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Abstract

The significant increase in the primary energy demand and the effort to reduce harmful
emissions related to the greenhouse gases enhanced the search for alternative energy.
Production and modelling processes of biofuel from non-edible oil sources assist in the
process development of an environmentally friendly fuel such as biodiesel. This work
focused on the kinetic modelling of biodiesel synthesised from non-edible oils. Two types of
non-edible oils (Jatropha curcas seed oil and Tobacco seed oil) were used in this study
including the development of the kinetic behaviour of the transesterification reaction. A
linear polynomial model was generated from experimental data found in literature in order to
study the influence of operating parameters during biodiesel production. It was found that the
temperature improves the yield of biodiesel; this is attributed to the fact that temperature
affects the reaction rate constants; and the higher the reaction rate, the lower the activation
energy required for a reaction to occur. The optimum conditions for the transesterification of
Jatropha curcas seed oil are a temperature of 55 °C, methanol to oil ratio of 6:1, catalyst
concentration of 1.2% KOH (by volume of oil), and agitation speed range of 0-250 rpm.
Results from both the homogeneous and heterogeneous reactions of Jatropha curcas oil and
tobacco seed oil were used to verify the theoretical kinetic and empirical models. It was
found that both models describe the kinetic behaviour of transesterification with minor
deviations in the estimated parameters. However, the use of empirical model in determining
the reaction order, as opposed to the theoretical assumption, gave a second order with respect
to oil triglycerides at a temperature of 60 °C. The theoretical kinetic model gave a first order
with respect to oil triglycerides. In this case, the activation energy was found to be 71.83
kJ/mol and pre-exponential factor was found to be 2.48 x101°. More investigation should be
done to describe the kinetic behaviour of biodiesel production from non-edible oil in order to
confirm the correct reaction order and why there is change in reaction order when the

temperature increases above 60°C.
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CHAPTER 1

1. Introduction

1.1 Motivation and Background
The ever increasing global population exerts a rising demand on energy resources, and with
the current rate of energy consumption and cost, particularly of petroleum based fuels, there
remain a threat of the depletion of oil reserves where supply no longer meets demand (Janaun
& Ellis, 2010).

Biofuels provide a sustainable solution to the current energy demands, depleting fuel
reserves, and environmental issues that accompany the use of fossil fuels such as coal,
petroleum oil and gas. Petroleum based fuels have proven to have negative environmental
impacts over time, as they result in high greenhouse gas emissions thus causing global
warming (Ma & Hanna, 1999).

In an attempt to reduce greenhouse gases, particularly carbon dioxide, vast research has been
conducted on the viability of biofuels and great interest has been paid particularly to
vegetable-based fuels such as biodiesel. Biodiesel provides an ecologically friendly
substitution to mineral diesel as it is biodegradable, renewable, and has low sulphur contents
(Ma & Hanna, 1999). Biodiesel is 100% vegetable-based and does not contain petroleum
diesel; it is a naturally oxygenated fuel comprising of 10% of oxygen, and because of the
plant’s innate ability to absorb the sun’s energy through photosynthesis whilst effectively
capturing carbon dioxide from the atmosphere as their primary food source, it results in the

net CO, emission of virtually zero (Janaun & Ellis, 2010).

The production of biodiesel as a substitution for petroleum diesel stands to benefit the
communities by encouraging job opportunities, developing the economy of rural areas,
reducing dependency on petroleum imports, and increasing the security of energy supply
(Bankovic-llic et al., 2012).

Currently, global biodiesel production is heavily dependent (over 95%) on edible oils as the
main feedstock (Gui et al., 2008). The use of edible oils for biodiesel production poses many
problems since it causes an imbalance to the market demand and food supply. Attention

should therefore be shifted to non-edible oil sources, which due to the presence of toxic
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compounds, are not suitable for human consumption and could grow in waste lands (Shika &
Rita, 2012).

Globally, there are abundant non-edible oil plants that are present in nature which can
provide a much more cost effective solution than the edible oil plants. Jatropha oil, Neem oil,
Mahua oil, Castor oil, Cotton seed oil, Karanja oil, Tobacco oil, and Soapnut oil are amongst
the non-edible oil sources that are easily available in developing countries (Bankovic-llic et
al., 2012).

Most developing countries, particularly African countries, face the challenge of poverty and
shortage of food supply therefore utilising edible oils for biofuel production will be an
impractical option. With biodiesel produced from non-edible oils, the transition to renewable
energy in African countries is feasible. Recently, farmers in Limpopo province, South Africa,
cultivated nicotine-free, high energy solaris tobacco plants that were used as non-edible oil
feedstock blended with conventional fuel by the first commercial planes in Africa. These
Boeing jets operated by South African Airways (SAA) carried 300 passengers between
Johannesburg and Cape Town on the 15" of July 2016 (ESI Africa, 2016). A mixture of 30%
biofuel and 70% conventional fossil fuel was used for the flights. SAA aims to have 50% of
its fleet operating on biofuel by 2023, which could reach a capacity of 500 million litres per
year (ESI Africa, 2016).

The production of second generation biofuels from non-edible oils needs the extensive
understanding of the parameters that influence production in order to optimize and improve
biodiesel yield and quality. Reaction Kinetics plays an important role in biodiesel synthesis,
and although there is a wealth of knowledge in literature on the production of biodiesel from

non-edible oils, the reaction kinetics remain controversial (Bankovic-llic et al., 2012).

This research project focuses on the modelling of biodiesel production from low free fatty
acid (FFA) of non-edible oils by studying the influence of operating parameters and reaction
kinetics during biodiesel synthesis. The aim is to fit a general predictive kinetic model for
jatropha curcas oil and tobacco seed oil and to explore whether there is a general model that

describes the kinetic behaviour of different non-edible oils.



1.2 Research Objectives

The aim of this research is to establish a predictive kinetic model for transesterification of

non-edible oils (Jatropha curcas seed oil and Tobacco seed oil) for biodiesel synthesis. This is

achieved by the following objectives;

Deriving an empirical model from the concentration-time data found in literature and
attempt to establish the order of the reactions and rate constants;

Fitting a theoretical model found in literature by assuming a set of reaction
mechanisms, and then assuming the rate of reaction based on the law of mass action
(LMA).

Fitting the experimental data on the kinetic models and minimize error by means of
least square analysis.

Comparing the theoretical and empirical models to ascertain what model is more
predictive.

Performing a study of influencing parameters on biodiesel production using surface

response methodology (RSM).

1.3 Research Questions

a) Does the kinetic behaviour of different non-edible oils vary and to what degree?

b) Can there be a global kinetic model that best fits data with least errors and variations
for the majority of non-edible oil feedstock?

c) To what degree would the said kinetic model fit the data and how can the models be
optimised to describe the general behaviour of biodiesel production from non-edible
oils?

d) What parameters have more influence on the biodiesel yield, and how can they be
optimised for higher yields at lower costs and low energy consumption?

1.4 Scope of Study

This research applies to the transesterification of non-edible oils, mainly Jatropha curcas oil

and Tobacco seed oil with low FFA content (<3%) under heterogeneous and homogenous

base catalysis respectively, and studies the effect of kinetics on biodiesel yield. The model to

be derived does not cover the non-kinetic effects such as process economics, feedstock



quantity, reactor material etc., and does not take into account the effect of competing

reactions since the FFA content of the oil is low.

1.5 Expected Outcome and Benefits
This project is an attempt to derive a general kinetic model that allows the evaluation of
transesterification of two non-edible oils (Jatropha curcas oil and Tobacco seed oil) for
biodiesel synthesis at different conditions. This research will contribute to a better
understanding of reaction Kkinetics in biodiesel production and provide more knowledge of
what parameters are most important when producing biodiesel. The derived model will be
useful in predicting the extent of reaction and determining the optimum conditions for

maximum biodiesel yield.



CHAPTER 2

2. Literature Review
2.1 Biodiesel Chemical Building Blocks
Chemically, biodiesel is a fatty acid alkyl ester typically produced from the reaction of
vegetable oil with an alcohol in the presence of a catalyst. In order to understand how
biodiesel is produced from non-edible oil, one has to first understand the chemical building

foundations of biodiesel making.
Fatty Acids

Fatty acids are carboxylic acids that are present in both biodiesel and the non-edible
vegetable oils. The idealised molecular structure of a fatty acid is shown below in Figure 2-1.
The term free fatty acids (FFA) refers to fatty acids that are not bound to other molecules
(Turner, 2005).

Figure 2-1: Idealized fatty acid molecular structure (Turner, 2005)

The major drawback with oils that contain high FFA content is that it leads to formation of
soap under base catalysis as the FFA tends to react with the base catalyst. Figure 2-2 is a

molecular structure of soap.

Figure 2-2: Molecular structure of soap (Turner, 2005)



Glycerol

Glycerol is a by-product in the biodiesel production process. The molecular structure of

glycerol is shown in Figure 2-3.

Figure 2-3: Molecular structure of glycerol (Turner, 2005)

Alcohols

Alcohols are organic compounds that are reacted with triacylglycerols and /or FFA to
produce biodiesel alkyl esters. Methanol, ethanol, and 1-propanol are the most commonly
used alcohols for the alcoholysis of non-edible oils for biodiesel production. Below are the

molecular structures of methanol, ethanol, and 1-propanol.

H,C—OH H H

~Co C.._.OH
H,C” TOH H,C

I0

Figure 2-4: Molecular structures of methanol, ethanol, and 1-propanol (Turner, 2005)

Alkyl Esters

Biodiesel is a fatty acid alkyl ester. The type of ester is dependent on the alcohol used. The
alkyl ester used under methanolysis is a methyl ester. Below are molecular structures of

methyl ester, and ethyl ester respectively.

Figure 2-5: Molecular structure of methyl ester (Turner, 2005)



Figure 2-5 (b): Molecular structure of ethyl ester (Turner, 2005)

2.2 Feedstock for Biodiesel Production
Traditionally there are three main sources of feedstock for biodiesel production, which
include vegetable oils (edible and non-edible), animal fats, and waste cooking oils. Examples
of edible oils used as conventional biodiesel sources are rapeseed oil, sunflower oils, soybean
oil, palm oil, coconut oil etc. However, taking into account the ever increasing human
population and its proportional increase in edible oil consumption, the use of edible oils as a
biofuel resource could result in starvation in developing countries (Janaun & Ellis, 2010).

Henceforth, non-edible oils become a reasonable and promising alternative feedstock.

The major non-edible oil plants are soapnut, jatropha, karanja, tobacco, mahua, neem, rubber,
sea mango, castor, cotton, etc. Of these feedstocks, jatropha, karanja, mahua, soapnut, and
neem oils are the most often used in biodiesel production (Bankovic-llic et al., 2012). The

two types of non-edible oils used for this study are discussed in section 2.2.1.

2.2.1 Common non-edible Oils

» Jatropha (Jatropha Curcas)

By 2012 the annual production of the Jatropha plant in India was about 15KT. It is the most
promising potential source for biodiesel synthesis in South-East Asia, Central and South
America, India and Africa (Jain & Sharma, 2010). Jatropha curcas is a drought-resistant
perennial that can grow almost anywhere on waste, sandy and saline soils, under different
climates with minimal care (Karmakar et al., 2010). It has a life cycle of 30-50 years thus

eliminating the annual plantation.

Jatropha curcas species has oil content of about 37% that can be combusted as fuel without
refining (Shika & Rita, 2012). It has properties comparable to those of mineral diesel such as
calorific value and cetane number (Sirisomboon et al., 2007). It has a great potential as an
alternative fuel since it does not require any modification of the engine (Jain & Sharma,
2010). Depending on soil quality and rainfall, oil can be extracted from the Jatropha nuts



after two to five years. Jatropha is also suitable for preventing soil erosion and shifting of
sand dunes (Kralova & Sjéblom, 2010).

