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ABSTRACT

Industrial development is associated with an increase in pollution levels and rising fuel
prices. Research on clean energy contributes to reduction of fossil fuel dependency,
decrease in ozone layer depletion and reduction in emission of toxic gases. The
development of renewable energies increases the energy independence and reduces the

impact of environmental pollution from fossil fuels.

The biodiesel market is among the fastest growing renewable energy markets and its
demand in the energy sector has tremendously increased over the last decade due to its
environmental friendly qualities. Biodiesel is considered as a promising diesel fuel
substitute based on the similarities of its properties with that of petroleum based diesel
fuel. However, the high cost of the feedstock, environmental pollution as a result of
wastewater generated from a homogeneous process has limited its full implementation.
In addition, other technical challenges encountered during the production such as the
immiscibility of the reagents and the reversibility of the transesterification reaction calls
for innovative technologies to be developed. One promising solution to these issues is
the use of membrane technology to serve as a reaction and separating medium for the

production of biodiesel.

This study is aimed at optimizing biodiesel production from vegetable oils using
heterogeneous catalysts in a ceramic membrane. The objectives were to evaluate the
performance of calcium oxide (CaO) as a catalyst supported on activated carbon in a
membrane reactor for biodiesel production. Further still, to evaluate the membrane
performance regarding permeate quality and to optimize the process using design of
experiment. The final objective was to investigate the influence of operating parameters
such as temperature, methanol/oil ratio, catalyst amount and reaction time on biodiesel

yield.

The transesterification of soya bean oil with methanol in the presence of a supported
catalyst was carried out on a laboratory scale. The membrane reactor was designed and

assembled for this purpose. The membrane reactor integrated many procedures such as




combining reaction and separation in a single unit, continuous mixing of raw materials
and maintaining high mass transfer between the immiscible phases during the reaction.
The effect of the process parameters on the biodiesel production and FAME (fatty acid
methyl ester) yields were investigated.

One factor at a time (OFAT) experiments were conducted to identify the optimum range
of the yield. The membrane reactor produced a permeate stream which separated at
room temperature into a FAME rich non-polar phase and a methanol polar phase. The
optimum range was between 90% - 94% within a reaction time of 60 — 180 minutes,
methanol to oil ratio 3:1 - 9:1 and temperature range of 60 °C - 70 °C. Methyl ester
produced met the ASTM D6751 and SANS 1935 specifications.

The response surface methodology (RSM) based on the central composite design (CCD)
was used to optimize the process. The optimization experiments were conducted around
the optimum range established by the OFAT method. The optimum condition for
transesterification of soya bean oil to fatty acid methyl ester was obtained at 3 g/L
catalyst concentration, 65 °C temperature, 4.5:1 methanol to oil molar ratio and 90
minutes reaction time. At these optimum conditions, the FAME yield was 96.9 %,

which is well within the yield of 97.7 % as predicted by the model.

In conclusion, this work presents a study of high quality biodiesel production using a
ceramic membrane reactor with the advantage of selectively permeating FAME and
methanol. This study therefore showed that the use of a membrane for biodiesel
production conserved water for other purposes; eliminates the purification step and

wastewater generation thereby reducing the cost of biodiesel production.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

The continuous growth in population and industrialization has led to an increase in
activities that are dependent on fossil fuels such as industrial combustion, transportation
and general household demands. This has put a huge constrain on the crude oil reservoir
such that it is depleting at a very fast rate. The huge dependency of man on these fossil
fuels have led to an increase in environmental pollution through the release of huge
amount of CO, and other toxic chemicals thereby leading to the depletion of the ozone

layer and reduction in the air quality.

The research carried out by British Petroleum (BP, 2009) showed that the world’s energy
production is largely based on oil (35%), coal (29%) and natural gas (24%) to provide the
global energy demand, see Figure 1.1. According to (IEA, 2014), South Africa is
considered as one of the top countries in rank contributing to the depletion of the ozone
layer. It accounts for almost half of the CO, emissions in Africa, and contributes about
1.6% of the world’s emissions because its economy majorly depends on energy derived
from fossil fuels. In order to resolve this problem, the need to complement the existing

crude oil with renewable energy is very important.

Hydro-
Electricity
Nuclear Energy 7%
5%

Figure 1.1: World energy production (BP, 2009)




Biodiesel production remains a profitable aspect of renewable energy after the adventure
of Rudolf Diesel’s test of vegetable oil as fuel for the engine (Nitske and Wilson, 1965).
Countries like United States, Germany, Brazil, Argentina, Indonesia, and China are
among the top producers of biodiesel in the world. These countries have made ambitious
policies in order to assist biofuel industry to grow through renewable fuel standards and
economic incentives. The demand and supply for biodiesel are expected to grow over the
next two (2) decades if the policies put in place are followed. Global biodiesel production
in 2013 was estimated at 24.7 million tons (Pashely, 2013) with European Union (EU)
countries, USA and Brazil as the leading producers of biodiesel as shown in Figure 1.2.
South Africa is categorized among other countries, which contribute less than 5% to the
global biodiesel production. As a result, the South African government plans to pass a
regulation that will ensure mandatory blends of biodiesel into petrodiesel fuel, and major
biodiesel plant constructions are currently underway in the Eastern Cape (Amigun et al.,
2011). According to Amigun et al. (2011), this province contains large fertile land sites
for plantations of feedstock, which may be grown specifically for biodiesel production,

thus eliminating the food — fuel debates.
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Figure 1.2: Distribution of global biodiesel production in 2013 (Biodiesel, 2014)




Biodiesel can be produced from various sources like vegetable oils, greases, and animal
fats. It is chemically known as fatty acid alkyl ester. Biodiesel is a naturally oxygenated
fuel because oxygen constitutes about 10% of its formation. Biodiesel can be produced
by reacting vegetable oil with alcohol in the presence of an (acid, base or enzyme)
catalyst (Zhang et al., 2013; Hama et al., 2016). Fuel produced from vegetable oil does
not add to the CO; already in the atmosphere because the green plants absorb the released

carbon.

1.2 PROBLEM STATEMENT

The conventional method of producing biodiesel is by transesterification of vegetable oil
and animal fat using homogeneous basic catalysts (primarily sodium hydroxide or
potassium hydroxide) dissolved in methanol. Using a basic catalyst such as NaOH or
KOH has many disadvantages such as soap formation and difficulty in catalyst recovery,
which leads to downstream wastewater treatment and hence, increases the production
cost of biodiesel. The total cost of producing biodiesel using homogenous catalyst is not
sufficiently competitive to fuel produced from crude oil. Therefore, there is need to
consider an alternative process, which is safer, cheaper, more environment-friendly and

ease the process of separating the catalyst from the product.

Biodiesel produced in South Africa is still in its infancy stage (Hasna, 2013). It is mostly
produced in a conventional way using homogeneous base catalysts such as sodium
hydroxide (NaOH) or potassium hydroxide (KOH). The use of homogeneous base
catalyst escalates the production cost because further separation process is required to
recover the catalyst, which leads to wastewater generation and disposal issues.
Although, acid homogeneous catalysts have also been used but the rate of reaction is

slow compared to the base catalyzed reaction.

Heterogeneous catalysis with the use of membrane reactor is an alternative process that
can be used to overcome the challenges encountered by the homogenous process. In the
heterogeneous process, the catalyst is easily separated from the product and reused for
further process. The use of membrane in the process can combine the reaction and

separation in a single unit, thereby eliminate purification cost and wastewater generation.




1.3 HYPOTHESIS

The production of biodiesel can be carry out in a single-phase transesterification of
vegetable oil using membrane reaction technology thereby eliminating further

downstream processes.

1.4 GENERAL OBJECTIVE

This study aims at optimizing biodiesel production from vegetable oils using

heterogeneous catalysts in a ceramic membrane.

1.5 SPECIFIC OBJECTIVES

I. To prepare and characterized the catalyst calcium oxide and adhere it to the
surface of activated carbon as support.

ii. To design and construct a biodiesel production rig for the main purpose of the
experiment.

iii. To evaluate the performance of supported CaO used as catalyst in a membrane
reactor for the production of biodiesel.

iv. To evaluate the efficiency of the membrane in terms of selectivity.

V. To evaluate the influence of temperature, methanol/oil ratio, catalyst amount
and reaction time on biodiesel yield.

Vi. To use an appropriate design tool in order to establish the optimum conditions

for biodiesel yield.

1.6 APPROACH

In this study, the biodiesel was produced using a membrane reactor and it also served as a
medium for separation to eliminate the use of water in the process. The experimentation

for the preliminary study was carried out in the laboratory.

This study was carried out in two stages. The first stage was implemented using the one

factor-at-a-time (OFAT) method. The second stage involved the statistical and




optimization study using response surface methodology (RSM) based on Central
Composite Design (CCD) design. The generated data was analysed and a model equation

required to optimize the process was developed.

1.7 DISSERTATION ORGANISATION

This dissertation contains six chapters and it is organized in the following manner:

CHAPTER 1: Introduction
This section will introduce the research title; provide the background of the study,

highlights the problem statement, objectives and the scope of the study.

CHAPTER 2: Literature review
This section is a survey of existing studies and findings on this topic. It provides
knowledge on the problem-solving strategies and shortcomings encountered by other

researchers.

CHAPTER 3: Methodology
The methodology section provides a detail of the means and approaches taken in order to
achieve the research aims and objectives. The techniques and strategies used for the

design of experiments (DOE), data collection and analysis of results were explained.

CHAPTER 4: Results and discussion
This section provides a detail of the experimental findings and the interpretation of the
results. The results generated from the experiments were compared to the findings in

literature and were checked against the developed model for validation and reliability.

CHAPTER 5: Statistical and optimization studies
This section presented the statistical and optimization study results. Experiments were

carried out using the response surface methodology based on central composite design.

CHAPTER 6: Conclusions and recommendations

This section summarizes the research findings according to the objectives set and
demonstrate whether the researcher has met the targets set at the commencement of the
study. It also provides recommendations for further research in the light of the results

obtained and shortcomings encountered.




CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

The world’s economy largely depends on fossil fuel energy sources to provide the
feedstock needed to maintain and sustain human civilization. According to the studies
conducted by IEA (2014), industrial and transportation sector accounted for a larger
percentage of the global energy consumption. In Figure 2.1, the industrial sector
(manufacturing, agriculture, mining and construction) accounted for 52 % of the global
energy consumed in 2014; while the transportation sector accounted for 27 %, the
household activities comprised 14 %; and the commercial sector (businesses, institutions
and organizations that provide services) comprised 7 % (IEA, 2014). According to British
Petroleum (2013), the BRICS countries in which South Africa is a member consumed 36.2
% of world's primary energy (24 % of world's total oil, 20.8 % of total natural gas, and
64.3 % of total coal). The increase in consumption of the fossil fuel has led to increase in
its demand and consequently impacted negatively on the environment. In addition, the
continuous release of carbon dioxide, Sulphur dioxide, hydrocarbons and volatile organic
compounds (VOCs) from the combustion of fossil fuels results in environmental pollution
and ozone layer depletion (IEA, 2014). Figure 2.2 shows the million tons of toxic chemical
discharged into the atmosphere from 1971 to 2014. Prediction shows that the emission of

greenhouse gases from fossil fuels would increase by 39 % in 2030 (Mofijur et al., 2012).

Therefore, the development of alternative renewable energy sources has become
necessary for sustainable eco-friendly and economic growth. Among many other
alternative energy sources that had been discovered, considerable attention has been
focused on biodiesel as an alternative energy source to complement conventional
petroleum-derived fuels because of its numerous advantages such as its clean and
renewable nature. Additionally, it is widely available from various feedstocks which can

effectively reduce its production cost.
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Figure 2.1: Global energy consumption Figure 2.2: World emissions from fuel combustion
in 2010 (IEA, 2014) from 1971 to 2014 by fuel (Mt of CO2) (IEA, 2014)

2.2 BRIEF HISTORY ON BIODIESEL

Dr. Rudolf Diesel developed the invention of a diesel engine running on fuels like heavy
mineral oil and vegetable oils. The first engine experimentations were not successful but
by the year 1900, he was able to overcome this challenge after several other trials and the
engine he made to run on 100% peanut oil was showcased at the World Exhibition in
Paris. In 1911 he made a profound statement that ‘‘the diesel engine can be fed with
vegetable oils and would help considerably in the development of agriculture of the
countries, which use it’’. In 1912, Diesel said,” the use of vegetable oils for engine fuels
may seem insignificant today but such oils may become in the course of time as important
as petroleum and the coal-tar products of the present time”. Since Dr. Diesel’s untimely
death in 1913, his engine has been modified to run on the polluting petroleum fuel, now
known as ‘‘diesel’’. Nevertheless, his ideas on agriculture and his invention provided the

foundation for a society fueled with clean, renewable, locally grown fuel (Knothe, 2011).

Vegetable oils were used as an alternative to diesel during emergency in the 1930s and
1940s (Knothe, 2011). In addition, due to the fluctuation in crude oil prices and
environmental problems, more attention has been drawn to vegetable oils and animal fats




to make biodiesel among other alternatives to fossil fuel. Continuous reliance on crude oil
as a major source of energy had deepened local air pollution and magnified the global
warming problems caused by carbon emission; a specific instance is that of the release of
the toxic compound in the closed environment of underground mines. However, biodiesel
has the prospect of reducing the high level of air contaminants and carcinogens into the
atmosphere (Vellguth, 1983; Pryde, 1984; Meher et al., 2006).

The common international standards for biodiesel are EN 14214 and ASTM D
6751(Demirbas and Demirbas, 2010) but in South Africa, biodiesel is restricted by the
SANS 1935 automotive standard to being a fatty acid methyl ester (FAME) derived only
from vegetable oils (The South African Bureau of Standards, 2006). This means that
either oil seeds or their subsequent crude vegetable oil can be used for the production of
biodiesel or FAME (fatty acid methyl ester) in South Africa.

2.3 CHEMISTRY OF BIODIESEL

Biodiesel is described as a fuel for diesel engines produced from chemically converted
animal fats or vegetable oils. It comprises of esters derived from the transesterification of
vegetable oil. Hence, they are produced when a vegetable oil or similar feedstock reacts
with an alcohol (methanol, ethanol, and butanol) in the presence of a catalyst. Glycerol and
ester constitute the end product (Friedrich, 2003). Equation 2.1 shows the reaction

mechanism for transesterification of triglycerides with alcohol.

CHrO—COR (l'H_- OH

¢ —OCOR 4 ICHOH 2 c OH 4+ 3R-COOCH;

CHrO—COR CHrOH (Equation 2.1)
N Methyl esters

In i'?.:I"'L‘-‘Ii-‘ti'-' Methanol Glycerol (biodiesel)

The vegetable oils are composed of triglycerides, of which three free fatty acids are
attached to a glycerol molecule. Fatty acids are long chain hydrocarbons, and are

——



categorized into saturated and unsaturated fats. Saturated fats are triglycerides that
contain only single carbon bonds along its chain whereas unsaturated fats contain at least
one double bond (monounsaturated fats) or multiple double bonds (polyunsaturated fats)
along its carbon chain (Tariq et al., 2015). The system names and structural formula for

fatty acids are shown in Table 2.1.

Table 2.1: Structural formula for fatty acid (Tariq et al., 2015)

Structures Of common Fatty Acids Found In Vegetable Oils

System name Common name  Symbol Formula
Saturated
Decanoic Capric Cioi0 C1oH200-
Dodecanoic Lauric Cio C1oH240-
Tetradecanoic Myristic Cuo C14H250;
Hexadecanoic Palmitic Cis0 C16H3,0-
Octadecanoic Stearic Cisio C1gH360-
Eicosanoic Arachidic Ca0i0 CooH4007
Docosanoic Behenic Cao C2oHa40-
Tetracosanoic Lignoceric Caslo C24H450-
Monounsaturated
Hexadecenoic Palmitoleic Cisi1 C16H300-
Octadecenoic Petroselinic Cigi1 C1gH340-
Octadecenoic Oleic Cisi1 C1gH340>
Octadecenoic Elaidic Cigi1 C1gH340-
Octadecenoic Vaccenic Cig1 C1gH340-
Eicosenoic Cooi1 Ca20H3302
Eicosenoic Gadoleic Cooi1 CyoH350,
Eicosenoic Gondoic Cooi1 CooH350-
Docosenoic Erucic Co1 C2oH40,
Polyunsaturated
Hexadecanoic Cisi2 C16H2602
Octadecadienoic Linoleic Cigio C1gH3,0,
Octadecatrienoic  Linolenic-o Cigis C1sH300,
Octadecatrienoic  Linolenic-y Cisis C18H3002
Octadecatrienoic  Eleostearic Cisis C1sH300,
Octadecatrienoic  Calendic Cigis C1gH300-




The major material for producing biodiesel is the oil source, which is categorized into
four groups, namely; pure vegetable oils, used cooking oils, animal fats, and non-edible
oils. The feedstock extracted from rapeseed, soybean, and sunflower seeds are known as
a pure vegetable oil (Demirbas, 2008), while waste cooking oils are known as the oils
that have been used for frying and are no longer suitable for human consumption.
(Azocar et al., 2010; Conservation ADOE, 2011; Lam et al., 2010). Oil from animal fats
include tallow, lard and yellow grease (Atadashi et al., 2010), while the non-edible oils
are from seeds like Jatropha (Shuit et al., 2010; Yee et al., 2009), rubber seed, sea
mango, Palanga (Demirbas, 2008) and microalgae (Ahmad et al., 2011).

2.4 THE USE OF BIODIESEL

Biodiesel can be used in its pure state which is known as B100 or as a blend with petrol-
diesel. When it is used in its pure form, it gives maximum reduction with regards to
exhaust elements and carbon dioxide. Using biodiesel as fuel in its pure form does not
have a harmful effect on the engine but the properties of the solvents used might cause

deposit in the engine and thereby degrade or damage the fuel line.

Another alternative to be considered is blending biodiesel with another petrol-diesel. This
helps to prevent the problems encounter using B100. This mixing is commonly reported
in percentages like B10, which implies that biodiesel content of the fuel mix is 10%. This
percentage can still be extended to B20, B30, etc., depending on the preferred blend. The
advantage of blending is that; cost and emission are reduced. According to Friedrich
(2003), such reductions are proportional to the blending percentage of the biodiesel that
is used. The Energy Policy (2007) reported the most common blend mix as 20%
biodiesel with 80% petroleum diesel or B20 under recent scientific investigations. In
South Africa, the current regulation stipulates a maximum of 5 % biodiesel in the blend.

Biodiesel serves as good additives and improves lubrication efficiently. The use of 1%
biodiesel is adequately enough to turn a low lubricity product into a fuel that is well
acceptable (Friedrich, 2003). According to Knothe and Steidley (2005), biodiesel as an
alternative fuel has liquid nature portability, ready availability, renewability, higher

combustion efficiency, lower sulfur, and aromatic content.

10
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2.5 ADVANTAGES AND DISADVANTAGES OF BIODIESEL
2.5.1 Advantages of Biodiesel

The use of biodiesel offers varieties of benefits to users, engines and the environment.
Below are some of the advantages:

RS

X It is environmentally friendly. It combusts better than petrol-diesel and thus, carbon

*

(I1) oxide emission into the atmosphere is reduced.
% There are less sulfur (1) oxide discharges in exhaust fumes compared to diesel.
% Modification of engine is not required
% Itis renewable in nature.
% Itis less toxic when compared to other hydrocarbon fuel sources. It also decays
naturally.

% It has better lubricating efficiency than petroleum diesel.

Other general advantages of biodiesel are as follows:

R/

% Biodiesel is plant-based and considered carbon neutral, as it adds almost no CO, to
the environment.

% Its flash point doubles that of petroleum diesel, which makes it unlikely to ignite in

a car accident.

2.5.2 Disadvantages of Biodiesel

Although numerous advantages presented makes biodiesel very attractive, there are also

some problems associated with using this alternative fuel and they are listed below:

% The storage conditions of biodiesel must be observed carefully as biodiesel has a
low stability in terms of oxidation.

«  The volumetric energy density is usually low.

« It has ahigher cold filter plugging point (CFPP) temperature than petroleum diesel.
This implies that it will turn into a gel at low temperatures.

s Fuel filter might likely need to be replaced at the initial use of biodiesel.

11
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2.6 BIODIESEL FEEDSTOCK

Vegetable oils, animal fats, used vegetable oils, non-edible oils and short chain alcohols
are feedstocks for biodiesel production. Vegetable oil (edible and non-edible oil) emerges
as a viable and promising feedstock for the production of biodiesel and different types of
oils have been considered in the literature. The oils most used for worldwide biodiesel
production are rapeseed (mainly in the European Union countries), soybean (South
Africa, Argentina and the United States of America), palm (Asian and Central American
countries) and sunflower. Although other oils including peanut, linseed, safflower, used
vegetable oils, and animal fats are also used. The use of animal fats is uncommon due to
the feedstock becoming a solidified wax phase at normal room temperature (Atabani et
al., 2012). The current study places focus on virgin edible vegetable oils in the
determination of its objectives. The production of biodiesel also requires a short chain

alcohol and methanol is the most frequently used alcohol because it is relatively cheap.

2.7 COMPOSITION OF VEGETABLE OILS

Vegetable oils are composed of triglycerides, which contain in its molecule, three fatty
acid chains (acyl group) that are bonded to a glycerol backbone (glycerol group). Fatty
acids are long chain hydrocarbons, which may be categorized into saturated and
unsaturated fats. Saturated fats are triglycerides that contain single bond along its carbon
chain whereas unsaturated fats contain at least one double bond (monounsaturated fats)
or multiple double bonds (polyunsaturated fats) along its carbon chain. The length of the
carbon chains usually falls in the range of 10 — 24 carbons. The fatty acids are commonly
denoted by a notation such as Cig:9 Which suggests that the acid is composed of a 16
carbon chain of which 0 double bonds are present. This example indicates a saturated fat.

Typical fatty acids and their structures found in triglycerides are shown in Table 2.1.

The type of fatty acid that makes up the molecule is the defining factor between the
different type of vegetable oils. Each type of vegetable oil contains different
compositions. Table 2.2 shows the composition of various vegetable oils. It has been
reported that biodiesel fuel properties are affected greatly by the fatty acid composition

12
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of the vegetable oil (Ramirez et al., 2012). The composition of the acids is also important
in determining the molecular weight of the oil as well as the degree of saturation or

unsaturation of the oil.

2.8 BIODIESEL PRODUCTION PROCESS

Worldwide, in other to be as close to the properties of diesel fuels, there have been
considerable efforts to develop and improve vegetable oil properties. It is observed that
high viscosity, low volatility and polyunsaturated characters are the mostly associated
problems with crude vegetable oils. These challenges can be overcome by three methods,
namely; pyrolysis, micro-emulsion and transesterification (Srivastava and Prasad, 2000;
Demirbas, 2008; Canakci and Sanli, 2010; Balat and Balat, 2010; Lin et al., 2011).

2.8.1 Pyrolysis

This process involves the thermal decomposition of organic matters in the absence of
oxygen and in the presence of a catalyst. The pyrolyzed material can be vegetable oils,
animal fats, natural fatty acids or methyl esters of fatty acids. Researchers have studied
the pyrolysis of triglycerides to obtain suitable fuels for a diesel engine. Thermal
decomposition of triglycerides produces alkanes, alkenes, aromatics and carboxylic acids
(Balat and Balat, 2010; Srivastava and Prasad, 2000; Parawira, 2010; Yusuf et al., 2011).
It has been observed that pyrolysis process is effective, simple and pollution free (Singh
and Singh, 2010). According to Sharma et al. (2008), pyrolysis of the vegetable oil can
produce a product that has high cetane number, low viscosity, acceptable amounts of
sulfur, water and sediments contents and acceptable copper corrosion values. However,

ash contents, carbon residues, and pour points were unacceptable.

13
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Table 2.2: Structural formula of fatty acids adapted from (Pantoja, 2013)

Fatty acid compositions of vegetable oils.

Vegetable oils

Fatty acid composition (wt%)

Common name Species 1200 14:00, 16:000 16:01| 100 18:01) 18:02( 1803 20:00] 22:00( 22:01
Canola Brassica campestris - - 31 02 13 56.6 24 14 04 02 0.1
Canola Brassica napus - - 43 03 17 61 208 93 0.6 03 -
Black mustard Brassica nigra - 15 53 0.2 13 1.7 | 169 25 9.2 04 Iy
Oriental mustard Brassicajuncea - - 23 02 1 89 16 118 08 57 433
Brown mustard Brassicajuncea - - 22 02 12 174 205 141 07 05 281
Wild mustard Brassica juncea - 01 26 02 09 78 142 3 08 15 45.7
White mustard Sinapis alba - - 31 02 07 9.1 17 125 07 - 46,5
White mustard Sinapis alba - 01 28 0.2 11 25 116 8.6 0.7 0.6 328
Abyssinian mustard Brassica carinata - - 31 - 1 9.7 168 | 166 0.7 - 8.5
Soybean Glycine max - - 101 - 43 23 | 537 8.1 - - -
Soybean GMO a<comma> b - - 35 01 28 27 | 603 98 0.2 0.2 -
Soybean GMO a<comma> ¢ - 01 109 01 5.7 215 | 5LS 3 05 04 -
Soybean GMO a<comma>d - 01 2338 0.7 38 154 | 41 1 04 0.6 -
Soybean GMO a<comma>e - - 8 01 U7 | 172 | 392 83 15 0.7 -
Paim Elaeis guineensis 03 12 43 - 43 393 10 - - - -
Palm Elaeis oleifera - 0.2 187 16 09 5.1 | 21 - - - -
Palm kernel Elaeis guineensis 50.1 154 13 - 18 145 24 - - - -
Palm kernel Elaeis oleifera 293 | 57 | 01 - 18 264 45 - - - -
Palm kernel Aiphanes acanthophylla 415 2.5 102 - 34 158 14 - - - -
Palm kernel Buttia capitata 392 6.4 4.2 - 3 119 35 - - - -
Palm oleinf 03 12 40.6 0.2 43 419 119 04 04 - -
Palm stearinf 03 15 61.1 01 43 25.8 6.5 04 05 - -
Sunflower Helianthus annuus - - 5.2 01 37 BT | 565 - - - -
Sunflower GMO a<comma>g - - 31 01 15 915 21 - 0.2 0.7 01
Sunflower GMO a<comma>g - - 4.4 - 4.2 783 | 109 - 03 1 -
Sunflower GMO a<comma>¢ - 01 75 01 19 133 76 01 01 04 -
Sufflower - 01 6.4 - 23 16 | 793 - 03 - -
Groundnut Arachis hypogea - - 1.2 - 36 411 355 0.1 - - -
Corn Zeamays - - 116 - 25 387 4.7 14 - - -
Olive Oleaeuropea - - 138 14 28 716 9 1 - - -
Olive (wild) Ximeniaamericana - - - - 12 60.8 6.7 - - - -
Cottonseed Gossypium hirsutum - - 3 - 23 156 | 556 03 - - -
Linseed Linum usitatissimum - - 56 - 32 177 15.7 51.8 - - -
Coconut Cocos nucifera 50.9 21 9.5 - 49 84 0.6 - - - -
Sesame Sesamum - - 9.6 02 6.7 411 412 07 - - -
Rice bran Oryzasativa - - 21 - 2 389 294 09 - - -
Jatropha Jatropha curcas - - 185 - 23 49 27 - - - -
Karanjaf Pongamia glabra - - 58 - 5.7 59 | 101 - 35 - -
Karanja Pongamia Pinnata - - 117 - 75 516 16,5 27 - - -
Neemf Azadirachta indica - - 17.8 - 165 512 107 - 24 - -
Salf Shorea robusta - - 6.2 - 83 413 21 - 55 - -
( |
L )




2.8.2 Micro Emulsion

A microemulsion is defined as a colloidal equilibrium dispersion of optically isotropic
fluid microstructure with dimensions between 1-150 nm range formed spontaneously
from two normally immiscible liquids. Micro-emulsions using solvents such as methanol,
ethanol, hexanol, butanol and 1-butanol have been investigated by many researchers. It
has been demonstrated that short-term performances of both ionic and non-ionic
microemulsions of aqueous ethanol in soybean oil are close to diesel fuel (Balat and
Balat, 2010; Singh and Singh, 2010; Parawira, 2010; Jain and Sharma, 2010).

