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ABSTRACT

The recent development of biodiesel fuel is still hindered by two major factors that affect
the cost of biodiesel: costs of feedstock and processing. This sparks worldwide research
interests to seek for other measures such as alternative feedstock and green technologies
to improve the production efficiency and reduce the biodiesel cost simultaneously. The
main aim of this study is to investigate the effectiveness of producing biodiesel via
microwave-assisted production and explore the feasibility of improving its cold flow
characteristics through vacuum distillation. The production of biodiesel through
microwave-assisted esterification of a palm-oil derived product — palm fatty acid
distillate (PFAD), is studied experimentally. An optimal biodiesel yield (91.88%) is
reported at 15 min of 300 W microwave irradiation, for a 1:9 PFAD to methanol ratio
catalyzed by sulphuric acid. The study also reveals that the esterification of PFAD has a
second order reaction kinetics under microwave irradiation. The PFAD biodiesel is
characterized via GC-FID analysis to determine its ester compositions. Besides, the
dielectric properties of PFAD and its biodiesel are also measured for the temperature
range of 25-120 °C. At the microwave frequency of 2.45 GHz, the dielectric properties
of PFAD and its biodiesel are reported to be 2.78-0.17j and 3.26-0.21]j, respectively.
Obtaining these values is essential for modelling the microwave-assisted esterification of
PFAD. Following the experimental study, a three-dimensional multiphysics model, which
includes the effects of electromagnetic propagation, heat transfer, fluid flow, and chemical
species conservation, is developed for the first time to model the process of microwave-
assisted PFAD esterification. It provides better insights into the changes in the liquid
properties as well as the importance of Navier-Stokes equations, vaporization-
condensation phenomena of methanol towards a good model prediction. The numerical
predictions are found to be in good agreement with the experimental results. Apart from
the cost issue, palm-based biodiesel also suffers from poor cold flow properties due to the
presence of fatty acid alkyl esters with high melting points. Under cold weather (<16°C),
the fuel would crystallize and clog the fuel filter which subsequently cut off the engine
fuel supply of a vehicle. Thus, the composition of these high melting point esters in the

biodiesel needs to be reduced. In Malaysia, winterization technique is adopted to remove
\Y;



these esters but the time-consuming process results in low product yield and huge loss of
starting materials. In this study, vacuum distillation is proposed as an alternative approach
to improve the cold flow properties of PFAD biodiesel. A batch distillation experiment is
carried out under vacuum to investigate the distillation performance and its feasibility in
removing the high melting point ester (methyl palmitate). The results show that the cold
flow properties of the distilled biodiesel have significantly improved by 35-42% (6-8 °C)
after removing 13.60 wt.% of total saturated esters. This indicates that vacuum distillation
is a feasible approach to improve the cold flow characteristics of PFAD biodiesel.
However, the cold flow properties reported are still not satisfactory. It is found that by
using vacuum fractional distillation, the composition of methyl palmitate can be further
decreased by 27.32%, making the distilled biodiesel to have cold flow quality equivalent
to grade C summer biodiesel in temperate climates. At the end of this study, a process
design of a vacuum fractional distillation column with its peripherals is carried out and
presented. By implementing Fenske-Underwood-Gilliland (FUG) calculations and Kern’s
method, the operating parameters and sizing of the distillation column and heat
exchangers are determined. This preliminary design provides a basis for the integration
of vacuum distillation into the industrial biodiesel production and processing facilities in

the future.

Keywords: cold flow properties, column design, FUG method, microwave irradiation,
multiphysics modelling, PFAD, vacuum distillation
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AMeOH

Frequency factor

Active area

Cross sectional area of column
Downcomer area

Total hole area

Area for a hole

Net column area

Avrea for heat transfer across a surface
Perforated area

Clearance area under downcomer
Area of calming zones

Peak area of internal standard
Area of unperforated edge strip

Frequency factor (vaporisation) of methanol

Acid value

Bottom flow rate

Concentration of species i at any time
Saturation concentration of species i

Speed of light in free space
Specific heat capacity at constant pressure

Total concentration of all species in the liquid

Orifice coefficient

Xi

JI(kgK)
mol/m3
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Csb
CFPP

CP
CPO

Souders and Brown factor

Cold filter plugging point
Cloud point

Crude palm oil
Hole diameter
Distillate (overhead product) flow rate

Column diameter
Mixture-averaged diffusion coefficient for species i
Activation energy

Overall tray efficiency

Microwave frequency

Feed rate

Correction factor

Liquid-vapour flow factor

Fatty Acid
Fatty acid methyl ester

Downcomer backup
Convective coefficient
Dry plate drop
Residual loss

Total pressure drop

Height of the bottom edge of the apron above plate

Head loss in downcomer
Height of liquid crest over downcomer weir

Weir height

Xii

m/s
°C
°C

kg/s

m?/s

J/mol

%

Hz

ka/s
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mm liquid
w/

mm liquid
mm liquid
mm liquid
W/(m?2.K)
mm liquid
m

m



KOH

Column height

Water

Thermal conductivity

Mass transfer coefficient of a species i
Reaction rate constant
Equilibrium K-value
Potassium hydroxide

Mean length of calming zone
Column length

Hole pitch

Plate spacing

Weir length

Mean length of unperforated edge strips
Liquid rate

Liquid molar flow rate below feed stage
Liquid mass flow rate
Liquid mass flow rate in downcomer

Maximum volumetric liquid rate
Mass

Mass of internal standard

Molecular weight of a species i

Methanol

Number of equilibrium stages

Xiii

m

W/(m.K)
1/s
1/(M.s)

dimensionless

m

kmol/h
kmol/h

kg/s
ka/s
m3/s
kg
kg

kg/mol

dimensionless



act

=

U T

Prame

PFAD

—+

Number of carbon atoms

Number of holes

Number of rectifying stages (top)
Number of stripping stages (bottom)
Actual number of trays

Minimum number of theoretical stages
Pressure
Saturation pressure

Methyl palmitate

Palm fatty acid distillate
Pour point

Heat load

Volumetric flow rate of vapour

Heat source from microwave electric field

Heat source from enthalpy of esterification reaction
Operating reflux ratio
Minimum reflux ratio

Universal gas constant

Reaction rate

Time

Cold fluid temperature, inlet
Cold fluid temperature, outlet
Plate thickness

Residence time in downcomer

Temperature

Xiv

dimensionless

dimensionless
dimensionless
dimensionless
dimensionless

dimensionless
Pa

mm Hg

°C
kw
m3/s

W/m?

W/m?®
dimensionless
dimensionless
J/(mol.K)

mol/(m?3.s)

S
°C

°C



o,calc

< C C

=

us

AH

AH
AH

vap

AS
AT,

AT

Hot fluid temperature, inlet

Hot fluid temperature, outlet
Unsaturated fatty acid methyl ester

Flooding velocity
Minimum design vapour velocity

Actual vapour velocity
Overall heat transfer coefficient

Overall heat transfer coefficient (calculated)
Vapour mass flow rate

Width of unperforated edge strip

Mole fraction of a species, i

Fatty acid conversion

Height allowance

Enthalpy of reaction

Heat of evaporation/enthalpy of vaporization
Entropy

Logarithmic mean temperature difference

Mean temperature difference

Vector Quantities

Displacement current density
Electric field intensity
Identity matrix

Unit normal vector

Velocity vector

XV

°C
°C

m/s
m/s

m/s

W/m?2°C

W/m?2°C
ka/s

m

dimensionless

dimensionless

m

J/mol

J/mol
JIK
°C

°C

Alm?

Vim
dimensionless
dimensionless

m/s



Greek Symbols

Subscripts

B

HK

LK

min

Relative volatility of component i
Emissivity of a material

Complex permittivity

Relative complex permittivity

Dielectric constant

Loss factor

Magnetic permeability
Dynamic viscosity
Relative permeability

Liquid viscosity of feed

Permeability of free space, 1.257 <10
Density

Stefan-Boltzmann constant, 5.67 x10°°
Surface tension

Angular frequency

Bottom
Distillate
Flooding
Heavy key
Liquid
Light key

Minimum

XVi

dimensionless

dimensionless

dimensionless

dimensionless
dimensionless

dimensionless

H/m
Pa.s

dimensionless
cP

H/m

kg/m?®
kg/(K%.s%)
dyne/m

rad/s



MW Microwave

sat Saturation
\Y; Vapour
vap Vaporization
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CHAPTER1 INTRODUCTION

1.1  Background

1.1.1 What s biodiesel?

Foreseeing the disastrous effects that the depletion of non-renewable fossil fuels could
result in the future, researchers and experts worldwide have put in tremendous effort to
develop alternative energy production from various renewable energy sources such as
solar, wind, tidal, and hydro power. At current stage, it is still difficult to fully replace
fossil fuel usage with these renewable energy options. Hence, having an alternative fuel
selection which is more environmental friendly than fossil fuels seems to be one of the

choices to gradually shift away human dependence from fossil fuels.

This has led to the extensive research towards biofuels — fuels which are produced
directly or indirectly from organic materials such as plants and animal waste. Biodiesel,
a kind of biofuel, have sparked great interests among scientists and researchers due to its
similar performance as diesel fuel. Biodiesel is recognized as a greener burning alternative
to the conventional diesel fuel. It is biodegradable, has minimal toxicity and produces
lower pollutants emission f. Due to its similarity in fuel properties with the petroleum
diesel, biodiesel can be directly used in diesel engine to deliver similar performance, with
little or no modifications (Ramadhas et al., 2004; Silitonga et al., 2011). Furthermore, it
is also compatible with the conventional diesel to produce stable biodiesel blend. This has
made it one of the most promising alternative fuels for the transportation sector (Lin et
al., 2011).

The primary source of biodiesel is edible vegetable oils. More than 95% of the biodiesels
around the world are produced from this source (Gui et al., 2008). These vegetable oils

are yielded from plants such as palm trees, rape plants, and soybean plants. They are able



to absorb carbon dioxide (COz2) through photosynthesis to such an extent that the amount
of oxygen contributed to atmosphere exceeded CO> released during combustion, with the
fuel yielded from these plants (Atadashi et al., 2011). Hence, biodiesel is considered to be

carbon neutral too.

1.1.2 Historical background of biodiesel production

The biodiesel production process (transesterification) was discovered by E. Duffy and J.
Patrick in year 1853; which occurred decades before the first functional diesel engine was
invented. It was not until 1893 that Rudolf invented the first diesel engine prototype which
run on peanut oil. While the first engine test was unsuccessful, Diesel dedicated huge
effort to improve the engine and finally succeeded in his third engine test on February 17,
1897 where he demonstrated an efficiency of 27% with the engine under load. Later in
the 1920s, the diesel engine was redesigned to run on petrodiesel which were cheaper to
produced compared to biofuels. Therefore, the biodiesel infrastructure was not actively
developed until oil crisis and greenhouse gas issue in the recent decades (Deutsches
Museum, 2019; Lee & Shah, 2012).

The first industrial biodiesel production process using ethanol was only patented in 1977.
Two years later, South Africa began researching the transesterification of sunflower oil
and subsequently, published a process for fuel-quality, engine-tested biodiesel in 1983.
An Australian company, Gaskoks built the first biodiesel pilot plant using this process in
1987. During the 1990s, many European countries also began constructing their own
biodiesel plants (Lee & Shah, 2012).

1.1.3 The challenges of biodiesel development
Ever since the 1970’s oil crisis, biofuels development has sparked research interests
worldwide. It acts as a measure to decrease the socioeconomic shocks of future oil prices,

reduce overreliance on fossil fuels and lower the level of harmful emissions to the



environment. Despite all the advantages, biodiesel development in Malaysia has been

hindered by challenges such as feedstock selection and biodiesel processing cost.

Palm oil is the major lipid feedstock used for biodiesel production in Malaysia. Palm fruits
have the highest average oil yield compared to other oil crops grown for biodiesel
feedstock. Palms can provide 5 tons of oil per hectare whereas soybeans or Jatropha only
produce approximately 1 ton per hectare (Balat & Balat, 2010). According to Johari et al.
(2015), Malaysia has been supplying 40% of the global demand for crude palm oil (CPO).
Due to the massive production volume, there have been increasing concerns on the
possible negative impacts of palm oil production on the environment such as deforestation,
biodiversity loss or pollutions as a result of the large scale expansion of the industry. In
addition, there have been debates that the conversion of farmland or crops for palm oil
production will lead to the reduction in food supply. This food versus fuel debate has
added another challenge to utilize palm oil as a feedstock for the fuel market (Lam et al.,
2009).

Biodiesel is not economically competitive with diesel fuel although it has favourable
properties to substitute the latter (Canakci & Van Gerpen, 2001). The cost of biodiesel
remains the major challenge that suppresses the industrial growth. The two utmost
important components of the biodiesel cost are the costs of feedstock and processing (Ma
& Hanna, 1999). It is estimated that the cost of raw materials accounts for 60—75% of the
total cost of biodiesel fuel (Choo et al., 2007; Karacan & Karacan, 2015). The increasing
demand for CPO over the years has led to higher CPO prices. As a result, the biodiesel
companies in Malaysia encounter issues such as increased operating costs and low profit
margins. In order to reduce the cost to produce biodiesel, it is necessary to make

adjustments to either the processing methods, or feedstock selection, or even better, both.

During the physical refining of CPO to produce refined bleached deodorized palm oil
with low percentage of free fatty acid (FFA), a lower value by-product known as palm
fatty acid distillate (PFAD) is produced at the deodorization stage. Although its FFA
content is very high, this oil has similar fatty acid composition as the refined palm oil.

Hence, PFAD could potentially serve as an alternative feedstock for biodiesel production.
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On the other hand, the technology selected for the processing method of biodiesel could
have a significant impact on the cost of biodiesel production as it involves the use of time,
labour, and energy to generate biodiesel from raw feedstock. The biodiesel plants in
Malaysia currently still practise the conventional heating and mechanical stirring method
for biodiesel processing. In order to lower the production cost of biodiesel, it is inevitable
for the biodiesel industry players to transition to greener technologies such as microwave

irradiation which promotes efficient energy usage and short processing time.

Apart from using refined edible vegetable oils for biodiesel production, researchers have
been looking into the possibilities of using inedible or waste vegetable oils to reduce the
feedstock cost. However, using alternative feedstock with lower quality leads to another
issue. The biodiesel produced usually has poor cold flow properties. For instance, given
the presence of a substantial amount of high melting point saturated long chain fatty acid
esters in the fuel, palm biodiesel has poorer cold flow properties compare to the
conventional diesel fuel (Edith et al., 2012). Hence, the cold flow quality of palm-based

biodiesel must be improved in order to increase its market and economic value.

The fatty acid profile of a biodiesel corresponds to its feedstock. The five common fatty
acids present in a biodiesel feedstock are C16 and Cyg fatty acids, namely, palmitic (C16:0),
stearic (C18:0), oleic (C18:1), linoleic (C18:2) and linolenic (C18:3) acids. Palmitic and
stearic acids are saturated fatty acids with no double bond. According to the information
collected by Cermak et al. (2012), these esters possess high melting points, which are
62.9°C and 70.1°C, respectively. Once they are converted into their corresponding methyl
esters, their melting points reduce to 28.5°C and 37.7°C, which are still unfavourable for
export grade biodiesel, as these indicate that fuel which mainly comprised of these esters

would crystallize in cold climate and clog the fuel systems of vehicles.

To produce export grade biodiesel and consequently increase Malaysia’s position in the
global biofuels market, improving biodiesel cold flow properties is inevitably a technical
challenge which has to be tackled. It is a difficult task as its improvement usually results
in lower ignition quality (ease of fuel ignition in diesel engine) and lower oxidation

stability of the biodiesel. This is due to the removal of saturated esters which have better
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ignition quality and oxidation resistance but contribute to poor cold flow properties (Edith
et al., 2012). Nonetheless, to the author’s best knowledge, the possibility for cold flow
properties of PFAD biodiesel to be improved to export grade level has not yet been studied.
The current method used in Malaysia for cold flow improvement is winterization
technology, which allows the removal of poor cold flow components that crystallized in
the biodiesel fuel as a result of freezing. However, this method has some undesired
drawbacks such as being time-consuming and causing huge loss of starting materials
during the process. Thus, other than improving the processing method for biodiesel
production, searching an alternative processing method to improve the cold flow
properties of biodiesel is also a reasonable option for expanding the economic potential
of PFAD biodiesel, or even for other biodiesel fuels which comprised of similar

constituents of esters as well.

To summarize, two of the main issues of biodiesel development in Malaysia are related
to the cost of processing and feedstocks, as well as the inferior low-temperature
operability of palm-based biodiesel. The first problem could be minimized with the
introduction of energy-efficient technology (e.g. microwave) and a low-cost alternative
feedstock (PFAD) while the second issue could be investigated with the use of alternative

method (e.g. vacuum distillation) to replace the time-consuming winterization process.

1.2  Objectives

The main aim of this study is to investigate the effectiveness of producing PFAD biodiesel
via microwave-assisted production and explore the feasibility of improving its cold flow
behaviour through vacuum distillation technologies. The objectives of this study are as

follows:

I.  identify the reaction kinetics of microwave-assisted PFAD esterification,
ii.  determine the complex permittivity values of PFAD and its biodiesel by using
open-ended co-axial probe method,

iii.  develop a numerical model for the microwave-assisted esterification of PFAD,



iv. investigate the possibility of vacuum distillation in enhancing the cold flow
properties of PFAD biodiesel, and
v. generate a preliminary design of industrial scale vacuum distillation column for

improving the cold flow behaviour of PFAD biodiesel using FUG method.

1.3 Novelty, contribution and significance

For the first time, a three-dimensional multiphysics model which couples the physics of
electromagnetic propagation, heat transfer, fluid flow, and chemical species conservation,
is developed to model the microwave-assisted esterification of PFAD feedstock. This
model gives a further insight into the physics behind the chemical reaction. Apart from
that, the model is also capable to generate temperature profile of the reaction with good
prediction at reaction temperature above the boiling point of methanol. This is made
possible by taking the phase change effect (i.e. vaporization of methanol) of reactant into
consideration. This model serves as a basis to evaluate optimized reactor design for
power-modulated microwave reactor (i.e. microwave power level is user-controllable) as

well as the effects of the thermophysical parameters of chemical species on the reaction.

Apart from that, this project also provides significance in studying the feasibility of using
vacuum distillation technology to improve the cold flow properties of a second generation
biofuel, PFAD biodiesel. Instead of separating the esters from impurities or other
components that might be present in the biodiesel (e.g. glycerol, alcohol, glycerides) as
studied by other researchers, the author aims to separate the major saturated ester (methyl
palmitate) from the rest of the esters present in PFAD biodiesel in this study. By removing
the specified saturated ester which solidify at higher temperature, the cold flow properties

of the PFAD biodiesel will be substantially improved.

The preliminary design of an industrial scale distillation column for the vacuum

distillation of PFAD biodiesel which may be useful for the process design and control of

second generation biodiesel production is proposed in this work. This column has the

chance to be part of the equipment in an extended production line which can be integrated

into a palm oil refining facility to produce biodiesel. In addition, both dielectric constant
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and dielectric loss measurement of PFAD feedstock and biodiesel, which are important
inputs for the numerical model, are also identified in this work. Furthermore, this project
also explores the potential of microwave technology in enhancing the reaction rate of
PFAD biodiesel production. The reaction kinetics of microwave-assisted PFAD

esterification under pulsed microwave irradiation is identified.

1.4  Dissertation structure

This thesis has been structured and presented in the following 9 chapters.

Chapter 1 briefly presents the main challenges in the biodiesel industry and suggested an

approach to achieve the objectives of this study in an effort to tackle the challenges.

Chapter 2 reviews the existing experimental work on enhancing biodiesel production rate
and improving the cold flow properties of biodiesel, along with the numerical work in
developing multiphysics models for biodiesel production, which finally leads to the

identification of research gaps, forming the objectives of this current study;

Chapter 3 outlines the research methodology for the experimental work and data analysis

of microwave-assisted esterification of PFAD;

Chapter 4 discusses the experimental results for microwave-assisted esterification of
PFAD. This includes the identification of the reaction kinetics of the process, and the

measurement of dielectric properties of the PFAD biodiesel produced,;

Chapter 5 outlines the research methodology in developing a three-dimensional

multiphysics numerical model of the microwave-assisted PFAD esterification.

Chapter 6 discusses the numerical study of the microwave-assisted PFAD esterification.
The numerical results are verified with the experimental results, and the effects of

microwave on the biodiesel production are also discussed;

Chapter 7 presents the research methodology for the vacuum distillation experimental
setup and numerical design of the distillation column. The analytical techniques required
to identify the cold flow properties of PFAD biodiesel are also included,;



Chapter 8 summarizes the experimental results of the vacuum distillation. A preliminary
design of the vacuum distillation column is also shown and validated with the calculation

from a computational software;

Chapter 9 presents the conclusion for the current study and provides recommendations

for future work in several aspects.



CHAPTER 2 LITERATURE REVIEW

This chapter reviews the existing literature studies on the enhancement of biodiesel
production process in order to improve the economic feasibility of biodiesel and hopefully
replace diesel fuel in the future. Researchers have proposed several approaches and study
their possibilities in order to tackle the aforementioned issues. Some of the greener
methods to produce biodiesel which are of interest in this research work are described
here in more detail. Due to the nature of the feedstock, the biodiesel produced in Malaysia
is not suitable for export purpose without further process. A new idea is raised in this
project to improve the biodiesel quality, particularly its cold flow properties.

2.1  Biofuel and its evolution

Biofuels are defined as fuels that are harvested from biomass resources, or their
processing and conversion derivatives, for transportation purpose. Biomass refers to any
organic matter that is available on a renewable or recurring basis. This includes all plants
and plant derived materials, such as crops, trees, algae, animal waste, and municipal
residues (Wright et al., 2009). Examples of biofuels are corn ethanol, cellulosic ethanol,
algae diesel, and biodiesel (Lee & Shah, 2012). Unlike other types of green energy
resources, biofuels usually exist in liquid state which are essential for transportation usage
(Alalwan et al., 2019).

The annual energy consumption for the non-OECD (Organization for Economic

Cooperation and Development) region in year 2040 is predicted to be 739 quadrillion

BTU, which is more than double compare to the year 1990 (recorded at 356 quadrillion

BTU). Non-OECD countries include India, China, Africa, Middle East, Brazil, Russia,
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other parts of Asia, as well as non-OECD parts of Europe and Americas. The recorded
and projected figures of the energy consumption of each region from year 1990 to 2040
are shown in Figure 2.1. Asia is projected to experience the largest increase in energy use
among non-OECD nations, from 200 quadrillion BTU in year 2015 to 303 quadrillion

BTU in year 2040, which is a whopping 51.5% increase in energy demand within 25 years

time.
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Figure 2.1 IEO 2018 Reference Case: Non-OECD Energy Consumption by Region
(Capuano, 2018)

Generally, biofuels, which includes biodiesel, bioethanol, and biogas, are classified into
four generations based on the type of the feedstock used. The benefits and limitations of
each generation of biofuels are shown in Table 2.1. The first generation biofuels such as
bioethanol and biodiesel are produced from edible biomass which are available in
abundance. Bioethanol is produced from the fermentation of feedstocks that contain
fermentable sugars or carbohydrates, such as sugarcane, corn, whey, barley, and potato
(Lee & Lavoie, 2013). On the other hand, first generation biodiesel is produced from
edible oil crops such as soybean, canola, corn, and palm. Using edible crops for biofuel
production has raise concerns regarding the risks of food competition due to the limited

availability of cultivation area (Singh et al., 2020).
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Table 2.1 Types of Biofuels [adapted from Alalwan et al. (2019); Aro (2016); Fokaides
and Christoforou (2016); Lee and Shah (2012); Sikarwar et al. (2017); Singh et al.

(2020)]
Biofuel Feedstock Benefit Limitation
Generation
First Edible biomass e Established technology e Food versus fuel
generation e Easy conversion debate
procedure e High production
cost
Second Non-edible oils, e Higher net energy yield e Cost issue in
generation  agricultural (less energy input for commercializing
residues, crop production & e Lower crop
industrial waste, harvesting) yields
lignocellulosic e No food vs fuel debate e  Under active
biomass e More sustainable than R&D
first generation
e More cost competitive
Third Algal biomass e High growth rate o Still inearly
generation e Low cost, high-energy development
and renewable stage
e Wider fuel application e Costly to scale
(diesel, petrol, jet fuel) e Extensive
downstream
processing
Fourth Genetically e Higher productionrate e Still in very early
generation modified e Low structural stage of research

microorganisms

complexity

e Improved hydrogen-to-
carbon yield

e Create artificial carbon
sink to minimize carbon
emission

e Concerns over
disposal of
genetically
modified residue

e Costly to scale
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The second generation of biofuels are produced in a more sustainable way such that the
net carbon emission of combusting the fuels is neutral or negative. The feedstock includes
a wide array of different feedstocks, ranging from non-edible oils, lignocellulosic biomass,
agricultural and forest residues, to industrial wastes. They are usually produced via
physical (e.g. briquetting, pelletizing, fiber extraction), thermochemical (e.g. pyrolysis,
gasification, liquefactions, and direct combustion), and biochemical (e.g. fermentation)
technologies, after preparing the biomass feedstock via a pre-treatment stage to facilitate
the conversion processes (Fokaides & Christoforou, 2016). For instance, a pre-treatment
step is required to isolate cellulose from lignocellulosic biomass before conducting
hydrolysis and subsequently fermentation to convert the sugars to bioethanol (Lee &
Lavoie, 2013). However, the lack of active technologies for the commercial exploitation
of waste generated during the biofuel production limits the development of the fuel of this

generation.

Third generation of biofuels refer to algal-based fuels. Based on their size and morphology,
algae are classified into macro-algae (e.g. kelp) and micro-algae. In contrast to
lignocellulosic biomass, algal biomass has a very distinctive growth yield. Species like
Chlorella are targeted due to their high lipid content and high productivity. Microalgae
can be used to produce several biofuels such as bio-oil, bioethanol and biodiesel via
biochemical (e.g. transesterification, anaerobic digestion, fermentation, photobiological
hydrogen production) or thermochemical processes (e.g. pyrolysis). However, the
development of microalgae fuel is still very limited due to economic reasons. For instance,
the current dewatering technologies to separate microalgae from culture media are too
expensive compare to other low-cost feedstock sources and are hard to scale. The
requirement of large water volumes for industrial scale algae cultivation is also an issue
for countries with temperate climate as the temperature is below 0 °C during a significant
part of the year. Extensive research is undergoing to improve both the metabolic
production and the separation process in bio-oil production, while keeping the production
cost affordable (Alalwan et al., 2019; Aro, 2016; Lee & Lavoie, 2013).
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The fourth generation biofuels are synthesised from genetically modified algae to create
an artificial carbon sink and enhance the desired hydrogen-to-carbon yields (Alalwan et
al., 2019; Sikarwar et al., 2017). The main benefit of producing engineered microalgae
biofuels is the simplification of process steps from solar to fuel. However, there are
several bottlenecks that have to be overcome to produce fourth generation biofuels. The
main obstacles include the lack of understanding of algal growth, metabolism and biofuels
production, development of cellular tolerance, disturbance in native metabolism of
feedstock due to altered metabolic network, insufficient research in foreign genes-
regulated enzymes for optimal biofuel production, and disposal issue of genetically-
modified residue from biofuel extraction (Abdullah et al., 2019; LGet al., 2011).

With the ever growing global demand for energy, producing sustainable and affordable
energy has turned into a major concern to the world, as many industrialized and
developing nations are economically hurting from escalating costs of energy and
petroleum-based transportation fuels (Lee & Shah, 2012). Biodiesel is one of the
alternative biofuels that can replace petroleum diesel fuel one day and address these issues.
The advantages and disadvantages of biodiesel are shown in Table 2.2.

Table 2.2 Advantages and disadvantages of biodiesel in comparison to petroleum diesel
(Moser, 2009)

Advantage Disadvantage
e Inherent lubricity e High feedstock cost
e Low toxicity e Inferior storage and oxidative
e Derive from renewable source stability
e Superior flash point e Lower volumetric energy content
e Excellent biodegradability e Inferior low-temperature
e Negligible sulphur content operability
e Lower exhaust emissions e Higher NOy exhaust emissions

Just like biofuel, biodiesel can be classified into four generations based on the type of

feedstocks. Biodiesel produced from edible oils is termed as first generation, non-edible
13



oils as second generation, and microalgae is classified as the third generation feedstock
whereas the fourth generation feedstock is genetically modified microalgae. The edible
crops used as the feedstock for first generation biodiesel include soybean, canola,
rapeseed, coconut, palm, corn, olive, etc. They are largely available and can be converted
into biodiesel via comparatively easy procedure (e.g. transesterification). Due to risks of
environmental condition adaptation, high feedstock cost, food supply issue and impact on
croplands, biodiversity, these drawbacks constrain the users to seek alternatives for
biodiesel feedstock.

Hence, researchers have turned their interests to inexpensive non-edible oils such as
Jatropha, mahua, Karanja, Neem, rubber seed, Jojoba, waste cooking oil, etc. These oils
are more environmental friendly and cheaper to use but the yields of plants are lower
compared to the first generation oil crops. Fortunately, these non-edible crops (e.g.
Jatropha, Jojoba) are more weather resistant and can be cultivated on marginal lands
instead of farming lands (Singh et al., 2020). However, growing non-edible crops still
require land, which may conflict with agriculture land use. While second-generation
feedstocks do not compete with the food cycle, more processing steps are required to
improve the quality of the feedstocks. For instance, oils with high FFA content or other
undesired impurities require a pre-treatment step to prepare the oil properties before the
conversion processes could be carried out. Additionally, the biodiesel also has
comparatively low performance in cold temperatures (Alalwan et al., 2019). Hence, more
efforts need to be done to develop the cost-effectiveness of this generation of biodiesel

and finally bring them forward to commercialization.

Third generation biodiesel can mitigate the food and land-use issues associated with first
and second generation biodiesel. Microalgae is a very promising choice of biodiesel
feedstock because they have rapid growth rates, the ability to grow in a wide range of
conditions, and potential for higher yield rates (Lee & Shah, 2012). The yield of oil per
unit area of microalgae can be 15-300 times higher than traditional crops (Mahlia et al.,
2020). Some microalgae species possess high triacylglycerol content of 30-60%, or even

up to 80% of their total dry biomass, which are higher than the first-generation crops.
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However, there are production difficulties such as scaling up of culture and investing in
stress control strategies for lipid production which hinder the commercialization of these

microalgae species (Alalwan et al., 2019).

To the author’s best knowledge, publications related to biodiesel production from fourth

generation feedstock are not available in literature yet.

2.2  Biodiesel feedstock selection

Feedstock selection is the utmost important consideration for reducing biodiesel
production cost as the feedstock supply and price alone covers more than 75% of the
overall biodiesel production cost, as shown in Figure 2.2. Feedstock selection according
to the local climate, soil condition and agricultural practice of each country is vital to

reduce the cost of biodiesel production (Silitonga et al., 2011).

- Depreciation
Chemical feedstocks | 79
12%

Direct labour
3%

Energy
2%

General overhead
1%

01l feedstocks
75%

Figure 2.2 General cost breakdown for biodiesel production

Palm is an important raw material in Southeast Asian countries such as Malaysia and
Indonesia, which have a surplus production of palm oil (Altaie et al., 2015). In Malaysia,

palm oil is the most abundant and widely available source for biodiesel production.
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Producing biodiesel from palm oil in Malaysia pose distinct advantages as it requires less
manual labour for harvesting and the yield of vegetable oil per hectare is generally higher
than other oil crops such as rapeseed and soybean. However, producing biodiesel from
palm oil sparks several controversial issues notably the fuel versus food debate as well as

the clearance of indigenous rainforests (Lim & Teong, 2010).

Judging from Table 2.1, developing a second generation biodiesel could help reduce the
disputes arising from producing biodiesel using edible refined palm oil while lowering
the cost of biodiesel. Several feedstocks for second generation biodiesel which can be
used to produce commercialized biodiesel production in the near future are available in
Malaysia. This includes PFAD (Soltani et al., 2016), Jatropha oil (Mofijur et al., 2012),
and waste cooking oil (Motasemi & Ani, 2011).

The development of biodiesel production from Jatropha oil in Malaysia is still in its
infancy stage as compared to the palm oil biodiesel industry. Being a non-edible oil
feedstock, Jatropha oil will not spur the food versus fuel dispute. However, as Jatropha
oil contains up to 34 wt.% of saturated fatty acids, it is expected that Jatropha oil will
show inferior cold flow behaviour as well (Tiwari et al., 2007). The fatty acid composition
of Jatropha oil is shown in Table 2.3.

Table 2.3 Fatty acid composition of Jatropha oil (Adebowale & Adedire, 2006)

Symbol Compound Name Composition
(wt.%0)
C16:0 Palmitic Acid 11.3
C18:.0 Stearic Acid 17.0
C20:0 Arachidic Acid 4.7
Ci18:1 Oleic Acid 12.8
C18:2 Linoleic Acid 47.3

Jatropha, also known as Jarak Pagar in Malaysia, can grow well in Malaysia weather
(Mofijur et al., 2012). In fact, the plant is drought resistant and needs minimal care to
survive in harsh conditions. This enables the utilization of marginal lands for its plantation.

Furthermore, the plantation cost of Jatropha crops can be significantly reduced as it does
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not require much fertilizer and water (Lim & Teong, 2010). In spite of all these advantages,
the yield of Jatropha oil is reported at 1.5 — 2 tonnes per hectare, which is lower than palm
oil that yield 5 tonnes per hectare. In other words, the planting area required would be
much higher to produce similar amount of oil feedstock.

The second feedstock option is waste cooking oil. Converting waste cooking oil into
biodiesel could reduce water pollution as people usually discard the waste oil into the
drains or rivers. Despite the relatively cheaper cost when compared to palm oil, the
production process of biodiesel using waste cooking oil will be very challenging due to
the presence of impurities. A wider range of process parameters would have to be
considered to produce high quality biodiesel that meets the biodiesel standards. In
addition, this feedstock may induce more corrosion problems to the pipelines, requiring

tougher cleaning procedures and maintenance (Lim & Teong, 2010).

Biodiesel could be produced in a sustainable way under biorefinery concept by using low
quality oil streams from oil refinery or other waste oil feedstocks (Tabatabaei et al., 2019).
During the physical refining of CPO to produce refined bleached and deodorized (RBD)
palm oil with low percentage of FFA, PFAD is produced at the fatty acid stripping and
deodorization stage. PFAD is generated at an operating condition of high temperature
heating ranging about 240-260°C, under vacuum of 0.27 — 0.67 kPa and direct steam
injection of about 2.5 — 4.0 wt.% in the palm oil refining process (Leong, 1992; Sroynak
et al., 2013). PFAD has similar cold flow properties as palm oil due to their similarity in

fatty acid composition as shown in Table 2.4.