> Tobacco seed oil

The mechanical properties (brake specific fuel consumption and brake thermal efficiency) of
biodiesel manufactured from tobacco seed oil are similar to those of mineral diesel when
tested in Single Cylinder Ci-Engine, with biodiesel having significantly lesser carbon
monoxide and hydrocarbon emissions (Srinivas, et al., 2013). The biodiesel synthesis from
tobacco seed oil seems to be a feasible way for countries cultivating tobacco to break into a
biofuels production market, thus contributing in combating greenhouse gas emissions caused
by fossil fuels (Srinivas, et al., 2013). Tobacco is mainly cultivated in Africa, Asia, southern
and central Europe, Latin America, and Oceania (WHO, 2017). Tobacco seeds are produced
in mass quantities during the cultivation of the plant therefore, there is sufficient feedstock
for biodiesel production with tobacco plants being grown in over 4 million hectares of land in
125 countries worldwide (WHO, 2017) . Approximately 91% vyield of biodiesel fatty acid
methyl esters (FAME) having properties within diesel specifications is achieved in 30
minutes when pre-esterified tobacco seed oil (Nicotiana tabacum L.) is used. (Veljkovic’, et
al., 2006)

South Africa has become a major producer of domestic tobacco, and although the majority of
tobacco production is aimed at cigarette production, the opportunity of producing biodiesel
using tobacco is now possible due to the Solaris project (Casey, 2015)

The South African biofuel market has particularly benefited from the cultivation of nicotine-
free tobacco (Solaris seed tobacco) for the production of tobacco seed oil, that was blended
with mineral jet fuel for a successful test flight with Boeing jets operated by South African
Airwaves (SAA) in 2016 (ESI Africa, 2016).

2.3 Principles of Biodiesel Production
Non-edible oils can be used directly as fuel in diesel engine. However, direct use of non-
edible oils poses significant engine operation issues in the long run. Problems such as injector
chocking, ring sticking, wax formation, carbon deposits, misfire, ignition delay, and poor fuel
atomization, are all attributed to high viscosity, low volatility, high flash point, and low

cetane number of oil (Balat, 2011).



Properties of non-edible oils can be improved before injecting directly to the engine, thus
preventing above mentioned problems. There are four ways to improve non-edible oil
properties such as blending/ dilution, pyrolysis, micro-emulsion, and transesterification
(Shika & Rita, 2012).These methods are described below;

I.  Pyrolysis;

The chemical change resulting from application of thermal energy in the absence of air or
nitrogen is called Pyrolysis. Vegetable oil is thermally decomposed to liquid oil fractions that
are comparable to diesel fuels (Shika & Rita, 2012). The drawback, however, is that the
product of oil from the pyrolysis reactor has lower viscosity, flash point, pour point, and

cetane number than mineral diesel.
ii. Micro-emulsification;

Another way of solving the problem of highly viscous oils is through micro emulsions with a
dispersant (co-solvency). Micro-emulsions are defined as transparent, thermodynamically
stable colloidal dispersions ranging from 100 to 1000 A (Shika & Rita, 2012). A micro-
emulsion can be made of vegetable oils with an ester and dispersant (co-solvent), or of
vegetable oils, an alcohol and a surfactant, and a cetane improver, with or without diesel fuels
(Helwan et al., 2009).

iil. Dilution/ Blending;

Dilution refers to the blending of vegetable oils with diesel fuel, solvent or ethanol to
improve biodiesel properties and compatibility of biofuel with a diesel engine. Pre-
combustion chamber engines with a mixture of 10% vegetable oil were used in Caterpillar,
Brazil in 1980 in order to maintain the engine’s total power without having to alter or adjust
the engine (Shika & Rita, 2012). At that point it was not practical to substitute 100%
vegetable oil for diesel fuel, but a blend of 20% vegetable oil and 80% diesel fuel was
successful. Some short-term experiments used a blend of up to 50/50 ratio of vegetable oil
and diesel fuel (Jaun et al., 2011).

iv.  Transesterification

Transesterification method has become the most accepted and widely used method for
producing biodiesel. The transesterification works well when the starting oil is of high

quality. However, quite often low quality oils are used as raw materials for bio-diesel

9



preparation. In cases where the FFA content of the oil is above 1%, difficulties arise due to
the formation of soap which promotes emulsification during the water washing stage (using
water); and at a FFA content above 3% the process becomes complex (Koh & Ghazi, 2011).
A pretreatment step often termed pre-esterification is used for non-edible oils with high FFA
content in order to reduce the FFA content. The next section discusses these reactions in
detail.

2.4 Chemical Reactions involved
The reactions associated with biodiesel production include transesterification of triglycerides
and esterification of free fatty acids (under acid catalysis), usually accompanied by

potentially competing hydrolysis and saponification reactions.

2.4.1 Transesterification Reaction

The common method to produce biodiesel from non-edible oils is transesterification of
triglycerides with alcohol in the presence of either a base or strong acid catalyst. Chemical
catalysts (base and acid) of alcoholysis can be homogeneous or heterogeneous. Non-catalytic
alcoholysis reactions occur at high temperatures and pressures and still do not have any

practical application (Bankovic-ilic et al., 2012).

The transesterification reaction of triglycerides (TG) is as follows:

catalyst
TG + 3ROH — =S 3E +G (2-1)

The transesterification reaction occurs in three steps as shown in equation (2-2) to (2-4). The
triglyceride first reacts with alcohol to form a diglyceride and an alkyl ester. The diglyceride
is then converted to monoglyceride thus releasing an additional alkyl ester, and lastly the
monoglyceride is converted to glycerol, releasing a final alkyl ester.

TG + ROH & DG + E (2-2)
DG + ROH & MG +E (2-3)
MG+ ROH & G +E (2-4)

Where, MG, DG, TG, and E stand for monoglyceride, diglyceride, triglyceride, and alkyl
ester respectively
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The alkyl esters produced depend on the type of alcohol used. Ethanol (R=CH2CH3) and
methanol (R=CH3) are common alcohols of choice. The choice of a catalyst is driven by
factors such as the FFA content, fatty acid composition, economics and maximum product
yield (Jaun et al., 2011). There are three categories of catalysts that are often used in the
transesterification of triglycerides, and these are homogeneous catalysts (acid or base),
heterogeneous catalysts (acid or base), and enzymatic catalysts (Turner, 2005). The
homogeneously and heterogeneously catalysed processes can either have one step or two
steps (Bankovic-llic et al., 2012). The latter process is recommended if a feedstock contains
more than 1% of FFA (Ghadge & Raheman, 2005), although some authors have recently
suggested the limit as 3% of FFA (Bankovic-llic et al., 2012). Non-edible oils are usually
high in FFA compared to edible oils, thus often limit the utilisation of highly effective base
catalysts (Turner, 2005).

2.4.2 Homogeneously catalysed transesterification

Homogeneously catalysed transesterification is the most industrially applied method for
biodiesel production from non-edible oil via one-step and two step processes (Bankovic-llic
et al., 2012). The choice of process (either one-step or two-step) is dependent mainly on the
FFA content. For one-step process either an acid or base catalyst is used; with base catalysed
transesterification reactions being economically feasible and having high catalytic activity
and quality of the yield. However, the conversion of FFA to alkyl esters using a base catalyst
becomes impossible due to the formation of soap. As a result, the soap formation decreases

the yield of biodiesel and inhibits the separation of glycerol (Bankovic-llic et al., 2012).

Several studies have conflicting results when it comes to the percentage yield of biodiesel, for
example a study by da Silva et al. (2009) shows a 99% ester yield when castor oil and ethanol
were used to produce biodiesel at 16:1 alcohol to oil molar ratio in the presence of sodium
ethoxide catalyst. However, other studies report relatively lower yields, for instance studies
by Chitra et al. (2005) and Deng et al (2010) report low yields when jatropha oil was used.
The difference in percentage yield of biodiesel is due to the difference in FFA content of
different oils. The oil with low FFA content, alkyl ester yields of as high as 98% can be
achieved in the presence of about 1% catalyst concentration under dry conditions to minimise
soap formation (Bankovic-llic et al., 2012). Sodium hydroxide (NaOH) and Potassium
hydroxide (KOH) are commonly used base catalysts in base catalysed transesterification
processes (Turner, 2005). The degree of conversion of triglycerides (TG) is highly influenced
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by the initial catalyst concentration and the optimal catalyst concentration has been reported
to be 1% based on oil weight (Bankovic-llic et al., 2012).

Acid catalysed transesterification has many drawbacks, such as a slow reaction rate (by as
much as 4000 times less than homogeneous base catalysed transesterification), minimal
catalyst activity, high reaction temperature, and a high alcohol-oil molar ratio. Besides these
disadvantages the use of acid catalyst in transesterification has some advantages; which
include high tolerance towards high FFA content and the possibility of achieving both
esterification and transesterification (Koh & Ghazi, 2011). Sulphuric acid (H,SOy),
phosphoric acid (H3PO,), and hydrochloric acid (HCL), are among the most commonly used

acid catalysts for transesterification.

Savaranan et al. (2010) conducted studies that gave biodiesel yield of approximately 90%
using acid catalysed transesterification. However, both acid and base catalysed reactions had
their limitations with base catalysed reactions having longer reaction times and acid catalysed

reactions requiring higher temperatures (Saravanan et al., 2010).

Due to the limitations of one-step process, the two-step process is normally preferred for non-
edible oils with high FFA content. This process uses both acid and base catalysts with the
first step being acid catalysed esterification of FFAs aimed at reducing the oil FFA content to
less than 1% followed by a base catalysed alcoholysis in order to maximise the biodiesel
production within a short period of time (Bankovic-llic et al., 2012). Berchmans & Hirata
(2008) found that 90% of fatty acid methyl esters were recovered whilst utilising the two-step
process compared to the one step base catalysed process which gave 55% yield (Berchmans
& Hirata, 2008). Table 2-1 shows results from several studies for a two-step homogeneously

catalysed process using different non-edible oils.
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Table 2-1: Two-step homogeneously catalysed process for different non-edible oils

(Bankovic-llic et al., 2012)

A review of the rwo-step (acid/base) catalyzed h

ification processes of different non-edible feedstocks (1 - first step: acid pretreatment, Il - second step: base-catalyzed).