Soybean oil pyrolysed distillate had a cetane number of 43, exceeding that of soybean oil
(37.9) and the ASTM minimum value of 40. However, the viscosity of the distillate is
10.2 mm?/s at 311 K, which is higher than the ASTM specification for diesel fuel (1.9 —
4.1 mm?/s) but considerably below that of soybean oil (32.6 mm?/s) (Balat and Balat,
2010).

2.8.3 Transesterification

Transesterification is referred to the process used in synthesizing biodiesel (Cao et al.,
2008a; Qiu et al., 2010). It is the general term used to define a carbon-based reaction,
where there is a transformation of one ester to another through the exchange of alkyl
group. It is an equilibrium process and the transformation occurs mainly when the
reactants are mixed together. In the transesterification of vegetable oils, the reaction
occurs between triglyceride and alcohol (methanol, ethanol) in the presence of a strong
acid or base catalyst to produce a mixture of fatty acids alkyl esters and glycerol. The
stoichiometric reaction requires 1 mole of a triglyceride and 3 moles of the alcohol.
However, the alcohol is required in excess in order to increase alkyl ester yield and to
allow phase separation from the byproduct formed. Transesterification is a stepwise-
based reaction as shown in the equation below (Equation 2.2, 2.3 and 2.4). In the first
step reaction, triglycerides (TG) are converted to diglycerides (DG) and later to
monoglycerides (MG). Subsequently, the monoglycerides are converted to glycerol. The

overall reaction that takes place in transesterification is simplified by equations 2.2, 2.3
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and 2.4. Where Ry, R, and Rz are long chain hydrocarbons (e.g., palmitic acid - (CH3)14-
CHg3), which is occasionally called fatty acid chains (Cao et al., 2008).

CH,—OCOR;1 CH:—OH
Ki
CH —OCOR: + CH:-OH CH— OCOR; + CH:-0CO-R;
e | (Equation 2.2)
CH; —OCOR: CH:— OCOR;
TG Methanol DG FAME
CH:—OH CH:—OH
K
CH—OCOR: + CHs-OH ——= CH—OCOR: + CH:-OCO-Rs  (Equation 2.3)
Ka
CH: —OCOR; CHz—OH
DG Methano! MG FAME
CH;—OH CH;— OH
CH—OCOR: + CHs-OH « I
— 2 - CH—OH + CH:-0CO-R: .
Ks (Equation 2.4)
CH: —OH CHa— OH
MG Methanol Glycerol FAME

In general, transesterification process can be carried out by two methods; catalytic
(homogeneous and heterogeneous) and non-catalytic method. Figure 2.3 shows the

detailed classification of transesterification processes.
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Hemogeneous catalysts

Catalytic method

Transesteri fication

Alkaling catalyst  p=e_ |  KOH, NaOH

Acid catalyst | H,50, HCI

Enzyimes

Heterogeneous catalysts

Noncatalytic method

Titanium sihicates, alkaling earth metal
(Mg, Cald, S0}, sultated,
amorphous  zircomia,  Gitanium  and
podassium zirconias,

Supereritical

methanol (SCM)

Ethanol

Propanol

Butanol

BIOX co-solvent process

Figure 2.3: Classification of transesterification processes (Chouhan and Sarmav, 2011).

The catalytic transesterification process is the reaction of a triglyceride (fat/oil) with an
alcohol in the presence of some catalyst to form esters and glycerol. A triglyceride has a
glycerin molecule as its base with three long chain fatty acids attached. The
characteristics of the oil/fat are determined by the nature of the fatty acids attached to the

glycerin. The nature of the fatty acids can in turn, affect the characteristics of the

biodiesel (Karmakar, 2010).
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2.8.3.1 Homogeneous catalyzed transesterification

Homogeneous catalyzed transesterification involves the use of a catalyst (base, acid) in
the reaction process of biodiesel production and this catalyst is in the same phase as the
reactants. Conventionally, the production of biodiesel involves the use of a homogeneous
base catalyst, such as sodium hydroxide (NaOH) or potassium hydroxide (KOH)
(Kulkarni et al., 2006). These catalysts are generally being employed in the industries

due to the following advantages:

% Ability to catalyze the reaction at low temperature and pressure.
% High conversion rates within a short time.

% Readily available and economical (Lotero et al., 2005).

In addition, Fukuda et al., (2009) and Kulkami et al., (2010) reported base catalyzed
reaction was faster than acid catalyzed reaction. However, the homogeneous base catalyst
is not adequate for refined vegetable oil which has more than 2 wt.% FFA (Wang et al.,
2012) or acid value more than 1 mg KOH/g (Kulkami et al., 2010). Some scholars have

also stated that base catalyst cannot tolerate higher content of FFA as shown in Table 2.3.

Table 2.3: Level of FFA recommended for homogeneous base catalyst (Lam et al., 2010)

Author Recommended FFA (wt.%0)
Ma and Hanna (1999) <1

Zhang et al., (2003a) <0.5
Ramadas et al., (2005) <2

Kumar Tiwari et al., (2007) <1

Sahoo et al., (2007) <2

The recommendation from Table 2.3 shows that FFA content in oil feedstock should be
minimal (ranging between 0.5 wt. % to 2 wt. %) for base-catalyzed transesterification
reaction. Thus, if oil feedstock contains a high FFA content (> 2 wt. %), base catalyst is
definitely not the appropriate catalyst to be used (Lotero et al., 2005). FFA contains long
chains of carbon, which are separated from glycerol backbone. They are occasionally
called carboxylic acids. When oil or fat having a high content of FFA is used as

feedstock, the base catalyst will react with the FFA to form soap, which is highly
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undesirable. (Kulkarni et al., 2010). Equation 2.5 displays a typical reaction between
FFA (oleic acid) and base catalyst (KOH). This reaction is highly undesirable because the
catalyst is hindered from accelerating the transesterification reaction. In addition, excess
soap formed in the product stream can extremely decrease the fatty acid methyl ester
(FAME) vyield and hinder the purification process of biodiesel, including glycerol
separation and water washing (Kulkarni et al., 2010).

0

HO-C-(CH,),CH = CH(CH,),CH; + KOH — K*0"-C-(CH,}CH = CH(CH,),CH; + H,0
3 _ (Equation 2.5)
Oleic acid Purasslym Potassium Water
hydroxide oleate (soap)

Furthermore, the presence of water in the oil feedstock also affects the methyl ester yield.
The presence of water particularly at high temperatures will hydrolyze triglycerides to

diglycerides and free fatty acid formation. Equation 2.6 shows the hydrolysis reaction.

0
CH;_,-D-g-m CH5-OH
TH—{J—J%RQ ¥ g — [‘:H_OlI:ORz *  HO-C-R, (EquationZ2.6)
CHz‘C“ﬁ“% CH»-0-C-R;
Triglyceride Water Diglyceride Fatty acid

2.8.3.2 Homogeneous acid-catalyzed transesterification

Liquid base-catalyzed transesterification process is known to be associated with many
challenges particularly for oil feedstock with high FFA concentration, therefore,
homogeneous acid catalysts are recommended as the best substitute for oil or fat with a
high concentration of FFA. The most common studied catalysts for the acid-catalyzed
process are sulfuric acid (H,SO4) and hydrochloric acid. Acid catalyzed

transesterification have significant advantages over the base-catalyzed process, because
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the acid catalyst is insensitive to the presence of FFAs in the feedstock (Kulkarni et al.,
2010) and can undergo esterification and transesterification process simultaneously.
Esterification process is an organic reaction involving two reactants, usually an alcohol
(methanol) and an acid (FFA) reacting to form an ester. Previous studies show that acid
catalysis is more efficient when the amount of FFA in the oil is over 1 wt. % (Zhang et
al., 2003). Furthermore, economic analysis has established that acid catalyzed method,
being a one-step process, is cost-effective than the base-catalyzed method which needs an
extra step to convert FFA to methyl esters (Zhang et al., 2003).

However, the acid-catalyzed process is a rare choice for commercial applications due to
its slower rate of reaction, higher reaction temperature, higher molar ratio of alcohol to
oil required, difficulties in catalyst recovery, severe environmental and corrosion
associated problem (Wang et al., 2006). In a study conducted on acid-catalyzed
transesterification of oil feedstock with high FFA using H,SO4, Wang et al. (2008)
reported that the yield of FAME increased with longer reaction time, higher methanol to
oil ratio and higher catalyst loading. The feedstock conversion was more than 90 %
during a reaction time of 10 hours. In another study, 99 % oil conversion by using 1 mol
% of H,SO, and methanol to oil ratio 30:1 for 69 hours reaction time was reported
(Freedman et al., 1984). These data indicate that acid-catalyzed transesterification
process requires more severe reaction conditions (such as longer reaction time) than base-

catalyzed reaction.

2.9 LIMITATIONS IN CONVENTIONAL BIODIESEL CONVERSION TECHNOLOGY

The conversion of vegetable oil by transesterification process is highly dependent on the
proportion of the reactants and the conditions of the transesterification process.
According to Le Chatelier's principle, large quantity of alcohol is required to shift the
equilibrium of the reaction to the product side and increase the yield of biodiesel
(Baroutain et al., 2011). Unfortunately, excess usage of alcohol will lead to higher
production cost. Although, the consumption of alcohol could be reduced by using acid or

alkaline catalysts, which could improve the reaction rate and biodiesel yield. However,
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homogeneous acid solutions that catalyze transesterification processes, such as sulphuric
(Sahoo et al., 2007) and hydrochloric (Wang et al., 2008), have been largely disregarded
because they require longer process time, higher reaction temperature and are corrosive

in nature.

Heterogeneous catalyst has been viewed as an alternative solution to replace the
homogeneous catalyst because it is non-corrosive and environmentally friendly.
However, the heterogeneous catalytic reaction usually faces a mass transfer resistance
problem because the constitution of the three-phase system (triglycerides, alcohol, and
solid catalyst) in the reaction mixture limits the pore diffusion process and reduces the
active site availability for the catalytic reaction, thereby decreasing the reaction rate
(Mbaraka and Shanks, 2006). Catalyst support can minimize the mass transfer limitation,
but the active species in the supported catalyst can easily be corroded by alcohol,
shortening the catalyst lifecycle (Liu et al., 2008). The biodiesel obtained from the
biocatalytic transesterification process that uses an enzyme as a catalyst seems attractive
and encouraging because the product is easily separable without side reactions
(Jegannathan et al., 2008), but biodiesel from this process is not yet commercially viable
because of the requirement of longer reaction time and the unfavourable reaction yield in
comparison to the alkaline catalyst. It has been reported that the enzymatic
transesterification process requires 24 h to achieve a biodiesel yield of 90% (Oda et al.,
2005). Most importantly, the major obstacle to this process is the high cost of the
enzyme. The enzyme also requires very specific reaction conditions because deactivation

of feed impurity could decrease its efficiency (Dizge et al., 2009).

Supercritical alcohol transesterification provides a new path for the production of
biodiesel without the aid of a catalyst. The supercritical condition could overcome the
mass transfer limitation by enabling the mixture of triglyceride and alcohol to become a
homogeneous phase (Pinnarat and Savage, 2008). However, the major drawbacks of this
non-catalytic process are its large energy requirement and its infeasibility for large-scale
industrial application because of the increased production cost imposed by the high
reaction temperature and pressure (Yin et al., 2008). Moreover, the supercritical process

is potentially hazardous and requires attention to personal risk and safety. Both the
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catalytic and non-catalytic transesterification downstream processes will receive a
mixture of product, biodiesel, and glycerol, as well as unreacted reactant and catalyst.
Ineffective biodiesel separation and purification may cause severe diesel engine
problems, such as plugging of filters, choking on injectors, carbon deposits, excessive
engine wear, oil ring sticking, engine knocking, and thickening and gelling of lubricant
oil (Demirbas, 2007). In order to obtain high purity biodiesel, the downstream of the
transesterification process will undergo various complementary separation stages, such as
glycerol separation, catalyst neutralization, and biodiesel purification. The multiple
downstream processes are time-consuming and require additional cost. Research revealed
that the current downstream processing alone constituted over 60 — 80 % of the total cost
of a transesterification process plant and in addition, the multiple separation and
purification stages could cause loss of the biodiesel, resulting in a decrease in the pure
biodiesel yield (Tai-Shung, 2010).

2.10 PROCESS INTENSIFICATION TECHNOLOGIES IN BIODIESEL PRODUCTION

There are numerous challenges associated with the use of conventional methods for
producing biodiesel and some of them include; purification of the product which leads to
wastewater generation (Xie and Li, 2011), limited mass transfer (Mbaraka and Shanks,
2006), thermodynamic equilibrium (Cao et al., 2008), high energy requirement (Yin et
al., 2008) and multiple downstream processing steps (Tai-Shung, 2010). These
limitations can be overcome by using process intensification technologies. These
technologies involve the use of novel reactors or coupled reaction/separation processes to
enhance the reaction rate and to reduce the residence time (Qiu et al., 2010). Recently,
novel reactors, such as the microchannel reactor, microwave reactor, oscillatory flow
reactor, and cavitation reactor, have been developed and applied to improve the mixing
and mass/heat transfer between the oil and methanol in biodiesel production (Qiu et al.,
2010).
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The microchannel reactors are of different types and quite a few have been used in the
production of biodiesel; T- or Y- flow structures, zigzag micro-channel reactors (Wen et
al., 2009) and slit channel reactor (Kalu et al., 2011). According to Wen et al., (2009)
and Qui et al., (2010) these reactors consume less energy as compared to the normally
stirred tank reactor, they can achieve rapid reaction rate because of a high volume/surface
ratio, exhibit short diffusion distance, efficient heat dissipation and mass transfer.
However, the microchannel reactor suffers from the drawback of low production
throughput, which is attributed to the limitations of the micro-fabrication technology that
is used to produce the micro-channel. Furthermore, the high investment cost of the
microchannel reactor prohibits the addition of more reactors in parallel to amplify the

production of biodiesel (Kalu et al., 2011).

The microwave reactor is another intensification technology for biodiesel production.
The main function of a microwave reactor is not to improve the mixing of oil and
methanol but to use its irradiation to transfer energy directly into the reactants and thus
accelerate the transesterification. Microwave reactor plays an important role in the more
efficient heating of reactants to the desired temperature because of the energy interactions
at the molecular level (Barnard et al., 2011). Compared to a conventional thermal heating
reactor, a microwave reactor is able to achieve similar biodiesel conversion with a shorter

reaction time and in a more energy-efficient manner (Qiu et al., 2010).

The oscillatory flow reactor is a type of continuous plug flow reactor (PFR) (Phan et al.,
2011) in which the orifice plate baffles are equally spaced, and a piston is used to produce
oscillatory flow (Qiu et al., 2010). The combination of baffles and oscillatory motion
intensifies the radial mixing by the formation of periodic vortices in the bulk fluid,
causing an increase in mass and heat transfer while maintaining plug flow (Qiu et al.,
2010; Phan et al., 2011). In addition, the oscillatory flow reactor can also improve the

residence time distribution (RTD) and multi-phase suspension (Zheng et al., 2007).
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The cavitation reactor is another type of novel reactor that has been used successfully in
biodiesel production (Kelkar et al., 2008; Gogate and Kabadi, 2009; Pal et al., 2010; Qiu
et al., 2010). Cavitation is defined as the generation of cavities followed by their growth
and violent collapse, causing high local energy densities, temperatures and pressures
(Gogate and Kabadi, 2009; Qiu et al., 2010). Cavitation enhances the mass transfer rate
of the reaction by creating conditions of local intense turbulence and liquid

microcirculation currents in the reactor (Gogate and Kabadi, 2009; Qiu et al., 2010).

The entire above-mentioned novel reactors intensify the transesterification by either
enhancing the mixing of oil and methanol or improving the heat transfer between the two
liquid phases. However, none of these novel reactors, except the membrane reactor, is
able to overcome the limitation caused by chemical equilibrium in transesterification.
Therefore, the membrane reactor technology would be used to conduct transesterification

process in this current study.

2.11 CONCEPT OF MEMBRANE REACTOR

A membrane reactor is also known as a membrane-based reactive separator (Sanchez
Marcano and Tsotsis, 2012). According to IUPAC, a membrane reactor is defined as a
device that combines reaction and separation in a single unit (Caro, 2008). Generally,
membrane technology can be classified based on four concepts (Ertl et al., 2008): the
reactor design (extractor, distributor or contactor), how the membrane is used in the
reaction (organic, inorganic, porous or dense membrane), whether it is an inert or
catalytic membrane reactor and the type of reaction that occurs in the reactor such as
dehydrogenation (Caro, 2008), esterification (Caro, 2008; Buonomenna et al., 2010),
wastewater treatment (Drioli et al., 2008). In addition to providing the separation, a
membrane reactor also enhances the selectivity, control the addition of reactants to the
reaction mixture, intensify the contact between reactants and catalyst (Baroutian et al.,
2011). As illustrated in Figure 2.4, there are two basic configurations of membrane
reactor namely; conventional and integrated membrane reactor system (Lipnizki er al.,
2009a). Figure 2.4a shows the layout of a membrane reactor system in which the
membrane reactor appears as an external process unit. On the other hand, the

membrane reactor shown in Figure. 2.4b combines the reactor and membrane
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separator into a single unit. In comparison to the conventional biodiesel production
process, the main advantage offered by the membrane reactor, especially the integrated
membrane system is the reduction of the capital and operating costs because of the
elimination of the intermediate processing steps (Sanchez Marcano and Tsotsis, 2012).
Recently, the membrane reactor has been applied as a promising technology in biodiesel
production (Dubé et al., 2007; Cao et al., 2008b; Baroutian et al., 2011).
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Figure 2.4: Basic layout of membrane reactor (a) a conventional membrane reactor
system (b) an integrated membrane reactor system (Lipnizki et al., 2009a).

2.12 MEMBRANE TECHNOLOGY IN BIODIESEL PRODUCTION
2.12.1 Concepts and principles

Membrane separation involves the use of a selective barrier (membrane) to regulate the
transport of substances, such as gases, vapors, and liquids, at different mass transfer rates
(Boddeker, 2008). The mass transfer rates of different substances are controlled by the
permeability of the feed components toward the barrier (Boddeker, 2008). In the
production of biodiesel, the membrane plays an important role by removing glycerol
from the product (biodiesel) stream (Guerreiro et al., 2009; Saleh et al., 2010) or
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retaining the unreacted triglycerides within the membrane (Dubé et al., 2007; Cao et al.,
2008b; Baroutian et al., 2011) as shown in Figures. 2.5 and 2.6 respectively. There are
two basic principles of operation in biodiesel production via membrane technology;
separation based on oil droplet size (Cao et al., 2008a, 2008b) and membrane catalysis
(Shao and Huang, 2007; Guerreiro et al., 2009, 2010).
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Figure 2.5: Schematic diagram of the membrane to remove glycerol from the product stream.
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Figure 2.6: Schematic diagram of the membrane to retain unreacted triglycerides
within the membrane.

2.12.2 Membrane separation based on oil droplet size

Membrane separation based on oil droplet size requires a microporous membrane, which
is typically a ceramic membrane (Cao et al., 2008a; Baroutian et al., 2011) or a carbon
membrane (Dubé et al., 2007). The operation principle used in membrane technology for
biodiesel production is illustrated in Figure 2.7 (Dubé et al., 2007). Methanol is

immiscible in oil because of the differences in polarity (Cao et al., 2008a; Shuit et al.,
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2010a). Therefore, a mixture of methanol and oil will exist in a two-phase system or as
an emulsion of lipid droplets suspended in a methanol-rich phase (Cao et al., 2008a;
Dubé et al., 2007). The immiscibility of the oil and the methanol is the main cause of the
mass transfer limitation in the transesterification reaction, but this emulsified system is

favored in the operation of a membrane reactor (Dubé et al., 2007).

Micro-porous membrane

Figure 2.7: Separation of oil and FAME by a micro-porous membrane (Dubé et al., 2007).

In an emulsified system, transesterification is believed to occur at the interface between
oil droplets and the continuous methanol phase in which they are dispersed (Ataya et al.,
2006). Researchers have reported that biodiesel and glycerol, as well as the catalysts
(both acid and alkaline catalysts), are soluble in methanol (Zhou et al., 2006; Cao et al.,
2008a). Thus, the unreacted oils will be suspended and dispersed in a mixture of
methanol, biodiesel, glycerol and catalyst on the membrane retentate side (Cao et al.,
2008a). The smaller molecular size, methanol and other soluble components, such as
biodiesel are able to pass through the micro porous membrane into the permeate stream
when the transmembrane pressure (TMP) is increased (Baroutian et al., 2011).
Meanwhile, the emulsified oil droplets with larger molecular size are trapped within the
membrane to be continuously converted into biodiesel (Dubé et al., 2007; Cao et al.,
2008a; Baroutian et al., 2011).
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2.12.3 Membrane separation based on catalytic membrane

Membrane separation based on the catalytic membrane involves a non-porous dense
polymer membrane, such as poly vinyl alcohol (PVA) (Guerreiro et al., 2009, 2010; Shi
et al., 2010). According to Guerreiro et al., (2009) the operation of this type of
membrane is based on the interaction between the target component and the polymer
functional groups of the membrane. They further explained that biodiesel production via
this type of catalytic membrane; biodiesel and methanol are able to form hydrogen bonds
with the OH groups in the polymer membrane. Therefore, the biodiesel and methanol are
continuously removed from the mixture during the reaction (Guerreiro et al., 2009; Saleh
et al., 2010). Meanwhile, Guerreiro et al., (2009) maintained that the unreacted oils and
glycerol are retained within the membrane based on their chemical properties with the
polymer group of the membrane. In this process, the separation is carried out under

atmospheric pressure.

2.13 EFFECT OF PROCESS PARAMETERS IN BIODIESEL PRODUCTION BY
MEMBRANE REACTOR

In addition to the typical process parameters (reaction temperature, methanol to oil ratio
and catalyst concentration), other process variables, such as the reactant flow rate, trans-
membrane pressure, membrane thickness and pore size (for membrane separation based
on oil droplet selection), also have a great influence on the biodiesel yield and need to be
taken into consideration when biodiesel is produced by membrane technology. In order to
produce biodiesel in a more sustainable and cost-effective manner, the important process
parameters that should be taken into consideration will be discussed in the following

section (Guerreiro et al., 2010).

2.13.1 Effect of reaction temperature

Temperature has an effect on the production of biodiesel. Transesterification process can
be carried out at a different temperature, depending on the physical and chemical
properties of the oil used (Phan and Phan, 2008). Several studies reported that 50-70 °C
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would be the best temperature range to obtain the highest biodiesel yield (Meng et al.,
2008). According to Cvengros and Cvengrosova (2009), the ideal reaction temperature is
often near the boiling point of alcohol. However, Chen et al. (2010) reported that
transesterification process, with a lipase catalyst, should not be carried out above 50 °C

because the stability and the usage life of lipase may be affected.

Transesterification with a minimum temperature of 60 °C and a high yield have been
reported with the use of a dense membrane (Guerreiro et al., 2009, 2010). A possible
reason for this result is due to the thermal mobility of the molecules inside the
membrane, which increases at higher reaction temperatures and thus generates extra free
volume space (Ong et al., 2011), thereby enhancing the permeation of larger molecules
such as glycerol. Moreover, glycerol demonstrates a significant decrease in viscosity at
higher reaction temperatures. If the viscosity is reduced, the circulation of the mixture

becomes easier (Gomes et al., 2010).

Irrespective of the type of process used to synthesize biodiesel, the conversion of oil to
FAME has been found to be positively affected by increasing the reaction temperature
(Dubé et al., 2007). This increase can be easily justified because transesterification is an
endothermic process (Samart et al., 2009). Therefore, from Le Chatelier's principle, by
increasing the temperature, the equilibrium of the reaction is shifted to the forward
direction, which favors the conversion of oil into FAME (Ong et al., 2011).