Table 2.4 Major fatty acid composition for palm oil and PFAD
Oil C14:0 Cl16:0 C18:0 Ci18:1 (182
Palm (Gunstone et al., 2007) 1.1 44.1 4.4 39.0 10.6
PFAD (Lokman et al., 2014) 1.93 45.68  4.25 40.19  7.90

Cold flow properties indicate the low-temperature operation ability of a fuel in cold

weather. This includes cloud point (CP), cold filter plugging point (CFPP), and pour point
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(PP). Cloud point is the temperature at which crystals of solidified biodiesel first become
visible, turning the fuel cloudy. CFPP measures the lowest temperature at which a sample
fuel could pass through a 45-micron filter. Meanwhile, pour point is the lowest
temperature where the liquid fuel is observed to flow. The average CP and PP of PFAD
are reported as 13.2 °C and 12 °C respectively (Lokman et al., 2014). The CFPP of PFAD
has not been measured but it can be reasonably assumed to be within the CP and PP. In
comparison, the CP and PP of palm biodiesel are 21 °C and 19.7 °C respectively (Verma
et al., 2016). Hence, we can deduce that PFAD is not only a cheaper alternative but also
has better cold flow properties compared to palm oil for biodiesel production. In addition,
it does not inflict food competition with human since PFAD is usually sold for non-food
applications (Cheah et al., 2010).

In order to evaluate the feasibility of the most suitable second generation feedstock in
substituting palm oil, it is important to investigate the cost of these feedstock first. Table
2.5 listed the prices of crude oil and biodiesel produced from palm oil and the other three
second generation feedstocks. Palm oil is more expensive than the rest of the second
generation feedstocks (waste cooking oil and PFAD). The cost for producing crude
Jatropha oil is currently not available in literature yet.

As shown in Table 2.5, Malaysia Palm Oil Board (MPOB) reported that the average
export price of RBD palm oil in year 2018 was about USD 570.50 per tonne. Instead of
using the edible palm oil (first generation biofuel) to produce biodiesel, PFAD is an
alternative palm-based feedstock that can be adopted to produce biodiesel (Abdul Kapor
et al., 2017). Being a lower value by-product, PFAD is currently traded at a discount to
RBD palm oil at approximately USD 100 per tonne. The price difference between PFAD
and RBD palm oil is about the same as in early year 2010 (Cheah et al., 2010). This
shows the potential of consistent cost saving by using PFAD feedstock. In comparison
with using refined vegetable oil feedstock, utilizing PFAD feedstock could save 20-30%
in production cost via the conventional processing route (Zahan & Kano, 2018). Although
PFAD feedstock is still relatively expensive when compare to waste cooking oil, its

consistent quality makes it a better choice for simpler biodiesel production. Using waste
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cooking oil for biodiesel production would incur additional cost and effort to remove the
undesired impurities which may vary every single batch, increasing the difficulties of pre-
treating waste cooking oil.

Table 2.5 Price comparison of biodiesel from different feedstock [adapted from (Lim &
Teong, 2010)]

Feedstock Price of crude vegetable oil Price of B100 biodiesel
(USD/tonnes) (USD/tonnes)

Palm oil 6102, 570.50%" 720 - 750

Waste cooking oil° 360 600

Jatropha® N/A 400 - 500

PFAD ¢ 476 N/A

Source: @ Kingsman; ® Rice; ¢ Goldman Sachs; ¢ MPOB (2018);
*RBD palm oil is assumed to be the feedstock of palm oil biodiesel according to information given
by Mekhilef et al. (2011); Shahbazi et al. (2012)

In order for the biodiesel to remain economically competitive with petroleum-derived
diesel, not only should the feedstock be available at the lowest price possible, but also
exist in abundance. Although using Jatropha oil has the potential to keep the biodiesel
cost at the cheapest rate, the price benchmark or market mechanism for Jatropha oil has
yet to be established. This lays uncertainty to the revenue stream, causing reluctance in
industrial companies to invest in Jatropha oil at a larger scale. Therefore, Jatropha is still
regarded as a supplementary feedstock in Malaysia instead of being an alternative (Lim
& Teong, 2010). By year 2018, the total area of oil palm plantation in Malaysia has
increased to 5.85 million hectares as compared to 4.85 million hectares in year 2010. The
amount of PFAD that Malaysia produced in year 2018 was 1.16 million tonnes, which is
twice more than the export volume of biodiesel (0.5 million tonnes) recorded. Thus,
considering the availability of abundant feedstock supply, selecting PFAD would still be

the most viable option to produce second generation biodiesel in Malaysia.
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2.3 Chemical reaction of biodiesel production

Biodiesel which consists of long-chain mono-alkyl esters is the product of either the
transesterification of triglycerides, or the esterification of free fatty acids, with low
molecular weight alcohols such as methanol. The esters produced are also known as fatty
acid methyl esters (FAME) or biodiesel. Catalysts are usually added to the process to

enhance the reaction rate.

The three stepwise transesterification and one-step esterification reactions are shown in
Equations (2.1) and (2.2), as follows:

Transesterification of triglycerides:

Triglycerides + CH,OH <> FAME + Diglycerides
Diglycerides + CH,OH «<» FAME + Monoglycerides (2.1)
Monoglycerides + CH,0OH <> FAME + Glycerol

Esterification of FFA:

R—COOH-+CH,0H <> R—COOCH, +H,0 2.2)

FFA Methanol FAME

During the transesterification reaction, three alcohol molecules liberate the long-chain
fatty acids from the glycerine backbone by bonding with the carboxyl group carbons in
the triglyceride molecule (Lee & Shah, 2012). The triglycerides are converted into alkyl
esters and glycerol during the transesterification reaction. After the reaction completes,
FAME can be separated easily from the glycerol as both are immiscible. Stoichiometric
alcohol-to-oil molar ratio is not used in biodiesel production as transesterification is a
reversible reaction. Thus, increasing the alcohol-to-oil ratio by adding excess methanol
shifts the reaction equilibrium in favour of producing FAME. In industrial processes, an
alcohol-to-oil molar ratio of 6:1 is usually implemented for transesterification (Stavarache
et al., 2003).
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The production process can be operated either in batch or continuous mode and it is
usually base-catalyzed or acid-catalyzed. The base-catalyzed transesterification of
triglycerides is the most popular method implemented in the biodiesel industry to produce
biodiesel from vegetable oil. This is because base catalyst is more active than the acid
catalyst and adopting this method also poses fewer corrosion problems in the equipment
(Perego & Ricci, 2012).

To produce biodiesel via transesterification, there is a strict requirement that applies on
the oil feedstock quality. The feedstock must not contain more than 1% FFA. FFAs are
long-chain carboxylic acids that have broken free from triglycerides, typically from the
thermal degradation of triglycerides due to prolonged exposure to heat (Lee & Shah,
2012). These FFAs will directly react with the base catalyst to form soap, which is
certainly not desirable for biodiesel production. This makes it difficult to separate the
FAME from the glycerol after reaction and reduces the ester yield at the same time
(Canakci & Van Gerpen, 2001). Hence, oil feedstock with higher FFA content should be
pre-treated first via esterification reaction to reduce its FFA amount to below 1% such

that saponification can be avoided (Aranda et al., 2008).

Since FFA reacts with base catalyst, esterification is usually acid-catalyzed. For instance,
Phoo et al. (2014) who investigate the potential of a native plant in Asia (Indian milkweed
seed oil) as an alternative feedstock, carried out acid-catalyzed esterification to pre-treat
the oil which has a 27.5 wt.% FFA content. FFAs were esterified to form FAMEs and
water until the FFA amount decreased to below 1%. After the pre-treatment, the mixture
which now consists of unreacted compounds (triglycerides), biodiesel would be washed
to remove the acid catalyst, excess methanol and water. Subsequently, the remaining
triglycerides in the oil feedstock were converted to FAME via alkali-catalyzed
transesterification. After that, FAME is further purified by washing off the homogeneous
catalyst and other trace amount of contaminants (Banavali et al., 2010).

Most of the alternative feedstocks are of lower quality in which they contain high amount
of FFA (>1%). This indirectly translates to higher production cost as pre-treatment is a

necessity before the triglycerides in the oil can be transesterified into biodiesel. Thus,
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having a two-step process (acid-catalyzed esterification pre-treatment & base-catalyzed
transesterification) while using an alternative feedstock may not be an effective way to
reduce the biodiesel production cost, considering the additional wastewater production
and the processing time required.

Interestingly, from the literatures, it is observed that not all alternative feedstocks are
subjected to the two-step biodiesel production process. To be exact, there is an alternative
feedstock that researchers specifically do not apply this method with — PFAD. In contrast
to the edible vegetable oils and even the other alternative feedstocks, PFAD has a
comparatively high amount of FFA content which can be around 85 — 93% (Lokman et
al., 2014; Yadav et al., 2010). Due to its high fatty acid content (>80%), researchers
usually employed acid-catalyzed esterification to convert PFAD into biodiesel instead of
using the conventional base-catalyzed transesterification or the two-step process (Cho et
al., 2012; Chongkhong et al., 2007; Kim et al., 2011; Soltani et al., 2016). In fact, acid-
catalyzed transesterification can occur simultaneously during esterification to convert the
remaining triglycerides in the PFAD feedstock into FAME. Acid catalyst that is

commonly used for the reaction is sulphuric acid (H2SOs).

2.4  Factors affecting biodiesel production reaction

The yield of biodiesel is affected by some critical parameters in the reaction as listed
below (Atabani et al., 2012; Leung et al., 2010; Liu et al., 2008; Motasemi & Ani, 2012;
Murugesan et al., 2009; Nomanbhay & Ong, 2017; Tabatabaei et al., 2019):

i.  FFA and moisture content of feedstock
ii.  Reaction time
iii.  Alcohol-to-oil molar ratio and type of alcohol used
iv.  Reaction temperature
v.  Catalyst type and concentration
vi.  Mixing speed
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2.4.1 FFA and moisture content of feedstock

The FFA content and water concentration of feedstock could have detrimental effects in
the yield and quality of biodiesel, depending on the production techniques used. For
instance, to obtain best yield for beef tallow which is processed via base-catalysed
transesterification, the FFA and water content of the feedstock should be <0.5% and
<0.06%, respectively (Ma et al., 1998). They also reported that the presence of moisture
has more negative effect on the transesterification that the presence of FFA does.

In general, oil feedstock with high FFA contents (>1%) should be pre-treated first or
neutralize with higher concentration of base catalysts to avoid reduction in the yield of
biodiesel. A 2.2% reduction in biodiesel yield is reported with an increase of FFA content
from 0% to 4% in the waste cooking oil feedstock (Bouaid et al., 2016). However, for
PFAD feedstock which contains >80% of FFA, base-catalyzed transesterification is not a
suitable method to be used regardless how high the concentration of base catalyst is,
because the FFAs in abundance will react and deactivate the base catalyst, causing soap
formation and terrible yield.

Although moisture content is generally unfavourable, a study carried out by Liu et al.
(2008) shows that the base-catalyzed transesterification rate of soybean oil to biodiesel is
enhanced with the rising water content in methanol. The biodiesel yield is increased from
80% to 95% when the water content in methanol is in excess of 2.03%. This interesting
observation is only possible due to the use of calcium oxide catalyst which generates more
methoxide anions that has high catalytic activity in transesterification reactions. Thus, the
reaction rate is accelerated and the biodiesel yield is improved. Nonetheless, if higher
water content (>2.8 wt.%) is added, the yield would still decrease as the converted
biodiesel would hydrolyse and become fatty acids to react with the base catalyst, resulting

in soap formation.

2.4.2 Reaction time
Adewale et al. (2017) who investigated enzyme-catalyzed esterification of crude tall oil

report that reaction time is one of the most contributing factors to the biodiesel yield. In
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general, the yield of biodiesel increases with longer reaction time. The reaction time
required for biodiesel production very much depend on the types of reactants and catalyst
used as well as the production method applied. Normally, the yield will reach a maximum
at an optimal reaction time and then remains relatively constant with a further increase in
the reaction time. Alamu et al. (2007) studied the reaction time for base-catalyzed
transesterification of palm kernel oil from 30-120 min. They observe a plateau of yield at
96% after 90 min. Once the maximum yield is achieved, it would be meaningless and no
longer cost effective to increase the reaction time. Furthermore, there are findings which
show that excess reaction time will result in lower product yield due to the backward
reaction of transesterification which make the esters to hydrolyse into soap-forming FFAs
(Eevera et al., 2009; Ma et al., 1998).

2.4.3 Alcohol-to-oil molar ratio and type of alcohol used

Another important variable affecting the yield of ester is the molar ratio of alcohol to
vegetable oil. High molar ratio of alcohol to vegetable oil would interfere with separation
of glycerin due to an increase in the glycerin solubility in biodiesel and alcohol. This is
troublesome as the glycerin would drive the equilibrium of the reaction back to the left,
thus lowering the yield of esters (Murugesan et al., 2009). Therefore, an appropriate
alcohol-to-oil molar ratio must be determined to avoid yield loss and uneconomic alcohol
recycling process. In line with that, Encinar et al. (2002) studied the transesterification
reaction of Cynara oil with ethanol at alcohol-to-oil molar ratios from 3:1 to 15:1. The
ester yields increased as the molar ratio increased up to 12:1 with the optimal results
reported for molar ratios between 9:1 and 12:1. For molar ratios less than 6:1, the reaction
was found to be incomplete whereas at 15:1 molar ratio, the yield decreased due to
dissolved glycerin in the biodiesel phase, making the separation of glycerin difficult.
Considering that the ester yields obtained using molar ratios higher that 9:1 did not
increase considerably to compensate the cost of using additional consumption of alcohol,
Encinar et al. (2002) recommended an optimal alcohol-to-oil molar ratio of 9:1 for

biodiesel production. On the other hand, Liu et al. (2008) reported an optimal alcohol-to-
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oil molar ratio of 12:1 for the transesterification of soybean oil with methanol and

heterogeneous calcium oxide catalyst.

The types of alcohol which are most commonly used for biodiesel production are
methanol and ethanol. Methanol is advantageous over other alcohols, mainly due to its
affordable cost as well as physical and chemical characteristics. For instance, it can react
quickly with triglycerides and dissolve very well in sodium hydroxide (Tabatabaei et al.,
2019). Methanol is the more favourable type of alcohol as emulsions formed after the
reaction would break down quickly to form a glycerol rich layer and methyl ester rich
layer. On the other hand, emulsions formed after reacting oil with ethanol are more stable
but making the separation and purification of esters more complicated (Murugesan et al.,
2009). However, the low boiling point of methanol raises concerns over possible
explosion risk associated with the colourless and odourless methanol vapours (Leung et

al., 2010). Care should be taken while handling the chemicals during biodiesel production.

2.4.4 Catalyst type and concentration

Catalysts are used to shorten the reaction time. They are used depending on the type and
quality of the feedstock. Base catalyst dominates the current biodiesel production methods
due to its excellent performance in improving the rate of transesterification. For instance,
the reaction rate of base-catalyzed transesterification is about 4000 times faster than acid-
catalyzed transesterification. It has been reported that acid-catalyzed reaction is slow (3—
48h). Furthermore, high purity and yield of biodiesel product can be achieved in a short
time (30-60 min) using base catalyst (Nomanbhay & Ong, 2017; Singh et al., 2020).
However, to use base catalyst, this puts a strict requirement on the quality of the feedstock
(e.g. FFA <1%).

Apart from the acid and base catalysts, biodiesel reaction can be catalyzed with enzymes
as well. In contrast to the chemical catalysts, enzymatic catalysts attracted research
interests as they can prevent soap formation, which translates into easy product separation.
In other words, the purification process of biodiesel is simpler. The enzymatic catalysts

are also suitable to be applied to low cost feedstock with high FFA and water (Tabatabaei
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et al., 2019). However, enzymatic catalysts incur higher cost and result in longer reaction
time (Leung et al., 2010; Nomanbhay & Ong, 2017).

Alkali and acid catalysts can be further categorized into liquid (homogeneous) and solid
(heterogeneous) catalysts. Homogeneous catalysts are used in the conventional
transesterification process. Although large amount of water is required for wet washing
of biodiesel produced via homogeneous transesterification process, the technology is
commercialize worldwide due to its relatively lower energy use, high conversion
efficiency, and cost effective reactants and catalysts (Motasemi & Ani, 2012). Recently,
researchers have gained huge interests in developing green heterogeneous catalysts as
they can be rapidly separated from the products by filtration, which reduces the
downstream processing cost. In addition, solid catalysts are also recyclable and can be
reused for multiple times. In contrast to homogeneous acid catalysts, solid acid catalysts
also offer other advantages such as the elimination of corrosion and environmental
problems (Leung et al., 2010). However, reaction catalyzed with solid catalyst proceeds
at a slower rate because the reaction mixture constitutes of a three-phase system (oil-
methanol-catalyst) which inhibits the reaction due to diffusion resistance between the
phases (Chen et al., 2012; Liu et al., 2008). The advantages and disadvantages of the
various types of catalysts used in biodiesel production are shown in Table 2.6.

Table 2.6 Advantages and disadvantages of different types of catalysts in biodiesel
production [adapted from (Nomanbhay & Ong, 2017; Tabatabaei et al., 2019)]

Type of

Catalyst Advantages Disadvantages
Homogeneous e Rapid reaction rate e Sensitive to FFA content in oil
base catalyst e Mild reaction conditions e Decrease in biodiesel yield
(less energy intensive) due to soap formation
e Relatively cheap and e Generate huge amount of
widely available wastewater in downstream
processing
Heterogeneous e  Mild reaction conditions e Poisoning of catalyst when
base catalyst (less energy intensive) exposed to the surrounding air
e Can be separated easily e Sensitive to FFA content in oil
after reaction e Decrease in biodiesel yield

due to soap formation
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Type of

Catalyst Advantages Disadvantages
e High possibility to reuse e Leaching of catalyst active
and regenerate sites may lead to product
contamination
Homogeneous e Insensitive to FFAs and e Very slow reaction rate

acid catalyst

Heterogeneous e
acid catalyst

Enzymes °

water content in feedstock
Perform simultaneous
esterification and
transesterification
Preferable method for
cheaper feedstock

Mild reaction conditions
(less energy intensive)

Insensitive to FFAs and
water content in feedstock
Perform simultaneous
esterification and
transesterification
Preferable method for
cheaper feedstock

Can be separated easily
after reaction

High possibility to reuse
and regenerate

Not affected by water
content in feedstock
Simple glycerol recovery
and produce high grade
glycerol

Low reaction temperature
(20-50 °C)

Low environmental
impact (wastewater
treatment not required)

Cause corrosion problems on
equipment

Separation of catalyst from
product is problematic

Complicated catalyst
synthesis process

Higher overall production cost
Energy intensive reaction
condition (high temperature,
high molar ratio & long
reaction time)

Leaching of catalyst active
sites may lead to product
contamination

Low to moderately-high
reaction rate

Relatively high cost of
catalysts if enzymes cannot be
recovered and reused

Possible enzyme inhibition by
alcohols

Encinar et al. (2002) studied the effects of catalyst type and catalyst concentration on the

transesterification reaction of Cynara oil. They have tested two homogeneous catalysts

(sodium hydroxide and potassium hydroxide) with their concentration vary in the range
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0.25-1.5 wt.%. The overall performance of sodium hydroxide (NaOH) catalyst is found
to be better than KOH catalyst. The optimal yields are achieved at a catalyst concentration
of 1.0 wt.%. Hence, using higher catalyst concentration does not always give high
biodiesel yield. Stavarache et al. (2003) discovered that adding large amount of catalyst
does not lead to an increase in the biodiesel yield. In fact, some of the catalyst react with
the oil, causing soap formation that results in the separation difficulties of esters from the
reaction mixture (Leung et al., 2010). The soap becomes a phase transfer catalyst which
increases the solubility of the FAME in the glycerol phase. Thus, a significant amount of
the FAME remains in the glycerol after phase separation, causing the product yield to
decrease further. In addition, high catalyst concentration also results in another issue:
forming emulsions while washing the esters. During washing process, the soap that form
in the esters phase would accumulate at the interfacial region between the immiscible
esters phase and water phase. The soap molecules would trap esters inside, thus causing
greater loss in biodiesel yield when the soap molecules are removed from the esters
together with the water (Stavarache et al., 2005). This is similar to the findings reported
by Encinar et al. (2002). At higher concentration, reduction of yield is reported. For
refined oil with FFA contents of <1%, the addition of an excessive amount of base catalyst
gives rise to the formation of emulsion, which hinders the glycerin separation, causing a

fraction of the esters to be lost during the separation and purification process.

2.4.5 Reaction temperature

Reaction temperature has been generally reported as a significant variable for speeding
up the reaction rate and reducing the reaction time by facilitating mass transfer (Leung et
al., 2010). According to Freedman et al. (1984), the reaction rate of biodiesel production
from various vegetable oils, such as cottonseed, peanut, soybean, and sunflower, are four-
time faster when conducted at temperature >60 °C compare to at 32 °C. At elevated
temperature, the solubility of oil in alcohol improves. The high temperature also increases
the molecular activity in the reaction mixture, thus resulting in better diffusion and higher

probability of molecular collisions, which enhances the reaction rate (Roy et al., 2014).
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An increase in the reaction temperature also makes the breaking of bonds of triglycerides
and methyl combinations into FAMEs easier (Wei et al., 2013).

However, the increase in temperature beyond certain limits can have adverse effects on
the reactants or products (e.g. degradation, vaporization) and being less cost-effective. It
is noteworthy that for non-enzymatic biodiesel production, the temperature near to
alcohol boiling point is the optimum temperature (Tabatabaei et al., 2019). Beyond this
temperature, both mass transfer and yield of transesterification reaction drop due to loss
of alcohol through vaporization. Liu et al. (2008) reported that the reaction rate of
transesterification using solid base catalyst is accelerated with increasing temperatures up
until an optimum reaction temperature is reached at 65 °C (i. e. boiling point of methanol).
At higher temperature, not only does methanol is lost through vaporization, the boiling
methanol also forms a large number of bubbles in the reaction mixture which inhibit the

reaction on the three-phase interface (oil-methanol-solid catalyst).

2.4.6 Mixing speed

Mixing performance is another crucial parameter in optimizing biodiesel production
process as it can greatly influence the mixing degree between immiscible alcohol-oil
phase, the mass transfer, and thus affecting the rate of conversion. A direct relation was
reported between increasing rotation speed (200-800 rpm) and improved biodiesel yield
(Z.-H. Li et al., 2013). According to Roy et al. (2014), the stirrer speed considerably
controls the mass transfer kinetics with respect to the economic production of biodiesel
from the transesterification of Jatropha oil. It has been revealed that the influence of
stirring rate on the control of biodiesel production is the highest during the initial stages
of reaction when the alcohol and oil are still immiscible with each other. As the reaction
proceeds, the significance of agitation drops as the reaction mixture gradually becomes a
homogeneous phase with an increase in the mass fraction of esters that increase the
solubility of methanol in the oil and esters. It is reported that the oil, methanol and FAME
mixture becomes a homogeneous phase when the FAME content increases to 70% (Zhou
et al., 2006). Nonetheless, excess mixing can reduce the economic feasibility of biodiesel
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production process as this increases the equipment and operation complexities which
results in higher capital and energy requirement, as well as reduces the yield of ester
conversion by making less alcohol available for reaction due to vaporization and/or
bubble formation (Tabatabaei et al., 2019).

2.5  Process intensification for biodiesel production

To date, scientists and researchers have been contributing vast amount of ideas and great
effort into improving the conventional biodiesel production process. Apart from finding
the new green and cost-effective catalyst in an effort to keep the biodiesel cost more
affordable, some choose to switch their focus to improve from other aspects, which is the
heat and mass transfer of fluid within the process. The typical process treatments in
biodiesel conversion and utilization technologies could be categorized in Table 2.7.

Table 2.7 Typical Biodiesel Production Process

Process Description

Feedstock Pre-treatment processing usually takes place in the pre-screening
Preparation and of feedstock, where unfavourable materials are removed or
Pre-treatments converted (e.g. FFA).

Chemical Triglycerides or free fatty acids are converted to alkyl esters via
Reactions transesterification or esterification reaction. Addition of suitable

catalysts accelerates the reaction. Glycerin or water are generated
during the reaction.

Heat and Mass Efficient control of heat and mass transfer to and from the
Transfer reactants is crucially important to enhance the reaction rate. This
Enhancement includes the usage of the conventional heating and mechanical

stirring method, and the deployment of green technologies such
as microwave and ultrasound.

Downstream The principal product of biomass processing using vegetable oil
Processing of and animal fat is biodiesel (FAME). This principal product can
Biodiesel Products be used for direct end use after purification, as an alternative fuel

that replace petroleum diesel. Crude glycerin is generated as a by-
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Process Description
product from the transesterification process. It is a value product
which enhance the profitability of the biodiesel production

process.
Product Purify the biodiesel product by separating other undesired
Purification and reactants or products from the fuel product. The unfavourable
Separation products are further processed to recover useful materials for

future usage. For instance, the separation of methanol and salts
from crude glycerin that was produced by the transesterification
process. Methanol that is recovered can be reused again for
biodiesel production.

During the pre-treatment, filtering process is employed to remove dirt and other
particulate matters from the oil when necessary. In addition, water must be removed from
the oil as well because it will hydrolyse the triglycerides to form free fatty acids and
glycerin. Typically, feedstock that is acceptable for processing without pre-treatment has
less than 1% FFA content. To deal with the FFAs, acid-catalyzed esterification is
performed to convert them into biodiesel (Leung et al., 2010). Alternatively, neutralize
the FFAs by turning them into soap and then remove the soap from the oil. After the pre-
treatment, the oil is sent to a reactor for biodiesel production. With efficient mass and heat
transfer enhancement, biodiesel is obtained with excellent conversion. Upon completion
of the process, the reaction mixture is subjected to gravity separation or centrifugation to
induce phase separation. After that, the biodiesel goes through a neutralization and
purification process whereby the other undesired compounds such as catalyst, soap and
unreacted triglycerides are removed by using dry or wet washing methods. Wet washing
is a water and energy intensive process whereby 2-120 L of wastewater is generated for
treating every 100 L of biodiesel that are neutralized by acids. Lastly, the biodiesel is
dried and stored as the final product. The costly treatment of generated wastewater and
drying the final product increase the downstream processing cost of biodiesel production.

In contrast, dry washing biodiesel using absorbents is a more environmental friendly
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option but the use of absorbents and additional equipment may not be economical under
certain industrial circumstances (Lee & Shah, 2012; Tabatabaei et al., 2019).

Most of the commercial biodiesel are produced via base or acid-catalyzed
transesterification of vegetable oils and animal fats in stirred tank reactors. According to
Qiu et al. (2010), there are several challenges related to this conventional process which
consequently result in high alcohol-to-oil molar ratio, catalyst concentration, and long
reaction time. As transesterification itself is a reversible reaction, hence there is an upper
limit to the biodiesel conversion without any product removal. In order to overcome this,
the alcohol-to-oil molar ratio has to be increased. Meanwhile, the limited mass transfer
between oils and alcohol which are immiscible in nature negatively affects the reaction

rate. To solve this issue, mechanical stirring mechanism is adopted.

During the conventional biodiesel production process, heat is transferred via thermal
convection and conduction, from the wall surface of the reaction vessel, to the internal
reaction mixture. As a result, a large amount of energy from the heat source is lost to the
environment through the conduction of materials and convection currents, making this
method relatively slow and inefficient (Motasemi & Ani, 2012). Furthermore, the heating
effect of conventional method also highly depends on the thermal properties of the surface
materials in order to transfer heat to the internal sample volume, which results in non-
uniform sample temperatures and higher thermal gradients (Gude et al., 2013).
Additionally, the reaction mixture has to be mechanically stirred to enhance the heat
transfer in order to increase the reaction rate between the feedstock and alcohol for
biodiesel production. The current biodiesel production reactions suffer from mass transfer
limitation due to the limited miscibility of alcohol and oil (Boffito et al., 2014). They will
form a two-phase solution instead of a homogeneous solution. Hence, mechanical mixing
is applied in the conventional method to improve the reaction rate. Kalva et al. (2008)
reported that the typical reaction time to achieve at least 95% biodiesel yield for base-

catalyzed transesterification at about 50°C is around 2 hours using mechanical agitator.

There has been substantial searching for more efficient biodiesel production methods to

enhance the mass and heat transfer of fluids. This has led to the integration of green
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technologies such as microwave and ultrasound into the current biodiesel production
method to further accelerate the reaction, which is also referred to as process
intensification. Process intensification is the development of methods and/or equipment
to provide higher yields with improved benefits compared to existing conventional
procedures. It is a strategy for making significant reductions of chemical plant size
through size shrinkage of individual pieces of equipment or reduction of the number of
unit operations involved so as to reach a given production objective. Process
intensification could also lead to other desirable effects such as increase in production
capacity, decrease in energy consumption or even a cut in waste or by-product formation
(Stankiewicz & Moulijn, 2000). The goal of process intensification is to develop

substantially smaller, cleaner, and energy-efficient technologies for the industries.

Many researchers explored and put in a lot of effort to integrate several types of
intensification technologies into the current biodiesel production process. Tabatabaei et
al. (2019) has comprehensively reviewed 18 types of chemical reactors used for biodiesel
production and classified them into five categories of reactor: (i) rotating reactors; (ii)
simultaneous reaction-separation reactors; (iii) plug-flow reactors; (iv) microwave
reactors; and (v) cavitational reactors. Among the five categories of reactors, various new
reactor designs have been proposed and researched for the rotating reactors and plug-flow
reactors. It is found that the investigations on reactors from these two categories are
mostly carried out to study the effects of mechanical configurations or internal geometries
of the reactor design towards the enhancement of mass transfer in the chemical reaction.
Meanwhile intensification methods which are under the simultaneous reaction-separation
category include reactive distillation, and membrane separation. Both methods could be
used to combine the reaction as well as the downstream separation and purification
process for biodiesel production. The reactor technologies that have been reviewed and
are of interest in this work are the microwave and cavitational reactors. Another type of
process intensification technology for biodiesel production — the supercritical solvent

method would be discussed as well.
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2.5.1 Supercritical solvent method & co-solvent

The production process of biodiesel is usually performed catalytically. Alternatively, it
can be performed non-catalytically by using supercritical methanol. Supercritical
methanol is superior to catalytic methods as no catalyst is needed and the reaction time is
relatively shorter (Tan et al., 2009). The absence of catalyst indicates that the elimination
of complicated separation and purification process of biodiesel. In addition, the
supercritical method has a higher adaptability with alternative feedstock which has higher
FFA and water content as there is no risk of saponification without the addition of catalyst.
The supercritical method is expensive as it requires higher energy input to operate

at/above the critical temperature and pressure of solvents (Nomanbhay & Ong, 2017).

When a fluid is subjected to temperatures and pressures in excess of its critical point, a
distinct liquid and vapour phase no longer exist. Beyond the critical temperature and
pressure, a single-phase fluid exists due to the significant drop in the solubility parameter
and dielectric constant of fluid (Tan et al., 2009). This is referred to as the supercritical
fluid phase. The critical point of methanol is found to be 239.6 °C and 8.1 MPa (Wei et
al., 2013). In the supercritical methanol method, the temperature and pressure are
maintained above the critical point of methanol, thus the alcohol becomes more soluble
in oil. This approach can solve the immiscibility issue associated with the two-phase
nature of methanol/triglycerides mixture by forming a homogenous solution, whereby the
reaction is completed in a very short time (Han et al., 2005; Leung et al., 2010).

The biodiesel production via supercritical methanol without catalyst requires
temperatures of 350-400 °C and pressures of 45-65 MPa (Han et al., 2005). However,
this is impractical as esters will thermally decompose at high temperature. Roman-
Figueroa et al. (2016) who study the transesterification of castor oil using supercritical
methanol observes an 80.9% of thermal decomposition of esters at 350 °C and 43 MPa.
The maximum yield (96.5%) is achieved at 300 °C, 21 MPa and 90 min. On the other
hand, Tan et al. (2009) investigate the non-catalytic biodiesel production from palm oil
by using supercritical methanol at a methanol-to-oil ratio of 30 ffor 20 min. The reaction

temperature is 360 °C at 22 MPa pressure. Their results show that the reaction time is
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reduced to 20 min by using non-catalytic supercritical methanol technology, compare to
the 1-hour reaction time required for catalytic methods to produce more than 70% yield.
Subsequently, Tan et al. (2010) carry out an optimization study on the non-catalytic
supercritical methanol reaction using refined palm oil feedstock. The optimum conditions
for achieving 81.5% yield are 16 min reaction time, 372 °C reaction temperature and a
methanol-to-oil molar ratio of 40. The optimum pressure is not reported but the pressure

range they studied is between 15-25 MPa.

The main parameters influencing the supercritical reaction are temperature, pressure,
methanol-to-oil molar ratio, reaction time and agitation speed. The effect of pressure is
said to be lower than that of temperature and reaction time in general (Shin et al., 2012).
When the reaction is carried out in a batch reactor at optimal agitation speed of 200—
500rpm, the operating pressure range can be reduced from 30-35 MPa to 18-21 MPa
(Roma-Figueroa et al., 2016).

In addition, co-solvent such as supercritical carbon dioxide can be added to the reaction
mixture in order to reduce the reaction temperature and increase the mutual solubility
between methanol and vegetable oil under supercritical conditions (Han et al., 2005). The
critical temperature and critical pressure for carbon dioxide is 31.1 °C and 7.4 MPa,
respectively. Han et al. (2005) reported a significant decrease in the severity of the
conditions required for supercritical reaction with the addition of CO in the reaction
system. For instance, the optimal reaction temperature to achieve the same vyield is
reduced by 50 °C, from 330 °C to 280 °C, with the addition of CO,. They obtained a 98%
ester yield from soybean oil in 10 min with an optimal reaction temperature of 280 <C,
methanol-to-oil ratio of 24, and CO»-to-methanol ratio of 0.1 at 14.3 MPa reaction
pressure. Maqaira et al. (2011) also employed a similar approach for the continuous
transesterification of biodiesel in a fixed bed reactor to get optimal yield (88%) at reaction
conditions of 200 <C, 25 MPa and 2 min. The observed reaction rate is 20 time faster than

the conventional biodiesel production process.

Although many researchers have shown the feasibility of supercritical methanol
technology, the over-production of glycerol by-product could not be avoided as it leads
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to uneconomical biodiesel processing. Thus, a non-catalytic biodiesel production process
using supercritical methyl acetate has been proposed. Rather than glycerol, triacetin
(glycerol triacetate) is produced along with esters during the reaction. The triacetin has
no adverse effects on the main fuel characteristics and using it as an additive can improve
the cold flow properties of biodiesel (Niza et al., 2013). Thus, ideally no separation step
is needed after the reaction when a 100% biodiesel yield is obtained. Niza et al. (2011)
reported that the optimum conditions to achieve 71.9% biodiesel yield for the
transesterification reaction of Jatropha oil using supercritical methyl acetate are 400 C
reaction temperature, and a methy|l acetate-to-oil molar ratio of 50 in 32 min reaction time.
The reaction pressure was maintained above the critical pressure of methyl acetate (4.6
MPa).