Feedstock (oil) Type, volume of reactor, cm?(Type  Step

of agitator, agitation intensity, rpm

Type of alcohol

Alcoholzoil molar  Catalyst{loading, wt.%

ratio, mol/mol

to the ail

Temperature,*C

Optimal reaction conditions

Reaction conditions

FEA conversion,

%f¥ield
(conversion),
EfTime, min
Jatropha I Methanol 0.2:1-0.4:17 Hz504/1.3-1.6 G0 1.43% Ha5047 (92.8)/88
I Methanol 0.15:1-0.25:1* KOH[0.55" G0 4:1(0.16:1%) 99/24
Glass tube, 15/Magnetic, 400 [ Methanol 0.1:1-0.7:1F Ha504/1 50 0617 (93)/60
I Methanol 0.5:1-3.0:1 MNaOH/1.4 G5 ca. 6.7:1.0.24:1° 90/120
Flask, -[Magnetic, 1000 I Methanol 31121 Hi504/03-2 40-100 45+C, 6:1. 0.5% H2504. (93)1120
1] Methanol 311-121 KOH/05-2.0 60 °C, 9 95120
Flask, —[Magnetic, 1000 I Methanol 31-9:1 Hz804/025-15 40-100 (93)/120
I Methanol 31-9:1 KOHJ0.5-2.0 40-100 95/120
Batch reactor, 1500/-, 400 [ Methanol 2:8-2:3° H3504/05-3 20-80 (93)/180
I Methanol 37" NaOH/05-3 20-80 90.1/180
Flask, 500/Mechanical, 600 [ Methanol 0.16:1-0.48-12 H380,/1-63 G0 (BB.5)/60
I Methanol 0.16:1-0.48-17 MNaOH/08-1.6 G0 0.24-17, 1.4% NaOH 96.47/30
Flask, 1000/Mechanical, 600 [ Methanol 8:1-10:1 H3504/02-1.0 G0 B8:1.0.4% Ha504 (92)/30
I Methanol 611 KOH/0.6-1.2 (=) 6:1,1% KOH BE.2/30
Stock tank, 50 I Methanol 0.16:1-0.4:12 HyS0,/1-4 - 0.32:1, 38 H,50,° (a1.4)-
I Methanol &1 MaOH/1.2 - - (99.3B)%10
Jatropha® Batch reactor, -/Mechanical, - [ Methanol HaS0,4/-
I Methanol KOH[- 23 73120
Karanja Flask, -[Magnetic, 1000 I Methanol 2:1-0:1 H,50,/0.25-2 40-80 50°C, 6:1, 1% H;50, (84)/45
I Methanol 31-9:1 KOH/03-1.0 40-80 50-C 9:1,05%5 KOH 80/30
- I Methanol 6:1 Hi504/05 G5 (81)-
1] Methanol [ KOH[1 G5 97—
Flask, —[Teflon stirrer, 300 I Methanol 0.1:1-0.5:1F HaS04/05-5 33.83:1F, 373X H2504 (81.8)/317
I Methanol 0.1:1-0.5:17 KOH/0.5-15 9.3:1(32.4:1), 1.33% KOH B89.9=/25
Jacketed reactar, 1000/ Digital I Methanal [ Ha504/1 30 and 60 60°C 15:1 (95)/-
stirrer, 6G00-650 I Methanol 611 KOH/1 30 and 60 60=C, 15:1 (97)/60
Mixture of mahua and simé&omibal flask. 250{-, 230 I Methanol Mahua oil: Ha50u/1.4-1.457 19.37:1, 1438% -[58-80
0.34-036%
Simarouba oil: H2504/1.4-1.547 -[40-80
0.27-040°
1] Methanol 51 KOH 60 98/30
Kusum Flask, 1000/Mechanical, 1200 I Methanol 6:1-12:1 Hz504/05-1.257 40-G4 50°C 10:1, 1% Hz504% (9G)/G0
I Methanol 6:1-12:1 KOHJ0.5-1.1 40-65 50-C 8:1.07E KOH 95/60
Tobacco Flask, -[Magnetic, 400 I Methanol 4.5:1-18:1 Hz504(1-2 G0 13:1, 2% Ha804 (94)/50
I Methanol 6:1 KOHM G0 91/30
Castor Flask, 100/Magnetic, 300 I Ethanol 4001 Hz504/1 G0 -{60
I Ethanol 20:1 KOHM G0 (95.3)/60
Flask, 100/Magnetic, 300 I Ethanol 4001 Hz504/1 G0 -/G0
It Ethanol 20:1 KOH/1 60 (95.6)"/60
Palm/rubber blend (1:1)  Flask, -/~.360 1] Methanol 6:1-10:1 KOHJ0.5-2 45-65 55=C 8:1, 2X KOH (96)/3
Datura stramenium I Methanol 6:1-10:1 H2504/0.4-1 G0 8:1, 0.6 H2504 (89)/30

2.4.3 Heterogeneously catalysed transesterification

Using a solid base catalyst has proven to be environmentally friendly as it provides a simpler

means of recovery and purification (Bournay, 2005). This in turn results in the reduction of

the amount of waste water. Furthermore these catalysts can be regenerated for reuse in the

process thus reducing operational costs. However, catalyst preparation is complex and

diffusion inhibitions associated with the three phase mixture result in slow reaction rates

(Meher et al., 2006). Like homogeneously catalysed transesterification, the type of catalyst

used is dependent on the FFA content of the non-edible oil (Bankovic-llic et al., 2012). Solid

acid catalyst is commonly used for the synthesis of fatty acid methyl esters from non-edible

oils due to their ability to simultaneously perform esterification and alcoholysis (Lopez et al.,

2007). There have been challenges in developing these with a completely heterogeneously

catalysed two-step process (Bankovic-llic et al., 2012).
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2.4.4 Esterification Reaction

An esterification reaction is an acid catalysed conversion of FFAs into alkyl esters.
Esterification reaction is sometimes performed as a pre-treatment step for non-edible oils
with high FFA content before base catalysed transesterification and it is also a resultant
reaction for acid catalysed transesterification (Wang, 2007). Equation (2-5) shows the
esterification of FFA to produce an alkyl ester and water. When used as a pre-treatment step
in the presence of 2% ferric sulphate catalyst, 97% conversion of waste cooking oil with high

FFA content was achieved in the study conducted by Wang et al. (2007)

Acid Catalyst
FFA+ ROH «——— E + H,0 (2-5)

> Side Reactions: Saponification and Hydrolysis

Depending on the quality of the non-edible oil, undesired side reactions may occur. Non-
edible oil with excessive FFA content will be neutralised with excess base (NaOH or KOH)
resulting in side reactions such as saponification and hydrolysis (Yazdani & Gonzalez, 2007).
A saponification reaction produces soap and water as shown in equation (2-6). During the
saponification reaction water reacts with an alkyl ester under base catalysis to form FFA and

alcohol as shown in equation (2-7).

FFA + N,OH or KOH < A+ H,0 (2-6)
Base Catalyst
E+ H,0 ——— FFA + ROH (2-7)

Where: E stands for alkyl ester, and A stands for Soap

2.5 Transesterification thermodynamics and reaction Kinetics
Determining the reaction rate and phase separation kinetics requires the knowledge of
thermodynamic properties of biodiesel and reactants. Generally the thermodynamic
properties of biodiesel differ from those of petroleum diesel or gasoline, for example boiling
point, pour point, flash point, and cloud point of biodiesel is relatively higher than petroleum
diesel, gasoline, and that of alcohols (Lotero, 2005). High flash point is required for safe
handling of the fuel (ASTM, 2005). Table 2-2 shows the thermodynamic properties of
biodiesel compared to petroleum diesel, gasoline and alcohols. As can be seen from the table,

density and viscosity of biodiesel is higher.
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Table 2-2: Physical Properties of Diesel and Biodiesel Fuels

(Source: Adapted from (Lotero, 2005); (Brown, 2003); (ASTM, 2005); (Encinar et al.,
2005); and (Barnwal & Sharma, 2005))

Propert (ASTM)  (Units~~~ [Diesel (10.) [Biodies! (eral)|Sunfiower ME [Raeseed ME (SoyME  [Sunflower EE. [Rapeseed EE [SoyEE  [Gasaline  |Ethanol | Methanal
Vieosty (O48) — AOC) (S JLO4L  [L9-6 42-46 48145 45 o0 1 0
Densty(DA5) ~ R(Z5°C) (g 08 088 08 08 089 087 081 0807078 | 074 07%
BaiingPoi BIC) 0% - 3 - - 30-2% L s
FeshPo (09%) ~ [P(C) (608002  [1O0-70 164163 153]141-188 i il i i
ChudPort 02500~ (CP(C) 905 [3b12 3 3 ! 1 b I
Pour Pait PEC [0 |l s ] - A
ConbustinPoit~—~— (CBP('C) (962 1683 i 19 - :
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Higher heatng vale ~ (HHV (MK b {1 § § 39 37 o ey n Nl
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Onen it 0 1 : : -

Suhur (D428) |wt% 005 005 00tjlt 00LjlL 01}
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2.5.1 Reaction kinetics

Reaction kinetics pertains to the rate of chemical reactions (reversible or irreversible). The

kinetics for biodiesel production is largely dependent on the phase, reaction temperature,

reactant concentration, and the type of catalyst used to lower the activation energy needed to
start a reaction (He et al., 2007).

Rate equations are expressed in terms of reactant concentrations and are typically obtained by

use of the law of mass action (LMA). LMA states that the rate of reaction is directly

proportional to the products of reactant concentrations, each raised to the power of its
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coefficient in the reaction. The law only applies to elementary reactions; those depicting the
mechanism at the molecular level, and occurring as a single event (Turner, 2005). Simplicity
tests are used to predict the order of the reaction, however these tests still need to be verified
by experiment (Turner, 2005). Below are reactions of saponification, hydrolysis and

transesterification and their rate equations under LMA.

Saponification reaction

k12
FFA+ OH™ — A + H,0 (2-8)
Where ki, is the reaction rate constant

Saponification rate equation
& = ki [FFAT[OH™]! (2-9)
Hydrolysis reaction
ROH + OH- < RO~ + H,0 (2-10)

The hydrolysis reaction is a reversible reaction, meaning it can proceed in either forward or
backward direction depending on reaction conditions. The forward reaction rate is controlled
by the reaction rate constant ki, and the reverse reaction is governed by ki.. When the rate of
the forward reaction is the same as that of the reverse reaction, the reversible reaction is said
to be in equilibrium. The equilibrium constant is given by equation (2-11) below

ki _ [ROT][Hz0]

k1= kir  [ROH][OH"]

(2-11)

Transesterification

Taking the first forward reaction of transesterification, as given by equation (2-2) and

applying LMA, the rate equation for transesterification of TG is found to be;

d[TG]
dat

= k1[TG][ROH] (2-12)

The reaction kinetics of biodiesel production changes with system temperature and pressure.
According to Freedman et al. (1986), transesterification follows pseudo first-order Kinetics

and the reverse reaction occurs as described by second-order kinetics. For methanol
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approximating at its critical point, Warabi et al. (2004) considered kinetics to be first-order as
described by equation (2-13).

—Int =kt (2-13)

X0

Where X is the concentration of unreacted methyl esters at time t; Xo is the initial methyl ester

concentration; Kk is the first-order reaction rate constant.

The determination of reaction constant is necessary for the determination of activation energy
required for the reaction to occur. Reaction constants are a function of temperature and are
obtained by taking the slope of the plot In(k) vs 1/T. The activation energy is then determined
from the Arrhenius equation given in equation (2.14).

Ea
RT

Ink=1In4— (2-14)

Where E, is the activation energy; R is the universal gas constant; T is temperature.

2.6 Kinetic Models
Kinetic models are necessary in predicting the extent of reactions that occur during the
production of biodiesel and they also allow for optimization of process variables for better
efficiency. Although the production of biofuels has become rather crucial in the current trying
times of the depletion of fossil fuel reserves and many other related challenges such as
stricter air emissions standards, the kinetics of transesterification remain controversial. Two
widely accepted kinetic models have been developed and will be discussed in the following

sections.

2.6.1 Freedman’s Kinetic Model
Freedman and his colleagues devised a chemical kinetic model for the alcoholysis of soy
bean oil in the early 1980’s at USDA and they used the overall reaction of TG to alkyl esters
(equation 2-1) which occurs as a sequence of three steps as shown by equations (2-2) to (2-4)

in section 2.4.1.

Freedman’s model seems to be devised from the LMA, because the first forward reaction
proceeds according to equation (2-12). The overall order of the proposed forward reaction
step is second-order and a condition called pseudo-first order occurs when the concentration
of alcohol is assumed constant due to the very high molar ratio of alcohol to the TG
(Freedman et al., 1986).
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The aim of most kinetic models is to find the best fit of empirical data to models of simple
reaction order; when the data doesn’t fit Freedman suggests what is called a shunt reaction,
which is a fourth-order reaction in which three alcohol molecules concurrently react with a
TG (Freedman et al., 1986). The shunt reaction correlates to;

[TG][ROH]? (2-15)

Freedman studied the transesterification of soy bean oil using methanol and butanol with
alcohol to oil ratios of 30:1 and 6:1 at temperatures varying from 20 degrees Celsius to 60
degrees Celsius (Freedman et al., 1986). Reverse reactions for the transesterification of soy
bean oil were found to be second order for both methanol and butanol. When using butanol,
the forward reactions were found to be second order at 6:1 alcohol to oil molar ratio, and
pseudo-first-order at 30:1 alcohol to oil molar ratio. With methanol, the forward reactions
were fourth order (shunt reaction) at 6:1 alcohol to oil molar ratio, and pseudo-first-order at
30:1 alcohol to oil molar ratio (Freedman et al., 1986).