2.13.2 Effect of methanol to oil ratio

The molar ratio of alcohol to oil is one of the most significant factors affecting the
conversion efficiency yield of biodiesel (Ma and Hannah, 2009). Also, since the
stoichiometric molar ratio of alcohol to oil for the transesterification is 3:1 and the
reaction are reversible, higher molar ratios are required to increase the miscibility and to
enhance the contact between the alcohol molecule and the triglyceride. In practice, to
shift the reaction toward completion, the molar ratio should be higher than that of the
stoichiometric ratio (Lee and Saka, 2010). Furthermore, to break the glycerin—fatty acid
linkages during transesterification of triglycerides to biodiesel, excess methanol is

required (Miao and Wu, 2006). Therefore, higher alcohol to oil molar ratios gives rise to
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greater alkyl ester conversion in a shorter time (Helwani et al., 2009). Moreover, increase
in the amount of alcohol to oil increases biodiesel yield and biodiesel purity. Balat and
Balat (2009) remarked that the key variables affecting transesterification are; reaction
time, alcohol to oil molar ratios, reaction temperature and pressure, catalyst, water
contents and free fatty acids levels in fats and oils. The authors noted that the universally
accepted alcohols to glycerides molar ratios are 6:1-30:1. In addition, Behzadi and Farid
(2009) reported that the overall transesterification reaction is characterized by three
control stages: mass transfer, kinetic and equilibrium controlled. The slowest among
these three stages is the mass transfer stage due to immiscibility of triglycerides and
methanol (Halim et al., 2009). In another study, Chew and Bhatia (2008) noted that the
choice of the molar ratio of alcohol to oil could significantly influence transesterification
process. They reported that the process yield is increased with increase in the alcohol to
oil molar ratio. Thus, methanol to oil molar ratio of 9:1 could provide the maximum yield

of canola and corn oil.

The methanol to oil ratio in a catalytic based membrane was reported to be 6:1 (Shi et al.,
2010), 26:1 (Zhu et al., 2010), 106:1 (Guerreiro et al., 2009) and 254:1 (Guerreiro et al.,
2010). However, no clear explanation was given of the need for such a large amount of
methanol to produce biodiesel. Regardless of the operational principle of the membrane,
the conversion increased in proportion to the ratio of methanol to oil because the reaction
would tend to be driven towards biodiesel production (Shi et al., 2010).

2.13.3 Effect of reactant flow rate

There has been no detailed study on the effect of the reactant flow rate on biodiesel
production in a membrane reactor. However, Dubé et al., (2007) and Baroutian et al.,
(2011) in their study, observed a significant increase in the conversion of 0il to FAME as
the flow rate of reactants increased. The improvement of mixing intensity at higher flow
rate or greater flow circulating velocity as explained by Baroutian et al., (2011) led to
high yield of biodiesel because the reactants (oil/methanol) and catalyst were flowing in a
turbulent flow regime (Vospernik et al., 2011). Mixing is also a crucial factor for the

increase of the reaction rate in transesterification because oil is immiscible with
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methanol. Without mixing, the reaction only occurs at the interface between the layers of
methanol and oil (Meher et al., 2006; Kumar et al., 2013). Concentration polarization is a
common problem for membrane separation. This problem can be easily solved by

increasing the reactant flow rate (Peng et al., 2007).

2.13.4 Effect of trans-membrane pressure (TMP)

Trans membrane pressure (TMP) is defined as the pressure difference between the feed
side and the permeate side of the membrane (Nishimoto et al., 2010). TMP is the driving
force for membrane separation (TakhtRavanchi et al., 2008) and is normally kept
constant throughout the process (Nishimoto et al.,, 2010). The TMP used in the
production of biodiesel ranges between 37.9 and 173.4 kPa (Dubé et al., 2007; Cao et al.,
2008a, 2008b). The permeate flux increases with higher TMP because a greater driving

force is applied for separation (Gomes et al., 2010).

In biodiesel production via membrane reactor, TMP is positively affected by the
concentration of unreacted oil in the emulsion within the reactor. If the residence time of
the reaction is insufficient, the concentration of the unreacted oil in the reactor will
increase (Falahati and Tremblay, 2012). Besides, TMP is correlated with the viscosity of
the reaction mixture. This relation is clear when the glycerine-rich phase is recycled back
to the reactor for methanol recovery. In other words, an increased content of glycerol in
the reaction mixture would require higher TMP. However, the increase of TMP from
increased glycerol content does not cause any negative effect in the membrane reactor
(Cao et al., 2008b).

The TMP profiles in the membrane reactor can also act as an indicator to check the
progress of the transesterification reaction. A sharp increase in the TMP indicates that
transesterification is not occurring, and the oil has become a continuous phase within the
membrane reactor. On the other hand, a constant and stable TMP profile for all operating
times reveals that a sufficient amount of oil has been converted into FAME, allowing the

continuous operation of the membrane reactor (Tremblay et al., 2008).
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2.13.5 Effect of membrane pore size and thickness

For a membrane reactor with separation based on the molecular size of the components,
the selection of a membrane with a suitable pore size becomes extremely important in
order to prevent oil droplets from passing through the membrane. It has been proven that
no oil is found in the permeate stream when a membrane with a pore size between 0.05 —
1.4 um is used to produce biodiesel. This separation occurs because the reported average
size of the oil droplets falls in the range of 12 — 400 pum, which is much larger than the

membrane pore size (Cao et al., 2008).

The thickness of the membrane is an additional vital factor that needs to be taken into
consideration for the use of catalytic membranes in biodiesel production. Zhu et al.
(2010) reported that the membrane thickness used in transesterification falls in the range
of 0.04 —0.26 mm.

2.14 ADVANTAGES OF CATALYTIC MEMBRANE REACTOR IN BIODIESEL
PRODUCTION

The catalytic membrane reactor is a new technology for biodiesel production. This
technology can offer an alternative to overcome the common limitations arising from
conventional biodiesel production processes (Dubé et al., 2007). The advantages of the
catalytic membrane reactor for biodiesel production will be discussed in the following

section.
2.14.1 Environmentally friendly process

The production of biodiesel using catalytic membrane reactor is undeniably an
environmentally friendly process because of its low energy consumption.
Transesterification in a catalytic membrane reactor is carried out under mild operating
conditions. The highest reported reaction temperature in a membrane reactor was 70 °C
(Dubé et al., 2007), which is quite similar to the conventional homogeneous and
heterogeneous transesterification of 65 °C but much lower than supercritical

transesterification (Berchmans and Hirata, 2008). Research showed that among all the
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biodiesel production methods, supercritical transesterification requires the most extreme
reaction temperature (240 — 340 °C) and reaction pressure (5.7 — 8.6 MPa). The reaction
temperature and pressure (70 °C and 173.4 kPa) used in a membrane reactor are 5 and 50

times lower when compared to supercritical process respectively (Hawash et al., 2009).

Membrane reactor reduces the usage of solvents and chemicals that are harmful to the
environment. The use of catalysts in the membrane reactor is 0.05 % for the basic
catalyst (Tremblay et al., 2008) and 2 % for the acid catalyst (Dubé et al., 2007) which is

lower when compared to the conventional method.

Although the operating parameters are similar to those of homogeneous
transesterification, the problem of wastewater generation is eliminated when biodiesel is
produced through membrane technology. Both acid and base catalyzed
transesterification, require the washing process, which consists of two steps:

neutralization and water washing (Atadashi et al., 2011).

In the production of biodiesel using membrane reactor, washing would not be needed to
remove the catalyst in the permeate stream (Tremblay et al., 2008). Biodiesel is separated
from the membrane as it is formed, eliminating the need for the washing step to remove
free glycerol content from the FAME phase.

2.14.2 Lower investment cost

In the catalytic membrane reactor, both the separation and catalysis processes are
combined in single unit operation (Vankelecom, 2012). The integration of these
processes into a catalytic reactor is able to reduce the number of operating units, as well
as the number of processing steps, thereby leading to a reduction in the size and
complexity of the plant and a consequent reduction of the investment cost (Dittmeyer et
al., 2008). One of the main factors contributing to the high production cost of biodiesel is
the need for downstream processes, which include biodiesel separation and purification
(Hasheminejad et al., 2011). The catalytically membrane has the advantage of not

requiring decantation to separate the two phases obtained after transesterification (Gomes
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et al., 2011). In addition, it has the potential to simplify FAME, glycerol separation, and

catalyst neutralization.

2.14.3 High process flexibility of feedstock conditions

The catalytic membrane reactor appears to be a suitable alternative to produce biodiesel
from oil with high FFA content because it can be easily modified into an ‘acidic
membrane’ by introducing SOzH as a functional acid group into the polymer matrix.
Furthermore, the water or moisture content found in oil sources can be separated by
polymer membranes, such as PVA and PAN, during the pervaporation process (Chapman
et al., 2008), thereby preventing the water from hydrolyzing the produced FAME back to
FFA. Therefore, cheaper feedstock such as non-edible oils, waste cooking oils and even
unrefined crude oils with high FFA content can be used in biodiesel production
(Hasheminejad et al., 2011).

2.15 MEMBRANE LIFETIME AND FOULING IN BIODIESEL PRODUCTION

The life span of a membrane is shortened because of continuous contact with strong acid
and base catalysts during operation. Therefore, it is vital to select a membrane with high
resistance to degradation and corrosion. Carbon membranes are able to resist the harsh
environment in the production of biodiesel when H,SO, or NaOH is used as a catalyst. It
has been reported that no tangible evidence of degradation of the carbon membrane was
observed, even after 10 months of operation and contact with acid or base solution (Dubé
et al., 2007). The blended PSSA/PVA (a kind of catalytically active membrane) showed
a stable conversion of 80% after 5 repeated transesterification runs with 8 h of reaction
time (Zhu et al., 2010). The polyethersulphone used in the biocatalytic membrane
microreactor also showed good stability with no decay of its catalytic activity for at least
12 days of continuous operation (Machsun et al., 2010).

Fouling is one of the major challenges in membrane processes. Fouling of membrane can
be attributed to the accumulation and deposition of particles in the feed onto the

membrane surface and into the membrane pores (Pagliero et al., 2007). In biodiesel
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production, the agglomeration size of glycerol is influenced by the alcohol concentration
in the emulsion. Increased alcohol concentration favors the formation of smaller glycerol
agglomerates. This phenomenon probably arises because of the excess amount of alcohol
used in the reaction that allows the glycerol and other alcohol soluble substances to pass
through the membrane pores easily, causing pore plugging (Gomes et al., 2011).
However, in the typical biodiesel production or refining process in which the alcohol
concentration in the reaction mixture is lower, the serious fouling of the membrane that is
caused by the accumulation of oil and other submicron particles on the inverted
membrane surface was not observed (Cheng et al., 2009; Wang et al., 2009).
Unfortunately, there has not been much study on the fouling of catalytically active
membranes, especially for the polymeric membranes used in biodiesel production.
Fouling of the membrane can be reduced by increasing the temperature, regardless of the
type of membrane used in biodiesel production. This phenomenon occurs because of the
reduction in solution viscosity that is observed when the reaction temperature is

increased (Pagliero et al., 2007).

2.16 LIMITATIONS IN MEMBRANE TECHNOLOGY FOR BIODIESEL PRODUCTION

Undeniably, membrane reactors can be considered an emerging technology for biodiesel
production. In order to successfully develop and commercialize membrane reactors in the
biodiesel industry, knowledge is required in three major fields: catalysis, membrane
technology, and reactor engineering. However, the desired properties, such as the
mechanical properties and surface morphology of the membrane, used in biodiesel
production have not been fully studied. (Guerreiro et al., 2010; Shi et al., 2010; Zhu et
al., 2010). Therefore, the ability of the synthesized membrane to separate glycerol from
the product stream needs to be researched. Additionally, the engineering aspects of the
membrane reactor have been minimally studied because most researchers have only
offered proof of concepts. Biodiesel production using membrane reactors is still running
under non-optimal conditions. Therefore, it is a challenge to choose the best possible
combination of catalyst and membrane. Optimization studies and modeling will be

needed to advance the membrane reactor into commercial operation.
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Although high biodiesel yield can be obtained via the catalytically membrane. The
purification problem can be reduced by using inert catalytically active membranes
created from ceramic membranes. In the flow configuration studied by Guerreiro et al.,
(2010); Sarkar et al., (2010) and Zhu et al., (2010), the carbon membranes face the
problem of low mechanical strength. It has been reported that the tested polymer
membranes break before a high conversion of biodiesel could be achieved (Guerreiro et
al., 2010). Therefore, more attention is needed to select the appropriate membranes and

operating conditions to avoid membrane failure.

2.17 BIODIESEL PROPERTIES AND QUALITY

2.17.1 Biodiesel Properties

There are some major differences between biodiesel and petroleum diesel with regards to
chemical composition. This obviously gives biodiesel different behaviors. The nature of
the feed used during biodiesel production affects the behavior and properties of the diesel

produced. The following fuel properties are considered:

% Cetane number

% Flashpoint

% Lubricity

% Sulphur content

% Cold filter plugging point
s Cloud point

s Pour point

The Cetane Number (CN): this is the propensity of any fuel to kindle after it has been
fed into the engine component. According to current specification, it is required to
maintain a CN of above 40 and most refiners make diesel with numbers ranging from 40
to 45. The CN for biodiesel falls within 46 to 60 but is influenced by the feedstock used
(Biodiesel Education, 2004). This also reduces delay during ignition and makes the

combustion ability of the engine better (Biodiesel Education, 2004). There are a few
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methods for measuring CN, which is a measurement of cetane index. Some use ASTM
D4737, while some use ASTM D976. The first is calculated based on density and
recovery temperatures of 10, 50 and 90 % while the latter only relates it to density and
50% recovery temperature.

Flash Point (FP): This can be defined as the lowest temperature after which the vapor
over the fuel can ignite. Petroleum diesel is innately safe as they have an FP temperature
ranging between 50 and 80 °C. The flash points for biodiesel are over 160 °C, which
reduces the fire hazard related to their transportation or storage. This makes them better
than petroleum fuels in terms of ease of use, storage and transportation (Biodiesel
Education, 2004). There are various methods for the determination of FP’s of liquids
available in many standards, which include ASTM D93 and 1P34.

Lubricity: This can be defined as the extent to which a lubricant can reduce friction. It
has been said that it is difficult to measure material lubricity even though it can be
obtained by a laboratory test. When the friction is low, it implies that the lubricity is high
(Friedrich, 2003). It is also vital to note that reduction in fuel sulfur content according to
recent regulations have decreased fuel lubricity. Biodiesel has good lubricity as quality
blends of biodiesel have shown that the mixture improved greatly in relation to lubricity
(Biodiesel Education, 2004). Lubricity for diesel can be measured by using ASTM
D6078.

Sulfur content: Based on the current global sulfur regulation, sulfur levels are required
to be less than 50 ppm from the beginning of 2005 (SAPIA, 2006). South African
refiners are currently aligning their operations to meet this regulation not later than 2018.
Biodiesel is free of sulfur particularly when made from pure vegetable oil. Biodiesel
generated from waste vegetable oil may have low sulfur content. This needs to be
checked to ensure that the quality is acceptable (Mittelbach and Remschmidt, 2005). This
can be measured using ASTM D5453.

Pour Point (PP): This can be defined as the lowest temperature, which a fuel sample can
be cooled to, while retaining its properties. In the mid-1960s, attention focused on

developing laboratory bench-scale tests independent of CP or PP to predict minimum

37

——
| —



operability temperatures for diesel fuels. In Western Europe, this work resulted in the
development of the CFPP test method. This method (ASTM standard D6371) calls for
cooling the oil sample at a specified rate and drawing it under vacuum through a wire
mesh filter screen. CFPP is then defined as the lowest temperature at which 20 ml of oil
safely passes through the filter within the 60s. Guy (2008) recommends to blend

biodiesel with petroleum diesel and to also blend it with antigen additives.

Heating Value: This is sometimes called the heat of combustion represented by HG.
This is also dependent on the nature of the feedstock. Comparing petroleum diesel to
biodiesel, petroleum diesel contains more HG than biodiesel even though it is less dense
than biodiesel.

According to Mittelbach and Remschmidt (2005), the HG of petroleum diesel is 13%
more than that of biodiesel. For an equal injection volume, automobiles using biodiesel
have less power and force. Multi-fuel automobile utilizes motors that can detect the
nature of the fuel and spontaneously switch the injection parameter (Mittelbach and
Remschmidt, 2005). If biodiesel is used, consumption is high as there is an increase in
injection capacity. The described behavior of biodiesel is specific to pure biodiesel.
When biodiesel is blended with petroleum diesel as B5 or B10, the behavior of the

petroleum diesel will not change.

Table 2.4 shows the characteristics of petroleum diesel and biodiesel from different PVO
sources (Mittelbach and Remschmidt, 2005).
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Table 2.4: Properties of Petroleum Diesel and Biodiesel

Fossil Biodiesel Biodiesel Biodiesel Biodiesel

Diesel  from from from from
Soyabean Palmoil Canola Sunflower
oil oil oil
Density Kg/m® 835 884 867 888 880
(Tin (15) (25) (15) (15) (25)
°C.)
Kinematic Mm?/s 2.7 3.05-4.08 43-63 35-5 4.20-4.40
Viscosity at 38°C)
Cloud point °C -15 2102 13to16 -3to1l 0to3
Pour point °C -33 -3to-1 - -15t0-9 -3
CFFP °C -18 -2 9to0 10 -19t0-8 -3
Flash point °Cc 50-80 141-171 155-174 153-179 164 -183
Heating value  MJ/Kg 42.7 39.8 41.3 40.07 39.71
Cetane number 47 50 52 56 53

2.18 BIODIESEL QUALITY AND STANDARDS

In order to market biodiesel properly, certain specifications from the quality point of
view are required. These standards then act as guidelines during biodiesel production to
monitor quality. These standards also serve as warranty to customers that the products
they buy are of high quality and that they are protected against safety and other

environmental regulations (Prankl, 2002).

Considering the varieties of feedstock that are used for producing biodiesel, it is very
appropriate to pay close attention to these standards. Many biodiesel guidelines are
presently in place in some countries like the EN14214 applicable in EU. In the United
States, ASTM D6751 is used (Mittelbach and Remschmidt, 2005). In South Africa, the
standard known as SANS 1935 is used (Manaka, 2006).
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2.19 ECONOMIC VIABILITY OF BIODIESEL

Biodiesel is an attractive renewable energy resource. However, there are some challenges
that face this vital resource. These challenges include the high cost and limited
availability of biodiesel feedstock beside the cheaper prices of crude petroleum. There
are various factors contributing to the cost of biodiesel. These factors include feedstock
prices, plant's capacity, feedstock quality, processing technology, net energy balance
nature of purification and its storage, etc. However, the two main factors are the cost of
feedstock and the production cost. It has been found that the cost of feedstock accounts
for more than half of the total cost of biodiesel fuel (Yusuf et al., 2016). Therefore,
selecting the best feedstock is vital to ensure low biodiesel cost. Conversely, non-edible
oils as a feedstock for biodiesel can reduce this cost. In terms of production cost, there
are also two aspects, which are, the transesterification process cost, and the by-product
(glycerol) recovery. The continuous transesterification process is a choice to lower the
production cost. The foundations of this process are a shorter reaction time and greater
production capacity. The recovery of high-quality glycerol is another way to lower
biodiesel production cost. Therefore, biodiesel plant must have its own glycerol recovery
facility (Carraretto et al., 2004; Sharma et al., 2008; Murugesan et al., 2009; Balat and
Balat, 2010; Knothe, 2010 and Ahmad et al., 2011).

According to IEA (2014), biodiesel produced with current technology in OECD countries
are still two to three times more expensive than gasoline and diesel. Moreover, a review
of many economic feasibility studies around the world shows that biodiesel usually costs
over US $0.5 per liter compared to the US $0.35 per liter for normal diesel. Currently,
biodiesel cost is 1.5 — 3 times higher than the fossil diesel cost in developed countries
(Yusuf et al., 2016). Biodiesel is thus currently not economically feasible, and more
research and technological development are needed in this area of research. Supporting
policies such as tax credits are important to promote biodiesel research and make their
prices competitive with other conventional sources of energy (Agarwal, 2007; Sharma et
al., 2008; Demirbas, 2009 and Balat, 2011).
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2.20 FUTURE OF BIODIESEL

Acceptance of Kyoto protocol and clean development mechanism (CDM) will lead to
more biodiesel production around the world. For instance, it is anticipated that this policy
will lead to a total biofuel demand in EU of around 19.5 and 30.3 million tons in 2012
and 2020 respectively (Mekhilef, et al., 2011). Biodiesel production is expanding rapidly
around the world, driven by energy security and other environmental concerns. Given
geographic disparities between demand and supply potential, and supply cost, expanded
trade in biodiesel appears to make sense. The global potential of biodiesel production is
very unclear, but in the end, it could be a substantial percentage of transport fuel demand.
Currently, biodiesel can be more effective if used as a complement to other energy
sources (Singh and Singh, 2010).

With the increase in global human population, more land will be needed to produce food
for human consumption. Thus, the insufficient lands could increase the production cost
of biodiesel plants. This problem already exists in Asia where vegetable oil prices are
relatively high. The same trend will eventually happen in the rest of the world. This is the
potential challenge to biodiesel production. Therefore, non-edible oil, genetically
engineered plants, and microalgae feedstock can be the proper solutions for this problem
and can ensure the sustainability of biodiesel production in the future (Sharma et al.,
2008).

2.21 DESIGN OF EXPERIMENT (DOE)

Design of experiment (DOE) is a systematic procedure carried out under controlled
conditions in order to obtain unknown effects, to test or establish a hypothesis or to
illustrate a known effect. DOE is also known as Designed Experiments or Experimental
Design; where all of the terms are considered to have the same meaning
(Montgomery, 2009).

The engineering perspective on the use of experimentation is to reduce time in design or
develop new products and processes, improve performance of existing processes,

improve reliability and performance of products, achieve product and process robustness,
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perform evaluation of materials, design alternatives, setting component and system

tolerances, etc. (PennState, 2015).

The DOE has been used to efficiently carry out experiments and analysis of results. The
main use of DOE is to determine simultaneously the individual and interactive effects of

input factors that affect the output results in any design.

An experiment has inputs and factors, some of which can be controlled and others cannot
be controlled. The selection of factors affecting the output is of vital importance. Figure
2.8 is a presentation of a model of the process or system. The objectives of conducting
the experiment on the system in Figure 2.8 may include the following (Montgomery,
2009):

. Determining which variables are most influential on the response y.
. Determining where to set the influential x so that y is usually near the
nominal value.
. Determining where to set the influential x so that variability in y is small.
o Determining where to set the influential x so that the effects of the uncontrollable

variables Z;, Z, . Zyare minimized.

The selection of an experimental design mostly depends on the objectives of the

experiment and factors to be investigated.

Comparative objective: The primary goal of the experiment is to make a conclusion
about the important factor or several factors under investigation in the presence of and/or
in-spite of the existence of the other factors. The question of interest is whether that
factor is “significant”, (i.e., whether there is a significant change in the response for
different levels of that factor), then is a comparative problem and a comparative design

solution needed.
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Controllable factors
X4

P11

I1]

Zp

Uncontrollable factors

Figure 2.8: A general model of system variables (Montgomery, 2009)

Screening objective: The primary purpose of the experiment is to select or screen out the
few important main effects from the many less important ones. These screening designs

are also termed main effects designs.

Response Surface (method) objective: The experiment is designed to allow researchers
to estimate interaction and even quadratic effects, and therefore gives an idea of the
(local) shape of the response surface being investigated. For this reason, they are termed

response surface method (RSM) designs. RSM designs are used to:

< Find improved or optimal process settings
«»  Troubleshoot process problems and weak points
«»  Make a product or process more robust against external and non-controllable

influences. "Robust" means relatively insensitive to these influences.

Optimizing responses when factors are proportions of a mixture objective: If factors
are proportions of a mixture and the "best" proportions of the factors are so as to

maximize (or minimize) a response, then a mixture design is required.

Optimal fitting of a regression model objective: To model a response as a

mathematical function (either known or empirical) of a few continuous factors and desire
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a "good" model parameter estimates (i.e., unbiased and minimum variance), then a

regression design is needed.

2.21.1 OFAT Design

The most commonly used DOE is the one-factor-at-a-time design. This design involves
varying one factor while keeping other factors constant. It can be used for the screening
stage as well as the optimization stage of an experiment. The objective of OFAT is to
provide information about individual variables and to optimize the process as the

experiment proceeds (Qu and Wu, 2005).

The OFAT design carries a number of advantages reported in literature. Qu and Wu
(2005) reported that OFAT design provided a faster identification of the influence of a
given factor on the system and allows more flexibility than orthogonal fractional factorial
designs (OFFD). The OFAT design also allows the rapid identification of maxima,

minima boundaries in an experiment (Friedman and Savage, 1947; Czitrom, 1999).

The use of OFAT is being discouraged and many authors prefer the factorial design due
to the following reasons (Czitrom, 1999; Montgomery, 2005; Wahid and Nadir, 2013):

% The OFAT designs do not show interactions between the variables.
<+ The prediction of the response in the factor space is improved in factorial designs.

< The lack of randomization can lead to biased conclusions.

However, the OFAT design is less complex and requires less training for the readers to
understand the experimental outcomes (McDaniel and Ankenman, 2000; Qu and Wu,
2005).

2.21.2 Factorial Design

The approach deals with several factors in which all factors are varied simultaneously;
therefore, it reduces the number of experiments to be performed. The design takes into
account the interactions between factors that may affect the yield or response. The
factorial design can be classified into two categories, which are full factorial designs and
fractional designs (Montgomery, 2009). A common factorial design is with all input

factors set at two levels each. The levels are called ‘high’ and ‘low” or ‘+1” and ‘-1’

44

——
| —



respectively. A full factorial design is the one with all possible combinations of all the

input factors. A full factorial design with k (2) number of factors and N (2) levels is
represented as N¥ (2%) and with three factors at two levels is 2°. Therefore, full factorial is

not suitable for a high number of factors because it requires a large number of runs or
experiments, which is not economical and feasible see Table 2.5. The number of runs
does not take into account the centre points in a two level factorial, and replicates on

two and three level factorials.