Due to the requirement of high reaction temperature (400 <C) in the supercritical methyl
acetate method, the thermal stability of the major ester components (methyl oleate and
methyl linoleate) as well as triacetin are investigated (Niza et al., 2013). The results
revealed that thermal decomposition phenomena occur for both esters at the tested
temperature range from 330 <C to 420 <C, but at a different rate. The thermal stability of
methy! linoleate significantly decreases as temperature increases from 330 <C to 420 <C
while the methyl oleate is still relatively stable at <360 <T (>80% ester recovery). Similar
thermal degradation behaviour was also observed for triacetin whereby the recovery is
already less than 40% at 330 <C. Hence, the use of supercritical methyl acetate method
for biodiesel production is still not a feasible method yet compare to supercritical
methanol. The thermal stability study of esters conducted by Imahara et al. (2008)
revealed that decomposition occur dominantly at temperature >350 <C over a prolonged
period of reaction time. To achieve thermal stabilization for high quality biodiesel
production, they recommend the reaction temperature to be < 300 <T (preferably 270 <C)

with a supercritical pressure higher than 8.09 MPa (for supercritical methanol case).

Nonetheless, instead of adding methyl acetate directly, adding acetic acid to supercritical
methanol can reduce the amount of glycerol content that is produced, by converting them

into triacetin. Wei et al. (2013) reported a 97.83% yield of esters from soybean oil after
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90 min of supercritical transesterification with carbon dioxide at 20 MPa, 280 °C, at a
methanol-to-oil ratio of 60, and an acetic acid-to-oil ratio of 3. The glycerol by-product is
reduced by 30.2%.

2.5.2 Cavitation

For two-phase liquids such as oil-methanol that are immiscible in each other, the use of
cavitation generally results in improved emulsification and smaller droplet size. This
increases the surface area at which alcohol, catalyst, and oil interact with each other and
therefore intensify the mass transfer and reaction rate (Chipurici et al., 2019; Tabatabaei
et al., 2019). Acoustic energy or flow energy are used in cavitational reactors to intensify
chemical processes through cavitation phenomenon. The formation of cavities as well as
their subsequent growth and violent collapses, release huge amount of energy over a very
small area, leading to large energy densities (Chuah et al., 2017). In other words, localised
hot spots under extreme temperature and pressure are formed. This also generates very
fine emulsions that improve reaction rate when the disruption and mixing caused by
cavitational collapse occur near or at the interface of two liquids. Apart from accelerating
the reaction rate, this phenomenon reduces the amount of catalyst required and shorten
the reaction time from hours to minutes (Oliveira et al., 2018). In contrast to the number
of cavitation bubbles, the size of cavitation bubble, which relates to the energy released
when bubble collapse, has an inverse relationship with the ultrasonic frequency.
(Tabatabaei et al., 2019). To maximize the process intensification effect in any
cavitational reaction, parameters which increase the maximum size and life of the cavities

must be optimized (Gogate, 2008).

The cavitational reactors can be classified into sonochemical (ultrasonic) reactors and

hydrodynamic cavitation reactors. The ultrasonic reactors can be further categorized into

ultrasonic horn and ultrasonic bath. Ultrasonic horn is an immersion type of transducer

which directly produce very high pressure intensities close to the horn. The pressure

intensity decreases exponentially with increasing distance from the horn. The second

sonochemical design, ultrasonic bath (cleaner) consists of single or multiple ultrasonic
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transducers encompassing the bottom of the reactor. The active ultrasonication zone is
limited to a vertical plane on top of the transducers where the highest intensity is found at
the centre of the transducer(s) (Gogate, 2008). Compared to ultrasonic bath which is low
cost and widely available, ultrasonic probe has some disadvantages such as scale up
complexity, erosion and particle shedding on the horn tip surface and low cavitation
efficiency due to the concentrated acoustic intensity distribution (Oliveira et al., 2018;
Tabatabaei et al., 2019).

In most cases, the ultrasonic reactors operate in the frequency range 20-50 kHz with
output power typically over 200 W. Ultrasound is used for the first time to produce FAME
on a laboratory scale by Stavarache et al. (2003). Later, the same team applied for a patent
to use ultrasound irradiation for biodiesel production (Maeda et al., 2005). Stavarache et
al. (2003) studied the effect of low frequency ultrasounds (28 and 40 kHz) on the
transesterification reaction of vegetable oil and compare with mechanical stirring. The
reaction which is performed under 40 kHz ultrasonic irradiation in ultrasound bath
completes the fastest (20 min), followed by 28 kHz (40 min), and lastly mechanical
stirring (60 min). They do not fully understand the differences behind the formation and
collapse of cavitation bubbles at 28 and 40 kHz which lead to the difference in reaction
time. Two years later, Stavarache et al. (2005) also reported the same findings, concluding
that low frequency ultrasonic irradiation is useful for transesterification reactions. The
optimal frequency is observed at 40 kHz with 400W power. At higher frequencies, the
formation and collapse of cavitation bubbles are not strong enough, causing poor mixing
between the two immiscible layers (alcohol and oil). Emulsification does not occur;
therefore, the reaction rate is not accelerated as desired.

Ho et al. (2015) carried out ultrasound-assisted transesterification of refined palm oil
(RPO) and CPO using heterogeneous palm oil mill fly ash supported calcium oxide
catalyst. They introduced ultrasound of 20 kHz (max. power 700 W) in a pulse mode (10s
on and 7s off) via an ultrasonic horn to prevent instantaneously temperature spikes and
generate sudden impacts for better cavitation. The reaction temperature is fixed at 45 °C.

Their experiments show that the reaction time is reduced from 360 min under
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conventional mixing to 30 min with 60% ultrasonic amplitude (yield >97%). It is reported
that further increment in the amplitude does not improve the biodiesel yield. This could
be due to the small reactor volume (250 mL) where ultrasound at 60% amplitude is more
than sufficient to enhance the mass transfer. In addition, the size of bubbles form at high
ultrasound amplitude are larger and they inhibit the transfer of acoustic energy through
the liquid phase (Kumar et al., 2010).

Stavarache et al. (2007) investigated the base-catalyzed transesterification of commercial
edible oil and RBD palm oil in ultrasonic continuous flow reactors at 38-40 °C reaction
temperature. A 45 kHz 600W power push-pull ultrasonic transducer (similar to ultrasonic
horn) is used to provide the ultrasonic irradiation. The effects of the reactor’s volume and
the residence time on the yield are studied. Their results reveal that the yield decreases
with increased reactor volume, as the ultrasounds power and bubbles density diminished,
leading to a low mass transfer between the reactants. To obtain the highest yield, they
recommend using a small reactor in continuous mode with shorter residence time. It is
noteworthy that for RBD palm oil which partially solidified at room temperature, the oil-
to-alcohol molar ratio and residence time required for ultrasonic irradiation have to be
increased from 1:6 to 1:7.5 and 10 min to 20 min to achieve similar yields as commercial

edible oil. Thus, low quality feedstocks are comparatively not suitable for ultrasonication.

Nonetheless, Deshmane et al. (2008) studied ultrasound-assisted esterification of PFAD,
a low quality feedstock with high FFA in an ultrasonic bath. They discover that ultrasound
significantly enhances the reaction rate after the system has reached about 30% of FAME
conversion. At this stage, the liquid mixture starts to form two layers (ester-rich layer and
excess methanol layer) and the progress of the reaction highly depends on the mass
transfer between the two phases. Ultrasound eliminates the mass transfer resistance and
reduces reaction time required from 300 minutes (conventional method) to 150 minutes
in order to achieve FAME conversion around 95% at 40 °C. They use a fixed ultrasound
power output rate (22 kHz frequency at 120 W) during the experiment, which may not be

the optimum power output for mass transfer enhancement. Compared to the results
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obtained by Stavarache et al. (2007), it can be seen that reaction time required is relatively

longer for low quality feedstock.

Apart from the power output rate and type of feedstock, alcohol-to-oil molar ratio also
plays an important role for optimal ultrasound-assisted biodiesel production. The reaction
is usually carried out with excessive amount of alcohol instead of at its stoichiometric
alcohol-to-oil molar ratio in order to drive the reaction to the right and to prevent reverse
reaction. However, if the molar ratio used is too high, it reduces the beneficial effect
ultrasound may bring. Kalva et al. (2008) reported that the optimum alcohol-to-oil ratio
for transesterification of soybean oil under 20 kHz ultrasonication is 12:1. Further
increase in the ratio reduces the biodiesel yield due to lower intensity of microturbulence

generated by the cavitation bubbles in the reaction medium.

Hydrodynamic cavitation is an alternative method to create large scale emulsification
through cavitation phenomena that combined with intense turbulent mixing. Unlike
acoustic cavitation, hydrodynamic cavitation is generated via pressure variations when
the fluid passes through a constriction channel such as orifice plates at high velocity by
using Venturi type devices or pumps (Chipurici et al., 2019; Tabatabaei et al., 2019). The
simplicity of hydrodynamic cavitation reactors with respect to the design, structure,
operation and maintenance makes them a promising process intensification technology.
Unlike ultrasonic reactors, hydrodynamic cavitation reactors are easy to scale up and they
face less erosion problems because the cavitation takes place at the shear layer in bulk
(Shah et al., 1999). The intense turbulent mixing and the subsequent uniform cavitation
throughout the reactor allow efficient chemical reaction at milder conditions of pressure
and temperature. Furthermore, the energy input per unit volume of reagents required by
hydrodynamic cavitation can be up to 10 times lower than that of ultrasound cavitation
(Gogate, 2008; Shah et al., 1999).

Pal et al. (2010) studied the biodiesel conversion through a hydrodynamic cavitation
system which consists of a feed tank, a pump, an orifice, and control valves. The process
achieved 80% yield within 30 min residence time with a reduction of energy consumption

by more than half when compared to the conventional mixing method. Same process
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approach is also implemented by Gole et al. (2013) who pre-treated and transesterified
non-edible Nagchampa oil. In the process, a 92% conversion of biodiesel is achieved
within 20 min treatment of pre-esterified oil with 1 wt.% KOH and 1:6 oil-to-alcohol ratio.
Furthermore, Joshi et al. (2017) reported that the use of hydrodynamic mixer (high-speed
homogenizer, 12,000 rpm) for the heterogeneous catalyzed-transesterification reaction of
soybean and waste cooking oils reduces the reaction time from 120-180 min to 30 min

with same yields of biodiesel.

Compared with mechanical stirring, hydrodynamic and ultrasonic mixers have lower
requirements for catalyst and shorter reaction times (10-60 min) (Tabatabaei et al., 2019).
However, the limitation of ultrasound is its low effective heating transfer ability (Gole &
Gogate, 2013). Hydrodynamic cavitation is a better mixing technique than acoustic
cavitation, allowing better mixing for immiscible liquids as well as easier scale up process
regardless of the geometric characteristics of reactor. Kelkar et al. (2008) reported that
that hydrodynamic cavitation is more energy efficient than acoustic cavitation
(ultrasound). Despite the many advantages of hydrodynamic cavitation, it should be noted
that pressure drop beyond the optimum condition could lead to choked cavitation
phenomenon in which the downstream is completely filled with a cavity cloud which
escape from the liquid without collapsing, and consequently reduced the micro turbulence
intensity and the ester conversion (Maddikeri et al., 2014). Furthermore, great amount of
energy loss associated with the fluid pumping process and the cost of pumping are also
issues that have to be tackled of for the economical implementation of hydrodynamic
cavitation (Dindar, 2016).

2.5.3 Microwave heating

A more recent approach to process intensification of biodiesel production is the use of
microwave heating as it delivers better heat transfer than conventional heating (Chipurici
et al., 2019). This helps improve the cost effectiveness of the chemical process by
reducing reaction time and energy requirement. Microwave is an electromagnetic wave

in the wavelength ranging from 0.01 to 1 m which corresponds to frequency range of 0.3
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to 300 GHz. The typical bands approved for industrial applications are 915 MHz and 2.45
GHz. In order to avoid interference with telecommunications and cellular phone
frequencies, all microwave reactors for chemical synthesis as well as domestic microwave
ovens operate at 2.45 GHz frequency, which corresponds to a wavelength of 12.25 cm
(Motasemi & Ani, 2012).

Microwave comprises of electric and magnetic field which lay perpendicular to each other.
According to Fernandez et al. (2011), there are four ways to categorize materials that
interact with the electric field component of the microwave field, namely (i) insulator, (ii)
conductor, (iii) absorber, and (iv) mixed absorber. The insulator refers to material that are
transparent to microwave, which let microwave penetrates without incurring any losses.
In contrast, microwave cannot pass through the conductor and tend to reflect or bounce
back. Absorber, which is also referred to as ‘dielectric’, absorbs microwave radiation and
heats up. Thus, microwave heating is also known as dielectric heating. Meanwhile, the
mixed absorber is a composite or multi-phase material which consists of different phases
with low and high dielectric loss respectively. This makes it advantageous to utilize the
selective heating mechanism, one of the most significant characteristics of microwave
processing. The component with high dielectric loss absorbs the microwave and passes
the generated heat to the low dielectrics loss component without wasting much energy.
For instance, methanol which has high dielectric loss absorbs microwave energy and heats

up oil feedstock with low dielectric loss.

Conventional heating is a non-selective mode of heating that strongly depends on efficient
stirring to facilitate heat distribution (D ®z-Ortiz et al., 2019). Unlike conventional heating
where energy is wasted to heat the vessel wall to subsequently heat up the reagents inside
through conduction and convection, microwave energy can directly penetrate the vessel
wall without heating it and directly increase the temperature of the reaction mixture (Gude
et al., 2013). Hence, microwave dielectric heating is not restricted by the thermal
conductivity of the vessel. It is a non-contact energy source which provides rapid heating
and cooling as well as selective heating of polar components. A reaction which may take

hours to complete can therefore be shortened into minutes. As a result, yield is improved,
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unwanted side reactions are minimized and less by-products are formed, resulting in a
simplified downstream process that decreases the overall time taken for product
separation (Muley & Boldor, 2013; Patil et al., 2012). It also reduces the equipment size
required (Gude et al., 2013). This makes it an energy, time and workspace saving

technique for biodiesel production.

The thermal effects of microwave can be summarized as inverted temperature gradients,
overheating (superheating), hot-spots and inhomogeneity, and selective heating (D Bz-
Ortiz etal., 2019). Some researchers that investigate microwave technology in other fields
claim that ‘non-thermal microwave effects’ (i.e. influence of electromagnetic radiation)
exist and that purely thermal microwave effects, which fundamentally based on Arrhenius
phenomena, is insufficient to explain the reaction rate enhancement (D Bz-Ortiz et al.,
2019; Nomanbhay & Ong, 2017). This issue remains a controversial topic among the
researchers. The ‘non-thermal microwave effects’ are difficult to prove as the conversion
of electromagnetic energy into kinetic energy is slower than the conversion of Kinetic
energy into thermal energy plus it is difficult to isolate experimentally thermal heating
from other possible effects of microwave radiation (Rodr uez et al., 2015). Mazubert et
al. (2014) rebutted the claims regarding the presence of non-thermal microwave effects.
For homogeneous-catalyzed reactions, they suggest that the effect may seem to exist due
to the poor temperature measurements using infrared sensors, where higher biodiesel
yield is observed due to higher values of actual temperature during reaction and the
reactants could possibly be superheated too. Nonetheless, it is accepted that in most cases,
the observed ‘non-thermal effects’ enhancements in microwave-heated reactions are the

results of purely thermal/kinetic effects (Rodr guez et al., 2015).

Ever since the first publication on microwave-assisted organic synthesis by Gedye et al.
(1986), microwave heating technology has been extended to various fields such as
medicinal chemistry, materials science, biochemistry, and green chemistry (Rodr guez et
al., 2015). Currently, the superior benefits of microwave irradiation for biodiesel synthesis
has been reported by several researchers. The study conducted by Duz et al. (2011) proves

that microwave irradiation has superior benefits over the conventional heating method in
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biodiesel production. The reaction time is reduced from 2 hours to 6 min under microwave
irradiation. On top of that, the biodiesel yield obtained is 4.1% higher compare to the
conventional method. Apart from enhancing reaction rate and producing higher yield with
less energy usage, microwave-assisted transesterification also produces less by-product,
which leads to a simplified and time-saving downstream process (Gude et al., 2013; Patil
etal., 2012).

On the other hand, Lokman et al. (2014) also reported that the use of microwave heating
in biodiesel production helps reduce the amount of solvent and energy required to
complete the reaction at a lower temperature in a short time. El Sherbiny et al. (2010) also
reported that the reaction time needed to produced 97.4% of biodiesel from microwave-
assisted transesterification of Jatropha oil reduces from 60 minutes (conventional reflux)
to less than 2 minutes. In their experiments, a scientific microwave oven is used to
maintain the reaction temperature at 65 °C. However, there is no extra specifications given
for the microwave oven. This makes it harder to compare the results with other

microwave-assisted experiments.

A microwave reactor consists of a magnetron equipped with controls (the duty cycle) that
transfer the electromagnetic energy through waveguide into a reactor vessel, enclosed
within a metallic cavity (Leonelli & Veronesi, 2015). The reactor vessel can be
constructed from microwave-transparent materials such as PTFE, quartz, or silicon
carbide, which allow the volumetric heating of reactants within the vessel (Tabatabaei et
al., 2019). Researchers have utilized several types of microwave reactors during their
investigation of microwave-assisted biodiesel production, which can be categorized to
function in either mono-mode (single mode) or multimode; and controlled either through
microwave power level or temperature feedback. In a mono-mode oven, a standing wave

pattern is created as shown in Figure 2.3.

The interference of electric fields with the same amplitude but different oscillation creates
an arrangement of nodes with zero microwave energy intensity and a collection of
antinodes with maximum amount of microwave energy. The sample vessel is placed right

at the antinodal position of the standing wave pattern (as depicted in Figure 2.4), which
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results in high heating rate (Rana & Rana, 2014). However, only one vessel can be

inserted in the mono-mode oven at a time.
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Figure 2.4 Heating mechanism in mono-mode microwave reactor [Reprinted permission
obtained as shown in Appendix C, Rana and Rana (2014)]

In multimode reactors such as domestic ovens, the microwave that enters the cavity is
reflected by the metal walls and the load over the cavity. In most equipment, a mode stirrer
is installed (as shown in Figure 2.5) to disperse the microwave irradiation and ensure
better field distribution such that the area of effective heating increases (Gude et al., 2013).

Thus, it is possible to accommodate multiple samples in a multimode microwave reactor
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simultaneously, making parallel synthesis possible. Nonetheless, the chaotic wave
dispersion also results in the absence of temperature uniformity within the cavity, which

creates hot-spots and cold-spots within the samples.
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Figure 2.5 Schematic of a multimode microwave reactor [adapted from Rana and Rana
(2014)

Apart from the microwave functioning modes, the way microwave reactor is controlled
during its operation may also play a part in affecting the results obtained by different
researchers. Some researchers use microwave reactors that are controlled via temperature
feedback while some use microwave ovens that are controlled at fixed power levels. In
the former form of microwave reactors, samples will be heated to a temperature level
which is kept constant but the microwave irradiation is inconsistent over time. Meanwhile,
samples in the latter microwave oven controlled using power level scales experience
uniform cyclic dielectric heating but subject to varying temperature over time. For
instance, Mazubert et al. (2014) uses a mono-mode microwave reactor equipped with a
2-bladed PTFE impeller (as shown in Figure 2.6) for their experiment to produce waste
cooking oil biodiesel using two step approach (esterification followed by
transesterification). The maximum microwave power is 300W and the power is
automatically adjusted to the desired temperature by using optical fibre for temperature

monitoring.
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Putting the reactor design aside, variables which could affect the yield performance of the
microwave-assisted esterification process are microwave frequency, power level, initial
temperature and the dielectric properties of the reacting materials (Filho et al., 2016).
While the former three variables are controllable by user, dielectric properties are material
specific. Therefore, investigating the frequency and/or temperature-dependent dielectric
properties of PFAD and its biodiesel will aid in predicting not only the temperature
profiles for the reactions, but also the heating rates, the distribution of electrical field, as
well as understanding the mechanism of microwave dielectric heating on the feedstock
(Muley & Boldor, 2013; Terigar et al., 2010).

@ Opticfiber

Z4 MW irradiation

Figure 2.6 Schematic of mono-mode microwave reactor (CEM Discover SP model) with
impeller and temperature control mechanism [Reprinted permission obtained as shown
in Appendix C, Mazubert et al. (2014)]

During the research on biodiesel production of waste cooking oil using sulphuric acid
catalyst, Patil et al. (2012) reported that the energy consumption required for microwave
heating (288 kJ) is more than 90% lower than that for the conventional heating (3150 kJ).
They also noted that 6 min of 800W microwave heating is sufficient to produce
comparable biodiesel yields as to 105 min of conventional heating. This large discrepancy
in reaction time is attributed to the limitations of conventional heating in which higher
amount of heat energy is lost to the ambient while increasing the reaction temperature

from the surface of the reaction vessel.
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Interestingly, apart from comparing the effectiveness of microwave heating with respect
to the conventional heating method, Patil et al. (2010) has conducted a side investigation
on the effect of controlling the power dissipation of a domestic microwave oven towards
biodiesel yields. Five different microwave power levels (20%, 40%, 60%, 80% and 100%
of 800W) are tested. They observe that the biodiesel yield achieved under 1 min of 40%
microwave power dissipation is similar to that obtained using 15 min conventional
heating, with 23 times lower amount of energy required. Their results suggest that proper
power dissipation control could further reduce the energy requirements. Regrettably, they
have not discussed this part of their results in much detail. Nevertheless, several clues
could be found from the graph they plotted. When the power dissipation level increases
from 20% (160W) to 40% (320W), a huge spike is observed in their biodiesel yield, where
the conversion obtained in 1 min reaction time increases sharply from below 40% to 80%.
However, the conversion rate is not linearly proportional to the power dissipation levels.
The biodiesel yield achieved with further increment in the power dissipation level (60%,
80% & 100%) only increase gradually (<10% in total). This points out that the energy
requirements of microwave heating could be enhanced by finding the optimum
microwave power level for a specific chemical reaction. However, these results are hard
to compare with the results obtained by other researchers without knowing the actual
power efficiency and the other specifications of the power equipment they used in detail.
For instance, Kim et al. (2011) discovered that pulsed microwave irradiation
(instantaneous power output in cyclic manner) is a more effective method to enhance
esterification than continuous microwave irradiation at the same power level. However,

this difference in microwave power application is not commonly mentioned in papers.

There are several studies which focus on the microwave-assisted esterification of PFAD.
Lokman, Rashid, and Taufig-Yap (2015) investigated the performance of a solid acid
catalyst in microwave-assisted esterification of PFAD. The microwave oven they used is
pulse-width modulated, or in other words, repeating instantaneous strong microwave
energy is used to control the temperature at desired level. The optimum conditions
reported is 12:1 alcohol-to-oil molar ratio, 3 wt.% of catalyst, 75 °C and 15 min to produce

96% yield. When compared to the study conducted by Lokman, Rashid, Taufig-Yap, et
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al. (2015) using conventional reflux technique (optimal parametric conditions for 95%
yield: 10:1 alcohol-to-oil molar ratio, 2.5 wt.% catalyst, 75 °C and 120 min), the results
show that the reaction time was shorten but the amount of reactants required slightly
increased. With temperature-controlled microwave irradiation at 800W power, the
reaction time required has drastically reduced by 87.5%. The rise in the amount of
reactants is most probably due to the type of catalyst used. This can be justified by an
experimental study conducted by Lokman et al. (2014) earlier. They achieved a higher
yield (99.5%) from PFAD at an optimum alcohol-to-oil molar ratio of 9:1 at 55 °C with

15 min of microwave irradiation when only 1 wt.% of H2SO4 catalyst is needed.

Despite the advantage of dielectric heating, one of the major obstacles that prevents the
scale-up and commercial usage of microwave in chemistry is the small penetration depth
microwave has in various reactive media. For example, the penetration depth of
microwave in methanol at 2.45 GHz frequency only increases from 0.76 cm at 20 °C to
1.4 cm at 60 °C (Mazubert et al., 2014). To put it briefly, the effectiveness of microwave
heating is largely constrained by the thickness of the sample material. Another problem
associated with microwave reactors is the difficulty of power and temperature control
which results in low process reproducibility (Tabatabaei et al., 2019). Hence, the effort to
scale up microwave production from laboratory to industrial scale has not been proved

feasible in the biodiesel industry so far.

Sharma et al. (2019) who studied the microwave-assisted transesterification of waste
cotton-seed cooking oil have attempted a scale-up study whereby the reaction volume is
increased ten-fold from 50 ml to 500 ml. They reported that the reaction time required to
achieve >90% yield under 180 W microwave irradiation is increased from 10 min to 20
min. In order to reduce the reaction time required for 500 ml size, the power input needs
to be increased. It is observed that using 450 W can reduce the reaction time required by
5 min to achieve 90% yield. Nonetheless, the team also reported that the effect of power
output increment on reaction time might differ depending on the catalyst used.

To eliminate mass-transfer resistances which occur in biodiesel production processes that

are carried out at reaction temperature lower than the boiling point of solvents, either
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mixing or heating systems must provide significantly high amounts of energy, which is
economically unfavourable (Tabatabaei et al., 2019). Therefore, both mixing and heating
systems can be applied together to simultaneously cope with mass transfer limitation in
the biodiesel synthesis process as well as to simplify the separation process of catalysts,
products, and reactants. The various advantages of using microwave heating for process
intensification also lead to the coupling of this technology with the other intensification

methods (e.g. ultrasound).

Microwave and ultrasound are energy saving techniques which promote faster and more
selective reactions. Since microwave improves heat transfer and ultrasound improves
mass transfer, the combination of both methods can be immensely beneficial for the
biodiesel production process. However, the research in this area is still in its infant stage
(Gude et al., 2013). As they are of different nature, each must be fine-tuned by its specific
parameters to avoid possible hazards after combination (Cravotto & Cintas, 2007).
Nevertheless, such combination is possible and safe. Martinez-Guerra and Gude (2014a)
conducted a study on the transesterification of waste vegetable oil with sodium hydroxide
under three different power configurations: microwave, ultrasound and simultaneous
microwave-ultrasound irradiations. The reactor is shown in Figure 2.7.

Oil LLS

Methanol
catalyst

BIODIESEL MW/US Reactor

Figure 2.7 Schematic of the microwave/ultrasound unit [Reprinted permission obtained
as shown in Appendix C, Martinez-Guerra and Gude (2014a)]

The biodiesel yield obtained using the simultaneous microwave-ultrasound irradiations is

higher (97.6%) compared to individual microwave (87.1%) or ultrasound (89.8%)
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irradiation. They discover that the optimum process conditions for the experiment are 6:1
methanol/oil molar ratio, 0.75 wt.% NaOH catalyst, 2 minutes of reaction time at a
combined power output rate of 200W (100/100 microwave/ultrasound). Using the same
parametric condition but with different catalyst (barium oxide), Martinez-Guerra and
Gude (2014b) reported that simultaneous microwave-ultrasound irradiations also gives
higher yield (~93.5%) when compared to individual microwave (91%) and ultrasound
(83.5%) irradiations. Therefore, it is certain that simultaneous microwave-ultrasound
irradiations result in a synergistic effect that significantly enhances reaction rate by
eliminating mass and heat transfer related limitations, regardless of the type of catalyst
used. Higher yields are observed under the combined irradiations as compared to the

individual microwave and ultrasound irradiation approaches.

In addition, Ma et al. (2015) directly transesterified Chlorella vulgaris microalgae in a
coupled microwave-ultrasound apparatus as shown in Figure 2.8 in the presence of a
heterogeneous base catalyst. The ultrasound frequency is set at 40kHz and the microwave
irradiation is temperature-regulated. A biodiesel yield of 93.07% is obtained under the
optimum conditions of 12 wt.% catalyst, 8:1 methanol-to-oil molar ratio, 60 <C, 45 min).
The yield performance of algal biodiesel is reported to be better than the individual use

of ultrasound (63.49%) or microwave (58.12%) irradiation.

@)

MW oven i\ (1) :l

Figure 2.8 Schematic of ultrasound-microwave synergistic extraction apparatus:
(1) reflux condenser; (2) reaction flask; (3) ultrasound contactor; (4) control panel
[Reprinted permission obtained as shown in Appendix C, Ma et al. (2015)]
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Ardebili et al. (2015) also conducted an investigation on the effect of simultaneous
microwave-ultrasound irradiations on CPO transesterification. The microwave irradiation
is generated at 900W power and the ultrasound irradiation is 25 kHz with 100W power.
Instead of the power level, they study the irradiation time for both microwave and
ultrasound. Using response surface analysis, the optimum parameters for a 97.53% vyield
are found to be 7:3.1 methanol/oil molar ratio at 58.4 °C with 1.09% KOH catalyst
concentration, subjected to only 2 minutes of microwave and ultrasound irradiations. This
performance is significant as compared to the conventional method which requires about
1 hour.

Apart from the combined setup where microwave and ultrasound are placed in a single
reactor, researchers also tested another configuration, which is the sequential approach.
The reaction mixture is first irradiated in a microwave reactor and moved to an ultrasound
reactor or vice versa. Gole and Gogate (2013) pre-treats high FFA Nagchampa oil using
sequential microwave-ultrasound technique and compare the yield with that of using
individual microwave or ultrasound approach. The results reveal that the optimum molar
ratio required for esterification is reduced from 3:1 (microwave) or 4:1 (ultrasound) for
individual approaches, to 2:1 in sequential approach, which is more economical. The
equipment they used is a modified domestic microwave oven reactor with 108W output
power (160W rated power) and a 20 kHz ultrasonic horn that is rated at 120W but only
dissipates 39W in exact. Although they have provided more details on the power
specifications, their scope of study only limited to molar ratio and catalyst concentration
for the pre-treatment of Nagchampa oil. They have not evaluated the effects of the power

output and microwave irradiation time on the chemical reaction.

Ardebili et al. (2014) also conducted an experimental study on castor oil
transesterification using sequential approach. Their results show that the optimized
microwave and ultrasound power are 350 W and 80W respectively, at 2 min and 4 min
irradiation time to achieve 94.78% FAME conversion. Furthermore, Hsiao et al. (2010)
also employ sequential ultrasound and microwave irradiation method for the base-

catalyzed transesterification of soybean oil. An optimum yield of 97.7% is reported at 1.6
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oil-to-methanol ratio, 1 wt.% of catalyst, 1 min ultrasonic mixing, 2 min microwave
irradiation, and a reaction temperature of 60 °C. The method is found to be quite
successful due to the relatively lower energy requirements and operation temperature, as

well as elimination of mechanical stirring and cooling systems.

Looking at the experimental data obtained by the researchers, it is reasonable to deduce
that simultaneous microwave-ultrasound irradiation do provide greater improvement to
the reaction rate compare to the individual approaches, regardless of the configuration
(combined setup/sequential approach) used. They give similar effects towards biodiesel
production by reducing the reaction time required to less than 5 minutes. Nonetheless, the
application of simultaneous microwave-ultrasound irradiation is still relatively new in the
research field of biodiesel industry due to concerns such as cost issues (capital and
operational costs) and designs of reactors. It is reported that the capital cost for sequential
approach of microwave-ultrasound coupling is about 17.8% higher in comparison to
conventional method but considerable savings could be achieved with methanol
requirements (34%), utility (2%) as well as processing times (Gole & Gogate, 2013).
Certain aspects such as the properties of the reaction contents, microwave and ultrasound
frequencies have to be taken into considerations as well for the designs of the reactors
(Gude, 2015).

Interestingly, there are no studies which investigate the biodiesel synthesis by coupling
microwave heating with hydrodynamic cavitation despite its advantages over ultrasound
irradiation. On the other hand, there have been some studies on the integration of
microwave heating with supercritical heating. For instance, Patil P. et al. carried out the
direct conversion of both dry and wet algal biomass into biodiesel with a non-catalytic
transesterification method under microwave-mediated supercritical ethanol conditions
(Patil, Reddy, Muppaneni, Ponnusamy, et al., 2013; Patil, Reddy, Muppaneni, Schaub, et
al., 2013). Conducting microwave heating under supercritical condition is inefficient by
nature as dielectric constant of fluid decreases with increasing temperature at a constant
pressure (Tan et al., 2009). In other words, the advantage of using microwave dielectric

heating will diminish. To improve the heating rate, passive heating elements such as
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silicon carbide has been added into the reaction medium (Patil, Reddy, Muppaneni,
Ponnusamy, et al., 2013). However, the maximum yield reported in both studies are only
about 31%. Although increasing the reaction pressure can increase the dielectric constant
of fluid, the degree of increment is comparatively lower than increasing the temperature
as observed from the dielectric constant values reported by Franck and Deul (1978) at
various pressures. Hence, to make full use of the microwave heating technology, the

reaction conditions should be mild.

2.5.4 Selection of production method to be studied

Several process intensification technologies for biodiesel production have been discussed
in this subchapter. In spite of the numerous advantages, the high operational and
equipment costs to produce biodiesel under non-catalytic supercritical conditions are
inevitable obstacles that hindered the development of the technology (Nomanbhay & Ong,
2017). A general comparison between the heating methods that are generally used or
studied (conventional heating, supercritical heating, microwave heating) are shown in
Table 2.8.

Table 2.8 Comparison between three types of heating methods for biodiesel production
[adapted from (Nomanbhay & Ong, 2017)]

Characteristic/  Conventional Supercritical Microwave heating
Parameter heating heating

Reaction time 1-2 h (long) < 1 h (short) 0.05-1 h (very short)
Temperature 40-100 °C 250-400°C 40-100°C

Pressure Atmospheric 35-60 MPa Atmospheric*
Catalyst required  Yes No Yes/No

Heat losses High Moderate Low

Process efficiency Low Moderate High

Catalyst & soap Yes No Yes

removal
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Characteristic/ Conventional Supercritical Microwave heating

Parameter heating heating

Advantages Simple to operate Short reaction Rapid heating rate,

time, easy product  cleaner products,

separation energy efficient
Disadvantages High energy High capital costs, May be inefficient
requirement, pressure vessel with feedstock
saponified products, safety issue, containing solids,

inefficient heating energy intensive non-uniform heating

*Reactions at higher temperature and pressure without catalysts are possible

At mild reaction condition, microwave heating is the most suitable green technology to
enhance heat transfer of biodiesel production. Meanwhile, ultrasonication and
hydrodynamic cavitation are great for improving mass transfer. Chipurici et al. (2019)
studied and compared the effects of ultrasonic, hydrodynamic cavitation and microwave
irradiation on the base-catalyzed transesterification of sunflower oil. To achieve a 96.5%
ester conversion, it is found that the ultrasound system is the most energy efficient (<220
J/ml), followed by the microwave reactor (660 J/ml). As opposed to the usual findings,
the hydrodynamic cavitation system tested performs the worst among the three methods

and could not achieve the required yield.