The Arrhenius equation (equation 2-14) was used to find the rate constants and ultimately
the activation energies by taking the slope of In (k) vs. 1/T. There have been several
investigations that used the application of the Freedman kinetic model. One study was
conducted by Mittelbach, (1990) at the University of Karl Franzen University, Austria and it
was found that the reaction was not a single phase as previously suggested by Freedman, but
that for the first two minutes a two phase system was observed. Another discrepancy found
by Mittelbach, (1990) is that the reaction order of the forward reactions is not governed by

second-order Kinetics.

Another application of Freedman’s kinetic model was by Noureddini et al., (1997) when they
studied the kinetics of the transesterification of soybean oil with methanol. These researchers
particularly focused on studying the effect of mixing and agitation by measuring the
Reynolds number of the stirrer and they found that the reaction constants for the shunt

reaction were negligibly small for there to be a correlation of the data to the shunt reaction.

An investigation by Bikou et al., (1999) focused on the study of the effect of water on the
kinetics of the transesterification of cotton oil with ethanol under the catalysis of potassium
hydroxide. Contrast to Freedman’s kinetic model, Bikou et al., (1999) found that each of the

three transesterification reaction steps were third order with respect to methanol.
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It 1s evident that Freedman’s kinetic model doesn’t always correlate with the other studies
that have been done since its inception, and additionally it doesn’t take into account the effect
of water on transesterification -which has a huge impact as discussed by Bikou et al., (1999).
There is also concern with the formation of saponification when performing
transesterification under base catalysis and a superior predictive model should take that into

account; this then consequently leads to the discussion of Komers’ kinetic model.

2.6.2 Komers’ Kinetic Model
Komers’ model is based on the transesterification of vegetable oil using methanol as a solvent
and potassium hydroxide (KOH) as catalyst. Komers and his colleagues built a model from
suggested mechanisms for all the competing reactions (saponification, methanolysis, and
methoxide formation) that occur during transesterification and is the only model that
explicitly treats the amount of water and catalyst present (Komers, 2002). The research on the
negative effect of water on the equilibrium reactions by Bikou et al., (1999) is supported by

this model.

Komers proposed simplifying assumptions that resulted in a system of six rate equations
including eight reaction species and ten rate constants (Komers, 2002). The simplifying

assumptions are listed below;

a) The concentration of FFASs is negligible

b) Of all the theoretically possible reactions only two progress to form products: the
alcoholysis of acylglycerols (TAG, DAG, MAG) and the saponification of TAG,
DAG, MAG, or alkyl esters (E).

c) All the isomers of TAG, DAG, MAG, and E proceed at the same rate, with the same
mechanism.

d) Alcoholysis is catalysed by OH or RO (alkoxide) ions. Concentrations of OH" and
RO ions are much smaller than those of TAG and ROH.

The abovementioned assumptions give rise to the differential equations below (The

derivation for Komers model is found in appendix A).
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S22 =b-OH - (k5 - TAG - ROH — kyy - DAG - E) + a- OH - ko - TAG (19)

_dZ‘:G=b.0H.(_ké.TAG.R0H+kér-DAG-E-}-k;-DAG-ROH—k;r-MAG-

(2-17)

_d’ZfG:b.oy-(_k;-DAG-R0H+k;r-MAG-E+kg-MAG-ROH—kér'G'E)+

a- OH - (_klo " DAG + kll " MAG)

(2-18)

% = b-OH- (ki MAG - ROH — ki, G - E) + a- OH - kyy - MAG (2-19)

dROH _ dE

——=—="b0H " (ky TAG - ROH — kj. - DAG - E + ki, DAG - ROH — ki - MAG -
E+kl-MAG-ROH — ki, G-E —kg-E)

(2-20)
dOH dA
dH,0 dFFA

Where a= [TAG]oand b= [ROH]
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2.6.3 Other Models
There are various other studies that investigated the transesterification of oil for biodiesel
synthesis, under catalytic and non-catalytic conditions. Below is a summary of different
kinetic models, some of which are not discussed into detail in this paper (Liu, 2013).

Table 2-3: Summary of different kinetic models (Liu, 2013)

Model Reactions Order Ref.
Three steps, TG + MeOH —2>DG + ME Second (Darnoko &
reversible, k-1 order Cheryan, 2000,
alkaline as DG + MeOH —>" MG + ME Noureddini &
catalyst *;3 Zhu, 1997,
MG+ MeOH F GL+ME Wenzel et al.,
2006,Shahbazi,
MR.. etal..
2012)
Three steps, TG + MeOH — s DG + ME First order (Diasakou et al..
irreversible. no 2 . 1998)
catalyst DG+ MeOH —— MG +ME
MG +MeOH —=>GL+ME
One step, TG +3MeO HL; GI+3ME First order (Kusdiana &
reversible, non F- Saka, 2001, He et
catalyst al., 2007)
One step TG + 3MeOH —>~—> I +3mE | First order. (Singh &
reversible, k-1 or third Fernando. 2007)
different base order,
catalysts depends on

catalyst type
TG: triglyceride. MeOH: methanol. DG: diglyceride. MG: monoglyceride. GL: glycerol. ME:
methyl esters.

2.7 Parameters that influence the transesterification reaction

Transesterification is influenced by various parameters such as fatty acid concentration, FFA
content of the oil, reaction temperature, ratio of alcohol to vegetable oil, catalyst, mixing
intensity, purity of reactants, and water content amongst others (Wang et al., 2011). Some of

the influencing parameters are discussed in detail in the following sections;
2.7.1 Reaction Temperature

Reaction temperature significantly influences the rate of reaction. However literature
suggests that if given enough time, the reaction can still proceed to a near completion at room

temperature (Karmakar et al., 2010). Commonly the reaction starts near boiling point of the
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alcohol under atmospheric conditions. To proceed successfully, the removal of FFA from the

oil by refining or pre-esterification is imperative (Bankovic-llic et al., 2012).

Further increase in temperature is reported to have a negative effect on the conversion.
Literature has indicated that if given enough time, transesterification can proceed
satisfactorily at ambient temperatures in the presence of the alkaline catalyst. It was observed
that bio-diesel recovery was affected at very low temperatures but conversion was almost
unaffected (Shahid & Jamal, 2010).

2.7.2 Alcohol to Oil Molar Ratio

The stoichiometry of the transesterification reaction requires 3 moles of alcohol per mole of
triglyceride to give 3 moles of fatty esters and 1 mole of glycerol. To shift the
transesterification reaction to the right, it is necessary to use either a large excess of alcohol
or to remove one of the products from the reaction mixture (Shika & Rita, 2012). When
100% excess alcohol is used, the reaction rate is at its highest. Higher molar ratio of alcohol
to oil interferes in the separation of glycerol. It was observed that lower molar ratios required
more reaction time. With higher molar ratios, conversion increased but recovery decreased
due to poor separation of glycerol. It was found that optimum molar ratios depend upon type

and quality of oil (Vyas et al., 2010).

2.7.3 Catalyst Type and Concentration

Alkali metal alkoxides are the most effective transesterification catalyst compared to the
acidic catalysts. Sodium alkoxides are among the most efficient catalysts used for this
purpose. Transmethylations occurs approximately 4000 times faster in the presence of an
alkaline catalyst than those catalyzed by the same amount of acidic catalyst (Bankovic-llic et
al., 2012). Partly for this reason and because alkaline catalysts are less corrosive to industrial
equipment than acidic catalysts, most commercial transesterification are conducted with
alkaline catalysts. Further, increase in catalyst concentration does not increase the conversion
and it adds to extra costs because it is necessary to remove it from the reaction medium at the
end (Shika & Rita, 2012). It was observed in literature that higher amounts of sodium

hydroxide (NaOH) catalyst were required for higher free fatty acid oil (Janaun & Ellis, 2010).
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2.7.4 Purity of Reactants

Impurities present in the oil also affect conversion levels. Under the same conditions, 67 to
84% conversion of oil into esters using crude oils can be obtained, when compared with 94 to
97% conversion using refined oils (Shika & Rita, 2012). The free fatty acids in the original
oils interfere with the catalyst and under conditions of high temperature and pressures this
problem can be overcome (Janaun & Ellis, 2010). It was observed that crude oils were
equally good compared to refined oils for production of bio-diesel. However, the oils should
be properly filtered (Kumar & Sharma, 2011).

2.7.5 Mixing Intensity

The mixing is most significant during the slow rate region of the transesterification reaction.
As the single phase is established, mixing becomes insignificant. The understanding of the
mixing effects on the kinetics of the transesterification process is a valuable tool in the
process scale-up and design. It was observed in literature that after adding alcohol and
catalyst to the oil, 5-10 minutes stirring helps in higher rate of conversion and recovery
(Kumar & Sharma, 2011).

2.7.6 Effect of Alcohol Type

Methanol gave the best biodiesel yield, followed by butanol and least was with ethanol. There
are many reasons behind it. Firstly, Methanol has a simple chemical structure, thus the
transesterification reaction is more likely to occur (Shika & Rita, 2012). Butanol and ethanol
are more complex; therefore it is more difficult for transesterification to occur (Shika & Rita,
2012). Secondly, with methanol, the emulsions form quickly and easily breaks down to form
a lower glycerol rich layer and upper methyl ester rich layer. When using ethanol, the
emulsions are more stable and severely complicate the separation and purification of esters
(Jain & Sharma, 2010).

2.7.7 Effect of Reaction Time

The conversion of oil to biodiesel reaches equilibrium conversions with increased reaction
times. The maximum ester conversion is obtained at 2 hour reaction time. Similar reaction
time has been reported in Mahua (Madhuca Indica) and Karanja oil. The reaction is very slow

during the first minute due to mixing and dispersion of methanol into catalyst. From 1 to 5
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minute(s), the reaction proceeds very fast. The production of beef tallow methyl esters

reaches the maximum value at about 15 minutes (Kumar et al., 2012).

2.7.8 Effect of Moisture and Water Content on the Yield of Biodiesel

Water could pose a greater negative effect than presence of FFA and hence the feedstock
should be free from water. Even a small amount of water (0.1%) in the transesterification
reaction would decrease the ester conversion from vegetable oil. The yield of the alkyl ester
decreases due to presence of water and FFA as they cause soap formation, consume catalyst
and reduce the effectiveness of catalyst (Shika & Rita, 2012).

2.7.9 Effect of Free Fatty Acids

FFAs content after acid esterification should be minimal or otherwise less than 2% FFAs.
These FFAs react with the alkaline catalyst to produce soaps instead of esters. There is a
significant drop in the ester conversion when the free fatty acids are beyond 2% (Silitonga et
al., 2011).

2.8 Optimization of non-edible oil transesterification
Biodiesel yield depends on the reaction conditions, including the ones detailed in section
2.3.4; therefore optimization of these conditions is crucial in order to determine the optimal
conditions for maximum biodiesel yield of the highest purity. Catalyst loading, alcohol to oil
molar ratio, and their interactions have a significant impact on the yield of alkyl esters (da
Silva et al., 2009). Supporting the previous statement is a study conducted by Cavalcante et
al., (2010) stating that the ethanol to castor oil molar ratio, reaction time, and potassium
hydroxide catalyst loading are effective on the alkyl ester yield in both the linear and

quadratic model at 95% confidence level.

