

Sr/ZrO2 2.5/N.R 

2.5/ N.R 

2.7 

2.7 

60 

111.5 

6:1 

29:1 

5 

2.8 

40 

79.7 

Omar and Amin, 2011 

TPA/HZa 20/ N.R 3 200 9:1 10 90 Kulkarni et al., 2006 

ZnO-La2O3 5.4/5.1 2.3 200 36:1 3 96 Yan et al., 2009b 

Fe-Zn metal 

cyanide 

5.4/ N.R 3 170 15:1 8 98 Sreeprasanth et al., 2006 

SO4
2-/ZrO2 10/ N.R 3 170 20:1 1 86 Rattanaphra et al., 2010 

Mg-Al-CO3 43/3.5 1 200 6:1 3 99 Barakos et al., 2008 

SO4
2-/ZrO2-

TiO2/La3+ 

60/ N.R 5 200 15:1 6 96.24 Li et al., 2010a 

SO4
2-/SiO2-

TiO2 

50/ N.R 3 200 9:1 6 92 Peng et al., 2008 

ZS/Si 15/ N.R 3 200 18:1 10 98 Jacobson et al., 2008 

Sr:Zr 4.7/4.0 

18.1/0.3 

5 

5 

75 

75 

12:1 

12:1 

7 

15 

>99 

>99 

Kaur and Ali, 2014d 

Li/ZrO2 4.7/4.0 

18.1/0.3 

5 

5 

65 

65 

12:1 

12:1 

1.25 

6 

99 

99 

Kaur and Ali, 2015 
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mixed oxides, transition metal oxides, basic zeolites and clays such as hydrotalcites, and 

immobilised organic bases.  

 

1.3.3.1. Alkaline earth oxides 

      Alkaline earth oxides due the cost effectiveness and ease of preparation were widely used 

as solid base catalysts for the transesterification of a variety of triglycerides. The Lewis basic 

sites in such catalysts are due to the presence of oxide ion (O
2-

) in M–O ion pairs (Hattori, 

1995). Lewis basic sites were found to be more active towards transesterification than 

corresponding Bronsted basic sites. The strength of the basic sites could be further enhanced 

by creating these sites at low coordination defect, corners and edges, or on high Miller index 

surfaces (Lee et al., 2014). The alkaline earth metal oxides employed for the 

transesterification reaction follow the order of their activity:- BaO > SrO > CaO > MgO (Yan 

et al., 2008). Single metal oxides either demonstrate low activity and/or leached out into the 

reaction mixture to cause the homogeneous contribution in catalytic activity. In order to 

improve the stability as well as reactivity, mixed metal oxides of alkali earth oxides were 

prepared and employed for the transesterification reaction. The active centres in such 

catalysts are either oxide ion or impregnated metal oxide or the defect created due to metal 

impregnation. Mixed oxide of Sr/Al was prepared as Sr3Al2O6 nanocomposites and used as a 

heterogeneous catalyst for transesterification of soybean oil to form corresponding methyl 

esters. The utilization of methanol to oil molar ratio of 25 in presence of 1.3 wt% catalyst 

produced FAME yield of 95.7 % in 1 h of reaction duration (Rashtizadeh et al., 2014). CaO 

due to nontoxic nature, wide availability and cost effectiveness has been widely studied in 

literature as a catalyst or solid catalyst matrix to support other active metals. Furthermore, 

CaO can also be prepared from the waste matters consisting of calcium carbonate, such as 

mollusk shells, egg shells, etc (Kouzu and Hidaka, 2012). Thitsartarn and Kawi (2011) 

synthesized CaO-CeO2 catalyst and observed that vacancies are created due to the 

substitution of Ca
2+

 in ceria. These vacancies bring about the lattice distortions to form 

defects that are favourable for heterogeneous catalysis. The catalyst was active for the 

transesterification of palm oil to yield > 90% conversion levels. The catalyst show excellent 

stability, excellent reusability during 18 successive cycles and negligible metal leaching in 

reaction media. Dehkordi and Ghasemi (2012) prepared CaO-ZrO2 mixed oxide as stable 

catalyst due to the formation of homogeneous solid solution. An increase in Ca to Zr ratio 

was found to increase catalyst activity, however, with a compromise in catalyst stability due 

to the leaching of Ca from catalyst surface. TeO et al. (2014) used CaO-NiO and CaO-Nd2O3 
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mixed oxides for the transesterification of jatropha oil claiming > 80 % FAME yield. In CaO-

Nd2O3 binary system, strong interaction between CaO and Nd2O3 was observed due to the 

transfer of electrons from metal neodymium oxide to CaO. The active sites of high basic 

strength were formed in both catalysts due to presence of unbounded oxide anion. Table 1.5 

illustrates the few alkaline earth oxide based catalyst used for the transesterification of VOs. 

 

Table 1.5. Comparison of activity of alkaline earth oxide based heterogeneous catalysts. 

 

1.3.3.2. Alkali doped metal oxides         

                In another approach, alkali metal doping in CaO and MgO was found to improve 

the basicity as well as activity due to the formation of defects in the form of O
-
 on 

replacement of alkali metal (M
+
) for alkaline earth metal (M

2+
) (Montero et al., 2010). Table 

1.6 illustrates the alkali metal doped heterogeneous catalysts employed for the 

transesterification of VOs. Kumar and Ali (2010) prepared M/CaO (M= Li, Na, K) for the 

transesterification of used cotton seed and found better performance of Li/CaO to achieve 

>98% FAME yield in 45 min. The same catalyst was also found to be effective for the VOs 

 

 

Catalyst 

 

 

Oil 

Reaction conditions  

 

Ref. 
Catalyst 

dosage 

(wt%) 

Reaction 
temp. 

(°C) 

Alcohol to 
oil molar 

ratio 

Reaction 

time  

(h) 

FAEE 

yield 

(%) 

Reusability  

Methanolysis 

Commercial CaO Soybean 8 65 12:1 3 95 20 Liu et al., 2008a 

Nanocystalline CaO Soybean 1.8 Room 

temp. 

33:1 24 99 9 Reddy et al., 2006 

MgO Jatropha 4  65 15:1 6 10  NR Yap et al., 2011 

SrO Soybean 3 65 12:1 0.5 95 10 Liu et al., 2007 

Sr/MgO Soybean 5 65 12:1 0.5 93 1 Tantirungrotechai et 

al., 2013 

SrO/MgO Soybean 5 67 9:1 3 94 2 Dias et al., 2012 

Mg/La Sunflower 5 65 53:1 0.3 100 No Babu et al., 2008 

Sr3Al2O6 Soybean 1.3 60 25:1 1.01 95.7 NR Rashtizadeh et al., 

2014 

SrO/SiO2 Olive 5 65 6:1 1 98.3 4 Chen et al., 2012 

CaMgO, CaZnO Jatropha 4 65 15:1 6 83,81 6 Yap et al. 2011 

Zn/CaO Waste 
cooking 

5 65 9:1 0.75 99 3 Kumar and Ali, 2013 

CaO-Al2O3 Palm 3.5 65 12:1 5 94  Zabeti et al., 2009 

CaTiO3, CaMnO3, 
Ca2Fe2O5, CaZrO3,  

CaCeO3 

Rapeseed NR 60 6:1 10 90 3 Kawashima et al., 

2008 

CaO-CeO2 Palm 5 85 20:1 6 >90 18 Thitsartarn and 

Kawi, 2011 

CaO-ZrO2 Waste 

cooking 

10 65 30:1 2 92.1 NR Dehkordi and 

Ghasemi, 2012 

CaO-La2O3 Waste oil 5 58 20:1 1 94.3 NR Yan et al., 2009 

CaO-La2O3/CeO2 Soybean 8 65 10:1 3.5 97 NR Kim et al., 2011 

CaO-MoO3-SBA-15 Soybean 6 65 50:1 50 83.2 77.2 Xie and Zhao, 2014 

CaO-Nd2O3,  CaO-NiO Jatropha 5 65 15:1 6 80,85 4 Teo et al., 2014 

Ethanolysis  

CaO Sunflower 20 75 18:1 6 100 N.R Phiri et al., 2010 

Zr/CaO Jatropha  5 75 21:1 7 > 99 N.R. Kaur and Ali, 2014c 

CaO-La2O3 Soybean 8 65 10:1 6 71.6 N.R Kim et al., 2010 

CaO-ZnO Sunflower  3 78 20:1 3 > 95 2 Caballero et al., 

2013 

Ca(OCH2CH3) Soybean 3 75 12:1 3 91.8 N.R Liu et al., 2008b 

MgO/SBA-15a Edible oil 2 220 6:1 5 96 N.R Li and Rudolf, 2008 
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transesterification even in presence of 15 wt% water content. Alkali metal leaching was 

established as major cause for the loss of catalytic activity and poor reusability. To improve 

the catalyst stability, Wang et al. (2012) immobilized Li over silica to form lithium 

orthosilicate (Li4SiO4) for the production of biodiesel from soybean oil.  Li4SiO4 was found 

to be less basic than CaO but more stable as well as more tolerant towards air, moisture and 

carbon dioxide. Sodium silicate, Na2SiO3, was also found to be an active catalyst for 

biodiesel production from rapeseed and jatropha oils under conventional and microwave 

heating to give 98% FAME yield (Guo et al., 2010). The loss of catalytic activity, during 

reusability experiments, was attributed to the Si–O–Si bond cleavage and sodium leaching on 

exposure to the moisture.  

 

Table 1.6. Comparison of activity of alkali metal doped heterogeneous catalysts. 

 

1.3.3.3. Transition metal oxides 

               Transition metal based catalysts were found to be effective for catalyzing a wide 

range of chemical reaction, and also find industrial application owing to their cost 

effectiveness,  ease of regeneration and selectivity in action. Their catalytic activity is mainly 

coupled to the presence of partially filled transition metal d-orbitals and splitting of these 

orbitals under the influence of the oxide ligand field (Gawande et al., 2012). Transition metal 

oxides afford higher transesterification activity than solid acids, hence a variety of such 

catalysts of varying Lewis base character have been explored in biodiesel production 

 

 

Catalyst 

 

 

Oil 

Reaction conditions  

 

Ref. 

Catalyst 

dosage 

(wt%) 

Reaction 

temperature 

(°C) 

Alcohol to 

oil molar 

ratio 

Reaction 

time  

(h) 

FAAE 

yield 

(%) 

Reusability  

Methanolysis 

Li/CaO Used cotton seed 5 65 12:1 0.75 >98 NR Kumar and Ali, 

2010 

Li/MgO Muttton fat 5 65 12:1 0.66 >99 NR Kaur and Ali, 

2013 

Li/MgO Soybean 9 60 12:1 2 93.9 3 Wen et al., 2010b 

K/CaO Waste cotton seed 7.5 65 12:1 1.25 98 3 Kumar and Ali, 

2012 

K/La-Mg Used cotton seed 5 65 54:1 0.33 96 3 Mutreja et al., 

2014 

Li4SiO4 Soybean 6 65 18:1 2 98.1 10 Wang et al., 2012 

Na2SiO3 Soybean 3 60 7.5:1 1 100 5 Guo et al., 2010 

Na/SiO2 Jatropha  65 65 15:1 0.75 99 3 Akbar et al., 2009 

KF/Al2O3 Palm  4 65 12:1 3 90 NR Bo et al., 2007 

Cs/MgO Glyceryl 
tributyrate 

6 60 30:1 3 100 NR Montero et al., 

2010 

Mesoporous 

Li/ZrO2 

Soybean 3 65 13:1 3 98.2 NR Ding et al., 2011 

Na2ZrO3 Soybean 3 65 NR 3 98.3 4 Torres et al., 2014 

K/ZrO2 Soybean 10 60 NR 24 89 NR Georgogianni et 

al., 2009 

KF/CaO-NiO Waste cotton seed 5 65 15:1 4 >99 4 Kaur and Ali, 

2014b 

Ethanolysis  

Li/CaO Waste cotton seed 5 65 12:1 2.5 98 4 Kaur and Ali, 

2011 



Chapter 1 

 

  15 
 

including MnO, MoO3, TiO2 and ZrO2 (Gombotz et al., 2012; Xie and Zhao, 2014; Kaur and 

Ali, 2015). Table 1.7 illustrates few transition metal oxide based heterogeneous catalysts, 

employed for the transesterification of VOs. Among them, MnO and TiO2 are soft bases 

which have demonstrated activity for the simultaneous transesterification and esterification of 

high FFA containing (up to 15 wt%) VOs. Major advantage of these catalysts are less soap 

formation, even in presence of high FFA contents, by the leached metal from the catalyst 

surface than that observed in presence of conventional homogeneous alkali catalysts 

(Gombotz et al., 2012). However, Mn or Ti oxidation state in either fresh or reused catalysts 

were not established and hence, the nature of catalytic centre remains a mystery. 

Zirconia possesses both acidic and basic properties, hence, successfully employed for 

catalyzing simultaneous esterification and transesterification of high fatty acid containing 

VOs (Li et al., 2002). Use of zirconia as support material resulted distinctive interaction 

between the active metal and support material which resulted enhanced activity and 

selectivity of the prepared catalysts. Torres et al. (2014) synthesized Na2ZrO3 catalyst via a 

solid-state reaction and tested its activity as a solid basic catalyst (3 wt%) for the 

transesterification of soybean oil to produce 98.3% FAME yield at 65 °C in 3 h of reaction 

time. Omar and Amin (2011) prepared a series of alkaline earth doped zirconia catalysts 

(Mg/ZrO2, Ca/ZrO2, Sr/ZrO2, and Ba/ZrO2) for the biodiesel production from waste cooking 

oil. Among these catalysts, Sr/ZrO2 exhibited higher catalytic activity due to the presence of 

stronger basic as well as acid sites to facilitate simultaneous transesterification and 

esterification. However, the methyl ester yield, even at relatively high reaction temperature of 

115.5 °C, was significant less (79.7%) than the acceptable limit of 96.5%. Xie and Zhao 

(2014) prepared CaO-MoO3-SBA-15 catalyst by wet impregnation method and employed for 

the transesterification of soybean oil with methanol. Authors proposed that interaction 

between the basic CaO and the acidic MoO3 in the solid catalyst promoted a homogeneous 

dispersion of catalytically active sites to enhance the stability of catalyst. The catalyst was 

reused during 5 runs without significant loss in activity.  
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Table 1.7. Comparison of activity of transition metal oxide based heterogeneous catalysts. 

 

 

1.3.3.4. Hydrotalcites 

Hydrotalcites, also known as layered double hydroxides (LDHs), are a class of anionic clays 

composed of brucite like layers of Mg(OH)2, separated by anions (A
n-

) in which a portion of 

octahedrally coordinated M
2+

 cations are replaced by M
3+ 

cations (Cosimo et al., 1998). The 

general formula of hydrotalcites can be written as: ([M
2+

1−xM
3+

x(OH)2]
x+ 

(A
n−

)x/n·mH2O), 

where M
2+

 = Mg
2+

, Zn
2+ 

or Ni
2+

; M
3+

 = Al
3+

, Fe
3+

 or Cr
3+

; A
n−

 = OH
−
, Cl

−
, NO3

−
 or SO4

2−
; 

and x ~ 0.1- 0.5. Hydrotalcites can be prepared by co-precipitation method employing 

appropriate metal nitrates and alkali carbonates as pH regulators and carbonate source. Many 

reports suggested that hydroxide ion in hydrotalcites exhibits basic properties (Choudary, 

1999). As-prepared hydrotalcites are often inactive owing to the presence of physically 

adsorbed water molecules in their pores which hinder access of substrates to the basic sites. 

Hence, thermal treatment of as-prepared hydrotalcites is necessary to produce active solid 

base catalysts for the transesterification reaction (Winter et al., 2006). Mg-Al hydrotalcites 

have been reported to catalyze the transesterification of triglycerides having 9.5 wt% FFA 

and 45 wt% moisture contents to yield 99% conversion within 3 h at 200 °C (Barakos et al., 

2008). Liu et al. (2014) prepared Zn-Al hydrotalcite by co-precipitation method at 8.5 pH 

using Na2CO3 and NaOH as precipitating agents followed by the heating at 150 °C to remove 

interlayer water. Later, prepared hydrotalcite was calcined at 400 °C to incorporate the 

smaller Al
3+

 cations into the lattice of ZnO. The incorporation of Al
3+

 into the ZnO 

framework creates cationic vacancies. These vacancies are compensated with surface Zn
2+

 

cations, which eventually lead to the generation of M
n+

–O
2− 

(M = Zn or Al) pairs and isolated 

 

 

Catalyst 

 

 

Oil 

Reaction conditions  

 

Ref. 

Catalyst 

dosage 

(wt%) 

Reaction 

temp. 

(°C) 

Alcohol to 

oil molar 

ratio 

Reaction 

time (h) 

FAAE 

yield 

(%) 

Reusability 

Methanolysis 

Li/ZrO2 Waste cotton seed 5 65 12:1 1.25 99 9 Kaur and Ali, 2015 

Na2ZrO3 Soybean 3 65 NR 3 98.3 4 Torres et al., 2014 
K/ZrO2 Soybean 10 60 NR 24 89 NR Georgogianni et al., 

2009 

SrZrO3 Soybean 3 60 12:1 3 98 NR Lima et al., 2012 
Sr/ZrO2 Waste cooking 2.7 115.5 29:1 2.8 79.7 NR Omar and Amin, 2011 

CaO-MoO3-

SBA-15 
Soybean 6 65 50:1 50 83.2 77.2  Xie and Zhao, 2014 

MoO3/Al2O3 Sunflower  5 100 9:1 24 96 5 Sankaranarayanan et 

al., 2011 

Na2MoO4 Soybean  5 120 54:1 3 95.6 2 Nakagaki et al., 2008 

TiO2-MgO Waste cooking 5 150 30:1 6 92.3 4 Wen et al., 2010a 

Ethanolysis  

Li/NiO Waste cotton seed 5 65 12:1 3 98 7 Kaur and Ali, 2014a 
Li/ZrO2 Waste cotton seed 5 75 15:1 2.5 98 NR Kaur and Ali, 2015 

Sr:Zr Waste cotton seed 5 75 12:1 7 >99 4 (98) Kaur and Ali, 2014d 
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oxide ion. The dehydrated Zn–Al hydrotalcites obtained at 200 °C exhibited the highest 

activity, with a 76% FAME yield at 150 °C, 1.7 MPa, and 1:1 methanol to soybean oil molar 

ratio. The catalyst was not found to be deactivated even after150 h of continuous run. 

During hydrotalcite preparation Na or K hydroxides or carbonates are employed as 

precipitating agent and their complete removal is difficult. Thus, presence of Na or K ions is 

always suspected to cause homogeneous contribution in catalytic activity (Fraile, 2009). To 

overcome this problem NH4OH or (NH4)2CO3, are employed as precipitating agent for the 

preparation of Mg-Al hydrotalcites by varying x in the range of 0.25-0.55. An increase in 

Mg/Al ratio was found to increase catalyst surface area, basic strength as well as activity 

towards tributyrin transesterification (Cantrell et al., 2005).     

Thus in short, a host of inorganic solid acid and base catalyst were developed and employed 

for the triglyceride transesterification in literature. However, most of the literature reported 

heterogeneous catalysts were employed for the transesterification of edible oils with 

methanol. Limited reports are available for the application of solid catalysts for simultaneous 

transesterification and esterification of VOs having high FFA contents, which is essential to 

produce second generation biodiesel from low quality feedstock. 

 

1.4. Conclusions  

1. Biodiesel is a non-toxic, biodegradable fuel and its application in diesel engines can 

reduce the greenhouse gas emissions to significant extent. At industrial scale, biodiesel is 

commonly produced by the transesterification of vegetable oils with methanol in 

presence of homogeneous catalysts.  

2. The conventional method of biodiesel production utilizes methanol, which is a highly 

toxic chemical and a refinery residue. Bioethanol is not only non toxic but also 

renewable alcohol as it is produced through the fermentation of biomass, thus making 

bioethanol a more sustainable reactant than methanol. 

3. Homogeneous catalysts could be used only for costly refined edible oils having FFA 

content < 0.5 wt%. The cultivation of edible oils for biodiesel production may reduce the 

availability of agricultural land and enhance the vegetable oil price to significant extent. 

Hence, it is necessary to employ alternative feedstock for biodiesel production such as 

waste cooking oil or non edible VOs (eg. Jatropha and karanja oil). 

4. In this regard use of heterogeneous catalysts for biodiesel production could be 

advantageous as they are effective even for the transesterification of low quality 
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feedstock, are reusable, are easy to separate from reaction medium, do not generate huge 

amount of effluents and do not require extensive biodiesel and glycerol purification step 

after the reaction. 

5. Mixed metal oxides are reported to be more active solid catalysts towards 

transesterification than single metal oxides, mainly due to the presence of defects in 

catalyst structure. 

6. The activity of the mixed metal oxide based catalysts could be further improved by 

supporting them with active species such as alkali metal ions, transition metal ions, or 

sulfate ions. Presence of acidic as well basic sites on catalyst was found to be effective 

for simultaneous esterification as well transesterification of high FFA containing VOs. 

  

1.5. Objectives 

1. To prepare a series of calcium oxide and zirconia based solid catalysts by co-

precipitation and wet impregnation method.  

2. Application of the prepared catalysts for the transesterification of low quality 

triglycerides (e.g. waste and non-edible) with methanol/ethanol and to study the kinetics 

of the reactions.  

3. To study the leaching of the catalytic species of the catalyst in biodiesel and their 

reusability.  

4. To study the physicochemical properties of the biodiesel.  
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Abstract: This chapter includes the list of chemicals and materials, and detailed description 

of methods and analytical techniques which are frequently employed in present thesis. 
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2.1. Chemicals  
Karanja and jatropha oils were obtained from Medors Biotech Pvt. Ltd. New Delhi (India). 

Waste cottonseed oil has been procured from the restaurants located in Patiala. Fresh 

cottonseed oil was purchased from local shops located in Patiala. ZrOCl2.8H2O, ZrO2 and 

CaO were purchased from Sigma Aldrich (U.S.A). TiCl4, Ce(NO3)3.6H2O, H2SO4, LiOH, 

NaNO3, KNO3, Sr(NO3)2, Ca(NO)3.4H2O, Mg(NO3)2.6H2O, Ba(NO3)2, (NH4)6Mo7O24.4H2O, 

ammonia, NaOH, HCl and silica gel for thin layer chromatography (TLC) of reagent grade 

quality, diethyl ether, ethanol and potassium hydroxide used for the determination of acid 

value were purchased from S D Fine Chemical Ltd. (India) and used as such without further 

purification. Hexane, ethyl acetate, acetic acid, benzene (HPLC grade), butyl amine and 

trichloroacetic acid used for Hammett indicator titration was purchased from Loba Chemie 

Pvt. Ltd. (India). Methanol and ethanol of analytical grade quality were obtained from Merck 

(India). Propionic, butyric, caproic caprylic, lauric, palmitic, stearic, oleic acid, propanol, 

butanol, pentanol, hexanol, heptanol, octanol, nonanol and decanol were purchased from 

Spectrochem Pvt. Ltd. (India). Hammett indicators viz., crystal violet (H_ = 0.8), methyl 

orange (pKa = 3.3), methyl red (pKa = 4.8), neutral red (pKa = 6.8), bromthymol blue (pKa = 

7.2), phenolphthalein (pKa = 9.3), nile blue (pKa = 10.1), tropaeolin-O (pKa = 11.1), 2, 4-

dinitroaniline (pKa = 15.0), and 4- nitroaniline (pKa = 18.4) were purchased from Qualigens 

Fine Chemicals (India).  

 
2.2. Chemical analysis of various vegetable oils  
The free fatty acid (FFA) contents, moisture content, saponification and iodine values of the 

fresh cottonseed oil (CO), waste cottonseed oil (WO), karanja oil (KO) and jatropha oil (JO) 

were determined by following the methods as reported in literature (Plummer, 1988) and 

obtained values are given in Table 2.1. 

 

Table 2.1. The chemical analysis of the vegetable oils. 

 

 

Feedstock FFA content 
(wt%) 

Moisture 
content (wt%) 

Saponification value 
(mg of KOH/g of sample) 

Iodine value 
(mg of I2/g of sample) 

CO 0.3-1.2 0.24 181.4 88.2 
WO 4.0-5.0 0.27 192.3 94.3 
JO 7.0-9.0 0.36 186.2 98.2 
KO 15.0-18.1 0.30 194.1 103.5 
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2.3. Conversion of free fatty acids 
Percentage conversion of FFA into respective ester at specific time was determined 

(Marchetti and Errazu, 2008) by substituting the acid values (A.V.) in equation 2.1.                                                    

																			Conversion	of	FFA	(%) = ൬
A. V.୧୬୧୲୧ୟ୪	 – 	A. V.ϐ୧୬ୟ୪

A. V.୧୬୧୲୧ୟ୪
൰× 100																							(2.1) 

    All results are an average of three experiments with a relative standard deviation of ±2 %. 

A.V (mg of KOH/g of sample) of the reaction mixture at specific time was determined by 

following equation 2.2. 

                                               A.V. = (V  1000  MW  C)/ W                                    (2.2) 

                where V = volume of KOH solution employed for titration (ml); MW = molecular 

weight of KOH; C = molar concentration of the KOH solution used for titration (0.01 M in 

present case); and W = weight (in mg) of the reaction mixture to be analyzed. 

 

2.4. Reaction kinetics and thermodynamics 
Transesterification is generally assumed to follow a pseudo first order rate law as alcohol in 

this reaction is employed in excess to the required stoichiometric molar ratio of 3:1 (alcohol 

to oil). To calculate the activation energy, reactions were carried by varying the temperatures 

between 35 and 85 ºC. The conversion of VO at different reaction times was obtained and 

apparent first order rate constants (Song et al., 2011) and activation energy (Balbino et al., 

2011) were calculated by fitting the appropriate values in equations 2.3 and 2.4, respectively.   

               ‒ ln( 1‒ X) = k t         (2.3) 

k = A. e ‒Ea/RT          (2.4) 

  where k is the apparent first order rate constant (min–1), X is mole fraction of FAAE at time 

t, Ea is the activation energy (kJ mol–1), A is the pre-exponential factor (min–1), R is the gas 

constant (8.314 × 10–3 kJ K–1 mol–1) and T is the reaction temperature (°K). 

           Thermodynamic parameters viz., enthalpy (H‡), entropy (S‡), and the Gibb’s free 

energy of activation (G‡), were calculated (Ong et al., 2013) from Eyring-Polanyi equation 

2.5. 

																																																					݇ = 	
݇஻T
ℎ
	exp ቆ−

G‡

RT
ቇ																																																															(2.5) 

Taking the natural logarithm of equation 2.5 and substituting the value of G‡ = H‡ – TS‡, 

equation 2.6 is obtained.  
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																																															ln ൬
݇
T
൰ = 	−

H‡

ܴ
൬

1
ܶ
൰ + 	 ቈln ൬

݇஻
ℎ
൰+ 	

S‡

ܴ
቉																																		(2.6) 

      where kB and h are the Boltzmann (1.38 10-23 J K-1) and Planck (6.63  10-34 Js) 

constants, respectively. The slope and intercept of 1/T vs ln (k/T) plot would be equals to –

H‡/R and ln(kB/h) + S‡/R, respectively. The superscript ‡ notation refers to the value of 

interest in the activation complex or transition state. 

 

2.5. Hammett indicator titration 
The acidic strengths of the catalysts were determined by Hammett indicator-amine titration 

method (Yamanaka and Tanabe, 1975). In 5 mL benzene, 50 mg solid catalyst was suspended 

and to this five drops of methanolic solution of Hammett indicators (0.02 M) of pKa between 

0.8 to 6.8 was added. The resulted suspension was titrated with 0.1 M n-butyl amine solution, 

till appropriate color change was observed. In order to make sure that excess amine is not 

present on the solid surface, 0.1 M solution of trichloroacetic acid (prepared in benzene) was 

added after amine titration. Finally, the amount of n-butylamine consumed by the catalyst 

was determined and represented as acidity of the catalyst in terms of mmol/g of catalyst. 

The basic strengths of the catalysts were determined by Hammett indicator-carboxylic acid 

titration method (Yamanaka and Tanabe, 1975). In 5 mL benzene, 50 mg solid catalyst was 

suspended and to this five drops of methanolic solution of Hammett indicator (0.02 M) of 

pKa between 6.8 and 18.4 was added. The resulted suspension was titrated with 0.1 M 

trichloroacetic acid solution, till appropriate color change was observed. In order to make 

sure that excess acid is not present on the solid surface, 0.1 M solution of n-butyl amine 

(prepared in benzene) was added after acid titration. Finally, the amount of trichloroacetic 

acid consumed by the catalyst was determined and represented as basicity of the catalyst in 

terms of mmol/g of catalyst. 

 

2.6. Turn over frequency 
The turnover frequency (TOF) of the catalyst (Tao et al., 2012) is calculated from equation 

2.7.    

																																																													TOF = 	
molୟୡ୲୳ୟ୪

f୫ 	× mୡୟ୲ × t
																																																																			(2.7)		 

               where molactual is the moles of FAAE at 25 % conversion; mcat is the mass 

of catalyst; t is the reaction time and fm is active sites (basic/acidic sites) of catalyst (in mmol) 

calculated by Hammett indicator titration method. 



Chapter 2 
 

   31 
 

2.7. Instruments 
2.7.1. Powder X-ray diffraction (XRD) 

Powder X-ray diffraction patterns were recorded on a PANalytical’s X’Pert Pro 

diffractometer operating at 40 kV using nickel-filtered monochromatic Cu Kα radiation (λ = 

1.54060 Å). The samples were scanned over a 2θ range of 5–80° at the scanning speed of 

2º/min. The phases present in the samples were identified with the help of JCPDS (Joint 

Committee of the Powder Diffraction Standards) database files. 

 

2.7.2. X-ray photoelectron spectroscopy (XPS) 

The binding energy and electronic state of the elements present in catalysts were determined 

by X-ray photoelectron spectroscopy using KRATOS-AXIS Ultra DLD spectrometer 

instrument (Kratos Analytical, UK) equipped with monochromator alumina source (Al Kα 

radiation; hν = 1486.69 eV). The instrument was operated at 10 kV and 15 mA with pass 

energy of 160 eV and an increment of 1 eV. For analysis, powdered samples were deposited 

on carbon tape and degassed for 2 h in XPS chamber to minimize the air contamination at 

sample surface. To overcome the charging problem, a charge neutralizer of 2 eV was applied 

and binding energy of C 1s core level (284.6 eV) was taken as a reference. 

 

2.7.3. Fourier transformation infra-red spectroscopy (FT-IR) 

Fourier transform-infrared spectra of the samples were recorded in KBr or ATR accessory on 

Agilent Cary-660 spectrophotometer in the range of 400-4000 cm−1. 

To quantify the Bronsted and Lewis acid sites in catalysts, pyridine adsorption method was 

employed. For the analysis, samples were saturated with pyridine at room temperature, dried 

under vacuum at 50 °C for 2 h, and further heated for 10 min at 300 °C to desorb the 

pyridine. Finally the diffuse reflectance FT-IR (DRIFT) spectra of these samples were 

recorded in KBr pellet using Agilent Cary-660 spectrophotometer in the range of 1400–1700 

cm−1. 