Table 2.5: Number of Runs for a Two Level (N*) and Three Level Full Factorial

Two level factorial Three level Factorial

Number of Factors (k)

Number of Runs Number of Runs

4 9
8 27
16 81
32 243
64 729
128 2187

A full factorial design is then deemed unsuitable when the numbers of factors are equals
or greater than five. A solution to a large number of runs of the full factorial design is to
carefully select a fraction of a full factorial in order to reduce the number of runs. When a
fraction of a full factorial is considered, it is then referred to as a fractional factorial

design and it is expressed as N*P, where:

N is the number of levels of each factor investigated,
K is the number of factors investigated and,

p describes the size of the fraction of the full factorial used.

In general, p represent the fraction used for instance %2 isp =1, ¥aisp=2and 1/8isp =
4,

The regression model statement for a simple 2 level factorial design is as follows:
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Vi = Po+PrZii+ foZoi + P3Zii Zai + & (Equation 2.7)

Where:

yi = Output/Response for the i unit.
Bo = Coefficient for the intercept

B1 = Mean difference on factor 1

B2 = Mean difference on factor 2

B3 = Interaction of factor 1 and 2

Z;; = Dummy variable for factor 1

Z,i = Dummy variable for factor 2

€i = residual for the ith unit.

The factorial design is used to decide which of these factors is important and thereafter,

decide what level of the factors gives the optimal response (finding the optimal level of

the important factors).
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Figure 2.9: A two-factor factorial experiment (i) with the response (y) showed at
the corners (ii) without interaction (Montgomery, 2009).

Figure 2.9 (i) showed the response on factor A and B, which suggest that there is no
interaction between the factors in Figure 2.9 (ii).
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Figure 2.10: A two-factor factorial experiment (i) with the response (y)
showed at the corners (ii) with interaction (Montgomery, 2009).

On the other hand, Figure 2.10 showed that there is an interaction between factors.

2.21.3 Response Surface Methodology Design

Many have described the response surface methodology (RSM) as a method that involves
a group of mathematical and statistical practices in the development of the most
functional relationship between a response (y) and control variables (x;) (Khuri and
Mukhopadhyay, 2010). The relationship between the response and control variables can
be estimated using a low-degree polynomial model of the form (Khuri and
Mukhopadhyay, 2010):

y=Bfx)+e (Equation 2.8)
Where:
y = Response of interest
x = Control variables/factors
f’(x) = Vector function consists of powers and cross-products of powers of x.
B = Constant coefficient term

€ = Represent the noise or error observed in the response (y).
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This model is considered to establish a relationship to be used to predict response values
for the control variables, to determine the significance of the factor whose level is
represented by x, and to determine the optimum settings of x that result in the maximum
(or minimum) response over a certain region of interest (Khuri and Mukhopadhyay,
2010).

The main goal of using RSM is for process optimization fitted on a three-dimensional
response surface showing the expected response as a function of control variables
(Montgomery, 2009). The first step in most RSM problems is the screening of the
variables in order to select the few important main effects from the many less important
variables (Khuri and Mukhopadhyay, 2010). Therefore, the response can be well
modeled by a linear function of the independent variables using the function in the first

order model as follows:

Yy =B+ pixa+ X+ .+ B+ € (Equation 2.9)

This model is similar to the model Equation 2.7, which also shows the interaction of the
variables. If the model ignores the cross products or interaction component that gives an
indication of the curvature of the response surface that has to be fitted in RSM, the model
becomes equation 2.9, which is called the steepest ascent model (Montgomery, 2012).
First order model, which is called the steepest ascent model, shows the hill at which

the new variables range. Further investigation is conducted in order to find where
the optimum lies. This is illustrated in Figure 2.11.

90
80 New variable
range
70
60
50
40
1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 2.11: Response along the path of steepest ascent (Montgomery, 2012).
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The choice of experimental design to generate a second order polynomial, which

incorporates curvature to approximate the response in the RSM, is generally as follows:

Y = Bo + ixa + Baxo + ProXaXe + Praxe® + Boxs” + € (Equation 2.10)

The second order model contains the linear terms, cross product terms and second order
terms as demonstrated in Equation 2.10. The second order polynomial model requires

aresponse surface design that has more runs than the first order designs. This is
accomplished by adding center points to the first order design (N¥). These response

surface designs include the central composite design (CCD), the Box-Behnken design
(BBD) and the Doehlert designs (DD) (Montgomery, 2012).

2.21.4 The Central Composite Design (CCD)

Central composite design contains an entrenched factorial or fractional factorial design
with center points that is augmented with a group of ‘star points’ that allow estimation of
curvature as illustrated in Figure 2.12 (a). This simply means that the CCD has five levels
per factor (-a, -1, 0, +1 and +a). The star points represent new extreme values (low and
high) for each factor in the design. There are three types of CCD that can be used when
selecting a design, which are Circumscribed (CCC), Face-Centered (CCF) and Inscribed
(CCI) as shown in Figure 2.12 (b). It can be designed in two ways, which is orthogonal
block where the model terms and block effects can be estimated independently and to
minimize the variation in the regression coefficients. The second way is the rotatability
design where rotable design provides constant prediction variance at all points that are
equidistant from the design center (Montgomery et al., 2012).
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Figure 2.12: Central Composite Design (a) Generation of a CCD, (b) Illustrative
representation of where the star points are placed for the 3 types of CCD.

CCD can be used to efficiently estimate first and second order terms and to model a

response variable with curvature by adding center and axial points to a previously done

factorial design.

2.21.5 Analysis of Design Model

The first analysis is considering the region of exploration for fitting the first-order model
with the approximating function in Equation 2.9 for a well-modeled response. When the
RSM shows a little curvature in the system for the first-order model to indicate the region
of the optimum, a more elaborate model can be used. The more elaborate model is the

second-order model in Equation 2.10 to perform an analysis to locate optimum.

2.21.6 Model Adequacy checking for first-order regression

The relationship between the response and independent variables is assumed to be a
purely algebraic relationship. The error term has zero mean with a constant variance o°
and errors are normally distributed. Therefore, the model adequacy cannot rely on the
analysis of variance until the validity of these mentioned assumptions has been checked

by the examination of residuals.

The definition of the residual is as follows:
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e=yi—yi, &1,2,..,n (Equation 2.11)

Where:

yi = An observation

yi = The corresponding fitted value.
The residuals have several important properties with zero mean, and their approximate
average variance is estimated by:

n - = 2 n 2 . B
— alei— e 485 55
Yi—ilei—€)° _ Xj—j€i" _ SSRes __ MSg,. (Equation 2.12)

n—p n—p n—p

n — p is degrees of freedom associated with them.

The model is adequate when the residuals are structureless, meaning that, there should be
no obvious patterns. A more useful procedure is the use of a normal probability plot of
the residuals. For a normal underlying error distribution, the plot resembles a straight line
(Montgomery, 2012). Substantial departures from a straight line indicate that the

distribution is not normal see illustration in Figure 2.13.
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Figure 2.13: Normal probability plots: (a) ideal; (b) light-tailed distribution; (c) heavy-
tailed distribution; (d) positive skew; (e) negative skew (Montgomery et al., 2012).
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Observations that are outliers, or extreme values, which are separated in some fashion

from the rest of the data are dealt with using scaled residuals. Methods of scaled residuals

are standardized residuals, studentized residuals, PRESS Residuals and R-Student. An

example of a normal probability plot of the external studentized residual is shown in

Figure 2.14. The illustration in Figure 2.14 shows that the residuals do not lie exactly

along the straight line. This is an indication that there may be outlier/s in the data, which

is a problem with the normality assumptions.
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Externally Studentized Residual

Figure 2.14: Normal probability plot of the externally studentized residuals for the
delivery time data (Montgomery et al., 2012)

In order to detect several common types of model inadequacies, a plot of the externally

studentized residuals t; versus the corresponding fitted values y; is used.

A model with no obvious defects follows a pattern of residual on Figure 2.15 (a). The

plots of the patterns in Figure 2.15 (b), (c) and (d) show symptoms of model deficiencies,

where the variance of the errors in Figures 2.15 (b) and (c) is not constant and in Figure

2.15 (d) is a nonlinear curve. Figure 2.15 (d) may mean that other regression variables are

required in the model, for example, a squared term may be necessary and a

transformation may be effective in this case (Montgomery et al., 2012).
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Figure 2.15: Patterns for residual plots: (a) satisfactory; (b) funnel; (c) double
bow;(d) nonlinear (Montgomery et al., 2012).

Another potential violation of the basic regression assumptions is the presence of

autocorrelation as seen in Figure 2.16. Autocorrelation is the correlation between model
errors at different time periods.

Time Time
(a) (h)

Figure 2.16: Prototype residual plots against time displaying autocorrelation in the errors:
(a) positive autocorrelation; (b) negative autocorrelation (Montgomery et al., 2012).
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2.21.7 Polynomial Regression Models in Two or More Variables

The regression function for fitting a second-order model such as Equation 2.10 is called
response surface. Table 2.6 shows the analysis of variance for the Chemical Process
example. The example in Table 2.6 indicates the lack of fit for the quadratic model

shown by the large Pyae (P = 0.8120) implying that the quadratic model is adequate.

The significance of regression is shown by the Fyaue (58.86) with a Pyae of <0.0001 that
signify that the quadratic model is significant and some of the coefficient parameters are
nonzero. The R® and adjusted R® values for the model are satisfactory to fit the full
quadratic model since there is no difference between the R? and adjusted R? values. The
RZprediction is calculated as shown in Equation 2.13 and it is an indication that the model

can explain about 94 % of the variability in new data.

Table 2.6: Analysis of Variance for the Chemical Process Example (Montgomery et al., 2012).

Source of Sum of Degrees of Mean P value
Variation Squares Freedom Square
Regression 1733.6 346.71 58.86 <0.0001

SSr (B1, B2, Bo) (914.4) (2) (457.20)
SN (N o T | (619:2) 3) (273.10)

Residual 35.3 6 5.89 0.3176 0.8120

Lack of fit (8.5) (3) (2.83)
Pure error (26.8) 3) (8.92)

R =0.9800 R%; = 0.9800 PRESS = 108.7

PRESS 108.7
- 1— =-1—

prediction 5SSt 1768.9

RZ

= 0.9385 (Equation 2.13)

The studentized residuals or the values of R-student are not large to indicate any potential
problems with outliers as shown in Table 2.7 of the chemical process example.
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Table 2.7: Observed Values, Predicted Values, Residuals, and Other Diagnostics for the
Chemical Process Example (Montgomery et al., 2012)

43.00
78.00
69.00
73.00
48.00
76.00
65.00
74.00
76.00
79.00
83.00
81.00

43.96
79.11
67.89
72.04
48.11
75.90
63.54
75.46
79.75
79.75
79.75
79.75

-0.96 0.625 -0.643
-1.11 0.625 -0.745
1.11 0.625 0.748
0.96 0.625 0.646
-0.11 0.625 -0.073
0.10 0.625 -0.073
1.46 0.625 0.982
-1.46 0.625 -0.985
-3.75 0.250 -1.784
-0.75 0.250 -0.357
3.25 0.250 1.546
1.25 0.250 0.595

Observed
Value

0.115 -0.609
0.154 -0.714
0.155 0.717
0.116 0.612
0.001 -0.067
0.001 -0.067
0.268 0.979
0.269 -0.982
0.177 -2.377
0.007 -0.329
0.133 1.820
0.020 0.560

The plots in Figure 2.17 show no sign of model defect. The example in Figure 2.17 (a)

and (b) show a horizontal line around the residuals of approximately zero, which

suggests that the model fits the data well and the variances of the error terms are equal.

The normal probability plot in Figure 2.17 (c) suggests that the error terms are normally
distributed (Montgomery et al., 2012).
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Figure 2.17: (a) Normal probability plot of the studentized residuals, (b) Studentized versus
predicted conversion, (c) Studentized residuals run order (Montgomery et al., 2012).
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A response surface and contour plots in figure 2.18 will then indicate the maximum
response with its corresponding independent variables.
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Figure 2.18: (a) Response Surface of predicted conversion, (b) Contour plot of predicted
conversion (Montgomery et al., 2012).

{a)

The example of the response surface plot and contour plot indicate the maximum percent
conversion at about 245 °C and 20 % concentration. The interest for using response
surface and contour plot is in predicting the response (y) by estimating the mean response

at a particular point in the process variable space.

2.22 SUMMARY

The challenge encountered by conventional biodiesel production processes have
affected the viability of biodiesel as an economic and environmentally friendly
alternative fuel. Homogeneous transesterification methods are still commonly used to
commercially produce biodiesel, however, numerous environmental issues are associated
with the high energy consumption, and the costly separation processes required for its

operation has called for the search of innovative biodiesel production technologies.

This study is focused on using a packed bed membrane to produce and separate biodiesel
from its byproducts. The use of heterogeneous catalytic method is currently being

recognized as a promising technology in biodiesel production. Heterogeneous catalytic
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systems can ease the separation of biodiesel from the reaction mixture and allow the
recovery and reuse of the catalyst, potentially leading to higher efficiency and lower
production costs. In addition, the use of membrane as a reaction medium helps to

eliminate the generation of wastewater.

The OFAT is the conventional method mostly used to carry out experiments. Although,
there are other methods that have more advantages on the number of experiments
conducted, showing interactions between the factors, and giving high precision and
predictions over the design limits for all outputs of the system. The Central Composite
design was selected for this study because of the reliability of predictions on the number

of factors selected for the experiment.
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CHAPTER 3: METHODOLOGY

3.1 INTRODUCTION

Transesterification is a chemical reaction used in converting vegetable oils to
biodiesel. This process as explained in the literature involves vegetable oil
reacting with alcohol such as methanol or ethanol in the presence of a catalyst to
produce biodiesel and glycerol (Qiu et al., 2010). Oil extracted from soya bean seed
was used as feedstock in this study because it is one of the oils approved by the
government as a source material for the production of biofuel in South Africa. The
acid value, iodine value and water mass fraction of the oil were measured.
Methanol (99.8%) was selected due to its cost effectiveness and availability.
Heterogeneous catalyst (CaO) was chosen for this study due to its recyclable nature,
easily separated from the product, affordability, environmental friendly, and can be used
in a continuous process without further purification. Activated carbon was employed
as catalyst support because of its abundance in Kwazulu-natal, one of the

provinces in South Africa.

Membrane separation technology was chosen for the separation process due to its
ability to separate different components in a single process stream based on their
molecular weight. In this process, reaction and separation took place within a
single unit and therefore eliminates the need for a further purification step.
Membrane reactors have the ability to selectively remove the product from the
reaction mixture by allowing the liquid with lower molecular weight to pass
through its pore while higher molecular weight liquids are prevented from passing.
This method also allows for proper contact between the immiscible reactants and
catalyst and as a result, a higher yield of the product is achieved (Westermann and
Melin, 2009). South Africa like some other African countries suffers shortfall in
water production and the use of membrane technology to produce biodiesel will
help to conserve water, eliminate purification stage and make the environment free

from pollution. This is a new innovation in the production of biodiesel and has
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more competitive price advantage by ensuring that further processing that adds to

the production cost of biodiesel is totally eliminated.

Micro-porous TiO,/Al,03 membrane packed with potassium hydroxide catalyst
supported on palm shell activated carbon was used to investigate the effects of
reaction temperature, catalyst amount, and cross flow circulation velocity on the
production of biodiesel in a packed bed membrane reactor. The result showed an

optimum conversion of 94% biodiesel (Baroutian et al., 2011).

The results above are very useful in providing a basis for the preliminary

experiments.

3.2 MATERIALS AND EXPERIMENTAL PROCEDURES

3.2.1 Preparation and characterization of the catalyst

The heterogeneous catalyst (CaO) was prepared using a method adapted from the
literature (Baroutian et al., 2011). Pure calcium oxide (98.9%) and activated carbon were
used as catalyst and catalyst support respectively. These were purchased from associated
chemical enterprises, South Africa.

The activated carbon was screen to size range from 450 to 810 um, washed with
deionized water to remove impurities, and then put into an oven to dry at 100 °C for 24
hours, cooled in a desiccator and stored in a glass bottle. Activated carbon was added to
the catalyst solution and then agitated in an orbital shaker at 180 rpm at a constant
temperature of 25 °C for a period of 24 hours. The amount of adsorbed CaO was
measured by the gravimetrical method. The total loading content of CaO was 40.50% by

weight, based on the initial weight of activated carbon (Baroutian et al., 2011).

In addition, the characteristics of the prepared supported catalyst were determined.
Scanning electron micrographs (SEM) were obtained on an FEI Quanta 200 FESEM
scanning electron microscope. The accelerating voltage was 20 kV. The SE and BSE
detector were ETD and Low kV SSBSED, respectively. To evaluate the specific surface
area and pore volumes, adsorption of nitrogen at 77 K was carried out by ASAP 2020,
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Micromeritics. Before taking adsorption data, degassing at 120°C and a residual pressure

of 300 umHg for 24 hours was performed using the degas port (Baroutian et al., 2011).

Equation 3.1 shows the chemical structure of calcium oxide.

Ca: + §:¢[Ca]2*+[i§i]2'=-CaO

( Equation 3.1)

i2884) (28
Calcium Oygen Calcium
atom atom oxide

The SEM image of calcium oxide catalyst adhered to the surface of activated carbon,
which represents particles in the range of 1 um, is depicted in Figure 3.1. According to
Guo et al. (2010), structures which are loosely attached and contain spaces of 1-5 um
between agglomerates, suggests that CaO/AC will exhibit an affinity to the entry of
triglyceride and alcohol for the progression of transesterification.

Figure 3.1: SEM image of calcium oxide supported on activated carbon (CaO/AC).

The BET surface area, pore volume, micropore volume, average pore width and active
site concentration of the catalyst are presented in Table 3.1. A BET analysis was
performed using N gas. The BET analysis showed that the surface area of the CaO/AC
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was 0.39 m?/g. A similar result was reported by Guo et al. (2010), using soybean oil as
the feedstock.

Basicity of the catalyst was determined using temperature programmed desorption (TPD)
method of CO, on Thermo Finnigan (TPDRO 1100) equipped with a thermal
conductivity detector (TCD). Three hundred milligrams of the sample were treated at 300
°C for 1 h by passing helium at a flow rate of 20 ml/min. Then, the sample was saturated
with carbon dioxide at a flow rate of 20 ml/min and at 100 °C for 1 h. Subsequently, the
system was flushed with helium (20 ml/min) at 100 °C for 1 h to eliminate CO,.
Desorption was carried out from room temperature to 800 °C at a heating ramp of 5 °C
/min (Baroutian et al., 2011).

Table 3.1: CaO/AC catalyst characterization

Properties Value Unit Technigue
BET surface area 0.39 téfg BET
Pore volume 0.174 cilg BET
Micro pore volume 0114 clg EET
Average pore width 306 fnim BET
Active sites concentration 1.558 m molig TPD-CO2

The significant reduction in BET surface area from virgin activated carbon (1.5 m%/g) to
the CaO/AC catalyst with 40 wt.% loading (0.39 m?/g) indicates filling of CaO molecules
into the activated carbon pores. CO, temperature programmed desorption (TPD) method
was used to determine the basicity of catalyst and the result is presented in Table 3.1.

3.2.2 Experimental Apparatus, Setup, and Procedure

3.2.2.1 Apparatus
The lists of apparatus, equipments and materials used for the experiment are given below:

. Thermometer

o Magnetic stirrer
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o Glassware (conical flasks, beakers)

o Retort stand for the conical bottom glass processor
o Calcium oxide nanoparticles

o Activated carbon

o Methanol

o Titration kit

o Weighing scale to measure CaO and methanol to accuracy
o Funnel

o Hotplate

o Spatula (for collecting CaO)

o Orbital shaker

° Oven

3.2.2.2 Overview of Experimental setup and preliminary runs

The experimental setup for the biodiesel production is shown in Figure 3.2. The setup
consisted of 2 separate tanks for the reactants (oil and methanol). The dimensions (length,
width and height), thickness and capacity of the tanks were 75mmx75mmx150mm, 10mm

and 3 litres respectively.

The mixing tank where reactants were premixed in order to allow initial contact and
homogenuity was used. The mixing tank has a variable speed stirrer specifically designed
for viscous materials and a ventilated motor. The motor provides maximum constant
torque throughout the entire speed range. The high level cast aluminum control box was
integrated with the motor and has an on/off switch along with a speed control knob. The
stirrer has a 12mm diameter x 110mm long aluminum support rod, 1.8 m long 3-wired
grounded plug, and an 8mm diameter stirrer shaft having a stainless steel propeller. The
electric motor drives the mechanical stirrer which mixes the process solution in the tank.
The specification of the electric motor consisted of a speed range 30 to 3000 rpm, voltage
220VAC/230VAC, 50Hz, power input / output 50W /35W and a maximum torque of
400 Nmm.
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A tubular ceramic membrane (Atech Innovations Gmbh, Germany) was used as reactor
and separator. The length, inner diameter, outer diameter and pore size of the membrane
were 1000 mm, 16 mm, 25.4 mm and 0.02 um, respectively. The filtration surface area for
the entire membrane was 0.0201 m? A Watson marlow 313S peristaltic pump (Cole-
Parmer Instrument, USA) was employed to feed the raw materials and to prepare
circulation inside the system. The Chem-Durance chemical resistant pump tubing (ID =
44 mm, OD = 2.36 mm) was used. Pressure gauges controlled at 100 Kpa was used to
monitored pressure of the system. To prepare reaction temperature a shell and tube heat
exchanger equipped with a hot water circulator bath was used as a heat transfer medium.
The reactant passes through the tube while being heated up to the desired temperature
range (50 °C — 70 °C) by the hot water in the shell part of the heat exchanger. A coil type
heater connected to a voltage regulator (OV - 200V) to obtain the desired temeprature
range for the solution was employed. The coil wire material was made of stainless steel,
its wire diameter was 8mm and coil width of 80mm. Its power rating, voltage and current
were 2000W, 230V 50hz and 16A respectively.

Catalysts particles were packed inside the ceramic membrane and held in place using cloth
screens attached to the upstream and downstream tubing. From the preliminary
experiments conducted, it was observed that methanol and biodiesel molecules were able
to pass through the membrane which can be attributed to their smaller molecular sizes
while the glycerol and the unreacted oil were retained in the reaction medium. The
operating principle of membrane reactor for biodiesel production is centred on emulsified
droplet size and membrane pore size. Cao et al., (2006) reported that average size of the
oil droplet and glycerol fall in the range of 12-400 um, which is much larger than the

membrane pore size used in biodiesel production.

Methanol is one of the essential reactants in the transesterification, it is necessary to
recycle and return it to the process. For this purpose a simple and effective methanol
recovery unit was employed. Methanol recovery unit, which is based on continuous
distillation, consists of hot water bath, a three neck round bottom flask, a leibig condenser

and a thermometer. The permeate stream containing biodiesel and methanol was collected
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in the three neck round bottom flask. The high temperature of the water bath leads to

methanol evaporation which is then condensed and returned back to the system.

The biodiesel production equipment was successfully set up and was commissioned. The
equipment was initially test run using water in order to detect any leakage. The equipment
was then tested using the parameters required to carryout a biodiesel production before

proceeding with the preliminary runs.

The preliminary runs provided the basis for this studies. It aimed at finding the optimum
ranges of the experimental variables, the significant elements and as well as the best
operating conditions for the research work. The preliminary experiments were conducted

using the setup in Figure 3.2. in the laboratory.

Pressute P
! gucge Squage

Membrane reactor

Heat exchanger

Ol tank Back pressure
Cireulating patp valve
|
M ethanol tank Iixityg tank
IMethanol recovery unit

Bindiesel tank

Figure 3.2: Laboratory scale experimental setup for biodiesel production.
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3.2.2.3 Transesterification procedure in a packed bed membrane reactor

The procedures for the preliminary runs in the production of biodiesel on a laboratory
scale are enumerated below:

o Pure soya bean oil was used for this experiment (Refer to section 3.1). For all
experimental trials, same volume of soya bean oil was used throughout the study. The
feedstock was preheated to eliminate any traces of water.

o The prepared catalyst (CaO/Activated carbon) was packed into the ceramic
membrane and the two ends of the membrane were sealed with a cloth sieve.

o The feedstock and methanol dissolution were charged into the pre-mixing vessel to
form the reaction mixture. The volume ratio of methanol to oil was varied from 3:1 to
12:1

o The oil/methanol mixture was heated to the desired reaction temperature using a
shell and tube heat exchanger before the mixture goes into the membrane reactor. A
thermometer was used to ensure the temperature of the mixture was up to theoretical
specification. The Transmembrane Pressure inside the membrane was monitored by two
pressure gauges and was controlled at 100Kpa in other to avoid compacting the boundary
layer and decrease fouling.

o At the end of the transesterification stage, a complete separation of FAME-rich
phase (permeate) from glycerol-rich phase (retentate) was achieved.

o After each run, the circulating pump and heat exchanger were switched off and the
products were collected into a beaker. The excess alcohol was removed from the ester
layer by evaporation and the produced biodiesel was analyzed. Subsequently, the system
was fully drained, the catalyst was taken out and the system was flushed for 30 minutes

with pure ethanol.

The operating standard of a membrane reactor for biodiesel production is based on the
emulsified droplets size achieved; pore size of the membrane seems to be a critical factor
in transesterification process using membrane reactors. Cao et al., (2006) reported that
average size of the oil droplets ranges between 12-400 um, which is much larger than the

membrane pore size used in this experiment.
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3.3 IDENTIFICATION OF VIABLE OPERATING LIMITS

The following elements were defined during the preliminary work:

(1) The optimum catalyst loading for the heterogeneous reaction

Calcium oxide (CaO) supported with activated carbon was used as heterogeneous
catalyst. Defining the catalyst-loading limit in the membrane is a vital element in
biodiesel production to avoid any side reaction with one of the reactants. Both materials

were selected due to their abundance and low cost.

(2) The upper and lower operating limits

The upper and lower limits of the variables used in this experiment were determined to
establish their significance. Specific experiments were carried out to know where the
limit lies and literature studies assisted in providing the basis for this study in terms of
the temperature used, molar ratio, flow rate and reaction time. The upper limit in this
work was set by considering the impact; for example, raising the reaction temperature

above the boiling point of methanol would consequently affect the yield of the product.