Design of experiments is a statistical technique that offers an efficient and accurate way of
optimizing processes. Examples of this technique are, the response surface methodology
(RSM) combined with the central composite rotatable design, factorial design, Box-Behnken
factorial design or the combination of fractional factorial and Doerhlert experimental design,
as well as Taguchi technique and generic algorithm coupled with artificial neural network
(Bankovic-llic et al., 2012). These techniques not only assess the influence of individual

process parameters but also the interactions between them.
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CHAPTER 3

3. Methodology

This research project comprised of five stages:

a) Stage 1: Response surface methodology (RSM) was performed to assess the influence
of operating parameters at different conditions.

b) Stage 2: Optimisation of the model obtained from RSM was done to obtain the

optimum operating conditions.

c) Stage 3: Concentration-time data for catalysed transesterification of biodiesel was

collected from literature in order to fit into a kinetic model found in literature.

d) Stage 4: To find the true order of reactions, the concentration-time data was fitted into
the rate equation and rate constants were estimated. A robust optimisation solver which
minimized the objective function was applied to obtain optimised values of the rate

constants. Such an objective function is given by Equation (3-1)

E? = Y7L [b; — (aj1ky + apk, + apks + -+ + apky)]? (3-1)

Statistical regression techniques were employed for fitting the model, and the
developed model went through the steps as depicted by figure 3.1.
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Figure 3-1: Model validation structure

3.1. Derivation of theoretical kinetic model

For the purpose of this study, a theoretical kinetic model from literature (Noureddini & Zhu,
1997) that represents the production of biodiesel from non-edible oils is proposed.
Theoretically biodiesel fatty methyl esters are produced as a result of transesterification
reaction involving a 3:1 alcohol to oil molar ratio. The overall reaction for biodiesel reaction

is given by equation (3-2) below.
TG + 3ROH &1 G + FAME (3-2)

There are instances where alcohol is fed in excess in order to achieve higher reagent
conversions. In such instances equation (3-2) behaves as an irreversible reaction (equation 3-
3).

k
TG + 3ROH > G + FAME (3-3)

The overall reaction occurs in three consecutive steps (equation 3-4), a 3-step reversible
reaction with alkaline as a catalyst. The reaction is assumed to be first order with respect to

reacting species and second order overall.
TG + ROH <! DG + FAME
DG + ROH &2 MG + FAME

MG + ROH X2 G + FAME (3-4)
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Where ki, ks, and ks are forward rate constants, and ks, ks, and kg are reverse rate constants.
The model above is governed by the following assumptions:
e The concentration of FFAs is negligible

e Of all the theoretically possible reactions only one reaction progresses to form
products: the alcoholysis of triglycerides (TG, DG, and MG).

e The alcoholysis of triglycerides assumes that elementary rate law applies.
e Alcoholysis is catalysed by RO/OH"ions.

e Reaction rate is dependent only on temperature, and the reaction rate constant is

correlated by the Arrhenius equation.

e The volume of the batch reactor does not change appreciably during the course of the
chemical reaction (Vo= V).

Performing component mass balance, results in the following ordinary differential equations:

dc
d_:G = —ky " [Cr¢le * [Cronlt + kar - [Cpele  [CEl:

dc
d?G = k1 ' [CTG]t ' [CROH]t - klr ' [CDG]t ' [CE]t - kz ' [CDG]t ' [CROH]t + er ' [CMG]t '

[CE]t

dCymg

dt =ky- [CDG]t ) [CROH]t — ko - [CMG]t ) [CE]t - k3 ’ [CMG]t ’ [CROH]t + k3r ) [CG]t )
[Cele

dG
i = k3 [CMG]t ) [CROH]t — k3 [CG]t ' [CE]t

dc
d_tE = —ky, " [Cpgle  [Cele + k1 - [Crele  [Croule — Kar * [Cugle  [Cele + k2 - [Cpgle -

[Croule — kar - [C6le - [Cele + k3 * [Cugle * [Croule

dCron _ _ 4Cp (3-5)
dt dt
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3.2. Kinetic Parameters
The estimation of activation energy is obtained from the Arrhenius correlation (equation 3-6)

by plotting In(k) vs I/T, where Ea/R is the slope.
Ink = (22) + Ink, (3-6)

Where Ea=activation energy (J/mol), R= universal gas constant (8.314J/mol/K), ko= pre-

exponential factor (1/time unit).
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CHAPTER 4

4. Results and Discussion

4.1 Kinetic models and Response surface methodology

4.1.1 Response Surface Methodology

To understand the influence of operating parameters on biodiesel yield from Jatropha curcas
oil, experimental data was obtained from Pedavoah, (2010). Experiments were conducted at
various conditions, varying temperature, molar ratio, reaction time, catalyst amount, and
stirring rate. Surface response plots were generated for variations in reaction time, stirring
rate, and temperature whilst keeping molar ratio and catalyst amount constant. Alcohol to oil
molar ratio was kept at 6:1 and catalyst amount to 0.6g (1%/w oil). Experimental data is
found in Appendix B. Table 4.1 and 4.2 below show the parameters for the 23 full factorial

design.

Table 4-1: 2° Design summaries

Factor Name Units Actual low Actual high | Coded low | Coded high
X1 Temperature | [°C] 45 85 -1 +1
X2 Time [min] 15 60 -1 +1
X3 Stirring rate | [rpm] 0 500 -1 +1
Table 4-2: Design matrix
X1:Temperature X2:Time X3:Stirring rate Yield (vol %)
1 1 1 74.1
1 1 -1 86.11
-1 1 -1 87.04
-1 -1 -1 87.04
1 -1 1 81.79
-1 -1 1 79.23
1 -1 -1 83.02
-1 1 1 76

29




Several linear and quadratic polynomial models were generated using MATLAB® Ver.
R2012b and were fitted with experimental data in order to obtain the equation of best fit. The
1% order polynomial model that best fit the data with minimal deviation to experimental data
and correlation factor of 0.89 was found to be:

Y =99.0887 — 0.1072 * X1 — 0.1305 * X2 — 0.016 * X3 + e (4-1)
Where e= mean error

Table 4-3: Variance analysis

Mean error Variance residual R?

-.27711e-13 5.1184 0.89

Figure 4.1 shows the comparison between actual and predicted yield. As can be seen from the

figure, the model closely predicts the actual biodiesel yield.

88

o o o Atualvield o
85 + 4+ + Predictedyield ot

g4 4 *

82 o

20 o

78 - *

Predicted Yield

TE o

74 T T T T T T T T T T T T T

T4 ¥5  ¥s F¥ ¥8 79 B0 81 82 83 84 85 86 BT 88

Actual Yield

Figure 4-1: Correlation plot (Actual yield vs. Predicted yield)

Second order quadratic polynomial models approximated to singularity under the same
experimental conditions. Below are surface plots showing biodiesel yield at variation of
control parameters. Keeping time constant at t=60 min, whilst varying stirring rate and

reaction temperature yields what is observed in figure 4.2 and 4.3.
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Figure 4-2: Response surface plot for the production of Jatropha curcas methyl esters at

varying conditions (Methanol to Oil molar ratio 6:1, KOH catalyst 1%w/w oil)
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Figure 4-3: Contour plot for the production of Jatropha curcas methyl esters at varying

conditions (Methanol to Oil molar ratio 6:1, KOH catalyst 1%w/w oil)

As shown from the graphs above, the response surface plots adequately describe the behavior
of parameters as observed from experimentation. The rate constants are functions of
temperature, and the highest yields (>85%) are obtained from the temperature range of
approximately 55 °C with agitation speed of 0-250 rpm to aid the reaction. These results do
not agree with those found in Okullo et al. (2010); in the sense that under similar
experimental conditions, the polynomial regression equation obtained by Okullo et al. (2010)
IS a quadratic regression equation and surface plots depict a proportional relationship between
biodiesel yield and agitation. Agitation is known to boost homogenization of a reaction and
therefore results in higher biodiesel yields, however based on findings by Sharma and Singh
(2007) the mode of stirring .i.e. mechanical or magnetic, also plays a role in the oil
triglyceride conversion. In the study by Pedavoah (2010); it was found that the yield of
biodiesel increased when a mechanical stirrer was used instead of a magnetic stirrer. A
plausible explanation for this could be that the activity of the mechanical stirrer relatively

increases the collision frequency of reagent molecules.
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The unexpected behavior of stirring rate with respect to biodiesel can also be attributed to the
number of experimental points used to develop the model. The first order design method used
for this study is the 2° full factorial design, which took in 8 possible interactions, four of
which are low coded (-1), and another four high coded (+1). This merely means that there are
only 4 points that represent the response of biodiesel yield with higher agitation rates. In
addition, the experiment was not previously designed for studying the influence of operating
parameters, and therefore some results were omitted in this study due to the fact that they did
not fit into any parameter interaction scenario required on the 2° full factorial design
methodology. A maximum stirring rate of 250 rpm at a minimum 55 °C would result in
biodiesel yields of above 81%. The optimum conditions for this experiment were found to be
T=55 °C, molar ratio=6:1, catalyst concentration= 1% based on oil weight, and stirring rate of
0 to 250 rpm. While the optimum conditions found by Okullo et al. (2010) are T=55 °C,

molar ratio=6:1, 1wt% catalyst concentration, and agitation speed of 600 rpm.

4.1.2 Kinetic model from literature
A theoretical model discussed in chapter 3 of this research report was used to fit
concentration-time data of the transesterification of Jatropha curcas oil obtained from Mu’azu
et al. (2015). The transesterification of Jatropha curcas seed oil was performed at three
different temperatures (45 °C, 50 °C, and 55 °C), with methanol to oil molar ratio of 10:1, and
agitation speed of 700rpm under heterogeneous catalysis (8 wt% calcium oxide, Ca0O). Figure
4.4 represents the experimental results for the transesterification of Jatropha Curcas oil at the
temperature of T=45 °C. The initial estimation of k-values was obtained by using the three-
point method (slopes at instant time) (Seoud & Abdallah, 2010). Thereafter the 4™ order
Runge-Kutta method was utilised to solve the system of ordinary differential equations. The
least square regression analysis technique was performed with Scilab© software, Ver. 5.5.2

(2015), in order to find optimised k-values.

The experimental data in Figures 4.4, 4.6, and 4.8 was used to obtain the initial estimation of
the k-values using the three point method; thereafter the theoretical model derived in Chapter
3 was solved by means of the 4" order Runge-Kutta whilst simultaneously optimizing the
rate constant values thus giving rise to the closest fit as depicted by Figures 4.5, 4.7, and 4.9

respectively.
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Figure 4-4: Experimental concentration-time data of Jatropha Curcas oil
transesterification at T=45"C (Mu'azu, et al., 2015)
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Figure 4-5: Scilab Simulated model at T=45°C
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Figure 4-7: Scilab Simulated model at T=50°C
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The reaction proceeds rapidly from 0-25 minutes then stabilizes. After 25 minutes no
significant changes in concentration of components were observed. For temperature of 55°C a
significant change in concentration of components is in the range of 0- 20 min, this confirms
the assumption made earlier in chapter 3 that the rate constants are only temperature
dependent. There are two possible reasons why there is insignificant concentration change
after 25 minutes, one is that the reactions have reached equilibrium, and the second reason is
that as the reaction proceeds a glycerol rich-phase is formed and the catalyst is transferred
into the glycerol phase, therefore decreasing the catalyst concentration consequently
decreasing the rate of reaction (Mu'azu, et al., 2015). Table 4.4 gives the rate constants that
were obtained for transesterification of Jatropha curcas oil at all three temperatures. Better
correlation was observed for reactions conducted at 55°C. The rate constant for the
conversion of TG at different temperatures is relatively smaller than other rate constants for
forward reactions, this means that the conversion of TG to form DG is slower and therefore
the rate determining step. The rate constants for the production of MG are relatively high,
which is why the simulated model shows that there is no significant conversion of MG to DG
and hence the diglycerides decrease almost to completion whilst there is a remainder of
monoglycerides after the reaction has stopped.