 

2.7.4. Fourier transform-nuclear magnetic resonance (FT-NMR) 

Fourier transform-nuclear magnetic resonance spectra of vegetable oils and FAAEs were 

recorded on a JEOL ECS-400 (400 MHz) spectrophotometer in CDCl3 solvent using 

tertramethyl silane (TMS) as internal reference and chemical shifts (δ) were expressed in 

parts per million (ppm). 
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FAME and FAEE were quantified by 1H-NMR technique (Knothe, 2000; Ghesti et al., 2007) 

following the equation 2.8 and 2.9, respectively. 

ொܥ%																																																																		 = 100	 ቆ
ை஼ுయܫ	2
ఈ஼ுమܫ	3 		

ቇ																																																									(2.8)		 

          where IOCH3 and ICH2 are the integrated area of methoxy and methylene protons at 3.7 

ppm and 2.3 ppm respectively. 

ாாܥ%																																																			 = 100	 ቆ
஺ீାாா்ܫ)4 (஺ீ்ܫ	−

஺ீାாா்ܫ)4 (஺ீ்ܫ	− + (஺ீ்ܫ2)6	
ቇ																										(2.9) 

         where ITAG = integration of glyceryl methylenic hydrogens at 4.15-4.35 ppm; I(TAG+EE) 

integration of glyceryl methylenic hydrogens and -OCH2 of ethoxy hydrogens superimposed 

at 4.10- 4.20 ppm. 

 

2.7.5. Gas chromatography-Mass spectroscopy (GC-MS) 

Gas chromatography-Mass spectroscopy of FAAEs was performed on Bruker GC-45X 

coupled with Scion MS-TQ/SQ system. For GC-MS study samples were diluted with hexane 

and one µL sample solution was injected (injection temperature 250 °C) in GC (15 m  0.25 

mm   0.25 mm RTX -5MS sil capillary column) in split/splitless mode (split ratio 1:20 for 

0.01 s). Helium was used as a carrier gas with a flow rate of 1 ml/min. The column 

temperature was increased from 60 °C to 300 °C with the heating rate of 10 °C/min. The 

output from the GC column was entered into the ionization chamber of mass spectrometer via 

a transfer line maintained at 260 °C. Mass spectrum (EI 70 eV, ion source temperature 

280°C, solvent delay 2.5 min) was scanned in the m/z range of 50-800. The National Institute 

of Standard and Test (NIST) library match software was used to identify the individual 

FAAE. Composition as well as FAEE yield was quantified by following the literature 

reported method (Li et al., 2010). 

 

2.7.6. Scanning electron microscopy-Energy Dispersive X-ray Analysis (SEM-EDS) 

Scanning electron microscopy coupled with energy dispersive X-ray spectrometry was 

performed on JEOL JSM 6510LV instrument. For analysis, initially sample was 

ultrasonicated in ethanol for 2 h. A drop of this suspension was mounted on a sample holder 

with the help of carbon tape. The sample was then sputter coated with gold and visualized 

with instrument to assess the particle morphology.  
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2.7.7. Transmission electron microscopy (TEM) 

Transmission electron microscopy images of the sample were recorded on HITACHI 7500 

instrument. For sample preparation, powdered sample was mixed with ethanol and 

ultrasonicated for 1 h to suspend the particles in solvent. A small drop of this suspension was 

placed on a copper grid and solvent was dried prior to the analysis. 

 

2.7.8. Brunauer-Emmett-Teller (BET) surface area 

The surface area of the catalysts was determined at 77 K by the standard Brunauer-Emmett-

Teller method using Micromeritics TriStar -3000 surface area analyzer. Prior to analysis, all 

samples were degassed at 473 K for 2 h under a nitrogen atmosphere to remove the 

physisorbed moisture from the catalysts. 

 

2.7.9. Temperature programmed desorption (TPD) 

In a typical experiment of CO2-TPD, 0.1 g of catalyst was loaded in a quartz reactor between 

two quartz plugs. Prior to CO2 adsorption, the catalyst was pretreated with He gas at 300 °C 

for 2 h and then cooled to room temperature. The adsorption of CO2 was carried out by 

passing a mixture of 10% CO2-balanced He gas over the catalyst for 1 h. To remove the 

physisorbed CO2, He gas was flushed over catalyst surface at 100 °C for 2 h. Then sample 

was heated upto desired temperature with a ramp of 10 °C/min under the flow of He gas 

(flow rate of 30 mL/min). The CO2 desorption was monitored using the thermal conductivity 

detector (TCD) of a gas chromatograph (Varian, 8301). 

 

2.7.10. Thermo-gravimetric–Differential Scanning Calorimetry analysis (TG-DSC) 

Thermo-gravimetric-Differential scanning calorimetry analysis was performed on NETZSCH 

STA 449F3 instrument. Samples were heated between 25 to 800 °C, at a heating rate of 10 °C 

min-1 under normal atmosphere. 

 

2.7.11. Inductively coupled plasma -Atomic emission spectrometry (ICP-AES) 

The metal concentration in FAAEs and glycerol was estimated by Inductively coupled 

plasma-Atomic emission spectroscopy on Spectro ARCOS instrument. For sample 

preparation, 0.5 g of sample was digested in 5 ml HNO3 (16 M) in a beaker and then HClO4 

(11 M) was added drop-wise to destroy all organic matter. Prior to analysis, the solution is 

filtered in a 50 mL volumetric flask and volume was made up with de-ionized water. 
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2.7.12. Carbon hydrogen nitrogen sulfur analyzer (CHNS) 

The sulfate content in methyl oleate and catalysts was analyzed by Thermo Finnigan FLASH 

EA 1412 series CHNS analyzer. 
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Abstract: To develop heterogeneous and reusable catalyst for the esterification of fatty acids, 

in presence of triglycerides, sulfate species has been incorporated over Ce/ZrO2‒TiO2 

support. The catalyst activity was found to be a function of its Bronsted acidic sites which in 

turn depends on the cerium concentration in catalyst. The esterification of oleic acid with 

methanol or ethanol in presence of prepared catalyst has followed the first order kinetics and 

Koros-Nowak test has demonstrated that reaction rates are independent from diffusion 

limitations. An increase in acid or alcohol alkyl chain length (steric factor) was found to show 

negative effect on the esterification activity of catalyst. Although, the catalyst was able to 

catalyze the esterification even in presence of up to 12 wt% moisture (with respect to fatty 

acids), however, a decrease in turn over frequency (TOF) was observed. The catalyst has 

shown excellent stability as negligible sulfate leaching was observed and recovered catalyst 

was reused in five successive runs without significant loss in activity. 

Even in presence of triglyceride (vegetable oil) the catalyst was able to convert > 98% free 

fatty acids into respective esters. The esterified oils were fruitfully employed, without any 

pre-neutralization and water washing, in homogeneous alkali catalyzed transesterification to 

achieve > 98% fatty acid methyl ester (FAME) yield.  
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3.1. Introduction 

The major hurdle for the commercialization of biodiesel in India is non availability of 

adequate feedstock for the transesterification. Further, application of costly refined edible oils 

would not only create the scarcity of the cooking oil but also increases the biodiesel 

production cost (Sarkar et al., 2010). Both the problems could be circumvented by employing 

non edible or waste cooking oils as feedstock for the biodiesel production. However, such 

oils usually contain high concentrations of FFA and moisture contents (Kaur and Ali, 2014) 

and hence, homogeneous alkali catalyst could not be directly employed for the 

transesterification. Biodiesel production from high FFA (> 0.5 wt%) containing feedstock 

usually involve two steps viz., (i) acid catalyzed esterification to reduce the FFA contents 

followed by (ii) base catalyzed transesterification of the ester rich feedstock to produce 

biodiesel (Zhang and Jiang, 2008). Homogeneous mineral acids (e.g. H2SO4) employed for 

the esterification of FFA are nonreusable, difficult to separate from the products, highly 

corrosive, require high temperature (> 100 °C), and promoted the reverse reaction (hydrolysis 

of ester) in presence of water: a by-product of esterification (Park et al., 2010a).
 
Moreover, 

after the completion of esterification acid is neutralized by alkali and generated salt must be 

washed away with water from the reaction mixture. Product washing required huge amount 

of water and generate vast quantity of industrial effluents to cause the disposal problem 

(Thiruvengadaravi et al., 2012).  

To overcome the limitations of the homogeneous catalysts, in literature, a variety of solid 

catalysts were employed for the fatty acid esterification. Sulfated zirconia as well as other 

reported sulfated catalysts for the fatty acid esterification was found to be moisture sensitive 

and unstable due to the leaching of the sulfate group from the catalyst (Sudarsanam et al., 

2013). In most of the sulfated catalysts a single metal oxide was employed as a support, 

although a combination of two or more mixed metal oxides is expected to be more efficient 

(Das et al., 2002). To improve the versatility, stability and reusability of sulfated catalysts, in 

current study, Ce/Zr/Ti mixed oxide was prepared and employed as support for the sulfate 

group immobilization. Prepared Ce/ZrO2-TiO2/SO4
2- 

was employed as heterogeneous catalyst 

for the esterification of a variety of carboxylic acids (C2-C18) and alcohols (C1-C10). Further, 

to test the sensitivity of catalyst towards moisture, oleic acid esterification was performed in 

presence of up to 12 wt% water (with respect to oleic acid). The effect of reaction parameters, 

such as alcohol to acid molar ratio, reaction temperature, catalyst concentration and stirring 

speed were studied on the course of reaction. Finally to demonstrate the practical application, 
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the prepared catalyst was employed for the esterification of VOs having 2.8‒15.2 wt% FFA. 

The catalyst was found to be effective even in presence of triglycerides as > 98 % FFA in 

VOs was esterfied. Esterified VOs was successfully employed, without any prior purification 

step, during base (NaOH) catalyzed transesterification reaction to produce biodiesel.  

 

3.2. Experimental section  

3.2.1. Catalyst preparation 

The mixed oxide of zirconium and titanium (Zr(OH)4‒Ti(OH)4) was prepared via co-

precipitation method. In a typical preparation, 5.5 mL of TiCl4 and 8.05 g of ZrOCl2.8H2O 

(corresponding to theoretical Ti/Zr atomic ratio of 1:1) were dissolved in 100 ml deionized 

water and stirred in a 250 mL beaker for 5 min. To this, NH3 solution (25 wt%) was added 

drop wise to maintain a final pH ~10 and resulting suspension was stirred for 3 h at 30 °C. 

Finally the precipitate was filtered out, washed with deionised water to remove chloride ions, 

and dried at 120 °C for 24 h to obtain a white powder of Zr(OH)4‒Ti(OH)4.  

To prepare the targeted catalyst, 1 g of powdered Zr(OH)4‒Ti(OH)4 was mixed in 20 mL 

deionized water in a 100 mL beaker. To this, appropriate amount of 1 M sulfuric acid and 

desired amount of Ce(NO)3.6H2O was added and resulted mixture was stirred for 24 h at 30 

°C.  This mixture was dried at 120 °C for 12 h and finally calcined at desired temperature to 

obtain Ce/ZrO2-TiO2/SO4
2-

 catalyst.   

Prepared catalysts were labelled as x-Ce/ZrO2‒TiO2/SO4
2-

-T,
 
where x and T represent the Ce 

concentration (wt%) and calcination temperature (ºC), respectively. 

 

3.2.2. Esterification of fatty acids 

Esterification reactions were carried out in a 50 mL two–neck round bottom flask equipped 

with an oil bath, magnetic stirrer and a water–cooled reflux condenser. In a typical reaction 

10 g of oleic acid (OA) was mixed with desired molar concentrations of alcohol and catalyst, 

and stirred (500 rpm) at desired temperature to achieve the esterification of fatty acid into 

corresponding ester. The conversion of FFA at specific time was calculated by the method 

given in Section 2.3 in Chapter 2. The prepared fatty acid alkyl esters were characterized by 

FT-IR, 
1
H-NMR, 

13
C-NMR and GC-MS techniques. 
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3.3. Results and Discussion 

3.3.1. Catalyst characterization 

3.3.1.1. Powder X–ray diffraction (XRD) 

Powder XRD study was performed to establish the effect of cerium loading and calcination 

temperature on catalysts structure. As shown in Fig. 3.1(a), presence of a broad peak at 2θ ~ 

30° in the XRD patterns of Zr(OH)4‒Ti(OH)4 indicate its poor crystalline nature and no 

significant difference was observed even upon 2 wt% cerium impregnation in support 

material. However, upon sulfate impregnation over the same support, weak diffraction 

patterns corresponding to orthorhombic zirconium sulfate (Zr(SO4)2; JCPDS card no. 72-

2192) and intense peaks of hexagonal titanium sulfate (Ti2(SO4)3; JCPDS card no. 42-0230) 

were observed. A gradual increase in zirconium sulfate phase was observed on increasing 

cerium concentration (0.5-2.0 wt%) in catalyst. The catalyst prepared by using lanthanum in 

place of cerium also found to show similar results as reported by Li et al. (2010). A further 

increase in cerium concentration (3 wt%) was not found to make any significant change in 

catalyst structure. 

The effect of calcination temperature on catalyst structure was evaluated in the temperature 

range of 400‒700 °C. As shown in Fig. 3.1(b), the monoclinic zirconia phase was also 

observed along with zirconium sulfate, titanium sulfate and cerium oxide (CeO2; JCPDS card 

no. 81-0792) up to 500 °C calcination temperature. The ratio between zirconium sulfate and 

titanium sulfate increases from 1.71 to 2.15 on increasing the calcination temperature from 

400‒600 °C. A further increase in calcination temperature (700 °C) was found to generate a 

new phase of ZrTiO4 (JCPDS card no. 42-0230) due to the decomposition of zirconium and 

titanium sulfate. The crystallite size of the 2-Ce/ZrO2‒TiO2/SO4
2-

-600 catalyst was found to 

be ~ 16 nm by the Debye-Sherrer method. 
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Fig. 3.1. XRD of varying (a) cerium concentration and (b) calcination temperature. (*- m-

ZrO2,- CeO2,- Zr(SO4)2,  - Ti2(SO4)3,  - ZrTiO4). 

 

3.3.1.2. SEM-EDS, TEM and elemental analysis 

The surface morphology of the prepared samples was studied by SEM and their images are 

demonstrated in Fig. 3.2. The SEM image (Fig. 3.2(a)) of catalyst support Zr(OH)4-Ti(OH)4 

shows the formation of ~ 5 µm sized particles in irregular geometries. Incorporation of 

cerium and sulfate on this support resulted the flake like structure in irregular shape and sizes 

as shown in Fig. 3.2(b). The thickness of these flakes was measured ~ 0.5 µm. 

 

 

Fig. 3.2. Comparison between the SEM images of (a) Zr(OH)4‒Ti(OH)4  and (b) 2-

Ce/ZrO2‒TiO2/SO4
2-

-600. 

 

Atomic ratio of Zr and Ti in Zr(OH)4‒Ti(OH)4 was observed as ~1:1 during EDS analysis as 

given in Table 3.1. The sulfated Zr(OH)4‒Ti(OH)4 without and with cerium was found to 

have 10.21 and 16.69 wt% sulfur contents (by elemental analysis), respectively. Thus 
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presence of cerium was found to enhance the sulfate impregnation over the catalyst support. 

The catalyst calcined at 700 °C (2-Ce/ZrO2‒TiO2/SO4
2-

-700) was found to have only 0.86 

wt% sulfur content (by element analysis) due to the major decomposition of sulfate moiety.  

 

Table 3.1. EDS analysis of Zr(OH)4-Ti(OH)4, SO4
2-

/ZrO2-TiO2-600 and 2-Ce/ZrO2-

TiO2/SO4
2-

-600 catalysts. 
      Elements   O Ti Zr S Ce 

Catalysts Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% 

Zr(OH)4-Ti(OH)4 60.69 86.60 15.72 7.10 23.59 6.30 - - - - 

SO4
2-

/ZrO2-TiO2-600 41.90 8.31 22.22 12.62 26.07 7.78 9.81 71.29 - - 

2-Ce/ZrO2-TiO2/SO4
2-

-600 61.63 9.29 9.70 4.36 13.10 3.07 13.73 83.00 1.84 0.28 

 

  TEM imaging of 2-Ce/ZrO2‒TiO2/SO4
2-

-600 also shows the formation of catalyst in flake 

like structure as demonstrated in Fig. 3.3. These flakes are actually the aggregates of smaller 

particles with an average particle size of ~15 nm. The crystallite size measured by powder 

XRD study (~16 nm) shows an agreement with the size calculated by TEM study.  

 

 
Fig. 3.3. TEM image of 2-Ce/ZrO2‒TiO2/SO4

2-
-600. 

3.3.1.3. FT-IR Spectroscopy 

To demonstrate the sulfate impregnation over Zr(OH)4‒Ti(OH)4, FTIR spectra of 2-

Ce/ZrO2‒TiO2-600, 2-Ce/ZrO2‒TiO2/SO4
2-

-600 and 2-Ce/ZrO2‒TiO2/SO4
2-

-700 is compared 

in Fig. 3.4. The presence of sulfate functional group in 2-Ce/ZrO2‒TiO2/SO4
2-

-600 was 

supported by the appearance of bands at 990 (s(S—O)), 1041(as(S—O)), 1162 (s(S=O)) 

and 1236 cm
-1

 (as(S=O)). These are the characteristic bands corresponding to the bidentate 

bridging of sulfate group with Zr
4+

 and/or Ti
4+ 

(Li et al., 2012). The sample prepared at 700 

°C calcination temperature didn’t show the characteristic sulfate bands to support the catalyst 

decomposition.  
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Fig. 3.4. Comparison of FTIR spectra of (a) 2-Ce/ZrO2‒TiO2-600, (b) 2-Ce/ZrO2‒TiO2/SO4

2-

-600, and (c) 2-Ce/ZrO2‒TiO2/SO4
2-

-700.  

 

3.3.1.4. Pyridine adsorption DRIFT study 

In DRIFT spectra (Fig. 3.5) of catalyst saturated with pyridine, characteristic bands of 

pyridinium ion (Bronsted (B) acid sites) were observed at ~1638 and 1540 cm
-1

 and 

covalently bonded pyridine (Lewis (L) acid cites) was observed at ~1616 cm
-1

. The peak 

observed at ~1490 cm
-1

 is due to the presence of total acidic (B+L) sites in the catalyst (Yang 

et al., 2005). The bands corresponding to pyridine adsorption remain absent from catalyst 

support (Fig. 3.5(a)) Zr(OH)4-Ti(OH)4 and catalyst prepared with cerium (Fig. 3.5(b)) 2-

Ce/ZrO2-TiO2-600, to rule out the presence of strong acidic sites. Incorporation of sulfate 

group without cerium although generate the acidic sites (Fig. 3.5(c)), but immobilization of 

sulfate group along with cerium was found to further strengthen these sites. An increase in 

cerium concentration (0.5-2 wt%) was found to enhance the sulfate loading over the catalyst 

support which resulted enhancement in L and B acid sites (Table 3.2). Maximum acidic sites 

were observed for the catalyst with 2 wt% cerium concentration and a further increase in 

cerium concentration was not found to enhance the acidic sites on catalyst surface (Table 

3.2). The catalyst prepared at 700 °C calcination temperature shoe merely weak pyridine 

bands due to the loss of acidic sites owing to the sulfate group decomposition.  
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Fig. 3.5. DRIFT spectra of pyridine absorbed on (a) support Zr(OH)4-Ti(OH)4, (b) 2-

Ce/ZrO2-TiO2-600, (c) SO4
2-

/ZrO2-TiO2-600, (d) 0.5-Ce/ZrO2‒TiO2/SO4
2-

-600, (e) 2-

Ce/ZrO2‒TiO2/SO4
2-

-600, (f) 3-Ce/ZrO2‒TiO2/SO4
2-

-600, (g) 2-Ce/ZrO2‒TiO2/SO4
2-

-400, (h) 

2-Ce/ZrO2‒TiO2/SO4
2-

-500 and (i) 2-Ce/ZrO2‒TiO2/SO4
2-

-700 at 300 °C. 

 

3.3.1.5. XPS analysis 

The electronic state of the metal ions present in catalyst was determined by XPS analysis as 

shown in Fig. 3.6. The peaks observed at 884.9, 168.9, 184.2, 458.9 and 531.9 eV could be 

assigned to the presence of Ce
4+

 (3d), S
2-

 (2p) Zr
4+

 (3d), Ti
4+

 (2p) and O
2- 

(1s), respectively 

(Reddy et al., 2009a; Reddy et al., 2009b). Qualitative analysis by XPS study supported the 

presence of 2.11 wt% Zr, 3.32 wt% Ti, 0.06 wt% Ce, 47.77 wt% O and 16.91 wt% S over 

catalyst surface.  
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Fig.  3.6. Wide scan XPS spectra of 2-Ce/ZrO2‒TiO2/SO4

2-
-600 catalyst. 
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3.3.2. Fatty acid alkyl ester characterization  

3.3.2.1. FTIR Spectroscopy 

In FTIR spectrum of oleic acid, the bands at 1710 and 1285 cm
-1

 appeared due to carboxylic 

C=O, and C—OH vibrational frequencies, respectively as shown in Fig. 3.7(a). Upon 

esterification, these bands shift to 1750 and 1170‒1200
 
cm

-1
, respectively Fig. 3.7(b) and 

3.7(c), to support the formation of ester group.  
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Fig. 3.7. FTIR spectra of (a) oleic acid, (b) methyl oleate and (c) ethyl oleate. 

 

3.3.2.2. NMR Spectroscopy 

In 
1
H-NMR spectra of oleic acid and corresponding alkyl esters, peaks at 0.88, 1.25-1.31 and 

2.3 ppm are due to the terminal methyl, backbone methylene and alpha methylene protons, 

respectively (Fig. 3.8). Presence of unsaturated protons (–CH=CH‒) in all three molecules 

was supported by the presence of a signal at 5.35 ppm. Upon esterification of oleic acid, 

appearance of a singlet at 3.6 ppm, due to methoxy protons, supports the formation of methyl 

oleate (MO) (Fig. 3.8(b)). On the other hand, presence of a quartet at 4.1 ppm, due to –OCH2- 

group, supports the formation of ethyl oleate (EO) (Fig. 3.8(c)).   
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Fig. 3.8. 
1
H-NMR spectra of (a) oleic acid, (b) methyl oleate and (c) ethyl oleate. 

The 
13

C-NMR spectra of OA, MO and EO are compared in Fig. 3.9. The peak appeared at 14 

ppm is characteristic of the terminal methyl group and the signal due to unsaturated carbons 

appeared at 128‒130 ppm for all three molecules. The appearance of new peak upon 

esterification at 50.8 ppm due to –OCH3 and 60.0 ppm due to –OCH2– supported the 

formation of methyl and ethyl esters, respectively. Further, carbonyl carbon of carboxylic 

acid was shifted from 180 ppm to 174-175 ppm upon esterification as shown in Fig. 3.8(b) 

and 3.8(c). 
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Fig. 3.9. 
13

C-NMR spectra of (a) oleic acid, (b) methyl oleate and (c) ethyl oleate. 

 

3.3.2.3. GC-MS study 

The purity and molecular weight of the prepared EO and MO was established by GC-MS 

technique as shown in Fig. 3.10. Appearance of a single peak at 16.25 and 16.77 min in Fig. 

3.10(a) supports the formation of single and pure product during esterification reaction. In 

MS spectrum, molecular ion peaks observed at m/z value of 296 and 310 supports the 

formation of MO and EO, respectively. Peak appeared at 264 m/z support the loss of –OCH3 

and –OCH2CH3 fragment from MO and EO, respectively.  
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Fig. 3.10. GC-MS of methyl and ethyl oleate (a) GC spectra and (b) MS spectra. 

 

Methyl oleate : FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1750 (C=O), 1445 (O–CH3) ,
 

1170-1210  (C–O)
 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 3.6 (s, –OCH3), 

2.3 (m, –CH2–CO–), 2.03 (m, =CH–CH2–), 1.29 (m, –(CH2)n– ), 0.88 (m, –CH2–CH3);
 13

C–

NMR (CDCl3, δ ppm): 174.09 (–CO–CH2–), 129.9 (–CH=CH–), 51.4 (–OCH3), 34.1 (–CO–

CH2–), 31.9 (ω3 –CH2–), 29.66–29.08 (–CH=CH–CH2–, –CH2–), 27.2 (–CH=CH–CH2–

CH=CH–), 25.6–24.80 (–CO–CH2–CH2–), 22.70, 22.47  (ω2 –CH2–) and 14.16 (ω1 –CH3); 

GC-MS: Rt: 16.25 min; positive ion m/z:  296[M]
+
, 264[M-32]

+
(loss of methoxy ion + H

+
), 

180[M-116]
+
(loss of carboxyl group by cleavage between carbon 5 and 6), 74[M-222]

+ 
(loss 

of Maclefferty ion), 55 (loss of C4H7
+
), 69 (loss of C5H9

+
) 83 (loss of C6H11

+
), 97 ((loss of 

C7H13
+
), 111(loss of C8H15

+
). 

Ethyl oleate : FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1750 (C=O), 1445 (O–C2H5) ,
 

1170-1210  (C–O)
 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (q, –

OCH2–),2.3 (m, –CH2–CO–), 2.03 (m, =CH–CH2–), 1.29 (m, –(CH2)n– , ‒CO‒CH2‒CH3), 

0.88 (m, –CH2–CH3);
 13

C–NMR (CDCl3, δ ppm): 174.09 (–CO–CH2–), 129.9 (–CH=CH–

),60 (–OCH2–), 34.1 (–CO–CH2–), 31.9 (ω3 –CH2–), 29.66–29.08 (–CH=CH–CH2–, –CH2–

), 27.2 (–CH=CH–CH2–CH=CH–), 25.6–24.80 (–CO–CH2–CH2–), 22.70, 22.47  (ω2 –CH2–

) and 14.16 (ω1 –CH3, –OCH2–CH3); GC-MS:  Rt: 16.77 min; positive ion m/z: 310[M]
+
, 

264[M-46]
+ 

(loss of ethoxy ion + H
+
), 180[M-130]

+
 (loss of carboxyl group by cleavage 

between carbon 5 and 6), 88[M-222]
+
 (loss of Maclefferty ion), 55 (loss of C4H7

+
), 69 (loss of 

C5H9
+
) 83 (loss of C6H11

+
), 97 ((loss of C7H13

+
), 111(loss of C8H15

+
). 
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The FT‒IR, NMR (
1
H and 

13
C) and GC‒MS spectra of other esters prepared using 2-

Ce/ZrO2–TiO2/SO4
2-

-600 catalyst is provided in Appendix A (A.1-A.12). 

 

3.3.3. Catalytic activity  

3.3.3.1. Structure-Activity correlation 

The activity of the solid acid catalyst was found to be a function of their acidic strength 

(Lopez et al., 2005). In order to enhance the acidity of the catalysts, for the optimum activity, 

cerium concentration and calcination temperature were varied during the catalyst preparation. 

The activity of the prepared catalyst was compared by performing the esterification of oleic 

acid with methanol and ethanol. 

   Zr(OH)4‒Ti(OH)4, and 2-Ce/ZrO2-TiO2-600 show negligible esterification activity owing to 

their poor acidic strength (entry 1 and 2; Table 3.2). Similarly Zr(OH)4‒Ti(OH)4 having SO4
2- 

but not cerium ions, was also found less effective towards the esterification reaction (entry 3; 

Table 2). As could be seen from Table 3.2, simultaneous incorporation of up to 2 wt% cerium 

and sulfate was found to enhance the total as well as Bronsted acidic sites of the catalyst 

which resulted > 8 fold increase in activity in comparison to the catalyst having sulfate group 

without cerium. Our results are in line with the literature report
 
(Li et al., 2010) which claims 

that lanthanum impregnation, as an assistant component, enhances the activity of sulfated 

ZrO2–TiO2. Thus activity of the prepared catalyst was mainly found to be a function of its 

acidic strength, which in turn depends upon the cerium and sulfate concentration.  

     Although, significant difference in catalyst structure was not observed during 400‒600 °C 

calcination temperature, however, ~ 4 fold increases in activity was observed in the same 

calcination temperature range. This could be due to the presence of relative lesser Bronsted 

acidic sites in catalyst prepared at low calcination temperature (entry 8 and 9; Table 3.2). At 

600 °C calcination temperature relatively higher Zr(SO4)2 concentration (Zr(SO4)2/Ti2(SO4)3 

= 2.15) was observed, which could also be another reason for the enhanced activity of 2-

Ce/ZrO2‒TiO2/SO4
2-

-600. However, a further increase in calcination temperature (700 °C) 

decomposes the catalyst to form ZrTiO4 phase which has shown poor acidic strength as well 

as activity (entry 10; Table 3.2). 
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Table 3.2. Comparison of acidic strength, acidity distribution, TOFs and Bronsted/Lewis 

ratio of the prepared catalysts. 

M and E are TOFs for the esterification of oleic acid with methanol and ethanol, respectively; B/L is the ratio of 

Bronsted and Lewis acid sites; - = Bronsted sites remains absent; N.D – Not determined. 
 

 

3.3.3.2. Effect of reaction conditions on the conversion efficiency 

The effect of various reaction parameters such as catalyst concentration, alcohol/acid molar 

ratio and reaction temperature on catalytic performance was studied to establish the reaction 

conditions for better catalytic performance. 

The optimum catalyst concentration for esterification reaction was determined by performing 

the reactions in presence of 1‒6 wt% catalyst (with respect to OA) as shown in Fig. 3.11(a) 

and 3.11(b). Increase in catalyst concentration up to 5 wt% was found to increase the overall 

esterification rate gradually, due to increase in number of active acidic sites. However, a 

further increase in catalyst concentration was not found to enhance the overall reaction rate to 

significant extent due to mass transfer resistance in liquid–liquid–solid phases (Song et al., 

2011). 
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Fig. 3.11. Effect of catalyst concentration on 2-Ce/ZrO2‒TiO2/SO4

2-
-600 catalyzed 

esterification of OA. Reaction conditions: (a) methanol:OA molar ratio of 6:1 at 65 ºC 

reaction temperature, and (b) ethanol:OA molar ratio of 6:1 at 75 ºC reaction temperature. 

 

 

S.No. 