(3) The significant factors and response
The main response considered in this experiment was biodiesel yield. Four manipulated
variables (temperature, flow rate, methanol/oil ratio and reaction time) were selected for

the preliminary study.

3.4 EXPERIMENTAL DESIGN AND DATA ANALYSIS

The design of Experiment (DOE) provided an action plan for efficient experimental
work. Inability to effectively select a suitable DOE might hinder the success of an
experimental study. The results of the one factor at a time (OFAT) studies laid the
foundation for the second phase of the DOE. The Centered Composite Design (CCD)
was used in order to identify the curvatures with the addition of center-points and was

used for optimization studies using the response surface methodology. The commercial
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software tool Design Expert version 10.0 was used for the statistical analysis of the

experimental data.
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CHAPTER 4: APPLICATION OF THE OFAT METHODOLOGY IN
THE PRODUCTION OF BIODIESEL USING
HETEROGENEOUS CATALYST

4.1 INTRODUCTION

The OFAT experimental method is the commonly used procedure for experimental
design because it does not require extensive statistical knowledge to interpret the results
obtained. In this study, Biodiesel was produced in a continous system using
heterogeneous catalysis. Ceramic membrane acted as both the reactor and the separating
medium. The performance of the ceramic membrane was evaluated in terms of

selectivity, and critical variables that significantly influence the yield were identified.

4.2 EXPERIMENTAL TRIALS USING OFAT IN A SEMI BATCH SYSTEM

There are number of factors that affect the production of biodiesel; some variables are
dependent while some are independent. In order to identify the best operating parameters
that can be used later for optimization, preliminary experiments based on OFAT method

were conducted.

4.2.1 Variables considered for Investigation:

The listed variables were investigated while following the procedure in section 3.2.2.3, in
order to determine how these factors influence small-scale biodiesel systems for
developing economies. They include:

. Temperature

o Reaction time

o Molar ratio of alcohol to oil

o Flow rate

o Concentration of catalyst

68

——
| —



4.2.1.1 Effect of Temperature

The influence of temperature was investigated. Following the procedure in section
3.2.2.3, the trial was conducted by varying temperatures while other factors remained
constant. The operating temperature range 50, 55, 60, 65, and 70 °C were considered.
Experiments were initially conducted at temperatures below 50 °C but there was no
significant influence on the yield. The highest temperature was 70 °C, as further increase
showed declination of the product yield. As shown in Figure 4.1, increasing the reaction
temperature favored the transesterification. However, raising the temperature above 65
°C, which is the boiling point of methanol, reduced the conversion rate due to the

continuous boiling of methanol, and consequently leaves the reaction medium.

100.0
95.0
20.0
5.0
d0.0 4
75.0
70.0
65.0
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50 55 a0 65 70

HH

i
—

Fid

Biodiesel yvield (%)

Reaction temperature (°C)

Figure 4.1: Influence of reaction temperature on biodiesel yield while flow rate(1000mL/min),
reaction time (90 min), molar ratio (6:1) and catalyst concentration (3 g/L) were kept constant.

Therefore, the reaction at 65 °C is most appropriate. In summary, these results were in
line with existing literature and affirmed a fundamental theory where higher reaction

temperature favors higher biodiesel production (Baroutian et al., 2011).

The mean values of data were plotted in Figure 4.1, together with the standard error
(standard deviation of the mean) in the form of error bars. The calculated standard errors
for each ratio showed very small error and ranged between +0.06 and £0.20. Temperature
of 70 °C showed the highest standard error of +0.20 while temperature of 60 °C showed

the lowest standard error of £0.06. This small deviation indicates a high confidence of the
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mean values being close to the true value and therefore repeatability of the experiments is

justified.

4.2.1.2 Effect of Reaction Time

The effect of reaction time on the production of biodiesel was investigated, results
showed that time has a great effect on the process. This was considered as one of the key
parameters, as incomplete reaction resulted in biodiesel yield with more contaminants
(Mono and Diglycerides). A rule of thumb allowing the reaction to stay for not less than
60 minutes was used as a basis, to ensure quality biodiesel for the entire trial. This effect
was studied ranging from 60 to 180 minutes using the same standard procedure
(Baroutian et al., 2011). As shown in Figure 4.2, due to the heterogeneous reaction
nature, there was no significant yield in the first 30 minutes of the reaction. The rate of
conversion was slow in the first 60 minutes, however, the conversion increased rapidly as
the time increased and the conversion reached a maximum of 93 % at a reaction time of
150 minutes. Increasing the time to 180 minutes shows no improvement in the
conversion rate and the reduction in the yield was due to high emulsion of the mixture in
the reacting. By comparison, Gajendra et al. (2011) reported a similar conversion of
biodiesel at the same experimental condition.
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Figure 4.2: Influence of reaction time on biodiesel yield while flow rate {1000 mL/min}),
temperature {65 *C), molar ratio {6:1) and catalyst concentration {3 g/L) were kept constant
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The mean values for the pair of data were plotted in Figure 4.2, together with the
standard error (standard deviation of the mean) in the form of error bars. The calculated
standard errors for each ratio showed very small error and ranged between +0.06 and
+0.25. Reaction time of 90 minutes showed the highest standard error of +0.25. This
small deviation indicates a high confidence of the mean values being close to the true

value and therefore repeatability of the experiments is justified.

4.2.1.3 Effect of Molar ratio of alcohol to oil

The molar ratio of methanol to oil ratio is one of the most significant variables that
influence biodiesel yield. Based on stoichiometric ratio, transesterification process of
triglyceride requires 3 moles of methanol and 1 mole of oil to yield three moles of fatty
acid methyl ester and 1 mole of glycerol. However, because of the reversible nature of
the reaction, an excess of the methanol is required to shift the equilibrium towards the
product side. This behavior is based on the principles of thermodynamic equilibrium
described by Le Chatelier principles.

100 ~

% Biodiesel yield

80 T T T 1
3;1 4:1 6;1 9;1 12;1
Methanol: Oil ratio

Figure 4.3: Influence of methanol: oil ratio on the production of Biodiesel while flow
rate (1000 mL/min), reaction time (90 min), temperature (65 °C) and catalyst concentration
(3 g/L) were kept constant.

As shown in Figure 4.3, a yield of 94% was attained at a methanol to oil ratio of 9:1. This
indicates that there were more molecules of methanol in the reaction medium available to

take part in the conversion, Dantas et al., (2011) also recorded similar result. However,

71

——
| —



there was a slight decline in FAME vyield as the methanol to oil ratio increased to 12:1

and this might be due to the inhibiting oversaturation of methanol in the medium.

The mean values for the pair of data were plotted in Figure 4.3, together with the
standard error (standard deviation of the mean) in the form of error bars. For this set of
data, the result of the calculated standard error for each ratio was also small and ranged
between £0.07 and £0.12. Molar ratios of 6:1 showed the highest standard error of +0.12.
This deviation is small and indicates a high confidence of the mean values being close to

the true value.

4.2.1.4 Effect of Flow rate

Figure 4.4 shows the effect of flow rate on the biodiesel yield. The flow rate of oil and
methanol mixture was varied from 900 mL to 1100 mL and an average of 85.7 % vyield
was obtained. It is possible to assume that increasing the flow rate has a positive effect on

increasing biodiesel yield.
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Figure 4.4: Influence of flow rate on biodiesel yield while molar ratio (6:1), reaction time
(90 min), temperature (65 °C) and catalyst concentration (3 g/L) were kept constant

The mean values for the pair of data are plotted in figure 4.4, together with the standard
error (standard deviation of the mean) in the form of error bars. The calculated standard

errors for each ratio showed very small error and ranged between £0.02 and +0.17. This
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deviation is little and indicates a high confidence of the mean values being close to the

true value.

4.2.1.5 Effect of Catalyst concentration

The concentration of catalyst plays an active part in the chemical process of biodiesel
yield. Figure 4.5, shows that biodiesel yield increases with the increase in catalyst
concentration from 0.5 g/L to 3 g/L. However, biodiesel yield decreased as the catalyst
concentration further increased. This reduction in the biodiesel yield is due to soap
formation in the presence of high amount of catalyst. In addition, this excess amount of
catalyst increases the viscosity of reactants which also results in lowering the biodiesel
yield. The transesterification is catalyzed by the basic sites generated on the surface of
CaO/AC. The optimum catalyst concentration was determined to be 3 g/L of CaO
catalyst with a biodiesel yield of 90.7%. Baroutian et al. (2011) also reported a similar

result while using a solid supported catalyst (KOH/AC) to produce biodiesel.
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Figure 4.5: Influence of reaction time on biodiesel yield while flow rate (1000 mL/min},
temperature (65 *C), molar ratio (6:1) and reaction time {20 mins) were kept constant

The mean values for the pair of data are plotted in Figure 4.5, together with the standard
error (standard deviation of the mean) in the form of error bars. The calculated standard
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errors for each ratio showed very small error and ranged between +0.03 and *0.19.
Catalyst concentration of 5 and 7 g/L showed the highest standard error of £0.19. This
minute deviation indicates a high confidence of the mean values being close to the true
value and therefore justified the repeatability of the experiments.

4.3 CHARACTERIZATION OF THE BIODIESEL PRODUCED

The physical and chemical properties of the produced biodiesel were measured according
to the test methods recommended by the American Society for testing and Materials
(ASTM) and South African National Standard (SANS) as follows; viscosity at 40 °C,
water content, density at 15 °C, total acid number, total contamination, Sulphur and flash

point. The results of these characterizations are listed in Table 4.1.

Table 4.1: Characteristics of biodiesel produced from soybean oil in a membrane reactor

Charactenstic Test Ututs BANE 1935 Result
Specification Limnit

Density @ 15°C ASTM D7042 giml 0.86-0.9 0.87
Wiscostty (@ 40°C ASTH D042 cot 3.5-5 3.4
Flash poimnt ASTM D23 oC 120 mmin 167
Water content ASTM Da30d o 0.05 tnax
Total acid number - mgK OHfg 0.5 max 0.21
Total Contamination TP 440 mgfKg 24 mar 2
Sulphur ASTM 4294 pptn 10 masx 1

The results show that the biodiesel produced using membrane technology is within
SANS 1935 standard specifications and American Society for testing and Materials
(ASTM) biodiesel specification. Biodiesel properties are numerous, but the most
important ones are those that have direct impact on the performance of the engine such
as, viscosity because of its effect on the atomization of the fuel being injected into the

engine combustion compartment, flash point which is much higher than diesel, density
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which is lesser than water and so on. All these properties help to increase the lifespan of
the engine, give a better lubrication and complete combustion so that the engine can

produce a higher energy output.

4.4 CATALYST REUTILIZATION

Reutilization of the CaO/AC catalyst in the transesterification of triglyceride under the
optimal range conditions in the packed bed reactor was investigated. After each cycle, the
used catalyst was taken out from the reactor and dried for reuse. The catalytic activity
remains 90.5% of the fresh catalyst when the activated carbon supported catalyst was
employed for the third time. It was calculated based on the conversion of oil to biodiesel
under the optimum range. The decay in catalyst activity could be due to the leaching of
active sites to the reaction media. Leaching of the active phase to the alcoholic phase can
be attributed to the bond breaking and formation of Ca" and CH30". As shown in table
4.2, this value is within the range reported by other researchers (Zabeti et al. 2010,
Baroutian et al. 2011).

Table 4.2: Comparison between catalyst supports

Catalyst Eepeated number  Eemamned catalytic Eeference
of runs activity  (%o)
CaCfAC 3 805 Present work
CaCfAlzOs p 858 Zabet af al (2010)
EF/ Ala03 3 61.5 Boz et al (2009)
ECHMAC 3 89.3 Barcutian ef af (2011)
LagOsf Zr02 3 75 sun ef al. (20107
(=)



4.5 SUMMARY

The experimental setup for this project was completely done and the membrane reactor
exhibited a good performance in transesterification of high quality of biodiesel yield, and
does not require any additional purification process. The effects of parameters including
temperature, reaction time, catalyst concentration and flow rate were found significant.
The optimum yield were between 90% - 94% within a reaction time of 60 — 180 minutes,
methanol to oil ratio were 3:1 - 9:1 and temperature range were 60 °C - 70 °C. This yield
is in line with what was recorded in the experiment conducted by Baroutian et al.,
(2011). The characteristics of the product under these conditions were within the ASTM
standard. However, further investigation still need to be carried out to establish the
optimum vyield for biodiesel within the optimum range of significant variables. The
design of experiment proved to be a rational means to investigate the effect of
independent variables and of their interactions on vegetable oils conversion for biodiesel
production by heterogeneous catalytic transesterification. Response surface methodology
is particularly convenient, allowing the determination of optimum set of experimental
conditions, which minimize or maximize the response, as well as the changes in response

surface produced by variation of independent variables and their mutual interactions.

76

——
| —



CHAPTER 5: STATISTICAL ANALYSIS OPTIMISATION STUDIES
USING RESPONSE SURFACE METHODOLOGY

5.1 GENERAL INTRODUCTION

This chapter presents the application of CCD to optimize the biodiesel production in a
packed bed membrane reactor. The laboratory experiments conducted according to the
CCD matrix generated, Design Expert Software 10.0 was used to find optimum values

for the independent variables in order to provide maximum output of the product.

5.2 DESIGN EVALUATION

The CCD was used to generate the experimental matrix and the model equations for the
optimization of the biodiesel production. Four manipulated variables were varied at three
levels: a high level, represented as (+1), a low level represented as (-1) a middle point
(0). These four independent variables were represented as X, X,, X3 and X4 with one
output or dependent variable, which was biodiesel yield (Y) as illustrated in Table 5.1.
The manipulated variables were selected based on their significance in the preliminary

experiments.

Table 5.1: Manipulated variables, their CCD levels, and the output

Temperature (°C) 1 &l %] 70
Eeaction tune (munutes) X2 &0 a0 120
Iolar ratio X3 31 4:1 £:1
Catalyst concentration Hq 1 2.5 4
Biodiesel weld (%) T
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The experiments were conducted in a random order instead of the standard order to
eliminate biases during the trials, and the analyses of the data were done at standard CCD

run order as seen in Table 5.2 using the Design expert software.

Table 5.2: Experimental matrix results

1 29 -1 -1 -1 -1 62
2 5 1 -1 -1 -1 90
3 14 -1 1 -1 -1 60
4 12 -1 1 -1 -1 75
5 13 -1 -1 1 -1 49
6 2 1 -1 1 -1 66
7 18 -1 1 1 -1 55
8 8 1 1 1 -1 79
9 24 -1 -1 -1 1 84
10 27 1 -1 -1 1 92
11 17 -1 1 -1 1 89
12 11 1 1 -1 1 95
13 6 -1 -1 1 1 50
14 10 1 -1 1 1 60
15 30 -1 1 1 1 78
16 3 1 1 1 1 74
17 25 -2 0 0 0 50
18 22 2 0 0 0 60
19 4 0 -2 0 0 78
20 15 0 2 0 0 95
21 23 0 0 -2 0 65
22 21 0 0 2 0 48
23 1 0 0 0 -2 62
24 9 0 0 0 2 94
25 20 0 0 0 0 93
26 7 0 0 0 0 94
27 26 0 0 0 0 92
28 28 0 0 0 0 95
29 19 0 0 0 0 93
30 16 0 0 0 0 96
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The quadratic equation model was selected for this experimental work. Before the
analyses of the responses were carried out, the design model was evaluated to ensure that
it is the right one for this experiment. The evaluation of a design was explained in detail
in Chapter 2.

Table 5.3: The design model evaluation.

Factor SE VIF Ri’

A-Temperature 0.20 1.00 0.0000
B-Reaction time 0.20 1.00 0.0000
C-Molar ratio 0.20 1.00 0.0000
D-Catalyst amount 0.20 1.00 0.0000
AB 0.25 1.00 0.0000
AC 0.25 1.00 0.0000
AD 0.25 1.00 0.0000
BC 0.25 1.00 0.0000
BD 0.25 1.00 0.0000
CD 0.25 1.00 0.0000
A? 0.19 1.05 0.0476
B? 0.19 1.05 0.0476
C? 0.19 1.05 0.0476
D? 0.19 1.05 0.0476

The results in Table 5.3 showed that the model selected is suitable for the experimental
data. The values of the variance inflation factor (VIF) for the entire model terms can be
rounded up to 1. VIF measure the amount of multicollinearity in a set of multiple
regression variables. The values of the VIF and Ri? indicate that all the factors in this
model are independent of each other. The SE is the same for all the factors of the same
category, which also showed that the model is suitable.

5.3 ANALYSIS USING THE CENTRAL COMPOQOSITE DESIGN

The ANOVA for Response Surface Quadratic model is shown in Table 5.4. The results
show a large F-value of 24.05 and a P-value less than 0.05 indicating that the model was
significant. The most significant model terms were indicated by F-values and P-values
<0.05. The ANOVA table (table 5.4) showed that the four parameters of temperature,
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reaction time, molar ratio, catalyst amount and also interaction of temperature-catalyst
amount, reaction time-molar ratio, reaction time-catalyst amount, molar ratio catalyst
amount and quadratic terms of temperature, molar ratio, catalyst amount were significant
based on the P-value smaller than 0.05. Due to the high P-values (more than 0.05), the
interactions of temperature-reaction time, temperature-molar ratio and reaction time-
catalyst amount and also quadratic terms of reaction time were found to be insignificant,
and made removal of these terms very tempting. However, because removing these terms
would reduce the lack of fit P-value below minimum desirable insignificant lack of fit of

0.1, they were untouched.

Table 5.4: ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]

] Sum of Mean F p-value
ISOUFCER  squares df Square Value Prob>F
IModel e 818389 14 58456 2405 <0.0001  significant
DXEASTERperatiirel 241232 1 241232 99.26  <0.0001
DX2UB'Reactionfime  1199.92 1 1199.92 4937  <0.0001
Xs: C-Molar ratio 310.32 1 31032 12.77 0.0028
- 93375 1 93375 3842 <0.0001
XiX:AB 31.08 1 3108 128  0.2759
XiXstAC 663 1 663 027  0.6091
X Xg:AD 25361 1 25361 10.44  0.0056
XXs:BC 30363 1 30363 1249  0.0030
XoXsBD 14581 1 14581 600  0.0271
XsXs:CD 22276 1 22276  9.17 0.0085
AT 222326 1 222326 9148  <0.0001
Xt Bt 6197 1 6197 255  0.1311
Xt 64377 1 64377 2649  0.0001
Xs Dt 361.05 1 36105 1486  0.0016
‘Residual 36454 15 2430
- LackofFit 36066 10  36.07 4654  0.1533 Notsignificant
DOPUEERGN 38 5 078
[CorTotal " 854843 29

(=)



The term X; has the highest F-value and one of the lowest p>F value, meaning that the
temperature has the largest effect on the biodiesel yield. It can also be seen that there is
15.33% chance that the LOF is due to noise which is an insignificant value, as LOF
values greater than 0.05 (5%) are insignificant, showing that the model can fit any data.

The model equation for this response is expressed as:
Y =94.75 + 5.18X; + 3.60X,— 7.07X3 + 4.24X, + 1.39X; X, — 0.64X; X3 — 3.98X X4 +
4.36XX3 + 3.02X,X,4 — 3.73X3X4 - 9.38X,° - 1.50X,° — 9.00X5° - 3.63X,°

(Equation 5.1)

The data in Table 5.4 is not the only way to identify significant factors. The coefficients
in the model equations also indicate the significant variables. The quadratic model used
in calculating the conversion indicated that single parameters such as temperature,
reaction time and catalyst amount had positive significant effect on the conversion of oil
to biodiesel. Therefore, from Table 5.4 and Equation 5.1 it can be seen that the linear
term of temperature (X;) has the most significant impact among the single parameters.
The fact that the coefficient for Xy in Eq. 5.1 carries a positive sign shows that the

increase in temperature increases the conversion of biodiesel.

It can also be seen that X2X3 is the most significant interaction term. This indicates that
the biodiesel yield is positively influenced by the combination of the variation in both
reaction time and molar ratio. The combination of variables X1Xz and X;X4 in this
equation means that the biodiesel yield is boosted by the interaction between the reaction
time-temperature and reaction time-catalyst amount. It is observed that the biodiesel yield
is negatively affected by the interaction between temperature and the catalyst amount,
even though these two factors individually increase the biodiesel conversion. The
negative sign of the term X1X4 means that at higher temperature, methanol tends to leave
the reaction medium due to the reaction temperature exceeding the boiling point of

methanol, thus, biodiesel yield is reduced (Baroutian et al., 2011).

The quadratic terms indicate the presence of curvatures. The negative signs in Eg. 5.1

reveal that the quadratic curves for X;2, X2, X32 and X,2 are concave. This means that
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biodiesel conversion increases with an increase in temperature, reaction time, molar ratio
and catalyst concentration up to a maximum value beyond which the yield decreases with

further increase of the four variables.

The suitability of the model was validated by evaluating the R-squared presented in
Table 5.5. A high R? value is desirable and a reasonable agreement between adjusted
R? and predicted R? is crucial (Ghafari et al. 2009). The difference between adjusted
R? and predicted R?is less than 0.2.

Table 5.5: The R-Squared Results.

Std. Dev. 4.93 R-Squared 0.9574
Mean 75.94 Adj R-Squared 0.9176
CV.% 6.49 Pred R-Squared 0.8861
PRESS 2083.00 Adeq Precision 14.726
-2 Log 160.06 BIC 221.08
Likelihood

AlCc 224.34

Adequate precision (AP) is defined as a measure of the experimental signal to noise ratio
(Anderson and Whitcomb 2005); an AP that exceeds 4 usually indicates that the model
will give reasonable performance in prediction. The “Adeq Precision” for this study was

14.726. Therefore, the model was suitable to be used to navigate the design space.

Model validation is a very important step in model building sequence. Often the
validation of a model seems to consist of nothing more than quoting the R? statistics from
the fit (which measures the fraction of the total variability in the response that is
accounted for by the model). However, there are other diagnostic tools for model
validation such as predicted vs actual plot and residual analysis. These tools are based on
graphical analysis. Graphical methods have an advantage over numerical methods for
model validation because they readily illustrate a broad range of complex aspects of the
relationship between the model and the data. Numerical methods for model validation
tend to be narrowly focused on a particular aspect of the relationship between the model
and the data and often try to compress the information into a single descriptive number or

test result.
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Figure 5.1: The biodiesel conversion predicted from model versus measured response.

The Actual by Predicted plot provides a visual assessment of model fit that reflects
variation due to random effects. It plots the actual values against the predicted values. In
Figure 5.1, the actual values versus the predicted values for conversion of the soya bean
oil to biodiesel in the packed bed membrane reactor were plotted. The values were close
to the 45-degree line and this indicates a strong correlation between the model’s

predictions and its actual results.

Normal plot of residuals estimates the experimental error obtained by subtracting the
actual responses from the predicted responses. The predicted response is calculated from
the chosen model, after all the unknown model parameters have been estimated from the
experimental data. Examining residuals is a key part of all statistical modelling because it

provides useful information about how well the model fits the data.
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Figure 5.2: Normal plot of residuals.

In general, the residuals should be randomly distributed with no obvious patterns and
unusual values. The normal plot (Fig. 5.2) shows that the set of data used for this
experiment is normally distributed because the pattern approximates a straight line and

there are no outliers. This implies that the model fits the experimental data.

84

——
| —



Design-Expert® Software . .
(Yield)™ Residuals vs. Predicted
(ég:?r points by 4.00 — _ooag
30
1 w
[ m
3 2.00 —
2 -
5]
[a' s = u =
=] m
g = . =
=
S 0.00 —-2 = = =
g = .
& = W] =
> -
g m =] m
5 -2.00 —|
1] =
<
L
[m]
-3.69239
-4.00 —|
I I I I I I
20 40 60 80 100 120
Predicted

Figure 5.3: Residuals vs predicted values.

From Figure 5.3, it can be seen that the data points are scattered randomly without

forming a pattern and this validates the assumption that the residuals are constant.
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Figure 5.4: Residuals vs run number
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The use of the residuals versus run plot is used to verify the assumption that the residuals
are independent from one another. In Figure 5.4, independent residuals show no trends or
patterns when displayed in run order and the points are randomly around the

centerline therefore, validating the independence of the residual.

5.4. EFFECTS OF PROCESS PARAMETERS

The quadratic model (Eq. 5.1) to calculate conversion indicates that temperature, reaction
time and catalyst amount have positive effects on the conversion of the soya bean oil to
biodiesel in the packed bed membrane reactor. The 3D response surface plots showing
the effect of temperature, reaction time, molar ratio, catalyst concentration and their
interactions on methyl ester yield are shown in Figs. 5.5 — 5.8. The response surface
methodology was used to study the interaction between the independent variables and to

determine the optimum level of each parameter for maximum response.

Oezign Bxpert Software
Factor Coding: Actual
Owerday Plot

ield

a1 = A Ternperature
A2 = B: Reaction time

an.o
Bzl Factors
C: Molar ratio 20D
O: Catalyst concentration ’
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612
A Temperature (degree )

G0 G0

Figure 5.5: Response surface 3D plot of predicted biodiesel yields versus reaction time
and temperature
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Three-dimensional surface plot of the predicted soya bean oil conversion to biodiesel in
the packed bed membrane reactor is shown in Figure 5.5. The figure demonstrates that
conversion of oil to biodiesel increased as the reaction temperature and reaction time
increased. This may be due to reduction of viscosity of the oil on increasing the
temperature, which resulted in better mixing of oil with alcohol and faster separation of
glycerol from biodiesel. This result is in agreement with those reported in the literature
where higher reaction temperature and initial mixing of the immiscible reactants cause a
higher production of biodiesel (Zabeti et al., 2010 and Alamu et al., 2007).
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B Ternperature
C: Molar ratio an

70 B: Reactlon time ¢ mins)

0 Catal yst concentration [gfL] 1.0 B0

Figure 5.6: Response surface plot of predicted yields versus reaction time and catalyst
concentration.