Table 4-4: Rate Kinetics at different temperatures

Temperature (°C)

Reaction | Rate constant 45 50 55

(L/mol/min)
TG—DG | k1 0.0006 0.0009 | 0.0011
DG—TG | k2 0.1 0.1 0.55
DG—MG | k3 0.21703372 | 0.4016 | 0.73704
MG—DG | k4 0.00836637 | 0.00933 | 0.01037
MG—G | k5 0.1 0.3 0.4
G—-MG | k6 0.53043663 | 0.52671 | 0.56291

» Determining activation energy and pre-exponential factor

Obtained k-values are plotted against absolute temperature in order to estimate the Arrhenius
pre-exponential factor and the minimum activation energy required for the reaction of the rate

determining step to occur. The activation energy and pre-exponent factor for the rate
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determining step is computed with the use of Arrhenius equation, in which Ea/RT is the slope

of the plot and In (ko) is the intercept.

y =-6332.8x + 12.5
74 1 R? = 0.9666 *

-7.5 -
0.00304 0.00306 0.00308 0.0031 0.00312 0.00314 0.00316
1T

Figure 4-10: Determining activation energy and pre-exponential factor

The pre-exponential factor is found to be 275956.9/min and the minimum activation energy

required for TG conversion is 52650.9 J/mol.

4.1.3 Empirical model

Theoretical model discussed above is based on the rate law of the observed behavior of the
reaction mechanism. These generally give a good indication of model behavior without
taking into account other possible reaction mechanisms governed by the same rate law. Given
the number of theoretically possible interactions it would be better to attempt to derive a
model that considered also other reaction mechanisms, which is why good assumptions and
knowledge of reaction kinetics for a particular reaction mechanism is crucial. Knowledge of
reaction kinetics and rate of reaction is determined through experimentation (Pedavoah,
2010).

For the theoretical model the reaction order was assumed, however in order to correctly
identify or estimate reaction order of reacting components, a graph relating concentration and
time is plotted. For the given experimental conditions the alcohol is fed in excess at a the

methanol to oil ratio of 10:1, with this knowledge the rate of reaction is derived from an
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irreversible overall reaction (equation 4-2) of TG to biodiesel and it is assumed that the rate

of change of alcohol is negligible with respect to the rate of change of TG.

k
TG + 3ROH - G + 3E (4-2)

The rate of reaction for equation (4-3) with n™ overall reaction order is

ac
o = kCrg" (4-3)

Concentration-time data for transesterification of Jatropha curcas was fitted in Figures 4.11-
4.22 in order to determine the order of reaction. Table 4.5 gives a summary of optimized rate
constants and correlation coefficients for first and second order kinetics at different
temperatures. From the results obtained it is evident that the transesterification of Jatropha
curcas is first order with respect to TG. First order kinetics show an overall better fit as
evidenced by the high correlation coefficients. Freedman et al. (1986) declared that there is a
condition called pseudo-first order that occurs when the concentration of alcohol is assumed
constant due to the very high molar ratio of alcohol to the TG. The concentration of alcohol is
fed in excess in this experiment which would explain the pseudo first order behaviour

Table 4-5: Verification of order of reaction

T (°C) Ea (kJ/mol)

45 50 55
Order | Rate RM2 Rate R"2 Rate RM2

Constants Constants Constants
1st 0.041 0.8728 | 0.055 0.7038 | 0.094 0.865 | 71.838
order
2nd 0.010045 0.8742 | 0.0125 0.4616 | 0.033 0.4918 | 301.432
order

> Fitting 1% order kinetics model

Figures 4.11 shows the simulated model for the 1% order kinetics at 45°C using equation
(4-7), the model exhibits a similar behavior to that of experimental data especially in the
first 15 minutes of the reaction. Figure 4.12 depicts the correlation coefficients of the data

to model. The correlation coefficient is 0.872, which ascertains that a 1% order kinetic
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model is a good fit with minimal error. The derivation of the first order kinetic model is

as follows:

dCpg
dt

= —kCrg (4-4)
Integrating the rate equation yields equation (4-5)

InCrg = —kt +C (4-5)
InCrg = =kt + InCrgo (4-6)

Substituting the Arrhenius equation rresults in equation (4-7)

_Ea

lnC}G ::_'(koe7ﬁr)t'+ thTGO (4'7)
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Figure 4-12: Verification of first order kinetics at T=45°C
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Running the experiment at 50°C shows a lower correlation to 1% order kinetics compared to a
minimum temperature of 45°C. The reaction shows a better relation with first order kinetics
in the first 20 minutes and thereafter deviates, although not significantly. The correlation
coefficient is 0.7038, verifying that the reaction does follow first order kinetics.
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Figure 4-13: Variation of TG with time assuming first order Kinetics at T=50°C,
k=0.055/L
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Figure 4-14: Verification of first order kinetics at T=50°C
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From Figures 4.15 and 4.16, it can be seen that at 55°C the modelled reaction follows first
order kinetics, which has significantly lower deviations from experimental data. The
correlation coefficient is 0.865. The observation from this is that the reaction exhibits first

order kinetics behaviour more at the temperatures of 45°C and 55°C.
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Figure 4-15: Variation of TG with time assuming first order Kinetics at T=55°C,
k=0.094/L
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Figure 4-16: Verification of first order Kkinetics at T=55°C

It is important to explore the possibility of the reaction following second order reaction

kinetcis. Figures 4.17 to 4.23 show how the experimental data compares to a second order

kinetic model at different temperatures. The derivation of the second order kinetic model is

shown through equation (4-8) to equation (4-10). At 45°C the reaction displays a second

order behaviour after 40 minutes accompanied by a high correlation coefficient. As the

temperatures increase to 50 °C and 60 °C, the reaction displays less of the 2" order kinetics.

> Fitting 2" order kinetics model

dCrg 2

2 = “kCrg

1

—=kt+C

Cre

1 ~“Ea 1
— =k eRT)t+

Cre (O Crco
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Figure 4-17: Variation of TG with time assuming second order kinetics at T=45°C,
k=0.010045 L/mol/min
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Figure 4-18: Verification of second order kinetics, T=45°C
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Figure 4-19: Variation of TG with time assuming second order kinetics at T=50°C,
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Figure 4-20: Verification of second order kinetics at T=50°C
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Figure 4-21: Variation of TG with time assuming second order kinetics at T=55°C,
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Figure 4-22: Verification of second order kinetics at T=55°C
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> Determining activation energy and pre-exponential factor

First order kinetics
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Figure 4-23: Activation energy and pre-exponential factor (First order kinetics)

The value of the pre-exponential factor is 2.48x10°/min and the minimum activation
energy required for the reaction to take place is 71837.95 J/mol. Therefore the rate equation
for the transesterification of Jatropha curcas seed oil using Calcium Oxide (CaO) as

heterogeneous catalyst is given by (Equation 4-12).

1

-Eq
26 = (koeﬁ) Cre (4-11)

dCrg _

-71837.95 1
dat (

2.4810 * e sa1aT )CTG (4-12)
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Second order kinetics

y =-36256x + 108.9
R?=0.7895

In(k)

6 -
0.00304 0.00306 0.00308 0.0031 0.00312 0.00314 0.00316
YT

Figure 4-24: Activation energy and pre-exponential factor

The value of the minimum activation energy required for the reaction to take place is 301432
Jimol and the pre-exponential factor is 1.97092x10%”.The rate equation is given by
(equation 4-14);

dZ_ZG = _kCTGZ (4-13)

—301432

LT = —(1.97e47®3140T) Crg (4-14)

4.1.4 Model validation
In section 4.1.2 a theoretical kinetic model was used to fit experimental data for Jatropha
curcas oil transesterification under heterogeneous catalysis. The order of reaction was
assumed to be first order with respect to reacting components. In section 4.1.3 the order of
reaction was verified by curve fitting of the concentration-time data, with the knowledge that

alcohol is fed in excess and therefore its rate is insignificant.

49



To verify the order of reaction, alternative data from Ude et al. (2016) and Veljkovic et al.
(2006) were fitted to the first order reaction model. The former is for the transesterification of
jatropha curcas with 0.6w% KOH catalyst and the latter for the transesterification of tobacco
seed oil (Nicotiana tabacum L.) with two step process due to its high content of free fatty
acids .The two-step process serves as pre-treatment of high FFA oil by employing acid
catalysis, called esterification and thereafter transesterification using KOH catalyst for
biodiesel yield. This study mainly focuses on low FFA oil; hence the results from based
catalysed transesterification were used for kinetic analysis. It is important to note that as
opposed to experimental conditions discussed in section 4.1.2, the experimental data for
model validation was obtained from experiments performed under homogeneous catalysis.
The purpose of using alternative data obtained from different conditions was to study the
general behaviour of non-edible oils transesterification.

Jatropha curcas TG transesterification generally follows the first order reaction behaviour, as
can be seen from figures 4.25 to 4.33. It is fascinating to note however that at a temperature
of 60°C the reaction shows better correlation for a second order reaction, the same is

observed for transesterification of tobacco seed oil.

(a) Tobacco Seed oil

The experimental conditions for Tobacco seed oil are found in appendix B:
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> > TG
ke > > MG
+ + + DG
197 © © ©FAME
=
£ 0]
o
5 4
-
ﬁt s > 3 —x .
G L} L] L] L] L] L] lI L] L} L] 1
u] g 10 15 20 25 30 35 40 45 50 55 &0

Tirne [rin)

Figure 4-25: Experimental concentration-time data, T=60°C (Veljkovic’, et al., 2006)
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Figure 4-26: Simulated results of the variation of TG with time assuming first order

kinetics at T=60°C, k=0.23/L
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Figure 4-27: verification of first order kinetics, T=60°C
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Figure 4-28: Simulated results for the variation of TG with time assuming second order

kinetics at T=60°C, k=0.0138L/mol/min
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Figure 4-29: Verification of second order Kinetics, T=60°C
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(b) Jatropha Curcas oil
First order verification (Ude, et al., 2016)
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Figure 4-30: Verification of first order kinetics at T=50°C
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Figure 4-31: Verification of first order kinetics at T=60°C
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Second order Kinetics verification
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Figure 4-32: Verification of second order kinetics at T=50 °C
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Figure 4-33: Verification of second order kinetics at T=60°C
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CHAPTER 5