 

Catalyst 

Acidic 

strength 

 

Bromothymol 

blue 

(pKa=7.2) 

Neutral  

red 

(pKa=6.8) 

Methyl  

red 

(pKa=4.8) 

Methyl 

orange 

(pKa=3.1) 

Total 

acidity 

(mmol g-1) 

TOF( h-1) 

M/E 
B/L 

ratio 

 1 Zr(OH)4-Ti(OH)4 3.1<pKa<4.8 0.09 0.08     0.04 0.00    0.21 0.006/0.003 - 
2 2-Ce/ZrO2-TiO2-600   3.1<pKa<4.8 0.32 0.30 0.24 0.00 0.86 0.41/0.33 - 
3 SO4

2-/ZrO2-TiO2
 -600   0.8< pKa<3.1 0.74 0.72 0.68 0.15 2.29 0.70/0.44 1.33 

4  0.5-Ce/ZrO2-TiO2/SO4
2--600   0.8<pKa<3.1 2.14 2.13 2.00 0.53 6.80 0.83/0.62 1.39 

5 1-Ce/ZrO2-TiO2/SO4
2--600   0.8<pKa<3.1 2.35 2.31 2.12 0.63 7.41 1.06/0.76 N.D 

6 2-Ce/ZrO2-TiO2/SO4
2--600   0.8<pKa<3.1 2.79 2.73 2.40 0.89 8.81 4.62/3.30 1.55 

7 3-Ce/ZrO2-TiO2/SO4
2--600  0.8<pKa<3.1 2.54 2.53 2.32 0.65 8.04 1.80/1.26 1.48 

8 2-Ce/ZrO2-TiO2/SO4
2--400   3.1<pKa<4.8 1.71 1.68 1.20 0.00 4.59 1.34/0.55 1.36 

9 2-Ce/ZrO2-TiO2/SO4
2--500   0.8<pKa<3.1 1.85 1.83 1.60 0.32 5.60 1.73/1.06 1.44 

10 2-Ce/ZrO2-TiO2/SO4
2--700   4.8<pKa<6.8 0.28 0.26 0.00 0.00 0.54 0.40/0.24 - 
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Although, 2-Ce/ZrO2-TiO2/SO4
2-

-600 catalyst was found to be efficient for the esterification 

of OA with methanol as well as ethanol, however, reaction rate was found to be slower in 

case of ethanol. This could be due to the lower mobility of the larger ethoxide ions in 

comparison to the smaller methoxide ions (Brunschwig et al., 2012).
 

          In order to demonstrate that catalytic activity is independent from the diffusion 

limitations, the Koros-Nowak criterion was employed (Madon and Boudart, 1982). As 

described in literature (Song et al., 2011), the esterification reactions were carried out on two 

catalysts having different cerium loading but maintaining the constant fractional exposure of 

active sites to the substrates. The reaction time to yield the similar conversion levels of oleic 

acid into respective esters was recorded in presence of both the catalysts. The results 

exhibited in Fig. 3.12 showed that at same conversion levels, the TOFs of two catalysts were 

found to be almost similar to indicate that the reaction has followed the Koros-Nowak 

criterion.  
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Fig. 3.12. TOFs of 2-Ce/ZrO2-TiO2/SO4

2-
-600 and 3-Ce/ZrO2-TiO2/SO4

2-
-600 with different 

conversions. Reaction conditions: (a) methanol:OA molar ratio of 6:1 at 65 ºC reaction 

temperature, and (b) ethanol:OA molar ratio of 6:1 at 75 ºC reaction temperature with 5 wt% 

of 2-Ce/ZrO2-TiO2/SO4
2-

-600 or 6 wt% of 3-Ce/ZrO2 TiO2/SO4
2-

-600 catalyst.  

 

        In order to determine the optimum alcohol to OA molar ratio, reactions were performed 

in presence of 5 wt% catalyst by varying the alcohol to OA molar ratio from 1:1 to 7:1 as 

shown in Fig. 3.13(a) and 3.13(b). The reaction rate enhances gradually on increasing 

alcohol/OA molar ratio from 1 to 6. A further increase in the molar ratio was not found to 

increase the reaction rate to significant extent as shown in Fig. 3.13. The excess alcohol used 

during the reaction was recovered by distillation and reused in next cycle.  
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Fig. 3.13. Effect of alcohol:OA molar ratio on 2-Ce/ZrO2–TiO2/SO4

2-
-600 catalyzed 

esterification of OA. Reaction conditions: Reaction temperature in case of (a) methanol at 

65 ºC, and (b) ethanol at 75 ºC, catalyst amount =  5 wt% of catalyst with respect to OA in 

both cases.                         

 

To determine the temperature for the optimum catalyst activity, esterification 

reactions were performed by varying the temperature in the range of 35-85 ºC. The 

conversion and reaction rate was found to increase with the increase in reaction temperature 

However, no significant increase in reaction rate was observed on increasing the temperature 

above 65 °C and 75 °C in case of methanol and ethanol, respectively (Fig. 3.14(a) and 

3.14(b)). It is worth to mention that catalyst was also found to be effective even at room 

temperature (35 ºC), although longer reaction duration of 5 and 6 h was required, for the 

esterification of OA, with methanol and ethanol, respectively. 
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Fig. 3.14. Effect of reaction temperature on 2-Ce/ZrO2–TiO2/SO4

2-
-600 catalyzed 

esterification of OA. Reaction conditions: (a) methanol: OA molar ratio of 6:1, and (b) 

ethanol:OA molar ratio of 6:1, both reactions were performed in presence of 5 wt% of 

catalyst with respect to OA. 
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In order to evaluate the external mass transfer resistance, OA esterification with methanol 

was carried out by varying the stirring speed 100-700 rpm. As could be seen from Fig. 3.15, 

at mixing speed of ≥ 500 rpm, the initial reaction rate become constant to support that above 

500 rpm reaction rate is not limited by the external mass diffusion.  
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Fig. 3.15. Effect of stirring speed on initial rate of reaction. Reaction conditions: Reaction 

temperature = 65 ºC, methanol to oleic acid ratio = 6:1 and catalyst amount = 5 wt% with 

respect to OA. 

 

            Thus a 6:1 methanol to oil molar ratio at 65 ºC or 6:1 ethanol to oil molar ratio at 75 

ºC in presence of 5 wt% catalyst (with respect to fatty acid) and a stirring speed of 500 rpm, 

were found to be optimum conditions for the 2-Ce/ZrO2-TiO2/SO4
2-

-600 catalyzed 

esterification of oleic acid. 

 

3.3.3.3. Effect of moisture content 

Being a by-product of the esterification reaction, presence of water is inevitable. The activity 

of homogeneous acid catalysts was found to be reduced by the presence of moisture (Liu et 

al., 2006a; Liu et al., 2006b). The reduction in catalytic activity by the moisture may be due 

to (i) increase in rate of backward reaction via hydrolysis of ester, and (ii) deactivation of the 

catalyst through interaction of water and active sites of catalyst (Marchetti and Errazu, 2008). 

Thus for better activity, a moisture sensitive catalyst requires pre-dried reagents and efficient 

removal of the water; formed as a by-product during the esterification reaction. In order to 

gauge the moisture resistance of 2-Ce/ZrO2-TiO2/SO4
2-

-600 catalyst, esterification of OA 

with methanol was performed in presence of externally added moisture contents.  As shown 

in Fig. 3.16, the catalyst was found to be effective even in presence of 12 wt% (with respect 

to OA) moisture contents however the efficacy of the catalyst (TOF) decreases on increasing 
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the moisture content in reaction mixture. Nonetheless, even in presence of 12 wt% moisture 

the catalyst was able to complete (> 98% FAME yield) the esterification of OA in 8.5 h. It is 

worth mentioning that in reaction mixture 36 mmol of OA is present and presence of water, 

approximately double to the substrate molar concentration (66 mmol or 12 wt%), was not 

able to hinder the catalytic activity completely.  In literature, addition of merely 2000 ppm 

water in sulfated zirconia catalyzed esterification of myristic acid was found to decrease the 

conversion level from 98 to 91% (Saravanan et al., 2012).
 
On increasing the water content 

from 0 to 10 wt% (with respect to substrate) in Amberlyst-15 catalyzed esterification, FAME 

yield was found to decrease from 91 to 76% in 6 h of reaction duration (Park et al., 2010b). 

On the other hand in present study, > 98% FAME yield was obtained in 8.5 h of reaction 

duration even in presence of 12 wt% moisture content.  

Thus prepared catalyst neither required simultaneous removal of water nor anhydrous alcohol 

or fatty acid to catalyze the reaction.  
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Fig. 3.16. Effect of moisture content upon reaction time for complete esterification (> 98% 

FAME yield) of oleic acid. 

  

3.3.3.4. Effect of carboxylic acid and alcohol carbon chain length on reaction rate 

To demonstrate the versatility of the catalyst, it was employed for the esterification (with 

methanol) of organic acids having C2-C18 alkyl carbon chain length. The efficiency of 2-

Ce/ZrO2-TiO2/SO4
2-

-600 catalyst was compared by calculating the TOFs of esterification of 

various carboxylic acid at ~ 25% conversion levels. A decrease in reaction rate was observed 

on increasing the carbon chain length of organic acids as shown in Fig. 3.17. To correlate the 

carbon chain length of organic acid with its esterification rate in presence of acidic catalyst, 

Charton (1976) has used the modified Taft equation 3.1. 
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                                                         log r = ψν + h          (3.1) 

where, ν is the van der Waals radii associated with alkyl groups (Liu et al., 2006c) and ψ and 

h are constants. Since, ν values for acids > C8 remains constant, hence, rate of esterification 

reaction or TOFs should be stable for carboxylic acids having more than eight carbon atoms. 

However, experimentally the rate of reaction as well as TOFs decreases gradually on 

increasing the carbon chain length as shown in Fig. 3.17.  
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Fig. 3.17. Plot of log10(TOF) as a function of carboxylic acid alkyl chain length (C2-C18) for 

2-Ce/ZrO2-TiO2/SO4
2-

-600 catalyzed esterification reaction (C2 - Acetic acid, C3 - Propionic 

acid, C4 - Butyric acid, C6 - Caproic acid, C8 - Caprylic acid, C12 - Lauric acid, C16 - Palmitic 

acid, C18 - Stearic and Oleic acid). 

 

Thus, the rate of organic acid esterification was found to follow the linear relationship 

(equation 3.2), with alkyl chain lengths (l) in absence of diffusion limitations.  

    log10(TOF) = -0.059l + 1.74        (3.2) 

Eze et al. (2013) and Pirez et al. (2012) also reported similar trends for the PrSO3H-SBA-15 

and PrSO3H-KIT-6 catalyzed esterification of carboxylic acids of varying alkyl chain lengths. 

Since electronic properties for chain length > C4 do not change significantly, hence decrease 

in esterification rates could be attributed to the steric or mixing effect (Eze et al., 2013). 

Steric hindrance increases with carbon chain length of the carboxylic acid, however, in case 

of homogeneous catalysts to counter the steric constrain, molecule may orient itself in so 

called ―preferential conformation‖ (Pirez et al., 2012). In case of heterogeneous catalyst 

adsorbed carboxylic acid could not adopt preferential conformation and hence, steric factor 

increases gradually with alkyl chain length, and influences the esterification rate negatively 

(Lilja et al., 2002).
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The effect of alcohol carbon chain length on esterification activity is not frequently 

reported in literature. To study the effect of alcohol carbon chain length, esterification of OA 

was performed with C1-C10 alcohols. Here again increasing alkyl chain length of alcohol was 

found to reduce the reaction rate as shown in Fig. 3.18. 
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Fig. 3.18. Plot of log10(TOF) as a function of alcohol alkyl chain length (C1-C10) for 2-

Ce/ZrO2-TiO2/SO4
2-

-600 catalyzed esterification reaction of oleic acid (C1 - Methanol, C2 - 

Ethanol, C3 - Propanol, C4 - Butanol, C5 - Pentanol, C6 - Hexanol, C7 - Heptanol, C8 - 

Octanol, C9 - Nonanol, C10 - Decanol). 

 

Thus, the rate of alcohol esterification was found to follow, as observed in case of carboxylic 

acids, the linear relationship (equation 3.3) with alkyl chain lengths (l).   

                                                  log10(TOF) = -0.066l + 0.65         (3.3) 

Thus, reduced reaction rate could be attributed to increase in steric hindrance on increasing 

the carboxylic acid or alcohol alkyl chain length (Ghiaci et al., 2011). 

Nevertheless, 2-Ce/ZrO2-TiO2/SO4
2-

-600 catalyst was found to complete the esterification (> 

98 % conversion) of all organic acids and alcohols employed for the study.  

 

3.3.4. Reusability and stability of the catalyst 

In order to prove the reusability of 2-Ce/ZrO2‒TiO2/SO4
2-

-600, esterification of the OA was 

performed with methanol under optimized reaction conditions. After the completion of 

reaction, catalyst was separated from the reaction mixture by filtration, washed with hexane, 

dried at 120 °C and finally calcined at 600 °C. The regenerated catalyst was employed in six 

successive runs under same experimental conditions and regeneration methods. As shown in 

Fig. 3.19, no significant loss in the catalyst activity was observed until fifth cycle. However, 

only 70% conversion was achieved during sixth run.  
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Fig. 3.19. Reusability study of 2-Ce/ZrO2‒TiO2/SO4

2-
-600 catalyst.  

 

To analyze the cause(s) behind the drop in activity after five cycles, XRD patterns of fresh 

and reused catalysts were compared. As shown in Fig. 3.20(a), an additional peak at 25° was 

observed in the diffraction pattern of the reused catalyst due to the formation of anatase 

phase of titanium oxide (TiO2; JCPDS card no. 84-1286). Thus upon continuous reuse a small 

portion of TiO2 has separated from the catalyst to alter its regular structure.  

Comparison of the FTIR spectra (Fig. 3.19(b)) of fresh and reused catalysts supported that 

SO4
2-

 moiety has not dissociated from the catalyst and remains intact even after five catalytic 

runs. Additionally, no vibration bands corresponding to the FFA or FAME were observed in 

the FTIR spectrum of reused catalyst to support that organic molecules have not accumulated 

over the catalyst surface to block the active sites. This is expected as catalyst was calcined at 

600 °C before every consecutive run.  
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Fig. 3.20. Comparison of (a) XRD and (b) FT-IR of fresh and used catalyst. (- Zr(SO4)2,  

- Ti2(SO4)3, - CeO2,  - anatase TiO2). 
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The possibility of the sulfate ion dissolution in reaction mixture was also tested by adding the 

BaCl2 solution to the methanol contacted with catalyst for 2 h under stirring. A negative test 

ruled out the leaching of sulfate ions in reaction mixture. Moreover, total sulfur concentration 

in fresh (16.69 wt%) and spent (16.49 wt%) catalysts was also found to be almost similar to 

further exclude the leaching of sulfate species from catalyst.  

In order to demonstrate that there is no homogeneous contribution in catalytic activity, hot 

filtration test was performed. The esterification reaction was performed under optimized 

reaction conditions but catalyst was removed after 20 min by filtration. The reactants were 

again heated and further conversion was monitored for another 3 h. As could be seen from 

Fig. 3.21, no significant gain in ester yield was obtained to rule out homogeneous 

contribution in catalytic activity.  
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Fig. 3.21. Hot filtration test for esterification of oleic acid with methanol over 2-

Ce/ZrO2‒TiO2/SO4
2-

-600 (Reaction conditions:- Methanol:oleic acid molar ratio = 6:1, 

catalyst amount = 5 wt% with respect to oleic acid, and reaction temperature = 65 °C). 

 

Sulfur content was not detected during the elemental analysis of MO and very less leaching 

of Ce (0.23 ppm), Zn (0.16 ppm) and Ti (4.71 ppm) supported the highly stable nature of the 

catalyst. 

All these studies confirm the true heterogeneous mode of action of the catalyst and absence 

of any significant homogeneous contribution in the activity of 2-Ce/ZrO2‒TiO2/SO4
2-

-600 

catalyst. Thus, loss in catalytic activity may be attributed to the partial change in catalyst 

structure upon its repeated reuse. 

 

3.3.5. Esterification of free fatty acids in the presence of triglycerides 

As discussed in previous sections, 2-Ce/ZrO2-TiO2/SO4
2-

-600 catalyst was found effective for 

the esterification of a variety of carboxylic acids. In order to demonstrate the application of 
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the catalyst for the real system, it was employed for the esterification of high FFA containing 

VOs. Reduction of FFA in VOs is significant from commercial point of view as high FFA 

containing oils could not be employed directly for the transesterification reaction in presence 

of homogeneous catalyst. In conventional method, strong mineral acids (e.g., H2SO4, HCl 

etc.) are employed as homogeneous catalyst to reduce the FFA contents of VOs via 

esterification reaction. On the other hand, esterification activity of heterogeneous catalyst was 

found to decrease in presence of triglycerides. Therefore, in literature only few reports 

(Srilatha et al., 2011; Kulkarni et al., 2006; Park et al., 2010a; Srilatha et al., 2009) are 

available where heterogeneous catalyst was employed for esterification of fatty acids, present 

in VOs. Srilatha et al. (2009) reported that Nb2O5 showed better activity towards the 

esterification of pure fatty acid, but a decrease in activity was observed when a mixture of 

fatty acids were employed as a feedstock. Moreover, none of the report has demonstrated 

further transesterification of ester rich oil. 

In this work, the catalyst was employed for the esterification of VOs having up to 15.2 wt% 

FFA. The proton and carbon-13 NMR spectra as shown in Fig. 3.22 and 3.23 supports the 

esterification of fatty acids present in VOs.  

 
Fig. 3.22. 

1
H-NMR of (a) waste cotton seed oil, (b) esterified waste cotton seed oil, (c) 

jatropha oil, (d) esterified jatropha oil, (e) karanja oil and (f) esterified karanja oil. 
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Fig. 3.23. 

13
C-NMR of (a) waste cotton seed oil, (b) esterified waste cotton seed oil, (c) 

jatropha oil, (d) esterified jatropha oil, (e) karanja oil and (f) esterified karanja oil. 

 

Fatty acid value calculation supported > 98% esterification of FFA present in VOs as shown 

in Table 3.3. Thus no significant drop in catalyst activity was observed even in presence of 

triglycerides.  

 

Table 3.3.  Esterification of free fatty acids present in vegetable oils.  

Vegetable 

oils 

FFA (wt%) in VOs Fatty acid conversion 

(%) 

Reaction time  

(h) Original  After esterification 

WO 2.80 0.05 98.21 1.0 

JO 7.50 0.13 98.26 2.5 

KO 15.20 0.07 99.53 3.0 

Reaction conditions: Methanol:oil molar ratio – 6:1, Catalyst amount – 5 wt% (with respect 

to oil), Reaction temperature – 65 °C. 

 

After the esterification reaction, catalyst was recovered by centrifugation and ester rich oil 

was directly employed for the transesterification reaction in presence of homogeneous 

catalyst (NaOH). As evident from Table 3.4, the transesterification of ester rich oils by 

homogeneous catalyst was able to give > 98% FAMEs yield.  
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Table 3.4. Transesterification of esterified oil using homogeneous (NaOH) catalyst. 

Esterified 

oil 

Reaction 

temperature (°C) 

Methanol:oil  

molar ratio 

NaOH (wt%, with 

respect to VO) 

Reaction time  

(h) 

FAME 

yield (%) 

WO 65 3:1 1 0.35 98.30 

JO 65 3:1 1 0.75 98.60 

KO 65 3:1 1 1.00 99.10 

 

          The advantage of the developed 2-Ce/ZrO2–TiO2/SO4
2-

-600 catalyst, over 

homogeneous acid one, in esterification of high FFA containing VOs is evident from Scheme 

3.1. The oil esterified by the heterogeneous catalyst was successfully employed for the 

transesterification reaction without requiring any acid neutralization and washing step. On the 

other hand prior to their transesterification, VOs esterified by sulfuric acid required acid 

neutralization followed by water washing to remove salt contamination. The removal of salt 

from esterified oil not only requires huge quantity of water but also generates significant 

amount of industrial effluents. More importantly, recovered heterogeneous catalyst was 

reused in 5 successive catalytic cycles and same is not possible with its homogeneous 

counterparts. 

 

 

Scheme 3.1. Comparison of the reaction schemes for the production of biodiesel from high 

FFA containing vegetable oil. Esterification is catalyzed by (a) homogeneous acid (H2SO4), 

and (b) 2-Ce/ZrO2–TiO2/SO4
2-

-600, followed by the transesterification. 

 

                    Hence, use of 2-Ce/ZrO2–TiO2/SO4
2-

-600 as heterogeneous catalyst for the 

esterification is clearly advantageous as it is (i) able to complete the esterification of FFA in 

presence and absence of triglycerides, (ii) effective for a variety of carboxylic acids, and 

alcohol, (iii) reusable, and stable as no significant leaching was observed, (iv) required in 

lesser amount (5 wt%), and (v) required relatively milder conditions of temperature, pressure, 

and moderate alcohol to carboxylic acid molar ratio. 

 

(b)

2-Ce/ZrO2-TiO2/SO4
2--600

Catalyst 

recovered

FAME + catalyst
CH3OH

VOs having 

high FFA   

content            
+

(a)

H2SO4

Na2SO4

waste

Washing 

with water

Neutralization 

with NaOH

Catalyst 

contaminated FAME

Catalyst 

nonreusable

CH3OH
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content            
+

Transesterification

CH3OH/H2O

Distillation

Transesterification

CH3OH/H2O

Distillation
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3.3.6. Kinetic studies 

Stoichiometrically, one mole of mono carboxylic acid required one mole of alcohol for the 

esterification and hence, the reaction should follow second order kinetics. In present work, 

optimum catalytic activity was achieved in presence of 6:1 alcohol to oleic acid molar ratio. 

Hence, the rate of reaction is independent from alcohol concentration and 2-Ce/ZrO2–

TiO2/SO4
2-

-600 catalyzed esterification could safely be assumed to follow pseudo first order 

kinetics as given in equation 2.3 (Chapter 2).  
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Fig. 3.24. Plots of –ln (1-X) versus reaction time at different temperatures using (a) methanol 

and (b) ethanol. 

 

The linear nature of –ln (1-X) versus time plot (Fig. 3.24), in the temperature range of 35‒75 

°C further verified that the reaction has followed the pseudo first order kinetics. For the 

esterification of OA with methanol and ethanol, the maximum value of apparent first order 

rate constant was observed at 65 °C (7.56  10
-2

 min
-1

) and 75 °C (5.56  10
-2

 min
-1

) 

respectively. 

From the Arrhenius plot (Fig. 3.25), the value of Ea for OA esterification with methanol and 

ethanol was observed 32.7 and 37.1 kJ mol
-1

, respectively. These values are > 25 kJ mol
–1

 to 

support that reactions are chemically controlled and not by diffusion or mass transfer 

limitations (Patel and Brahmkhatri, 2013). 
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Fig. 3.25. Arrhenius plot of ln k versus 1/T for oleic acid esterification with methanol () 

and ethanol () over the 2-Ce/ZrO2–TiO2/SO4
2-

-600 catalyst. 

 

3.4. Conclusions 

The prepared catalyst, 2-Ce/ZrO2–TiO2/SO4
2-

-600, has demonstrated efficacy towards the 

esterification of various organic carboxylic acids and alcohols. The esterification activity of 

catalyst was found to be influenced by cerium loading in catalyst and calcination temperature 

along with the reaction parameters such as alcohol to oleic acid molar ratio, catalyst loading, 

reaction temperature and stirring speed. The catalyst with higher number of Bronsted acid 

sites shows better activity and could be re-used five times without significant loss in activity. 

The catalytic activity was not found to be effected by the presence of triglycerides and hence 

it was successfully employed for the reduction of FFA present in vegetable oils. The ester 

rich oil has been directly employed for the transesterification reaction without requiring any 

pre-washing step. Thus application of the prepared catalyst could be advantageous for the 

esterification of high FFA containing non edible or waste cooking oils as it may prevent the 

generation of huge industrial effluents, which is inevitable in case of homogeneous acid 

catalyzed esterification process. 
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Abstract: Zirconium impregnated (5–20 wt%) calcium oxide (Zr/CaO) was prepared by a 

simple wet chemical method followed by calcination up to 900 °C. The prepared Zr/CaO was 

employed as a heterogeneous catalyst for the transesterification of Jatropha crucas oil with 

ethanol and methanol for the production of fatty acid ethyl and methyl esters, respectively. 

The catalysts were characterized by powder X-ray diffraction, Fourier transform infrared  

spectroscopy, Brunauer–Emmett–Teller surface area measurement, scanning electron 

microscopy, transmission electron microscopy techniques and basic strength of the catalyst 

were established by acid–base titration. The catalytic activity was found to be a function of 

basic sites which in turn depend on calcinations temperature and zirconium concentration. 

The catalyst with 15 wt% zirconium concentration and calcined at 700 °C, showed the 

highest catalytic activity among the prepared catalysts. A pseudo first order kinetic equation 

was applied to evaluate the kinetic parameters of Zr/CaO catalyzed transesterification. The 

activation energy (Ea) for the Zr/CaO catalyzed methanolysis and ethanolysis was found to be 

29.8 kJ mol
-1

 and 42.5 kJ mol
-1

, respectively. The Koros–Nowak test was performed to 

demonstrate that catalytic activity was independent from the mass transport phenomenon and 

follows the kinetic regime.  
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4.1. Introduction 

       In previous chapter, high free fatty acid containing VOs were initially esterified in 

presence of Ce/ZrO2-TiO2/SO4
2- 

catalyst and later esterified VOs were transesterified in 

presence of homogeneous catalyst (NaOH) to produce biodiesel. To remove the catalyst, 

biodiesel thus produced must be washed with water and hence, huge amount of industrial 

effluents are generated during the process.  

        Another issue related with the conventional biodiesel production technology is the use of 

methanol which is not only highly toxic but also a refinery residue and hence, FAME 

produced will not be completely carbon neutral. In this regard, application of ethanol could 

be advantageous as it is renewable and also considered as non toxic and green chemical. 

However, due to the lesser reactivity in comparison to methanol, ethanol has not been 

frequently employed for the transesterification reaction in presence of heterogeneous 

catalysts (Brunschwig et al., 2012). To produce biodiesel in a single step utilizing ethanol, in 

present chapter, Zr/CaO catalyst was prepared by wet impregnation method and employed as 

heterogeneous catalyst for the transesterification of jatropha oil. 

 

4.2. Experimental section  

4.2.1. Catalyst preparation  

A series of zirconium impregnated CaO was prepared by the wet impregnation method. In a 

typical preparation, 10 g of CaO was suspended in 40 mL of deionized water, and to this 10 

mL aqueous solution of ZrOCl2.8H2O of desired concentration was added. The resulted slurry 

was stirred for 4 h, then evaporated to dryness, and heated at 120 °C for 24 h. A series of 

Zr/CaO was prepared by varying zirconium concentration in the range of 5-20 wt% and 

calcination temperature 300-900 ºC. Prepared catalysts were labelled as x-Zr/CaO-T, where x 

and T represent the zirconium concentration (wt%) and calcination temperature (ºC), 

respectively. 

 

4.2.2. Determination of total catalyst basic sites  

Total basic sites of the catalysts were evaluated by measuring the acidity of conjugate acid, 

by acid-base titration method (Singh and Fernando, 2008). In a typical experiment, 25 mg 

catalyst was dissolved in 25 mL of 0.1 M HCl and resulting mixture was stirred for an hour. 

The catalyst would neutralize HCl equivalent to its basicity. The resulted solution was titrated 

against standard NaOH solution to determine the exact concentration of excess HCl. Finally, 
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the amount of HCl neutralized by the catalyst was determined and represented as basicity of 

the catalyst as mmol of HCl/g of catalyst. 

 

4.2.3. Transesterification reaction 

Transesterification reactions of JO were carried out in a 50 mL two-neck round bottom flask, 

equipped with a water bath, magnetic stirrer and a water-cooled reflux condenser. In a typical 

reaction 10 g of JO was stirred with desired molar concentration of methanol or ethanol and 

catalyst, and heated at desired temperature for specific duration. To monitor the progress of 

reaction, sample (0.25 mL) from the reaction mixture were withdrawn after every 15 min 

with the help of glass dropper, centrifuged and subjected to proton NMR analysis to quantify 

the FAAE produced. After the completion of reaction, the solid catalyst was recovered 

through filtration and liquid phase was kept in a separating funnel for 24 h to separate the 

lower glycerol layer from the upper FAAE layer.  

 

4.3. Results and Discussion 

4.3.1. Characterization of fatty acid alkyl esters  

The 
1
H-NMR spectrum of JO shows the characteristic glyceridic proton peaks at 4.15-4.35 

ppm and 5.23 ppm, as shown in Fig 4.1(a). On transesterification, same peaks were no longer 

found in the proton NMR spectrum of FAME or FAEE (Fig 4.1(a)). The formation of FAME 

and FAEE were further supported due to the appearance of new peaks at 3.6 ppm (singlet) 

and 4.1-4.2 ppm (quartet), respectively. In 
13

C-NMR spectrum of JO, signals due to 

glyceridic carbon appear at 62.2 and 69.0 ppm, as shown in Fig. 4.1(b). The formation of 

FAME and FAEE further supported by the appearance of peaks at 51.4 and 60.0 ppm, due to 

–OCH3 and –OCH2– carbons, respectively. Moreover, peaks corresponding to the glyceridic 

carbons were no longer found in the 
13

C-NMR spectrum of FAME and FAEE (Fig. 4.1(b)).  
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Fig. 4.1. Comparison of (a) 
1
H-NMR and (b) 

13
C-NMR spectra of jatropha oil (i and iv) with 

its methyl (ii and v) and ethyl esters (iii and vi).  



Chapter 4 

 

  67 
 

Methyl esters of JO: 
1
H-NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 3.6 (s, –OCH3), 2.77 

(m, –CH=CH–CH2–CH=CH–), 2.3 (m, –CH2–CO–), 2.03 (m, =CH–CH2–), 1.29 (m, –

(CH2)n– ), 0.88 (m, –CH2–CH3);
 13

C-NMR (CDCl3, δ ppm): 174.09 (–CO–CH2–), 129.9 (–

CH=CH–), 51.4 (–OCH3), 34.1 (–CO–CH2–), 31.9 (ω3 –CH2–), 29.66–29.08 (–CH=CH–

CH2–, –CH2–), 27.2 (–CH=CH–CH2–CH=CH–), 25.6–24.80 (–CO–CH2–CH2–), 22.70, 22.47  

(ω2 –CH2– ) and 14.16 (ω1 –CH3). 

Ethyl esters of JO: 
1
H-NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (q, –OCH2–), 

2.77 (m, –CH=CH–CH2–CH=CH–), 2.3 (m, –CH2–CO–), 2.03 (m, =CH–CH2–), 1.29 (m, –

(CH2)n– , ‒CO‒CH2‒CH3), 0.88 (m, –CH2–CH3);
 13

C-NMR (CDCl3, δ ppm): 174.09 (–CO–

CH2–), 129.9 (–CH=CH–),60 (–OCH2–), 34.1 (–CO–CH2–), 31.9 (ω3 –CH2–), 29.66–29.08 

(–CH=CH–CH2–, –CH2–), 27.2 (–CH=CH–CH2–CH=CH–), 25.6–24.80 (–CO–CH2–CH2–), 

22.70, 22.47  (ω2 –CH2– ) and 14.16 (ω1 –CH3, –OCH2–CH3). 

 

The 
1
H and 

13
C-NMR of FAAE prepared by other oils is shown in Fig. A.13 and A.14 

(Appendix A). 