In contrast, Maddikeri et al. (2014) reported that higher yield is obtained using the
hydrodynamic cavitation-based approach as compared to the ultrasound-based approach.
Nonetheless, Chipurici et al. (2019) specified that the data may not be used directly to
predict energy requirements for larger scale installations. A closer look on the parametric
condition used for the microwave reactor also rises another concern as a mono-mode
microwave reactor is used. Thus, the result is not comparable with multi-mode microwave
oven. Furthermore, in order to compare with the ultrasound systems, the reaction
temperature is kept at a low temperature (40 °C) which is not the best setting for efficient
microwave irradiation. Contrary to their findings, Martinez-Guerra and Gude (2014b)
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reported that the biodiesel yield for microwave irradiation (91 wt.%) is better than
ultrasound cavitation (83.5 wt.%) under the optimal conditions. On the other hand, Chuah
et al. (2017) reckon the use of hydrodynamic cavitation for biodiesel production in terms
of yield efficiency, followed by microwave, ultrasound, and lastly mechanical stirring.
Hence, it is a little hard to justify which process intensification technology is the best. The
respective studies related to the several process intensification technologies are

summarised in Table 2.9.

The advantages and limitations of the respective technologies that have been discussed in
subchapter 2.5 are listed in Table 2.10. To get the most benefits in heat and mass transfer
enhancement, it is undeniable that the integration of two process intensification
technologies (e.g. microwave and ultrasound) can substantially optimize the heat and
mass transfer of biodiesel production in the future. However, in order to gain a better
insights of the synergistic effect of the simultaneous microwave and ultrasound approach,
it is important to understand the underlying physics of the individual technologies first.
The numerical studies regarding the microwave heating of biodiesel production are still
in an early stage. Thus, in this work the focus would be on microwave heating. The

numerical modelling related to microwave heating will be discussed in the subchapter 2.7.
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Table 2.9 Literature studied for several process intensification technologies in biodiesel production

Optimal

Technology Feedstock  Tested parameter? value Yield Findings/Comments References
Supercritical Purified Temperature 372 °C 81.5%  Biodiesel yield is highly dependent  (Tan et al.,
methanol palm oil Time 16 min on reaction temperature. 2010)
Methanol/oil ratio 40
Supercritical Purified Temperature 360 T 72% Reaction time reduced but require (Tanetal.,
methanol palm oil Time 20 min higher methanol-to-oil molar ratio 2009)
Methanol/oil ratio 30 and reaction temperature.
Supercritical Jatropha oil Temperature 358 T 89.4%  Higher yield can be obtained using  (Nizaetal.,
methanol Time 27 min supercritical methanol compare to 2011)
Methanol/oil ratio 44 supercritical methyl acetate.
Supercritical Soybean oil Temperature 280 T 98% Addition of CO2 co-solvent reduce  (Han et al.,
methanol + co- Time 10 min the operating temperature, pressure ~ 2005)
solvent CO> Methanol/oil ratio 24 & molar ratio of methanol-to-oil
CO2/methanol ratio 0.1 molar ratio of supercritical method.
Supercritical Soybean oil Temperature 280 C 97.83% Addition of co-solvent (acetic acid)  (Wei et al.,
methanol + co- Time 90 min reduce glycerol by-product by 30%  2013)
solvent CO, & Methanol/oil ratio 60 in comparison with supercritical
acetic acid Acetic acid/oil ratio 3 methanol method.
Supercritical Jatropha oil Temperature 400 <T 71.9%  The parametric condition is less (Nizaetal.,
methyl acetate Time 32 min favourable compare to supercritical ~ 2011)
Methyl  acetate/oil 50 methanol but the glycerol by-
ratio product can be utilised as an
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Optimal

Technology Feedstock  Tested parameter? value Yield Findings/Comments References
additive for biodiesel and no
glycerol separation is required.

Ultrasonic bath  Neat Time 20 min 98% Ultrasonic irradiation reduce (Stavarache
vegetable Methanol/oil ratio 6 reaction time from 60 min et al., 2003)
oil Ultrasound 40 kHz (mechanical stirring) to 20 min and
(25 C)* frequency (400W) improve 18% vyield.

Ultrasonic horn  RPO, Time 30 min 98.18%, Increasing ultrasound amplitude (Ho et al.,
CPO Methanol/oil ratio 9 97.04% increase the size of cavitation 2015)

(45 C)* Ultrasound 60% bubbles that collapse to induce
amplitude (20 kHz, stable emulsions. However, larger
700W) bubbles formed at high ultrasound
pulsed amplitude (> 60%) which inhibits
the transmission of acoustic energy
through the liquid phase.
Ultrasonic horn  Jatropha oil Time 15 min 98.53%  Ultrasound reduces the reaction time (Kumar et
Methanol/oil ratio 9 from the 3-6 h (conventional) to 15  al., 2010)
Ultrasound 50% min and reduce catalyst loading with
amplitude (24 kHz, improved chemical activity.
200W)
pulsed

Ultrasonic horn RBD palm Time 20 min >90% The performance of ultrasound- (Stavarache

oil Methanol/oil ratio 7.5 assisted transesterification decrease et al., 2007)

when lower quality feedstock is
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Optimal

Technology Feedstock  Tested parameter? value Yield Findings/Comments References
(45 kHz, used. The reaction under ultrasound
600W)* irradiation is mainly influenced by

reaction time and alcohol-to-oil
molar ratio.

Ultrasonic bath PFAD Temperature 40 T >90% Reaction time required for PFAD (Deshmane
(22 KHz, Time 150 min esterification under ultrasound et al., 2008)
120W)* Methanol/oil ratio 7 irradiation is relatively longer than

transesterification of refined oil.

Ultrasonic bath Nagchampa Temperature 40 C 92.5%  The reaction time is reduced from (Gole &
oil Time 40 min 90 min (conventional) to 40 min Gogate,
(20 kHz, Methanol/oil ratio 6 with cavitation. 2013)
120W)*

Hydrodynamic ~ Nagchampa Time 20 min 92.1%  The reaction time is 50% shorter (Gole et al.,

cavitation oil Methanol/oil ratio 6 than using ultrasonic bath. 2013)

Hydrodynamic ~ Thumbaoil Time 30 min 80% The energy consumption is reduced  (Pal et al.,

cavitation by >50% when compared to 2010)

conventional mixing.

Microwave Safflower  Time 6 min 98.4%  Microwave heating has reduced (Duz et al.,

(temp- seed oil Methanol/oil ratio 10 reaction time from 120 min 2011)

controlled) (300w, (conventional) to 6 min.
60 T)*
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Optimal

Technology Feedstock  Tested parameter? value Yield Findings/Comments References
Microwave Jatropha oil Time 2 min 97.4%  Reduce reaction time from 60 min (El Sherbiny
(temp- (65 C)* Methanol/oil ratio 7.5 (conventional) to 2 min. et al., 2010)
controlled)
Microwave Waste Time 6 min 92% Microwave heating reduce >90% (Patil et al.,
(power- cooking oil  Methanol/oil ratio 9 energy to achieve the same yieldas  2012)
controlled) (800W)* conventional method.
Microwave Camelina  Time 1 min 98% Microwave heating consumes <10%  (Patil et al.,
(power- Sativa oil Methanol/oil ratio 9 of energy to achieve the same yield  2010)
controlled) (800W)* as conventional method.
Microwave PFAD Time 15 min 96% Regardless of the feedstock quality,  (Lokman,
(temp- (70 C)* Methanol/oil ratio 12 microwave enhances the reaction Rashid, &
controlled) rate. Reaction time is reduced from  Taufig-Yap,
120 min (conventional) to 15 min. 2015)
Microwave PFAD Temperature 55 <C 99% Reaction temperature did not (Lokman et
(temp- Time 15 min significantly affect the rate of al., 2014)
controlled) Methanol/oil ratio 9 microwave-assisted esterification.

Reaction time is substantially
reduced to achieve the same yield as
conventional method.
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Optimal

Technology Feedstock  Tested parameter? value Yield Findings/Comments References
Microwave Waste Time 9.6 min 96.44%  Scale-up study reveals that the (Sharma et
cotton-seed Methanol/oil ratio 7 reaction time required increased (10 al., 2019)
cooking oil min - 20 min) when the reaction
(180 W, volume increased (50ml - 500ml).
50 C)* Increase microwave power input
(180W - 450W) can compensate
the time required for larger volume
size.
Microwave Waste Time 2 min 97.6%  Yield improved by 7.8 — 10.5% (Martinez-
(power- vegetable Methanol/oil ratio 6 compare to individual microwave Guerra &
controlled) + oil Microwave power 100W and ultrasound irradiations. Gude,
ultrasonic horn Ultrasound power 100W Microwave is efficient at lower 2014a)
power output and at short reaction
times whereas ultrasound improves
yield at prolonged reaction times.
Microwave Waste Time 2 min 93.5%  Yield for simultaneous microwave (Martinez-
(power- vegetable Methanol/oil ratio 6 and ultrasound irradiation is higher ~ Guerra &
controlled) + oil Microwave power 100W than using microwave (91%) or Gude,
ultrasonic horn Ultrasound power 100W ultrasound (83.5%) individually. 2014b)
The lower yield for ultrasound could
be attribute to its inability to raise
the reaction temperature.
Microwave Palm oil Temperature 584 <C 97.53% Reaction time is reduced from 1 (Ardebili et
(temp- Time ~2.2 min hour (conventional) to 2.2 min. al., 2015)
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Optimal

Technology Feedstock  Tested parameter? value Yield Findings/Comments References
controlled) + Methanol/oil ratio 7.3

ultrasonic horn

Microwave Soybean oil Temperature 60 C 97.7%  Study used closed microwave (Hsiao et al.,
(temp- Methanol/oil ratio 6 irradiation instead of open 2010)
controlled) + Microwave time 2 min microwave irradiation. Pressure

ultrasonic horn Ultrasound time 1 min build up might occur.

Microwave Microalgae Time 45 min 93.07% The yield of micro algal biodiesel is (Maetal.,
(temp- (60 T)* Methanol/oil ratio 8 substantially increased in 2015)
controlled) + comparison to ultrasound (63.49%)

ultrasonic bath and microwave (58.12%) irradiation.

Supercritical Dry algal Time 20 min ~30% Yield is comparatively lower than (Patil,
ethanol + biomass Ethanol/oil ratio 12 using other intensification Reddy,
microwave technologies. Muppaneni,
(ramp, power- Ponnusamy,
controlled) etal.,, 2013)
Supercritical Wet algal Time 25 min ~31% Yield is comparatively lower than (Patil,
ethanol + biomass Ethanol/oil ratio 9 using other intensification Reddy,
microwave technologies. Muppaneni,
(ramp, power- Schaub, et
controlled) al., 2013)

* Fixed parameters; @ Parameter related to catalyst type & concentration is not included.
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Table 2.10 Advantages and disadvantages of several process intensification technologies

Technology Advantages Disadvantages
Supercritical - Suitable for high FFA - Expensive, higher energy
methanol and water content input
feedstock - Higher pressure and
- Non-catalytic, no temperature

Supercritical
methanol + co-
solvent

Ultrasonic bath

Ultrasonic horn

Hydrodynamic
cavitation

Microwave

saponification

- Easy separation step

- Increase solubility of oil
in methanol

- Generally lower
temperature and pressure
than supercritical
methanol method

- Generation of useful by-
products

- Reduced methanol-to-oil
molar ratio

- Low cost and easy to
acquire

- Reduce energy cost

- Reduce reaction time

- Improve mass transfer

- High power output
capability (concentrate
energy distribution)

- Reduce energy cost

- Reduce reaction time

- Improve mass transfer

- More energy efficient
than ultrasound

- Easier to scale up

- Less erosion problems

- Improve mass transfer

- Rapid heating rate

- Energy efficient

- Reduce reaction time
- Improve heat transfer
- Cleaner products

Over-production of
glycerol by-product
Risk of thermal
degradation

High pressure and
temperature

Products separation step is
still required

Risk of thermal
degradation

Expensive, high energy
input

Distribute dispersed and
non-homogeneous acoustic
intensity

Mechanical agitation is
usually required

Horn tip easily corrodes
Distribute acoustic
intensity in a concentrated
and non-homogeneous
manner

Substantial energy loss in
fluid pumping process
Pressure drop may lead to
choked flow which reduce
yield

Non-uniform heating
Hard to scale up (batch)
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Technology Advantages Disadvantages

Microwave + - Reduce energy cost - Low yield
supercritical - Eco-friendly technology - Risk of thermal degraded
ethanol - Improve heat transfer products
- High pressure and
temperature
Microwave + - Improve heat and mass - Scale up issue (e.g.
ultrasound transfer microwave)

- Higher yield due to - More complicated setup
synergistic effect - Higher capital cost
between microwave and
ultrasound

- More energy efficient
than using only
microwave or ultrasound

2.6 Reaction kinetics of biodiesel production

The rate of a chemical reaction can be modelled based on Arrhenius equation:

-E

a

k, = Ae™T (2.3)

where K, is reaction rate constant, A is frequency factor, E, is activation energy, R, is

universal gas constant (8.314 J K'* mol?), and T is the absolute temperature (K). The
reaction rate constant is temperature dependent. According to Gude et al. (2013), there
are two possible ways to increase the reaction rate. First, increase the frequency factor
which is the molecular mobility that depends on the vibrating frequency of molecules at
the reaction interface. This is made possible with the microwave effects of dipolar

polarization and ionic conduction mechanisms. Second, decrease the activation energy

which is given in terms of enthalpy and entropy (E, = AH —TAS). In microwave-assisted

reactions, the quick and random dipolar movement and molecular level microwave
interactions result in higher entropy generation, which increases the value of the second

term in Equation (2.3).

For a pseudo 1% order reaction, k, can be determined experimentally using Equation (2.4)

as follows:
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where [FA] is the concentration of FA, [FA], is the initial concentration of FA at t = 0,

and X is the conversion of FA at any time t. Plot of —In (1 — X') against t gives k, as the

slope (Parkar et al., 2012).

The reaction kinetics for the conversion of oil feedstock into biodiesel have been
investigated by numerous researchers. Most of the reaction kinetics were reported to be
of the first order, especially for transesterification (Talebian-Kiakalaieh et al., 2013),
while some reactions were reported to be of the second order. Lieu et al. (2016) reported
that the microwave-assisted esterification of FFA derived from Ceiba pentandra seed oil
followed the second-order reaction Kinetics. Mazubert et al. (2014) reported that under
second-order reaction order, the activation energy and frequency factor for the
esterification of 39% FFA waste cooking oil in the microwave-heated reactor is 45.4
kJ/mol and 7.0 10" L/mol/min, which is lower when compared with the values for

conventionally-heated reactor at 56.1 kd/mol and 4.2>10° L/mol/min respectively.

Nonetheless, this does not necessarily suggest that all esterification reactions would be of
the second order. Mohammad Fauzi et al. (2014), who investigated the esterification of
oleic acid in the presence of magnetic ionic liquid, reported that the reaction followed a
pseudo-first order reaction kinetics. Zhang et al. (2018) also reported the same reaction
kinetics in their experimental study on the esterification of oleic acid. Meanwhile, Ye et
al. (2016) investigated the transesterification of palm oil using calcium oxide catalyst.
Their results reported that by using microwave heating, the overall reaction order of the

process increased from one (conventional heating) to three.

Similarly, the reaction kinetics of PFAD esterification were also investigated under
different operating conditions. Aranda et al. (2008) reported that the esterification of
PFAD followed first order kinetics. Chabukswar et al. (2013) investigated the Kinetics of
PFAD esterification with several acid catalysts including sulphuric acid using the

conventional heating and stirring method. They assumed first-order reaction kinetics for
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the process and reported that the Ea and A for esterification of PFAD with H2SO4 catalyst
were 30.1 kJ/mol and 1.2x10* (m®kmol)?/min, respectively. Saimon et al. (2020) reported
that the PFAD esterification under conventional method followed first-order reaction
Kinetics with Ea = 28.8 kJ/mol and A = 8.124x10° min. However, some researchers
reported that the esterification rate of PFAD might be of the second order. For instance,
Metre and Nath (2015) conducted PFAD esterification experiments, catalyzed with super
phosphoric acid, by using the conventional heating and stirring method. Their results
showed that a second-order kinetic model can better describe the experimental data than
a pseudo-first-order model. Meanwhile, Hong et al. (2012) studied the reaction Kinetics
of PFAD esterification at high temperature (230-290<C) and moderate pressure (0.81
MPa). They initially assumed that each component in the system operates under first-
order reaction kinetics but their results showed that the assumption of PFAD esterification
reaction rate based on the first-order reaction kinetics could not provide sufficient
accuracy. Instead, they derived their own equations from the mass balance of the reactants,
by taking into account the effects of evaporation of methanol and water, to better model
the reaction kinetics. Therefore, it is reasonable to deduce that the esterification of PFAD
under microwave irradiation might operate under different reaction order kinetics, which

is worth investigating.

2.7  Numerical modelling of microwave heating

Numerical modelling helps to provide further understanding of the underlying physics
behind microwave irradiations towards biodiesel production. Although there are countless
experimental approaches in literature that studied microwave-assisted biodiesel
production, there is a lack of a detailed and multi-physics-based modelling approach to
investigate and analyse the behaviour of such process.

Salvi et al. (2011) stated that the modelling of microwave heating is governed by

Maxwell’s equations as follows:
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where 4" is relative permeability of a material, E is electric field intensity inside the MW

cavity (V/m), @ is angular frequency (=24 ) of the microwave operating frequency (f
=2.45 GHz), c is the speed of light in free space (3108 m/s), &," is the dielectric constant

of a material, and &," is the relative dielectric loss of a material. Dielectric constant

measures the ability of a material to store electrical energy whereas dielectric loss
indicates the ability of a material to dissipate the electrical energy as heat energy to heat
up the dielectric material. It should be noted that the dielectric constant depends strongly

on temperature.

After obtaining the electric field intensity from Equation (2.5) and the material properties,
the volumetric power QMW dissipated from the electric component of microwaves can be

determined as follows (Salvi et al., 2011):

2

Quy =27 f&,8," E‘ (2.6)

where ¢, is the free space permittivity (8.854x1012 F/m).

Loss tangent, tan o is the ratio of loss factor to dielectric constant. It determines the
attenuation of microwave power in material which resulted in heating. A high loss tangent

indicates a high susceptibility to microwave energy (Navarro et al., 2019).

tan 0= 'Z—f 2.7
r

The penetration depth, D, (m) is the distance at which the microwave power drops to et
from its value at the surface of the dielectric material. It is expressed as (Mehdizadeh,

2015):

C

" ﬂf\/Zgr'(\/1+tan2 5 —1)

D

(2.8)
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Small penetration depth of microwave in the reaction mixture is a major hindrance to the
scale-up and commercialization of microwave in biodiesel production. For example, at
2.45 GHz, the penetration depth of microwave in methanol is only 0.76 cm at 20 °C.
However, as temperature increases, the penetration depth rises to 1.4 cm at 60 °C
(Mazubert et al., 2014).

There are many studies on the numerical studies of microwave heating but most of them
are done on solid samples that are relevant to the food industry (Campafone & Zaritzky,
2010). There have been a few studies that numerically modelled the microwave heating
of liquids. The modelling is more complex as there is a coupling of electromagnetism
with fluid flow and convective heat transfer for liquid samples. For instance, Sabliov et
al. (2007) developed a model using ANSYS Multiphysics. The model couples a high
frequency electromagnetic wave, heat transfer, and fluid flow to simulate the microwave
heating of water, without any chemical reaction involved. A similar investigation is also
conducted by Yeong et al. (2017). In addition, Lee et al. (2020) modelled the heating and
boiling phenomena of water under microwave irradiation using OpenFOAM. As the
heating time increases, the temperature in the sample becomes non-uniform rapidly, but
with a decreasing rate due to the intensification of natural convection. During the initial
phase of the boiling process, no vapour bubble is formed in the water sample and the
water can be deduced as superheated. The nucleation of vapour bubbles at a later stage
removes most of the superheat in the water and prevent its accumulation mainly by
enhancing heat transfer to the liquid free surface. It is found that the free surface
evaporation dominates about 90% of the overall evaporation process during the boiling

stage.

Ratanadecho et al. (2002) studied both numerically and experimentally the microwave
heating for liquid layers using a self-built microwave reactor with rectangular wave guide.
They developed a mathematical model using two-dimensional heat and momentum
equations to describe the unsteady temperature and fluid flow fields. Their results
revealed that the liquid heating strongly depends on the dielectric properties of the

components. This is also in agreement with the study conducted by Navarrete et al. (2012)
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which implied that measurement of dielectric properties is essential for the development
of an accurate numerical model. Traditionally, most of the previous studies on the
microwave heating of a reaction solution assumed the dielectric properties to be a constant
or a simple function of the volume fractions of the components (Nakamura et al., 2005).
However, the calculated temperature distributions might be quite different from the
measured results. For instance, Wu et al. (2013) described the dielectric properties of the
reaction solution using a bivariate function, which depends on the liquid temperature and
species concentration. They studied the microwave-assisted esterification of biodiesel
numerically by using Maxwell’s equations, Fourier’s law and the chemical reaction
kinetics equation. The chemical reaction was described by the rate change of water
concentration using second-order kinetics. They reported that by using the new method
to determine the dielectric properties, their simulated temperature profile under 18 s of
microwave irradiation showed better agreement with the experimental results compared
to the traditional method. Nevertheless, the temperature validation was too short (only 18

s) and there was no validation for the biodiesel production.

Navarrete et al. (2012) developed a three-dimensional model using the COMSOL
Multiphysics software to predict the evaporation phenomena of water from the treated
material (Lavandin super) under microwave heating. The treated material was modelled
as a lumped porous media. The microwave distribution was calculated by using
Maxwell’s equation and the heat transfer of the treated material was modelled by using
the Fourier’s law. A heat source term was added to the heat conduction equation to
accommodate the heat source provided by the microwave. Only the rate of change of
water (due to evaporation) in the time domain was calculated, and the spatial effect of
water evaporation was ignored. In addition, the model also assumed that the evaporation
of water would consume all the heat generated from the microwave. Their results
suggested that apart from the heat source, the heat loss from the reactor to the surrounding
should also be taken into consideration to predict the temperature profile more accurately.

In contrast, Salvi et al. (2011) who developed a numerical model to simulate the

temperature profiles of fluids using the COMSOL Multiphysics software used a slightly
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different approach. In their study, Newtonian and non-Newtonian liquids were
numerically modelled for a continuous flow microwave reactor. The single phase Navier-
Stokes equations were used to model the system and a convection term was included in
the Fourier’s energy balance equation. An apparent specific heat method was employed
to incorporate the phase change phenomenon that occurred at the boiling point of the
liquid. No heat loss calculations were included. It was reported that although the average
temperature values they obtained through the numerical model were generally lower than
that obtained through experiments, the values for both were in a fairly good agreement.

On the other hand, Navarro et al. (2019) studied the radial microwave heating of liquid
samples (water and ethanol) in a cylindrical vessel both numerically and experimentally
at 2.45 GHz frequency. Their numerical model was based on spectral methods and solved
for the Maxwell’s equations, coupled with heat and momentum equations. They first
solved the Maxwell’s equations to determine the resulting electric field and used it as a
source term in the heat transfer equations, which was then coupled with the fluid flow
equations. The dielectric properties of the liquid samples were temperature dependent
where the values were predicted using the empirical equations provided by Liao et al.
(2001).

To date, there is only one literature study which investigated the modelling of microwave-
assisted esterification for biodiesel production. Ye et al. (2019) developed a model to
describe the biodiesel synthesis in a continuous flow microwave-assisted screw propeller
system as shown in Figure 2.9. Maxwell’s equations, Navier-Stokes equation, heat energy,
and chemical reaction kinetics equations are intercoupled for the multiphysics calculation
of the microwave-assisted esterification reaction of oleic acid. In their model, the stirring
process of the rotating screw propeller system was computed by employing a step-by-step
algorithm based on implicit functions, level set methods and Arbitrary Lagrangian-
Eulerian machinery. They focused on analysing the effects of rotation speed, material
composition, pitch and blade widths of the screw propeller as well as inlet velocities

towards the temperature distribution in the reactor. The change in temperature at the outlet
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of the reactor is modelled from room temperature up to 45 °C during the 250 s reaction

time of oleic acid esterification.
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Figure 2.9 General geometry of the microwave reactor with screw propeller model
[Reprinted permission obtained as shown in Appendix C, Ye et al. (2019)]

2.8  Biodiesel standards

Biodiesel is a renewable alternative fuel for diesel engines as it is produced from plant
oils or animal fats, which meets the specifications of American Standard Specification for
Biodiesel (ASTM D-6751). Although ASTM D-6751 provides the original specifications
for 100% pure biodiesel (B100), there are other objective fuel standards and specifications
for biodiesel fuel blends. For instance, ASTM D975-19a for biodiesel blends up to 5%
(B5) for on- and off-road diesel vehicles; ASTM D7467-19 for biodiesel fuel blends from
6 to 20% (B6-B20); and ASTM D396-19 for residential heating and boiler applications
(Lee & Shah, 2012). Apart from the ASTM D-6751 standard, another major biodiesel
standard that have been followed worldwide is the European Standard for Biodiesel (EN
14214). Motasemi and Ani (2012) has listed down the biodiesel specification parameter
limits regulated by ASTM 6751-02 and EN 14214 standards for pure biodiesel fuel. There
was no clear specification on the cloud point requirement of biodiesel. It depends very

much on the country specification or clients’ needs. A search in the Europe EN 14214
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standard document shows that CFPP for biodiesel used in temperate climates could be
categorized into six grades, where the maximum CFPP is reduced in 5 °C interval from
grade A to F, as shown in Table 2.11. For instance, the CFPP for summer biodiesel in
Europe is required to be grade C (max. -5 °C) while winter biodiesel should have a grade
E CFPP (max. -15 °C). An even stricter grading requirement is enforced for FAME fuels

used in Arctic climates where the maximum CFPP must be below -20 °C at grade A.

Table 2.11 CFPP grades for temperate climates (British Standards Institution, 2014)

Grade
A B C D E F
CFPP °C, max +5 0 -5 -10 -15 -20

Property Unit

2.9  Cold flow behaviour of biodiesel
The cold flow properties of biodiesels can be specified by three temperature measures:
cloud point, cold filter plugging point, and pour point.

2.9.1 The cold flow properties

Cloud point (CP) is the highest temperature at which visible crystals formed and a cloudy
suspension is visually observed in the fuel; cold filter plugging point (CFPP) is the lowest
temperature where 20mL of fuel can safely pass through a filter within a minute, whereas
pour point (PP) is the lowest temperature when the fuel can still flow as it becomes gel-
like (Dunn & Moser, 2010). Although PP and CP have been widely used to estimate the
behaviour of diesel fuels at cold temperature, they cannot predict the performance of
diesel fuel in the diesel engine accurately. CFPP is therefore introduced since fuel filter
plugging usually occurs after reaching CP and before reaching PP (Edith et al., 2012).

The palm oil biodiesel produced in Malaysia suffers from poor cold flow properties due
to its high percentage of saturated palmitic acid methyl ester (C16:0) or methyl palmitate,

which can be up to 48%. For instance, Serrano et al. (2014) observed that the CFPP for
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palm oil biodiesel was 13 <C while the CFPP of rapeseed oil biodiesel is much lower at
—14 °C. Palm oil biodiesel has a CP of 15-18°C, CFPP of 12-16°C and PP of 12-13°C
(Dunn & Moser, 2010; Edith et al., 2012; Lv et al., 2013). This clearly implies that palm
oil biodiesel is only fitted to be used in tropical countries without causing any operability
issues. At temperature beyond CFPP, the biodiesel would solidify and therefore, clogging
the fuel filter and restricting fuel flow to the vehicle engine. This would drastically affect

the engine performance and cause engine start-up problems in temperate countries.

To optimize the cold flow properties of biodiesel, the desirable attributes of its esters are
short, unsaturated and branched carbon chains. However, these would result in poor
ignition quality and oxidation stability of the fuel. Thus, the cold flow properties of
biodiesel should be improved while taking good oxidation stability and sufficient ignition
quality into considerations. Ignition quality which measures the relative ease for the fuel
to ignite in an internal combustion engine could be determined by their cetane number. A
high cetane number indicates a good ignition quality. Biodiesel typically exhibits better
ignition quality than petroleum diesel due to the presence of greater quantities of straight
hydrocarbon chains in the esters (Edith et al., 2012). However, the oxidation stability of
biodiesel is worse than petroleum diesel. In the presence of oxygen in the ambient air,

biodiesel quality will deteriorate during long term storage.
The cold flow behaviour of biodiesel is affected by two factors:

(1) the fatty acid composition of its parent oil, and

(2) the presence of minor components such as monoglycerides and steryl glycosides.

The effect of the minor components on the cold flow of biodiesel was discussed in detail
by Dunn (2009). Usually, researchers study on ways to improve the cold flow behaviour

of biodiesel fuels via former approach, by affecting the fatty acid composition of the esters.

There are three types of fatty acids which can be found in any oil or fat: saturated, mono-
unsaturated, and poly-unsaturated fatty acids. Saturated fatty acids have zero double bond
in their carbon chain while mono-unsaturated fatty acids have only one double bond in

their carbon chain. As for poly-unsaturated fatty acids, there are either two or three double
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bonds in their carbon chain. Studies show that unsaturated fatty acids improve esters cold
flow, while saturated fatty acids increase cetane number, oxidation stability and lubricity
of the esters. Varying composition of these three types of fatty acids in various feedstocks
would result in different cold flow properties. Biodiesel with high amount of saturated
fatty acids esters that crystallize at high temperature would exhibits worse cold flow and
has higher cloud points (Edith et al., 2012; Imahara et al., 2006). Hence, saturated
feedstocks such as palm oil tends to crystallize more rapidly at low temperature (Altaie et
al., 2015).

2.9.2 Existing method for cold flow improvement

Several techniques have been employed to enhance the cold flow properties of fatty acid
methyl esters (FAMESs). Edith et al. (2012) have reviewed several methods that can be
applied for cold flow properties improvement of biodiesel, which include winterization,
blending with petroleum diesel, transesterification with branched chain alcohol, use of

chemical additives, genetic modification, and alternative feedstock.

The most widely used method to improve cold flow properties of biodiesel is through
blending with petroleum diesel. Verma et al. (2016) studied the biodiesel blending and
cold flow improver methods to improve cold flow properties of palm biodiesel. They
suggest that the blending of biodiesel is a simple and effective method to improve the cold
flow behaviour of biodiesel. For instance, the CP and PP of palm biodiesel are reported
to improve from 21 < to 8.9 <C and 19.7 T to 6.2 T after blending 20% of biodiesel
into diesel (B20). However, blending requires larger proportion of blending agent (diesel)

which is not economically feasible for the development of alternative fuel.

Apart from blending with diesel, the most economically and technically favoured method
of improving the cold flow of biodiesel is by using chemical additives, which is also
known as cold flow improvers. The conventional additives used for petroleum diesel are
mostly polymeric materials which are able to co-crystallize with the hydrocarbon chain
of the fuel and subsequently suppress the nucleation and growth of wax crystals to a

certain extent. Dunn et al. (1996) studied the effects of 12 commercial cold flow improver
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additives for diesel fuels on soybean biodiesel. They reported that those additives do not
improve the CP of both the biodiesel and its blend with petroleum diesel. It is suspected
that the additives only started to take effect after crystal nucleation occurred. They also
restate that the effort should be focus on reducing the CP of biodiesel in order to improve
the cold flow behaviour of biodiesel. Furthermore, other fuels such as kerosene and
ethanol can also be added to biodiesel to improve its cold flow. Ethanol has been reported
to be a good cold flow improver for palm biodiesel. By adding 20% ethanol, the CP and
PP of palm biodiesel is improved from 21 <C to 7.30 T and 19.7 T to 4.1 <T respectively
(Verma et al., 2016). However, higher blends of ethanol are discouraged as ethanol

reduced the flash and fire point of biodiesel.

The current cold flow improving method that is applied in the biodiesel plants in Malaysia
is winterization. MPOB has applied winterization technology for producing 100% pure
palm biodiesel (B100) with CFPP ranging from 0 to -21 <C. By year 2008, three
commercial winter-grade biodiesel plants have been established in Malaysia (Choo et al.,
2008). During the process, biodiesel is cooled to a temperature between its cloud point
and pour point. Any wax crystals that form are then fractionated until no crystals appear
when the biodiesel is held at the specific temperature for minimum three hours. However,
winterization is time-consuming and results in one-fifth loss of starting materials, not to
mention the low product yield (about 25%) too (Edith et al., 2012). Hence, there is a need

to look for other alternatives to improve the cold flow properties of palm biodiesel.

2.10 Alternative method to modify ester composition

Apart from using winterization, another possible alternative to alter the CFPP of 100%
pure biodiesel is via distillation. Distillation separates a mixture of components physically
by heating the mixture to the boiling point of the more volatile component. It can remove
those saturated methyl esters with unfavourable high melting points and low boiling
points from biodiesel. Distillation is a unit operation used for the separation of liquid
mixtures in processing plants. In general, this process is the cheapest and best method for

separating liquid mixtures into its components according to their relative volatility, which
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is a measure of the ease of separation. As shown in Figure 2.10, a conventional batch
distillation column consists of a column, a condenser, and a reboiler. Feed is initially
placed in the reboiler to boil. Light key components which have lower boiling points
would vaporize into the column section, and subsequently reach the condenser. The
vapour which goes through the condenser is then either collected as distillate or returned

to the column as reflux, while bottom product is discharged or left in the reboiler.

Batch distillation offers great flexibility in design and operation, making it a common
solvent recovery technology utilized in processing industries such as pharmaceutical, food
and specialty chemical industries. It is typically used where the separation only needs to
be operated intermittently (e.g. in pilot-plant operations) and the materials to be separated
are produced in small quantities. Multicomponent mixtures can be separated in a batch
distillation column too (Kister, 1992; Talebian-Kiakalaieh et al., 2013).

Condenser

Distillate

Column

—

Initial

charge L
Reboiler

Figure 2.10 Schematic of a batch distillation system

Despite its advantages, batch distillation also results in operation problems such as the
difficulties in deciding when to switch from one output stream to another, and finding the

optimal reflux ratio, since the feed composition in the batch continuously changes as light
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key is constantly removed from the still. Apart from that, it also takes time to charge and
start up the column during each batch in order to establish the required parametric
conditions for distillation, thus wasting time and energy (Fidkowski, 2013). In contrast,
continuous distillation, which are designed to operate 24 hours a day, 7 days a week
throughout the year, offers advantage over the efficiency and production quantity. The
quantity is limited only by the amount of upstream feed. Therefore, it is more economical

to adopt continuous distillation for large scale production (Kister, 1992).

The most affordable and easy way to carry out distillation is by conducting it at
atmospheric pressure. The atmospheric boiling points of biodiesel generally range from
330°C to 357°C (Lieu et al., 2016). Due to the presence of esters with high boiling points,
atmospheric distillation is not a feasible method for biodiesel distillation as the boiling
temperatures of esters exceeded their respective thermal decomposition temperature
(Mohammad Fauzi et al., 2014). Thermal decomposition (cracking) would alter the
distillation characteristics of the biodiesel and results in inaccurate distillation information

of the original fuel.