5. Conclusion
The kinetics study of transesterification of biodiesel from non-edible oils (jatropha curcas oil
and tobacco seed oil) was carried out. The effects of temperature, molar ratio, agitation speed
and reaction time were studied with the aid of response surface plots in order to understand
the influence of these operating parameters during the production of biodiesel. It was found
that temperature does increase the rate constant of a reaction and therefore leads to higher
biodiesel yields. The optimum temperature was found to be 55°C, and the highest biodiesel
yields are found at this temperature when no agitation is involved. The order of reaction with
respect to oil triglycerides was found to be first order at temperatures from 45°C to 55°C;
however at temperatures above 60°C the correlation was higher for second order kinetics.
This was observed in both tobacco seed oil and jatropha curcas seed oil transesterification
under homogeneous catalysis. It is concluded therefore that at optimum temperatures of 55°C
the transesterification of oil triglyceride (for both heterogeneous and homogeneous catalysis)
is first order. Based on these findings it can be stated that the kinetic behaviour of non-edible
oils is similar and can be explained by a general pseudo first order kinetic model given by
(equation 4-7) when alcohol is fed in excess at temperatures of approximately 55°C. For
temperatures above 60°C the reaction is second order with respect to oil triglycerides and can
be modeled using (equation 4-10). Assuming order of reaction from theory is accurate under
similar conditions as those studied in theory but given the complexities of chemical kinetics it
is best to verify unknown parameters from experimental data obtained. With these findings it
is evident that no one kinetic model can be globalised for the transesterification of all non-

edible oils.
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CHAPTER 6

6. Recommendations

A good design of experiments is beneficial in predicting the behaviour of control parameters
such as temperature, catalyst concentration etc. therefore it is recommended that any attempt
to perform an experiment on the transesterification of oil for biodiesel synthesis should be
preceded by a good design of experiments and thereafter a robust response surface
methodology. This is to ensure that the experiments are conducted only at optimum
conditions. When modelling the kinetic behaviour of the reactions, experimental data should
be used first to verify reaction orders and other unknown parameters, and parameter value
obtained from literature should only be used as a base or initial guess. The orders of reaction
are independent of temperature and therefore only change as the reaction changes. A further
investigation would be to determine how a reaction changes at high temperatures resulting in
second order kinetics. It would be beneficial to also explore if in fact most non-edible oils
behave this way and at what combination of control parameters. With South Africa currently
exploring jet biofuel, further investigations on the transesterification Kinetics of Tobacco seed
oil as well as response surface methodology would prove beneficial so as to confirm the

behaviour observed above.
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Appendix A: Komers Model Derivation

After applying the assumptions stated in section 2.6.2, the following possible reactions are

obtained

e) Formation of alkoxide:

ROH + OH~ & RO~ + H,0
f) Alcoholysis:

TAG + RO~ X2 DAG~ +E

DAG~ + ROH &% _DAG + RO~

DAG + RO~ &Kt MAG~ +E

MAG~ + ROH %2 MAG + RO~

MAG + RO~ &k G~ +E

G~ +ROH &K G+ RO

g) Saponification:
k8
E+ OH - ROH+ A

k9

TAG+ OH™ - DAG+ A
k10

DAG + OH™ — MAG + A

k11
MAG+0OH™ — G+ A

If the oil has high FFA content, the following equation needs to be considered,

k
FFA+ OH™ = A + H,0
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It is assumed that the reactions above are elementary and therefore are governed by the law of
mass action, which when applied gives thirteen differential equations involving thirteen
species (Komers, 2002). To simplify the complexity of the differential equations, two
common approaches can be chosen; one is that of the rate-limiting step assumption and the
other is that of the steady state assumption (Turner, 2005). The rate limiting suggests that the
rate of the conversion is controlled by the rate of slowest reaction, assuming that the fastest
reactions have reached equilibrium. The steady state assumption states that some species
react increasingly faster than others resulting in their rate of change being essentially zero
(Turner, 2005). The approach taken by Komers is the steady state assumption as it gives rise

to an algebraic equation with rate constants for all reacting species.

So assuming steady state, reactions 2, 4, and 6 of equation (A-2) proceed at much higher rate

than the other reactions, thus
ky ko K ks, ks
kg kg < ks, ks,
ke ker < ki, kyy
k3, K3y, ks, ks, K7, k7 > kg, kg, K10, k11 (A-5)

Consequently, if the minor terms are removed and substituted into the rate equation at

equilibrium conditions, the following is obtained

d[H>0] _ d[ROT] _ d[PAGT] _ d[MAGT] _ dI6] _ (A-6)
dt dt dt dt dt

Using the initial concentrations of triacylglycerols [TAG], and alcohol [ROH], to normalise

the remaining species, Komers obtained the following relations

TAG = [TAC]
DAG — [MAG]
G =14
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on =]
a
W — [HZO]
a
ROH = 1RO
b

Where a= [TAG]oand b= [ROH]o

Thus giving rise to the following differential equations:

—dffia=b'OH-(ké-TAG-ROH—k;r-DAG-E)+a-0H-k9-TAG

dDAG
dt

=b-0OH-(—ky -TAG - ROH + k3, - DAG - E + ky - DAG - ROH — ky, - MAG -

dMAG
dt

a-OH - (—kyo - DAG + ky; - MAG)

=b-OH - (—k,-DAG - ROH + k, - MAG - E + ki, - MAG - ROH — k., - G - E) +

& =b-OH- (k- MAG - ROH — kis.-G - E) + a- OH - ky, - MAG

_"”%=%=b-oy-(k;-ma-ROH—kgT-DAG-E+k4-DAG-ROH—kér'MAG'

E+k., MAG-ROH — ki, -G E —kgE)

dOH dA
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dH,0
at

Where,

And

—=a'k12'FFA'0H

ky _ [ROTI[H,0)
kir  [ROH][OH™]

k3 [DAG][RO™]
ks  [DAG~][ROH]

k! = k2K,
2 w
k! karK,y
2r
KW
k4K,
ey =Kl
4 w
kirK
’ 1K1
k4r
KsW
KkeK:
k. =
6 w
kerK
/ 6rK1
k6r
K1 =
K3 —_— —
ks
Ky = —
k7
K7 = k_ =
7r [

[MAG][RO™]

ksy  [MAG~][ROH]

[G][RO™]

G~][ROH]

The rate of reactions are represented by the following four balance equations

TAG + DAG

ROH +E +

OH+A+p

+ MAG+G =1
1
[OH™ ],
Wh =
erep TAG]
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nE + 3TAG + 2DAG + MAG + A =3 (A-11)

wh _ [ROH],
eren = [TAG]O

The initial conditions are given as

[TG]o =1
[ROH], =1
[OH], =p

[DG]y = [MG]o = [G]o = [E]o = [A]o =0 (A-12)

With the assumption that all reactions have reached equilibriums, there results a new set of

equilibrium equations as given below

K. = Jo _ [DAGTIIE]
27 kyr  [TAG][RO]

K = Ko _ [MAGTIIE]
47 ke~ [DAGI[RO™]

ke _ [GT][E] (A-13)

Ke =i = [MAG][RO"]

Combining equation (A-13) with equation (A-10), the following equilibrium constants are

obtained

;L _ [DAGI[E] _ DAGE _ kj
Kz = K2K3 = [TAGI[ROH] ~ TAG-ROH _ kb,

' _ [MAGI[E] _ MAGE _ ki
Ky = K45 = [DAG][ROH] ~ DAG-ROH _ kb,

L _ _[€E _ _ GE__ _ K )
Ke = Kek7 = [MAG][ROH] = MAG-ROH ~ kb, (A-14)

This directly results to

DAG = K} =—=TAG
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MAG = K; =2 DAG = KjK; (=2 E) TAG

, 1-E

G = Kg=EMAG = KKK (=2 E) TAG (A-15)

Substituting (A-15) into the first balance equation of (A-11) gives

TAG = ! (A-16)

1+K5 (2E)+k3 K4 (28 E) +K2K4(1+KglEE)

Substituting (A-15) and (A-16) into the fourth balance equation of (1-11) yields

, :% 3 3+2K2( )+K2K4(1 E)

-P (A-17)

1+K5(25) K3 (28 E) +KI KGR (14K E)

Solving equation (A-17), for any E and p (molar ratio of hydroxide (catalyst) to TGA),

establishes the amount of alcohol needed for the reaction.
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Appendix B: Experimental Data Sheets
B-1 Jatropha Curcas Oil

Experimental data for Jatropha Curcas oil used in this research project is obtained from
(Pedavoah, 2010) for RSM analysis and (Mu'azu, et al., 2015) for kinetic modeling. To
validate the model data from (Veljkovic’, et al., 2006) and (Ude, et al., 2016) is used.

B-1.1.Data for response surface methodology plots.

Table B- 1: Experimental data for biodiesel synthesis using Jatropha Curcas at various conditions (Pedavoah, 2010)

Time (min) Temperature (°C) Speed(RPM) %Yield
60 65 500 74.1

60 65 0 86.11
60 55 0 87.04
45 55 0 87.04
45 65 500 81.79
45 55 500 79.23
45 65 0 83.02
60 55 500 76

B.1.2. Reaction conditions: Kinetic modeling

The concentration time data for pretreated Jatropha Curcas (L.) were adapted from (Mu'azu,
et al., 2015) and are given in tables B-3 —B-5. The transesterification of oil was performed

under the following experimental conditions:

Table B- 1: Reaction conditions for Jatropha Curcas oil

Reaction time 60 minutes

Catalyst type Calcium Oxide (CaO)

Catalyst 8% w of ol

concentration

Alcohol type Methanol

70




Alcohol to oil 10:1
molar ratio

Temperature 55°C
range

Stirring rate 700rpm

Table B-3: Concentration-time data at T=55°C

T=55°C
time(min) | TG DG MG ME G ROH
0 74 2.6 0 0 0 100
5 4 2.4 2.2 4 1.2 96.2
10 2.8 2.2 1.8 7.8 2.8 92.6
15 1.8 1.8 173 125 31 89.07
20 1.2 16 172 15 32 87.28
25 0.98 15 171 171 3.21 85,5
30 0.9 15 171 172 3.25 85.44
35 0.85 15 171 178 3.25 84.89
40 0.71 15 1.7 1782 | 3.26 85.01
45 0.2 14 17 1785 | 3.26 85.59
50 0.09 1.4 17 18 3.28 85.53
55 0015 |14 17 185 3.28 85.105
60 0011 |14 17 185 3.28 85.109
Table B-4: Concentration time at T=45°C

T=45°C
time(min) | TG DG MG ME G ROH
0 74 2.6 0 0 0 100
5 6 2.2 2.2 5.3 3.2 91.1
10 4.9 2.1 1.8 122 4.4 84.6
15 4 1.7 1.63 175 5.1 80.07
20 2.9 1.6 1.62 20 5.2 78.68
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25 1.9 1.4 1.61 20.9 7 77.19
30 1.8 1.4 1.61 20.9 7.1 77.19
35 1.8 14 1.61 21 7.2 76.99
40 1.8 14 1.6 20.9 7.1 77.2
45 1.6 1.3 1.6 20 7 78.5
50 1.6 1.3 1.6 21.2 7.2 77.1
55 1.5 1.3 1.6 21.2 7.3 77.1
60 0.98 1.3 1.6 21.2 7.3 77.62
Table B-5: Concentration-time data (mol/L) at T=50°C

T=500C
TG ME G DG MG ROH
7.4 0 0 2.6 0 100
5.8 4.8 3 2.4 2.2 91.8
4.1 8.1 3.9 2.2 18 89.9
3.2 13 5 18 1.63 85.37
2.6 151 6 1.6 1.62 83.08
2.6 17 6 14 1.61 81.39
2.6 17.1 6 14 1.61 81.29
24 17.1 6 14 1.61 81.49
24 17.2 6 14 1.6 81.4
12 17.8 6 13 1.6 82.1
12 18 6 13 1.6 81.9
0.09 18 6 13 1.6 83.01
0.09 18.3 6 13 1.6 82.71
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B.2 Model validation data
B.2.1 Tobacco seed oil

The experimental data of the transesterification of TSO is adapted from (Veljkovic’, et al.,
2006).