Figure 5.6 exhibits the effect of the catalyst concentration and reaction time. The FAME
yield increased with increasing catalyst concentration and reaction time. Then, there was
a slight decrease when the reaction period was too long due to the influence of the

reversible reaction in transesterification (Samart et al., 2009). The 3D response curve
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reveals that there is a significant interaction effect between the catalyst concentration and

reaction time on the FAME vyield.

Dezign Expert Software
Factor Coding: Actual
veray Plot

Tield

X1 = a: Temperature
¥2 = O: Catalyst concentration

Aactual Factors
B: Reaction tims
C: hdolar ratio

“field (%)

O: Catalyst concentration (9/L) A: Temperature (degree C)

Figure 5.7: Response surface 3D plot of predicted biodiesel yields versus temperature and
catalyst concentration

Figure 5.7 shows the 3D response surface plot of predicted yield versus temperature and
catalyst concentration. The figure demonstrates that conversion of feedstock to biodiesel
increases as the reaction temperature and catalyst amount increases. However, at higher
catalyst amount a reduction can be seen in the yield due to the catalyst concentration
having a negative effect on the biodiesel produced. The decrease in yield at higher
amounts of the catalyst can be attributed to the soap formation during the

transesterification.
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Figure 5.8: Response surface 3D plot of predicted biodiesel yields versus molar ratio and
catalyst concentration

Figure 5.8 shows the 3D response surface plot of predicted yield versus molar ratio and
catalyst concentration. The FAME yield increases slightly with the increasing methanol-
to-oil molar ratio and catalyst concentration. Afterwards, the yield start to decrease as the
molar ratio increases. In general, a high molar ratio results in a higher rate of methyl ester
formation and ensures completion of the reaction. However, overloading of methanol
would inactivate the catalyst and reversed the reaction since transesterification is a
reversible reaction (Wan Omar and Saidina Amin, 2011).The 3D response curve under
this condition indicates no significant interaction effect between methanol-to-oil molar

ratio and catalyst concentration on the FAME yield.
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5.5 OPTIMIZATION

The optimization process was done to find the values of the manipulated variables that
would provide optimum biodiesel yield while taking into account all input parameters, by
generating an overlay plot. The data on the overlay plot were computed using the

generated model equation in order to find an optimum region for all variables.

The constraints shown in table 5.6 were defined to generate the optimum region using

Design expert software:

(1) The target for the catalyst concentration was set to 3 g/L in order to avoid side

reaction with the reactants, which could lead to soap formation.

(2) The temperature was set in range of 60 °C to 70 °C. This is because of the boiling
point of methanol. Extending the temperature range above the maximum for this

experiment will cause methanol to evaporate.

(3) The molar ratio was set in the range 3:1 to 6:1. Based on the stoichiometric ratio, 3
moles of methanol to 1 mole of oil is required to produce methyl ester. However, because
of the reversible nature of the reaction, an excess of the methanol is needed to drive the
reaction to product side.

(4) In industry, time is an important factor. The aim was to achieve maximum production
of biodiesel in a short period. Therefore, range 60 minutes to 120 minutes was the

selected reaction time for the optimization.

Based on the defined boundaries, optimization of the process was carried out.
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Table 5.6: Numerical optimization results and constraints for the factors/response.

Temperature (°C)

Reaction time (min)
Catalyst concentration ( g/L)
Molar ratio

Yield (%)

In range 60 70
In range 60 120
target - 3
In range 3:1 6:1

Maximize

The plot in Figure 5.9 identifies the optimum value for the response within the range of

input parameters specified. The suggested optimum ester yield was 97.7% in 90 minutes

at 65 °C, 3 g/L catalyst concentration and 4.5:1 molar ratio of alcohol to oil.

Dezign BExpert Software
Factor Coding: Actual
Owerday Plot

Yield

H1 = a: Temperatura
W2 = b: Reaction time

Aotual Factors
C: hdalar ratio
O: Catalyst concentration

b: Reaction time (mins)

Cwerlay Plot

110 —

a0

20 —

7O —

&0

wleld: 97 7415
x1 65
x2 90

70

a: Temperature (degree C)

Figure 5.9: Overlay plot for the prediction of biodiesel production using membrane reactor

The results for the optimum values of the independent variables with the maximum yield

are tabulated in Table 5.7 for Central Composite Design. These values were deduced

from the overlay plot.
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Table 5.7: The result of optimum values.

Yield % Y 97.7
Temperature °C X1 65
Reaction time min X 90
Molar ratio X3 45:1
Catalyst concentration g/L Xy 3

5.6 VERIFICATION OF THE DESIGN MODELS

The validity of the predicted model was examined by performing verification experiment
at these optimum synthesized conditions. The experiments conducted were repeated three
times and the average yield is then presented in Table 5.8 alongside with the

predicted model values.

Table 5.8: Verification of the design models

Yield % Y 97.7 96.9
Temperature °C X1 65 65
Reaction time min Xz 90 90
Molar ratio X3 45:1 45:1
Catalyst conc. g/L Xa4 3 3

The predicted conversion value of 97.7% was approximately equal to the average
observed value of 96.9%. Therefore, the experimental (obtained) value showed
acceptable agreement with the predicted values. The errors values between the predicted
and the observed results were less than 1% FAME conversion, indicating that the

regression model was satisfactory.




5.7 SUMMARY

In this chapter, the Central Composite Design method was used to design the order of the
experimental runs, in other to study interaction between variables and to statistically
analyse the data obtained. This was done to find optimum conditions for the production

of biodiesel in a packed bed membrane reactor.

The model equation and RSM graphs for the response were generated using
experimental data. The model passed the evaluation test showing that it fit the
experimental data and was significant. Based on the model equation, all the independent
variables had positive influence on the yield. For each variable, the yield of biodiesel

increased to a maximum point beyond which there was no significance in the yield.

The optimization process was carried out within the boundaries of optimum region of the
independent variables using an overlay plot. Theoretical optimum values were generated
with a maximum response and these data where verified by conducting further

experiments using the theoretical optimum values.

93

——
| —



CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

The need for alternative energy sources across the world is increasing as nonrenewable
resources are being depleted. For this reason, different renewable energy sources are
being studied and investigated. Biodiesel produced by the transesterification of vegetable
oils is gaining considerable importance as a renewable fuel.

Because biodiesel is still being produced using the conventional method, there are
limitations that characterized this production method, such as water utilization for
purification leading to waste water generation, separation and purification problems
associated with homogenous catalysis. These challenges do not make biodiesel
competitive to fossil fuel. Therefore, there is a need to research a robust, efficient
systems and method to overcome the numerous problems associated with conventional

method and make biodiesel more competitive.

The use of heterogeneous catalysis (calcium oxide) supported by activated carbon in a
membrane reactor proved to be a remedy to the limitation of conventional method and
ease the process of biodiesel production. This type of catalyst was chosen due to its low
cost and availability. The activated carbon provided a good surface area to the catalyst

and allowed proper contact between the oil and methanol.

The main aim of this study was to produce biodiesel from vegetable oils using
heterogeneous catalysts in a ceramic membrane. The specific objectives of this work
were: (1) To evaluate the performance of supported CaO used as heterogeneous catalyst
in a membrane reactor for the production of biodiesel. (2) To evaluate the efficiency of
the membrane in terms of selectivity. (3) To evaluate the influence of temperature,
methanol/oil ratio, catalyst concentration and reaction time on biodiesel yield using an
appropriate experimental design tool to establish the optimum conditions for biodiesel

yield.
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Preliminary experiments were carried out using the OFAT design in order to screen the
parameters and identify the optimum ranges for the optimisation studies. CaO/AC
heterogeneous catalyst was successfully used in the transesterification reaction of soya
bean oil into FAME. The experimental results showed that CaO/AC had excellent
activity and stability during transesterification. The catalyst was used three times, and no
apparent activity loss was observed. Therefore, the use of CaO/AC as a solid catalyst is
efficient and does not require additional separation process, thus eliminating the
purification step.

Results from the preliminary experiments indicated that the effects of parameters
including temperature, reaction time, molar ratio and catalyst concentration were
significant. The optimum yield ranged between 90 % - 94 % within a reaction time of 60
— 180 minutes, methanol to oil ratio 3:1 - 9:1 and temperature range of 60 °C - 70 °C at 3
g/L of catalyst. This yield is in line with the result recorded in the experiment conducted
by Baroutian et al., (2011). The important variables selected based on the results from the
OFAT experiments were further investigated to establish the optimum yield for biodiesel

within the optimum range of significant variables.

The ceramic membrane with the pore size of 0.02 pm was very suitable for this reaction
and separation process due to its high flux and the good quality of the permeate. This
new method of biodiesel production showed the advantage of no water usage in the
process as compared to the conventional method, which required 8 litres of water to
purify 1 litre of biodiesel. This leads to wastewater being generated and consequently
creates a causal effect of polluting the environment. The water usage in the conventional
method was quantified during an experiment conducted in laboratory. The characteristics
of the product under these conditions were within the ASTM and SANS 1935 standards.

The Response surface methodology based on Central Composite design (CCD) was used
to analyze the data and generate model equations for the response variables. The overlay

plot provided the optimum region for the response based on the results computed from
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the model equation. The surface and contour plots were effectively used in determining
the optimum factor combinations for the maximum yield. OFAT could not readily
identify nor quantify the interaction between the factors. Furthermore, experimental
verification carried out on the design also confirms the validity of the model.

Overall, it can be deduced that the membrane reactor served as a good medium for the
production of biodiesel, because it does not require utilization of water in the process,
thereby eliminating wastewater generation and reduction in production cost, and more

importantly, it is an environmentally friendly process.

Further study need to be conducted on the fouling effects and stability of the membrane

for the production of biodiesel.
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APPENDIX A: PRELIMINARY EXPERIMENTS

Sample calculations

1) Mass of methanol required at a 6:1 methanol to oil molar ratio

Mmmso = 879.40 g/mol

Basis: mass of feed oil, M= 400g

_ M
nfeed -

mm BEs mEs mEs EEE R EEE SEE EES ESS S ESE EEE SEE EES EES ESE ESE RES EES NS EEE NS EEG EEE EEG wEE

e (A1)

Where: Nfeeq 1S the number of moles in the source oil

M is the mass of oil in g

mm is the molar mass

Therefore: n = —2 — 0.454 mol
879.4

Molar ratio = 6: 1 therefore:
Nmethanot = 6 X 0.454 = 2.724 mol

MMmethanol = 32.04 g/mol

Mass of methanol required, M = N X MM ... o cev cee et et et et et et e e e e

= 2.724 x 32.04
=87.3g

2) % yield of biodiesel produced

Feed oil mass =400 g
Mass of biodiesel = 376.8 ¢

mass of biodiesel produced

% yield =

mass of source oil

Therefore:

376.8

%yield=mx100=94%
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A-1. EXPERIMENTAL DATA FOR OPTIMUM RANGE

A-1.1 Raw data for Semi-batch reactor process

Table A-1.1: The effect of reaction time on biodiesel yield from soybean Oil.

60 87.4 400 300.01299.61300.4|75.0]74.9|75.1] 75.0
90 87.4 400 308.01310.8|311.2|77.0|77.7|77.8] 775
120 87.4 400 355.6]355.21356.0|88.9188.8|189.0] 88.9
150 87.4 400 372.41371.61372.0(93.1192.9]193.0] 93.0
180 87.4 400 347.6]348.01348.4|86.9187.0|187.1] 87.0

Table A-1.2: The effect of temperature on biodiesel yield from soybean QOil.

50 87.4 400 256.4 |258.0 |256.8 [64.1 [64.5 |64.2 |64.3
55 87.4 400 294.0 |293.6 |291.6 |73.5 |73.4 [72.9 [73.3
60 87.4 400 328.0 1328.0 [328.8 [82.0 182.0 |82.2 |82.1
65 87.4 400 360.0 |358.8 [360.0 [90.0 [89.7 |90.0 |89.8
70 87.4 400 323.6 [325.2 |326.4 |80.9 [81.3 |81.6 |81.3

——
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Table A-1.3: The effect of flow rate on biodiesel yield from soybean Oil.

900 87.4 400 320.41320.4]1320.4(80.1180.1180.1|] 80.1
950 87.4 400 333.2|333.2]332.8|83.3183.3|183.2|] 83.3
1000 87.4 400 342.41342.8]1342.8|85.6]85.7|85.7| 85.7
1050 87.4 400 342.8|342.4]1342.8|85.7185.6185.7| 85.7
1100 87.4 400 342.8|342.81342.8|85.7|85.7|85.7| 85.7

Table A-1.4: The effect of methanol/oil ratio on biodiesel yield from soybean Oil.

3:1 43.7 400 337.2|336.41337.2|84.3|184.1|84.3| 84.2
4:1 583 400 356.0]355.6356.8189.0188.9]89.2] 89.0
6:1 87.4 400 375.21376.81376.0(93.8194.2]194.0] 94.0
9:1 131.2  |400 376.0|376.41376.0{94.0194.1]194.0] 94.0
12:1 1749  J400 371.2|372.01372.0192.8193.0|93.0] 92.9

——
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Table A-1.5: The effect of catalyst concentration on biodiesel yield from soybean Oil

0.5 87.4 K00 218 |217.6]1217.6|54.5|54.4|54.4] 544
1 87.4 K00 309.2| 310 | 310 |77.3|775|775]| 774
3 87.4 K00 360 | 360 |360.4| 90 | 90 |90.1| 90.0
5 87.4 |00 350.41351.21351.6|87.6|87.8|87.9| 87.8
7 87.4 K00 332 |333.21332.4| 83 |83.3|83.1] 831

A-2: Raw data for Continuous reaction process

Table A-2.1: The effect of temperature in a continous biodiesel production.

50 874 400  |416.70[416.79[416.75[92.6[92.6[92.6] 92.61
55 874 [400  |418.37|418.46/418.37[92.9[92.9[92.9| 92.98
60 874|400 |423.27[423.32[423.32[94.0[94.0[94.0[ 94.07
65 874 [400  |424.76|a24.67|424.71]94.3(94.3(94.3| 9435
70 874 [300  [419.27]419.22410.18[93.1[93.1[93.1| 93.16

——
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Table A-2.2: The effect of reaction time in a continous biodiesel production.

60 87.4 400 417.87|417.87|417.87 92.86 |92.8192.86| 92.86

75 87.4 400 421.56}421.61}421.61] 93.68 9§.6 93.69| 93.69

90 87.4 400 422.28|422.28|422.24] 93.84 9?:.8 93.83| 93.84

105 87.4 400 424.53|424.58|424.53| 94.34 94‘.3 94.34| 94.34

120 87.4 400 423.05}423.09 423.09| 94.01 942.0 94.02| 94.02
Table A-2.3: The effect of methanol/oil ratio in a continous biodiesel production.

3:1 43.7 400 300.01299.61300.4(75.0]74.9]75.1| 75.0
4:1 583 400 308.01310.8|311.2|77.0)77.7|\77.8] 775
6:1 87.4 400 355.6355.2]356.0(88.9188.8]89.0] 88.9
9:1 131.2 400 372.41371.6]372.0(93.1192.9193.0f 93.0
12:1 174.9 400 347.6|348.01348.4(86.9|87.0187.1| 87.0
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APPENDIX B: STATISTICAL AND OPTIMIZATION STUDIES

B-1. RAW DATA FOR CENTRAL COMPOSITE DESIGN

Table B-1: Experimental data from the CCD

62
90
60
75
49
66
55
79
84
92
89
95
50
60
78
74
50
60
78
95
65
48
62
94
93
94
92
95
93
96

63
90
60
75
49
66
55
78
84
92

63

61
90
60
74
49
66
55
79
84
92

-1

-1

-1

29

91

61

-1

-1

14
12
13

75
48

67

54
79
84
91

-1

18

24
27
17
11

-1

-1

89
94
49
60
79
74
50
60
79
95
64

89

89
95
50
60
78
74
50
60
78
95
65
48
62
93
93
94
92
95
92
96

95
50

-1

59
78
74
51

10
30

25
22

60
77
95

-2

15
23
21

65

48
61

48

62

-2

94
93
94
93
95
93
95

94
92
94
93
95
93
96

20

26
28
19
16




B-2. EVALUATION OF THE DESIGN

Standard errors (SE) must be the same for each type of coefticient. The ideal VIF is 1.
VIFs values greater than 10 indicate that the coefficients are poorly estimated due to
multicollinearity. Ideally, the value of the Ri* should be 0. High values of Ri* show
that terms are correlated with each other, which can lead to poor predictions and
erroneous models. Table B-2 shows that the model chosen does not contain correlated

terms.

Table B-2.1: Evaluation of the chosen design.

0.20 1.00 0.0000
e o020 1.00 0.0000
e o020 1.00 0.0000
D o020 1.00 0.0000
AR 025 1.00 0.0000
A 0.5 1.00 0.0000
AR 025 1.00 0.0000
e e 05 1.00 0.0000
BB 025 1.00 0.0000
e 025 1.00 0.0000
DA 019 1.05 0.0476
e 019 1.05 0.0476
e 019 1.05 0.0476
e 019 1.05 0.0476
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Table B-2.2: Diagnostics Case Statistics on the Central Composite Design

62.00 67.75 -575 0.583 -1.803 -1.968 0.303 -2.329° 23
66.00 66.63 -0.63 0583 -0.196 -0.190 0.004 -0.224 6
7400 76.79 -279 0583 -0.875 -0.868 0.072 -1.027 16
78.00 8158 -358 0583 -1.124 -1.134 0.118 -1.342 19
90.00 83.29 6.71 0.583 2.104 2421 0.413 2.864! 2
50.00 53.79 -3.79 0.583 -1.189 -1.207 0.132 -1.428 13
95.00 94.83 0.17 0.167 0.037 0.036 0.000 0.016 26
79.00 73.79 521 0.583 1.633 1.740 0.249 2.059 8
94.00 92.75 125 0.583 0.392 0.381 0.014 0.450 24
60.00 57.63 237 0.583 0.745 0.733 0.052 0.868 14
95.00 90.96 404 0583 1.267 1.296 0.150 1.533 12
75.00 72.96 2.04 0.583 0.640 0.627 0.038 0.742 4
49.00 46.79 221 0.583 0.693 0.680 0.045 0.805 5
60.00 56.13 3.87 0.583 1.215 1.236 0.138 1.463 3
95.00 9592 -092 0.583 -0.287 -0.278 0.008 -0.329 20
96.00 94.83 1.17 0.167 0.259 0.250 0.001 0.112 30
89.00 90.13 -1.13 0.583 -0.353 -0.342 0.012 -0.405 11
55.00 5946 -4.46 0583 -1.398 -1.448 0.182 -1.714 7
93.00 94.83 -1.83 0.167 -0.407 -0.395 0.002 -0.177 29
95.00 94.83 0.17 0.167 0.037 0.036 0.000 0.016 25
48.00 44.58 342 0583 1.071 1.077 0.107 1.274 22
60.00 6758 -7.58 0583 -2378 -2911 0.528 -3.444* 18
65.00 7292 -792 0583 -2483 -3.125 0.575 -3.697* 21
84.00 82.96 1.04 0.583 0.327 0.317 0.010 0.375 9
50.00 46.92 3.08 0.583 0.967 0.965 0.087 1.141 17
95.00 94.83 0.17 0.167 0.037 0.036 0.000 0.016 27
92.00 89.29 2.71 0.583 0.849 0.841 0.067 0.995 10
95.00 94.83 0.17 0.167 0.037 0.036 0.000 0.016 28
62.00 60.96 1.04 0.583 0.327 0.317 0.010 0.375 1
78.00 7846 -046 0.583 -0.144 -0.139 0.002 -0.164 15

Box-Cox Power Transformation

0.000 -1.76 1.73 -0.20 None
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Table B-2.3: Optimization Report of Constrains and Solutions on the CCD

Goal Lower  Upper Lower  Upper

Limit Limit Weight  Weight Importance
is in range 60 70 1 1 3
is in range 60 120 1 1 3
is in range 3 6 1 1 3
is in range 1 4 1 1 3
maximize 48 96 1 1 3

Reaction Molar Catalyst
Temperature time ratio concentration Yield Desirability

66.479 90.000  4.290 2.500 96.381 1.000 Selected
67.127 90.000  4.239 2.500 96.336 1.000
67.125 90.000  3.620 2.500 96.538 1.000
65.978 90.000  4.223 2.500 96.508 1.000
67.140 90.000  3.857 2.500 96.817 1.000
66.474 90.000  4.385 2.500 96.044 1.000
66.058 90.000 4.174 2.500 96.648 1.000
67.365 90.000  4.168 2.500 96.367 1.000
66.111 90.000  3.470 2.500 96.225 1.000
66.351 90.000  4.290 2.500 96.383 1.000
68.054 90.000  3.800 2.500 96.003 1.000
66.937 90.000 3.816 2.500 96.889 1.000
66.949 90.000  3.497 2.500 96.285 1.000
67.688 90.000  4.142 2.500 96.153 1.000
65.086 90.000  3.647 2.500 96.037 1.000
65.439 90.000  4.228 2.500 96.213 1.000
65.368 90.000  3.625 2.500 96.251 1.000
66.246 90.000  3.669 2.500 96.779 1.000
65.023 90.000  3.756 2.500 96.152 1.000
65.290 90.000  4.246 2.500 96.047 1.000
65.533 90.000 4.318 2.500 96.011 1.000
68.031 90.000  3.777 2.500 96.014 1.000
65.821 90.000  4.226 2.500 96.441 1.000
66.883 90.000  4.045 2.500 96.836 1.000
64.921 90.000  4.092 2.500 96.006 1.000
67.999 90.000  3.945 2.500 96.076 1.000
66.834 90.000  4.240 2.500 96.460 1.000
67.474 90.000  3.864 2.500 96.602 1.000
66.190 90.000  3.836 2.500 96.965 1.000
67.612 90.000  4.194 2.500 96.103 1.000
64.865 90.000  4.044 2.500 96.002 1.000
65.120 90.000  3.688 2.500 96.150 1.000

126

——
| —



Reaction Molar Catalyst

Temperature time ratio concentration Yield Desirability
66.194 90.000 4.339 2.500 96.202 1.000
66.009 90.000  3.481 2.500 96.227 1.000
67.863 90.000 4.022 2.500 96.167 1.000
66.685 90.000 4.333 2.500 96.208 1.000
67.329 90.000 4.070 2.500 96.574 1.000
66.895 90.000 4.304 2.500 96.244 1.000
65.080 90.000 4.069 2.500 96.207 1.000
66.974 90.000 4.296 2.500 96.237 1.000
65.739 90.000  3.507 2.500 96.188 1.000
65.934 90.000 4.208 2.500 96.530 1.000
66.593 90.000 3.416 2.500 96.077 1.000
65.677 90.000 4.290 2.500 96.188 1.000
65.617 90.000 3.618 2.500 96.420 1.000
65.919 90.000 4.256 2.500 96.399 1.000
64.962 90.000 3.794 2.500 96.127 1.000
65.430 90.000 3.783 2.500 96.559 1.000
65.921 90.000  3.940 2.500 96.896 1.000
64.954 90.000 3.860 2.500 96.163 1.000
66.498 90.000  3.399 2.500 96.014 1.000
66.316 90.000  3.437 2.500 96.150 1.000
66.961 90.000 4.344 2.500 96.077 1.000
67.772 90.000  3.659 2.500 96.139 1.000
67.021 90.000 4.346 2.500 96.045 1.000
65.968 90.000 3.781 2.500 96.863 1.000
65.314 90.000 3.572 2.500 96.075 1.000
65.278 90.000 4.074 2.500 96.385 1.000
65.687 90.000 4.104 2.500 96.629 1.000
66.642 90.000 3.652 2.500 96.753 1.000
66.082 90.000 4.121 2.500 96.759 1.000
67.184 90.000  4.303 2.500 96.106 1.000
67.195 90.000 4.194 2.500 96.416 1.000
67.270 90.000 4.168 2.500 96.430 1.000
67.258 90.000 3.751 2.500 96.678 1.000
65.376 90.000 4.138 2.500 96.364 1.000
67.313 90.000 4.016 2.500 96.652 1.000
67.525 90.000 3.577 2.500 96.184 1.000
67.472 90.000 4.145 2.500 96.335 1.000
66.078 90.000 4.137 2.500 96.728 1.000
65.201 90.000 4.157 2.500 96.179 1.000
67.938 90.000  4.050 2.500 96.048 1.000
65.189 90.000 3.628 2.500 96.099 1.000
67.829 90.000 4.143 2.500 96.009 1.000
67.433 90.000 4.260 2.500 96.072 1.000
65.892 90.000 4.290 2.500 96.288 1.000
65.719 90.000 3.814 2.500 96.776 1.000
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Reaction Molar Catalyst
Temperature time ratio concentration Yield Desirability
67.011 90.000 3.434 2.500 96.048 1.000
66.408 90.000 4.338 2.500 96.221 1.000
67.085 90.000  3.506 2.500 96.258 1.000
66.379 90.000 4.185 2.500 96.670 1.000
65.275 90.000 4.048 2.500 96.415 1.000
66.520 90.000 4.168 2.500 96.704 1.000
67.819 90.000  3.693 2.500 96.150 1.000
65.092 90.000 3.720 2.500 96.176 1.000
67.631 90.000 3.579 2.500 96.101 1.000
66.692 90.000 3.911 2.500 96.979 1.000
65.289 90.000 4.141 2.500 96.288 1.000
65.609 90.000 4.263 2.500 96.229 1.000
67.503 90.000  3.561 2.500 96.161 1.000
67.165 90.000 3.511 2.500 96.234 1.000
68.042 90.000  3.985 2.501 96.000 1.000
64.998 90.000 4.073 2.506 96.144 0.999
64.990 90.119  3.678 2.500 96.000 0.999
67.994 90.000 3.744 2.493 96.000 0.999
66.078 90.160  3.412 2.500 96.000 0.998
64.644 90.000  3.855 2.542 96.000 0.991
69.410 90.000  4.605 2.500 91.503 0.968
70.000 90.000  4.402 2.501 91.073 0.964
65.455 91.943  3.011 2.500 93.358 0.960
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APPENDIX C: VERIFICATION OF THE OPTIMUM VALUES OF THE
FACTORS
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Table C-1.2: CCD Run 2
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Production of Biodiesel Using a Membrane Reactor to
Minimize Separation Cost

O A Olagunju* and P Musonge*

Department of Chemical Engineering, Durban University of Technology, South
Africa, 4000
E-mail: gilbert4life2004@yahoo.com, paulm@dut.ac.za

Abstract. This study investigates the performance of a packed bed membrane reactor in the
transesterification process of triglycerides to methyl ester using soyabean oil as feedstock. A
TiO,/Al,O5 ceramic microporous membrane was selected due to its chemical inert nature and
thermal stability to selectively remove the product from the reaction medium. CaO
impregnated on the surface of activated carbon was packed into the membrane and acted as
catalyst. The synthesized catalyst had a total loading of 40.50 % and was characterized by
XRD and temperature-programmed desorption of CO, (CO,-TPD). The crude biodiesel
produced was micro-filtered by the ceramic membrane with a pore size of 0.02 um to retain the
unreacted oil and free glycerol, at the transmembrane pressure of 100 KPa. The best condition
was achieved with a temperature of 65 °C, methanol/oil molar ratio of 6:1 for 150 minutes,
which resulted in the highest FAME yield of 94 %. Methyl ester produced met the ASTM
D6751 and SANS 1935 specifications. The product obtained was mainly composed of methyl
esters. Glycerol was not detected in the product stream due to the ability of the membrane to
retain the glycerol and the unreacted oil in the medium, which solved the issue of glycerol
separation from biodiesel.