Instead, vacuum distillation can be used to separate the esters as the boiling point of the
esters will decrease under reduced pressure. Thus, the esters can be boiled at lower
temperatures, without the risk of cracking. Although vacuum distillation has not been
vastly researched in the biodiesel industry to modify the ester compositions of biodiesel,
it has been around for a long time for pure products separation from esters mixtures. For
instance, Scott et al. (1952) developed a still to carry out vacuum fractionation of C18
unsaturated acid esters to as low as 0.1 mm Hg pressure in order to measure their

respective boiling points.

Although vacuum fractional distillation is not commonly researched for the case of

biodiesel, this operation method has been utilized by researchers to improve the quality

of other biofuels such as algal bio-oil that was produced via pyrolysis (Choi et al., 2017;

Nam et al., 2016). Pyrolysis is the thermal decomposition of organic matters in the

absence of oxygen. The composition of bio-oil includes alkanes, alkenes, aromatics,

carboxylic acids, and etc. (Atabani et al., 2012). Although the components to be separated
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in bio-oil during the distillation process are different from biodiesel, the idea behind,

which is to improve the fuel quality, is the same.

The amount of recent work related to vacuum distillation of biodiesel that are available in
the open literature are scarce. A recent research work which may be consider closely
related to the vacuum distillation of biodiesel was carried out by lakovlieva et al. (2017).
Their team conducted a vacuum fractional distillation on rapeseed oil esters in order to
blend the distilled esters into jet fuel as bio-additives. The distillation of esters was
performed under reduced pressure at 0.4-0.7 kPa at a temperature range of 165-215 °C
to obtain several ester fractions. The rate of distillation was adjusted to 1-2 drops per
second. It was reported that the application of vacuum distillation improved the quality of
the rapeseed oil esters by reducing 17.7% of other undesired products present in it (eg.
glycerides, glycerol, alcohol, and impurities) down to about 1%. The PP of the esters also

reduced from -16 °C to -18.5 <C after the vacuum distillation.

On the other hand, Adewale et al. (2017) who conducted enzyme-catalyzed esterification
on crude tall oil (53.36% FFA) also carried out fractional distillation on the biodiesel with
the purpose of separating FAME from the rest of the crude tall oil biodiesel components
(e.g. resin acid, unsaponifiable matters). The boiling points of the FAMEs were lower
than that of the other undesired biodiesel components. Thus, the FAMEs could be
collected in the form of distillates. Five fractions were obtained during the fractional
distillation at temperature range of 210-238 <C and 20 mmHg. FAME components were
mostly recovered in the first two fractions, whereby the concentration of palmitate in
Fraction 1 collected at 210 <C was higher than Fraction 2 collected at 220 <C while the

concentration of oleate was higher in Fraction 2 compare to Fraction 1.

2.11 Distillation column design
Fractional distillation, also referred to as fractionation, can be thought of as multiple
separate distillations occurring within a single system. Fractional distillation is different

from simple distillation as the objective of fractional distillation is to separate a highly
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complex mixture of very broad boiling point range into usable fractions of relatively
narrow boiling point range, rather than to end up with a pure chemical compound (Stauffer
etal., 2008). It relies upon the same basic concept whereby compounds with lower boiling
points vaporize more readily than higher boiling points compounds, resulting in a vapour,
with a composition richer in the lower boiling point compounds, which is different from
the source material. Fractional distillation is utilised for a more efficient separation
process compare to simple distillation. The internal of a fractional distillation column
consists of either trays or packing materials to facilitate fractional distillation. The column
performance increases with an increasing number of plates (Buszewski, 2000).
Separations that occur on the plates or trays of a fractional distillation column heavily
depends on the vapour-liquid equilibrium (VLE) of the mixture. VLE determines the
number of stages required in the column to achieve the degree of separation needed.

An ideal distillation stage, or theoretical plate, operates in steady state and contains two
fluid streams, namely the liquid (L), and the vapour (V). All products which enter the
stage are perfectly mixed and intimately contacted while the total vapour product and total
liquid product that leave the stage are in equilibrium (Kister, 1992). For an ideal plate n
as shown in Figure 2.11, the vapour and liquid leaving the n-th plate are in equilibrium,
with their concentration termed as yn and x» respectively. As the vapour travels up the
column, it is enriched in the more volatile component while the liquid is enriched with

the heavy fractions (less volatile component) as it flows downward.

A column could be separated into two sections, the upper (rectifying) section and the
lower (stripping) section. The assumption of constant molar overflow in McCabe-Thiele
method simplifies the energy balance equations in the system. Thus, this gives the vapour-

liquid equilibrium equation for plate n in rectifying section as (McCabe et al., 2005):

L, D
X, + Xp
L,+D L,+D

yn+1 = (29)

whereas the vapour-liquid equilibrium equation across plate m at the stripping section is

described as:
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Figure 2.11 Material-balance diagram for plate n in a fractional distillation column

The process design of a column is carried out in a stepwise approach. The shortcut method
is first used to eliminate the least-desirable options and provides a starting point for the
rigorous step which fine-tunes the design and completes the column optimization process.
The shortcut method (FUG method) has been utilised by several researchers to carry out
column designs (Gadzama et al., 2016; Narvaes-Garcia et al., 2015).

Using the approximate calculation method, FUG method and Kirkbride’s correlation, the
design parameters of a fractional distillation column such as the number of stages, reflux

ratios, and optimum feed stage location can be identified. The steps taken are as follows:

Step 1: Identify the K, (or Henry’s law constant) to determine the relative volatility of

each individual esters.

(2.12)



K,
o =—1 (2.12)
KHK

K, measures the tendency of component i to vaporize.

Step 2: Estimate the minimum number of theoretical stages required under total reflux
condition using Fenske equation (Jones & Pujad@ 2006)

IOg [)):D,LK j();(B,HK j:|
Nmin _ D,HK B,LK (2.13)
loga

avg

where X, is the mole fraction of light key component in the distillate, X . is the
mole fraction of heavy key component in the distillate, Xg . is the mole fraction of light
key component in the bottom, X, is the mole fraction of heavy key component in the

bottom, and «,,, is the average volatility of the light key to the heavy key component.

9

Step 3: Estimate distillate and bottom composition using Geddes-Hengstebeck equation

X X
IOQ( Dl J = |Og[ D.AK a_Nmm J + Nmin IOg ai (214)
XB,i XB,HK
From mass balance,
D, - L (2.15)
Bi
1+ -
Di
B =F-D (2.16)

Step 4: Estimate minimum reflux ratio using Underwood equations and determine

operating reflux ratio

o X
P —1- 2.17
Z%_H q (2.17)
& Xp;
> —2=R +1 (2.18)
o —0
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Iterate 6 until Equation (2.17) is equal to zero (g = 1 for feed in the form of saturated

liquid). This gives the minimum reflux ratio. The operating reflux ratio is assumed to be

1.3timesof R,.

Step 5: Estimate number of equilibrium stages required at operating reflux ratio using

Regressed equation from Gilliland graphical method

N=Noyy 1ol (1544 l//o—sl 219
N +1 11+117.2p )\ °

_R-R, 2.20

v R+1 (220)

Step 6: Estimate feed tray location using Kirkbride correlation

2
N B X X
Iog(_szo.ZOGIog (—j{ F*“KJ( B'LKJ (2.21)
NS D XF,LK >(D,HK

After FUG calculation, the diameter of the column can be determined by taking flooding

condition into considerations for both rectifying and stripping sections. The flooding

velocity with liquid surface tension correction at each section is expressed as:

0.2
u, :csb[ocgzj pr Py (2.22)

using Fair’s correlation where C, is the Souders and Brown factor (Peters et al., 2004),

which is a function of tray spacing with the liquid-vapour flow factor, Fv acting as the

parameter. The Fpy factor is given by

L |p
S /_v (2.23)
v Ty oL

By assuming 80% of flooding, the actual vapour velocity un is determined from:
Percentage flooding =t (2.24)
uf

The net column area required at the actual vapour velocity is expressed as:
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A = g = L (2.25)
un pvun
where V is the maximum vapour rate (kg/s). The column diameter could then be calculated

by estimating the cross sectional area of the column. Assuming a downcomer area of x =

15% (i.e. A, =xA)),

_ _A T
A=A+A == (2.26)

To convert the equilibrium stages to actual stages, the overall tray efficiency is required.
A simple analytical expression was developed by Lockett (1986):

E, = 0.492[ (@i ) ]0'245 (2.27)

The height of the column is estimated using Equation (2.28) with 10% additional height
allowance for column operation such as phase disengagement and required internal
hardware (Peters et al., 2004).

H, =(N, —1)L,+AH = (Eﬁ—l} I, Jro.{Eﬁjlt (2.28)

Subsequently, the tray design is carried out by using the trial-and-error approach stated in
the design guidelines compiled by Towler and Sinnott (2013) and Kister (1992). The
preliminary data required for the plate-design include the vapour and liquid flow rates,
the physical properties of the streams, the trial plate spacing, and the column diameter
based on flooding considerations. To decide the liquid flow arrangement on the plate
design, the maximum volumetric liquid rate (m®s) has to be determined by using the
following expression:

— Lm|ML

L, =—o—Lt (2.29)
3600p,

where L' is the liquid molar flow rate below the feed stage (kmol/hr) and M, is the
molecular weight of the liquid (bottom stream). This is followed by the provisional plate

design where the net area A, and active area A, are determined. For single pass plate,
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A=A —-Ajand A =A —-2A,. The hole area on the plate can be assumed to be 10% of

A, (Towler & Sinnott, 2013).

Another thing worth taking note of, is that the hole area of the plates should not be too
large such that at the lowest operating rate, the vapour velocity would still be well above
the weep point. Weep point refers to the lower limit of operating range when excessive
amount of liquid leak through the plate holes. Eduljee (1959) proposed a correlation to

predict the vapour velocity, which is also known as the minimum design vapour velocity:

L [K,-0.90(25.4-d,)]
h (pV)O.S

where K, is a constant obtained from Figure 2.12, which depends on the depth of the

(2.30)

clear liquid on the plate, h, +h,,. The actual minimum vapour velocity (70% Q/An) has

to be higher than the vapour velocity at the weep point to ensure stable operation of the

distillation column.
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Figure 2.12 Weep-point correlation (Eduljee, 1959)

The height of the liquid crest over the weir, h,, is expressed as:
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%
hOW:750{ L, } (2.31)
o,

Meanwhile, for vacuum operation, the weir height h,, of the plate is adjustable between

6-12 mm to reduce the pressure drop. This parameter determines the volume of liquid on
the plate. A high weir will increase plate efficiency at the expense of a higher pressure
drop over the plate (Towler & Sinnott, 2013).

The total pressure drop h, over the plates can be estimated by summing up the dry plate

drop, head of clear liquid (h, +h,,) and residual loss. The dry plate drop is expressed as:

2
h, =51{“—h} A (2.32)
ol PL

where the orifice coefficient C,is obtained from Figure 2.13. It is a function of the plate

thickness, hole diameter and the hole to perforated area ratio.

As for the residual head or residual loss h, , the expression is as follows (Hunt et al., 1955):

12.5x10°
h ==222 (2.33)
PL

Apart from the resistance of liquid to flow in the downcomer, the total pressure drop over
the plate also leads to downcomer liquid backup. If the level of liquid and froth in the

downcomer rises above the outlet weir of the plate above, the column will flood. The

downcomer backup h, is expressed as:

hb :(hw+how)+hl +hdc (2-34)
The last term h,. refers to the head loss in the downcomer due to flow resistance which

is caused by the constriction at the downcomer outlet. It is given by:

hy =166{i:| (2.35)
PLA,
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where L, is the liquid flow rate in downcomer (kg/s) and A, is selected from either the

downcomer area or the clearance area under the downcomer A, , whichever is smaller.
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Figure 2.13 Orifice coefficient of sieve plates (Towler & Sinnott, 2013)

The A, is expressed as:

A, =h,l, (2.36)

where h, =h, —5(mm).

To avoid flooding at the downcomer, the following requirements have to be met:

h, s%(lt +h,) (2.37)
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h
¢ =AM (2.38)
Lo
Equations (2.23) and (2.24) are used to check the entrainment by referring to Figure 2.14.
As a rough guide, the entrainment should be less than 0.1 such that it has minimal effect

on the plate efficiency.

The details of the plate layout are determined in the following step. The available
perforated area on the plate will be reduced by the use of calming zones at the inlet and

outlet sides of the plate, as well as the obstruction caused by structural members such as

support rings and beams. The recommended width of each calming zone, w,, is 75 mm
for D, below 1.5 m, and 100 mm for larger D, . Meanwhile, the width of the support ring

around the plate, w, is fixed at 50 mm.

'El:.:
z
5
£ =
-
. -
B
- -\-‘\. % L r
-1 r Per camt food
- ~] ™ %
~
RN
10
K a0
K
. K]
T P 80
- A
[ =4 N \\ T \
~] N N
z - [ &0
5 - ~
= 1+ [
5 ~] ™,
ﬁ T \"x ¥ h \\
[l 5 i 45 —++
= T
! = an AR
c 4. 5 |
W _ % | | N :.\
- — “H"x .; i
3 - !
2 | ] \Q\\ W
L ™) N N
“\_\ X X
e Tl B
1 3

Fry >

Figure 2.14 Entrainment correlation for sieve plates (Fair, 1963)
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The total perforation area of a plate is given as

Ap = Aa - AJS - Az (239)

where A, is the area of unperforated edge strips and A, is the area of calming zones.

In order to determine A, the mean length of the unperforated edge strips has to be solved

first:

180-6,
180

AJS = WUS x IUS (241)

whereas for calming zones, the mean length and area for calming zones are given as:

|, =(D, =W, ) 7% (2.40)

c

ICZ = IW + WLIS (242)

A, =2(1, xw,) (2.43)
For hole pitch arranged in an equilateral triangular pattern, the ratio of the total hole area

over the perforated area is expressed as:

A _oofd]
A _0.9L } 2.4

p p

The distance between the hole centres, or the hole pitch I should be

I
2.5§d—"s4.0 (2.45)
h

The total amount of holes on the plate is calculated using Equation (2.46):

=1 (2.46)

where A is the area of a single hole.
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2.12 Research gaps

The current status of studies on the microwave-assisted biodiesel production are still at
laboratory scale (Tabatabaei et al., 2019). This implies that microwave technology in
biodiesel production is still in developing stage which requires more investigation and
research. Thus, in this work, the author would like to focus on exploring the effects of
microwave technology on the production of low-cost biodiesel from alternative feedstock,
PFAD. There is a lack of literature that characterize the effect of microwave power levels
and irradiation time towards the reaction rate of microwave-assisted esterification of
PFAD, as well as the investigation of its chemical reaction kinetics under microwave
irradiation. Numerous researchers have proved that microwave technology is capable to
greatly reduce the reaction time needed for the biodiesel production. Yet, little research
has been done on the effect of microwave power variation on the reaction. Despite giving
promising experimental results, to date, there is a lack of robust models which can
describe the microwave-assisted esterification. To the best of author’s knowledge, no
numerical simulation which model the microwave-assisted esterification reaction of
PFAD biodiesel has been reported. The temperature distribution under pulsed microwave
irradiation during the entire reaction period has not been computed before as well.
Therefore, there is a need for the development of multiphysics model in order to
understand and optimize the microwave reactors for biodiesel production. From the
literature review conducted, there is evidently no comprehensive model that could
simulate the entire microwave-assisted biodiesel production process. Thus, the present
study aims to develop and correlate a three-dimensional numerical model that accounts
for the electromagnetics, heat transfer, fluid transport, and chemical kinetics for a
complete microwave-assisted biodiesel production process. The numerical model would
model the electromagnetic field and make realistic temperature prediction on the PFAD
esterification while taking the chemical reaction into consideration. The simulated values

would then be compared with the experimental results.

On the other hand, the current technology used to improve cold flow properties of
biodiesel is known as the winterization technique, where the liquid fuel is gradually

cooled below the melting points of the undesired esters such that the solidified ester
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crystals could be separated from the biodiesel. Although this improves the biodiesel
quality, the method itself is time consuming as it has to be repeated five to six times.
Nevertheless, the low product yield (about 25 %) and 20% loss of starting materials have
hinder its application in the industry. Therefore, an approach that is entirely the other way
round is proposed in this project to remove the esters, which is through vacuum distillation.
To the best knowledge of the author, this method has yet to be researched within the
context of improving the cold flow behaviour of biodiesel. This project will provide a
different point of view to produce export grade biodiesel with good cold flow properties

via this alternative approach (vacuum distillation).
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CHAPTER3 RESEARCH METHODOLOGY OF
MICROWAVE-ASSISTED PFAD
ESTERIFICATION EXPERIMENT

This chapter covers the research methodology implemented to carry out the experiment
of microwave-assisted PFAD esterification. The materials and experiment procedures are
also explained here. This chapter is published in Applied Energy journal,
https://doi.org/10.1016/j.apenergy.2019.01.052

3.1 Materials and apparatus

The PFAD samples was provided by Sarawak Oil Palm (SOP) Edible Oils Refinery Plant
in Bintulu, Sarawak. Its FFA content is specified to be above 80%. The sample has a
density of 0.898 kg/m?® at 40 < and the moisture and impurities content was below 0.4%.
Methanol (ACS grade), sulphuric acid 95-97% (ACS grade), n-hexane (analytical grade),
KOH pellets (ACS grade) and the certified reference material (FAME-mix RM6 and
methyl heptadecanoate) for gas chromatography analysis were purchased from Merck
Malaysia.

Using the right temperature measuring apparatus during microwave processing
experiment is important. Mazubert et al. (2014) reported that poor temperature
measurements in microwave reactors would give misleading reaction performances.
Under microwave irradiation, charged molecules generated heat as they tried to align with
the applied electric field at a very fast rate. As the heat could not be distributed over the

entire volume evenly over a short time, this resulted in uneven heating or instantaneous
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localized superheating, where the localized temperature would be much greater than the
overall recorded temperature of the bulk reaction mixture. Hence, the bulk temperature
might not be an accurate measure of the temperature at which the actual reaction took
place (Gude et al., 2013). As a result, infrared red sensor which detected surface
temperature was not suitable for temperature measurement under microwave irradiation.
Monitoring temperature with an optical fibre sensor helped reduce incorrect temperature
recording. Thus, fibre optic probe from the Luxtron Fibre Optic Thermometry (FOT) Lab

Kit was used in this experiment.

3.2  Biodiesel production experiment procedures

A total of 80 g PFAD was prepared in a three-neck flask and placed in a 60 <C water bath
such that the PFAD remained in liquid form. Methanol catalyzed with 1 wt.% sulphuric
acid was added to the flask at a 1: 9 PFAD-to-methanol molar ratio during the experiment.
The experimental setup is shown in Figure 3.1. The actual experiment setup is shown in
Plate 1 and Plate 2 under Appendix A.

Reflux system

Fibre optic
probe
— f 3-neck flask
O
Sample |
Support +——» 1| Microwave oven

Figure 3.1 Schematic for microwave-assisted esterification

The entire setup was enclosed in a custom-built metal netting cage to reduce microwave

leakage. The microwave oven used was a modified 20 liter domestic oven model,
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Samsung ME711K (Malaysia). Its rated power consumption was 1150 W, and the output
power could be varied from 100 to 800 W (max). After placing the three-neck flask in the
microwave oven, the fibre optic probe was dipped into the liquid for temperature
measurement during the experiment before the microwave oven was switched on. The
experiments were conducted at eight different microwave irradiation periods (i.e. 1, 2, 3,
4,5, 10, 15, and 20 min). The microwave power level was tested at three levels: 100W,
240W, and 300 W. Since there was no temperature-controlled system installed in the
current microwave oven, it was not possible to maintain the experimental temperature at
a fixed value. Each run was carried out three times to minimise the experimental errors.
The biodiesel sample was taken out from the setup after the experiment was complete. No

sample was extracted from the mixture while the experiment is ongoing.

After the experiment, the three-neck flask was immediately removed from the setup and
immersed in a cool water bath for 5 min. The reacted mixture was subject to gravitational
separation in a separating funnel. The collected biodiesel was washed several times with
warm distilled water. Dissolved impurities and moisture were further removed through a
centrifuge at 4000 rpm for 10 min. The weight of the centrifuged sample was recorded

for calculating the biodiesel yield.

3.3  Experimental data analysis methods
After the experiment complete, four data analysis methods were used to interpret the
experiment results, including biodiesel yield calculation, reaction kinetics analysis, GC-

FID analysis, and dielectric properties measurement.

3.3.1 Biodiesel yield calculation
The actual biodiesel yield of PFAD was calculated as follows (Mohammad Fauzi et al.,
2014):

m _
Actual Biodiesel Yield (%) = sample  AVpeap — AV,

rnPFAD AVPFAD
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where AV, is the acid value of the PFAD feedstock and AVy, is the acid value of the

product (biodiesel) measured after the experiment. The calculation of the acid value was
based on the mass of KOH required to neutralize 1 g of the feedstock or product diluted

in an ethanol solution via titration, which was as follows:

AV = ::KA (3.2)

sample
The mass of KOH could be obtained from the titration results by multiplying the titrant
volume (L) with the molarity (mol/L) and molar mass (g/mol) of KOH.

3.3.2 Reaction kinetics analysis of microwave-assisted PFAD esterification
The rate equation for the esterification reaction of FFA and methanol is expressed as
follows:

5 _ dIFFA]

=k, [FFA]' [MeOH]" (3.3)

where K, represents the rate constant. When the molar concentration of methanol is much

higher than the stoichiometric requirement for the esterification, the concentration of
methanol could be considered as constant. Thus, Equation (3.3) could be rewritten as

follows:

_d[FFA]
dt

n Ea n
k. [FFA]" = Aexp[ T J[FFA] (3.4)

R
where K, represents the rate constant of the total reaction.

By integrating Equation (3.4) and rearranging the terms, the rate equation for a first-order

reaction (n = 1) is expressed as follows:

[FFA]=[FFA], g k! (3.5)

Similarly, the integrated rate equation for a second-order reaction (n = 2) is as follows:
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1 1
= +k.t
[FFA] [FFA],

(3.6)

3.3.3 GC-FID analysis

Gas chromatography equipped with a flame ionisation detector (GC-FID) is the
recommended method in EN 14214 standard (British Standards Institution, 2014) while
gas chromatography equipped with mass spectrometry (GC-MS) is also used by some
researchers (Hiwot, 2017; lakovlieva et al., 2017; Nisar et al., 2018) for the same purpose.
Both methods could identify the composition of fatty acid methyl esters (FAME) present
in the final biodiesel sample. This was practised by various researchers (Hiwot, 2017; Ho
et al., 2015; Y. Li et al., 2013). In this study, GC-FID analysis was carried out on the
PFAD biodiesel samples.

The analysis was carried out using the Agilent 6890N Network GC system with an FID
detector with operating conditions as reported by Yeong et al. (2019). The GC system
was installed with an Agilent HP-5 column (30 m <320 pm % 0.25 pm) (Y. Li et al.,
2013). The injector and detector temperatures were set at 250 °C and the carrier gas used
was helium with a 1 mL/min flow rate. Initially, the oven temperature was set at 140 °C.
It was then ramped up at 15 °C/min rate to 200 °C and held for 2 min. Subsequently, the
temperature was increased by 10 °C at 5 °C/min intervals and held for another 2 min. This
increment step was repeated until the final temperature reached 240 °C. The volume of
injected sample was 1 pL at 100 mL/min split flow. For quantitative FAME conversion,
a sample was prepared in a 2 mL vial by diluting 50 mg of biodiesel sample and 10 mg
of methyl heptadecanoate in 1 mL n-hexane. Methyl heptadecanoate with known
concentration was used as an internal standard to determine the precise concentration
percentage for the peaks shown by the biodiesel compound in the chromatogram. The
relative concentration of the other esters was calculated by comparing the area of the
respective peaks with the peak of the methyl heptadecanoate in the chromatogram.

On top of that, the identification of the composition of the major fatty acids in the biodiesel
sample was carried out by comparing the components with FAME-mix RM6, which was
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used as the reference standard (Ho et al., 2015). During GC-FID analysis, as the
instrument detects the presence of certain esters in the sample, the detector signals will
increase and plot in the form of ‘peaks’ on a chromatogram. These peaks that are recorded
in the chromatogram over time were compared with the Supelco FAME mix RM-6
reference standard in order to identify the individual ester components. The FAME
components with their specific concentrations in the FAME reference which serve as a
guidance to calculate the concentration of the respective components present in the PFAD

biodiesel sample are listed in Table 3.1.

Table 3.1 Components in Supelco FAME mix RM-6 with weight percentage

Component Weight Percentage (wt.%0)
Methyl myristate, C14:0 2
Methyl palmitate, C16:0 30
Methyl palmitoleate, C16:1 3
Methyl stearate, C18:0 14
Methyl oleate, C18:1 41
Methyl linoleate, C18:2 7
Methyl linolenate, C18:3 3

The FAME conversion was calculated using Equation (3.7) as expressed in the EN 14103
standard (British Standards Institution, 2011):

A—
Ester Content (%) = % « Mhis. x100% (3.7)
m

S

where ZA is the sum of all FAME peak areas, A is the internal standard (methyl

heptadecanoate) peak area, M is the mass of the internal standard, and m is the mass of

the sample.
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3.3.4 Measurement of dielectric properties

To carry out theoretical prediction, knowing the dielectric properties of materials is
essential (Ratanadecho et al., 2002). In order to study the heat transfer behaviour of the
PFAD feedstock (before esterification) and PFAD biodiesel (after esterification), samples
of the purified biodiesel were sent to Universiti Teknologi Malaysia in Johor for dielectric

measurement analysis. The data would then be used in the esterification modelling model.

The relative complex permittivity, &, of PFAD and PFAD biodiesel were measured via

an open-ended co-axial probe method, using the Keysight 85070E dielectric probe. The
aperture probe was calibrated before the permittivity measurements were carried out. The
probe calibration consisted of air, short-circuits and deionised water. After the calibration,
the aperture probe was immersed in the sample to measure its relative complex

permittivity. Three readings were taken for each sample. The setup is shown in Figure 3.2.

The dielectric probe was attached to the Keysight E8362B network analyser and
controlled with a computer. The sample was heated up using a Fisher Scientific Isotemp
Stirring Hotplate; the temperature of the sample was monitored by using an 80BK-A Type
K thermocouple temperature probe that was attached to a Fluke 289 multimeter. Three
samples of each substance were measured at 2.45 GHz frequency at various temperatures
(25 to 120 ).

Figure 3.2 Dielectric properties measurement of PFAD and biodiesel samples
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3.4 Summary

The preparation required and experiment procedures for microwave-assisted
esterification of PFAD feedstock into biodiesel were explained in detail. The parameters
studied during the experiment would be the microwave power levels and microwave
irradiation periods. After completing the experiments, the yield of biodiesel would be
recorded and further data analysis including the study of reaction kinetics of the PFAD
esterification, characterization of the biodiesel through GC-FID, as well as the dielectric

properties measurement of the PFAD biodiesel would then be carried out.
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CHAPTER 4 EXPERIMENTAL RESULTS & ANALYSIS
OF MICROWAVE-ASSISTED PFAD
ESTERIFICATION

The experimental results for microwave-assisted PFAD esterification were obtained and
analysed in this chapter. This includes the results of the final yield of PFAD biodiesel
obtained using microwave-assisted esterification method, plus the effects of microwave
power dissipation intensity and irradiation time on the yield. Furthermore, the reaction
kinetics of the batch production of biodiesel, as well as the dielectric properties of the
materials are also discussed. This chapter is published in Applied Energy journal,
https://doi.org/10.1016/j.apenergy.2019.01.052

4.1 Biodiesel yield

The biodiesel yields obtained from the experiment at various power levels and reaction
time are shown in Table B-1. Figure 4.1 depicts the change in biodiesel yield over time at
different microwave power dissipation levels. The chosen range of microwave irradiation
time was selected based on the study conducted by Lokman et al. (2014) who studied the
optimal parameters for batch type microwave-assisted PFAD esterification. Their
investigation revealed that the change in yield would be minimal (< 1%) between 15-45
min (900-2700 s) range. Thus, studying biodiesel yield for a longer microwave irradiation

time is of less importance.

The highest biodiesel yield obtained was 92.39% under 1200 s (20 min) long of 300 W

microwave irradiation, where the amount of microwave energy supplied to the reaction
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mixture is the highest among all parametric conditions. This power level was similar to
the 40% power dissipation level (320W) which gave the highest level of increase in yield
as reported by Patil et al. (2010). However, the lowest yield result (82.75%) was observed
at 300 s of 240W microwave irradiation instead of at 300 s of 100 W (83.35%). This
minute difference might be a result of human errors which occurred during the
experiments as the percentage error recorded for 100 W experiment condition was
obviously larger than 240 W. Thus, in general, it could be concluded that the final yield
of PFAD biodiesel increased with longer microwave irradiation time and higher
microwave power level. With higher amount of heat energy supplied from the microwave,

this encouraged the reaction between PFAD feedstock and methanol for better yield

performance.
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Figure 4.1 Actual biodiesel yield of microwave-assisted PFAD esterification

Nonetheless, when taking energy saving into consideration, the optimal parametric
conditions for microwave-assisted PFAD esterification would be at 900 s of 300 W
microwave irradiation. Another 300 s of microwave irradiation only increased the yield
by a mere 0.5% which hinted that the effect of microwave irradiation time towards the

biodiesel yield has greatly reduced. This optimal reaction time agreed with the optimal
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time obtained by Lokman et al. (2014) who used 1 wt.% sulphuric acid catalyst and 1:9
methanol-to-oil molar ratio as well. They managed to produce 99.5% yield under 15
minutes of 800 W microwave power and constant mechanical stirring. Meanwhile, the
biodiesel yield obtained in this study after 15 min of microwave irradiation was lower,
which was at 91.88%. This difference in the observed yield was considered to be
acceptable as the microwave power used in this study was 62.5% lower, i.e. 300 W and
no mechanical stirring was involved in this study to improve the reaction rate. In other
words, the sole application of 300 W microwave power could substantially improve the
reaction rate of PFAD esterification to over 90% within 15 min even without any stirring
mechanism. This showed the great potential of microwave technology in biodiesel

production.

Therefore, in this study, the optimal condition for the batch production of PFAD biodiesel
from microwave-assisted PFAD esterification to achieve 91.88% yield was 300 W
microwave heating, 1:9 PFAD-to-methanol molar ratio, and 1 wt.% sulphuric acid
catalyst at 15 min reaction time. As the initial volume of PFAD was 70.92 ml (80g), the
specific energy required at the optimal condition (300 J/s %900 s) was 3.81 kJ/ml.

As described Section 2.4, there are several parameters which affect the esterification
reaction. However, only two parameters related to the effect of microwave (microwave
irradiation periods and microwave power levels) were studied in this work. The
investigation of other parameters (e.g. catalyst loading, oil-to-methanol molar ratio) had
been studied extensively by other researchers such as Chongkhong et. al. (2007) and
Lokman et. al. (2014). Thus, these parameters were not studied in this work. In addition,
the stirring mechanism was not included in the set up to avoid the difficulty in
differentiating and identifying the significance of the sole effects of microwave irradiation

towards esterification in this work.
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4.2  Effect of microwave irradiation time

The amount of heat energy supplied by the microwave to the esterification reaction could
be controlled via the total irradiation time or the intensity of the microwave power. As
shown in Figure 4.1, in general, the biodiesel yield increased as the irradiation time
increased but the yield was not linearly proportional to the irradiation time. The
conversion rate of PFAD into biodiesel was the highest during the first 300 s of
microwave heating, reaching over 80% biodiesel yield, regardless of the microwave
power level. This implied that a huge portion of the esterification reaction of FFAs into
FAMEs took place during the first 300 s. As the reaction time continued to increase to
1200 s, the biodiesel yields still improved, but only by another 5 to 9%, which were
relatively slower compare to the first 300 s. The slow conversion rate could be attributed
to the huge drop in FFA concentration over time which reduced the effective area of
reaction between the reactants as the process continues. To get a clearer picture of the
reaction changes within the first 300 s, additional experiment runs were carried out at 300
W microwave power from 60 to 240 s. Their respective biodiesel yields were calculated
and shown in Table B-2 (in Appendix B). Using the data in Table B-2, the actual biodiesel

yield obtained under 300 W microwave power level was plotted in Figure 4.2.
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Figure 4.2 Actual biodiesel yield of PFAD in microwave-assisted esterification (300 W)
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Each experiment was conducted in three replicates and the mean values of the yield were
recorded. The deviation of yield values was less than 1.00% in general with the highest

error recorded at 300 s (%£2.44%). This could be due to human error during the experiment.

It is clear that more than 60% of the PFAD was converted into biodiesel within the first
minute. After 300 s of microwave irradiation, the biodiesel yield obtained increased to
84.72%. Figure 4.2 clearly shows that the yield did not increase linearly with time. The
highest reaction rate was observed during the first 300 s, followed by a slower reaction
rate between 300 and 600 s, which slightly increased again from 600 to 900 s, and
gradually slowed down between 900 to 1200 s. This yield pattern was similar to the results
reported by Lieu et al. (2016). The reaction occurred vigorously during the first 300 s as
methanol exist in abundance and the equilibrium of the esterification reaction was shifted
to the right. In addition, the microwave irradiation also provided energy to enhance the
reaction rate. As the concentration of PFAD feedstock greatly reduced, the reaction
slowed down. The reason for the slight increase in reaction rate between 600 to 900 s was

unknown but could be due to the presence of optimal microwave power level.

The initial acid value of PFAD feedstock was determined to be 209.27 mg KOH/g. This
value suggested the presence of a high amount of unreacted FFAs within the PFAD
feedstock. As PFAD converts into biodiesel during the chemical reaction, the acid value
reduced, indicating that the FFAs have been esterified into FAMEs. After 900 s of reaction
time, the acid value of the PFAD biodiesel sample had significantly reduced to 11.41 mg
KOHY/g, as tabulated in Table B-2. This implied that the esterification of PFAD feedstock
under microwave irradiation was a highly feasible production method of PFAD biodiesel.
Nonetheless, this had yet to satisfy the requirement of EN 14214 or ASTM D6751
standards, which is < 0.5 mg KOH/g. To remove these unreacted FFAS, one might add
some KOH solution to the biodiesel sample during the post-washing process in order to
trigger saponification reaction. This would allow the FFASs to be removed in the form of
soap. However, if one’s main concern was to retain these FFAs to further increase the

final biodiesel yield, it would be wise to introduce additional methods such as ultrasound
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cavitation or continuous flow system to improve the mass transfer, rather than prolonging

the microwave irradiation time.