 

4.3.2. Catalyst characterization 

4.3.2.1. X-ray diffraction  

The catalyst structure and crystallite size were determined by powder XRD study. The effect 

of calcination temperature on structure was studied by calcining the prepared samples in the 

temperature range of 300-900 °C but maintaining a fix zirconium concentration of 15 wt%. 

As could be seen from Fig. 4.2(a), up to 400 °C calcination temperature the zirconia phase 

remains absent due to the homogeneous solid solution formation of ZrO2-Ca(OH)2. The 

thermal decomposition of Ca(OH)2 into cubic-CaO phase (JCPDS 82–1691) was initiated at 

500 °C and completed at 600 °C, as supported by the absence of Ca(OH)2 diffraction patterns. 

As a consequence of increasing calcination temperature, tertragonal-ZrO2 (JCPDS card no. 

88-1007), monoclinic-ZrO2 (JCPDS card no. 88-2390), and perovskite-CaZrO3 (JCPDS card 

no. 76-240) phases were also formed above 600 °C calcination temperature. 

The effect of the zirconium concentration (5-20 wt%) on Zr/CaO structure was studied at a 

fixed calcination temperature of 700 °C. As could be seen from Fig. 4.2(b), a variation in 

zirconium concentration has not initiated any new phase formation in Zr/CaO. However, the 

ratio between tetragonal to monoclinic phases was found to decrease with an increase in 

zirconium concentration, as given in Table 4.1. This may be due to the formation of mainly 
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monoclinic-ZrO2 with increasing zirconium concentration in Zr/CaO at 700 °C calcination 

temperature. 
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Fig. 4.2. Comparison of powder XRD patterns of (a) 15-Zr/CaO calcined in the temperature 

range of 300-900 ºC and (b) Zr/CaO having zirconium concentration in the range of 0-20 

wt%  (* = monoclinic ZrO2, • = tetragonal ZrO2, o = perovskite CaZrO3,  = cubic CaO,  = 

Ca(OH)2). 

 

The effect of the calcination temperature on crystallite size of tetragonal and monoclinic- 

ZrO2 phases were studied following the Debye-Scherrer method as given in Table 4.1. At 500 

°C calcination temperature, only tertragonal-ZrO2
 
phase exist with a crystallite size of

 
~ 36 

nm and monoclinic phase was not observed. At 600 °C calcination temperature, besides 

tetragonal phase, monoclinic-ZrO2 was also formed with a crystallite size of ~ 27 nm. The 

formation of monoclinic-ZrO2 was accompanied with the reduction in crystallite size of 

tetragonal phase to 16 nm. This observation supports that monoclinic-ZrO2 might have 

formed from the existing tetragonal phase. A further increase in calcination temperature (≥ 

700 °C) has neither initiated the formation of any new phase of ZrO2, nor changed the 

crystallite size significantly. 
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Table 4.1. Effect of calcination temperature and Zr concentration on Zr/CaO structure and 

crystallite size. 
 

Catalyst 

Crystallite sizea  (nm) Tetragonal 

phaseb (%) 

Ratio between tetragonal 

and monoclinic phase (002)tetragonal (2θ = 34.1) (111)monoclinic (2θ = 31.6) 

Effect of calcination temperature 

15-Zr/CaO-300 Absence of phase Absence of phase - - 

15-Zr/CaO-400 Absence of phase Absence of phase - - 

15-Zr/CaO-500 35.77 Absence of phase 100 1:0 

15-Zr/CaO-600 16.01 27.50 69 2.23:1 

15-Zr/CaO-700 13.87 28.53 54 1.17:1 

15-Zr/CaO-800 14.35 28.54 54 1.17:1 

15-Zr/CaO-900 17.30 28.50 55 1.22:1 

Effect of Zr concentration 
5-Zr/CaO-700 15.41 26.68 70 2.33:1 

10-Zr/CaO-700 16.65 28.52 68 2.13:1 

15-Zr/CaO-700 13.87 28.53 54 1.17:1 

20-Zr/CaO-700 11.25 27.57 48 0.92:1 

    
a
 calculated by Debye-Sherrer method; 

b
 calculated by following the method as given in Sahu and Rao, 2000. 

 

4.3.2.2. Fourier Transformation Infrared Spectroscopy (FTIR) 

The formation of ZrO2 phase in Zr/CaO is further supported by the FT-IR study as shown in 

Fig. 4.3. Appearance of the bands at 535 and 684 cm
-1

 due to Zr-O and Zr-O2-Zr vibrations, 

respectively (Sahu and Rao, 2000; Powers and Gray, 1973), support the formation of ZrO2 

species above 400 °C calcination temperature.                                 
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Fig. 4.3. Comparison of FTIR spectra of CaO and 15-Zr/CaO calcined at 300-700 ºC. 

  

4.3.2.3. Scanning and Transmission Electron Microscopic Studies  

The surface morphology and particle size of 15-Zr/CaO-700 was studied by SEM and TEM 

studies, respectively. As could be seen from SEM image (Fig. 4.4(a)), Zr/CaO has formed in 

the form of 0.5-2 µm sized particles with irregular shape. TEM analysis reveals that Zr/CaO 

particles are actually the clusters of further smaller particles with an average size of ~30 nm 

in quasi-spherical shape as shown in Fig. 4.4(b). Thus powder XRD as well as TEM study 
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supports the formation of nano structures of Zr/CaO. Qualitative analysis by SEM-EDS study 

supported the presence of ~17 wt% Zr in 15-Zr/CaO-700 catalyst.  

 

 

Fig. 4.4. (a) FE-SEM image and (b) TEM image of 15-Zr/CaO-700. 

 

4.3.2.4. BET Surface area measurements 

The specific surface area of Zr/CaO catalysts, prepared either by varying the zirconium 

concentration (10-20 wt%) or calcination temperature (600-800 °C) is compared in Table 4.3. 

Minimum surface area (1.86 m
2
/g) was observed in case of Zr/CaO prepared with 15 wt% 

zirconium at 700 °C calcination temperature. Interestingly, same catalyst was found to show 

the best activity among the prepared catalysts. Thus activity of the catalyst was found to be a 

function of its basic strength rather than surface area. These results are in line with that of 

literature reports where activity of the catalysts towards transesterification reaction was found 

to be a function of basic strength rather than surface area (Singh and Fernando, 2008; Patil 

and Deng, 2009; Sankaranarayanan et al., 2012). 

  

4.3.3. Catalytic activity of Zr/CaO 

In this work, in order to improve the activity, CaO has been impregnated with varying 

amount of zirconium. An increase in Lewis base sites was observed on increasing the 

zirconium concentration (from 5 to 15 wt%) followed by an increase in calcination 

temperature (from 300 to 700 °C). At high calcination temperature (≥ 600 °C), due to the 

thermal decomposition of hydroxides into corresponding oxides, the strong Lewis basic sites 

were created in catalyst as given in Table 4.2. The maximum basic strength as well as basic 

sites was observed in 15 wt% Zr impregnated CaO, prepared at 700 °C calcination 

temperature. On the basis of structural and activity analysis of Zr/CaO it was observed (Table 
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4.1 and 4.2) that better activity (in terms of the reaction rate) is shown by the catalysts having 

tetragonal/monoclinic ratio close to unity (e.g. 15-Zr/CaO-700, 20-Zr/CaO-900, 15-Zr/CaO-

800 and 15-Zr/CaO-900).  

The efficacy of Zr/CaO catalysts towards the methanolysis and ethanolysis of JO was 

compared on the basis of reaction rate and TOF. The reaction rate is found to be a function of 

basic sites present in Zr/CaO.  However, the increase in reaction rate didn’t follow the linear 

relationship with the basic sites, and hence, 15-Zr/CaO-700 catalyzed reaction exhibited 

maximum rate of reaction but not the highest TOF (Table 4.2). Since, 15-Zr/CaO-700 was 

found to enhance the reaction rate to the maximum extent; hence, it was selected to optimize 

various reaction parameters for the transesterification reaction. As evident from the Table 4.2, 

owing to higher mobility of methoxide nucleophile, due to its shorter carbon chain length, the 

rate of methanolysis was always found higher than that of ethanolysis (Brunschwig et al., 

2012). 

 

Table 4.2. Comparison of basic strengths, basicity, BET surface areas, rate of reactions and 

TOFs for the Zr/CaO catalyzed transesterification reactions.  

(Reaction conditions: Methanolysis: methanol to oil molar ratio of 15:1 at 65 ºC reaction 

temperature; Ethanolysis: ethanol to oil molar ratio of 21:1 at 75 ºC reaction temperature, and 

5 wt% of 15-Zr/CaO-700 with respect to oil in both the cases, ND- Not determined). 

 

To find out the reaction conditions for the optimum catalytic activity of 15-Zr/CaO-700, 

transesterification reactions were carried out by varying one parameter at a time out of the 

followings: (i) catalyst amount with respect to oil, (ii) reaction temperature and (iii) alcohol 

to oil molar ratio. Further, transesterification reactions were also performed in presence of 

varying amount of moisture and FFA contents in order to evaluate the maximum tolerance of 

the catalyst toward them. Under optimized reaction conditions, reusability of the catalyst and 

kinetics of the Zr/CaO catalyzed transesterification were also studied. 

 

 

Catalyst 

 

 

Basic strength 
 

Basicity 

(mmoles of 

HCl/ g of 

catalyst) 

BET 

surface 

area 

(m2/g) 

Methanolysis             Ethanolysis 
     TOF 

(× 10–3 s–1) 

Rate of reaction 

( × 10–6 moles s–1 

g–1 of catalyst) 

TOF   

(× 10–4 s–1) 

Rate of reaction 

(× 10–7 moles s–1 

g–1 of catalyst) 

CaO 9.8< pKa<10.1 9.48 3.90 0.33 0.80 1.29 3.22 

5-Zr/CaO-700 10.1< pKa<11.1 9.71 ND 0.79 1.93 1.65 4.02 

10-Zr/CaO-700 10.1< pKa<11.1 14.24 6.40 0.60 2.15 1.50 5.37 

15-Zr/CaO-700 11.1< pKa<15.0 20.21 1.86 0.54 2.76 1.37 6.90 

20-Zr/CaO-700 10.1< pKa<11.1 11.91 3.26 0.77 2.32 1.62 4.83 

15-Zr/CaO-300 10.1< pKa<11.1 6.01 ND 0.95 1.20 1.93 3.43 

15-Zr/CaO-400 10.1< pKa<11.1 6.23 ND 0.91 1.40 1.90 3.65 

15-Zr/CaO-500 10.1< pKa<11.1 7.36 ND 0.83 1.89 1.85 4.00 

15-Zr/CaO-600 10.1< pKa<11.1 9.94 4.99 0.80 2.00 1.77 4.39 

15-Zr/CaO-800 10.1< pKa<11.1 15.67 5.68 0.60 2.38 1.29 5.08 

15-Zr/CaO-900 10.1< pKa<11.1 14.44 ND 0.66 2.41 1.64 5.93 



Chapter 4 

 

  72 
 

4.3.3.1. Effect of catalyst amount with respect to oil 

In order to optimize the  catalyst concentration, a series of transesterification reactions of JO 

with methanol (15:1 molar ratio) and ethanol (21:1 molar ratio) were performed in presence 

of 1-6 wt% (with respect to oil) of 15-Zr/CaO-700. The FAME and FAEE yield was found to 

increases as the catalyst concentration was increased from 1 to 5 wt% as shown in Fig. 4.5(a) 

and 4.5(b), respectively. A 5 wt% catalyst concentration required 105 and 420 min for the 

complete conversion of JO into corresponding FAME and FAEE, respectively. However, a 

further increase in catalyst concentration (≥ 5 wt%) was not found to change the conversion 

significantly. This could be due to the fact that at higher catalyst loading, reaction mixture 

becomes more viscous which could resist the mass transfer in the liquid-liquid-solid system 

(Wang et al., 2011). 
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Fig. 4.5. Influence of catalyst concentration on 15-Zr/CaO-700 catalyzed transesterification 

of JO. Reaction conditions: (a) methanol to oil molar ratio of 15:1 at 65 ºC reaction 

temperature and (b) ethanol to oil molar ratio of 21:1 at 75 ºC reaction temperature. 

 

4.3.3.2. Effect of reaction temperature 

Heterogeneous catalysts, due to the phase difference from reagents, usually required high 

temperature and pressure and longer reaction period to yield the significant conversion. Such 

reaction conditions demand complicatedly designed costlier reactor which in turn may 

increase the biodiesel production cost (Ma and Hanna, 1999).  

    The optimum reaction temperature for 15-Zr/CaO-700 was determined by performing the 

transesterification of JO in the temperature range of 35-85 ºC. As increase in FAME and 

FAEE yield was observed with the increase in reaction temperature from 35 to 65 ºC and 45 

to 75 ºC, respectively (Fig. 4.6(a) and 4.6(b)). A further increase in reaction temperature was 
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not found to influence the FAME and FAEE yield significantly. Although catalyst was found 

to be more effective at 65 ºC, however, even at room temperature (35 ºC) complete 

conversion of JO into corresponding FAME were achieved in 5 h of reaction period. High 

basic strength and presence of more number of basic sites could be responsible behind the 

moderate activity of catalyst even at ambient temperature. 
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Fig. 4.6. Effect of reaction temperature on 15-Zr/CaO-700 catalyzed transesterification of JO. 

Reaction conditions: (a) methanol to oil molar ratio of 15:1 and (b) ethanol to oil molar ratio 

of 21:1 and 5 wt% of 15-Zr/CaO-700 with respect to oil in both the cases. 

 

4.3.3.3. Effect of alcohol to oil molar ratio 

The effect of alcohol/oil molar ratio on transesterification reaction is one of the important 

parameter which not only affects the alkyl ester yield but also the cost of biodiesel 

production. Stoichiometrically, a 3:1 alcohol to oil molar ratio is required for the complete 

transesterification of vegetable oil into corresponding alkyl esters. Transesterification, being a 

reversible reaction, usually performed with an excess of alcohol to shifts the equilibrium in 

forward direction and to achieve the maximum alkyl ester yield in relatively short reaction 

duration (Wang et al., 2011). Excess alcohol not only promotes the transesterification rate but 

also removes product molecules from the catalyst surface to regenerate the active sites (Xie et 

al., 2006; Furuta et al., 2004). 

   To determine the optimum alcohol/oil molar ratio for 15-Zr/CaO-700, the reactions were 

performed by varying the alcohol/oil molar ratio from 3:1 to 18:1 in case of methanolysis and 

3:1 to 24:1 in case of ethanolysis. The FAME yield increases from 60 to 99 % on increasing 

the methanol/oil molar ratio up to 15:1, as shown in Fig. 4.7(a).  Similar trend was observed 

in case of ethanolysis (Fig. 4.7(b)) and 99 % FAEE yield was observed with a 21:1 

ethanol/oil molar ratio. 
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Fig. 4.7. Effect of alcohol:oil molar ratio on 15-Zr/CaO-700 catalyzed transesterification of 

JO. Reaction conditions: Reaction temperature (a) methanolysis at 65 ºC and (b) ethanolysis 

at 75 ºC, both reactions were performed in presence of 5 wt% of 15-Zr/CaO-700 with respect 

to oil. 

 

                Thus a 15:1 methanol to oil molar ratio at 65 ºC or 21:1 ethanol to oil molar ratio at 

75 ºC in presence of 5 wt% catalyst (with respect to oil), were found to be optimum 

conditions for the 15-Zr/CaO-700 catalyzed transesterification of JO. 

 

4.3.3.4. Effect of moisture and FFA content 

Homogeneous catalyst required costlier refined vegetable oil for the transesterification 

reactions as presence of > 0.3 wt% moisture and/or > 0.5 wt% FFA contents in feedstock 

deactivates the catalyst due to the saponification (Kumar and Ali, 2012). In present study, JO 

employed as feedstock was found to have 7.5 and 0.35 wt% FFA and moisture contents, 

respectively. In order to demonstrate the advantage of developed Zr/CaO catalyst over 

homogeneous one, methanolysis of JO was also performed in presence of NaOH. Although 

saponification of JO was observed in presence of homogeneous catalyst, however, > 99 % 

FAME yield was observed in presence of Zr/CaO catalyst. In order to determine the 

maximum moisture resistance of the developed catalyst, transesterification reactions of JO 

were performed by adding up to 6.0 wt% of water (with respect to oil) in reaction mixture. 

The Zr/CaO activity was not found to be effected by the presence of up to 2 wt% of moisture 

contents as shown in Fig. 4.8(a). Nevertheless, a further increase in moisture concentration 

(3-6 wt%) was found to effect the catalytic activity adversely as more time was required by 

the catalyst for the complete methanolysis of oil. Lesser activity of Zr/CaO catalyst in 
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presence of high moisture concentration could be due to the reaction between water and 

catalyst support (CaO), which could convert the stronger Lewis basic (–O–) sites back into 

weaker Bronsted basic (–OH) sites (Yan et al., 2009). A further increase in moisture content 

(> 6 wt%), results high degree of deactivation of the catalyst and hence, only ~30% FAME 

yield was achieved.  

        In order to determine the maximum FFA tolerance of the prepared catalyst, 

transesterification reactions of CO, WO, JO and KO (having 1‒15 wt% FFA) were performed 

with methanol. As shown in Fig. 4.8(b), Zr/CaO catalyst was able to complete the 

transesterification of oil having up to 15 wt% FFA. Increase in FFA content was also found 

to reduce the catalytic activity and hence, Zr/CaO catalyst required more time for the 

complete transesterification of oils having higher FFA concentration. 
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Fig. 4.8. Effect of (a) moisture content and (b) FFA contents on the 15-Zr/CaO-700 catalyzed 

transesterification of JO (reaction time is the time required for the completion of the 

reaction). Reaction conditions: Methanol to oil molar ratio of 15:1 at 65 ºC reaction 

temperature in presence of 5 wt% (catalyst/oil) catalyst. 

 

        Thus, prepared Zr/CaO catalyst has demonstrated not only better moisture and FFA 

resistance but also found to be effective for the transesterification of a variety of low quality 

feedstock in single step without any pre-treatment. 

 

4.3.4. Reusability and Homogeneous contribution of catalyst 

The repeated use of a heterogeneous catalyst is expected to reduce the overall processing cost 

of a chemical reaction. To test the reusability of 15-Zr/CaO-700, transesterification of the JO 

was performed with methanol under optimized reaction conditions. After the completion of 

the reaction, Zr/CaO was recovered from the reaction mixture by filtration, washed with 
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hexane and finally regenerated at 700 °C calcination temperature. The catalyst hence 

recovered and regenerated was employed for 4 successive catalytic cycles under the same 

experimental and regeneration methods. As shown in Fig. 4.9, the reused catalyst was also 

found to yield > 99 % FAME in second run. However, 80 % and 40 % FAME yields were 

achieved during third and fourth run, respectively. The gradual loss in catalytic activity may 

be  due to, (i) the blockage of active sites either due to the adsorption of organic molecules or 

due to the contamination by atmospheric O2, H2O, and CO2 (ii) the structural changes 

occurred during catalytic and regeneration process and (iii) the partial leaching of active 

species from the catalyst.  
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Fig. 4.9. Reusability study of 15-Zr/CaO-700. Reaction conditions:  methanol to oil molar 

ratio of 15:1 at 65 ºC reaction temperature in presence of 5 wt % catalyst. 

 

                  In order to evaluate the structural changes occurred in Zr/CaO, the XRD patterns 

of the fresh and regenerated Zr/CaO are compared in Fig. 4.10(a). In the XRD patterns of 

regenerated Zr/CaO, peaks corresponding to cubic-CaO phase, tetragonal-ZrO2 phase and 

few peaks corresponding to perovskite-CaZrO3 phase were no longer found. Further, presence 

of a new diffraction peak at 2θ ~ 30.06, in regenerated catalyst supports the formation of 

orthorhombic-ZrO2 phase (JCPDS-87-2105) during the catalyst activation step. 

The deposition of the adsorbed organic species on catalyst support could partially deactivate 

the catalyst due to the blockage of catalyst active sites (Serio et al., 2008). The FTIR 

spectrum (Fig. 4.10(b)), of the regenerated catalyst didn’t show vibrations corresponding to 

any adsorbed organic molecules to indicate that FAME or glycerol have not been adsorbed on 

the surface of regenerated Zr/CaO.  
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Fig. 4.10. Comparision of (a) XRD and (b) FT-IR of fresh and used catalyst.  

(* = monoclinic ZrO2, • = tetragonal ZrO2, o = perovskite CaZrO3,  = cubic CaO,  = 

orthorhombic zirconia). 

 

The metal analysis supported the presence of Zr (120 ppm) and Ca (700 ppm) in FAME. 

Thus during the catalytic cycle metal is gradually lost and could also be another reason for 

the loss of catalytic activity. Hence, the gradual loss of the catalytic activity, upon repeated 

use, could be attributed to the (i) structural changes occurred in catalyst, and (ii) partial loss 

of the Zr from Zr/CaO catalyst. 

             Metal ions, found in reaction mixture could catalyze the reaction similar to a 

homogeneous catalyst. To investigate whether the leached metal ions have catalyzed the 

reaction, 15-Zr/CaO-700 (500 mg) was stirred vigorously with refluxing methanol (13 mL) 

for 105 min. After the stipulated time, the catalyst was removed by filtration and recovered 

methanol was mixed with JO (15:1 molar ratio) and heated at 65 °C for another 105 min. 

Under mentioned reaction conditions, not more than 5 % FAME yield was obtained. Thus it 

is safe to assume that leached metal ions have not catalyzed the reaction to the significant 

extent and heterogeneous Zr/CaO catalyst is mainly responsible for the catalytic activity. 

 

4.3.5. Kinetic study 

To study the kinetics of the reaction, samples from the reaction mixture were withdrawn after 

every 15 min with the help of glass dropper, centrifuged and subjected to proton NMR 

analysis. Fig. 4.11 and 4.12 show a typical 
1
H-NMR plot for the methanolysis and 

ethanolysis, respectively. FAME and FAEE yield from these plots were calculated using 

equation 2.8 and 2.9 (Chapter 2) respectively. 
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Fig. 4.11. Representative proton NMR spectra (2.2-4.5 ppm) of reaction mixture at various 

time intervals to study the kinetics of methanolysis reaction. 

 
Fig. 4.12. Representative proton NMR spectra (3.80-4.36 ppm) of reaction mixture at various 

time intervals to study the kinetics of ethanolysis reaction. 

 



Chapter 4 

 

  79 
 

During the kinetic experiments an alcohol to oil molar ratio of 15 and 21 was employed for 

methanolysis and ethanolysis, respectively. Thus both the reactions may be assumed to 

follow pseudo-first order kinetics. The kinetics of the 15-Zr/CaO-700 catalyzed methanolysis 

and ethanolysis of JO were studied at different temperatures using equation 2.3 (Chapter 2) 

and corresponding graphs between – ln(1 – X ) vs t are  shown in Fig. 4.13(a) and 4.13(b) 

respectively. 

The linear nature of these plots supported that both reactions followed the (pseudo) first order 

rate law. The apparent first order rate constants form these plots were found to be 0.062 min
‒1

 

at 65 ºC for the methanolysis and 0.012 min
‒1

 at 75 ºC for the ethanolysis reaction. 
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Fig. 4.13. Plots of –ln(1–X) vs time at different temperatures. Reaction conditions: (a) 

methanol to oil molar ratio of 15:1 (b) ethanol to molar oil ratio of 21:1 and 5 wt% of 15-

Zr/CaO-700 with respect to oil in both the cases. 

 

The Arrhenius model was employed to estimate the activation energy (Ea) and pre-

exponential factor (A) for both the reactions followed the equation 2.4 (Chapter 2). A plot 

between ln k vs 1/T is shown in Fig. 4.14, and the values of Ea and A from this plot was 

found to be 29.8 kJ mol
–1

 and 1.8 × 10
3
 min

‒1
, respectively for methanolysis and 42.5 kJ  

mol
–1

 and 2.2 × 10
4
 min

‒1
, respectively for ethanolysis.  
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Fig. 4.14. Arrhenius plot for the transesterification of JO with methanol () and ethanol () 

over 15-Zr/CaO-700 catalyst.  

 

The literature reported activation energy for the methanolysis and ethanolysis in presence of 

homogeneous and heterogeneous catalysts has been compared with that of observed in 

present work as given in Table 4.3.   

 

Table 4.3. Activation energy comparison for the transesterification reaction catalyzed by 

homogeneous and heterogeneous catalysts. 

M – Methanolysis; E- Ethanolysis 

 

 

Oil 

Catalyst/quantity 

(wt % with respect 
to oil) 

Alcohol:oil 

molar ratio 
(Alcoholysis) 

FAAE 

yield 
(%) 

Reaction 

temperature 
(°C) 

Order of reaction Activation 

energy        
(kJ mol-1) 

Reference 

Homogeneous catalysts 
Palm  KOH/1 6:1(M) 98 55-65 second-order 26.8-61.5 Darnoko and Cheryan, 

2000 

Soybean NaOCH3/0.5 6:1(M) 98 20-60 2nd  and 4th order for 

consecutive and 

shunt reactions 

56.8-83.8 Freedman et al., 1986 

Soybean NaOH/0.2 6:1(M) 93 30-70 second-order 21.7-83.1 Noureddini and Zhu, 

1997 

Brassica 

carinata 

KOH/0.5-1.5 6:1(M) 98 25-65 second-order 12-104.8 Vicente et al., 2006 

Sunflower  KOH/0.5-1.5 6:1(M) 98 25-65 second-order 6-41.6 Vicente et al., 2005 

Sunflower  NaOH/0.75-1.25 6:1 12:1(E) 98 25-75 irreversible pseudo 

second-order  

3.4-43.9 Marjanovic et al., 2010 

Castor  C2H5ONa/1 16:1(E) 99 30-70 first-order 70.6 Silva et al., 2009 

Heterogeneous catalysts 

Soybean  CaO.ZnO/2 10:1(M)     98 60-96 pseudo first-order 26.5 Lukic et al., 2008 

Used 

vegetable 

CaO.ZnO/2 10:1(M)     98 60-96 pseudo first-order 16.6 Lukic et al., 2008 

Soybean  Zeolite Linde Type 
A/50 

20:1(M) 973 40-63 pseudo first-order 14.09 Dang et al., 2013 

Palm  Zeolite Linde Type 

A/10 

10:1(M) 95.4 

3.7 

50-63 pseudo first-order 48.87 Dang et al., 2013 

Soybean SrO/2 12:1(M) 98 40-65 pseudo first-order 40.12 Liu et al., 2010 

Soybean CaO/2 12:1(M) 98 40-65 pseudo first-order 81.09 Liu et al., 2010 

Waste frying CaO/2 6.03:1(M) 99.58 50-65 pseudo first-order 79 Birla et al., 2012 

Waste 

cottonseed 

K-CaO/7.5 12:1(M) 982 35-65 pseudo first-order 54 Kumar and Ali, 2012 

Jatropha  Zr/CaO/5 15:1(M) 99 35-65 pseudo first-order 29.8 In this chapter 

Rapeseed  Mg2CoAl/2 16:1(E) 97 140-200 irreversible first 

order 

60.5 Soldi et al., 2009 

 

Jatropha  Zr/CaO/5 21:1(E) 99 45-75 pseudo first-order 42.5 In this chapter 
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It is evident from the comparison, for heterogeneous catalysts, the activation energy for 

methanolysis was observed within the range of reported values and for ethanolysis lower than 

the literature reported values. 

  

4.3.6. Koros-Nowak Criterion test 

In order to study the kinetics of the reaction, the catalytic data should be independent from all 

transport influences. To prove that measured catalytic activity was independent of the 

influence of transport phenomena, the Koros–Nowak criterion test modified by Madon-

Boudart was applied (Madon and Boudart, 1982; Song et al., 2011). The reactions were 

carried out in the presence of two catalysts with similar fractional exposures of basic sites but 

having different Zr loadings. In present study, 5 wt% of 15-Zr/CaO-700 or 7 wt% of 10-

Zr/CaO-700 catalyst dosages were employed with a methanol/oil ratio of 15:1 at 65 °C or 

ethanol/oil ratio of 21:1 at 75 °C as shown in Fig. 4.15. Alkyl esters formed during the course 

of reaction were quantified with a time gap of 15 min by 
1
H-NMR technique. The time 

required for the similar conversions of JO into alkyl esters were determined and a plot 

between TOF vs % conversion is drawn as shown in Fig 4.15. The results supported that 

TOFs were found to be almost similar for the identical conversions in presence of catalyst 

having varying zirconium concentration. Hence, it could be concluded that the reaction 

obeyed the Koros-Nowak Criterion and reaction rates were not masked by the rates of 

transport. 
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Fig. 4.15. A plot of TOF vs % conversion for the 10-Zr/CaO-700 and 15-Zr/CaO-700 

catalyzed (a) methanolysis and (b) ethanolysis of JO. Reaction conditions: (a) methanol to 

oil molar ratio; 15:1 at 65 °C (b) ethanol to oil molar ratio; 21:1  at 75 °C and catalyst 

concentration; either 7 wt% of 10-Zr/CaO-700 or 5 wt% of 15-Zr/CaO-700 in both the cases. 
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The physicochemical properties of the prepared FAME and FAEE are shown in Table B.1 

(Appendix B) and observed values were found within the limits of EN 14214 specifications. 

 

4.4. Conclusions 

In summary, a series of the Zr/CaO was prepared by varying the calcination temperature and 

zirconium loading in CaO. The catalyst prepared with 15 wt% zirconium in CaO at 700 °C 

calcination temperature (15-Zr/CaO-700), owing to higher basicity, has demonstrated better 

catalytic activity towards the methanolysis and ethanolysis of jatropha oil. The catalyst has 

shown high moisture and FFA tolerance and found to be effective for the transesterification 

of feedstocks having up to 6 and 15 wt% moisture and FFA contents, respectively. The 

optimum values of the parameters, to achieve > 99 % fatty acid alkyl ester yield, were: 

catalyst concentration of 5 wt%, methanol/oil molar ratio of 15:1 at 65 °C or ethanol/oil 

molar ratio of 21:1 at 75 °C. Following the pseudo first order kinetic equation, activation 

energy for the methanolysis and ethanolysis of jatropha oil was found to be 29.8 and 42.5 kJ 

mol
–1

, respectively. The catalyst was reusable and its catalyst activity was persistent for two 

catalytic runs. The lixiviation study supports the negligible homogeneous contribution in 

catalytic activity, and the Koros-Nowak test demonstrates that activity is independent of the 

influence of transport phenomenon.  
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Abstract: Molybdenum impregnated calcium oxide (Mo/CaO) was prepared via wet 

impregnation method by varying Mo loading (1-5 wt%) and calcination temperature (300-

800 °C). Powder X-ray diffraction study of Mo/CaO catalyst supported the homogeneous 

doping of Mo in CaO as no peak corresponding to molybdenum oxide was obtained. 