Table B-6: Reaction conditions for Tobacco seed oil

Reaction time | 60 minutes

Catalyst type Potassium Hydroxide (KOH)
Catalyst 1% w of oil

concentration

Alcohol type Methanol

Alcohol to oil | 6:1

molar ratio

Temperature 60°C

Stirring rate | 400rpm

Table B-7: Concentration-time data at 60°C

DG MG TG G ROH FAME
Time moles | moles | moles | moles | moles | moles
(min)
0 0.02904 | 0.09504 | 0.8778 | O 6 0.32076
3 0.0924 |0.1716 |0.462 |0.31284 | 5.68716 | 0.6336
5 0.10428 | 0.07128 | 0.264 0.57684 | 5.42316 | 0.8976
10 0.09108 | 0.0528 | 0.2376 | 0.85404 | 5.14596 | 1.1748
15 0.0792 | 0.05016 | 0.132 0.86724 | 5.13276 | 1.188
25 0.08052 | 0.02376 | 0.1188 | 0.88044 | 5.11956 | 1.2012
40 0.07788 | 0 0.0924 | 0.93324 | 5.06676 | 1.254
60 0.066 |0 0.06336 | 0.97284 | 5.02716 | 1.2936
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B.2.2 Jatropha curcas (homogenous catalysis)

Table B-8: Reaction conditions for Jatropha curcas (Homogeneous)

Reaction time

60 minutes

Catalyst type Sodium hydroxide (NaOH)
Catalyst 0.6% w of ol
concentration

Alcohol type Methanol

Alcohol to oil | 6:1

molar ratio

Temperature 50-60°C

range

Stirring rate 500rpm

Table B-9: Conversion-time data for Jatropha curcas

Time(min) Xtg (T=500C) | Xtg (T=600C)
3 0.894601 0.893541

5 0.899741 0.917915

10 0.909282 0.918732

20 0.911078 0.925726

30 0.917915 0.926465

40 0.91954 0.929349

50 0.93919 0.93919

60 0.959238 0.950213
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Appendix C: Simulation Codes
Cl. MATLAB CODE FOR RESPONSE SURFACE METHODOLOGY

Jatropha Curcas Oil ( (Pedavoah, 2010)

%PARAMETER ESTIMATION FOR POLYNOMIAL REGRESSION MODEL FOR
INFLUENCE OF

%TEMP, TIME AND STIRRING RATE ON BIODIESEL YIELD)

Y=[74.186.11 87.04 87.04 81.79 79.23 83.02 76];% response Biodiesel Yield (vol%)
T=[65 65 55 55 65 55 65 55];% Factor 1, Temperature (0C)

t=[60 60 60 45 45 45 45 60];% factor 2, reaction time (min)

R=[500 0 0 0 500 500 0 500];% Factor 3, Stirring rate (rpm)

TT=T.*T;% product of the Temperature

tt=t.*t; % product of the reaction time

RR=R.*R;% product of stirring rate

tT=t.*T;% product of Temp and time

TR=T.*R; % product of Temperature and stirring rate, 2nd order interaction
tR=t.*R; %product of time and stirring rate, 2nd order interaction
ttR=t.*t.*R; %product of time and stirring rate, 3rd order interaction
ttT=t.*t.*T; %product of time and temperature, 3rd order interaction
TTt=T.*T.*t;% product of temperature and time, 3rd order interaction
TTR=T.*T.*R;% product of temperature and stirring rate, 3rd order interaction
RRt=R.*R.*t;% product of time and stirring rate, 3rd order
RRT=R.*R.*T;% product of temperature and stirring rate, 3rd order
tRT=t.*R.*T;% product of time, temperature and stirring rate, 3rd order
TTT=T.*T.*T;%product of temperature, 3rd order interaction
ttt=t.*t.*t;%product of time, 3rd order interaction

RRR=R.*R.*R;%product of stirring rate, 3rd order interaction

%1st order
%PHI=[ones(length(Y"),1)];% Model-0
%PHI=[ones(length(Y"),1) T't'R" ]; %Model-1
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%2nd order

%PHI=[ones(length(Y"),1) T't' R' TT' tt' RR"tT' TR' tR']; % Model-2
%PHI=[ones(length(Y"),1) T't' R"tT' TR' tR"]; %Model-3
%PHI=[ones(length(Y"),1) T't' R' TT' tt' RR']; % Model-4

%3rd order

%PHI=[ones(length(Y"),1) T't' R' TT' tt' RR' ttT' ttR' TTt' TTR' RRt' RRT']; % Model-5
%PHI=[ones(length(Y"),1) T't' R' TT' t' RR' TTT' ttt' RRR']; % Model-6
%PHI=[ones(length(Y"),1) T't' R"tT" tR' TR ttt' TTT' RRR']; % Model-7
%PHI=[ones(length(Y"),1) T't' R' TT'tt' RR"tT' tR" TR'ttt' TTT' RRR']; % Model-8
%PHI=[ones(length(Y"),]) Tt R' TT'tt' RR"tT' tR" TR' ttT'ttR' TTt' TTR' RRt' RRT" ttt'
TTT' RRR']; % Model-9

%PHI=[ones(length(Y"),1) T't' R"tT' Rt' TR' ttT' ttR' TTt' TTR' RRt' RRT'];%Model-10
%PHI=[ones(length(Y"),1) T't'R' TT' tt' RR' TRt"];%Model-11
%PHI=[ones(length(Y"),1) T't' R'" TT'tt' RR"tT' tR' TR' ttt' TTT' RRR' TRt']; %Model-12

th=inv(PHI"*PHI)*PHI"*Y"

estimated_error=Y'-PHI*th;

Y2=Y'-estimated_error
B=inv(PHI"*PHI)*PHI™*(estimated_error);

C=mean(B);

Mean_error =mean(estimated_error)
variance_residual=var(estimated_error)

N=length(T);

P=length(th);

Mean=[th(1) th(2) th(3) th(4) th(5) th(6) th(7) th(8) th(9) th(10)]; %th(11) th(12) th(13)];%
th(14)];% th(15)]; %th(16) th(17) th(18) th(19) th(20) th(21)];
covarianceth = variance_residual*(N-1)/(N-P)*inv(PHI"*PHI);
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C2. Code for generating Response Surface Plots with equation of best fit

Xp=[55:0.91:65;0:45.5:500 ;15:4.1:60]";
t=60;
for i=1:11, for j=1:11, z= 99.0887-0.1072*Xp(i,1)-0.1305*t-0.016*Xp(j,2);Z(i,j)=z;end;end;

mesh(Xp(:,1),Xp(:,2),Z")
xlabel('Temperature (oC)")
ylabel('Stirring rate (rpm)’)
zlabel('Yield (vol%)")

contour(Xp(:,1),Xp(:,2),Z")

xlabel('Temperature (0C)")
ylabel('Stirring rate (rpm)’)

C3. SCILAB Code for solving six ordinary rate equations

// batch reactor

clear;clc();lines(0);
f=gda();fontsize=5;

f. =fontsize+1;

f. =fontsize+2;

f. =fontsize+2;

f. =fontsize+2;

f. =fontsize;

f. =2;

// data

names=| 1;
CO(1)=7.4;

Co=[ I
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k1=0.0006
k2=0.1
k3=0.21703372
k4=0.008366371
k5=0.1
k6=0.530436626

function f=batch(t, c)

f(1)=-k1*c(1)*c(6)+ k2*c(2)*c(5);

f(2)=k1*c(1)*c(6)-k2*c(2)*c(5)-k3*c(2)*c(6)+kd*c(3)*c(5);

f(3)=k3*c(2)*c(6)-kd*c(3)*c(5)+k6*c(4)*c(5)-k5*c(3)*c(6);

f(4)=k5*c(3)*c(6)-k6*c(4)*c(5);

f(5)=k1*c(1)*c(6)-k2*c(2)*c(5)+k3*c(2)*c(6)-kd*c(3)*c(5)+k5*c(3)*c(6)-
k6*c(4)*c(5);

f(6)=-1(5);

endfunction

t=[0 5 10 15 20 25 30 35 40 45 50 55 60];

TG=[7.4428181.20.980.90.850.71 0.2 0.09 0.015 0.011],
DG=[2624221816151515151414141.4];
MG=[02.2181.731.721.711.711.711.71.71.7 1.7 1.77;
G=[01.22.83.13.23.213.25 3.25 3.26 3.26 3.28 3.28 3.28],
FAME=[04781251517.117.217.817.8217.85 18 18.5 18.5]}

ROH=[100 96.2 92.6 89.07 87.28 85.5 85.44 84.89 85.01 85.59 85.53 85.105 85.109]'

/[ calculations

t0=0; t1=60
t=linspace(t0,t1,101)
C=0de(CO0,t0,batch)

/Iplot]
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scf(1);clf(L);

title('Concentration vs time plot at k = 1)
plot(t,C(1,:), black’)

plot(t,C(2,:),red")

plot(t,C(3,:), magenta’)

/Iplot(t,C(4,:),'green")

plot(t,C(5,:),blue)

/Iplot(t,C(6,:),'yellow")

t=[0 5 10 15 20 25 30 35 40 45 50 55 60]'
plot(t,FAME, blue’)

plot(t, TG, black’)

plot(t,DG,red’)

plot(t,MG, magenta’)

/Iplot(t,G,'green’)

//legend(‘exp FAME'
legend('TG','DG','MG','G','sim FAME','exp FAME")
xtitle(",'$Time \;\;[min]$','$C_i \;\;[mol.L"{-1}]$)

scf(2);clf(2);

plot(t,FAME,-0-blue")

t0=0; t1=60

t=linspace(t0,t1,101)

plot(t,C(5,:), blue’)

legend('exp FAME','sim FAME)

xtitle(",'$Time \;\;[min]$','$Concentration \;\;[mol.L"{-1}]$"
ObjectFunc= sum(FAME)

ObjeFun=sum(C(5,))

SSqrt=(ObjectFunc-ObjeFun)”2

/I plot conversion

/1scf(6);clf(6);
/ltitle("Conversion vs time plot at k = 1")
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IIXA=(C0(1)-C(1,:))/C0(1)
IIplot(t,XA)
[Ixtitle(",'$Time \;\;[min]$','SConversion $')

/Iplot experimental data

scf(3);clf(3);

t=[0 5 10 15 20 25 30 35 40 45 50 55 60]';
TG=[7.44281.81.20.980.90.850.71 0.2 0.09 0.015 0.011]"
DG=[26242218161515151514141.41.4];
MG=[02.21.81.731.721.711.711.711.71.71.7 1.7 1.77}
G=[01.22.83.13.23.213.25 3.25 3.26 3.26 3.28 3.28 3.28]’;
FAME=[047.81251517.117.217.817.8217.85 18 18.5 18.5]";
ROH=[100 96.2 92.6 89.07 87.28 85.5 85.44 84.89 85.01 85.59 85.53 85.105 85.109]";
plot(t,FAME, blue")

plot(t, TG, black’)

plot(t,DG,red’)

plot(t,MG, magenta’)

/Iplot(t,G,'green’)

/Iplot(t,ROH,'yellow")

Ilplot(t,C(5,:),'blue")

legend('exp FAME','TG','DG',MG','G")

xtitle(",'$Time \;\;[min]$','$Concentration \;\;[mol.L"{-1}]$")

Ilplot Yield

IIY=(C()/(CO(1)+CO0(2)))

Iscf(3);clf(4);

Iplot(t,Y(3,:).t,Y(4,))
Iixtitle('$Yield\;Vs\;time(min)\;$','$t(min)$','$Y_j$")
/Ih1=legend(['C' 'D'],a=2)

//ldrawnow

/IVarying k value code
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scf(10);clf(10);

/ffor i =0.01:0.1:1

/I k=ones(1,6).*i;

/I calculations
/1t0=0; t1=60
/lt=linspace(t0,t1,101)
//C=0de(C0, t0,t,batch)

/Iplot]
/ftitle(*Concentration vs time plot at k '+k)

/ltitle("Conversion vs time plot at varying ks')
IIXA=(C0(1)-C(1,:))/CO(1)

/1t0=0; t1=60

/t=linspace(t0,t1,101)

[Iplot(t,XA)

Iixtitle(",'$Time \;\;[min]$','$Conversion \;TG$')

/lend

scf(10);clf(10);

title('Conversion vs time plot at varying ks’)
XA=(CO(1)-TG)/CO(1)

t=[0 5 10 15 20 25 30 35 40 45 50 55 60]'

plot(t,XA)
xtitle(",'$Time \;\;[min]$','$Conversion \;TG$')
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