On the other hand, Tabatabaei et al. (2019) commented that both mass transfer and yield
would decrease at higher temperature due to the loss of reactants via vaporization. This
effect was not observed in the study. At all microwave power levels, as the time passed
and the superheated reaction temperature became much higher than the boiling
temperature, the biodiesel yield did not decrease. The biodiesel yield still increased at
higher temperature but at a slower rate. This negative effect on the mass transfer and yield
had been eliminated in this experiment not only by having high PFAD-to-methanol molar
ratio, but also by using a reflux system which condensed large amount of methanol that
vaporized during the experiment such that the methanol would dripped back into the
reaction mixture. Furthermore, this dripping action might indirectly promote mass

transfer in the reaction mixture as well and improved the esterification rate.

4.3  Effect of microwave power level

According to Tabatabaei et al. (2019), the optimum reaction temperature for non-
enzymatic conventional biodiesel production was near the boiling point of alcohol. Under
microwave irradiation, it was obvious that the esterification of PFAD was successfully
carried out near the boiling point of methanol. Interestingly, the temperature profiles of
PFAD esterification as shown in Figure 4.3 suggested that the importance of reaction
temperature in governing the biodiesel yield under microwave irradiation might be low.
For instance, at t = 300 s, the reaction temperature was 59 °C at 100 W and 74 °C at 300
W, respectively. However, the yield obtained at both microwave power levels was similar
although the temperature difference was as large as 15 °C. The biodiesel yield at 59 °C
was only 1.37 % lower than that at 74 °C. This should not be the case as similar yields
should only be obtained at similar temperatures. This was supported by the results
obtained by Lokman, Rashid, and Taufig-Yap (2015). The biodiesel yield they obtained

at 60 °C and 75 °C under the same microwave power setting were 58% and 80%
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respectively, which vary by a 22% difference. Therefore, this implied that obtaining

similar yield was most probably a result of the intensity of the microwave power.

Based on the experiment data listed in Table B-1, one could deduce that the higher the
microwave power level, the better the biodiesel yield. However, using microwave power
level which was too high could negatively affect the cost effectiveness of utilizing this
heating technology in biodiesel production. Besides, using high microwave power level
would also result in the occurrence of superheating. This superheating effect could often
be observed in multimode domestic microwave ovens without any stirring mechanisms.
It was expected that the effect would disappear if the experiments were carried out with
well-stirred mixtures at low microwave power level (Perreux & Loupy, 2001). Similar

phenomenon was observed in this study.

The temperature profiles for the three microwave power levels were plotted in Figure 4.3.

B AR E R

-
'J-f‘ﬁ.".fhf\j\oﬂf\'\“ - “‘“‘Ju\“‘\,\:‘;\
-

=)
h

Temperature (°C)
(=)
o

55
S I e [ 100 W
asqFyeso 240 W
40 —300W
35
0 200 400 600 800 1000 1200

Microwave Irradiation Time (s)

Figure 4.3 Experimental temperature profiles at different microwave power dissipation
levels
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In this study, the reaction temperature was uncontrollable as the temperature of the
reaction mixture was affected by the microwave power level used during the experiment.
In other words, the power level of the multimode microwave oven was fixed at a testing
value but the temperature profile of the reaction mixture would constantly vary with the
ON and OFF operation time of the magnetron and the total heat content within the liquid.
The boiling point of methanol was 65 °C. When the temperature measurement of the
reaction mixture exceeded 65 °C, this indicated the presence of localised superheating in
the liquid. Superheating effects were observed at all microwave power levels but began
at different microwave irradiation time in the absence of stirring. The superheating effect
started roughly after 100 s under 300 W; 150 s under 240 W; and 500 s under 100 W
microwave power. In addition, the superheated temperature profiles at the three
microwave power levels also showed some difference. At 100 W, the superheated
temperature range was about 70 °C while the average superheated temperature at 240 W
after 150 s was 71 °C. The superheated reaction temperature profile at 300 W after 100 s
fluctuated about 76 °C with 2 °C difference. These temperature values were acceptable
as the superheated temperature of boiling methanol under microwave exposure recorded

by Perreux and Loupy (2001) was as high as 84 °C.

With the reaction temperature exceeding the boiling point of methanol, the methanol
would vaporise continuously. Nonetheless, the reaction between the liquid PFAD
feedstock and liquid methanol would still occur simultaneously because the methanol had
been supplied in excess (9 times more than PFAD feedstock in terms of molar ratio). In
addition, a water-cooled reflux system had also been installed to the system to condense
the evaporated methanol and return it to the reaction mixture, making sure that sufficient

amount of methanol was available for esterification throughout the experiment.

The fluctuation at each temperature profile was due to the cyclic microwave heating

pattern. At 300 W, the temperature variation during each cycle was relatively similar to

240 W (%2 °C) and slightly larger compare to 100 W (x1 °C). This showed that as the

microwave power level increased, the superheating effect also increased, causing the

average superheated temperature range of reaction mixture at higher microwave power
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level to increase as well. During the experiment of the PFAD esterification, methanol and
water which were polar molecules, selectively absorbed microwaves and subsequently
released heat energy into the reaction mixture. As methanol existed in abundance in the
reaction mixture, it was responsible for most of the energy conversion from microwave
to heat energy. During the first 300 s of the experiment, most of the heat energy was
utilised in the esterification reaction to convert the FFAs in PFAD feedstock into esters.
Thus, the esterification rate at all microwave power levels were very high. As the reaction
temperature rose above the boiling point of methanol, the reaction rate began to slow
down. Apart from the reduction in the concentration of FFA available for esterification
reaction, another reason which might result in the slow reaction rate could be the boiling
methanol. A huge portion of the heat energy which was absorbed from the microwaves at
the later stage was used for the vaporization of boiling methanol instead of improving the

rate of esterification.

Figure 4.4 shows the energy consumption at various microwave power levels to achieve

the respective biodiesel yields.
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Figure 4.4 Energy consumption for biodiesel production at various microwave power

levels
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The energy consumption (J/ml) was obtained from the basic calculation of microwave
power (W) and time (s) divided by the initial volume of PFAD (ml). The data is shown in
Table B-3 in Appendix B. As observed, it was reasonable to deduce that the actual
biodiesel yield obtained increased with the higher consumption of microwave energy, but
up to an optimal value. The rate of yield attained reduced considerably and reached a
plateau when the amount of microwave energy consumed by the reactant (PFAD)
exceeded 4 kJ/ml.

Should the total energy consumption be the main criterion for selecting optimal
operating condition (without considering the microwave irradiation time), 100 W might

be thought to be the preferable microwave power level at first glance. As shown in

Figure 4.4, higher biodiesel yield could be obtained at the same energy consumption level
by using low power setting. For instance, when the energy consumption was 1269.04 J/ml,
the actual biodiesel yield obtained at 100 W (900 s) was 86.09% as compared to 84.72%
at 300 W (300 s). At 1692.05 J/ml specific energy consumption, the yield obtained at 100
W was 89.02%, which was comparatively higher than 240 W and 300 W which would
give yield around 85%. However, this observation was insufficient to indicate that 100 W
microwave power level was more superior because this higher yield was only possible at
the expense of prolonged irradiation time. As such, the higher yield observed at 100 W
under the same amount of energy consumption might arguably be the result of having
longer reaction time for the occurrence of esterification reaction instead of implementing
low microwave power level setting. At 240 W and 300 W microwave power levels, the
graphs of yield versus the energy consumed were found to be plotting closely together
along a linear line when the energy consumption ranged between 1200 to 4000 J/ml. This
was probably because the difference between the power level was relatively small (60 W).
Thus, the effect of another factor, longer reaction time for esterification, on the biodiesel
yield would be less significant on the graph of energy consumption versus yield. The
effect became significant as observed in the case of 100 W and shown by the shift of the

line to the left. In summary, the effect of microwave power levels on the biodiesel yield
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should be attribute to both the total energy consumed by the reacting mixture as well as

the irradiation time.
4.4  Reaction kinetics of microwave-assisted PFAD esterification

The reaction order for the microwave-assisted PFAD esterification was determined by
curve fitting the reaction rate equations with the biodiesel yield. The experimentally
measured temperatures were used for the temperature terms in Equations (3.5) and (3.6)
to obtain the instantaneous temperature at the measured data points. As the temperature
varied greatly during each cycle, empirical functions were developed to predict the
instantaneous temperatures. These equations are only applicable for the current reactor.

The estimated temperature profile functions (as depicted in Plate 4 in Appendix B) for the

three microwave power levels during the experiment are expressed as:

Tyoow = 37°t° —0.001t* +0.1029t + 37.164 (4.1)
R? =0.9954

Topuow = 6.9714Int +28.797 (4.2)
R? =0.8506

Tyow = 6.1861Int +35.845 (4.3)
R*=0.7722

These functions were used in predicting the reaction rate constant kr. Although R? for the
empirical temperature function of 300W is quite low, the percentage error for the
predicted temperature profile obtained using the empirical function is less than 3% (unit
in Kelvin), when compared to the experimental temperature profile. Thus, this should give
relatively close rate constant and subsequently, accurate final [FFA]. The fatty acid

conversion was curve-fitted to both equations with the aid of Microsoft Excel solver using
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the least squares method. The comparison between the experimental and predicted fatty

acid conversion of the two reaction orders were shown in Figure 4.5.
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Figure 4.5 Comparison between reaction rate of PFAD esterification under 300 W
microwave power with a) first-order; b) second-order reaction kinetics (curve-fitting)

The sum of squared error (SSE) was 0.0406 for the first-order curve-fitting and 0.0027
for the second-order curve-fitting. The predicted final concentration of the PFAD in the
biodiesel sample was observed to be in good agreement with the experimental data using
second-order reaction kinetics. Thus, the microwave-assisted PFAD esterification was

deduced to follow the second-order reaction kinetics. Table 4.1 shows the comparison
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between the actual and predicted reaction rate of PFAD esterification under 100 W, 240

W and 300 W with second-order reaction kinetics.

Table 4.1 Comparison between actual and predicted final fatty acid concentration of
PFAD esterification

Microwave Final Fatty Acid Predicted Fatty Squared  Rate
Irradiation Concentration Acid Concentration Error constant,
Time () (mol/L) (mol/L) k (M1s?)
100W
0 1.4938 1.4938 - 0.02114
300 0.2487 0.2981 0.0024 0.00895
600 0.2303 0.2269 0.0000 0.00623
900 0.2078 0.1660 0.0017 0.00595
1200 0.1640 0.1191 0.0020 0.00644
SSE  0.0062
240W
0 1.4938 1.4938 - 0.02846
300 0.2577 0.2933 0.0013 0.00913
600 0.2221 0.1901 0.0010 0.00765
900 0.1698 0.1450 0.0006 0.00692
1200 0.1177 0.1190 0.0000 0.00644
SSE  0.0029
300W
0 1.4938 1.4938 - 0.04024
300 0.2282 0.2599 0.0010 0.01059
600 0.2026 0.1636 0.0015 0.00907
900 0.1213 0.1228 0.0000 0.00830
1200 0.1137 0.0997 0.0002 0.00780
SSE  0.0027

It was found that the individual squared errors between the experiment data points and
the model were minimal at all three power levels (< 0.0025). The curve at 300 W had the
lowest SSE at 0.0027. Even the highest SSE was only 0.0062 at 100 W. As shown in
Figure 4.6, the fitted line plots were very close to the experimental values, showing that
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they were in good agreement. Nonetheless, the plots at 240 W and 300 W were closer to

the experimental values as compared to the line plot of 100 W.
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Figure 4.6 Comparison of estimated PFAD esterification reaction rate with experimental
data

Microwave irradiation could affect the pre-exponential factor or activation energy in the
Arrhenius equation due to the orientation effects of dipolar molecules in the presence of
an electric field (Nomanbhay & Ong, 2017; Rodr uez et al., 2015). Table 4.2 shows the
activation energies and frequency factors determined for the PFAD esterification reaction
at the three tested microwave power levels. It was observed that the frequency factor
slightly increased with higher level of microwave power. This implied that with stronger
microwave power, higher amount of heat energy was supplied and the frequency of
collisions with correct orientation between the particles increased. These values would be

used as the input for modelling the reaction rate in the numerical model.
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Table 4.2 Activation energies and frequency factors for microwave-assisted PFAD
esterification under various power level

Microwave Power Frequency factor, A Activation energy,

(W) (M1s?) Ea (J/mol)
100 2.02 <1078 -36000
240 2.87 <108 -36000
300 3.65 <1078 -36000

The value of the activation energy required for microwave-assisted PFAD esterification
was determined to be -36 kJ/mol. This was similar to the finding by Hong et al. (2012),
and 10 kJ/mol higher than the activation energy reported by Jermolovicius et al. (2017).
The difference in the values was possibly because the oil feedstock and alcohol used were
different from those in this study. The negative activation energy as found in this study
suggested that the reaction rate would decrease with an increase in temperature
(Jermolovicius et al., 2017). Esterification is a form of bimolecular reaction as molecules
of fatty acid and alcohol collide and exchange groups of atoms (Zhang et al., 2012); it
was previously reported that negative activation energy could appear in bimolecular
reactions that occur too fast (Benson & Dobis, 1998). It is therefore reasonable to deduce
that the application of microwave energy, which excites the molecules rapidly, results in
negative activation energy of microwave-assisted PFAD esterification. In fact, more than
60% of the reaction occurred within the first minute, where the average temperature was
still relatively low, i.e. in the 38-60 <C range, compared to the remaining time duration.
As the temperature increased, the reaction rate slowed down. This was also due to the fact
that the concentration of FFA available for esterification had reduced substantially after

the first minute.
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45 GC-FID analysis

GC-FID analysis was carried out to characterize the biodiesel produced from PFAD. The
FAME conversion in the biodiesel sample was verified to be greater than 96.5%
(mol/mol), which was in accordance with the specifications stated in EN 14214 standard
(British Standards Institution, 2014). The normalised mass fractions of the FAMEs were
listed in Table 4.3.

Table 4.3 Ester components in PFAD biodiesel with their respective mass fractions

Ester Retention Lipid Molar mass Normalized
Time (min) number (g/mol) Mass %
Methyl palmitate 9.187 C16:0 270.5 47.51
Methy| stearate 12.782 C18:.0 294.5 4.76
Methyl oleate 12.374 C18:1 296.5 38.69
Methyl linoleate 12.211 C18:2 298.5 9.04

Since the FAMEs were directly converted from PFAD, it was reasonable to deduce that
the fatty acids in PFAD would have identical mass fractions as those in the FAMESs. The
value of the mass fractions obtained were similar to the result obtained by Lokman,
Rashid, and Taufig-Yap (2015), where the four major fatty acids in PFAD were reported
to be palmitic acid (45.68 wt.%), oleic acid (40.19 wt.%), linoleic acid (7.9 wt.%), and
stearic acid (4.25 wt.%), with a molecular weight of 232.3 g/mol. In addition, the
molecular weight of the PFAD feedstock used in this study was estimated to be 260.17
g/mol based on the normalised mass fraction identified in Table 4.3.

4.6  Dielectric properties measurement

The response to an applied electric field (microwave) is dependent on the dielectric
properties of the material. The dielectric properties of PFAD and biodiesel samples at
2.45 GHz were measured and plotted in Figure 4.7.
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The dielectric constants of PFAD were observed to range between 2.47-2.9 over a
temperature range of 25-120 <C. Rudan-Tasic and Klofutar (1999) reported that the
dielectric constant of oils lied in the range of 3.0-3.2; since PFAD is a type of low quality
oil, therefore, the obtained values were considered acceptable. It was observed that the
dielectric constant and loss factor of PFAD were generally lower than those of biodiesel.
Once PFAD was converted into biodiesel, the dielectric constant increased to the range

of 2.92-3.52. Similarly, the loss factor of the PFAD, which was between 0.11-0.24, also

increased after the esterification.

=1 (@)

Dielectric constant
s
(=]

00 | (D)
®° o 5
S 0008 g°398@b%38 ;QJ
©%s 00 0 g0
R R o
¥ | o S0 2 0.15 N
3

®0 %0

<
. <
;\:%3%ﬁa&§igﬁé§§
o 0% ¢ PR

S0

<

® PFAD 0.05
& Biodiesel

20

40

283
< o 4

® PFAD

& Biodiesel

60 80 100 120 140 0 20
Temperature (degC)

Temperature (degC)

120

Figure 4.7 (a) Dielectric constant, and (b) loss factor measurement for PFAD and

biodiesel at f = 2.45 GHz

The empirical equations for the respective dielectric properties of PFAD and biodiesel

with respect to temperature (°C) are expressed as follows:

PFAD:

Biodiesel:

&, 'oean = 0.008T +2.7216
" cap = 0.0001T +0.1625

£,'gp =26 °T? —0.0055T +3.5216

£"ap =—0.001T +0.2777

r
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Although both dielectric constant and loss factor of PFAD did not vary much across the
temperature range, the effect of temperature on biodiesel was more obvious. While both
values were observed to decrease with increasing temperature, the change in the values
was considered insignificant (<0.6 for dielectric constant, <0.13 for loss factor). Hence
for simplicity of modelling, the dielectric properties of PFAD and its biodiesel could be
considered to be constant within the 25-120 <C temperature range. At 2.45 GHz, the
average relative complex permittivity of PFAD was 2.78-0.17j while for biodiesel it was
3.26-0.21;.

4.7  Summary

The biodiesel yield obtained from the microwave-assisted esterification of PFAD
feedstock was presented and discussed. The optimal parametric conditions for PFAD
esterification at 1:9 methanol-to-oil molar ratio and 1 wt.% sulphuric acid catalyst loading
were 900 s of 300 W microwave irradiation in order to produce 91.88% vyield. In general,
the biodiesel yield was positively correlated with both microwave irradiation time and
microwave power levels. It was found that the reaction kinetics of the PFAD esterification
became second order under microwave irradiation. The values of activation energy and
pre-exponential factor at each microwave power level were determined as well. GC-FID
analysis was conducted to identify the ester composition of PFAD. In addition, the
dielectric constant and loss factor of PFAD biodiesel at 2.45 GHz microwave were also
measured and reported.
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CHAPTERS5 RESEARCH METHODOLOGY OF
MICROWAVE-ASSISTED PFAD
ESTERIFICATION SIMULATION

This chapter explains the model development of microwave-assisted PFAD esterification.
The assumptions and limitations of the model are shown. The model description, the
governing equations used as well as the input, boundary and initial conditions of the
model are also specified. This chapter is published in Applied Energy journal,
https://doi.org/10.1016/j.apenergy.2019.01.052

51 Assumptions and limitations of the model

The following assumptions were made in the current mathematical model:

1. Air would not be heated by microwave as it is microwave-transparent (i.e. & =1)

(Ratanadecho et al., 2002). The temperature of the air surrounding the reaction
medium remains constant during the esterification process.

2. The PFAD and biodiesel remain in the liquid phase during the production process
because of their relatively higher boiling points (i.e. >300 <C) at atmospheric
pressure.

3. The liquid phase is assumed to be in the laminar regime due to the absence of
mechanical stirring of the liquid.

4. Methanol and water vaporise due to their lower boiling points which are 64.7 <C

and 100 <C respectively, under the standard atmospheric pressure.
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5. The effect of boiling nucleation at high temperatures due to the insertion of the
fibre optic probe into the liquid medium is neglected.

6. The liquid mixture is assumed to be a homogenous single phase solution
(Selemani, 2018).

5.2  Model description

The computational domain consisted of a microwave oven cavity with the flask located
in the middle, as shown in Figure 5.1. Only the bottom section of the flask, which
contained the liquid sample, was included in the numerical model as the upper section
contained only air, which was the same as the microwave oven domain. The esterification
reaction was simulated in a liquid medium which was a mixture of PFAD, methanol,
biodiesel, and water. The sulphuric acid catalyst was omitted from the model as it was
neither consumed nor produced during the reaction. The microwave oven domain had
been represented by an enclosed rectangular box with a rectangular waveguide attached

on the right wall.

03

Waveguide

0,0, 0)
Figure 5.1 Esterification model
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In the experiment, the temperature profile of the liquid was obtained using the fibre optic
probe at a specific point as shown in Figure 3.1. Thus, the same location was chosen for
temperature prediction in the model to facilitate result comparison. The Cartesian
coordinate for this point was 0.142 m (x) x 0.152 m (y) x 0.155 m (2), as shown in Figure
5.2.

T ] Front view

Side / { | \/[

Figure 5.2 Temperature measuring point

The microwave generated by the magnetron was modelled as a plane wave emitted from
the waveguide. It was transmitted from the waveguide into the oven cavity to heat up the
reaction mixture in the flask. The liquid underwent cyclical volumetric heating which
resulted in temperature fluctuations during the reaction process. As the microwave
heating continued, the liquid temperature continued to increase and exceeded the boiling
point of methanol (64.7 <C). A part of the liquid methanol boiled and vaporised,; this was
subsequently cooled and condensed by a reflux system (not modelled in the numerical
model) and returned to the flask. This effect of vaporisation and condensation of methanol
would prevent further increase in the liquid temperature and cause the temperature to
oscillate within a constant range, unless extra heat energy was supplied to or lost from the

system.
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Without any stirring mechanism involved in the system, microwave heating would lead
to uneven temperature distribution in the liquid due to the formation of hot and cold spots
caused by the alternating electric field. Hence, the local temperature at certain parts of the
liquid might exceed the boiling point of water, causing the water to vaporise. Therefore,

the vaporisation effect of water was included.

5.3  Governing equations
The current model solves for the electric field distribution, mass, momentum, energy, and

energy balance of the liquid mixture.

5.3.1 Electromagnetic field
The electromagnetic wave distribution inside the modified microwave oven was governed

by Maxwell’s equations. The wave equation can be expressed as (Law et al., 2016):

Vx(VxE)-0’ksE=0 (5.1)

where @, x and ¢ are the angular frequency, magnetic permeability and complex
permittivity of a material, respectively. This equation was solved for the entire

computational domain which included the microwave cavity and biodiesel liquid mixture.

5.3.2 Mass-momentum conservation

Navier-Stokes equations solved for the mass and momentum conservation of the liquid
phase of the biodiesel liquid mixture. In the absence of an external mixing mechanism,
the system was assumed to operate under laminar flow condition. Thus, the equations
were as follows (COMSOL Inc.):

dp/ot+V-(pu)=0 (5.2)

pOouU/ot+ pu-vu = —Vp+[y(Vu+(Vu)T )—2/3(;1(V-u))}—pg (5.3)
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where £ is the molecular viscosity coefficient, and g is the gravitational acceleration.

5.3.3 Chemical species conservation
In this study, the following species were calculated: PFAD, methanol, biodiesel, and water.
The conservations of the concentration of each species are expressed as follows:

oc

% +V+(~DtaVereap )+ U+ Verear = Ropo (5.4)

ac“jTeOH +V+(~Diteon VCueon )+ U Veyeon = Ruseont, vp (5.5)
Lo Ly (~DEpVeep ) +U- Vg = Rep

(5.6)

%+V-(—DSZOVCHZO)+U-VCHZO Ry 5.7

The first term on the left-hand side of Equations (5.4) — (5.7) referred to the changes in
the concentration of the species with time. The second term accounted for the diffusive
interaction between the dilute species and the solvent, while the third term described the
convective transport of the species due to the velocity field u. The reaction Kinetic terms
were on the right-hand side of the equations. These reaction kinetics were discussed in

the following section.

The FAME, R-COOCH, was produced via the following chemical reaction (Leung et al.,
2010):

R-COOH+CH,0OH —» R-COOCH,+H,0 (5.8)

The reaction between the PFAD (R-COOH) and methanol (CH3OH) produced FAME and
water (H20). For PFAD, the effective reaction rate for esterification with second-order

reaction kinetics, could be expressed as follows:

—E,
R, T

Ropap = —K.[PFADT? = —Aexp( j[PFAD]Z (5.9)
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The negative sign indicated that the amount of PFAD decreased as the reaction proceeded.

Furthermore, biodiesel was produced at the same rate as the PFAD according to Equation
(5.8):

. . =
Rep = —Roeap = Aexp( = j[PFAD]Z (5.10)

In the current model, only methanol and water experienced a phase change as they
vaporised during the biodiesel production, while FAME and PFAD were assumed to
remain in the liquid phase because their boiling points are greater than 300 <C, which

were beyond the operating temperature range (i.e. between 38 <C and < 100 <C) of this

reaction. Thus, Ri,vap =0 for FAME and PFAD.

The vaporisation rate, RMeOH,vap for methanol was calculated as follows:

—Emeon

RMeOH,vap =—Aveon® T (CMeOH _CMeOH,sat) (5.11)

where Cyops 1S the saturation concentration (mol m) of methanol, and Cy.q,, (Mol M’

%) is the concentration of methanol at any time during the reaction. The vaporisation of

methanol occurred when T > 64.7 <C.

The vaporisation rate, RHZO,vap for water was calculated as follows:

R k (5.12)

H,0vap —  "c,H,0 (CHzo - CHZO,sat)
where kC,Hzo is the mass transfer coefficient (s*) of water. This vaporisation effect occurred

when T > 100 <C.
The saturation concentration of vapour was calculated as:

P o
C. = 1,54 513
1,sat RT ( )

The saturation pressure, Pi,sat (mm Hg), was calculated using the Antoine equation as

follows (Dortmund Data Bank, 2018):
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B

p_—10"T< (5.14)

i,sat
The numerical values of the constants A, B, and C for water and methanol were listed in

Table 5.1, along with the valid temperature range.

Table 5.1 Antoine equation parameters for water and methanol (Dortmund Data Bank,

2018)
Material A B C Temperature Range (C)
Water 8.07131 1730.63  233.426 1-100
Water 8.14019 1810.94 244.485 > 100
Methanol 8.08097 1582.27  239.700 15-100
Methanol 7.97010 1521.23  234.000 > 100

Mass transfer due to concentration gradient between the liquid-air interface had not been
considered in this study; and the phase changes of methanol and water were assumed to
take place throughout the volume of the liquid, as a result of the volumetric heating of the

microwave.

5.3.4 Energy conservation
The heat transfer in the liquid phase was described by Fourier energy equation as follows
(COMSOL Inc.):

Pey—+PCU-VT =V (KVT) = Quy + Qs - Y AH R (5.15)

The microwave heating effect, Q,y, is a function of the absorbed electric field as well as

the dielectric loss factor. For instance, during the experiment, the microwave power at
300 W was switched on for 13 s and subsequently switched off for 17 s in a single cycle.
The heat source could imitate the cyclic pattern by multiplying the electromagnetic heat

source term with a periodic piecewise function, as follows:
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At 300W,

. “EF if o<
Q. = 2rnfee|E[ if 0<t<13 (5.16)
0 if 13<t<30
At 240W,
: "lE if 0<
Q= 2rnfee|E[ if 0<t<12 (5.17)
0 if 12<t<30
At 100W,
. “EPX if 0<
Q. = 2rnfee|E[ if 0<t<10 (5.18)
0 if 10<t<30

Enthalpy change occurred in the system when the reactants were transformed into
products via esterification (exothermic). This introduced a heat source, QAH into the

system, which is expressed as follows:

Qu =AH.R (5.19)
The heat source from the exothermic esterification reduced as the reaction proceeded. The
enthalpy of reaction was equivalent to the total sum of the enthalpy of formation of liquid
for each methyl ester in the biodiesel, according to Hess Law and their respective mole

fractions. The net enthalpy of reaction was calculated to be -8.60 kJ/mol at std condition.

During the reaction, a reflux system resulted in the condensation of the vapour back into
the reaction mixture. This cooling effect had been accommodated by the vaporisation
function of methanol and water, which was represented by the third term on the right-
hand side of Equation (5.15).

On the other hand, the complex permittivity, . of a liquid mixture depended on the molar
fraction of each individual component. Thus, . was calculated as the sum of the product
of the molar fraction and the relative complex permittivity of a species i, which is
expressed as follows:
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E= SOZ(XiEr’i) (5.20)

i=1
g =¢'—jg" (5.21)
where &, is the permittivity of free space (8.854 <1012 F/m) and X, is the molar fraction.

The relative complex permittivity, &,, consists of areal part, &, , and acomplex part, &,",

which are known as the dielectric constant and loss factor, respectively (Law et al., 2016).
The dielectric constant indicates the electrical energy storage capacity of the material
whilst the dielectric loss factor expresses the degree of conversion of the stored electrical

energy that is released in the form of heat.

The molar fraction X; , is determined by the ratio of the individual species concentration

to the total concentration, as shown in Equation (5.22).

C.
X = — (5.22)

1
Ctot

The dynamic viscosity, thermal conductivity, specific heat capacity and density of the
liquid mixture were also calculated based on the molar-averaged principle, which are

expressed as follows:

e Z X 14 (5.23)
k=2 xk (5.24)
c, = Z XCy, (5.25)
p= Z X, (5.26)

5.4  Input, boundary and initial conditions

The input parameters for the model were listed in Table 5.2.
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Table 5.2 Input details of the esterification model

Parameters Unit Value
Oven dimension mm 330 (w) <309 (d) <211 (h)
Waveguide mm 45 (w) %85 (d) %56 (h)
Flask diameter mm
Material properties Symbol Unit Value
Specific heat capacity of methanol (Central, q .
2810) pacly ( Comonr kgL K 2520
Density of methanol (National Center for 3
Biotechnology Information, 2004) Pwmeor kg/m 792
Thermal conductivity of methanol

k -1 -l .
(Engineering ToolBox, 2008) MeOH Wm=K 020
Dynamic viscosity of MeOH @70°C (Alam
et);I 2018) ’ ( MeOH mPa.s 0.34
Complex relative permittivity of MeOH .
(Singﬁl 2010) i ’ Euteon ] 26.39-10j
Enthalpy of vaporisation of methanol (Wu et
" 20£§ P ( AHyeonwo  Jimol 35210
Specific heat capacity of PFAD* Cp.praD JkgtK? 2183
Density of PFAD* Prend kg/m?® 885.6
Thermal conductivity of PFAD (Chempro) Korao W mtK?! 0.17
Dynamic viscosity of PFAD (Chempro) Hoeap mPa.s 12.75
Complex relative permittivity of PFAD* EpEpp - 2.78-0.17j
Specific heat capacity of biodiesel (Jaimes et
af 2010) pacity ( C, en Jkgt K 1880
Density of biodiesel* Pep kg/m?® 879
Thermal conductivity of biodiesel (Saeed et
AL 2017} y ( Kep, W m? K 0.18
Dynamic viscosity of biodiesel (Pratas et al.,
28/10) y ( Hsp mPa.s 2.10
Complex relative permittivity of biodiesel* Esp - 3.26-0.21j
Specific heat capacity of water (Engineering q
ToolBox, 2003) . 10 Thg K 4184
Density of water (Engineering ToolBox, P kg/m? 1000

2003)

126



Material properties Symbol Unit Value
Thermal conductivity of water @70°C K 4
(Engineering ToolBox, 2018) A0 Wm=K 066
Dynamic viscosity of water @70°C (Alam et
al., 2018) Hy 0 mPa.s 0.42
Complex relative permittivity of water .

g - -
(Komarov et al., 2005) a0 78-12.5)
Enthalpy of vaporisation of water (Nakamura

AH

etal., 2005) H,0.vap J/mol 40650
Enthalpy of reaction* AH, J/mol 8603
Initial concentration of methanol* CoMeor mol/m?3 13657.48
Initial concentration of PFAD* CopEAD mol/m?3 1517.5
Diffusion coefficient of methanol (Derlacki et Dm s 2 1x10-
al., 1985) MeoH X
Diffusion coefficient of PFAD* Do o m2/s 1%107°
Diffusion coefficient of biodiesel* Do m2/s 1x10°°
Diffusion coefficient of water (Derlacki et al., m 9 I

DH 0 m /5 21)(10
1985) :

*in this work

5.4.1 Maxwell’s equations

As the skin depth of the oven walls (metal) is much smaller than the dimensions of the

microwave oven, therefore, the electromagnetic fields penetrate a negligible distance into

the walls. Hence, it is not necessary to solve Maxwell’s equations for the inside of the

walls. In other words, the wave did not penetrate through the object. The interaction

between the oven walls and microwave irradiance was described by an impedance

boundary condition. For microwave irradiance travelling through any arbitrary medium 1

to medium 2, the equation is expressed as follows (Law et al., 2018):

in><(V><E)—J—konx(an):O

lurl 77

where kK, = @./é 4, and =11, /¢, .
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For the interaction between microwave irradiance and the glass flask, the following
equations were implemented to ensure continuity between the electric field strength and

displacement current density, D (= ¢E) (Thid& 2004), which is expressed as follows:

nx(E,-E,)=0 (5.28)
n-(D,-D,)=0 (5.29)

At 2.45 GHz microwave frequency, the propagating mode through the waveguide is
specified to be TE1o mode.

5.4.2 Mass — momentum conservation equations
A no slip condition was applied between the liquid and the wall of the flask, and

atmospheric pressure was applied at the interface between the liquid and gas.

5.4.3 Species conservation equation

The mixture of the four components was considered as a single phase solution (Selemani,
2018). The initial concentrations of PFAD and methanol were presented in Table 5.2,
while the initial concentrations of FAME and water were set to zero. As esterification
occurred, the concentrations of FAME and water (products) increased while those of
PFAD and methanol (reactants) decreased.

5.4.4 Energy conservation equation

The temperature of the liquid mixture is also affected by the heat loss to the environment.
Two main heat loss mechanisms — convection and radiation were considered in this study
(COMSOL Inc., 2012):

—n-(KVT)=h (T, Ty )+ 7o (TS -Te) (5.30)
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The convective coefficient, h, was assumed to be 28 W/(m?.K) (Conti et al., 2014). The

reference temperature, T,

ref

in the microwave oven cavity was taken as 298 K. The

emissivity, 7, of glass was taken as 0.84 (Carwile & Hoge, 1966), while the value of &

is5.67 108 W.m2 K™,

5.5 Summary

The development details of the numerical model for microwave-assisted PFAD
esterification was covered in this chapter. The model consisted of a flask which was filled
with the reaction mixture of PFAD feedstock and methanol that located inside a
microwave oven cavity. The multiphysics model was governed by electromagnetic
propagation (Maxwell’s equations), mass-momentum (Navier-Stokes equations),
chemical species, and energy conservations (heat transfer). The important input
parameters, boundary, initial conditions, as well as the limitations of the model were also

specified in the chapter.
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CHAPTER 6 SIMULATION RESULTS & ANALYSIS OF
MICROWAVE-ASSISTED PFAD
ESTERIFICATION

In this chapter, the simulation results obtained from the numerical model of microwave-
assisted PFAD esterification are discussed. This chapter is published in Applied Energy
journal, https://doi.org/10.1016/j.apenergy.2019.01.052

6.1  Grip independence study

The model was calculated using a workstation with 14 cores and 2.3 GHz clock speed
processor (Intel Xeon CPU E5-2695 @ 2.3 GHz). A frequency-transient solver was used
to simulate the reaction for 1200 s at intervals of 5 s. The simulation solved Maxwell’s
equations in the frequency domain, while the other equations were solved transiently.

The element type used in this model was free tetrahedral. The mesh setting was user-
controlled and the element size was calibrated to the default setting for fluid dynamics.
To examine the effect of mesh size refinement on the model solution, the temperature

profile of the process using different mesh sizes was studied, as shown in Figure 6.1.