The prepared catalyst was successfully employed for the ethanolysis of high free fatty acid 

(up to 18 wt%) containing  vegetable oils  with ethanol to give > 99% fatty acid ethyl ester 

(FAEE) yield under the optimal reaction conditions of ethanol to oil molar ratio of 12:1, 

catalyst concentration of 5 wt% (catalyst/oil) and reaction temperature of 65 °C. The catalyst 

was recovered and reused five times without significant loss in its activity. The Koros-Nowak 

criterion test demonstrated that catalytic activity was independent from the mass transport 

phenomenon. Under optimized reaction conditions the activation energy (Ea) for Mo/CaO 

catalyzed ethanolysis was found to be 66.02 kJ mol
–1

. Thermodynamic activation parameters 

of the reactions were evaluated based on activation complex theory (ACT) and obtained 

values of G
‡
 = 43.62 kJ mol

–1
, H

‡
 = 64.10 kJ mol

–1
 and S

‡
 = -60.58 J mol

-1
K

-1 
supported 

unspontaneous, endothermic and associative mechanism of reaction.  
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5.1. Introduction 

In previous chapter, Zr/CaO catalyst demonstrated poor reusability due to the leaching of Zr 

into the reaction mixture while catalyzing the reaction and thus issue of catalyst stability 

needs to be addressed. In present chapter, to further improve the reusability and stability of 

CaO based catalyst, Mo impregnated CaO catalyst was prepared and employed as reusable 

catalyst for the ethanolysis of non edible oils. 

            

5.2. Experimental Section 

5.2.1. Catalyst preparation  

A series of molybdenum impregnated CaO was prepared by the wet impregnation method. In 

a standard preparation method, 10 g of calcium oxide was suspended in 40 mL of deionized 

water, and to this 10 mL (NH4)6Mo7O24.4H2O solution of desired concentration was added 

and stirred for 4 h. After the molybdenum incorporation over CaO, the slurry was evaporated 

to dryness at 120 °C for 24 h and finally calcined at 300-800 ºC. A series of Mo/CaO samples 

was prepared by varying the molybdenum concentration 1 to 5 wt% and calcination 

temperature 300 to 800 ºC. Prepared Mo/CaO was abbreviated as xMo/CaO-T, where x and T 

represent the molybdenum concentration (wt%) and calcination temperature (ºC), 

respectively. 

The transesterification reactions of JO were carried out by following the method given in 

Chapter 4 but using the Mo/CaO catalyst. The FAEE composition as well as yield was 

determined by GC-MS technique.
 
Ethyl esters obtained upon ethanolysis of JO was also 

characterized by
 1

H and 
13

C-NMR techniques as shown in Fig. A.15 and A.16 (Appendix A). 

 

5.2.2. Catalysts reusability and leaching tests 

To examine the reusability of Mo/CaO catalyst, it was employed during six successive 

reaction cycles under the optimized reaction conditions. Prior to the next reaction cycle, 

catalyst was separated from the reaction mixture by filtration, washed thoroughly with 

hexane to remove adsorbed compound from catalyst surface, and finally regenerated at 700 

°C calcination temperature. 

The concentration of dissolved catalyst into the reaction mixture was investigated by ICP-

AES study. To ensure the heterogeneous nature of the catalyst, and to prove that leached 

metal ion has not acted like a homogeneous catalyst, a hot filtration test was carried out under 

optimized reaction conditions. During the test, the catalyst was removed from reaction 
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mixture by filtration after 1.5 h of reaction duration, and reactants were heated again for an 

additional period of 3.5 h. 

 

5.3. Results and Discussion 

5.3.1. Catalyst characterization 

5.3.1.1. X-ray diffraction 

Powder XRD patterns of CaO and Mo/CaO containing different molybdenum concentrations 

in the range of 0-5 wt% at 700 °C calcination temperature are illustrated in Fig. 5.1(a). The 

appearance of sharp peaks in diffraction patterns indicates the formation of highly crystalline 

materials. Commercial CaO used as support material revealed the characteristic diffraction 

patterns of cubic-calcium oxide (JCPDS 82-1691) as a major phase and hexagonal-Ca(OH)2 

as a minor phase (JCPDS 84-1275)  is also present. Molybdenum impregnation in CaO was 

not able to initiate the formation of any new phase. No diffraction peak corresponding to 

molybdenum oxide or any other phase of molybdenum was observed up to 5 wt% Mo 

loading in CaO. This indicates that Mo has been incorporated into CaO lattice to form a solid 

solution of molybdenum oxide in calcium oxide. 

During Mo/CaO catalyst preparation by wet chemical method in aqueous medium reaction 

between CaO and H2O leads to the formation of Ca(OH)2 in hexagonal phase as supported by 

the XRD pattern of catalyst heated up to 400 °C (Fig. 5.1(b)). At 500 °C calcination 

temperature, Ca(OH)2 decomposition was initiated into CaO phase and hence both CaO and 

Ca(OH)2 phases were observed. A further increase in calcination temperature ( 600 °C) 

leads to the formation of a pure cubic-CaO phase which indicated the completion of Ca(OH)2 

decomposition. Similar XRD patterns were observed for Mo/CaO calcined up to 800 °C to 

indicate that an increase in the calcination temperature beyond 600 °C has not initiated any 

phase change in Mo/CaO.  
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Fig. 5.1. XRD pattern of Mo/CaO with varying (a) Mo concentration (0-5%) and (b) 

calcination temperature (300-800 °C) ( = Ca(OH)2 ;  = CaO). 

 

The crystallize size of catalysts at varying Mo loadings and calcination temperature was 

calculated by Scherrer equation. The catalytic support CaO has crystallite size of 33.0 nm. 

With increase in molybdenum loading (1-3 wt%) on CaO the crystallite size of the catalyst 

decreases (33.0-22.5 nm) as shown in Table 5.1. This may be due to the small ionic radius of 

molybdenum (79 pm) as compared to calcium (114 pm). With increase in calcination 

temperature (300-500 °C) the crystallite size of the catalyst decreases may be due to the 

removal of water molecules from the vacant sites of Mo/CaO lattice as well as partial 

decomposition of Ca(OH)2 at 500 °C (Wong et. al., 2014). Further increase in calcination 

temperature (600-800 °C) was not found to bring any significant variation in crystallite size 

as no change in catalyst structure or phase was observed in this temperature range.  
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Table 5.1. Comparison of crystallite size of Mo/CaO at varying loadings of molybdenum and 

calcination temperature. 

 

 

 

 

 

 

 

 

 

 

5.3.1.2. Thermogravimetric analysis 

TG curve of uncalcined Mo/CaO catalyst is illustrated in Fig. 5.2, which shows two weight 

loss regions in the temperature ranges of 437-500 °C and 500-700 °C. The first or major 

weight loss region (19.22 %) corresponds to the decomposition of Ca(OH)2 into CaO phase. 

The second weight loss region (5.79 %) ascribed to the decomposition of CaCO3 which may 

form due to the reaction of surface CaO with atmospheric CO2. In order to avoid the presence 

of CaCO3, catalyst was prepared at 700 °C calcination temperature. 
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Fig. 5.2. TG curve of uncalcined 3Mo/CaO catalyst. 

 

5.3.1.3. Electron Microscopy studies 

The SEM and TEM images were recorded to determine the morphology and particle size of 

prepared catalyst. The SEM micrograph shows the clusters of irregular shaped crystalline 

Catalyst Crystallite size (nm) 

CaO 33.0 

1Mo/CaO-700 26.8 

2Mo/CaO-700 26.8 

3Mo/CaO-700 22.5 

4Mo/CaO-700 25.2 

5Mo/CaO-700 25.2 

3Mo/CaO-300 33.1 

3Mo/CaO-400 32.6 

3Mo/CaO-500 22.8 

3Mo/CaO-600 22.5 

3Mo/CaO-800 21.5 
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particles ranging from 0.2-1.0 m in size which has formed due to the agglomeration of 

Mo/CaO particles as shown in Fig. 5.3(a). TEM image of these particles indicates that each 

cluster consist of even smaller particles of 25-40 nm size with inconsistent geometries as 

shown in Fig. 5.3(b). Thus powder XRD as well as TEM study supported the formation of 

nano structures of Mo/CaO catalyst. Qualitative analysis by SEM-EDS study supported the 

presence of ~2.7 wt% Mo in 3-Mo/CaO-700 catalyst.  

 

 

Fig. 5.3. (a) SEM and (b) TEM image of 3Mo/CaO-700 catalyst. 

 

5.3.1.4. BET surface area and porosity measurements 

As given in Table 5.2, the measured BET surface area of the commercially available CaO 

was found to be 3.90 m
2
/g and an increase in surface area was observed upon Mo 

impregnation. It can be clearly seen from Table 5.2, that the addition of 0-3 wt% 

molybdenum increases the surface area from 3.90 to 44.29 m
2
/g, however, a further increase 

of Mo content (up to 5 wt%) resulted in a decrease in surface area. Thus, up to 3 wt% 

molybdenum dispersed homogeneously into the CaO matrix and a further increase in Mo 

concentration blocked the micropores of the catalyst. The blockage of pore size is further 

supported by the larger pore size with 5 wt% Mo loading.  

 

Table 5.2. Surface properties of Mo/CaO catalyst. 

Catalyst Surface area 

(m
2
/g) 

Pore size (nm) Pore volume 

(cm
3
/g) 

CaO 3.90 Not determined Not determined 

1-Mo/CaO-700 27.80 32.68 0.227 

3-Mo/CaO-700 44.29 20.14 0.223 

5-Mo/CaO-700 28.83 28.76 0.207 

(a) (b)
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The nitrogen adsorption-desorption isotherms (Fig. 5.4) indicate a type IV isotherm profile 

for Mo/CaO catalysts at different loading of molybdenum with hysteresis loop H3, at relative 

pressure of about 0.7-1.0; characteristic to the mesoporous materials. 
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Fig. 5.4. N2 adsorption-desorption isotherms for Mo/CaO catalyst at varying molybdenum 

loading. 

 

5.3.1.5. XPS analysis  

The electronic state of the metal ions present in catalyst was determined by XPS analysis as 

shown in Fig. 5.5. The peaks corresponding to O
2- 

(1s), Ca
2+ 

(2p) and Mo
6+ 

(3d) were 

observed at 533, 351 and 231 eV, respectively (Xie and Zhao, 2014). Thus XPS study 

supported the presence of molybdenum over catalyst surface, although same could not be 

detected by XRD study due to the homogeneous solid solution formation of molybdenum in 

calcium oxide. 
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Fig. 5.5. Wide scan XPS spectra of 3Mo/CaO-700. 
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5.3.2. Catalytic activity  

The commercially available CaO was found to show poor activity towards the ethanolysis of 

non-edible oils and hence, required relatively longer reaction duration (> 10 h) to achieve the 

equilibrium. Moreover, due to relatively high solubility of CaO in alcohol biodiesel must be 

washed to remove the dissolved catalyst (TeO et al., 2014). The activity as well as stability of 

CaO was improved upon molybdenum impregnation. As shown in Table 5.3, with the 

increase in molybdenum loading from 1 to 3 wt% at 700 °C calcination temperature, the 

catalytic activity (TOF) was found to increase due to the increase in catalyst basic sites as 

well as surface area. A further increase in molybdenum concentration was not found to 

increase the basic sites and hence, no gain in activity was observed. 

The optimized calcination temperature for the catalytic activity was established by preparing 

the catalyst in the range of 300-800 °C calcination temperature. Up to 400 °C, Bronsted site 

predominated in the catalyst due to the presence of Ca(OH)2 and at  600 °C , these sites 

converted into Lewis site due to the decomposition of Ca(OH)2 into CaO. Transesterification 

reaction could be effectively catalyzed by Lewis base sites rather than Bronsted sites (Yan et 

al., 2009). 
 
In order to remove the possibility of active site blockage due to CaCO3 formation, 

the catalyst was prepared at 700 °C calcination temperature, although its activity as well as 

basic site strength was found to be similar to the catalyst prepared at 600 °C (Table 5.3).  

 

Table 5.3.  Comparison of basicity and TOF of Mo/CaO at varying loadings of molybdenum 

and calcination temperature. 

TOF = molactual/(fm  mcat  t) where molactual, mcat, t and fm were the moles of FAEE, mass of 

catalyst, reaction time and  total basicity of catalyst (in mmol/g of catalyst).
 
Reaction 

conditions: ethanol to oil molar ratio of 12:1 at 65 ºC in presence of 5 wt% catalyst 

(catalyst/oil). 

 

 

Catalyst 

Indicators  

TOF
 

(h
-1

) 
Neutral red  

pKa = 6.8 

Bromothym

ol blue 

pKa = 7.2 

Phenolphth-

alein  

pKa = 9.3 

Nile blue  

pKa  = 10.1 

Trapeolin 

pKa =11.1 

fm 

(mmol/g of 

catalyst) 

CaO 0.28 0.22 0.10 0.14 -  0.74 0.95 

1Mo/CaO-700 0.58 0.47 0.25 0.35 - 1.65 1.35 

2Mo/CaO-700 1.34 0.82 0.50 0.48 0.73 3.87 2.47 

3Mo/CaO-700 1.56 1.40 1.28 0.56 1.04 5.84 3.05 

4Mo/CaO-700 1.54 1.42 1.29 0.56 1.02 5.80 3.03 

5Mo/CaO-700 1.51 1.43 1.27 0.52 1.00 5.76 3.00 

3Mo/CaO-300 0.32 0.25 0.14 0.17 - 0.88 1.12 

3Mo/CaO-400 0.59 0.48 0.27 0.38 - 1.72 1.81 

3Mo/CaO-500 1.00 0.70 0.57 0.43 0.64 3.34 2.79 

3Mo/CaO-600 1.53 1.43 1.26 0.57 1.01 5.80 3.02 

3Mo/CaO-800 1.55 1.42 1.26 0.57 1.03 5.83 3.03 
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                   The catalyst prepared with 3 wt% molybdenum loading at 700 °C calcination 

temperature was found to be most active and hence selected for detailed study. 

 

5.3.3. Mass transfer limitation study 

Vegetable oils and ethanol are completely immiscible and hence mass transfer limitations 

could affect the FAEE yield (Dube et al., 2007). To establish the stirring speed at which the 

mass transfer limitations are minimal during 3Mo/CaO-700 catalyzed transesterification 

reaction, a series of ethanolysis reaction were performed at 50-650 rpm stirring speed. As 

could be seen from Fig. 5.6, initially the reaction rate increases with the increase in stirring 

speed and at ≥ 450 rpm the reaction rate was found to be maximum and constant. Thus all 

experiments in present study were carried out at a stirring speed of 450 rpm to exclude the 

effect of mass transfer phenomenon on reaction rate. 
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Fig. 5.6. Effect of stirring speed on 3Mo/CaO-700 catalyzed transesterification of JO. 

Reaction conditions: ethanol to oil molar ratio of 12:1 at 65 ºC in presence of 5 wt% catalyst 

(catalyst/oil). 

 

5.3.4. Effect of the reaction parameters 

To optimize the reaction parameters for the better catalytic activity, transesterification 

reactions were conducted by varying catalyst concentration (1-6 wt%), ethanol to oil molar 

ratio (3:1-15:1) and reaction temperature (35-75 ºC). The effect of these parameters on the 

FAEE yield are provided in Fig. 5.7 and on the basis of this study, a 12:1 ethanol to oil molar 

ratio, 65 ºC reaction temperature and 5 wt% catalyst (with respect to oil) were found to be the 

optimum conditions for 3Mo/CaO-700 catalyzed transesterification of JO. 
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Fig. 5.7. Effect of reaction parameters on 3Mo/CaO-700 catalyzed transesterification of JO. 

Reaction conditions: (a) ethanol to oil molar ratio of 12:1 at 65 ºC reaction temperature (b) 

Reaction temperature at 65 ºC, in presence of  5 wt% of catalyst with respect to oil (c) ethanol 

to oil molar ratio of 12:1 in presence of 5 wt% of catalyst with respect to oil. 

 

5.3.5. Tolerance towards water and FFA  

The presence of water and FFA in case of low quality feedstock, such as nonedible or waste 

cooking oils, is inevitable although both are found to deactivate the homogeneous base 

catalysts via saponification in traditional biodiesel production processes. Presence of soap 

emulsifies the reaction mixture, which make the separation of fatty acid ester, glycerol and 

catalyst extremely difficult (Yan et al., 2009). 

In order to examine the moisture tolerance of catalyst, transesterification reaction of JO was 

performed in presence of 0.5-6.5 wt% water contents (with respect to oil). Fig. 5.8(a) 

indicates that presence of up to 2.5 wt% water was not found to make any negative effect on 

catalyst activity. A further increase in water (3.0-6.5 wt%) was found to reduce the catalyst 

activity owing to the conversion of Lewis basic sites (–O–) into Bronsted basic sites (–OH) 
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due to the reaction of water molecules with catalyst. The Bronsted basic sites were found to 

be less active towards the transesterification than corresponding Lewis basic sites. A 

comparison of XRD patterns (Fig. 5.8(b)) of fresh catalyst with the catalyst exposed to 

moisture also supported the conversion of CaO phase into Ca(OH)2 phase. 
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Fig. 5.8. (a) Effect of moisture content on the 3Mo/CaO-700 catalyzed transesterification of 

JO (reaction time is the time required to achieve > 99% FAEE yield) (b) Comparison of XRD 

spectra of fresh catalyst and catalyst exposed to moisture ( = CaO,  = Ca(OH)2). 

 

FFA content in oils not only deactivates the homogeneous alkali catalyst via saponification 

but also found to reduce the activity of heterogeneous catalysts.
 
To evaluate the effect of 

presence of FFA on 3Mo/CaO-700 activity, transesterification of VOs containing up to 18.1 

wt% FFA was performed and results are shown in Fig. 5.9. The activity of the catalyst was 

found to decrease as FFA content in oil increases, nevertheless > 99% FAEE yield could be 

maintained by increasing the reaction duration. The reduction in catalytic activity may be 

attributed to the strong interaction of highly polar acetate group (of fatty acid) with the 

catalyst surface (Ca
2+

) to result the partial blocking of the active sites (Kaur and Ali, 2014a). 
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Fig. 5.9. Effect of FFA contents on the 3Mo/CaO-700 catalyzed transesterification of 

different feed stocks (reaction time is the time required to achieve > 99% FAEE yield). 

Reaction conditions:- Ethanol to oil molar ratio of 12:1 at 65 ºC reaction temperature in 

presence of 5 wt% (catalyst/oil) catalyst. 

 

5.3.6. Reusability and stability 

Reusability and ease of separation from the reaction mixture are few important advantages of 

a heterogeneous catalyst over homogeneous one.  As shown in Fig. 5.10, the catalyst could be 

reused up to five times without significant loss in activity, however, in sixth run only partial 

conversion was achieved.  
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Fig. 5.10. Reusability study of catalyst. 
 

A comparison of IR spectrum (Fig. 5.11(a)) of the fresh and used catalyst rule out the 

possibility of adsorption of organic molecule over the catalyst surface, which otherwise was 

found to reduce the catalytic activity (Singh et al., 2014). Change in catalyst structure, during 
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repeated use and activation process, could be another reason for the loss of activity. The XRD 

study (Fig. 5.11(b)) of fresh and used catalyst validated that upon repeated use CaO phase has 

partially changed into Ca(OH)2. 
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Fig. 5.11. Comparison of (a) XRD and (b) FT-IR of fresh and used catalyst. ( = CaO,  = 

Ca(OH)2). 

 

                 The metal analysis supported minute leaching of Mo and Ca in FAEE (1.23 and 

0.25 ppm, respectively) as well as in glycerol (4.12 and 2.28 ppm, respectively). Thus 

catalyst is stable although small amount of metal is lost during the catalytic run, which could 

be another reason for the loss of activity. To validate that dissolved metal ions have not acted 

as homogeneous catalyst, hot filtration test was performed (Fig. 5.12). No significant gain in 

FAEE yield was obtained when the reaction was continued after filtering out the catalyst to 

rule out the possibility of homogeneous contribution in catalytic activity by the dissolved 

metal ions and to support a truly heterogeneous mode of action of Mo/CaO catalyst. 

Therefore, the gradual loss of the catalytic activity could be attributed to the (i) structural 

changes in catalyst and (ii) partial loss of the Mo and Ca from 3Mo/CaO-700 during its 

repeated use. 
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Fig. 5.12. Hot filtration test for 3Mo/CaO-700 catalyzed transesterification of JO. 

 

5.3.7. Kinetics and thermodynamic studies 

Transesterification is generally assumed to follow pseudo-first-order kinetics as alcohol in 

such reactions are employed in excess to the required stoichiometric amount of 3:1 alcohol to 

oil molar ratio. In this study, ethyl esters yield with respect to time was followed to study the 

reaction kinetics by performing the reaction under optimized reaction conditions. Since a 

12:1 ethanol to oil molar ratio was employed during the reaction, the kinetics of 3Mo/CaO-

700 catalyzed ethanolysis could safely be assumed to follow (pseudo) first order.  

The linear nature of ‒ ln(1‒X) versus t plot supported that the reaction has followed the 

(pseudo) first order rate law (Fig. 5.13(a)). The apparent first order rate constant from the plot 

was observed 1.01 h
‒1

 at 65 ºC. 

To calculate the activation energy, reactions were carried out in the temperatures range of 35-

65 ºC. The values of Ea and A from ln k versus 1/T plot (Fig. 5.13(b)) were found to be 66.02 

kJ mol
–1

 and 9.2 × 10
9
 h

‒1
, respectively. 

The observed Ea value in present study (66.02 kJ mol
-1

) was found within the range of 

reported values (26-82 kJ mol
–1

) for transesterification reaction catalyzed by heterogeneous 

catalysts (Kaur and Ali, 2014b).
 
A value of Ea > 25 kJ mol

−1 
also supported that 3Mo/CaO-

700 catalyzed transesterification is a chemically controlled reaction and not controlled by 

mass transfer limitations (Patel and Brahmkhatri, 2013). 
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Fig. 5.13. Kinetic study of transesterification of JO with ethanol over 3Mo/CaO-700 catalyst. 

(a) Plots of –ln(1–X) vs time at different temperatures (b) Arrhenius plot of ln k vs 1/T. 

Reaction conditions: ethanol to oil molar ratio of 12:1 and 5 wt% of 3Mo/CaO-700 with 

respect to oil. 
 

The thermodynamic parameters such as enthalpy (H
‡
) and entropy (S

‡
), were not 

frequently studied for the transesterification reactions catalyzed by heterogeneous catalyst. In 

present study to evaluate these parameters Eyring equation 2.6 (Chapter 2) was applied.  

Fig. 5.14 depicts the Eyring plot of Mo/CaO catalyzed transesterification of JO and from this 

plot the value of H
‡
 was found to be 64.10 kJ mol

-1
. The positive value indicates that 

reaction is endothermic and thus an external heating source is needed to raise the energy level 

of reactants so that they could be transformed to the transition state. The value of S
‡
 was 

found to be negative (-60.58 J mol
-1

K
-1

) to suggest that associative mechanism is followed in 

which reactant species might have joined together over catalyst surface to form a more 

ordered transition state.  

The Gibb’s free energy of activation (G
‡
) was determined (Galvan et al., 2013) at 65 °C 

from fundamental thermodynamics equation 5.1: 

                                                      G
‡
 = H

‡ 
 TS

‡     
                 (5.1) 

The G
‡ 

value was found to be 43.62 kJ mol
-1

, to indicate unspontaneous nature of the 

reaction in which transition state is having higher energy level than reactants. 
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Fig. 5.14. The Eyring plot of 3Mo/CaO-700 catalyzed transesterification of JO. 

 

5.3.8. Koros‒Nowak Criterion test 

Koros–Nowak criterion test was performed to find out whether reaction rates were free from 

mass transfer effects (Madon and Boudart, 1902). In present study the reactions were carried 

out in presence of two catalysts in which concentration of active sites over the catalyst has 

been changed without changing the total active (basic) sites. As shown in Fig. 5.15, at similar 

conversion levels, TOFs of both the catalysts were found to be almost similar to prove the 

absence of mass diffusion limitations in Mo/CaO catalyzed reaction. 
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Fig. 5.15. A plot of TOF vs % conversion for the 2Mo/CaO-700 and 3Mo/CaO-700 catalyzed 

ethanolysis of JO. Reaction conditions: ethanol to oil molar ratio; 12:1 at 65 °C and catalyst 

concentration; either 5 wt% of 3Mo/CaO-700 or 7.5 wt% of 2Mo/CaO-700. 
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5.3.9. Fuel properties of biodiesel 

Physicochemical properties of the biodiesel depend upon their fatty acid composition which 

could be evaluated by GC-MS study. Gas chromatogram of FAEE prepared from JO is 

provided in Fig. 5.16 and corresponding fatty acid ester composition is listed in Table 5.4. 
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 Fig. 5.16. Gas chromatogram of FAEE. 

 

Total FAEE content was observed as high as 99.37 wt%, consisting of 26.66 wt% saturated 

and 72.71 wt% unsaturated fatty acid esters. A high percentage of unsaturated fatty acid ester 

indicates better cold flow properties of biodiesel even at low temperature (Lotero et al., 

2005).
 

 

Table 5.4. Composition of JO derived FAEE. 

S.No. Retention 

time (min) 

Composition; Molecular formula Corresponding acid 

(Cx:y) 

Wt % 

1 3.93 Caprylic acid ethyl ester; C10H20O2 Caprylic acid (C8:0) 0.24 

2 5.99 Pelargonic acid ethyl ester; C11H22O2 Pelargonic acid (C9:0) 0.36 

3 8.57 Palmitoleic acid ethyl  ester; C18H34O2 Palmitoleic acid (C16:1) 1.04 

4 8.68 Palmitic acid ethyl ester; C18H36O2 Palmitic acid (C16:0) 18.04 

5 9.47 Linoleic acid ethyl ester; C20H36O2 Linoleic acid (C18:2) 20.36 

6 9.49 Oleic acid ethyl ester; C20H38O2 Oleic acid (C18:1) 50.67 

7 9.61 Stearic acid ethyl ester; C20H40O2 Stearic acid (C18:0) 8.02 

8 11.03 Linolenic acid ethyl ester;C20H34O2 Linolenic acid (C20:3) 0.64 

x:y = number of carbon atoms:number of double bods   
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5.4. Conclusions 

Molybdenum impregnated calcium oxide has been synthesized via wet impregnation method 

and found effective for the transesterification of non edible oils having FFA contents as high 

as 18.1 wt%. The prepared catalyst under mild reaction conditions (Reaction temperature 65 

°C, catalyst amount 5 wt% and ethanol to oil molar ratio of 12:1) demonstrated > 99 % FAEE 

yield in 4.5 h of reaction duration with low leaching amounts of Mo and Ca in the reaction 

mixture. The catalyst was recovered and reused during 5 successive catalytic runs; 

maintaining > 99% activity. The Koros-Nowak test demonstrated that catalytic activity was 

independent from the diffusion limitations. The values of thermodynamic activation 

parameters G
‡
, H

‡ 
and S

‡
 were found out to be 43.62 kJ mol

–1
, 64.10 kJ mol

–1
 and -60.58 

J mol
-1

K
-1

, respectively, which show that reaction was unspontaneous, endothermic and 

endergonic in nature. 
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Abstract: Alkali metals (Li, Na and K) doped zirconium oxide were prepared (Li/ZrO2, 

Na/ZrO2 and K/ZrO2) by wet chemical route and used as active heterogeneous catalyst for the 

transesterification of waste cottonseed oil with ethanol and methanol to produce fatty acid 

ethyl and methyl esters, respectively. The catalyst characterization supports the formation of 

lithium zirconate single phase in case of Li/ZrO2 and it was able to catalyze simultaneous 

esterification and transesterification of high free fatty acid containing vegetable oils. The 

reaction conditions, such as catalyst concentration, reaction temperature, the molar ratio of 

alcohol/oil, and stirring speed were optimized in presence of Li/ZrO2 catalyst. The catalyst 

activity was found to be a function of its basic sites which in turn depend on calcinations 

temperature and lithium content of the catalyst. A pseudo first order kinetic equation was 

applied to evaluate the kinetic parameters for the transesterification of waste cottonseed oil 

with methanol and ethanol. The activation energy (Ea) for the Li/ZrO2 catalyzed methanolysis 

and ethanolysis was found to be 40.8 kJ mol
–1

 and 43.1 kJ mol
–1

, respectively. The catalyst 

could be reused up to 9 cycles without significant loss of performance as > 90 % fatty acid 

alkyl ester yield was maintained. 
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6.1. Introduction 

In order to develop a catalyst which could catalyze the simultaneous esterification as well as 

transesterification of vegetable oil having high concentration of FFA, lithium doped ZrO2 

was prepared via wet impregnation method. The prepared Li/ZrO2 catalyst was successfully 

employed for one-pot production of biodiesel from vegetable oil having FFA content as high 

as 18.1 wt% via esterification and transesterification. 

 

6.2. Experimental Section 

6.2.1. Catalyst preparation  

Alkali doped zirconia was prepared via wet chemical route and in a typical preparation 10 g 

of zirconium oxide was suspended in 50 ml deionized water and to this 30 ml aqueous 

solutions of lithium hydroxide, or sodium nitrate, or potassium nitrate of desired 

concentrations was added. The resulted mixture was stirred for 4 h, initially dried at 120 ºC 

for 12 h, and finally calcined at desired temperature (300–800 ºC) for 4 h.  

Prepared samples were designated as x-M/ZrO2-T, where M, x and T represent the type of 

alkali dopant, its content (wt%) and calcination temperature (ºC), respectively. 

The transesterification reactions of WO were carried out by following the same procedure as 

given in Chapter 4, but using Li/ZrO2 catalyst. The FAME and FAEE yield obtained upon 

methanolysis and ethanolysis of WO respectively, was characterized and quantified by 
1
H-

NMR techniques as shown in Fig. A.17 (Appendix A). 

 

6.3. Results and Discussion 

6.3.1 Catalyst characterization 

6.3.1.1. X-ray diffraction  

The XRD patterns of Li/ZrO2 with varying lithium content (5-25 wt%) are shown in Fig 

6.1(a). At 5 wt% lithium content mixed phases of monoclinic (JCPDS card no. 75-2157) and 

tetragonal-lithium zirconate (JCPDS card no. 41-0324) and monoclinic zirconia (JCPDS card 

no. 88-2390) has formed. A gradual increase in lithium content was found to increase the 

amount of monoclinic and tetragonal-lithium zirconate and at 20 wt% Li content only these 

two phases remain present. Comparison of the XRD patterns of 20 wt% Li doped ZrO2 at 

varying calcination temperature (300-800 °C) is shown in Fig. 6.1(b). At 300 °C mixed 

phases of the ZrO2 and LiOH (JCPDS card no. 85-1064) were found to exist. An increase in 

calcination temperature found to initiate the formation of lithium zirconate (Li2ZrO3) due to 
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the solid state reaction between ZrO2 and LiOH. A similar diffraction pattern for the Li2ZrO3, 

prepared by chemical method, was reported by Xiao et al. (2011). At 700 °C a mixed phase 

of monoclinic and tetragonal-lithium zirconate forms and other phases remain absent, thus 

supporting the completion of reaction between ZrO2 and LiOH. A further increase in 

calcination temperature (800 °C) was found to initiate the formation of a new phase of 

monoclinic Li4ZrO4 (JCPDS card no. 20-0645). 
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Fig. 6.1. Comparison of XRD patterns of Li/ZrO2 at varying (a) lithium concentration (b) 

calcination temperature. ( = monoclinic zirconia,  = tetragonal zirconia, • = monoclinic 

Li2ZrO3,  = tetragonal Li2ZrO3, = monoclinic Li4ZrO4,   = LiOH). 