1. Introduction

The continuous exploration of sustainable energy resources has become a global challenge. Biofuel
has been identified as one of the most favorable renewable energy sources with great potentials to
solve issues relating to global fossil fuel addiction. Biofuels are sustainable, biodegradable and
environmentally friendly. Currently, biodiesel is gaining considerable recognition as a sustainable
renewable energy source because it is renewable, non-toxic and eco-friendly [1]-[3].

This biofuel has several benefits over conventional fossil fuels, and some of them include cleaner
engine emissions, renewability, and better lubricating properties, which makes it a good alternative
fuel [4]. Biodiesel can be produced from various sources such as vegetable oil (canola, soybean and
sunflower oil), non-edible oils (Jatropha curcas, rapeseed oil) and used vegetable oil [5]-[8].

Biodiesel is mostly produced in the conventional way using homogeneous base catalysts such as
sodium hydroxide or potassium hydroxide. Acid homogeneous catalysts have also been used but the
rate of reaction is slow compared to the base catalyzed reaction. Homogeneous processes have many
shortcomings such as further separation of the catalyst from the reaction mixture, generation of large
amounts of wastewater during the separation and purification of the product, and formation of soap
due to the reaction of the alcohol with the free fatty acid present in the reaction medium [9]. Baroutian
et al. [10] stated that biodiesel produced using KOH as the catalyst generated a high yield of the
product but an additional process such as purification of product and treatment of wastewater
generated was further needed. Previous research conducted by Saleh et al. [11] showed that for each

': Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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litre of biodiesel produced, about 10 litres of wastewater is generated and the treatment invariably
increased the cost of production.

Biodiesel may be regarded as a suitable sustainable energy with many advantages but still seems less
attractive due to its cost as compared to fossil fuel. In other to make biodiesel more competitive and
attractive to users a better approach which eliminates the various challenges associated with its
production such as immiscibility of reactants, separation of the product, further purification of product
and wastewater generation has to be provided. One of such approaches involves the use of membrane
separation technology to explore some of the challenges encountered by using homogeneous
transesterification.

Membrane separation technology has been extensively used in wastewater purification by various
researchers because of its ability to carry out the separation of different components in a single process
stream based on their molecular weight. In this process, reaction and separation take place within a
single unit and therefore eliminates the need for a further purification step. Membrane reactors have
the ability to selectively remove the product from the reaction mixture by allowing the component
with lower molecular weight to pass through its pores while higher molecular weight components are
rejected. This method also allows for proper contact between the immiscible reactants and catalyst and
as a result, a higher yield of the product can be achieved [12].

South Africa is known to be a water scarce country and the use of membrane technology to produce
biodiesel will help to conserve water for other purposes as it will eliminate the use of water for
purifying the product and makes the environment free from pollution. Baroutian et al. [10] had
previously explored this technology, using potassium hydroxide as catalyst and palm oil as feedstock.
However, the problem of membrane selectivity remains, which this study aims to address.
Furthermore, a comparative study using a different feedstock and catalyst is essential for affirming this
technology for the production of biodiesel.

In this study, a packed bed membrane reactor was used to produce FAME. The combination of
heterogeneous alkali transesterification and triglyceride separation in the packed bed membrane
reactor was employed. The advantage of this new process is in the simplification of the refining steps.
The ceramic membrane is a filter medium composed of inorganic oxides, which permeate liquids
through pores and separate out solid matters by retention. Ceramics have high permeability, good
separation i.e. sharp cut-off value and long lifetime. Ceramic membranes offer more advantages over
the polymeric membranes and these include; high chemical resistance, high thermal stability, and high
durability. The chemical stability makes possible, the utilization of chemically aggressive cleaning
methods. Furthermore, the thermal stability enables the use of steam and high temperatures during its
operation [10].

For this purpose, a tubular ceramic (TiO»/Al,O3) membrane was used as reactor and separator because
of its high thermal stability. The tubular membrane was packed with calcium oxide catalyst supported
on activated carbon. Among the available supports [13] [14] activated carbon has proved to be highly
effective as a catalyst support that can be used in the transesterification process. Activated carbon has
a large surface area, inert carbon skeleton, good physical/thermal stability and it can be locally
produced at low cost.

Thus, the objective of the present study is to evaluate the applicability of using a packed bed ceramic
membrane reactor to separate biodiesel from the reaction medium by analyzing the permeate flux and
the quality of the product obtained. The influence of process parameters on the performance of the
reactor was also evaluated.

2. Experimental

2.1. Materials

Soybean oil was purchased from a local market. Methanol (99.8%) was supplied by Laboratory
supplies co., South Africa. Pure calcium oxide (98.9%) was used as a catalyst for transesterification
and was obtained from associated chemical enterprises, South Africa and the activated carbon granules
used as the catalyst support in this study was purchased from the same company.
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2.2. Reactor Setup

Figure 1 shows the experimental setup for the biodiesel production. A tubular ceramic membrane
(Atech Innovations Gmbh, Germany) was used as reactor and separator. The length, inner diameter,
outer diameter and pore size of the membrane were 1000 mm, 16 mm, 25.4 mm and 0.02 um,
respectively. The filtration surface area for the entire membrane was 0.0201 m®. A Watson Marlow
313S peristaltic pump (Cole-Parmer Instrument, USA) was used to feed the reactants into the system.
The Chem-Durance chemical resistant pump tubing with a size of 16 (ID = 44 mm, OD = 2.36 mm)
was used because of its ability to withstand the operation temperature. A shell and tube heat exchanger
equipped with a hot water circulating bath was used as the heat transfer medium. Pressure gauges and
thermometers were used to monitor pressures and temperatures of the system. Catalysts particles were
packed inside the ceramic membrane and held in place using cloth screens attached to the upstream
and downstream tubing. It was observed from the preliminary experiment conducted, that methanol
and biodiesel molecules were able to pass through the membrane, which can be attributed to their
smaller molecular sizes lower than the pore size of the membrane while the glycerol and unreacted oil
go into the recycling tank. This finding quite differs from the result of the study carried out by
Baroutian et al. [10] who recorded that product, by-product and methanol were able to pass through
the membrane, which means the filtrate containing FAME, and glycerol needs a further separation
process for pure FAME to be obtained and this can take several hours to be accomplished. Although
the pore size of the membrane used for this experiment was 0.02um and may be the reason for the
inability of glycerol to pass through.

i

Membrane reactor

Heat exchanger

Oil tank }9 Back pressure
Circulating pump valve

.

<

chiller

Methanol tank Mixing tank

Methanol recovery unit
Biodiesel tank

Figure 1. Schematic diagram of a membrane reactor for biodiesel production.

2.3. Catalyst Preparation and Characterization

The catalyst solutipn was prepared by dissolving the CaO in deionized water. Activated carbon was
sieved to size range from 450 to 810 um, washed with deionized water to remove fines and dirt, oven
dried at 100 °C for a day, cooled in a desiccator and stored in glass bottles. Activated carbon was
added to the catalyst solution and then agitated in an orbital shaker at 180 rpm at a constant
temperature of 25 °C for 24 h. The amount of adsorbed CaO was measured by the gravimetrical
method. The total loading content of CaO was 40.50 % by weight, based on the initial weight of
activated carbon.

In addition, the characteristics of the prepared supported catalyst were determined. Scanning electron
micrographs (SEM) were obtained on an FEI Quanta 200 FESEM scanning electron microscope. The
accelerating voltage was 20 kV. The SE and BSE detectors were ETD and Low kV SSBSED,
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respectively. To evaluate the specific surface area and pore volumes, adsorption of nitrogen at 77 K
was carried out by ASAP 2020, Micromeritics. Prior to taking adsorption data, degassing at 120 °C
and a residual pressure of 300 umHg for 24 hours was performed using the degassing port.

2.4. Transesterification in the Packed Bed Membrane Reactor

Soybean oil and methanol were charged into the mixing tank separately. The volume ratio of oil to
methanol was varied between 3:1 to 12:1 and the catalyst was packed into the membrane reactor.
Methanol was charged continuously into the reactor using the circulating pump according to Olagunju
and Musonge [15] and heat exchanger was started up to heat the reactants. Subsequently, the reactor
was filled with the reactant. The pressure inside the membrane was monitored by two pressure gauges
and was controlled at 100Kpa. The permeate stream containing biodiesel and methanol was collected
in the beaker. After each run, the circulating pump and heat exchanger were switched off. Thereafter,
the system was fully drained, the catalysts were taken out and the system was flushed for 30 min with
methanol and then drained. Biodiesel yield in the present experiment was calculated by using the
following equation (1):

Biodiesel conversion (%) = (Mass of the biodiesel / Mass of the oil used) * 100% (D)

3. Results and Discussion

3.1. Catalyst Properties

The SEM analysis of calcium oxide catalyst supported on activated carbon (CaO/AC) showed a good
dispersion of calcium oxide on the surface of activated carbon as shown in Figure 2. Based on this
result, after loading the catalyst, activated carbon retained its structure and the calcium species were
found vastly distributed upon the surface of the support.

Table 1. Characterisation of CaO/AC catalyst

Characteristic Value Units Technique
BET surface area 240.51 m?/g BET
Pore volume 0.152 cm’/g BET
Micro pore volume 0.121 cm’/g BET
Average pore width 2.87 nm BET
Active sites concentration 1.436 mmol/g TPD-CO,

Surface area, pore volume and pore width of the supported catalyst on activated carbon are presented
in Table 1. The significant reduction in BET surface area from virgin activated carbon (1425 m? /g) to
the CaO/AC catalyst with 40.50 wt. % loading (240.51 m? /g) indicates filling of calcium oxide
molecules into the activated carbon pores. CO, temperature programmed desorption (TPD) method
was used to determine the basicity of the catalyst.

3.2. Selection of Suitable Membrane for Separation

In order to achieve the suitability of membrane selection, it is important to estimate the size of the
dispersed oil droplets in the continuous alcohol phase. The minimum particle size in the oil-methanol
emulsion can be estimated from the work of DeRoussel et al. [16]. According to previous studies, the
average drop size for the unreacted oil was 44 microns with a lower and upper size limit of 12 and 400
microns, respectively [16]. The membrane pore size selected in this study is 0.02 microns, which was
able to trap the unreacted oil within the membrane.

The retention of free glycerol and unreacted oil in the reaction medium micro-filtrated by the 0.02 pm
membrane was over 99%, which met the standard for biodiesel. The content of impurities was 2 mg/kg
and was better than the results of water washing process, so this membrane pore size was selected as a
suitable one for the biodiesel refining.
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Figure 2. SEM image of calcium oxide Figure 3. Cross-filtration of crude biodiesel by
supported on activated carbon (CaO/AC). membrane separation.

The presence of minor residual soap and free glycerol in the biodiesel can cause a serious engine
problem and hazardous emissions [17]. Although the South African biodiesel standard (SANS 1935)
does not set a direct property for the soap in the final product, the limitation of the content of
contaminants in the biodiesel makes a strict rule for the soap content in the refined biodiesel so as to
meet the limitation of free glycerol content of less than 0.02 (wt %)

The principle of membrane separation of unreacted oil and free glycerol is depicted in Figure 3. Due to
the immiscibility of free glycerol and biodiesel and surface activity of soap, the unreacted oil existed
in the form of reversed micelle, which was very similar to the form of phospholipids in the hexane
micelle whose size was larger than a single solute molecule [18]. The free glycerol existed in form of
droplets suspended in the reaction medium. The hydrophilic end of unreacted oil bond to the free
glycerol droplets, while the hydrophobic ones immersed into the crude biodiesel.

3.3. Separation of the Permeate Stream

When the experiments were carried out, the permeate from the membrane reactor percolated as a clear,
amber, homogeneous solution. As the solution began to reach room temperature, the permeate
separated into two phases with a clear boundary. The absence of particles in the permeate enhanced
the separation process. GC analysis revealed that the homogeneous samples were those with the
lowest percentage of FAME.

Table 2. Composition of the lower and upper layer for permeate samples taken at 30 and 90 minutes
from the beginning of permeation

Phase FAME Glycerol Methanol Calculated
(wt. %) (wt. %) (wt. %) Density (g/mL)
Lower (30 min) 85.5 0 145 0.863
Upper (30 min) 19.5 0 80.5 0.828
Lower (90 min) 93.4 0 6.6 0.861
Upper (90 min) 15.6 0 84.4 0.825
(
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Table 2 shows the composition of the different phases. The lower phase in both of these samples was
the FAME-rich phase, with an average mass composition of 85.5% after 30 minutes and 93.4% after
90 minutes from the start of permeation (run with membrane pore size 0.02 micron and 300 g oil
injection). All samples of the FAME-rich phase taken throughout the run had non-detectable levels of
glycerol using GC. In the results, the upper phase was found to be the methanol-rich phase containing
no glycerol. This indicates that the amount of FAME in the FAME-rich phase was such that its density
was greater than the density of the methanol-rich phase. One important finding was that the location of
the FAME-rich phase and methanol-rich phase changed due to no glycerol content. The recycling of
the methanol-rich phase is of interest, in order to maximize its usage.

The above observations indicate that the methanol-rich phase of the de-phased permeates can be
recycled to the reactor in order to decrease the overall methanol: oil molar ratio. In order to reach a
commercial methanol to oil molar ratio of 6:1, it is entirely practical to cool the permeate to allow for
phase separation and recycle the methanol-rich phase to the reactor. According to a previous study
carried out by Olagunju and Musonge [15], methanol: oil mole ratios of 3:1, 6:1, 9:1 and 12:1 were
used and the best condition was achieved with a temperature of 65 °C, methanol/oil molar ratio of 6:1
for 150 minutes, which resulted in the highest FAME vyield of 94 %. These operating parameters and
yield served as basis for this current experiment study.

At the completion of the runs, the membrane reactor retentate was observed to contain a stable
interfacial emulsion similar to that obtained in a batch reactor run under identical process conditions.
The conventional method requires several hours to achieve complete separation of the FAME-rich and
methanol/glycerine-rich phases. This is because emulsions from the oil or soaps produced during the
reaction process may act as emulsifiers or dispersants to prevent phase separation. The situation in a
batch reactor would even be worse when using high free fatty acid feedstock. In that case, a
significant reduction in biodiesel yield would result. The membrane is thus performing an additional
purification function by retaining emulsions within the reactor. The membrane reactor was also tested
as a batch reactor without pressurizing the system. The entire content in the reactor was then
transferred into a separating funnel and effective separation was completed after 5 hours.

3.4. FAME Characterization

Physical and chemical properties of the produced biodiesel were measured according to the test
methods recommended by the American Society for testing and Materials (ASTM). The results of
these characterizations are listed in Table 3.

Table 3. Characteristics of FAME produced from soya bean oil using membrane reactor

Characteristic Test Units SANS 1935 Result
Specification Limit

Density @ 15°C ASTM D7042 g/mL 0.86-0.9 0.87
Viscosity @ 40°C ASTM D7042 cSt 3,55 3.8
Flash point ASTM D93 °Cc 120 min 167
Water content ASTM D6304 % 0.05 max -
Total acid number - mgKOH/g 0.5 max 0.21
Total Contamination IP 440 mg/Kg 24 max 2
Sulphur ASTM D4294 ppm 10 max 1

The results show that the FAME produced using membrane technology is within ASTM standard
specifications and biodiesel specification. Biodiesel properties are numerous but the most important
properties are those that have direct impact on the performance of the engine such as viscosity, flash
point, density and so on. All these properties help to increase the lifespan of the engine, give a better
lubrication and complete combustion so that the engine can produce a higher energy output.
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4. Conclusion

The experimental setup for this project was constructed and the membrane reactor exhibited a good
performance in the transesterification of the high quality of biodiesel yield, which does not require any
additional purification process. The following conclusions could be drawn from the study:

(1) The ceramic membrane with the pore size of 0.02 pm was very suitable for this reaction and
separation process due to its high flux and the good quality of the permeate.

(2) This new method of biodiesel production showed the advantage of no water usage in the process as
compared to the conventional water washing that leads to wastewater being generated and
consequently leading to environmental pollution requiring additional treatment.

(3) The characteristics of the product under these conditions were within the ASTM standard.
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"his worl]investigated the performance of a pacled bed membrane
reactor in the transesterification process of triglycerides to methyl
ester using soyabean oil as feedstocl! A [il;[Al,[]3 ceramic
microporous membrane was selected due to its chemical inert nature
and thermal stability to selectively remove the product from the
reaction medium. Call impregnated unto the surface of an activated

carbon was pacl ed into the membrane and acted as catalyst.

[Jperating variables such as temperature, reaction time and flow rate
were investigated. ['he result indicated that premil ing the reactants at
a temperature of 50°C facilitated proper contact and accelerated rate of
reaction. [he malimum yield was 9471 during a transesterification of

150 minutes at 65°C
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"he performance of the membrane reactor in terms of selectivity,
FAME conversion and catalyst retention were compared with the
performance of a similar membrane reactor. [his allows one to
critically analyse the mechanisms through which the operating

variables enhances the performance of the membrane reactor.

000 DO ceramic membrane, transesterification, triglycerides,

FAME, methyl ester

(DmMooooocom oo

"he continuous el ploration of sustainable energy resources has
becomes a global challenge. Biofuel have been identified as one of the
most favourable renewable energy sources with great potentials to
solve issues relating to global fossil fuel addiction. Biofuels are
sustainable, biodegradable and environmental friendly. Currently
biodiesel is gaining considerable recognition as a sustainable
renewable energy source because it is renewable, nonltolic and ecol

friendly ([lang and "an 2012 Manh et al., 2011 T hou et al., 2010).

[his biofuel has several benefits over conventional fossil fuels, and
some of them include cleaner engine emission, renewability and better
lubricating properties, which mal es it a good alternative fuel ([]an et
al., 2009). Biodiesel can be produced from various sources such as
vegetable oil (canola, soybean and sunflower oil), nonledible oils

(latrophacurcas, rapeseed oil) and used vegetable oil ([ leung and [uo
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200601 [T ang et al., 20071 Alcantra et al., 200001 Mittelbach and
Remschmidt, 2004).

Biodiesel is mostly produced in the conventional way using
homogeneous base catalysts such as sodium hydrolide or potassium
hydrolide. Acid homogeneous catalysts have also been used but the
rate of reaction is slow compared to the base catalysed reaction.
[Jomogeneous processes have a lot of shortcomings such as further
separation of the catalyst from the reaction milture, generation of
large amounts of wastewater during the separation and purification of
the product, and formation of soap due to the reaction of the alcohol
with the free fatty acid present in the reaction medium (Sharma and
Singh, 2010). Baroutian et al. (2011) stated that biodiesel produced
using [1[1[] as the catalyst generated high yield of the product but an
additional process such as purification of product and treatment of
wastewater generated was further needed, which invariably increased

the cost of production.

[Jeterogeneous catalysis has shown to be a more favourable substitute
for biodiesel production from vegetable oils and fat. [leterogeneous
catalysis and their activities for transesterification have been studied
in recent years ([Jan et al., 2010). [Inlilé homogeneous catalysis,
heterogeneous catalyst is recyclable and can be reused severally with

better separation of the end products.
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Many researchers have successfully reported the use of heterogeneous
catalysis in the production of biodiesel and some of them includel
metal hydrolides (["alai et al., 2006), metal compleles (Abreu et al.,
2003), metal olides such as calcium olide ([Jranados et al., 2007),
magnesium o ide ([] ang and [Jang, 2007), [irconium olide ([iputti et
al., 2006), [eolites, hydrotalcites and supported catalysts ([lie and
[Juang, 2006). Among the listed catalyst, calcium ol ide has attracted
much attention due to its basic strength, low solubility in methanol
and can be produced from cheap sources. [ [ pellet al. (2007) studied
the catalytic activity of Call for biodiesel production from sunflower
oil and 941 conversion was reported. Also, [Joosullet al. (2010)
reported a yield of 9411 using Call as catalyst while producing
biodiesel from palm oil. [Jowever, most of these methods were carried
out using the conventional batch system and one of the malor
complications associated with heterogeneous catalysis in this type of
system, is the formation of three phases with alcohol and oil which
leads to diffusion limitations thus lowering the rate of the reaction

(Mbaral a and Shan!s, 2006).

Biodiesel production might be regarded as a suitable sustainable
energy with a lot of advantages but still seems less attractive and
costlier as compared to fossil fuel and this can be attributed to high
cost of production. [n other to male biodiesel more competitive and
attractive to users a better approach which eliminates all the various

challenges associated with its production such as immiscibility of
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reactants, separation of product, further purification of product and
wastewater generation has to provided. ['his method involves the use
of membrane separation technology to el ploit the various challenges

encountered by using homogenous transesterification.

Membrane separation technology has been eltensively used in
wastewater purification by various researchers because of its ability to
carry out separation of different components in a single process stream
based on their molecular weight. m this process, reaction and
separation tal e place within a single unit and therefore eliminates the
need for a further purification step. Membrane reactors have the
ability to selectively remove the product from the reaction milture by
allowing the component with lower molecular weight to pass through
its pore while higher molecular weight components are restricted. [ his
method also allows for proper contact between the immiscible
reactants and catalyst and as a result, higher yield of the product can
be achieved ([] estermann and Melin, 2009). South Africa is [hown to
be a water scarce country and the use of membrane technology to
produce biodiesel will help to conserve water for other purposes,
eliminate its use for purifying the product and mal es the environment
free from pollution. [his technology had been previously el plored by
Baroutian et al. (2011) using potassium hydrolide as catalyst and
palm oil as feedstocl] [lowever, there is still a problem of membrane

selectivity which this study tends to address. Furthermore, a
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comparative study using a different feedstoc[and catalyst is essential

for affirming this technology for the production of biodiesel.

m this worl] a pacled bed membrane reactor was used to produce
methyl esters biodiesel. [The combination of heterogeneous allali
transesterification and triglyceride separation in the packed bed

membrane reactor will be employed.

Ceramic membrane is a filter medium composed of inorganic olides
which permeate lilniids through pores and separate out solid matters
by retention. Ceramic have high permeability, good separation i.e.
sharp cut/off value and long lifetime. Ceramic membrane offer more
advantages over polymeric membrane and this includes[! high
chemical resistance, high thermal stability and high durability. [he
chemical stability males possible, the utililation of chemically
aggressive cleaning methods. Furthermore the thermal stability
enables the use of steam and high temperature during its operation

(Baroutian et al., 2011)

For this purpose a tubular ceramic ([il),[Al,[1;) membrane will be
used as reactor and separator because of its high thermal stability and
it will be filled with calcium oxide catalyst supported on activated
carbon. Among the available supports ([abeti et al., 2009 [Jie and
“luang, 2006) activated carbon has proved to be highly effective as a

catalyst support that can be used in transesterification process.
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Activated carbon has a large surface area, inert carbon sl eleton, good

physicallthermal stability and it can be locally produced at low cost.

(DooooomMooood
CIITME T (T

Soybean oil was purchased from a local marlet. Methanol (99.8(1)
was supplied by [laboratory supplies co., South Africa. [ure calcium
oxide (98.9%) was used as a catalyst for transesterification and was
obtained from associated chemical enterprises, South Africa and the
activated carbon granules used in this worllwas purchased from the

same company.

LT i JINNNNN N

Fig. 1 shows the el perimental setup for the biodiesel production. A
tubular ceramic membrane (Atech [mnovations [Jmbh, [lermany) was
used as reactor and separator. [he length, inner diameter, outer
diameter and pore sil ¢ of the membrane were 1000 mm, 16 mm, 25.4
mm and 0.02 pm, respectively. The filtration surface area for the
entire membrane was 0.0201 m”. A [ atson marlow 313S peristaltic
pump (ColelTarmer [nstrument, [ISA) was employed to feed the raw
materials and to prepare circulation inside the system. [he Cheml!]
Clurance chemical resistant pump tubing with a sile of 16 (11 [144

mm, [J[J [12.36 mm) was used. [0 prepare reaction temperature a
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shell and tube heat el changer eluipped with a hot water circulator
bath was used. [tressure and temperature of the system were
monitored by pressure gauges and thermometer. Catalysts particles
were pacled inside the ceramic membrane and held in place using
cloth screens attached to the upstream and downstream tubing. From
the preliminary el periment conducted, it was observed that methanol
and biodiesel molecules were able to pass through the membrane
which can be attributed to their smaller molecular siles while the
glycerol and unreacted oil goes into the recycling tanl! [his finding
Cuite differs from the result of the study carried out by Baroutian et
al., (2011) who recorded that product, byproduct and methanol were
able to pass through the membrane which means the filtrate containing
biodiesel and glycerol needs further separation process for pure
biodiesel to be collected and this can tale several hours to be
accomplished. Although the pore sil¢ of the membrane used for this
elperiment was 0.02um and might be the reason for inability of

glycerol to pass through.
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Figure 1: Schematic diagram of membrane reactor for biodiesel

production.