The mesh with the lowest number of elements (28971, coarse) was studied first, followed
by normal mesh (92229 elements), and fine mesh (193330 elements). Overall, the
temperature profiles for all the three configurations were similar during the entire 1200 s
of simulated time. This indicates that the mesh size did not have an adverse effect on the
simulated temperature profile. However, there was a distinct difference in the actual

computational time required by each mesh. The computational time for the coarse mesh
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was the highest, which was 36.7 h; while for a normal mesh it took only 11 h to complete
the simulation. The time taken by a fine mesh was 14.5 h. The reason for the unusually
high computational time for the coarse mesh was due to the higher residual error, which
badly affected the convergence, thereby prolonging the solving process. As the mesh size
was refined to normal setting, the simulation time was reduced by 70%. However, with
further refinement, the simulation time increased by another 3.5 h because the number of
elements doubled and therefore, higher computational time was required. Hence, the
simulation model with 92229 elements was sufficient to obtain satisfactory results while

taking the computational cost into consideration.
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Figure 6.1 Effect of mesh size refinement on temperature change

6.2 Model Results

The simulation results were divided into two sections. The first section discussed the
phenomena that were obtained from the numerical model at 300 W microwave power
level. In the second section, the models simulated under 100 W and 240 W were compared
with the 300 W model, such that the similarities and differences under three microwave

power levels were obtained and discussed.
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6.2.1 Esterification model under 300 W microwave power

Figure 6.2 shows the experimental and simulation temperatures during the esterification
at the temperature measuring point (see Figure 5.2). Apparently, both temperature profiles
have similar patterns. The average error of the temperature prediction was found to be
less than 3% (unit in Kelvin). Since this model is developed for the first time, there is no
solid reference for a general rule of thumb for an acceptable margin of error for the
simulation. With the percentage error lower than 3%, it was presumed that the model
provides good agreement with the experimental results.
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Figure 6.2 Temperature profile during PFAD esterification at 300 W microwave power

In the experiment, the temperature of the reaction mixture surged quickly from 38 <C to
above 70 <T in less than 150 s. This rapid heating rate was due to the presence of a large
amount of methanol — a polar solvent with a high dielectric constant and loss factor.
Methanol absorbed the electrical energy from the microwave, and released them into the
reaction mixture, which subsequently increased the temperature. After the stage of rapid

temperature increment, some of the methanol was observed to vaporise during the
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experiment. The reflux system had condensed a considerable amount of methanol vapour
and continuously returned them to the flask throughout the experiment. Under this reflux
condition, the system had reached its steady state where the reaction temperature became
relatively stable and oscillated within the range of 71-80 <C, which was around 6 to 15 C
higher than the usual boiling point of methanol. The temperature did not rise higher in

spite of the subsequent pulsed microwave heating.

Under normal circumstances, all the liquid methanol in the mixture should have turned
into vapour before the reaction temperature could rise higher, as methanol has a normal
boiling point of 64.7 <C. However, it is well known that microwave dielectric heating
would lead to the superheating of a liquid where the temperature of the liquid rises above
its boiling point without boiling. This phenomenon coincided with the results found by
Chemat and Esveld (2001). They reported that the liquid methanol experienced
superheating, even when the fibre optic probe had provided a nucleation site for the
formation of bubbles that promote flow disturbance. This phenomenon of bubbles
germination was reported to reduce the magnitude of the superheating temperature range
of pure methanol from 14 <C to 5-6 <C. The experimental temperature profile in Figure
6.2 showed that the superheated temperature range could still increase to 15 <C above the
boiling point of methanol when the microwave was switched on. Thus, the flow
disturbance caused by the bubbles is assumed to be rather insignificant and therefore, can

be ignored in a simplified esterification model.

Figure 6.2 shows that the reaction temperature could decrease by as much as 4 <C in a
single cycle when the microwave energy is intermittently turned off. This is due to the
presence of other heat transfer mechanisms, such as the vaporisation-condensation
phenomenon of methanol and water, as well as the radiation loss or convective loss across
the flask surface. The vaporisation rate of methanol was included in this model as the
reaction temperature mostly occurred above the normal boiling point of methanol.
Therefore, a large amount of heat energy would be absorbed by the methanol molecules
as they converted into gaseous phase. As a result of this phase change, the methanol

vapour would consume a significant amount of heat energy from the mixture, contributing
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to the drop in the reaction temperature. Since there is no literature data available for the

vaporisation rate of methanol and water under microwave irradiation, the A, and
Eyeon Values in Equation (5.11) and kHzo value in Equation (5.12) were fine-tuned

against the temperature measurement data. The values for A, , E and kHzo were

MeOH

found to be 2 x 10° s, 54500 J/mol and 0.001 s™, respectively.

It is evident from Figure 6.2 that the major heat source which increased the reaction
temperature was the microwave energy generated from the magnetron of the microwave
oven. Figure 6.3 depicts the volume-averaged power density generated from the cyclic
microwave power.
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Figure 6.3 Power density of microwave heating during PFAD esterification

As denoted in Equation (5.16), only 13 s of microwave energy was supplied to the
reaction mixture in a single 30 s cycle; and over the 1200 s period, there were 40 such
cycles; thus, the effective microwave irradiation time was only 520 s. Nonetheless, the
microwave power had provided a high dosage of heat energy to the reaction mixture, with
the power density instantaneously reaching a value as high as 1.38 x 10° W/m®. However,

not all parts of the liquid experienced uniform microwave heating. As shown in Figure
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6.4, a higher density of microwave power focused on the central region as well as the

upper left region (close to the surface) of the liquid.

It is well known that microwave would create hot and cold spot regions inside the
microwave oven cavity due to the constructive and destructive interference of the
electromagnetic waves. Figure 6.5 illustrates the electric field distributions inside an
empty microwave oven, as well as inside the microwave oven after placing a flask in it

(see Figure 5.1), in three cross-sectional views, i.e. the xy-, yz-, and xz-planes.
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Figure 6.4 Power density distribution (W/m?®) in liquid (300 W)

According to Kesbi et al. (2018), it is possible to obtain the inner electric field intensity
by measuring the surface temperature changes of the sample with a non-contact infrared
thermometer and then perform theoretical analysis on the data, only if the microwave is
acting as a plane wave normal to the sample surface. However, the microwave in this
experiment is not always normal to the sample surface. This makes it difficult to validate

the electric field intensity results via experimental approach. Thus, the electric field
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distribution as well as the electric field vector (as shown in Figure 6.6) in the liquid were

investigated using simulation approach only.
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Figure 6.5 Electric field distribution (\V/m) of 300 W in the empty microwave oven: a)
front view, b) top view, c) side view; and in the microwave oven with flask: d) front
view, €) top view, f) side view
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In an empty microwave oven, the electric field distributions were observed to be very
organised in all the planes, and the hot and cold spot regions could also be clearly
distinguished. However, when the flask was placed inside the oven, the electric field
distribution was heavily disturbed, as shown in Figure 6.5(d), (e), and (f). The pattern of
the hot and cold spots had entirely changed and the overall strength of the electric field
had decreased. This was due to the absorption of microwave energy by the reaction
mixture. As shown in Figure 6.5(d), the intensity of the electric field was higher at the
waveguide, the upper left region, and the bottom right region of the flask. Meanwhile,
Figure 6.5(e) shows a stronger electric field at the waveguide, as well as around the flask;
however, the strength of the electric field near the left wall of the microwave oven is
observed to be weak. Figure 6.5(f) shows a stronger electric field focused near the bottom
of the flask and a small area near the surface of the liquid. Further down the back wall or

on the door side of the microwave oven, the electric field is observed to be weaker.

Figure 6.6 shows the electric field vectors within the reaction mixture in the yz-plane.
Apparently, the electric field pattern remains the same at t = 20 s and t = 500 s; and only
the electric field intensity gradually changes over time. At t = 20 s, strong electric field is
observed on both sides close to the bottom of the flask, as well as in the region towards
the right of the central region, as indicated by the red coloured vectors. With increasing
time, the electric field near the bottom region is observed to become weaker, while the
electric field at the central region becomes stronger. This shift in the local electric field
strength would result in a higher heating rate at the central region of the liquid, which

translates to increased temperature.

Apart from the heat energy supplied from the magnetron of the microwave oven, there
were other heat sources and heat sinks that also affected the temperature of the liquid. In
total, there were two heat sources (microwave, reaction enthalpy), two heat sinks
(methanol vaporisation, water vaporisation) and two heat fluxes across the flask surface
(convective loss, radiation loss). Figure 6.7 shows the reaction enthalpy (heat source) and
the net vaporisation of methanol and water (heat sinks) while the heat fluxes are shown

in Figure 6.8.
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Figure 6.6 Electric field vector (V/m) in the liquid (in the yz-plane) at 300 W when a) t
=20s;and b) t=500s

The heat energy provided by the reaction enthalpy was the highest at the beginning of the
process as esterification occurred rapidly during that time. After most of the PFAD had
reacted to form biodiesel, the heat released from the reaction enthalpy quickly diminished
and approached zero as the process continued. Thus, the amount of heat generated
decreased rapidly as the reaction slowed down. In the meantime, the system temperature
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had reached the boiling point of methanol. This triggered the vaporisation effect of
methanol, causing a high amount of net heat loss in the system. Subsequently, the liquid
temperature decreased while microwave power was temporarily switched off in the 30 s
cycle. The heat loss due to the vaporisation of water was observed to be minimal and
could be neglected. This indicates that the local temperature in any part of the liquid could
hardly reach 100 <C.
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Figure 6.7 Other heat source and heat sinks in PFAD esterification
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Figure 6.8 Heat fluxes in PFAD esterification (300 W)
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On the other hand, the heat energy that was stored in the liquid was also lost through
convection and radiation via the glass flask. The heat flux profile in Figure 6.8 shows that
convective loss had a higher contribution to the temperature change in the liquid than
thermal radiation loss. Due to the convective loss the liquid near the wall of the flask was
cooler compared to the central region of the liquid. This effect is clearly visible in Figure
6.9, which shows the temperature distribution in the reaction mixture for four different

timeframes.
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Figure 6.9 Temperature distribution (<C) of reaction mixture during 300 W microwave-
assisted esterification (1:9 molar ratio) ata) t=10s; b) t=50s;c)t=100s;and d) t =
500s
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The electric field distribution (see Figure 6.5) due to the presence of the reaction mixture
in the microwave oven was found to correlate with the temperature distribution within the
liquid. Initially, the temperature of the liquid was 38 °C. After 10 s of microwave
irradiation, the liquid temperature at the centre began to rise due to volumetric heating
effect of the microwave. When t = 50 s, part of the liquid that is closer to the waveguide
(cyan region) is observed to heat up faster compared to the left side of the flask. The
location where the temperature was the highest, is found to correspond to the strongest
electric field, as shown in Figure 6.5(d) and (f). A higher temperature is also observed at
the upper left section of the liquid where the electric field is stronger. The temperature
distribution of the fluid remained uneven throughout the simulation time, indicating that

the fluid velocity, which can promote temperature homogenisation, was very weak.

According to Asada et al. (2015), the velocity resulted from convection could be
monitored using Particle Imaging Velocimetry technique during the experiment. However,
this technique was not adopted due to equipment constraints whereby the optical fibre
could not be placed close to the liquid medium within the microwave cavity of the
domestic microwave oven. Therefore, the velocity field in the liquid is studied with this

numerical model only, as illustrated in Figure 6.10.

The highest velocity magnitude recorded was only 1.38 x 10 m/s which occurred at t =
5 s, indicating that the convection in the reaction mixture was very weak. Att =0 s, the
esterification reaction had not yet occurred; and hence, the velocity vectors were seen
pointing downwards. This was mainly due to the gravitational acceleration term as
indicated in Equation (5.3). Att =5 s, the rapid chemical reaction caused liquid motion
due to the density change in the reaction mixture.

As listed in Table 5.2, the densities of the four species were assumed to be temperature

independent (constant values). Thus, the density differences would only occur when the

esterification took place. During the initial stage of the reaction, there was a rapid change

in the species concentration. The reactants (PFAD and methanol) were quickly converted

into the products (biodiesel and water). Consequently, the density, along with other

thermophysical properties (see Figure 6.11) of the reaction mixture, were changing as
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well. As the reaction rate decreased, so did the convection within the liquid. The liquid
motion disappeared gradually as shown in Figure 6.10(c), (d), (e) and (f). This caused the
velocity in the liquid to gradually diminish over the period of time.
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Figure 6.11 shows that the esterification would increase the values of C,, p, andk of the

reaction mixture. In contrast, the ¢ value of the liquid decreased as the PFAD, which
has the highest « among all the species, was being consumed. Apart from these

parameters, the dielectric properties of the reaction mixture were changing as well. As
shown in Figure 6.12, the dielectric constant increased by 20%, i.e. from 24 to 29, while
the loss factor only reduced 2.2%, i.e. from -9.02 to -9.26. It is noteworthy that these
changes were solely caused by the esterification reaction as the dielectric properties of the
four species were assumed to be temperature independent. The significant increase in the
dielectric constant, indicates that the reaction mixture would become a better dielectric
and harness a greater amount of electrical energy from the microwave at the end of the

reaction.
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Figure 6.12 Dielectric properties of the reaction mixture during esterification

6.2.2 Effect of microwave power level on PFAD esterification

The effect of microwave power level on the PFAD esterification were further investigated
via numerical method. Figure 6.13 shows the simulated and experimental temperature
profiles of the PFAD esterification at 100 W and 240 W. By comparing Figure 6.13(a)
with Figure 6.13(b), it is observed that as the reaction temperature became relatively
steadier (when methanol begins to vaporize), the temperature variation within each cycle
also reduced as the microwave power level reduced. The change in the temperature within
asingle ON/OFF cycle at 100 W was only £1 <C, but at 240 W, it varied by +3 <C, which
was still lower than the 4 <C at 300 W.

The simulated temperature profiles during the initial heating stage at 100 W (up to 300 s)
and 240 W (up to 150 s) were over-predicted when compared to the experimental results.
In contrast to numerical simulation, there would be inevitable loss in the microwave
power that were absorbed by the liquid during experiments which lead to lower heating
rate. Hence, the simulated temperature values were higher. In addition, it could be difficult

to precisely simulate the actual localised heating phenomenon that occurred at the location
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of a single temperature measuring point in the experiment. Therefore, the temperature

values at the temperature measuring point could be over predicted.
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Figure 6.13 Simulated and experimental temperature profiles during PFAD
esterification at a) 100 W (top); and b) 240 W (bottom) microwave power level

However, it was observed that the predicted temperature values became lower than the

experimental profiles after the system reached its steady state. This was possible as the
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vaporization effect of methanol began to involve in the model. As observed from the
experimental profiles, the temperature profile became stable around 70 °C (100 W) or
above (240 W & 300 W). This indicated that the methanol in the reaction mixture were
superheated due to the microwave irradiation. In the simulation setting, the vaporization
rate of methanol was set to occur right after the liquid temperature exceeded 64.7 <C,
which was valid under normal circumstances without microwave irradiation. Based on
the simulated temperature profiles in Figure 6.13(a), the vaporisation of methanol could
be set to occur at 70 T, about 5 <T higher than the its boiling point as a measure to cater
the effect of microwave in superheating methanol. This could help in producing closer
prediction over the temperature profile. Furthermore, the complex relative permittivity of
methanol and water (refer Table 5.2) were assumed to be temperature independent
constants, for model simplification. This could be another reason which contribute to the
overestimation of temperature values at the beginning stage and under prediction at the
later stage of microwave heating respectively. Nonetheless, the overall patterns between

the experimental and simulated temperature profiles were in good agreement.

The changes in the temperature distribution within the reaction mixture under 100 W and
240 W at various times are shown in Figure 6.14. Similar to Figure 6.9, the result shows
that the highest temperature were observed at the centre region of the reaction mixture
with the temperature decreasing towards the side walls of the flask. Obviously, with
higher amount of energy supplied from the microwave electric field, the temperature
difference within the reaction mixture under 240 W microwave irradiation was more

drastic as compared to under 100 W.
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Over the 1200 s period, the effective microwave irradiation time was 400 s for 100 W and
480 s for 240 W. The volume-averaged instantaneous power density at 100W was
4.52x10° W/m?, which was one third of the power density at 300 W and the instantaneous
power density at 240W was 1.09>10° W/m?3. As shown in Figure 6.15, the patterns of the
power density distribution at 100 W and 240 W were similar to 300 W (see Figure 6.4),
with the only difference in their magnitudes. Same also applies to the electric field
distribution and the electric field vectors. As illustrated in Figure 6.16, it is found that the
patterns of the electric field distribution at 100 W and 240 W were the same as 300 W
(see Figure 6.5). The vectors in the electric fields at Figure 6.17 shows that the electric
field magnitude slowly increased as time progressed from 20 s to 500 s, especially at the
central region of the liquid. As the dielectric constant of the reaction mixture increased

from 24.5 to 28.7, the electric field energy which could be absorbed also increased.
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Figure 6.15 Power density distribution (W/m?) in liquid at a) 100 W and b) 240 W
microwave power
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Apart from the microwave power, the other heat source (reaction enthalpy) and heat sinks
(vaporization of methanol and water) which affect the heating during the PFAD
esterification under 100 W and 240 W microwave irradiation were depicted in Figure 6.18.
The reaction enthalpy also contributed to the rise of temperature during the initial heating
stage. The initial value of the reaction enthalpy was not affected by the microwave power
levels as this energy source was decided by the concentration of the reactants. This heat

source quickly decayed after most of the esterification reaction took place. Then, this was
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followed by the vaporisation of methanol when the reaction temperature exceeded the
boiling point of methanol. The heat energy released from the methanol vaporization at
100 W was within 2 x<10° W/m3. As for the case of 240 W, the heat loss increased more
than double to within 5 x10° W/m?. The vaporisation of water at both 100 W and 240 W
were negligible. This implies that the heat sink due to vaporisation of water could be
safely neglected from the model as the temperature of the reaction mixture did not exceed

the boiling point of water.
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Figure 6.18 Heat source (reaction enthalpy) and heat sinks in PFAD esterification under
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It is observed that the convective loss and radiation loss across the flask surface at 100 W
and 240 W which are depicted in Figure 6.19 had little influence over the overall heating
rate of the PFAD esterification. Among the three heat sinks, heat energy released due to
radiation loss was the lowest. The values were only about -100 W/m?3 at 100 W to -200
W/m? at 300 W (see Figure 6.8), which was less than 0.1% as compared to the heat loss
resulting from methanol vaporization. Even the heat loss from convection was relatively
small, with scale about 0.2—0.4% to the heat loss from methanol vaporization. This could

be a result of minimal fluid flow.
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The velocity field within the reaction mixture at various times under 100 W microwave
irradiation is shown in Figure 6.20. Att = 0 s, the gravity effect played a role in the fluid
flow. As the heating proceeds, the local heating near the liquid surface above the central
region promoted the convective flow of the liquid, causing the liquid to flow from the
hotter region at the centre to the cooler region at the side walls of the flask. In this stage
of heating, the effect of convective flow was stronger at the upper portion of the liquid.
However, the convection played a smaller role near the bottom region where the
temperature distribution was still primarily by conduction. After t =50 s, the fluid velocity
became much slower compare to the earlier stage of heating. This suggests that the
velocity of the fluid flow under microwave irradiation was the highest during the initial
period when esterification reaction was occurring rigorously and subsequently decreased
as the concentration of the limited reactants (PFAD) reduced.

The velocity field in the liquid at 240 W microwave irradiation is shown in Figure 6.21.
The pattern of the velocity field at 240 W over time was similar to 100 W. By comparing
Figure 6.10, Figure 6.20, and Figure 6.21, it is seen that at t = O s, the fluid flow was
affected by the microwave power levels for some unknown reasons. Att =5 s, the fluid
velocity increased as the microwave power level increased. However, at t = 10 s, the
velocity field at the upper portion of the reaction mixture at 240 W was weaker than at
100 W. This inconsistency implies that the magnitude of the microwave power level may
not have a direct correlation to the velocity field in the liquid. Another possible reason
which affect the accuracy of the velocity field calculation might be the use of constant
values (temperature independent) for the thermophysical properties and dielectric
properties of the chemical species, especially methanol which plays an important role in
microwave dielectric heating. A quick check on the thermophysical properties and
dielectric properties over time at the three microwave power levels shows that the changes
were similar without significant differences as they were only affected by the changes

resulting from the occurrence of esterification reaction.
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6.3  Significance of fluid dynamics in the esterification modelling

During the simulation, the velocity field in the liquid (under 300 W microwave irradiation)
was negligibly small (< 1.4 x10* m/s) throughout the process. This raises a question
regarding the necessity of solving the fluid transport equations to accurately model the
esterification reaction. To investigate this, the Navier-Stokes equations (Equation (5.2)
and (5.3)) were not solved in this case study. Without solving the equations, the
simulation run time was substantially reduced from 11 h to 73 min.

The species concentration with and without solving Navier-Stokes equations were
compared. As shown in Figure 6.22, the changes in the species concentration of PFAD,
biodiesel, and water were similar. The concentration of biodiesel and water were slightly

over predicted while the concentration of the methanol was obviously over predicted.
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Figure 6.22 Change in species concentration in PFAD esterification without solving
Navier-Stokes equations, for: a) PFAD, biodiesel, and water; b) Methanol

Furthermore, when the Navier-Stokes equations were not solved, the third term in

Equation (5.4) to (5.7),u - V¢, ,which describes the convective transport due to velocity

field u would be equivalent to zero. In other words, the concentration of a species with

respect to time, oc; /ot would be purely based on the diffusion and reaction rates. It is

well understood that diffusion is usually much slower than convection. Thus, the change

in concentration over time would be slower as well. For PFAD, biodiesel, and water,
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which exist in low concentrations, not solving the Navier-Stokes equation was observed
to have little impact on their concentrations. However, for methanol, which exist in
abundance, the effect would be amplified, causing the final predicted concentration to be
much higher than the values obtained in the original esterification model.

Apart from the species concentration, it is also observed that the Navier-Stokes equations
have a significant effect on the temperature profile simulation. The temperature profile
result of the case study is depicted in Figure 6.23.
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Figure 6.23 Temperature profile during PFAD esterification (300 W) without solving
Navier-Stokes equations

In the beginning, the predicted temperature profile without solving Navier-Stokes
equations is observed to be slightly higher than the experimental temperature, which is
similar to the original simulated temperature profile shown in Figure 6.2. However, the

temperature profile changed beyond the boiling point of methanol.

Beyond 70 <C at t = 100 s, the temperature began to oscillate within the range 65-75 <C.
However, as time approached 650 s, the temperature sharply increased until it reached

89 <C without showing any signs of the cyclic heating effect from microwave heating. It
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then decreased rapidly to 70 <C at 900-1000 s before another round of temperature

oscillations could take place.

The main reason for this occurrence in the simulation was due to the inability of the model
to reflect the distribution of the actual reactants in the reaction solution. Therefore,
without accounting for the convective transport term in Equation (5.4), the concentration
of methanol in certain regions of the liquid would be over predicted. As the diffusion rate
is slow, the heat energy could not effectively flow from the high energy region to the low
energy region; and methanol, which continued to absorb a huge amount of microwave
energy, would then cause the local temperature to rise too quickly, creating ‘overheated’
hot spots between 600 and 800s. In fact, the highest temperature observed in the model
was over 118 <T in the central region, as shown in Figure 6.24(b). Due to the localised
high temperature, the vaporisation of water was initiated. Since this is an endothermic
process, the reaction mixture was cooled, causing a sharp decrease in the local
temperature, which was restored to the normal temperature range, i.e. around 70-75 <C
during 900-1000 s.
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This analysis has established the importance of including fluid flow calculations.
Moreover, the vaporisations of methanol and water are also important because these two
mechanisms provide a cooling effect for the microwave-assisted biodiesel production.
Therefore, these factors should be considered to obtain good model predictions.

6.4 Summary

The underlying physics for the esterification of PFAD under microwave irradiation were
investigated and discussed in this chapter. Increasing microwave power levels were found
to increase the intensity of the electric field, power density and reaction temperature. It
also increased the heat energy released by the heat sinks and heat fluxes, especially the
vaporization effect of methanol. Without the presence of stirring mechanism, the
temperature distribution within the reaction mixture was observed to be non-uniform.
High microwave power level increased the electric field intensity and subsequently
increased the temperature difference across the centre and outer region of the reaction
mixture. On the other hand, the fluid flow calculations should be included in the numerical
model regardless how insignificant the fluid velocity was. Nonetheless, the intensity of
the velocity field in the reaction mixture seemed to not correlate with the microwave

power levels.
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CHAPTER 7 RESEARCH METHODOLOGY OF PFAD
BIODIESEL DISTILLATION
EXPERIMENT & COLUMN DESIGN

This chapter covers the research methodology implemented to carry out the experiment
of PFAD biodiesel distillation for improving cold flow properties, as well as the design
procedures using FUG distillation calculation method and Kern’s method to design a

distillation column for the aforementioned purpose.

7.1  Materials

The PFAD biodiesel sample for distillation experiment was prepared in bulk using the
optimal parametric condition concluded in Chapter 4. The n-hexane (analytical grade),
FAME-mix RM6 reference standard and methyl heptadecanoate for GC-FID analysis

were purchased from Merck Malaysia.

7.2 Lab scale vacuum distillation setup

A simple distillation under reduced pressure was used in this experiment setup as one of
the main objectives of this study is to investigate the feasibility of using vacuum
distillation to improve the cold flow behaviour of biodiesel. The test was conducted in lab
scale and the esters to be separated were produced in small quantities. To facilitate
vacuum distillation of PFAD biodiesel, understanding the FAMEs composition of the
biodiesel and their respective melting points was necessary for the determination of the

key components for distillation as FAMEs with high melting points would crystallize
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faster at low temperature. In this work, methyl palmitate with high melting point was
selected as the light key component (to be removed as distillate) while methyl oleate was

selected as the heavy key component.

A schematic diagram of the distillation setup is depicted in Figure 7.1. The actual

distillation setup is shown in Plate 3 under Appendix A.
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Figure 7.1 Schematic of vacuum distillation experiment setup

The glassware required in the experiment were a 1 L boiling flask, a reflux divider, a cold
trap, and a 500 ml collecting flask. The reflux divider (LSG 09089 model) was purchased
from Normag, Germany. It consists of a jacketed water-cooled coiled condenser, a ground
joint fitting for insertion of temperature measuring device, a distillate drain section (with
two glass needle valves), a side-arm vacuum frame for venting or connection to the
vacuum supply (with two spindle valves), and a stopcock valve above the receiving end
joint. Fibre optic probes were inserted at two temperature measuring locations: i) take-off
section with ground joint fitting between the boiling flask and reflux divider; and (ii) in

the boiling flask, to record the instantaneous vapour and reboiler temperature respectively.
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The 1 L boiling flask was half filled with the biodiesel sample to allow additional room
for bubbling during the boiling stage in experiment. This also helps in preventing
splashing of the sample into the reflux divider. During the experiment runs, the flask was
heated in an oil bath which is maintained at 210°C under a reduced pressure of 100 kPa
(1 kPa absolute pressure). All the connecting joints of the glassware were lubricated with
Dow-Corning high vacuum silicone grease. The flask was connected to a reflux divider
which was a combination of a coil condenser and vacuum control valves that connect to
a vacuum pump fitted with a cold trap. The collecting flask could be disconnected from
the reflux divider from time to time by shutting off the needle valve and spindle valve
which were closest to the collecting flask. The valves could be turned on to reintroduce
vacuum into the collecting flask again. The distillates were collected in 10-minute interval
and characterized using GC-FID analysis. The experiment ended when the distillate that
could be collected during the 10-minutes interval significantly reduced (i.e. distillation

rate < 3g/10 min).

7.3  Data analysis methods

After the distillation experiment was completed, both the distillate and bottom product
(biodiesel) samples were subjected to GC-FID analysis for FAMEs identification, as
detailed in Chapter 3.3.3, before the following tests were carried out to determine the cold

flow properties of the distilled biodiesel samples.

7.3.1 Cloud point test

Biodiesel sample was poured into a test jar and pre-heated in a 40°C water bath before
test. Then, the sample was setup in a test jar according to ASTM standard D2500 (ASTM,
2011). A thermometer was inserted into the test jar until the bulb reached the bottom
surface. The temperature when a cloud of wax formed at the bottom was recorded as the

cloud point. The test was carried out in triplicates.
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7.3.2 Pour point test

The pour point test of the biodiesel sample was conducted according to ASTM standard
D97 (ASTM, 2015). Biodiesel sample was poured into a test jar. Then, a thermometer
was inserted into the jar such that the bulb was 1 inch from the bottom surface of the test
jar. The test jar was placed in the cloud and pour point bath (0 °C). The condition of the
biodiesel sample was inspected every 3 °C drop in the temperature. The temperature when
the biodiesel sample did not flow at all after tilted horizontally for 5 seconds was recorded.
The pour point of the tested sample was identified by adding 3 °C to the recorded

temperature. The test was repeated in triplicates.

7.3.3 CFPP test

The CFPP of biodiesel gives a proper estimate of the lowest temperature at which the fuel
could flow trouble-free in the fuel systems. The biodiesel sample was added into a CFPP
apparatus as illustrated in ASTM standard D6371-05 (ASTM, 2010). The sample, which
was cooled at 1 °C interval, was drawn into a pipet through a wire mesh filter under
controlled vacuum. This process was repeated until the amount of wax crystals formed
was sufficient to stop or slow down the flow such that the time taken to fill the pipet
exceeded 60 seconds. The indicated temperature for the last successful filtration was
recorded as the CFPP.

7.4  Process design of vacuum distillation column

The design scope of a distillation column could be categorized into process design,
operational design and mechanical design respectively. In this work, only the process
design was carried out. The scope included the design methodology of the column,
assumptions made, design considerations, as well as the selection of heat exchangers

(reboiler and condenser).
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7.4.1 Design methodology

A tray distillation column was designed in this work. The design procedures for the

distillation column are as follows (Kister, 1992; Towler & Sinnott, 2013):

1.
2.
3.

4.

Collect data on operating conditions and physical properties for the column

Determine the number of stage and reflux ratio by using FUG method

Calculate column diameter for both rectifying and stripping sections by taking

flooding condition into considerations

Determine overall tray efficiency and number of actual stages

Selection of tray spacing

Determination of column height

Plate design

iv.
V.
Vi.
Vil.

viil.

Decide liquid flow arrangement

Make a trial plate layout design for downcomer area, active area, hole area,
hole size, weir height, tray thickness by selecting the parameters within
recommended ranges, weir length and downcomer width.

Check weeping rate, plate pressure drop, downcomer back-up, downcomer
residence time. If the results are not satisfactory, return to step ii.

Design plate layout details (e.g. calming zone, unperforated area)
Recalculate percentage flooding based on the chosen column diameter
Check entrainment

Calculate perforated area and determine hole pitch

Calculate number of holes

8. Design and determine the specifications of peripheral equipment (condenser,

reboiler)

7.4.3 Assumptions and limitations of column design

Also known as the shortcut method, FUG method posed some simplifying assumptions:

constant molal overflow, zero holdup, and constant relative volatility throughout the

column (Nisar et al., 2018). In order to ease the calculations, the energy balance of the
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distillation process was simplified. The column was assumed to operate in vacuum at a
constant pressure of 1 kPa under steady state condition. The vapour formed in the column

was treated as ideal gas for the estimation of vapour density.

Furthermore, the composition of PFAD biodiesel feed was also simplified by only
considering the four major ester components (methyl palmitate, methyl stearate, methyl
oleate and methyl linoleate). Other components which had less than 1 wt.% composition
were not taken for the calculation. In addition, the operation temperature, heat transfer
rate, component thermal properties and heat transfer coefficients were all treated as
constants. The column was assumed to be well insulated with negligible heat loss to the

surrounding. Lastly, the external column pressure was assumed constant at 1 atm.

On the other hand, the designs of peripheral equipment were done by using Kern’s
Method, which excluded the effect of leakage and bypass streams in the prediction of
pressure drop. Nonetheless, this method is simple to apply and accurate enough for
preliminary design calculations and provides a reasonably satisfactory estimation of the
heat transfer coefficient for the heat exchangers (Towler & Sinnott, 2013). For the
calculation of log mean temperature difference for the shell and tube heat exchanger, the
following assumptions were made in the derivation of the temperature correction factor,

F .

t -

Heat transfer areas at each tube pass are equal
Overall heat-transfer coefficient of streams at each tube pass is constant

Shell-side fluid in any pass is isothermal across any cross-section

el

No fluid leakage between shell passes

7.4.1 Design considerations

Prior to the column design process, the selection of key components during the vacuum
distillation was carried out. The two main ester components in PFAD biodiesel were
methyl palmitate and methyl oleate. In this design work, methyl palmitate was chosen as
the light key due to its lower boiling point. Its higher melting point was bad for the cold
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flow properties of the PFAD biodiesel and therefore should be removed. Methyl oleate
with higher boiling point was selected as the heavy key. Most of the methyl palmitate
were to be separated from the biodiesel in the form of distillate, while methyl oleate and
the rest of the heavier esters would be collected as the bottom product, or the desired

biodiesel with improved cold flow behaviour.

The recommended height-to-diameter ratio for a column ranged from 3 to 20 (ICARUS
Corporation, 1998). According to Towler and Sinnott (2013), while designing the tray
column, the tray spacing must be greater than the downcomer backup in order to prevent
the occurrence of column flooding which could significantly decrease the separation
efficiency. In fact, the downcomer backup should be 50% less than the sum of tray spacing
and weir height, for safe design. In addition, the actual velocity of the vapour should not
be lower than the minimum design vapour velocity. Else, weeping would occur in the
column whereby liquid leak through the perforations on the tray. The percentage of
flooding that is calculated must be below 100% in order to minimize the effect on the
column efficiency. Apart from that, the fractional entrainment should not be greater than
0.1.

7.4.2 Design data & basis of design

The design data required for the distillation column design was extracted from Aspen
Hysys as well as obtained from the experiment work. The design data and compositions
of feed and product streams are summarized in Table 7.1.

Table 7.1 Physical properties and composition of feed and product streams of distillation
column with utility used

Properties Unit Feed Distillate  Bottom
Vapour fraction dimensionless 0 0 0
Pressure kPa 1 1 1
Temperature °C 186.0 178.8 196.8
Molecular Weight kg/kmol 283.5 271.3 295.0
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Properties Unit Feed Distillate Bottom

Density kg/m?® 746.17  750.43 738.49
Surface Tension mN/m 196.0 200.2 188.9
Viscosity mPa.s 0.4136 0.4382 0.3800
Mass Flow Rate kg/h 3750 1745 2005
Volumetric Flow Rate m3/h 5.026 2.325 2.716
Heat Flow 10° kJ/h -8.610 -4.476 -4.111

Mole Fraction (Methyl Palmitate)  dimensionless 0.4963 0.9680 0.0500
Mole Fraction (Methyl Stearate) dimensionless 0.0476 0.0018 0.0909
Mole Fraction (Methyl Oleate) dimensionless 0.3677 0.0300 0.6872
Mole Fraction (Methyl Linoleate)  dimensionless 0.0884 0.0002 0.1719

The distillation was conducted under vacuum at 1 kPa (i.e. 7.5 mmHg) absolute pressure
to avoid thermal degradation of esters which could negatively affect the quality of
biodiesel. The temperature of feed was set at 186 °C, the bubble point of the feed, to ease

the design calculation.