 

The XRD patterns of 20 wt% Li, or Na or K doped zirconium oxide (calcined at 700 °C) are 

compared in Fig. 6.2. Clear demarcation in XRD patterns could be seen as in case of 

Na/ZrO2, a mixture of monoclinic-Na2ZrO3 (JCPDS card no. 35-0770) and zirconia was 

observed. On the other hand the diffraction patterns of K/ZrO2, indicate the presence of 

monoclinic and tetragonal ZrO2 phases and no peak either corresponding to the K2O or 

K2ZrO3 was observed, thus supporting the formation of a homogeneous solution of K2O and 

ZrO2 in the solid state. Our findings are in line with the literature reported (Intrapong et al., 

2014) one where 10-15 wt% K loaded ZrO2 has shown the XRD patterns almost similar to 

that of pure ZrO2. 
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Fig. 6.2. Comparison of XRD patterns of different alkali metal impregnated on ZrO2 ( = 

monoclinic ZrO2,  = tetragonal ZrO2, • = monoclinic Li2ZrO3,  = tetragonal Li2ZrO3,  = 

monoclinic Na2ZrO3). 

 

The crystallite size of Li, Na and K doped ZrO2, was found to increase with the increase in 

ionic radii of doped metal ion as given in Table 6.1. An increase in calcination temperature 

(500-800 °C) was found to increase the crystallite size of Li/ZrO2 particles may be due to the 

sintering of the particles at high calcination temperature.   

 

Table 6.1. Effect of calcination temperature and different alkali metals on crystallite size of 

20-M/ZrO2-T. 

Catalyst Crystallite size (nm) (2θ = 31.5°) 

ZrO2 24.3 

20-Li/ZrO2-500 13.5 

20-Li/ZrO2-600 16.5 

20-Li/ZrO2-700 25.2 

20-Li/ZrO2-800 30.5 

20-Na/ZrO2-700 26.7 

20-K/ZrO2-700 28.5 

 

6.3.1.2. Electron Microscopic studies  

The surface morphology and particle size of catalysts have been studied by SEM and TEM 

studies, respectively. As could be seen from SEM image (Fig. 6.3), the commercially 

available ZrO2, used as support, was observed as agglomerates of 2-4 μm sized particles. 

Doping of Li or Na or K in this support has created relatively smaller sized particles of 

irregular geometries. The size of these particles was observed less than 1 µm in case of 
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Li/ZrO2 with relatively homogeneous size distribution. In case of Na/ZrO2 and K/ZrO2, 

agglomerates of flake like structure, and polydisperse sample of 0.5-4 µm sized particles, 

respectively, has formed. The EDS analysis could not detect lithium in 20-Li/ZrO2-700 

because of atomic mass detection limitation of the instrument. In 20-Na/ZrO2-700 and 20-

K/ZrO2-700, 18.05 wt% Na and 19.67 wt% K, was observed respectively. These values are 

closer to the theoretical doped amount of 20 wt% metal in both the cases. 

 

 

Fig. 6.3. SEM image of (a) commercially available ZrO2 (b) 20–Li/ZrO2–700 (c) 20–

Na/ZrO2–700 (d) 20–K/ZrO2–700.   

 

TEM analysis reveals that Li/ZrO2, Na/ZrO2 and K/ZrO2 particles are the clusters of further 

smaller particles with an average size of ~ 80 nm, in quasi-spherical shape as shown in Fig. 

6.4. In case of K/ZrO2 formation of uniform dark colored particles also supported the creation 

(c)
(c) (d)

(b)(a)
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of homogeneous solid solution, as also evidenced by XRD study, of potassium and zirconium 

oxide. 

 

 

Fig. 6.4. TEM image of (a) 20–Li/ZrO2–700, (b) 20–Na/ZrO2–700 and (c) 20–K/ZrO2–700. 

 

6.3.1.3. BET Surface area measurements 

As given in Table 6.2, the measured BET surface area of the commercial ZrO2 was found to 

be 12.27 m
2
/g.  The doping of Li, Na and K over the support was found to reduce the surface 

area in the order of doped metal ion radii. Relatively large decrease in pore size in case of 

K/ZrO2, could be due to the efficient pore plugging by K in comparison to smaller sized Li 

and Na ions. Although, catalyst surface area was found to be lower, however, Li/ZrO2 

demonstrates reasonably high activity under ambient reaction conditions. In case of 

transesterification reaction, a catalyst with low surface area may demonstrate high activity as 

in such reaction basic site strength plays more significant role in catalytic activity than 

surface area as reported by our group as well as other researchers (Kaur and Ali, 2014a;  

Patil and Deng, 2009).  

(a) (b)

(c)
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Table 6.2. Comparison of BET Surface area, pore size and pore volume of the catalysts. 

Catalyst  Surface area (m
2
/g) Pore size (Å) Pore volume (cm³/g) 

ZrO2 12.27 - - 

20-Li/ZrO2-700 1.18 41.69 0.010 

20-Na/ZrO2-700 0.99 34.92 0.006 

20-K/ZrO2-700 0.71 17.09 0.005 

 

 

6.3.1.4. Carbon dioxide-Temperature Programmed Desorption  

Carbon dioxide adsorption–desorption technique determines the strength of basic sites as well 

as total basicity of the catalyst. The CO2-TPD profiles for Li, Na and K doped zirconia are 

compared in Fig. 6.5. The desorption peak observed at 100–425 °C can be attributed as 

weaker, 425-625 °C as moderate and more than 625 °C as stronger basic sites. The basic 

strength of the catalyst was generated due to oxide ions (Lewis base) of the mixed metal 

oxide surface (Yan et al., 2009; Thitsartarn and Kawi, 2011). In CO2-TPD of Li/ZrO2 no 

sharp desorption peak was observed even up to 800 °C. This could be due to the reaction 

between Li2ZrO3 and CO2 to form highly stable Li2CO3 (Xiao et al., 2011) which have 

decomposition temperature > 800 °C. Two desorption peaks for Na/ZrO2 were observed at 

425-625 °C and > 625 °C thus supporting the formation of moderate and strong basic sites in 

this catalyst. On the other hand, a large desorption peak was observed at 750 °C for K/ZrO2, 

indicating the presence of strong basic sites. Thus, TPD study suggested the presence of more 

basic sites in Na/ZrO2 and K/ZrO2 due to desorption of CO2 below 800 °C. Due to the 

absence of pure Na2ZrO3 and K2ZrO3 phases (as described in XRD section) Na/ZrO2 and 

K/ZrO2, are not able to form stable carbonates of sodium or potassium upon CO2 adsorption. 

Thus it is not expected from Na/ZrO2 and K/ZrO2 to follow the same trend as expected from 

pure Na2ZrO3 and K2ZrO3 phases, respectively.  
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Fig. 6.5. CO2-TPD profiles for (a) 20–Li/ZrO2–700, (b) 20–Na/ZrO2–700 and (c) 20–

K/ZrO2–700 catalysts. 

 

To quantify the total basic site strength of the catalysts, Hammett indicator benzene 

carboxylic acid titration method (Table 6.3) was also employed. Titration method suggested 

that basic site strength increases in the order of: Li/ZrO2 > Na/ZrO2 > K/ZrO2. This trend is 

exactly opposite to the order of basic strength observed by CO2-TPD method. This difference 

is due to the fact that (i) in titration method total sites were calculated irrespective of their 

location while in case of TPD method only surface sites were quantified (Zhu et al., 1998), 

and (ii) due to the high decomposition temperature of Li2CO3, desorption of CO2 took place 

above 800 °C and thus corresponding basic sites were not observed in TPD profile of 

Li/ZrO2.  

 

6.3.2. Catalytic activity 

The transesterification activity of solid bases mainly depends upon the Lewis base sites 

which in turn depend upon the type and content of doped metal as well as calcination 

temperature. The activity of various catalysts was compared by performing the 

transesterification (methanolysis and ethanolysis of WO) reactions under optimized reaction 

conditions and comparing their respective TOFs at 25% conversion level. The rate of 

methanolysis was always found higher than ethanolysis owing to the higher reactivity of 

methoxide ion (Brunschwig and Moussavou, 2012). 
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6.3.2.1. Effect of doped metal ion on catalytic activity 

In order to study the effect of doped metal, ZrO2 was doped with Li or Na or K metal ions 

and basic strength as well as activity of Li/ZrO2, Na/ZrO2 and K/ZrO2 are compared in Table 

6.3. The total basicity of the catalysts was evaluated by the Hammett indicator-benzene 

carboxylic acid titration in the presence of various indicators of pKBH+ = 6.8-18.4 as shown in 

Table 6.3. The maximum basic strength (2.38 mmol/g) as well as activity was observed in 

case of lithium doped zirconia. In present work the basicity of Li/ZrO2, Na/ZrO2 and K/ZrO2 

would depend on the chemical species present in each catalyst. The ionic radius of Zr
4+

 (0.72 

Å) is almost similar to that of Li
+
 (0.76 Å) but smaller than the radius of Na

+
 (1.02 Å) and K

+
 

(1.38 Å). Due to this reason lithium doping in zirconia leads to the formation of a single 

Li2ZrO3 phase, a mixture of phases (Na2ZrO3 and ZrO2) in case of Na/ZrO2 and no K2ZrO3 

phase formation in case of K/ZrO2. Thus the reactivity of these catalysts could not be 

compared either with pure alkali metal or respective pure zirconates. Similar results were 

reported in case of alkali doped MgO catalysts as Li/MgO show better activity as well as 

basic strength than Na or K doped MgO (Macleod et al., 2008).  

 

Table 6.3. Comparison of basic strengths, basicity and TOFs for the Li/ZrO2 catalyzed 

transesterification reactions. 

TOF – Turn over frequency at 25 % conversion levels; M – Methanolysis; E – Ethanolysis 

 

6.3.2.2. Effect of content of lithium dopant on catalytic activity 

Since maximum activity was shown by the Li/ZrO2 hence further study of effect of content of 

lithium dopant as well as calcination temperature was performed by the Li/ZrO2. As shown in 

Table 6.3, basic sites increases gradually on increasing the lithium content (from 5 to 20 

wt%) due to the solid state reaction between LiOH and ZrO2 to form Li2ZrO3.The maximum 

basic strength and basic sites were observed at 20 wt% Li doping and at 700 °C calcination 

temperature. It could be seen from Table 6.3 that TOFs of Li/ZrO2 was found to increase with 

Li content and a maximum TOF was observed with the catalyst having 20 wt% Li content. A 

 

Catalyst 

Neutral 

red  

pKa = 6.8 

Bromothymol  

blue 

pKa = 7.2 

Phenolphthal

ein 

pKa = 9.3 

Nile blue   

pKa  = 10.1 

Trapeolin 

pKa = 11.1 

2,4-

dinitroaniline 

pKa = 15.0 

4-nitroaniline 

pKa = 18.4 

Total 

basicity 

(mmol/g of 

catalyst) 

TOF (h-1) 

M/E 

ZrO2   0.03 - -          - - - - 0.03 Negligible 

5-Li/ZrO2-700 0.05 0.12 0.16 0.22 0.30 - - 0.85 21.43/1.94 

10-Li/ZrO2-700 0.06 0.23 0.20 0.26 0.41 - - 1.16 25.31/4.92 

15-Li/ZrO2-700 0.08 0.32 0.26 0.28 0.49 - - 1.43 32.74/7.51 

20-Li/ZrO2-700 0.08 0.40 0.30 0.32 0.56 0.48 0.24 2.38 45.62/9.72 

25-Li/ZrO2-700 0.07 0.36 0.36 0.26 0.46 0.44 0.23 2.21 37.76/8.56 

20-Li/ZrO2-300 0.03 0.11 0.14 0.20 - - - 0.48 17.55/1.79 

20-Li/ZrO2-500 0.04 0.16 0.22 0.26 - - - 0.68 22.24/4.59 

20-Li/ZrO2-600 0.06 0.30 0.27 030 0.48 - - 1.41 34.10/6.01 

20-Li/ZrO2-800 0.09 0.38 0.28 0.34 0.50 0.44 0.26 2.29 39.37/7.87 

 20-Na/ZrO2-700 0.16 0.24 0.28 0.31 0.26 0.19 0.17 1.61 29.50/5.04 

 20-K/ZrO2-700 0.06 0.08 0.35 0.28 0.32 - - 1.09 17.68/2.66 
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further increase in Li content (up to 25 wt%) resulted the formation of less basic Li4ZrO4 

(supported by the XRD study) to result a decrease in catalytic activity. 

  

6.3.2.3. Effect of calcination temperature on catalytic activity 

Activity of the solid base catalysts could be enhanced by increasing the Lewis base sites (O
2-

) 

in case of metal oxides (Thitsartarn and Kawi, 2011). Calcination of metal hydroxides beyond 

their decomposition temperature leads to the formation corresponding oxides (Lewis base). 

Moreover, high temperature treatment may enhance the interactions among catalyst 

component due to solid state reaction to result the higher stability of the catalyst. 

In order to optimize the calcination temperature, for better catalyst activity and stability, the 

catalysts were prepared at 300-800 °C. An increase in basic sites as well as activity was 

observed with the increase in calcination temperature from 300 to 700 °C as given in Table 

6.3. The highest basicity as well as activity was observed for 20-Li/ZrO2-700. At high 

calcination temperature (700 °C), Li2ZrO3 has formed due to the solid state reaction of LiOH 

with zirconia which has been reported to have strong basic sites (Xiao et al., 2011). The 

activity of the catalyst decreases at 800 °C, due to the sintering of the catalyst particles which 

may result lesser active sites at the catalyst surface.  

 

6.3.2.4. Effect of reaction parameters on FAAE yield 

                  As evident from Table 6.3, the catalysts 20-Li/ZrO2-700 was found to be more 

efficient and hence, used further to optimize the reaction parameters for the better catalytic 

activity. In order to determine the reaction conditions for the optimum catalytic activity, a 

series of transesterification reactions were carried out in presence of 20-Li/ZrO2-700 by 

varying one parameter at a time out of the followings: (i) catalyst amount with respect to oil, 

(ii) alcohol to oil molar ratio (iii) reaction temperature and (iv) stirring speed. The effect of 

these parameters on the FAME and FAEE yield is shown in Fig. 6.6-6.9.  
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Fig. 6.6. Influence of catalyst concentration on 20–Li/ZrO2–700 catalyzed transesterification 

of WO. Reaction conditions: (a) methanol to oil molar ratio of 12:1 at 65 ºC reaction 

temperature and (b) ethanol to oil molar ratio of 15:1 at 75 ºC reaction temperature. 
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Fig. 6.7. Effect of alcohol:oil molar ratio on 20–Li/ZrO2–700 catalyzed transesterification of  

WO. Reaction conditions: Reaction temperature (a) methanolysis at 65 ºC and (b) 

ethanolysis at 75 ºC, both reactions were performed in presence of 5 wt% of 20–Li/ZrO2–700 

with respect to oil. 
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Fig. 6.8. Effect of reaction temperature on 20–Li/ZrO2–700 catalyzed transesterification of 

WO. Reaction conditions: (a) methanol to oil molar ratio of 12:1 and (b) ethanol to oil molar 

ratio of 15:1 and 5 wt% of 20–Li/ZrO2–700 with respect to oil in both the cases. 
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Fig.6.9. Effect of stirring speed on the 20–Li/ZrO2–700 catalyzed transesterification of WO. 

Reaction conditions: (a) methanol to oil molar ratio of 12:1 at 65 ºC reaction temperature 

and (b) ethanol to oil molar ratio of 15:1 at 75 ºC reaction temperature and 5 wt% of 20–

Li/ZrO2–700 with respect to oil in both the cases. 

 

            Thus a 12:1 methanol to oil molar ratio at 65 ºC or 15:1 ethanol to oil molar ratio at 

75 ºC in presence of 5 wt% catalyst (with respect to oil) and a stirring speed of 400 rpm, were 

found to be optimum conditions for the 20–Li/ZrO2–700 catalyzed transesterification of WO 

to achieve >98 % FAAE yield. 
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6.3.3. Effect of moisture and FFA content 

Water and FFA are usually considered as catalyst poisons for homogeneous as well as 

heterogeneous catalysts in transesterification process. As discussed in introduction section, 

the presence of > 0.3 wt% moisture and/or > 0.5 wt% FFA contents in feedstock deactivates 

the homogeneous base catalyst via saponification (Kumar and Ali, 2012). In the present 

study, activity of 20–Li/ZrO2–700 catalyst was not found to be adversely affected by 4.6 and 

0.35 wt% FFA and moisture contents, respectively, present in WO.  In order to determine the 

maximum moisture resistance of the catalyst, the transesterification reactions of WO were 

performed by adding up to 4.0 wt% (water/oil) of water in the reaction mixture. As could be 

seen from Fig. 6.10, addition of up to 2 wt% water was not found to affect the catalysts 

efficacy to the significant extent. A further increase in moisture contents (2.5-4.0 wt%) was 

found to reduce the TOF and more reaction duration was required to achieve the completion 

of the reaction. Thus, use of prepared catalyst would be beneficial as it did not require pre 

dried moisture free feedstock or alcohol for the transesterification reaction.  
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Fig. 6.10. Effect of moisture content on the 20–Li/ZrO2–700 catalyzed transesterification of 

WO (reaction time is the time required for the completion of the reaction). Reaction 

conditions: Methanol to oil molar ratio of 12:1 at 65 ºC reaction temperature in presence of 5 

wt% (catalyst/oil) catalyst. 

 

In order to establish the reason behind the drop in catalyst efficacy in presence of moisture, 

FTIR and XRD of fresh catalyst was compared with the catalyst exposed to moisture. As 

could be seen from Fig. 6.11(a), exposure to the moisture leads to the formation of –OH 

group on catalyst surface which is supported by the appearance of a broad band at 3120 cm
-1 
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in FTIR spectrum. From XRD patterns of the catalyst exposed to moisture (Fig. 6.11(b)), 

peaks corresponding to the LiOH were observed, thus supporting the partial conversion of 

catalyst into LiOH. 
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Fig. 6.11. Comparison of (a) FT-IR and (b) XRD of (i) fresh catalyst and (ii) catalyst exposed 

to moisture. (• = monoclinic Li2ZrO3,  = tetragonal Li2ZrO3, = LiOH). 

 

In nonedible or waste oils, usually FFA contents are present in relatively higher concentration 

(4.6–18 wt% in present study). Conventionally transesterification of high FFA containing 

vegetable oils is performed in two step process involving acid-catalyzed pre esterification 

step in the presence of an acid catalyst followed by transesterification in presence of alkali 

catalyst (Yan et al., 2009). In this process acid neutralization and salt removal from the 

product required huge quantity of water and also generate a significant amount of industrial 

effluent. Therefore, developing a catalyst which can simultaneously esterify FFA and 

transesterify triglyceride into biodiesel is important from commercial as well as 

environmental point of view. In order to determine the maximum FFA tolerance of the 

prepared catalyst, transesterification reactions of CO, WO, JO and KO (having 1‒18 wt% 

FFA) were performed with methanol. As could be depicted from Fig. 6.12, Li/ZrO2 catalyst 

was able to complete the transesterification of oil having up to 18 wt% FFA but a decrease in 

catalyst TOF was observed with the increase in FFA contents in feedstock. This may be due 

to the strong interactions of Bronsted base sites with fatty acids to result the partial blocking 

of catalyst active sites (Kaur and Ali, 2014b). 

The 
1
H and 

13
C-NMR of FAAE prepared VOs is shown in Fig. A.18 and A.19 (Appendix A). 
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Fig. 6.12. Effect of FFA contents on the 20–Li/ZrO2–700 catalyzed transesterification 

(reaction time is the time required for the completion of the reaction). Reaction conditions: 

Methanol to oil molar ratio of 12:1 at 65 ºC reaction temperature in presence of 5 wt% 

(catalyst/oil) catalyst. 

 

It is vital to study the fate of FFA during the transesterification reaction as unreacted fatty 

acids would remain in biodiesel to increase the acid value of fuel beyond the acceptable limit. 

Lithium doping in zirconia leads to the formation of a single Li2ZrO3 phase having acidic 

(Li
+
) as well as basic sites (ZrO3

2-
). Thus it is not unusual for this catalyst to show 

simultaneous esterification as well as transesterification activity. In order to prove the 

esterification activity of the catalyst, in a separate reaction oleic acid was treated with 

methanol (1:12 molar ratio) in the presence of 20-Li/ZrO2-700 catalyst. As could be seen 

from Fig. 6.13, in 75 min of reaction duration 65.8% methyl oleate yield was obtained (Fig. 

A.20; Appendix A), to verify that catalyst was also effective for the esterification of fatty 

acids. Moreover, biodiesel prepared from high FFA containing oil was found to show 

significantly lesser acid value (0.3 mg KOH/g), to further support the esterification of fatty 

acids, present in triglyceride. 
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Fig. 6.13. Esterification of oleic acid. (Reaction conditions:- methanol to oleic acid molar 

ratio – 12:1 ; catalyst amount – 5 wt% with respect to oleic acid; reaction temperature – 65 

°C; reaction duration – 75 min).  

 

6.3.4. Recycling and homogeneous contribution of catalyst activity 

The ease of separation and recycling of the heterogeneous catalyst is an important benefit 

from economical as well as environmental point of view over its homogeneous counterpart. 

To test the reusability of 20–Li/ZrO2–700, transesterification of the WO was performed with 

methanol under optimized reaction conditions. Upon completion of reaction, Li/ZrO2 was 

recovered from the reaction mixture by filtration, washed with hexane and finally regenerated 

at 700 °C calcination temperature. The catalyst hence recovered and regenerated was 

employed for 10 successive catalytic cycles under the same experimental and regeneration 

methods. As shown in Fig. 6.14, no significant loss in catalyst activity was observed up to 

ninth run as  90 % FAME yield was maintained. However, on further reuse a significant 

drop in activity was observed as 80 % FAME yield was achieved during tenth run. An almost 

similar trend was observed even in case of catalyst efficiency (TOF) and a significant drop in 

TOF was observed after 8
th

 cycle.  
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Fig. 6.14. Reusability study of 20–Li/ZrO2–700. Reaction conditions:  methanol to oil molar 

ratio of 12:1 at 65 ºC reaction temperature in presence of 5 wt % catalyst. 

 

                  In order to evaluate reason behind the activity loss after nine cycles, the XRD 

patterns of fresh and reused Li/ZrO2 are compared in Fig. 6.15(a). In the XRD pattern of 

reused Li/ZrO2, few diffraction peaks (2θ = 20.21º, 21.20º and 60.92º) corresponding to 

Li2ZrO3 disappears and a new peak (2θ = 19.51º) due to tetragonal zirconia was observed. 

No significant difference in the crystallite size of fresh (25.2 nm) and used catalyst (27.6 nm), 

was observed.  
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Fig. 6.15. Comparison of (a) XRD and (b) FT-IR of fresh and used catalyst. ( = tetragonal 

zirconia • = monoclinic Li2ZrO3,  = tetragonal Li2ZrO3). 
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The deposition of the adsorbed organic species on catalyst support may also partially 

deactivate the catalyst due to the blockage of catalyst active sites. The FTIR spectrum (Fig. 

6.15(b)), of the regenerated catalyst did not show any band due to adsorbed organic 

molecules to indicate that FAME or glycerol have not been accumulated on the surface of the 

regenerated Li/ZrO2 catalyst.  

          The leaching of the active species is a major problem among the alkali doped 

heterogeneous catalysts (Song et al., 2011). The metal analysis supported the presence of 4.5 

ppm of Li and 3.4 ppm of Zr in FAME while a relatively higher concentration of these metal 

ions in glycerol as shown in Table 6.4. 

 

Table  6.4. Leaching of metal ions in biodiesel and glycerol. 
  

Metal 

Concentration of metal ion in biodiesel (ppm) Concentration of metal ion in glycerol (ppm) 

20-Li/ZrO2-700 20-Na/ZrO2-700 20-K/ZrO2-700 20-Li/ZrO2-700 20-Na/ZrO2-700 20-K/ZrO2-700 

    Lithium 4.5 - - 8.3 - - 

    Sodium - 6.2 - - 12.1 - 

   Potassium - - 8.3 - - 16.7 

  Zirconium 3.4 4.5 6.7 15.3 8.4 49.8 

 

 

In order to evaluate the relative leaching, transesterification reactions were also performed by 

Na/ZrO2 and K/ZrO2 catalysts. As shown in Table 6.5, relatively more metal contents were 

observed in FAME, prepared in presence of these two catalysts. Lesser metal leaching in case 

of Li/ZrO2 could be due to the formation of a single phase of lithium zirconate. 

           To investigate whether the leached metal ions from the catalyst have contributed in 

catalytic activity, hot filtration test was performed. The transesterification reaction was 

performed under optimized reaction conditions in presence of Li/ZrO2 and after 15 min the 

catalyst was removed by filtration. The reactants were again heated and further conversion 

was monitored for another 3 h. As could be seen from Fig. 6.16, no significant gain in FAME 

yield was obtained to rule out any considerable homogeneous contribution in catalytic 

activity. Thus reaction is mainly catalyzed by solid catalyst and the leached metal ions did not 

contribute to the transesterification activity.  
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Fig. 6.16. Hot filtration test for transesterification of WO with methanol over 20-Li/ZrO2-700 

catalyst. (Reaction conditions: Methanol:oil molar ratio = 12:1, catalyst amount = 5 wt% 

with respect to oil, and reaction temperature = 65°C). 

 

Hence, the gradual loss of the catalytic activity upon repeated use could be attributed to the 

change in catalyst structure and partial leaching of the metal ions on its repeated use. 

 

6.3.5. Kinetic study 

         To follow the kinetics, methanolysis as well as ethanolysis of WO were performed in 

presence 20–Li/ZrO2–700 catalyst at various reaction temperatures and corresponding graphs 

of – ln(1–X ) vs t are shown in Fig. 6.17(a) and 6.17(b). The linear nature of these plots 

supported that both reactions followed the (pseudo) first order rate law. The apparent first 

order rate constants form these plots were found to be 0.060 min
‒1

 at 65 ºC for the 

methanolysis and 0.016 min
‒1

 at 75 ºC for the ethanolysis reaction. 
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Fig. 6.17. Plots of –ln(1–X) vs time at different temperatures. Reaction conditions: (a) 

methanol to oil molar ratio of 12:1 (b) ethanol to oil molar oil ratio of 15:1 and 5 wt% of 20–

Li/ZrO2–700 with respect to oil in both the cases. 

 

        The Arrhenius model was employed to estimate the activation energy (Ea) and pre–

exponential factor (A) for both the reactions following the equation 2.5 (Chapter 2). A plot 

between lnk vs 1/T is shown in Fig. 6.18, and the values of Ea and A from the plot was found 

to be 40.8 kJ mol
–1

 and 8.1 × 10
4
 min

‒1
, respectively for methanolysis and 43.1 kJ mol

–1
 and 

2.7 × 10
4
 min

‒1
, respectively for ethanolysis. 
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Fig. 6.18. Arrhenius plot of lnk vs 1/T for the transesterification of WO with methanol () 

and ethanol () over 20–Li/ZrO2–700 catalyst.  

 

       The observed Ea values in present study for both the reactions were found within the 

range of values (26–84 kJ mol
–1

) reported for heterogeneous catalysts (Freedman et al., 

1984). The observed activation energy was found > 25 kJ mol
−1

,
 
thus supporting that 20-
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Li/ZrO2-700 catalyzed transesterification is chemically controlled and not by diffusion/mass 

transfer limitations (Patel and Brahmkhatri, 2013). 

 

6.3.6. Koros-Nowak Criterion 

In order to demonstrate that catalytic activity is independent from the diffusion limitations, 

the Koros-Nowak criterion was employed. According to the literature procedure (Song et al., 

2011), reactions were carried out in the presence of two catalysts, separately, having different 

active sites. Fractional exposures of active sites to the substrates in both the reactions were 

kept constant. In the present study, ethanolysis as well as methanolysis of WO were 

performed with 5 wt% 20-Li/ZrO2-700 and 5.5 wt% of 25-Li/ZrO2-700 and the reaction time 

to yield the similar conversion levels were recorded. The results exhibited in Fig. 6.19 

showed that at same conversion levels, the TOFs of two catalysts were found to be almost 

similar to indicate that the reaction has followed the Koros-Nowak criterion. Thus it is safe to 

assume that reaction rates under the mentioned experimental conditions are independent from 

the transport phenomenon. 
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Fig. 6.19. TOFs of 20-Li/ZrO2-700 and 25-Li/ZrO2-700 with different conversions. Reaction 

conditions: (a) methanol:oil molar ratio of 12:1 at 65 ºC reaction temperature, and (b) 

ethanol:oil molar ratio of 15:1 at 75 ºC reaction temperature with 5 wt% 20-Li/ZrO2-700 and 

5.5 wt% of 25-Li/ZrO2-700 of catalyst.  

 

The physicochemical properties of FAME and FAEE prepared from WO are illustrated in 

Table B.2 (Appendix B) and observed values were found within the limits of EN 14214 

specifications. 
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6.4. Conclusions 

In present work, 20–Li/ZrO2–700 has been prepared by wet chemical method and 

characterized by powder XRD, FT-IR, SEM-EDS and TEM techniques. Li/ZrO2 catalyst was 

found to be an effective catalyst for simultaneous esterification and transesterification of a 

variety of feedstock having up to 4 and 18 wt% of moisture and FFA contents, respectively. 