CTOTC CITI I e (e CTITICIT o (e T (T

"he catalyst solution was prepared by dissolving the Cal | in deioniled
water. Activated carbon was sieved to sie range from 450 to 810 pum,
washed with deionized water to remove fines and dirt, oven dried at
100°C for a day, cooled in a desiccator and stored in glass containers.
Activated carbon was added into the catalyst solution and then
agitated in an orbital shaler at 180 rpm at constant temperature of
25°C for 24 h. Che amount of adsorbed Call was measured by
gravimetrical method. ['he total loading content of Call was 40.50(]

by weight, based on the initial weight of activated carbon.
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n addition, the characteristics of the prepared supported catalyst were
determined. Scanning electron micrographs (SEM) were obtained on a
FE[! [nanta 200 FESEM scanning electron microscope. [he
accelerating voltage was 20 [1]. [he SE and BSE detector were E[ 1]
and Low kV SSBSED, respectively. To evaluate the specific surface
area and pore volumes, adsorption of nitrogen at 77 [ was carried out
by ASA[] 2020, Micromeritics. Before taling adsorption data,
degassing at 120°C and a residual pressure of 300 um[lg for 24 hours

was performed using the degas port.
([T Transesterification in the packed bed membrane reactor

Soybean oil and methanol were charged into the miling tan[]
separately. [he volume ratio of oil to methanol was 1:6 and the
catalyst was also pacled into the membrane reactor. Methanol was
charged continuously into the reactor using the circulating pump
according to Baroutian et al., (2011) and heat el changer was started
up to heat the reactants. Subsequently the reactor was filled with
reactant. [‘ressure inside the membrane was monitored by two
pressure gauges and was controlled at 100[Ipa. ['he permeate stream
containing biodiesel and methanol were collected in the beal er. After
1 hour of reaction time, the circulating pump and heat el changer were
switched off and the products were collected into a bealer. [he el cess
alcohol was removed from the ester layer by evaporation and the
produced biodiesel were sent for analysis. After each run, the system

was fully drained, the catalysts were talen out and the system was
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flushed for 30 min with pure ethanol and then drained after each run.
Biodiesel yield in the present el periment was calculated by using the

following:

CJ (T (T T T IO (WA T OO T OT (T TYAL CT T T
CITTCT e COTTTTTT T (1T

0

(1] OOOoodnoodmmcoOom o
(TG CO e 0 (D

"he SEM analysis of calcium olide catalyst supported on activated
carbon (Call[AC) showed a good dispersion of calcium olide on the
surface of activated carbon as shown in Fig. 5. Based on this result,
after loading catalyst, activated carbon retained its structure that was
important for catalysis and therefore the calcium species were found

vastly distributed upon the surface of the support.
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Fig 5: SEM image of calcium olide supported on activated carbon
(CalllAC)
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As shown in Fig. 6 (a), increasing the reaction temperature favoured
the transesterification. [Jowever, raising the temperature above 65°C
which is the boiling point of methanol drops the conversion rate due to
the continuous boiling of methanol which conseluently leaves the
reaction medium. [herefore, the reaction at 65°C is appropriate.

Chese results correspond with those reported in the literature where
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higher reaction temperature favours higher biodiesel production

(Baroutian et al., 2011).

(T O CET T ]

As shown in Fig. 6 (b), [Jue to the heterogeneous reaction nature,
there was no significant yield in the first 30 minutes of the reaction.
Che rate of conversion was slow in the first 60 minutes, however, the
conversion increased rapidly as the time increased and the conversion
reached a malimum of 900] when the reaction time was 150 minutes.
mcreasing the time beyond 150 minutes shows little improvement in
the conversion rate. By comparison, [ laléndra et al. (2010) report 93(

conversion of biodiesel at the same el perimental condition.

LTI e T

Figure 6 (c) shows the effect of flow rate on the biodiesel yield. [he
flow rate of oil and methanol milture was varied from 900m[] to
1100m[Jand an average of 85.7[1 yield was obtained. [t is possible to
assume that increasing the flow rate has a positive effect on increasing

biodiesel yield.
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Chysical and chemical properties of the produced biodiesel were
measured according to the test methods recommended by the
American Society for testing and Materials (ASCM) as follows
viscosity at 40°C (ASCM [17042), water content (ASTM [16304),
density at 15°C (ASCM 7042), total acid number, total contamination
([T) 440), Sulphur (ASCM [14294), flash point (ASCM [193). [he
results of these characterilations are listed in [able 1. [t can be seen
from the table that the biodiesel produced using membrane technology

is within AS['M standard specifications.
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Cable 1: Characteristics of biodiesel produced from soya bean oil

using membrane reactor

Characteristic Test Units Result SANS 1933 Specification
Limit

Density @ 15°C ASTMD7042  g/mL 0.87 0.86-0.9

Viscosity @ 40°C ~ ASTMD7042 ¢St 38 355

Flash point ASTM D93 °C 167 120 min

Water content ASTMD6304 % - 0.03 max

Total acid number - mgKOH/g 021 0.5 max

Total Contamination P 440 mg/Kg 2 24 max

S ulphur ASTMD4294  ppm 1 10 max

Biodiesel properties are numerous but the most important once are
those that have direct impact on the performance of the engine such as
viscosity because of its effect on the atomilation of the fuel being
inlécted into the engine combustion compartment, flash point which is
much higher than diesel, density which is lesser than water and so on.
All these properties help to increase the life span of the engine, give a
better lubrication and complete combustion so that the engine can

produce a higher energy output.

(1] coocooomnoo
"he membrane reactor elhibited a good performance in

transesterification of high [tality of biodiesel yield which does not
relire any additional purification process. Also, it was observed that

membrane was able to retain the glycerol due to its higher molecular
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weight from passing through its pore but allowed methanol and
biodiesel to flow through. [his is an el hibition of good performance
which helps to safe cost and time rel uired if further processes are to
tale place. [he effects of parameters including temperature, reaction
time and flow rate were found significant. The highest yield of 94%
was obtained at 65°C reaction temperature, reaction time of 150
minutes and flow rate of 900m/[min. [his yield is in line with what
was recorded in the el periment conducted by Baroutian et al., (2011).
"he characteristics of the product under these conditions were within

the ASCM standard.

Ooooooocon
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ABSTRACT

The response surface methodology (RSM) based on central composite design was used to
determine the optimal conditions for the biodiesel production from soybean oil. Four
process variables were assessed (2* experimental design). A total of 30 experiments was
designed and conducted to study the effect of temperature, reaction time, methanol to oil
molar ratio and catalyst concentration (calcium oxide supported on activated carbon). The
optimum condition was obtained at 3 g/L catalyst concentration, 65 °C temperature, 4.5:1
methanol to oil molar ratio and 90 minutes reaction time. At this optimum condition, the
FAME vyield was 96.9 %, which is well within the yield of 97.7 % as predicted by the
model. Experimental verification was carried out on the design and it confirms the
validity of the model. The biodiesel produced was characterized and the fuel properties
such as kinematic viscosity, density, flash point, copper corrosion, calorific value, cloud
point, pour point, ash content and carbon residue were determined. Methyl ester produced
met the ASTM D6751 and SANS 1935 standards.

Keywords: Soybean oil, Biodiesel, Response surface methodology, Central composite design,

Fuel properties.

INTRODUCTION

Fossil fuels are getting exhausted all over the world and this is caused by the continuous
increase in demand of these products. Many countries in the world are in search of
alternative sources of fuel for their energy need. Among the various renewable energy

sources, biodiesel is considered as an alternative to diesel fuel because it is a renewable

163

——
| —


mailto:gilbert4life2004@yahoo.com
mailto:paulm@dut.ac.za
luh
Typewritten text
163


source that under goes complete combustion. It is also biodegradable, non-toxic and
emits less CO particulates as compared to conventional diesel (Yoosuk et al., 2010;
Kafuku et al., 2010). Biodiesel can be produced from various sources like vegetable oils,
greases, and animal fats. It is chemically known as fatty acid alkyl ester. Biodiesel can be
produced by the transesterification of triglycerides with alcohol (commonly methanol) in
the presence of a catalyst (base, acid and enzyme) (Dussan et al., 2010; TuThanh et al.,
2010).

Primarily, the production of biodiesel has been by the conventional method. This
involves the reaction of vegetable oil or animal fat with an alcohol (methanol) in the
presence of homogeneous basic catalysts (primarily sodium hydroxide or potassium
hydroxide). Using a basic catalyst such as NaOH or KOH has a lot of disadvantages such
as soap formation, difficulty in recovering which leads to downstream wastewater
treatment and hence, increasing the cost of biodiesel production. The total cost of
producing biodiesel using homogenous catalyst is not sufficiently competitive enough
compared to fuel produced from crude oil. Therefore, there is need to consider an
alternative process, which eliminates the various problems associated with homogenous
transesterification problems leading to safer, cheaper, and more environment-friendly

operation.

The combination of heterogeneous catalysis and membrane technology is an alternative
process that can be used to overcome the challenges encountered by the homogenous
process. In the heterogeneous process, the catalyst can be easily separated from the
product and be reused. There is also an integration of reaction and separation into a single
process, thereby reducing separation cost and recycle requirement, resulting in higher

conversion (Olagunju and Musonge, 2017).

Studying the optimization process is crucial for maximising the production of biodiesel.
Conservatively, the optimization of biodiesel production process was achieved with the
variation of one factor at a time and the response is a function of a single parameter
which is time consuming and excessive in cost (Olagunju and Musonge 2017). This
technique does not include interactive effects among the variables and it does not depict
the complete effect of the parameters on the process (Olagunju and Musonge 2017).
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However, the use of response surface methodology (RSM) technique in multivariable
system offers a research strategy to study the interaction of the parameters using

statistical methods.

The experimental model of biodiesel synthesis which is developed using response surface
methodology is able to simulate the reaction under various transesterification conditions
with good error estimation. This is helpful when mass production of the biodiesel is

needed.

Rashid et al. (2009) used RSM to optimize the process parameters in base catalytic
methanolysis of sunflower seed oil for biodiesel production. In another study, Bojan et al.
(2011) applied the same method for biodiesel production from high free fatty acid J.
curcas oil. Response surface methodology was also applied to optimize transesterification
conditions for biodiesel production using acid oil and jajoba oil (Bouaid et al., 2007;
Chen et al., 2008). In the present study, efforts were made to optimize the process
condition for transesterification reaction to increase the yield of biodiesel from soybean
oil in a membrane reactor. The influence of the variables such as temperature, reaction
time, molar ratio and catalyst concentration, on transesterification was studied. The

quality tests of the fatty acid methyl ester produced was also reported.

EXPERIMENTAL

Materials

Soybean oil was purchased from a local market. Methanol (99.8%) was supplied by
Laboratory supplies co., South Africa. Pure calcium oxide (98.9%) was used as a catalyst
for transesterification and was obtained from Associated Chemical enterprises, South
Africa and the activated carbon granules used as the catalyst support in this study was

purchased from the same company.

Transesterification in the packed bed membrane reactor
Figure 1 shows the experimental setup. Soybean oil and methanol were charged into the

mixing tank separately. The volume ratio of oil to methanol was varied from 3:1 to 6:1
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and the catalyst was packed into the membrane reactor. Methanol was charged
continuously into the reactor using the circulating pump according to Olagunju and
Musonge (2015) and heat exchanger was started up to heat the reactants. Subsequently,
the reactor was filled with the reactant.

FPressure P
A guage Luage

Membrane reactor

Heat exchanger

Ol tank Back pressure
Cirmualating pamp walve
I
N
Ilethanol tank Iidng tank
Methanol recovery it
Biodiesel tank

Figure 1: Laboratory scale experimental setup for biodiesel production.

The pressure in the membrane reactor was monitored by two pressure gauges and was
controlled at 100Kpa. The permeate stream containing biodiesel and methanol was
collected in the beaker. After each run, the circulating pump and heat exchanger were
switched off. Thereafter, the system was fully drained; the catalysts were taken out and
dried. The system was flushed for 30 min with methanol. Biodiesel yield in the present

experiment was calculated by using the following equation (1):

Biodiesel conversion (%) = (Mass of the biodiesel / Mass of the oil used) * 100% @

Experimental design
A preliminary study to determine the optimum range of significant variables was
previously carried out. The optimum yield was between 90% - 94% within a reaction

time of 60 — 180 minutes, methanol to oil ratio 3:1 - 6:1, catalyst concentration 1 - 4 g/L.
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and temperature range of 60 °C - 70 °C (Olagunju and Musonge 2015). This result set the

base for the optimization process of biodiesel production in the current study.

The effects of four transesterification variables on the yield of soybean oil methyl esters
were evaluated using response surface methodology based on central composite design
(CCD) with four factors varied at three levels: a high level, represented as (+1), a low
level represented as (-1) and a middle point (0) consisting of 30 experiments. The design
variables were temperature (X1, °C), reaction time (X5, min), molar ratio (Xs) and catalyst
concentration (X4 g/L) while the response variable was biodiesel yield (Y, %). The range
and the levels of the independent variables chosen for the present study are presented in
Table 1. Each experiment was performed in triplicates and the average yield of biodiesel

was taken as the response variable Y.

Table 1 — Experimental range and values for RSM

Temperature (°C) X1 60 65 70
Reaction time(minutes) X5 60 90 120
Molar ratio X3 3:1 4:1 6:1
Catalyst concentration Xa 1 25 4
Biodiesel yield (%) Y

Statistical analysis (ANOVA)

The polynomial equation raised to the order of two was then assigned to the obtained data
by a multiple regression protocol. Thus complying an empirical model which gives the
nature between responses measured to the independent variables of the experiment. The

empirical regression model equation for a four factor system was taken as:

Y = 0lg + Ol Xy + OpX5 + OgXs + O Xy + Ol X Xo + OlazXy X3 + Ol X Xy + OlpsXoXs +004 XXy

+ Ol3gXa Xy + 011Xy + OppXo” + OlgaXy” + OlggXy’ 2)
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where Y is the predicted response, O is the intercept, O3, O, O3, O4 are linear

coefficients, Oly1, Olop, Olg3, Olag are squared coefficients, and Olyo, Oliz, Olig, Oloz, Olog, Olag

are interaction coefficients and X; represented temperature (°C) , X, was reaction time
(min), X3 was molar ratio and X, was catalyst concentration. The response of the CCD
design was fitted with a second order polynomial equation. Statistical analysis of the data
was performed by Design-Expert version 10.0 (Stat Ease, Inc., Minneapolis, USA) to
evaluate the analysis of variance (ANOVA), the F value within the level of 95% and p
value of <0.05. The optimum values of the selected variables were obtained by analysing
the response surfaces and solving the regression equation. The fitted polynomial equation
was expressed in the form of three-dimensional response surface plots to illustrate the

main interactive effects of the independent variables.

RESULTS AND DISCUSSION

Response surface methodology

A central composite design was employed in this study to develop an experimental matrix
for the reaction variables; temperature, reaction time, methanol:oil ratio and catalyst

concentration. Table 2 shows the experimental matrix for 30 randomized runs.

The biodiesel yield varied from 48% to 96%. The application of the advanced multiple
regression analysis was employed to obtain the polynomial equation with the coefficient
of full regression model equation and their statistical significance was determined. The

equation of the significant terms obtained from the model in its coded form is as follows:

Y = 94.75 + 5.18X; + 3.60X; — 7.07X5 + 4.24X4 + 1.39X, X5 — 0.64X1X3 — 3.98X1X4 +
4.36XX3 + 3.02X,X4 — 3.73X5Xs — 9.38X12 — 1.50X,°— 9.00X5” — 3.63X,° (2)
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Table 2: Experimental matrix results

1 29 -1 -1 -1 -1 62
2 5 1 -1 -1 -1 90
3 14 -1 1 -1 -1 60
4 12 -1 1 -1 -1 75
5 13 -1 -1 1 -1 49
6 2 1 -1 1 -1 66
7 18 -1 1 1 -1 55
8 8 1 1 1 -1 79
9 24 -1 -1 -1 1 84
10 27 1 -1 -1 1 92
11 17 -1 1 -1 1 89
12 11 1 1 -1 1 95
13 6 -1 -1 1 1 50
14 10 1 -1 1 1 60
15 30 -1 1 1 1 78
16 3 1 1 1 1 74
17 25 -2 0 0 0 50
18 22 2 0 0 0 60
19 4 0 -2 0 0 78
20 15 0 2 0 0 95
21 23 0 0 -2 0 65
22 21 0 0 2 0 48
23 1 0 0 0 -2 62
24 9 0 0 0 2 94
25 20 0 0 0 0 93
26 7 0 0 0 0 94
27 26 0 0 0 0 92
28 28 0 0 0 0 95
29 19 0 0 0 0 93
30 16 0 0 0 0 96

Where Y is biodiesel yield and X3, X2, X3 and X, are the coded forms of temperature
(°C), reaction time (min), methanol:oil ratio, catalyst concentration (g/L) respectively.

From the equation, the coefficient with one factor signifies the effect of individual form
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while the coefficient which has two factors and second order form signifies the interaction
between themselves and other variables. The suffix symbols positive or negative (+/—)
signifies the synergy and negative effects, where the positive stands for synergistic effect
and the negative stands for negative effect (Joshi et al., 2008). Then the model was
analysed by using analysis of variance (ANOVA) to obtain the fitness of the model. The

study of this model variation is presented in Table 3.

Table 3: ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]
Sum of Mean F p-value

Squares df Square Value Prob>F
8183.89 14 58456 24.05 <0.0001  significant
2412.32 1 241232 99.26  <0.0001

1199.92 1 1199.92 49.37 <0.0001

310.32

[EEN

310.32 12.77 0.0028

933.75 1 933.75 38.42 <0.0001

31.08 1 31.08 1.28 0.2759
6.63 1 6.63 0.27 0.6091
253.61 1 253.61 10.44 0.0056
303.63 1 303.63 12.49 0.0030
145.81 1 145.81 6.00 0.0271
222.76 1 222.76 9.17 0.0085
2223.26 1 222326 9148 <0.0001
61.97 1 61.97 2.55 0.1311
643.77 1 643.77  26.49 0.0001
361.05 1 361.05 14.86 0.0016

364.54 15 24.30

360.66 10 36.07 46.54 0.1533 Not significant
3.88 5 0.78

8548.43 29
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The statistical analysis of the regression equation by ANOVA showed that the R? value
(multiple correlation coefficient) was 0.9574 (R2 value >0.75 indicates fitness of the
model). The obtained value presents the total variation of the data evaluated by our model
and it is capable of explaining 95.74% of the total variation in the experimental observed
parameters and their mutual interactions. The theoretical values of adj R? and the pred R?
were 0.9176 and 0.8861 respectively, the difference between adjusted R? and predicted
R? is less than 0.2 which signifies reliability of the model.

The scale of R? ranges from 0 to 1.0 and a value closer to 1.0 signifies the model fitness.
Adequate precision (AP) is defined as a measure of the experimental signal to noise ratio
(Baroutian et al., 2011); an AP that exceeds 4 usually indicates that the model will give
reasonable performance in prediction. The adequate precision value of the model is
14.726 which confirms the model’s flexibility and reliability (Yuan et al., 2008). The
model F value of 24.05 indicates that the model is significant. The p value of the model
was <0.0001 (p < 0.05) which is significant and the lack of fit model was found to be
insignificant. The small value of p shows mutual interaction between the variables and
indicates the importance of those variables in the model. (Noordin et al., 2014). Thus,
according to p value (value less than 0.05 indicates the significance level) obtained in this
study, we found that the X1, Xa, X3, Xa, X1Xa, XoX3, X2Xa, X3Xs, X12, X352 and X,° were

significant.

O eslgn-Expertd Sotfware -
Cvlendy Predicted vs. Actual

Color poins by 100 —
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Figure 2: The biodiesel conversion predicted from model versus actual yield.
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Fig. 2 shows the actual values and the predicted values for the conversion of soybean oil
to biodiesel in the packed bed membrane reactor, with a high value of coefficient of
determination (R* = 0.9574). The values were close to the 45-degree line and this

indicates a strong correlation between the model prediction and its actual result.

The surface plots in three dimensions represent the graphical interface about the
regression equation of reaction variables. Fig. 3 — Fig. 6 represents the 3D surface plots
of predicted biodiesel yield. These plots illustrate the interaction between two
independent variable on single dependent parameter i.e., biodiesel yield. The plots are
drawn with the aid of the regression equation and represent the interactions of each

independent variable on the response variables.

Design BExpert Software
Factor Coding: Actual
Owerdaw Plot

Field

A1 = A Temperature
A2=B: Reaction time

Baztizl Factors
C: Molar ratio
On: Catalyst concentration

“ield (%)

B: Reaction time [mins)

1]

&0 ~ED A Temperature (degree C)

Figure 3: Response surface 3D plot of predicted biodiesel yields versus reaction
time and temperature

Fig. 3 represents the interaction between temperature (°C) and reaction time (min), the
variation in the biodiesel yield is depicted well in the plot; i.e. the biodiesel yield
increases significantly by increasing both temperature and reaction time at 4.4:1 molar

ratio and 2.8 % catalyst concentration.
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Figure 4: Response surface 3D plot of predicted biodiesel yields versus
reaction time and catalyst concentration

Fig. 4 shows the nature of reaction time and catalyst concentration on the biodiesel yield.
There is a proportional increase in the biodiesel yield as the reaction time increases,
whereas a slight increase can be seen when the catalyst concentration is increased at
3.4g/L.

Design Expert Softwars
Factor Coding: Actual
Owerlay Plot

Wield
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¥Z = DO: Catalyst concentration

Actual Factors 100
B: Reaction tirmss
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22
D: Catalyst concentration (gL

Figure 5: Response surface 3D plot of predicted biodiesel yields versus temperature
and catalyst concentration
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Fig. 5 shows the mutual interaction between temperature and catalyst concentration on
the biodiesel yield in which there is an increase in biodiesel yield for both increase in
temperature and catalyst concentration at 90 min reaction time and 4.3:1 molar ratio.
However, increase temperature above 65 °C led to the decrease in biodiesel yield and this

could be as a result of methanol evaporating from the reaction medium.

De=ign Expert Softwars
Factor Coding: Sctual
Owerdaw Plot

Tield

#1 = C: hdolar ratio 110
H2 = 0: Cataly st concentration

Actual Facters an ;
a: Tempergture
b: Reaction time a0

z.a2 ///4.;“' 4.2

2 TTm= .
36 . "
D: Catalyst concentration (gsL) 1 \15,3,-'/ C: hdolar ratio

Figure 6: Response surface 3D plot of predicted biodiesel yields versus molar ratio
and Catalyst concentration

Fig. 6 depicts the 3D response surface plot of predicted yield versus molar ratio and
catalyst concentration at reaction time 90 min. and temperature 65 °C. The biodiesel yield
increases slightly with initial increase in methanol-to-oil molar ratio and catalyst
concentration. However, yield start to decrease as the molar ratio increases further. In
general, a high molar ratio results in a higher rate of methyl ester formation and ensures
completion of the reaction. However, overloading of methanol would deactivate the
catalyst and reversed the reaction since transesterification is a reversible reaction (Wan
Omar and Saidina Amin, 2011).

Optimization

Based on the model obtained and input criteria, the production of soybean biodiesel in the
packed bed membrane reactor was optimized. The main objective of this study was to

maximize conversion of soybean oil to biodiesel. Table 4 shows the response and all
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reaction variables with respective high and low limit to satisfy the condition defined for
the optimum vyield. In order to evaluate the accuracy of the developed model a
transesterification experiment was carried out under the optimum conditions, the
experiment were carried out three times and the average was taken. The predicted
conversion value was 97.7% while the average observed value was 96.9%. The
experimental (obtained) value showed acceptable agreement with the predicted value.
The error value between the predicted and the observed results was less than 1% FAME
conversion, indicating that the regression model was satisfactory.

Table 4: Numerical optimization results and constrains for the factors/response.

Temperature (°C) In range 60 70
Reaction time (min) In range 60 120
Catalyst concentration ( g/L) target - 3
Molar ratio In range 3:1 6:1
Yield (%0) Maximize

Biodiesel characterization

The physical and chemical properties of the produced biodiesel were measured according
to the test methods recommended by the American Society for testing and Materials
(ASTM) and South African National Standard (SANS) as follows; viscosity at 40 °C,
water content, density at 15 °C, total acid number, total contamination, Sulphur and flash

point. The results of these characterizations are listed in Table 5.

The results show that the biodiesel produced using membrane technology is within the
South African Bureau of Standards (SANS 1935) standard specifications and American
Society for testing and Materials (ASTM D6751) biodiesel specification.
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Table 5: Characteristics of biodiesel produced from soybean oil in a membrane reactor

Characteristic Test Units SANS 1935 Result
Specification Limit

Density @ 15°C ASTM D7042 g/mL 0.86-0.9 0.87
Viscosity @ 40°C ASTM D7042 cSt 355 38
Flash point ASTM D93 °C 120 min 167
Water content ASTM D6304 % 0.05 max -
Total acid number - mgKOH/g 0.5 max 0.21
Total Contamination [P 440 mg/Kg 24 max 2
Sulphur ASTM D4294 ppm 10 max 1

Biodiesel properties are numerous but the most important ones are those that have direct
impact on the performance of the engine such as viscosity because of its effect on the
atomization of the fuel being injected into the engine combustion compartment, flash
point which is much higher than diesel, density which is lesser than water and so on. All
these properties help to increase the lifespan of the engine, give a better lubrication and

complete combustion so that the engine can produce a higher energy output.

CONCLUSION

In this study, experiments using RSM to determine the optimum reaction conditions for
the production of biodiesel from soybean oil in a membrane reactor was carried out. High
quality biodiesel was produced without the need to wash and purify. The effects of
parameters including temperature, reaction time, molar ratio and catalyst concentration
were found significant. The highest conversion of 96.9 % was obtained at 65 °C
temperature, 90 min. reaction time, 4.5:1 molar ratio and 3 g/L catalyst concentration.
The characteristics of the product under the optimum condition were within the ASTM
standard and SANS standard. This study therefore showed that the use of a membrane for
biodiesel production conserved water for other purposes; eliminate purification step and

wastewater generation thereby reducing the cost of biodiesel production.
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