Under optimized reaction conditions (catalyst concentration 5 wt%, methanol to oil molar 

ratio of 12:1 at 65 °C, ethanol to oil molar ratio 15:1 at 75 °C) the transesterification of the 

waste cottonseed oil was found to followed (pseudo) first order rate law. The activation 

energy for the methanolysis and ethanolysis of waste cottonseed oil was found to be 40.8 and 

43.1 kJ mol
–1

, respectively. The catalyst has been recovered and recycled without any 

significant loss in activity (90 % FAME yield) during nine cycles. The leaching study 

supported the negligible homogeneous contribution in catalytic activity, and Koros-Nowak 

test demonstrated that the activity is free from mass transfer phenomenon.  
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Abstract: Mixed oxide of Sr and Zr has been prepared by co-precipitation method and 

examined as heterogeneous catalyst for one pot esterification and transesterification of waste 

cooking oil with ethanol for the production of fatty acid ethyl esters (FAEE). Mixed oxide of 

Sr:Zr with 2:1 atomic ratio and calcined at 650 ºC showed the optimum activity among the 

prepared catalysts. The catalyst possesses both acidic and basic sites, and hence was able to 

perform simultaneous esterification and transesterification of free fatty acid containing 

vegetable oils. The transesterification activity was found to be a function of basic sites of 

catalyst which in turn depends on calcination temperature and Sr:Zr atomic ratio. A pseudo 

first order kinetic equation was applied to evaluate the kinetics of the 2Sr:Zr-650 catalyzed 

ethanolysis of waste cottonseed oil and activation energy (Ea) for the reaction was observed 

as 48.17 kJ mol
-1

. Thermodynamic activation parameters of the reaction was evaluated from 

Eyring-Polanyi equation and the values of G
‡
, H

‡
 and S

‡
 were found to be 88.23 kJ mol

-

1
, 45.97 kJ mol

-1
 and -121.37 J mol

-1
K

-1
, respectively. These values suggest that 2Sr:Zr-650 

catalyzed reaction is endothermic, unspontaneous and following the associative kind of 

mechanism. The catalyst was moderately stable as no significant loss of metal component or 

catalyst activity was observed in four successive runs. 
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7.1. Introduction 

In previous chapter, Li/ZrO2 was able to catalyze simultaneous esterification and 

transesterification with methanol. As discussed earlier methanol is a highly toxic chemical 

and itself a refinery residue (Brunschwig et al., 2012). On the other hand, ethanol is nontoxic 

as well as renewable as it is mainly produced by the fermentation of biomass. However, due 

to low reactivity and difficulty in separation of FAEE from glycerol it could not be explored 

extensively for BD production in literature as well as at commercial level. To employ ethanol 

for biodiesel production, in present chapter, Sr:Zr catalyst is prepared via co-precipitation 

method and successfully employed for the ethanolysis of high free fatty acid containing 

vegetable oils. To the best of our knowledge, no report is available in literature where ethanol 

has been employed for the simultaneous esterification and transesterification of VOs in 

presence of heterogeneous catalyst.  

 

7.2. Experimental Section 

7.2.1. Catalyst preparation  

The mixed oxide of strontium and zirconium with an atomic ratio 0.3-3 (Sr/Zr) was prepared 

by co-precipitation method. In a typical preparation, 5 g of ZrOCl2.8H2O and appropriate 

amount of Sr(NO3)2 was mixed in 50 ml distilled water. To this 25 wt% ammonia solution 

was added until the pH of mixture reached ~ 10.  The resulted mixture was stirred for 4 h, 

and then filtered to obtain white precipitate which was washed with distilled water to make it 

pH neutral. The white solid, thus obtained, was dried at 120 °C for 24 h and finally calcined 

at 650 °C for 5 h. Mixed oxide of magnesium, calcium and barium with zirconium were also 

prepared following the same experimental procedure but using appropriate metal precursors 

in place of Sr(NO)3. Prepared catalysts were labelled as xM:Zr-T, where x, M and T 

represents the M/Zr atomic ratio, alkaline metal and calcination temperature (ºC), 

respectively.  

The transesterification reactions of WO were carried out by following the method given in 

Chapter 4 but using Sr:Zr catalyst. The FAEE composition as well as yield was determined 

by GC-MS technique.
 
Ethyl esters obtained upon ethanolysis of WO was also characterized 

by
 1

H and 
13

C-NMR techniques. 
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7.3. Results and Discussion 

7.3.1. Catalyst characterization 

7.3.1.1. X-ray diffraction  

The XRD patterns of Sr:Zr with varying atomic ratio (0.5-3) are shown in Fig. 7.1(a). At low 

Sr:Zr atomic ratio (0.3-1.0) the diffraction patterns supported the presence of three species 

viz., monoclinic zirconia (m-ZrO2; JCPDS 88-2390), cubic strontium oxide (c-SrO; JCPDS 

75-0263) and tetragonal strontium zirconate (t-SrZrO3; JCPDS 70-0694). A further increase 

in Sr concentration (Sr/Zr = 2) leads to the formation of t-SrZrO3 as major phase and a further 

increase in Sr/Zr atomic ratio was not found to initiate any new phase formation. Thus an 

atomic ratio of 2 (Sr/Zr) was considered as optimum ratio for the catalyst preparation. 

            Comparison of the XRD patterns of 2Sr:Zr at varying calcination temperature (350-

750 °C) is shown in Fig. 7.1(b). At lower calcination temperature (350-550 °C), strontium 

nitrate phase (Sr(NO3)2; JCPDS 87-0557) is the major phase along with m-ZrO2, t-SrZrO3 

and c-SrO as minor phases.  At 650 °C, due to the solid state reaction between Sr(NO3)2 and 

ZrO2, diffraction patterns supported the formation of t-SrZrO3 as major phase and a further 

increase in calcination temperature was not found to initiate any major structural changes in 

catalyst structure. Thus 650 °C was considered as optimum temperature for the catalyst 

preparation. 
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Fig. 7.1. XRD pattern of (a) varying Sr:Zr atomic ratio and (b) calcination temperature ( = t-

SrZrO3, = c-SrO, = m-ZrO2, = Sr(NO3)2). 
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As shown in Table 7.2, an increase in Sr/Zr ratio was also found to increase the crystallite 

size of the catalyst may be due to large ionic radii of Sr (1.27 Å) than Zr (0.76 Å). An 

increase in calcination temperature (350-650 °C) was found to increase the crystallite size 

due to the sintering of the catalyst particles at high calcination temperature.  

 

7.3.1.2. Thermogravimetric and Differential scanning calorimetry analysis  

TG and DSC curves of the uncalcined catalyst are illustrated in Fig. 7.2, which shows three 

endothermic weight loss regions existing in the temperature ranges of 25-200 °C, 200-350°C 

and 550–650 °C. The first weight loss of 7 wt% in 25-100 °C region may be ascribed to the 

loss of physically adsorbed water molecules over catalyst surface. The second weight loss of 

23 wt% in 200-350 °C region corresponds to the loss of water molecule due to the 

decomposition of hydroxides of Sr and Zr. In third step, at 550-650 °C (endothermic),  a 

weight loss of 21 wt% was observed due to the decomposition of Sr(NO3)2 into SrO and 

formation of SrZrO3 phase. No significant weight loss or phase change in 2Sr:Zr was 

observed beyond 650 °C and hence the catalyst was prepared at 650 °C calcination 

temperature.  
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Fig. 7.2. Thermogravimetric analysis of 2Sr:Zr precursor. 

 

 

7.3.1.3. Electron Microscopic studies  

The surface morphology and particle size of catalysts have been studied by SEM and TEM 

studies, respectively. As could be seen from SEM image (Fig. 7.3(a)), 2Sr:Zr-650 particles 
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are either cubic or irregular shaped geometry within the range of 2-3 µm. EDS analysis 

supported the Sr:Zr atomic ratio of 1.7:1 which is close to the theoretical value of 2:1. 

TEM picture (Fig. 7.3(b)) of these particles reveal these are the clusters of smaller particles  

of ~25-30 nm size with few large relatively large sized particles of ~130 nm. Thus a powder 

XRD as well as TEM study supports the formation of nano structures of 2Sr:Zr-650 particles.  

 

 

Fig. 7.3. (a) SEM and (b) TEM image of 2Sr:Zr-650  catalyst. 

        

7.3.1.4. BET Surface area and porosity measurements 

The surface properties of the catalysts at different calcination temperature were measured as 

shown in Table 7.1. The surface area and pore volume of the catalyst were observed higher at 

low calcination temperature, although no regular trend of surface properties with calcination 

temperature was obtained. The 2Sr:Zr-650 catalyst has low surface area and low pore 

volume, however, same catalyst was found to show the best activity among the prepared 

catalysts owing to highest basic strength (Table 7.2). Thus the activity of the catalyst was 

found to be a function of its basic strength rather than surface area. These results are in line 

with that of literature reports (Sankaranarayanan et al., 2012; Patil and Deng, 2009) as well as 

with our own work reported in chapter 4
 
where the activity of the catalysts towards 

transesterification reaction was found to be a function of basic strength rather than surface 

area. 

 

 

 

 

(a) (b)
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Table  7.1. Surface properties of the catalysts at different calcination temperature. 

Catalyst Surface area (m
2
/g) Pore diameter (nm) Pore volume (cm

3
/g) 

2Sr:Zr-350 15.10 9.02 0.0298 

2Sr:Zr-450 0.66 23.14 0.0049 

2Sr:Zr-550 0.87 24.74 0.0093 

2Sr:Zr-650 0.55 32.58 0.0043 

 

The nitrogen adsorption-desorption isotherms (Fig. 7.4(a)) indicate a type IV isotherm profile 

for 2Sr:Zr catalysts at different calcination temperature with hysteresis loop H3, at relative 

pressure of about 0.7-1.0; characteristic to mesoporous materials. The Non Localized Density 

Functional Theory (NLDFT) and Grand Canonical Monte Carlo (GCMC) method was used 

to calculate the pore size distribution. Despite the smaller surface area of the catalysts has a 

larger pore diameter in accordance with Table 7.1. The catalyst at low calcination 

temperature (350 °C) show narrow pore size distribution with ~ 9 nm pore diameter. On 

increasing the calcination temperature (450-550 °C), the pore diameter increases to ~ 24 nm 

(Fig. 7.4(b)) and at 650 °C it reached to the maximum value of ~32 nm. At low calcination 

temperature Zr(OH)4 might be occupying the pores of Sr(NO3)2/SrO to reduce the pore size 

of 2Sr:Zr. At high calcination temperature (650 °C) due to the solid state chemical reaction of 

ZrO2 with Sr(NO3)2/SrO, the pores might have been vacated to form the material of relatively 

large pore sizes. 
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Fig. 7.4. (a) N2 adsorption-desorption isotherms and (b) Pore size distribution curve for 

2Sr:Zr catalyst at different calcination temperature. 

 

7.3.2. Structure-activity relation of catalysts  

The activities of the various catalysts were compared on the basis of their total basic sites, 

and TOFs of WO ethanolysis. The catalyst prepared using Mg or Ba show very less activity 
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while the catalyst having Ca was found to be lesser active in comparison to the Sr/Zr catalyst. 

There could be two reasons behind the activity difference viz., (i) difference in catalyst basic 

strength and (ii) difference in catalyst structure. It is evident from Table 7.2, basic strength of 

2Sr:Zr-650 was found to be 22.7 mmol/g which is much higher in comparison to  the 

2Mg:Zr-650, 2Ca:Zr-650 and 2Ba:Zr-650  catalysts (9.7-17.8 mmol/g). 

To compare the catalyst structure, 2Mg:Zr-650, 2Ca:Zr-650, 2Ba:Zr-650 and 2Sr/Zr-650 

were prepared under the same experimental conditions and their powder XRD diffraction 

patterns were compared. As could be seen from Fig. 7.5, in case of Mg:Zr catalyst,  

diffraction patterns supported the formation of a single MgO phase, while in case of Ba:Zr, 

pure BaZrO3 phase formation was observed. On the other hand in case of Ca:Zr, and Sr:Zr 

catalysts, XRD diffraction patterns supported the formation of mixed phases of CaO/CaZrO3 

and SrO/SrZrO3, respectively. This structural disparity might also be responsible for the 

variation in catalytic activity of the material prepared with different alkaline earth metals. 

Nevertheless, Sr/Zr being highest in activity has been studied in detail in present manuscript.  
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Fig. 7.5. XRD pattern of varying metal to zirconia atomic ratio ( = SrZrO3, = SrO, = m-

ZrO2, o = CaZrO3, * = CaO,  = MgO,  = BaZrO3). 

                As shown in Table 7.2, the basic sites of the catalysts increases gradually on 

increasing the Sr/Zr ratio and calcination temperature. The optimum atomic ratio of 2 (Sr/Zr) 

and calcination temperature of 650 °C was able to yield the catalyst with maximum basic 

sites. The increase in basicity may be due to the presence of t-SrZrO3 as major phase at this 

ratio (Sr/Zr = 2) which is reported to be an active species for transesterification reaction 
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(Lima et al., 2012). A further increase in strontium to zirconium ratio (≥ 3) was not found to 

increase the activity of the catalyst to significant extent as the total basic site remains almost 

similar to the catalyst having Sr/Zr ratio of 2. 

         Similarly, on increasing the calcination temperature, the basic site as well as activity of 

the catalyst was found to increase and a maximum activity was observed at 650 °C.  At low 

calcination temperature (350-550 ºC), the lesser activity could be due to the presence of 

strontium nitrate which decomposed into SrO and reacted with ZrO2 at 650 ºC to form the 

SrZrO3. Since, 2Sr:Zr-650 catalyst was found to catalyze the reaction rate to the maximum 

extent, hence it was selected for optimizing the other reaction parameters for the 

transesterification reaction. 

 

Table 7.2. Comparison of basic strengths, basicity and TOFs for the 2M:Zr-T catalyzed 

transesterification. 

aTOF is calculated at 25% conversion level; NC = negligible conversion.  Reaction conditions = ethanol to oil molar ratio of 12:1 at 75 ºC 

reaction temperature, in presence of 5 wt% of catalyst with respect to oil with 400 rpm stirring speed. 

 

Usually catalysts with both acidic as well as basic sites were found to show simultaneous 

esterification and transesterification activity (Yan et al., 2009). The catalyst, 2Sr:Zr-650, was 

also found to have moderate acidic sites (3.9 mmol/g of catalyst; Acidic strength 

3.3<H_<4.8) which can catalyze the fatty acid esterification. In order to show the 

esterification activity of 2Sr:Zr-650 catalyst, esterification of oleic acid with ethanol (1:12 

molar ratio) was performed at 75 ºC. As could be seen from Fig. 7.6, in 3.5 h of reaction 

duration 70.6 % ethyl oleate yield was obtained, to prove the esterification activity of the 

catalyst. Moreover, biodiesel prepared from high FFA (up to 18 wt%) containing oil was 

found to show significantly lesser acid value (0.4 mg KOH/g) to further support the 

esterification of FFA present in triglyceride. To best of our knowledge this is the first report 

for the simultaneous esterification and transesterification of high FFA containing 

triglycerides with ethanol in presence of heterogeneous catalyst. 

 
Catalyst 

Crystallite 
size (nm) 

 
Basic strength 

Neutral 
red  

pKa = 6.8 

Bromothy
mol blue 

pKa = 7.2 

Phenolphth
-alein  

pKa = 9.3 

Nile blue   
pKa = 10.1 

Trapeolin 
pKa = 11.1 

Total basicity 
(mmol/g of 

catalyst) 

TOFa 
(h-1) 

0.3Sr:Zr-650 8.74 9.3<pKa<10.1 2.0 2.6 3.8 4.0 2.4 14.8 0.30 
0.5Sr:Zr-650 9.88   9.3< pKa <10.1 2.2 2.9 4.1 4.3 3.2 16.7 0.35 

1Sr:Zr-650 24.8 10.1< pKa <11.1 2.5 3.3 4.3 4.7 3.8 18.9 0.48 

2Sr:Zr-650 27.1    11.1< pKa <15.0 3.6 4.3 5.0 5.5 4.3 22.7 0.71 
3Sr:Zr-650 26.1   11.1< pKa <15.0 3.4 4.3 4.9 5.4 4.1 22.1 0.68 

2Sr:Zr-350 22.8  7.2< pKa <9.3 1.2 1.5 2.3 2.8 1.8 9.60 0.28 

2Sr:Zr-450 24.9     9.3< pKa <10.1 1.9 2.0 2.8 3.4 2.2 12.3 0.35 
2Sr:Zr-550 26.8   10.1< pKa <11.1 2.4 2.7 3.2 3.7 3.0 15.0 0.47 

2Sr:Zr-750 24.7   11.1< pKa <15.0 3.3 3.8 4.7 5.2 4.1 21.1 0.65 

2Mg:Zr-650 21.8    9.3< pKa <10.1 2.2 3.0 3.6 2.5 1.8 13.1 NC 
2Ca:Zr-650 22.4  10.1< pKa <11.1 2.7 3.6 3.9 4.2 3.4 17.8 0.24 

2Ba:Zr-650 32.3  7.2< pKa <9.3 1.4 1.6 2.4 2.7 1.6 9.70 NC 
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Fig. 7.6. Esterification of oleic acid with ethanol (Reaction conditions:- Ethanol to oleic acid 

ratio 12:1 in presence of 75 °C reaction temperature in presence of 5 wt% of catalyst with 

respect to oleic acid). 

 

7.3.3. Optimization of the reaction parameters 

In order to optimize the reaction parameters to achieve better catalytic performance following 

reaction parameters have been studied: (i) stirring speed (100-700 rpm), (ii) catalyst 

concentration (1-6 wt%), (iii) ethanol/oil molar ratio (3-15), and (iv) reaction temperature 

(35-85 
ο
C). The effect of individual parameter on the FAEE yield is shown in Fig. 7.7. On the 

basis of study, a 12:1 ethanol to oil molar ratio at 75 ºC in presence of 5 wt% catalyst (with 

respect to oil) at stirring speed of 400 rpm were found to be optimum conditions for the 

2Sr:Zr-650 catalyzed transesterification of WO.   
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Fig. 7.7. Effect of reaction conditions on 2Sr:Zr-650 catalyzed transesterification of WO. 

Reaction conditions:- (a) ethanol to oil molar ratio of 12:1 at 75 ºC reaction temperature in 

presence of 5 wt% of catalyst with respect to oil. (b) ethanol to oil molar ratio of 12:1 at 75 

ºC reaction temperature (c) Reaction temperature at 75 ºC, in presence of  5 wt% of catalyst 

with respect to oil (d) ethanol to oil molar ratio of 12:1 in presence of 5 wt% of catalyst with 

respect to oil.  

 

7.3.4. Effect of moisture and FFA 

Homogeneous catalyst required costlier refined feedstock for the transesterification reactions 

as presence of > 0.3 wt% moisture and/or > 0.5 wt% FFA contents in feedstock leads to the 

formation of soap instead of biodiesel (Yan et al., 2008). In present study WO employed as 

feedstock was found to have 4.7 and 0.27 wt% FFA and moisture contents, respectively. 

When transesterification of the same oil in presence of homogeneous base catalyst (NaOH) 

was performed, catalyst deactivation occurred due to the soap formation. However, > 99 % 

FAEE yield was obtained in 2Sr:Zr-650 catalyzed transesterification of WO. In order to 

determine the maximum moisture resistance of the catalyst, the transesterification reactions 

of WO were performed by adding up to 4.5 wt% (water/oil) of water in reaction mixture. The 

2Sr:Zr-650 was found to be effective for the transesterification of WO having up to 2.0 wt% 

of moisture contents as shown in Fig. 7.8(a). However, a further increase in water 

concentration (2.0-4.5 wt%) was found to decrease the catalyst efficiency. This could be 

attributed to the change of Lewis basic sites (–O–) into Bronsted basic sites (–OH) due to the 

reaction of water with catalyst. The Bronsted basic sites were found to be less active towards 

the transesterification than corresponding Lewis basic sites (Kaur and Ali, 2014). The 

conversion of oxides into respective hydroxides is also evident from the comparison of XRD 

of neat and moisture exposed catalyst as shown in Fig. 7.8(b).    
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Fig. 7.8. (a) Effect of moisture content on the 2Sr:Zr-650 catalyzed transesterification of WO 

(reaction time is the time required to achieve > 99% FAEE yield) (b) Comparison of XRD 

spectra of fresh catalyst and catalyst exposed to water ( = SrZrO3, o = Sr(OH)2). 

         

Non-edible or waste cooking oils, usually found to have FFA contents in relatively higher 

amount (4.6–18.1 wt% in present study). Conventionally transesterification of high FFA 

containing vegetable oils is performed in two step process involving acid-catalyzed pre 

esterification step in the presence of an acid catalyst followed by transesterification in 

presence of alkali catalyst.
 
The 2Sr:Zr-650 catalyst was found to show the esterification as 

well as transesterification activity as discussed in previous section. In order to demonstrate 

the simultaneous esterification as well as transesterification activity of the catalyst in one pot, 

transesterification reactions of CO, WO, JO and KO (having 1‒18.1 wt% FFA) were 

performed with ethanol as shown in Fig. 7.9. Although catalyst was found to be effective for 

the transesterification of high FFA containing VOs, however, a decrease in TOF was 

observed with the increase in FFA contents. This may be due to the strong interactions of 

highly polar acetate (-COO
-
) functional group with catalyst (Sr

2+
/Zr

4+
) to result in the partial 

blocking of the active sites. 
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Fig. 7.9. Effect of FFA contents on the 2Sr:Zr-650 catalyzed transesterification of different 

feed stocks (reaction time is the time required to achieve > 99% FAEE yield). Reaction 

conditions:-Ethanol to oil molar ratio of 12:1 at 75 ºC reaction temperature in presence of 5 

wt% (catalyst/oil) catalyst. 

 

7.3.5. Reusability  

Commercial success of BD production technologies depends on its production cost. Catalyst 

reusability could reduce the BD production cost to significant extent. In order to study the 

stability and reusability of catalyst, it was separated from the reaction mixture by 

centrifugation, washed with hexane and finally regenerated at 650 °C calcination 

temperature. The regenerated catalyst was employed in 5 successive catalytic cycles under 

the same experimental and regeneration methods. As could be seen from Fig. 7.10, no 

significant loss in catalytic activity was observed during first four runs, however, a partial 

decrease in activity was observed in fifth cycle.  
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Fig. 7.10. Reusability study of catalyst. 
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The structural changes and/or leaching of the active catalysts ingredient or 

blockage/poisoning of active sites could be the reasons behind the activity loss of 

heterogeneous catalysts (Singh et al., 2014). To identify the structural changes, XRD patterns 

of fresh and regenerated 2Sr:Zr-650 catalysts are compared in Fig. 7.11(a). In the XRD pattern 

of regenerated 2Sr:Zr-650 catalyst, diffraction peaks due to SrO were no longer found. The 

crystallite size of regenerated catalyst was found to be bigger (30.2 nm) than fresh catalyst 

(27.1 nm) to support partial agglomeration of catalyst during re-calcination process. 

As shown from Fig. 7.11(b), in FTIR spectrum of fresh catalyst the stretching vibrations 

associated with Sr—O and Zr—O bonds appear at 550 and 648 cm
-1

, respectively (Lima et 

al., 2012).
 
The bands appeared at 1453 and 1638 cm

-1 
supported the presence of hydroxide 

and water molecule due to catalyst surface hydration. In regenerated catalyst new bands 

appeared at 909 and 974 cm
-1 

, in addition to the original bands, to support the changes in 

catalyst structure which is also consistent with the XRD analysis of the reused catalyst. The 

spectrum of the regenerated catalyst didn’t show vibrations corresponding to any adsorbed 

organic molecules to indicate that FAEE or glycerol have not been accumulated on the 

surface of regenerated catalyst. 
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Fig. 7.11. Comparison of (a) XRD and (b) FT-IR of fresh and used catalyst. ( = SrO;  = 

SrZrO3). 

 

The metal analysis supported the presence of metal in FAEE (Sr =1.6 ppm and Zr = 0.8 ppm) 

as well as in glycerol (Sr = 4.6 ppm and Zr = 3.9 ppm). Thus metal is gradually lost during 

the catalytic run and could be another reason for the loss of activity. To ensure the 
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heterogeneous nature of the catalyst, and to prove that leached metal ion has not acted like a 

homogeneous catalyst, a hot filtration test was performed under optimized reaction 

conditions. After 1.5 h of reaction duration the catalyst was removed by filtration and 

reactants were heated again for additional 3.5 h. As could be seen from Fig. 7.12, no 

significant gain in FAEE yield was obtained after the catalyst removal to prove (i) a truly 

heterogeneous mode of action of Sr:Zr catalyst and (ii) that leached metal has no contribution 

in catalytic activity.  
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Fig. 7.12. Hot filtration test for 2Sr:Zr-650 catalyzed transesterification. 

 

Therefore, the gradual loss of the catalytic activity could be attributed to the (i) structural 

changes occurred in catalyst structure and (ii) partial loss of the Sr and Zr from 2Sr:Zr-650 

upon repeated use. 

 

7.3.6. Koros‒Nowak Criterion test 

The absence of internal transfer limitations was demonstrated with the Koros–Nowak 

criterion test (Song et al., 2011; Madon and Boudart, 1902). In present study the reactions 

were carried out in presence of two catalysts viz., 5 wt% of 2Sr:Zr-650 or 6 wt% of 1Sr:Zr-

650 catalyst dosages to maintain same fractional exposures of active (basic) sites. At similar 

conversion levels the TOF of both the catalysts were found to be almost similar as shown in 

Fig. 7.13. Thus Sr:Zr catalyzed reaction is free from mass diffusion limitations and is a 

chemically controlled reaction. 
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Fig. 7.13. A plot of TOF vs % conversion for the 1Sr:Zr-650 and 2Sr:Zr-650 catalyzed 

ethanolysis of WO. Reaction conditions: ethanol to oil molar ratio; 12:1 at 75 °C and 

catalyst concentration; either 5 wt% of 2Sr:Zr-650 or 6 wt% of 1Sr:Zr-650. 

 

7.3.7. Kinetics and thermodynamic study 

Transesterification is generally assumed to follow pseudo-first-order kinetics as alcohol in 

such reactions are employed in excess to the required stoichiometric amount of 3:1 alcohol to 

oil molar ratio. In present work also optimized alcohol to VO molar ratio was 12:1 and hence, 

the kinetics of 2Sr:Zr-650 catalyzed ethanolysis has been studied by following (pseudo) first 

order equation 2.3 (Chapter 2).  

The linear nature of the plot between ‒ ln(1‒X) vs t plot supported that the reaction has 

followed the (pseudo) first order rate law (Fig. 7.14(a)). The apparent first order rate constant 

from the plot was found to be 0.648 h
‒1

 at 75 ºC. 

To calculate the activation energy, reactions were carried out in temperatures range of 35-75 

ºC. The Arrhenius equation was employed to estimate the activation energy (Ea) and pre–

exponential factor (A) following the equation 2.4 (Chapter 2).  

A plot between ln k vs 1/T is shown in Fig. 7.14(b), and the values of Ea and A from the plot 

was found to be 48.17 kJ mol
–1

 and 6.83 × 10
6
 h

‒1
. The observed Ea value in present study 

(48.17 kJ mol
-1

) was found within the range of the reported values (26-82 kJ mol
–1

) for 

transesterification reaction catalyzed by heterogeneous catalysts (Kaur and Ali, 2014). 

A value of Ea > 25 kJ mol
−1 

also supported that 2Sr:Zr-650 catalyzed transesterification is a 

chemically controlled reaction and not controlled by mass transfer limitations (Patel and 

Brahmkhatri, 2013).    
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Fig. 7.14. Kinetic study of transesterification of WO with ethanol over 2Sr:Zr-650 catalyst. 

(a) Plots of –ln(1–X) vs time at different temperatures (b) Arrhenius plot of ln k vs 1/T. 

Reaction conditions: ethanol to oil molar ratio of 12:1 and 5 wt% of 2Sr:Zr-650 with respect 

to oil. 

 

           Thermodynamic analysis was addressed for evaluating the enthalpy (H
‡
), entropy 

(S
‡
), and the Gibb’s free energy of activation (G

‡
), which are the important features for 

interpreting the behaviour of transesterification reactions. In this regard activation complex 

theory, developed by Eyring, was applied to evaluate thermodynamic parameters from 

temperature-dependent rate constants. These parameters are calculated from Eyring-Polanyi 

equation 2.6 (Chapter 2).  

Fig. 7.15 depicts the Eyring plot of transesterification and the value of H
‡
 was found to be  

45.97 kJ mol
-1

 indicating that energy input (heat) from external source is required to raise the 

energy level and transform the reactants to transition state. The value of S
‡
 was found to be 

-121.37 J mol
-1

K
-1

 and a negative value suggests associative mechanism in which reactant 

species have joined together to form a more ordered transition state. The G
‡ 

value was 

found to be 88.23 kJ mol
-1

, to indicate unspontaneous nature of the reaction having higher 

energy level of transition state than reactant species. 
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Fig. 7.15. The Eyring plot of 2Sr:Zr-650 catalyzed transesterification of WO. 

 

 

7.3.8. GC/MS analysis of FAEE 

Physicochemical properties such as viscosity, freezing point, cold flow properties of BD 

depends upon its chemical composition. GC/MS analysis was performed to quantify the 

FAEE yield as well as FAEE chemical composition. Seven peaks were observed in GC 

chromatogram (Fig. 7.16) of FAEE prepared from WO.  
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Fig. 7.16. Gas chromatogram of FAEE. 

 

Each peak corresponds to a fatty acid ethyl ester which was identified on the basis of MS 

pattern from the library match software (NIST) and the component corresponding to 

individual peak is listed in Table 7.3. The total FAEE contents obtained through area 

normalization method was found 99.61 wt%. Out of which total saturated and unsaturated 
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fatty acid alkyl ester content was found to be 31.32 and 68.29 wt%, respectively. A higher 

unsaturated fatty acid alkyl ester contents reflects the better cold flow properties of BD even 

at low temperature (Lotero et al., 2005).
 

 

Table 7.3. Analysis of compositions of FAEE. 

S.No. Retention 

time (min) 

Composition; Molecular formula Corresponding acid 

(Cx:y) 

Wt % 

1 7.66 Myristic acid ethyl ester; C16H32O2 Myristic acid (C14:0)  0.86 

2 8.57 Palmitoleic acid ethyl  ester; C18H34O2 Palmitoleic acid (C16:1) 0.62 

3 8.68 Palmitic acid ethyl ester; C18H36O2 Palmitic acid (C16:0) 26.64 

4 9.46 Linoleic acid ethyl ester; C20H36O2 Linoleic acid (C18:2) 37.77 

5 9.49 Oleic acid ethyl ester; C20H38O2 Oleic acid (C18:1) 29.90 

6 9.61 Stearic acid ethyl ester; C20H40O2 Stearic acid (C18:0) 3.44 

7 9.90 Eicosanoic acid ethyl ester;C22H44O2 Eicosanoic acid (C20:0) 0.38 

Cx:y = x is number of carbon atom, y is number of double bonds. 

 

7.4. Conclusions 

In present work, 2Sr:Zr-650 catalyst has been prepared as ~ 25-30 nm sized particles as 

revealed by powder XRD and TEM techniques. The catalyst was found to be effective for the 

one pot esterification and transesterification of a variety of feedstock having up to 2.0 and 18 

wt% of moisture and FFA contents, respectively. Under optimized reaction conditions 

(catalyst concentration 5 wt%, ethanol to oil molar ratio of 12:1 at 75 °C and 400 rpm) the 

transesterification of the waste cottonseed oil was found to follow (pseudo) first order rate 

law. Activation and Gibbs free energy for the ethanolysis of waste cottonseed oil was found 

to be 48.17 and 88.23 kJ mol
–1

, respectively. The catalyst has been recovered and recycled 

without any significant loss in activity during first four catalytic cycles. The leaching test 

supports the negligible homogeneous contribution in catalytic activity, and Koros-Nowak test 

demonstrated that the activity is free from transport phenomenon.  
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Abstract: The results given in chapter 3-7 have been concluded, compared and correlated in 

this chapter. A future scope of work with the prepared catalysts is also discussed. 
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8.1. Introduction 

In the present thesis, work was carried out for the preparation and characterization of calcium 

and zirconium oxide based catalysts and their application as solid catalysts for the 

transesterification of a variety of feed stocks. Few catalysts are able to catalyze simultaneous 

esterification and transesterification of vegetable oils containing high FFA content. Efficacy 

of the prepared catalysts was also tested towards ethanolysis of VOs to utilize ethanol, non-

toxic and green chemical, for biodiesel production. 

 

8.2. Conclusions from present thesis 

In Chapter 3, Cerium and sulphate impregnated ZrO2-TiO2 catalyst was prepared and found 

to catalyzed esterification of various carboxylic acids using different alcohols. The catalyst 

with higher number of Bronsted acid sites shows better activity and excellent stability as 

negligible sulfate leaching was observed and recovered catalyst was reused in five successive 

runs without significant loss in activity. The catalyst was able to catalyze the esterification 

even in presence of up to 12 wt% moisture (with respect to fatty acids), however, a decrease 

in turn over frequency (TOF) was observed.  The catalytic activity was not found to be 

effected by the presence of triglycerides and hence it was successfully employed for the 

reduction of FFA present in vegetable oils (Scheme 8.1). 

 

Scheme 8.1. Comparison of the reaction schemes for the production of biodiesel from high 

FFA containing vegetable oil. Esterification is catalyzed by (a) homogeneous acid (H2SO4), 

and (b) 2-Ce/ZrO2–TiO2/SO4
2-

-600, followed by the transesterification. 

 

In Chapter 4, Zr/CaO was prepared via wet impregnation method and found to be active for 

the methanolysis and ethanolysis of jatropha oil (Scheme 8.2). The catalyst has shown high 

moisture and FFA tolerance and found to be effective for the transesterification of feedstocks 

having up to 6 and 15 wt% moisture and FFA contents, respectively. The optimum values of 
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the parameters, to achieve > 99 % fatty acid alkyl ester yield, were: catalyst concentration of 

5 wt%, methanol/oil molar ratio of 15:1 at 65 °C or ethanol/oil molar ratio of 21:1 at 75 °C. 

Following the pseudo first order kinetic equation, activation energy for the methanolysis and 

ethanolysis of jatropha oil was found to be 29.8 and 42.5 kJ mol
–1

, respectively. The catalyst 

was reusable and its catalyst activity was persistent for two catalytic runs. 

 

 

Scheme 8.2. Transesterification of vegetable oil with methanol or ethanol using Zr/CaO 

catalyst. 

 

In Chapter 5, Mo impregnated CaO was synthesized and found effective for the 

transesterification of non edible oils having FFA contents as high as 18.1 wt%. The catalyst 

was found to be reusable for five runs without significant leaching of metal ions. The Koros-

Nowak test and mass transfer limitation study demonstrate that catalytic activity was 

independent from the diffusion limitations. The values of thermodynamic activation 

parameters G
‡
, H

‡ 
and S

‡
 were found out to be 43.62 kJ mol

–1
, 64.10 kJ mol

–1
 and -60.58 

J mol
-1

K
-1

, respectively, which show that reaction was unspontaneous, endothermic and 

endergonic in nature. 

In Chapter 6, Li/ZrO2 has been prepared by wet chemical method and characterized by 

powder XRD, FT-IR, SEM-EDS and TEM techniques. Li/ZrO2 catalyst was found to be an 

effective catalyst for the simultaneous esterification and transesterification of a variety of 

feedstock having up to 4 and 18 wt% of moisture and FFA contents, respectively (Scheme 

8.3). The activation energy for the methanolysis and ethanolysis of waste cottonseed oil was 

found to be 40.8 and 43.1 kJ mol
–1

, respectively. The catalyst has been recovered and 

recycled without any significant loss in activity (90 % FAME yield) during nine cycles. The 

leaching study supported the negligible homogeneous contribution in catalytic activity. 
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Scheme 8.3. Li/ZrO2 catalyst showing simultaneous esterification and transesterification of 

high free fatty acid containing vegetable oils. 

 

In Chapter 7, Sr and Zr based mixed oxide catalyst was prepared by co-precipitation method 

and found to be effective for the one pot esterification and transesterification of a variety of 

feedstock having up to 2.0 and 18 wt% of moisture and FFA contents, respectively. 

Activation and Gibbs free energy for the ethanolysis of waste cottonseed oil was found to be 

48.17 and 88.23 kJ mol
–1

, respectively. The catalyst has been recovered and recycled without 

any significant loss in activity during first four catalytic cycles. The leaching test supports the 

negligible homogeneous contribution in catalytic activity, and Koros-Nowak test 

demonstrated that the activity is free from transport phenomenon. 

The activity of the prepared catalysts, reported in present thesis is compared in Table 8.1. 

 

Table 8.1. Comparison of reaction conditions of prepared catalysts used for the 

transesterification of vegetable oils. 

*All the reactions were performed in presence of 5 wt% catalyst (with respect to oil); ND – Not determined 

 

Thus, all prepared catalysts have shown excellent activity and have the potential to use non 

edible oils or waste cooking oils having high FFA and moisture content, as feedstock for 

biodiesel preparation. 
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8.3. Futuristic aspects 

Few futuristic suggestions related with the present work are listed below: 

1. In future, other transition metals such as tungsten, nickel and iron based mixed oxide 

will be prepared and used as catalyst for simultaneous esterification and 

transesterification to produce biodiesel. 

2. In present work mainly wet chemical route and co-precipitation method has been 

employed for the catalyst preparation. To further improve the stability of the catalyst 

other preparation methods such as sol-gel, template assisted, solvothermal, and 

hydrothermal, could also be explored. 

3. To solve the problem of glycerol management, interesterification of triglycerides with 

methyl acetate (Scheme 8.4) via Saka-Isayama process (Saka and Isayama, 2009) in 

presence of prepared catalysts could also be explored. In this process glycerol is not 

produced and mixture of FAME and triacetin can be used directly as biodiesel. 

 

3CH3COOCH3

R'COOCH
3

Catalyst

Triglyceride Methyl acetate Fatty acid methyl esters Triacetin

H2C OCOR'

HC OCOR''

H2C OCOR'''

H2C OCOCH3

HC OCOCH3

H2C

R''COOCH3

R'''COOCH3
OCOCH

3

Scheme 8.4. Interesterification reaction between triglycerides and methyl acetate to 

produce fatty acid methyl esters (FAME) and triacetin. 

 

4. Shape selective magnetic catalysts will be prepared for biodiesel production to 

simplify the separation process. 

5. Non-conventional heating methods, such as microwave, will be used for the catalyst 

preparation as well as to biodiesel production to reduce the reaction time and 

production cost.  

 

 

Reference  

Saka, S.; Isayama, Y.; A new process for catalyst-free production of biodiesel using 

supercritical methyl acetate. Fuel, 2009, 88, 1307-1313. 
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Fig.A.1. FT-IR of (a) methyl propanoate, (b) methyl butyrate, (c) methyl caproate, (d) methyl 

caprylate, (e) methyl laurate, (f) methyl palmitate and (g) methyl stearate. 
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Fig.A.2. 
1
H-NMR of (a) propanoic acid, (b) methyl propanoate, (c) butyric acid, (d) methyl 

butyrate, (e) caproic acid, (f) methyl caproate, (g) caprylic acid, (h) methyl caprylate, (i) 

lauric acid, (j) methyl laurate, (k) palmitic acid, (l) methyl palmitate, (m) stearic acid and (n) 

methyl stearate. 
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Fig.A.3. 
13

C-NMR of (a) propanoic acid, (b) methyl propanoate, (c) butyric acid, (d) methyl 

butyrate, (e) caproic acid, (f) methyl caproate, (g) caprylic acid, (h) methyl caprylate, (i) 

lauric acid, (j) methyl laurate, (k) palmitic acid, (l) methyl palmitate, (m) stearic acid and (n) 

methyl stearate. 
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Fig.A.4. GC chromatogram of (a) methyl propanoate and (b) methyl butyrate. 
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Fig.A.5. Mass spectra of (a) methyl propanoate and (b) methyl butyrate. 
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Fig.A.6. GC chromatogram (a) methyl palmitate and (b) methyl stearate. 

50 100 150 200 250 300

  

m/z

(a)

270.4227

143

87

74

55

(b)

 

 

A
b

u
n

d
a

n
c

e
 (

%
)

298.5

143

55

74

87

 

Fig.A.7. Mass spectra of (a) methyl palmitate and (b) methyl stearate. 
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Fig.A.8. FT-IR of  (a) propyl oleate, (b) butyl oleate, (c) pentyl oleate, (d) hexyl oleate, (e) 

heptyl oleate, (f) octyl oleate, (g) nonyl oleate and (h) decyl oleate. 
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Fig.A.9. 
1
H-NMR of (a) propyl oleate, (b) butyl oleate, (c) pentyl oleate, (d) hexyl oleate, (e) 

heptyl oleate, (f) octyl oleate, (g) nonyl oleate and (h) decyl oleate. 
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Fig.A.10. 
13

C-NMR of (a) propyl oleate, (b) butyl oleate, (c) pentyl oleate, (d) hexyl oleate, 

(e) heptyl oleate, (f) octyl oleate, (g) nonyl oleate and (h) decyl oleate. 
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Fig.A.11. GC chromatogram of (a) propyl oleate, (b) butyl oleate, (c) pentyl oleate, (d) hexyl 

oleate, (e) heptyl oleate, (f) octyl oleate, (g) nonyl oleate and (h) decyl oleate. 
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Fig.A.12. Mass spectra of (a) propyl oleate, (b) butyl oleate, (c) pentyl oleate, (d) hexyl 

oleate, (e) heptyl oleate, (f) octyl oleate, (g) nonyl oleate and (h) decyl oleate. 
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Propyl oleate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1743 (C=O), 1457 (O–CH3),
 

1170-1210  (C–O)
 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (t, –

OCH2–), 2.18 (–CH=CH–CH2), 2.3 (m, –CH2–CO–), 1.29 (m, –(CH2)n– , 0.88 (m, –CH2–

CH3), 0.90 (–O(CH2)2CH3–), 1.73 (–OCH2CH2–), 1.64 (‒CO‒CH2CH2–);
 13

C–NMR 

(CDCl3, δ ppm): 174.09 (–CO–CH2–), 130.6 (–CH=CH–), 66.2 (–OCH2–), 33.9 (–CO–CH2–

), 31.9 (ω3 –CH2–), 22.7 (ω2 –CH2–, H2C–CH=CH–CH2), 29.9 (H2C–CH2CH=CHCH2–

CH2),  29.7-31.8 (–CH2–), 25.0 (–CO–CH2–CH2–), 22.70 (ω2 –CH2–), 14.16 (ω1 –CH3), 

10.3 (–O(CH2)2CH3–), 21.9 ( –OCH2CH2CH3); GC-MS:  Rt: 12.89 min; positive ion m/z: 

324.51[M]
+
, 264[M-59]

+
( loss of  propyloxy ion + H

+
), 55 (loss of C4H7

+
), 69 (loss of C5H9

+
) 

83 (loss of C6H11
+
), 97 ((loss of C7H13

+
), 111(loss of C8H15

+
). 

Butyl oleate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1743 (C=O), 1457 (O–CH3),
 

1170-1210  (C–O)
 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (t, –

OCH2–), 2.18 (–CH=CH–CH2), 2.3 (m, –CH2–CO–), 1.29 (m, –(CH2)n–, 0.88 (m, –CH2–

CH3, –O(CH2)2CH3–), 1.64 (‒CO‒CH2CH2–, –OCH2CH2–);
 13

C–NMR (CDCl3, δ ppm): 

174.09 (–CO–CH2–), 130.6 (–CH=CH–), 64.9 (–OCH2–), 33.9 (–CO–CH2–), 31.9 (ω3 –

CH2–), 22.7 (ω2 –CH2–), 27.7 (H2C–CH=CH–CH2), 29.9 (H2C–CH2CH=CHCH2–CH2),  

29.0-29.7 (–CH2–), 25.0 (–CO–CH2–CH2–),14.16 (ω1 –CH3), 18.9 (–O(CH2)2CH2–), 13.8 ( –

O(CH2)3–CH3); GC-MS:  Rt: 13.70 min; positive ion m/z: 338[M]
+
, 264 [M-74]

+
 (loss of 

butoxy ion + H
+
), 55 (loss of C4H7

+
), 69 (loss of C5H9

+
) 83 (loss of C6H11

+
), 97 ((loss of 

C7H13
+
), 111(loss of C8H15

+
). 

Pentyl oleate: : FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1743 (C=O), 1457 (O–CH3),
 

1170-1210  (C–O)
 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (t, –

OCH2–), 2.18 (–CH=CH–CH2), 2.3 (m, –CH2–CO–), 1.25-1.31 (m, –(CH2)n–, 0.88 (m, –

CH2–CH3, –O(CH2)2CH3–), 1.64 (‒CO‒CH2CH2–, –OCH2CH2–);
 13

C–NMR (CDCl3, δ 

ppm): 174.09 (–CO–CH2–), 130.6 (–CH=CH–), 64.9 (–OCH2–), 33.9 (–CO–CH2–), 31.9 (ω3 

–CH2–), 22.7 (ω2 –CH2–), 27.7 (H2C–CH=CH–CH2), 29.9 (H2C–CH2CH=CHCH2–CH2),  

29.0-29.7 (–CH2–), 25.0 (–CO–CH2–CH2–),14.16 (ω1 –CH3, –O(CH2)4–CH3), 22.4 ( –

O(CH2)3CH2–), 28.0 (–O(CH2)2–CH2–), 28.6 (–OCH2CH2–); GC-MS: Rt: 14.48 min; 

positive ion m/z: 352[M]
+
, 264 [M-88]

+
 (loss of pentoxy ion + H

+
), 55 (loss of C4H7

+
), 69 

(loss of C5H9
+
) 83 (loss of C6H11

+
), 97 ((loss of C7H13

+
), 111(loss of C8H15

+
). 

Hexyl oleate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1743 (C=O), 1457 (O–CH3),
 

1170-1210  (C–O)
 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (t, –

OCH2–), 2.18 (–CH=CH–CH2), 2.3 (m, –CH2–CO–), 1.29 (m, –(CH2)n–, 0.88 (m, –CH2–
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CH3, –O(CH2)2CH3–), 1.64 (‒CO‒CH2CH2–, –OCH2CH2–);
 13

C–NMR (CDCl3, δ ppm): 

174.09 (–CO–CH2–), 130.6 (–CH=CH–), 64.9 (–OCH2–), 33.9 (–CO–CH2–), 31.9 (ω3 –

CH2–), 22.7(ω2 –CH2–, –O(CH2)4CH2–), 27.7 (H2C–CH=CH–CH2), 29.9 (H2C–

CH2CH=CHCH2–CH2),  29.0-29.7 (–CH2–), 25.0 (–CO–CH2–CH2–), 14.16 (ω1 –CH3,–

O(CH2)5CH3), 31.5 (–O(CH2)3CH2–), 25.5 (–O(CH2)2CH2–), 28.9 (–OCH2CH2–); GC-MS: 

Rt: 15.25 min; positive ion m/z: (+):366.31[M]
+
, 264 [M-102]

+
 (loss of hexoxy ion + H

+
)55 

(loss of C4H7
+
), 69 (loss of C5H9

+
) 83 (loss of C6H11

+
), 97 ((loss of C7H13

+
), 111(loss of 

C8H15
+
) 

  Heptyl oleate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1743 (C=O), 1457 (O–CH3),
 

1170-1210  (C–O)
 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (t, –

OCH2–), 2.18 (–CH=CH–CH2), 2.3 (m, –CH2–CO–), 1.29 (m, –(CH2)n–, 0.88 (m, –CH2–

CH3, –O(CH2)2CH3–), 1.64 (‒CO‒CH2CH2–, –OCH2CH2–);
 13

C–NMR (CDCl3, δ ppm): 

174.09 (–CO–CH2–), 130.6 (–CH=CH–), 64.9 (–OCH2–), 33.9 (–CO–CH2–), 31.9 (ω3 –

CH2–, –O(CH2)4CH2–), 22.7 (ω2 –CH2–, –O(CH2)5CH2–), 27.7 (H2C–CH=CH–CH2), 29.9 

(H2C–CH2CH=CHCH2–CH2),  29.0-29.7 (–CH2–), 25.0 (–COCH2CH2–), 14.16 (ω1–CH3,–

O(CH2)6CH3), 29.0 ( –O(CH2)3CH2–), 25.8 (–O(CH2)2CH2–), 28.9 (–OCH2CH2–); GC-MS: 

Rt: 15.97 min; positive ion m/z: 380.64[M]
+
, 264 [M-116]

+
 (loss of heptoxy ion + H

+
) 55 

(loss of C4H7
+
), 69 (loss of C5H9

+
) 83 (loss of C6H11

+
), 97 ((loss of C7H13

+
), 111(loss of 

C8H15
+
). 

  Octyl oleate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1743 (C=O), 1457 (O–CH3) ,
 

1170-1210  (C–O)
 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (t, –

OCH2–), 2.18 (–CH=CH–CH2), 2.3 (m, –CH2–CO–), 1.29 (m, –(CH2)n–, 0.88 (m, –CH2–

CH3, –O(CH2)2CH3–), 1.64 (‒CO‒CH2CH2–, –OCH2CH2–);
 13

C–NMR (CDCl3, δ ppm): 

174.09 (–CO–CH2–), 130.6 (–CH=CH–), 64.9 (–OCH2–), 33.9 (–CO–CH2–), 31.9 (ω3–

CH2–, –O(CH2)5CH2–), 22.7(ω2 –CH2–, –O(CH2)6CH2–), 27.7 (H2C–CH=CH–CH2), 29.9 

(H2C–CH2CH=CHCH2–CH2),  29.0-29.7 (–CH2–), 25.0 (–CO–CH2–CH2–), 14.16 (ω1–

CH3,–O(CH2)7CH3), 29.3 ( –O(CH2)3CH2–, –O(CH2)4CH2–), 25.8 (–O(CH2)2CH2–), 28.9 (–

OCH2CH2–); Rt: 16.69 min; GC-MS: positive ion m/z: 394.6[M]
+
, 264 [M-74]

+
 (loss of 

octoxy ion + H
+
), 55 (loss of C4H7

+
), 69 (loss of C5H9

+
) 83 (loss of C6H11

+
), 97 (loss of 

C7H13
+
), 111(loss of C8H15

+
). 

    Nonyl oleate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1743 (C=O), 1457 (O–CH3),
 

1170-1210  (C–O)
 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (t, –

OCH2–), 2.18 (–CH=CH–CH2), 2.3 (m, –CH2–CO–), 1.29 (m, –(CH2)n–, 0.88 (m, –CH2–
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CH3, –O(CH2)2CH3–), 1.64 (‒CO‒CH2CH2–, –OCH2CH2–);
 13

C–NMR (CDCl3, δ ppm): 

174.09 (–CO–CH2–), 130.6 (–CH=CH–), 64.9 (–OCH2–), 33.9 (–CO–CH2–), 31.9 (ω3 –

CH2–, –O(CH2)6CH2–), 22.7 (ω2 –CH2–, –O(CH2)7CH2–), 27.7 (H2C–CH=CH–CH2), 29.9 

(H2C–CH2CH=CHCH2–CH2),  29.0-29.7 (–CH2–), 25.0 (–CO–CH2–CH2–), 14.16 (ω1–

CH3,–O(CH2)8CH3), 29.6(–O(CH2)4CH2), 29.3  (–O(CH2)5CH2–, –O(CH2)3CH2), 25.8 (–

O(CH2)2CH2–), 28.9 (–OCH2CH2–); GC-MS: Rt: 17.38 min; positive ion m/z: 408[M]
+
, 264 

[M-144]
+
 (loss of nonoxy ion + H

+
), 55 (loss of C4H7

+
), 69 (loss of C5H9

+
) 83 (loss of 

C6H11
+
), 97 ((loss of C7H13

+
), 111(loss of C8H15

+
). 

    Decyl oleate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1743 (C=O), 1457 (O–CH3) ,
 

1170-1210  (C–O)
 
cm

-1
;
 1

H–NMR (CDCl3, δ ppm): 5.34 (m, –CH=CH–), 4.1–4.2 (t, –

OCH2–), 2.18 (–CH=CH–CH2), 2.3 (m, –CH2–CO–), 1.29 (m, –(CH2)n–, 0.88 (m, –CH2–

CH3, –O(CH2)2CH3–), 1.64 (‒CO‒CH2CH2–, –OCH2CH2–);
 13

C–NMR (CDCl3, δ ppm): 

174.09 (–CO–CH2–), 130.6 (–CH=CH–), 64.9 (–OCH2–), 33.9 (–CO–CH2–), 31.9 (ω3 –

CH2–, –O(CH2)7CH2–), 22.7 (ω2 –CH2–, –O(CH2)CH2–), 27.7 (H2C–CH=CH–CH2), 29.9 

(H2C–CH2CH=CHCH2–CH2),  29.0-29.7 (–CH2–), 25.0 (–CO–CH2–CH2–), 14.16 (ω1–

CH3,–O(CH2)9CH3), 29.6 (–O(CH2)4CH2–, –O(CH2)4CH2–), 29.3  (–O(CH2)6CH2–, –

O(CH2)3CH2), 25.8 (–O(CH2)2CH2–), 28.9 (–OCH2CH2–) ; GC-MS: Rt: 18.04 min; positive 

ion m/z: 422.6[M]
+
, 264 [M-158]

+
 (loss of decoxy ion + H

+
) 55 (loss of C4H7

+
), 69 (loss of 

C5H9
+
), 83 (loss of C6H11

+
), 97 ((loss of C7H13

+
), 111(loss of C8H15

+
). 

  Methyl propanoate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1750 (C=O), 1445 (O–

CH3) ,
 
1170-1210  (C–O)

 
cm

-1
;
 1

H–NMR (CDCl3, δ ppm): 3.6 (s, –OCH3), 2.3 (m, –CH2–

CO–),1.09 (m, –CH2–CH3); 
13

C–NMR (CDCl3, δ ppm): 174.09 (–CO–CH2–), 51.4 (–OCH3), 

9.4 (ω1 –CH3), 27.3 (–CO–CH2–); GC-MS:  Rt: 3.27 min; positive ion m/z: 88[M]
+
, 55 (loss 

of methoxy ion), 73 [M-15] (loss of methyl radical).  

    Methyl butyrate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1750 (C=O), 1445 (O–

CH3),
 
1170-1210  (C–O)

 
cm

-1
;
 1

H–NMR (CDCl3, δ ppm): 3.6 (s, –OCH3), 2.3 (m, –CH2–

CO–),0.88 (m, –CH2–CH3); 1.65 (m, –CO–CH2–CH2–) 
13

C–NMR (CDCl3, δ ppm): 174.09 

(–CO–CH2–), 51.4 (–OCH3), 13.5 (ω1 –CH3), 18.4 (ω2 –CH2), 35.8 (–CO–CH2–); GC-MS:  

Rt: 4.03 min; positive ion m/z: 102[M]
+
, 71(loss of methoxy ion), 73( loss of CH2COOCH3).  

   Methyl caproate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1750 (C=O), 1445 (O–

CH3),
 
1170-1210  (C–O)

 
cm

-1
;  

1
H–NMR (CDCl3, δ ppm): 3.6 (s, –OCH3), 2.3 (m, –CH2–

CO–), 1.65 (m, –CO–CH2–CH2–), 1.29 (m, –(CH2)n– , 0.88 (m, –CH2–CH3);
 13

C–NMR 
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(CDCl3, δ ppm): 174.09 (–CO–CH2–), 51.4 (–OCH3), 34.1 (–CO–CH2–), 31.9 (ω3 –CH2–),  

25.6–24.80 (–CO–CH2–CH2–) 22.7 (ω2 –CH2–) and 14.16 (ω1 –CH3). 

  Methyl caprylate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1750 (C=O), 1445 (O–

CH3),
 
1170-1210  (C–O)

 
cm

-1
;  

1
H–NMR (CDCl3, δ ppm): 3.6 (s, –OCH3), 2.3 (m, –CH2–

CO–), 1.65 (m, –CO–CH2–CH2–), 1.29 (m, –(CH2)n– , 0.88 (m, –CH2–CH3);
 13

C–NMR 

(CDCl3, δ ppm): 174.09 (–CO–CH2–), 51.4 (–OCH3), 34.1 (–CO–CH2–), 31.9 (ω3 –CH2–), 

29.6 (–(CH2)n–), 25.6–24.80 (–CO–CH2–CH2–) 22.7 (ω2 –CH2–) and 14.16 (ω1 –CH3) 

     Methyl laurate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1750 (C=O), 1445 (O–

CH3),
 
1170-1210  (C–O)

 
cm

-1
;  

1
H–NMR (CDCl3, δ ppm): 3.6 (s, –OCH3), 2.3 (m, –CH2–

CO–), 1.65 (m, –CO–CH2–CH2–), 1.29 (m, –(CH2)n– , 0.88 (m, –CH2–CH3);
 13

C–NMR 

(CDCl3, δ ppm): 174.09 (–CO–CH2–), 51.4 (–OCH3), 34.1 (–CO–CH2–), 31.9 (ω3 –CH2–), 

29.6 (–(CH2)n–), 25.6–24.80 (–CO–CH2–CH2–) 22.7 (ω2 –CH2–) and 14.16 (ω1 –CH3). 

   Methyl palmitate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1750 (C=O), 1445 (O–

CH3),
 
1170-1210  (C–O)

 
cm

-1
;  

1
H–NMR (CDCl3, δ ppm): 3.6 (s, –OCH3), 2.3 (m, –CH2–

CO–), 1.65 (m, –CO–CH2–CH2–), 1.29 (m, –(CH2)n– , 0.88 (m, –CH2–CH3);
 13

C–NMR 

(CDCl3, δ ppm): 174.09 (–CO–CH2–), 51.4 (–OCH3), 34.1 (–CO–CH2–), 31.9 (ω3 –CH2–), 

29.6 (–(CH2)n–), 25.6–24.80 (–CO–CH2–CH2–) 22.7 (ω2 –CH2–) and 14.16 (ω1 –CH3); GC-

MS: Rt: 9.84 min ; positive ion m/z: 270.4[M]
+
, 74[M-22] ( loss of Maclefferty ion), 55 (loss 

of C4H7
+
), 143 (loss of (CH2)6COOCH3), 87 (loss of (CH2)2COOCH3). 

    Methyl stearate: FT-IR (ATR, cm
-1

): 2924 (CH3), 2854 (CH2), 1750 (C=O), 1445 (O–

CH3),
 
1170-1210  (C–O)

 
cm

-1
; 

1
H–NMR (CDCl3, δ ppm): 3.6 (s, –OCH3), 2.3 (m, –CH2–

CO–), 1.65 (m, –CO–CH2–CH2–), 1.29 (m, –(CH2)n– , 0.88 (m, –CH2–CH3);
 13

C–NMR 

(CDCl3, δ ppm): 174.09 (–CO–CH2–), 51.4 (–OCH3), 34.1 (–CO–CH2–), 31.9 (ω3 –CH2–), 

29.6 (–(CH2)n–), 25.6–24.80 (–CO–CH2–CH2–) 22.7 (ω2 –CH2–) and 14.16 (ω1 –CH3); GC-

MS: Rt: 16.49 min; positive ion  m/z: 298.5[M]
+
, 74[M-22] (loss of Maclefferty ion), 55 (loss 

of C4H7
+
), 143 (loss of (CH2)6COOCH3), 87 (loss of (CH2)2COOCH3). 
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Fig.A.13. Comparison of 
1
H-NMR spectra of (i) cottonseed oil with its (ii) methyl ester and 

(iii) karanja oil with its (iv) corresponding methyl esters. 

Fig.A.14. Comparison of 
13

C-NMR spectra of (i) cottonseed oil with its (ii) methyl ester and 

(iii) karanja oil with its (iv) corresponding methyl esters.  
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Fig. A.15. Comparison of 
1
H-NMR spectra of (a) jatropha oil and (b) corresponding ethyl 

ester. 

 

Fig. A.16. Comparison of 
13

C-NMR spectra of (a) jatropha oil and (b) corresponding ethyl 

ester. 
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Fig.A.17. Comparison of (a) 
1
H-NMR and (b) 

13
C-NMR spectra of waste cottonseed oil (i 

and iv) with its methyl (ii and v) and ethyl esters (iii and vi).  
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Fig.A.18. Comparison of 
1
H-NMR (i) cotton seed oil with its (ii) methyl ester (iii) jatropha 

oil with its (iv) methyl ester (v) karanja oil with its corresponding (vi) methyl ester. 
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Fig.A.19. Comparison of 

13
C-NMR (i) cotton seed oil with its (ii) methyl ester (iii) jatropha 

oil with its (iv) methyl ester (v) karanja oil with its corresponding (vi) methyl ester. 

 

Fig.A.20. 
1
H-NMR of methyl oleate. (Reaction conditions:- methanol to oleic acid molar 

ratio – 12:1 ; catalyst amount – 5 wt% with respect to oleic acid; reaction temperature – 65 

°C; reaction duration – 75 min).  
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Appendix B 

 

Table B.1.  Physicochemical properties of the FAME and FAEE prepared from JO. 

 

 

 

 

 

Table B.2.  Physicochemical properties of the FAME and FAEE prepared from WO. 

* following the method given in Kumar et al., 2012 
 

Reference  

 

Kumar, R.; Bansal, V.; Patel, M. B.; Sarpal, A. S.; 1H nuclear magnetic resonance (NMR) 

determination of the iodine value in biodiesel produced from algal and vegetable oils. Energy 

Fuel, 2012, 26, 7005-7008. 

Parameters Units FAME  FAEE  EN14214 Test method 

Ester content % >99 % >99 % 96.5 
1
H-NMR 

Flash point ºC 110 120 100-170 ASTM D93 

Pour point ºC 1 2 -5 to10 ASTM D2500 

Kinematic viscosity at 

40 ºC 

cSt 4.50 4.83 1.9-6.0 ASTM D445 

Density at 31 ºC kg/mm
3
 870 880 860-900 ISI448 P:32 

Ash % NIL 0.01 0.02 ASTM D874 

Iodine value  mg of I2/g of sample 75.9 87.8 <120 
1
H-NMR* 

Acid value mg of KOH/g of 

sample 

0.4 0.5 0.5 ASTM D664 

Saponification value mg of KOH/g of 

sample 

180 182.32 - ASTM D5558 

Parameters Units FAME  FAEE  EN14214 Test method 

Ester content % 99 % 99 % 96.5 
1
H–NMR 

Flash point ºC 120 114 100–170 ASTM D93 

Pour point ºC 2 1 –5 to10 ASTM D2500 

Water content % 0.25 0.27 <0.5 ASTM D2709 

Kinematic viscosity at 

40 ºC 

cSt 4.60 4.73 1.9–6.0 ASTM D445 

Density at 31 ºC kg/mm
3
 867 870 860–900 ISI448 P:32 

Ash % NIL 0.01 0.02 ASTM D874 

Iodine value  mg of I2/g of sample 78.9 80.1 <120 
1
H–NMR* 

Acid value mg of KOH/g of 

sample 

0.3 0.4 0.5 ASTM D664 

Saponification value mg of KOH/g of 

sample 

180.5 181.23 - ASTM D5558 
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