7.4.5 Sizing and specification of peripheral equipment

A shell and tube exchanger consisted of a bundle of tubes enclosed in a cylindrical shell.
The peripheral equipment of the distillation equipment, the condenser and reboiler, were
designed as shell and tube exchangers following the guidelines provided by Towler and
Sinnott (2013). The condenser cooled and condensed the vapour leaving the top of the
distillation column by using cooling water as the cooling medium. The vapour which
mainly comprised of methyl palmitate was condensed and collected as distillate. The
condenser was modelled as a horizontal shell and tube exchanger. On the other hand, the
biodiesel at the bottom of the column was heated and vaporised by using a kettle reboiler,
with high pressure steam acting as the heating medium. Kern’s method, which was based
on the experimental work on commercial exchangers with standard tolerances, was
adopted to give a reasonably satisfactory prediction of the heat-transfer coefficient and
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pressure drop in the heat exchangers. A trial and error approach was necessary in the
design of an exchanger as the heat transfer area must be known first before the physical
layout of the exchanger could be determined. Refer Towler and Sinnott (2013) for the
detailed step-by-step design procedures of the heat exchangers.

The design procedure for shell and tube heat exchanger was briefly shown as follows:

1) Define duty: heat transfer rate, fluid flow rates and temperatures
2) Collect fluid physical properties required (density, viscosity, heat capacity,
thermal conductivity)

3) Select a trial value for the overall heat transfer coefficient U,

4) Decide number of shell and tube passes. Calculate AT,

Im?

F and AT,

5) Determine heat transfer area required, A,

6) Decide the heat exchanger layout (type, tube size, material)

7) Calculate number of tubes required and shell diameter

8) Estimate tube-side heat transfer coefficient

9) Decide baffle spacing and estimate shell-side heat transfer coefficient

10) Calculate overall heat transfer coefficient, U ... and compare with the trial value.

o,calc

If the difference between U, . and U exceeds 30%, replace the trial value with

o,calc

U and return to step 5

o,calc

11) Estimate tube and shell-side pressure drops

7.5  Prediction of cold flow properties

Several studies had been done to develop empirical correlations for the prediction of the
biodiesel cold flow properties. Dunn and Bagby (1995) had proposed relationships
between CP and PP for diesel/ester blends. Their analysis showed that CFPP with at least
10 vol% of methyl esters were linearly related to CP. According to Lopes et al. (2008)
who developed a model to determine the CP of the binary mixtures of FAMEs, PP and
CFPP could be related to the CP and be predicted from its value. Their results suggested

that the CPs were dominated by the saturated esters with higher melting points.
168



Al-Shanableh et al. (2016) utilized artificial neural network for predicting the CP, PP and
CFPP of biodiesel fuel based on the fatty acid composition of feedstock. They reported
that the model could be trained to predict the cold flow properties of biodiesel with high
accuracy (>94%). However, the model was not accessible for implementation at the
moment. Nonetheless, there were two empirical correlations methods that were available
in literature for the prediction of cold flow properties. The first method, which consisted
of two sets of correlations, was proposed by Sarin et al. (2009) to predict CP and PP of
biodiesel. The prediction for CFPP of biodiesel was also added to the first method by
using the same sets of correlations as the backbone in the following year (Sarin et al.,
2010). The two sets of correlations which were developed in the first method for the
prediction of CP, PP and CFPP were based on: (i) the palmitic acid methyl ester; and (ii)
the total unsaturated FAMEs. The first correlations based on methyl palmitate (Prame,

wt.%) include

CP =0.526P.,,c —4.992 (0 <P,,,,. <45) (7.1)
PP =0.571P,,,,. —12.24 (0 <P.,,,. <45) (7.2)
CFPP =0.511P, . —7.823 (0 <P, <45) (7.3)

And correlations based on the total content of unsaturated FAMES (Urame, Wt.%) are

expressed as

CP=-0.576U,,,,. +48.255 (0< U, <84) (7.4)
PP =-0.626U.,,,. +45594 (0<U.,,,. <84) (7.5)
CFPP =—0.561U,,,,c +43.967 (0<U,,,. <84) (7.6)

The second method was proposed by Su et al. (2011) which could quantitatively predict
the three cold flow properties based on the weighted average number of carbon atoms in
FAME and the composition of total unsaturated FAMESs. The correlations are expressed
as follows:

CP =18.134(N,) - 0.790(U,.,,c) 7.7)
PP =18.880(N,) —1.000(U . ;c ) (7.8)
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CFPP =18.019(N,) — 0.804(U ) (7.9)

These correlations could help in validating the cold flow tests of PFAD biodiesel before
and after distillation. Dunn (2018) evaluated six empirical correlation models using
regression analysis solely in calculating the CP of biodiesel fuels in order to determine
the best correlation models with 1:1 correlation between the calculated and measured CP
data. He reported that Su’s model demonstrated the best validation results with slope =

0.98, intercept = 2.3, and standard error of the y-estimate (o, ) = 0.9, followed by Sarin’s
first correlation method, Prame (slope = 1.10, intercept = 2.2, and &, = 1.4). Although
Sarin’s second method (Urame) had a lower intercept and o than Sarin’s first method
(intercept = 1.1, and &, = 1.3), Dunn ranked it last among the three models as its slope

was 1.28.

7.6  Summary

In this chapter, the research methodology of using vacuum distillation technology in
improving the cold flow properties of PFAD biodiesel was briefly explained. It was
categorized into two parts: (i) vacuum distillation experiment, and (ii) preliminary design
of vacuum distillation column. The experiment was carried out to check the feasibility of
improving the cold flow properties of PFAD biodiesel via vacuum distillation, while the
process design of a vacuum fractional distillation column described in the latter part was
a trial effort done to introduce vacuum distillation technology into the biodiesel industry
to post-process PFAD biodiesel in order to enhance its cold flow behaviour. By extracting
the data of bottom product from the model, the cold flow properties of the distilled PFAD
biodiesel would then be estimated via empirical correlations in order to check the

possibility of turning the biodiesel into export grade biodiesel.
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CHAPTER 8 RESULTS & DISCUSSION FOR VACUUM
DISTILLATION EXPERIMENT OF PFAD
BIODIESEL & COLUMN DESIGN

The results for the experiment of PFAD biodiesel distillation are presented and discussed

in this chapter. The calculation process and results of the column design are also covered.

8.1 Lab scale vacuum distillation of PFAD biodiesel

The key component which was separated from the PFAD biodiesel during the vacuum
distillation was methyl palmitate. As shown in Table 8.1, the FAME with the highest
melting point was methyl stearate (37.7 °C), followed by methyl palmitate (28.5 °C). In
spite of having higher melting points, methyl stearate was not selected as its composition
was relatively low compared to methyl palmitate, which was only 4.76%. In contrast, the
composition of methyl palmitate was 47.51%, which was the highest among the four
esters present in the PFAD biodiesel. Therefore, it was necessary to remove methyl
palmitate from the rest of the esters in order to lower the CP, PP and CFPP of PFAD
biodiesel.

The experiment was carried out under vacuum. Bonhorst et al. (1948) reported that the
decomposition of saturated acid esters would occurred progressively at temperature above
205 °C under atmospheric pressure. As depicted in Table 8.1, the boiling point of methyl
palmitate was 184 °C at 10 mmHg. Thus, in order to avoid the thermal degradation of
esters during the distillation process, the experiment was carried out at the boiling

temperature of methyl palmitate under 100 kPa vacuum pressure.
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Table 8.1 Fatty acid methyl esters in PFAD biodiesel with their respective melting and

boiling points

Trivial Name Melting Boiling Point  Composition®  Composition®

Point (°C)? (°C/10 mmHg)? (wt.%) (wt.%)
Methyl Myristate 18.1 161 negligible 1.93
Methyl Palmitate 28.5 184 47.51 45.68
Methyl Stearate 37.7 205 4.76 4.25
Methyl Oleate -20.2 201 38.69 40.19
Methyl Linoleate -43.1 200 9.04 7.90

aCermak et al. (2012); ® In this work; ¢ Lokman et al. (2014)

The vacuum distillation experiment separated a good amount of esters from the heated
PFAD biodiesel sample successfully. About 430 g of PFAD methyl esters were placed in
the boiling flask during the distillation run. The total yield of distillate obtained was 39.76%
while the bottom product was 59.62%.

The temperature profiles of the liquid (in boiling flask) and vapour (before condensed into
distillate) were recorded starting from 70 minutes before the experiment to the subsequent
100 minutes until the distillation experiment completed. The changes in the temperature
before and during the distillation experiment are shown in Figure 8.1. During the
experiment, the vapour temperatures were observed to stay consistently about 10°C lower
than the reboiler temperature throughout the distillation experiment. As observed in
Figure 8.1, the biodiesel in liquid phase reached its boiling point about 35-40 minutes
before the distillation began. The highest biodiesel temperature recorded was 194.8 °C at
the 35" minute before the first distillate sample collection took place. At this stage, the
molecules in the biodiesel sample possessed enough kinetic energy to escape from the
liquid phase to vapour phase. This was shown by the immediate increase in vapour
temperature. The vapour temperature directly rose from room temperature to over 180 °C
as more vapour was continuously generated in order to achieve stable total reflux
condition in the distillation system. This temperature profile indirectly signified that it
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was nearly impossible to distil esters with lower boiling point than methyl palmitate (e.g.
boiling point of methyl myristate: 161°C) that present in small portion in the PFAD
biodiesel. In other words, only one distillate fraction was obtained as the vapour
temperatures remained steady at 183-184 °C range during the experiment. This was
acceptable as taking subsequent fractions at higher temperature would inevitably remove
a higher amount of methyl oleate and methyl linoleate from the biodiesel which would
beat the purpose of conducting distillation on PFAD biodiesel.
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Figure 8.1 Vapour and reboiler temperature profiles before and during vacuum distillation

The light key component, methyl palmitate, was removed from the system and collected
in the form of distillate every ten minutes at a reflux ratio of 1:1. The amount of distillate
collected at each interval during the distillation experiment is plotted in Figure 8.2. It is
noticed that the distillate removal rate increased for the first 60 minutes but decreased at
a faster rate after that. By 60" minute, the amount of distillate obtained was 29.99 wt.%
of the initial feed. After 100 minutes, the mass fraction of distillate that was enriched with
methyl palmitate increased to 39.76 wt.% whereas the bottom product left in the boiling
flask was enriched in the higher boiling component (methyl oleate).
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By the end of the experiment, the bottom product (distilled biodiesel) remaining in the
boiling flask was collected. In order to study the efficiency of the vacuum batch
distillation, the composition of the biodiesel samples before and after distillation were
subjected to GC-FID analysis for fatty acid composition studies. The ester compositions
in the PFAD biodiesel before and after the distillation are identified from chromatograms

as shown in Figure 8.3. The results are listed in Table 8.2.
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Figure 8.2 Distillate removal of PFAD biodiesel during vacuum distillation, a) at each
interval; b) in a cumulative manner (mass fraction)
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The PFAD biodiesel before distillation consisted of 47.36% methyl palmitate, 38.46%
methyl oleate and 14.19% other esters. Upon GC-FID analysis, it is found that the methyl
palmitate content in the distilled PFAD biodiesel decreased by 15.44% after the
distillation, from 47.36% to 31.91%. Meanwhile, the mass fraction of other esters
increased: methyl oleate has increased by 11.66%, followed by methyl linoleate (2.28%),
and methyl stearate (1.85%). Hence, the dominant ester in PFAD biodiesel after
distillation had changed from the saturated ester methyl palmitate to the unsaturated ester
methyl oleate. The amount of total unsaturated FAMEs in the PFAD biodiesel increased
13.60% after the distillation. Hence, it can be deduced that the cold flow properties of the
PFAD biodiesel would improve as unsaturated FAMES have lower melting points than
saturated FAMEs.
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Figure 8.3 A typical chromatogram of the FAMEs in PFAD biodiesel
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Table 8.2 Ester components in PFAD biodiesel with their respective mass fractions

Ester Retention Molar Normalized Mass Fraction (%)
Time mass Pre- Post- Change
(min) (g/mol) distillation  distillation

Methyl palmitate 9.19 270.5 47.36 31.91 -15.44

(C16:0)

Methyl stearate 12.78 294.5 5.01 6.86 1.85

(C18:0)

Methyl oleate 12.37 296.5 38.46 49.78 11.32

(C18:1)

Methyl linoleate 12.21 298.5 9.17 11.45 2.28

(C18:2)

Total saturated - - 52.37 38.77 -13.60

FAMEs

Total unsaturated - - 47.63 61.23 13.60

FAMEs

On the other hand, the GC-FID analyses also showed that the ester conversion of the
biodiesel sample had slightly decreased by 4.92 +3.93% after the vacuum distillation.
This could be due to the removal of 40 wt.% of distillate during the distillation experiment,
which indirectly increased the composition percentage of the other impurities remaining
in the bottom samples. The ester compositions of the ten distillate samples collected
during experiment at each 10-minute interval were also identified using GC-FID analysis.
The results are shown in Table B-4 in Appendix B. The data in Table B-4 was also used
to plot Figure 8.4 for better visualization of the changes occurred in the FAME
compositions of distillate over time.

It was observed that among all the ten distillate samples, they were consisted of 60-69%
methyl palmitate, 19-29% of methyl oleate, 5-7% of methyl linoleate, and 2-3% of
methyl stearate. The first distillate sample contained the highest fraction of methyl
palmitate (68.60%) and the lowest fraction of methyl oleate (19.17%). Its content of
methyl stearate and linoleate were the lowest as well. In the subsequent samples, the
fraction of methyl palmitate in distillate gradually dropped while the composition of the

other three esters in the distillate samples slowly increased. The first four distillate
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samples had relatively higher amount of methyl palmitate, ranging between 66.21% and
68.60%. This dropped to 60.80% at the sixth sample when the amount of distillate

collected were the highest at 32.38 +4.95 g (refer Figure 8.2a). The composition of methyl

palmitate in the remaining distillate samples stayed consistent in the range of 59.62% to

61.73%.
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Figure 8.4 Methyl esters composition fraction in distillate samples over time

The entire mass balance of the vacuum distillation experiment is tabulated in Table 8.3.
As shown in Figure 8.2b and Table 8.3, the yield of the bottom product (distilled biodiesel)

obtained from the distillation was 59.62%, which was comparatively higher than using

winterization technique. This claim was supported with the results reported by Dunn et al.

(1996). They carried out winterization studies on a FAME mixture in order to lower its

CP and PP by reducing the long-chain saturated esters (C16 or above) content through

crystallization in refrigerated bath. The process of removing 12.5 wt.% total saturated

FAMEs (methyl palmitate and stearate) took about one week’s time and the product yield

was only about 25%. Not to mention 20% of starting materials was lost during the process

as well. In contrast, 13.60 wt.% of total saturated FAMEs were removed in this study, and

the product yield was found to be 59.62% with only 0.62% loss of starting materials.
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Therefore, vacuum distillation is relatively better than winterization technique for
improving the cold flow characteristics of biodiesel, from the perspective of short

processing time, high product yield and small loss.

Table 8.3 Mass balance of the vacuum distillation of PFAD biodiesel

Sample Mass (g) Mass (%0)
Initial charge  435.87 = 1.40 100.00 + 0.32
Distillate 173.29 £10.64 39.76 £ 2.44
Bottom 259.87 £8.80 59.62 + 2.02
Loss 2.71 £0.19 0.62 £ 0.04

Although the separation efficiency of the methyl palmitate from PFAD biodiesel via
simple batch distillation under vacuum was better than winterization technique but it is
still considerably low due to the small difference in boiling points. For instance, at an
absolute pressure of 1.33 kPa (10 mmHg), which is close to the experimental operating
pressure in this study, the difference between the boiling points of methyl palmitate (light
key) and oleate (heavy key) was 17 °C (refer Table 8.1). Nevertheless, the purity of the
distilled biodiesel could be further improved by performing separate simple distillations
on the sample for another few more times. However, this would result in higher material
loss. Simple distillation could be referred as one theoretical plate as only a single
equilibrium stage between the liquid and vapour was involved. To attain higher yields
with smaller loss and higher purity as well as better separation efficiency, fractional
distillation could be carried out to establish higher number of vaporization-condensation
cycles in the system. This could be done by inserting a fractionating column equipped
with multiple plates into the simple distillation system setup. The ascending vapour would
then be redistilled and condensed repetitively over the plates in the column, and better

separation of the more volatile component would be obtained in the final product yield.
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8.2  Cold flow properties

As shown in Table 8.2, the changes in the mass fraction of methyl stearate and linoleate
in the biodiesel sample were minimal, which increase by 1.85% and 2.27% respectively.
Meanwhile, there was a net 15.44% reduction of methyl palmitate (saturated ester) and a
net increase of 11.32% of methyl oleate (unsaturated ester) in the distilled PFAD biodiesel
sample. Thus, the degree of unsaturation in the distilled PFAD biodiesel increased,
resulted in the drop in cloud point, which agrees with the findings by Elias et al. (2016).
Simultaneously, the pour point and CFPP would inevitably reduce as well as they are
related to the cloud point (Lopes et al., 2008). The cold flow properties of the PFAD
biodiesel before and after the distillation experiment were measured and recorded in Table
8.4.

Table 8.4 Cold flow properties of PFAD biodiesel before and after simple vacuum

distillation
PFAD Biodiesel Pre-distillation  Post-distillation Improvement
Cloud Point (°C) 20+1 13+1 7+1
CFPP (°C) 19+1 11+1 8+1
Pour Point (°C) 15+1 9+1 6+1

Before the distillation is carried out, the CP, CFPP and PP of the PFAD biodiesel was
20 °C, 19 °C and 15 °C. After the distillation, the CP, CFPP and PP of the PFAD biodiesel
reduced to 13 °C, 11 °C and 9 °C, respectively. The CFPP improved the most among the
three properties. This could be due to the high correlation of CFPP values with the
contents of methyl palmitate as well as the contents of total unsaturated FAMEs (Park et
al., 2008; Sarin et al., 2010). As methyl palmitate reduced and total unsaturated FAMEs
increased, this posed a greater effect on the CFPP than the CP and PP.

The improvement in cold flow properties showed that vacuum distillation is a feasible
technique to enhance the cold flow properties of PFAD biodiesel even though the
difference in the boiling points of the light key and heavy key was less than 20 °C. In spite

of only 13.60% removal of the total saturated FAMEs in the distilled PFAD biodiesel, the
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results showed that the cold flow properties of the PFAD biodiesel clearly improved by
35-42% (6-8 <C) after 100 minutes of simple vacuum distillation, which was significant.
This implied that vacuum distillation is a feasible way to improve the cold flow
characteristics of PFAD biodiesel.

Using the fatty acid compositions of PFAD biodiesel in Table 8.2 and cold flow properties
data in Table 8.4, the three empirical correlation methods proposed by Sarin et al. and Su
et al. in predicting the cold flow properties of PFAD biodiesel were evaluated. The values
of CP, PP and CFPP for the PFAD biodiesel samples, as listed in Table 8.5, were predicted
using Equations (7.1) to (7.9).

Table 8.5 Cold flow properties prediction of PFAD biodiesel samples before and after
distillation via empirical correlations

Cold Flow Inthis Sarin % Sarin % %
Properties work (Prame) error (Urame) error Su error

Pre-distillation PFAD biodiesel

CP (°C) 20 19.92 0.40% 20.82 4.10% 1576  21.20%
PP (°C) 15 14.80 1.33% 15.77 5.13% 19.19  27.93%
CFPP (°C) 19 16.38 13.79% 17.24 9.26% 13.02 31.47%

Post-distillation PFAD biodiesel

CP (°C) 13 11.79  9.31% 12.99 0.08% 10.72  17.54%
PP (°C) 9 598  33.56% 7.26 19.33% 1153 28.11%
CFPP (°C) 11 8.48  22.91% 9.62 12.55% 7.76 29.45%

Looking at the pre-distillation PFAD biodiesel sample, it was found that Sarin (Prame)
method could estimate the CP and PP of the biodiesel sample with minimal error (0.40-
1.33%) but the CFPP value had a deviation of 13.79%. However, the mass fraction of
methyl palmitate of the sample was 47.36% (as shown in Table 8.2), which was slightly

higher than the upper boundary value (0 <P,z <45) given in Equation (7.1) to (7.3).

for Sarin (Prame) method. Thus, the decision of implementing Sarin (Prame) method
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solely based on the calculation on this sample could be doubtful. Meanwhile, the Sarin
(Urame) method could predict all three cold flow properties for the PFAD sample with
less than 10% error. The predicted values using Su’s method was found to have the highest

percentage error (21.20-31.47%) among the three methods.

As for the post-distillation PFAD biodiesel sample, it satisfied the requirement for using
both Sarin’s (Prame) (6.9. 0 <Ppue £45Wt% ) and (Urame) (0 < U pe <84 Wt%)

correlations. It was found that Sarin (Urame) method gave the lowest percentage errors
among the three methods. The CP value was estimated accurately but the errors for PP
and CFPP prediction varied by 12.55-19.33%. Nonetheless, the percentage errors were
lower when compared with Sarin (Prame) method. Thus, the accuracy of Sarin (Prame)
correlations in predicting the cold flow properties of PFAD sample in this work was lower
than Sarin (Urame) method. On the other hand, the errors generated for CP and CFPP
values by using Sarin (Prame) method were lower than using Su’s method. However, Sarin
(Prame) method gave 33.56% error for the PP values, which was higher than Su’s method
(28.11%).

Among the three methods, it was found that the second correlation method, Sarin (Urame),
could best predict the three cold flow properties of PFAD biodiesel samples in this work.
In fact, this method predicted the cold flow properties of PFAD biodiesel sample with less
than 2 <C deviation. The ranking was followed by Sarin (Prame) method, and lastly Su’s
method. Although this finding was different from that reported by Dunn (2018), the
comparison between the three methods showed that Sarin (Ugame) method was the most

suitable approach for predicting the cold flow properties of PFAD biodiesel in this work.

As suggested in Chapter 8.1, in order to obtain PFAD biodiesel with better cold flow
properties than what was shown in the experiment results, the separation efficiency of the
distillation system should be enhanced by implementing vacuum fractional distillation.
Table 8.6 shows the comparison between the quality of PFAD biodiesel sample processed
through simple vacuum distillation as well as vacuum fractionation. The distillation
column designed for the vacuum fractionation would be discussed in Chapter 8.3. As

shown in Table 8.6, the quality of PFAD biodiesel distilled through vacuum fractional
181



distillation was much more favourable. The composition of methyl oleate increased 19.31%
and the undesired methyl palmitate was further reduced by 27.32%. Thus, the cold flow
properties of PFAD biodiesel which underwent vacuum fractionation could be expected
to have better cold flow properties. The ester composition and cold flow properties of the
feed, distillate and bottom streams during the vacuum fractional distillation of PFAD
biodiesel were calculated and shown in Table 8.7.

Table 8.6 Ester composition comparison of PFAD biodiesel sample under different
distillation methods

Mass fraction (wt.%o)

Simple Vacuum Vacuum Difference
Ester Composition Distillation? Fractionation® (%)
Methyl Palmitate, C16:0 31.91 4.59 -27.32
Methyl Stearate, C18:0 6.86 9.20 +2.34
Methyl Oleate, C18:1 49.78 69.09 +19.31
Methyl Linoleate, C18:2 11.45 17.16 +5.71

3 Experiment data; ® Simulated results

As discussed earlier, the Sarin (Urame) method could best estimate the cold flow
properties of PFAD biodiesel and could be used for the cold flow properties prediction of
the final biodiesel product obtained via vacuum fractional distillation. However, the CP,
PP and CFPP of the bottom stream (distilled biodiesel) in Table 8.7 were calculated using
Sarin’s Prame method instead of Sarin’s Urame method because its ester composition did
not meet the requirement of the Urame correlation function whereby the mass fraction of
the total unsaturated FAMEs should be < 84%. The total unsaturated FAMEs in the
bottom stream was 86.25 wt.%. The estimated CFPP was -5.48 <C, which hinted that the
distilled PFAD biodiesel has the potential to be graded as summer biodiesel for temperate
climates at grade C (max CFPP -5 <C) according to Europe EN 14214 standard (British
Standards Institution, 2014).
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Table 8.7 Ester composition in feed, distillate and bottom streams (mol% & wt.%) with
their estimated cold flow properties under vacuum fractional distillation

Stream Feed Distillate  Bottom

Mole fraction

Methyl Palmitate, C16:0  0.4963 0.9680  0.0500
Methyl Stearate, C18:0 0.0476 0.0018 0.0909
Methyl Oleate, C18:1 0.3677 0.0300 0.6872
Methyl Linoleate, C18:2  0.0884 0.0002 0.1719
Mass fraction

Methyl Palmitate, C16:0 0.4745 0.9653 0.0459
Methyl Stearate, C18:0 0.0502 0.0020 0.0920
Methyl Oleate, C18:1 0.3854 0.0328  0.6909
Methyl Linoleate, C18:2  0.0920 0.0002 0.1716

Cold Flow Properties

CP (<C) 20.762 - -2.58°
PP (<C) 15.712 - -9.62°
CFPP (<) 17.19% - -5.48°

2 Calculated using Sarin (Urave) method:; ® Calculated using Sarin (Prave) method

8.3  Distillation system design

As discussed in Chapter 8.1 and 8.2, in order to obtain PFAD biodiesel with better cold
flow properties, implementing vacuum fractional distillation is the way to go.
Additionally, judging from the long start-up time required during batch vacuum
distillation (about 2 hours), it would be more time-effective and productive to design a
vacuum fractional distillation column in continuous flow mode. The design of distillation
system is divided into two parts: (i) column and tray design, and (ii) condenser and

reboiler design.
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8.3.1 Column and tray design

Since a simple distillation is relatively inefficient in separating the esters in PFAD
biodiesel, a vacuum fractional distillation column was designed using FUG calculation to
improve the separation efficiency of methyl palmitate from the PFAD biodiesel sample.

At the beginning of the design stage, the relative volatility of each individual esters in the
PFAD biodiesel was first calculated. It was found that the relative volatility of methyl
palmitate to methyl oleate was 2.32. Thus, the separation should be easy as the relative

volatility between the two key components was higher than 1.1 (Mart i, 2016).

The final mole fraction of light key (methyl palmitate) in the bottom product was set as
0.05. This assumption was reasonable as similar mass composition of methyl palmitate
was found in the final product obtained by Dunn et al. (1996) while improving the low
temperature properties of biodiesel through winterization. On the other hand, the final
mole fraction of heavy key (methyl oleate) present in the distillate was assumed to be 0.03

so as to keep the loss of methyl oleate from the distilled PFAD biodiesel at a low level.

By using Fenske equation, the minimum number of stages required in the distillation
column under total reflux condition was found to be 8 stages. The minimum reflux ratio
calculated using Underwood Equation was 1.28, which gave an operating reflux ratio of
1.66, at 1.3 times of the minimum reflux ratio. Calculated using Gilliland correlation, the
actual number of theoretical stages required in the distillation column was 17 stages
(including 1 reboiler). The location of the feed tray was estimated to locate at the ninth
stage counting from the top of the column. The results obtained from the manual
calculation was validated with a shortcut column modelled using Aspen Hysys, as shown
in Figure 8.5. The fluid property package used for predicting the equilibrium and liquid
properties in the column was NRTL model (Abdurakhman et al., 2017; Basso et al., 2017).

The results obtained, as shown in Table 8.8, were found to be identical.
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Figure 8.5 Shortcut distillation column model

Table 8.8 Comparison between manual FUG calculation and Hysys model

Performance Manual calculation  Hysys model
Minimum number of Trays 7.635 7.287
Actual Number of Trays 16.64 15.975
Optimal Feed Stage 8.65 8.626
Minimum reflux ratio 1.28 1.254
Operating reflux ratio 1.664 1.630

From the distillation column model, additional details on the column and streams were
obtained and shown in Table 8.9. The condenser and reboiler pressures were fixed at an
absolute pressure of 1 kPa (under vacuum). The operating temperature of the feed stream
was set at 186 °C such that the feed stayed as a saturated liquid (i.e. bubble point feed).
The thermal condition of the feed is important as it determines the internal flows in the
distillation column. No additional heat calculation was required for saturated feed and the
feed could be added directly to the liquid flow (Price, 2003). The feed rate of PFAD
biodiesel was set at 3750 kg/h or 13.23 kmol/h.
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Table 8.9 Operating condition of the distillation column

Operating Parameters Value
Condenser Temperature (°C) 178.8
Reboiler Temperature (°C) 196.8
Rectify Vapour (kmol/h) 16.913
Rectify Liquid (kmol/h) 10.482
Stripping Vapour (kmol/h) 16.913
Stripping Liquid (kmol/h) 23.710
Condenser Duty (10* ki/h) -106.96
Reboiler Duty (10* ki/h) 109.23
Molar flow rate of distillate (kmol/h) 6.431
Molar flow rate of bottom (kmol/h) 6.797

Judging from the molar flow rate of the bottom product, the total yield of biodiesel with
high purity of methyl oleate (69.09 wt.%) and low amount of methy!| palmitate (4.59 wt.%)
obtained via the fractional distillation column was 51.38%. This is better than using
winterization technique but relatively lower than the 59.62% yield obtained using simple
vacuum distillation. Nonetheless, the methyl palmitate content in the fractionated
biodiesel had significantly reduced from 47.45 wt.% to 4.59 wt.%, as shown in Table 8.7.
With the removal of methyl palmitate, the total saturated FAMEs in the biodiesel reduced
from 52.47 wt.% at the feed stream to 13.79 wt.% at the bottom stream. This is great for
the cold flow improvement of PFAD biodiesel. The distillation column was not designed
to completely remove the saturated esters from the PFAD biodiesel as doing so would
significantly reduce the ignition quality of the biodisel (Dunn et al., 1996; Edith et al.,
2012).

With the obtained properties of distillate and bottom, the liquid and vapour rates were
estimated and subsequently, the calculations for column sizing were conducted. With a
plate spacing of 0.46 m (18 inch), the column diameter of the rectifying section and

stripping section were calculated to be 1.86 m and 1.95 m respectively. There was a 4.6%

186



difference between the column diameter for both sections due to the variation in velocities
of the vapour and liquid streams. Since the difference between the calculated column
diameters was small, it is recommended to use a uniform column diameter for the entire
column to simplify the fabrication work. Thus, the larger column diameter, 1.95 m, was

chosen.

The overall tray efficiency was identified to be 49.71%. Therefore, the number of actual
stages required was 34 stages. The column height was estimated to be 16.74m, giving a
height-to-diameter ratio of 8.61. According to Price (2003), the height-to-diameter ratio
of a distillation column should be less than 20 or 30 while ICARUS Corporation (1998)
recommended the ratio should range between 3 and 20. Hence, the calculated ratio was

acceptable.

Moving on to the plate design, the selection of plate type depends on the liquid flow
arrangement, which was affected by the liquid flow rate and column diameter. The
simplest type of most commonly used cross-flow plates, sieve plates, were used in this
column design. As compared to valve plates and bubble cap plates, sieve plates are the
most cost-effective and least prone to fouling. In addition, the cross-flow trays are also
classified based on the liquid flow patterns on the plate. Judging from the calculated
volumetric liquid rate (0.0032 md/s), using single pass plate was sufficient to
accommodate the liquid flow pattern on the plates when the liquid weird load was 0.0021

m3/s at a weir length of 1.58 m.

No weeping should occur in the column as the actual minimum vapour velocity (66.98
m/s) was higher than the minimum design vapor velocity (34.35 m/s). This would exert
enough pressure to hold up the liquid on the tray. Another factor that could cause weeping
is the total plate pressure drop, which consist of dry plate drop and wet plate drop. It is a
good practice to keep the total pressure drop per tray within the level of 75.4 mm to 127
mm (Kister, 1992). In the calculation, it was discovered that the dry plate drop dominates
and exceeded the recommended range. Therefore, the hole area was adjusted to 14% to
reduce the dry plate drop, and subsequently reduced the total plate pressure drop. The

calculated total plate pressure drop was 115.04 mm liquid, which was satisfactory.
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Apart from that, weir height also affects the total plate pressure drop and downcomer
liquid backup. The weir height of the vacuum column was set at 8 mm which was within
the range 6 to 12 mm recommended by Towler and Sinnott (2013). It was found that at
lower weir height setting, the head loss in downcomer would increase significantly,
causing the downcomer backup to exceed the column design limitation (half of the sum
of tray spacing and weir height, 0.234 m). This was due to the decrement of the Aap with
lower weir height. A smaller Ay would amplify the head loss in downcomer, thus
contributing to higher downcomer backup that led to column flooding. The downcomer
backup of the column was found to be acceptable at 0.21 m and the downcomer residence

time was well above 3 s (28.97 s).

Entrainment could occur in a column and negatively affect the plate efficiency when the
liquid on the tray was undesirably carried by ascending vapour up to the tray above due
to high vapour flow rate. Execessive entrainment should be avoided as this could lead to
flooding. To keep the entrainment effect small, it is recommended to take the upper limit
of y as0.1. Nonetheless, the figure only served as a rough guide, instead of being a must-
have requirement (Towler & Sinnott, 2013). At the column diameter specified, the
percentage of flooding was found to be 76.93%. When the Frv was 0.0015, the
entrainment was approximately 0.12, which was slightly above the guideline (v < 0.1).
This indicated that the entrainment would have a slight effect on the plate efficiency. The
finalized plate layout which showcase the downcomer area, hole area, weir length, hole
diameter, and etc. is shown in Figure 8.6. Overall, the column and tray design had fitted
all of the design requirements, except the entrainment estimation which was least

important, and therefore it could be concluded that the design was feasible and practical.

188



S 100 mm
2 3 ™ @
=t @ |
i f

Cross sectional view Side View
Plate inner diameter 1.95m Plate material Stainless steel
Hole size 5mm Plate spacing 0.46 m
Hole pitch 10.77mm 0O Plate thickness 3 mm
Active holes 14842 Plate pressure drop 115 mm liquid

Figure 8.6 Plate layout

8.3.2 Condenser and reboiler design

A condenser was designed to cool and condense the overhead vapour leaving the top of
the column by using cooling water. In this work, the condenser was modeled as a
horizontal shell and tube heat exchanger. The shell side consisted of the biodiesel vapour
(distillate) and the tube side was allocated with cooling water. The chosen condenser
design was a split-ring floating head type, with one shell and four tube passes that were
arranged in square pattern. Tube with two passes design was not suitable as the tube side
fluid velocity would be less than the recommended range of 1 to 2 m/s (Towler & Sinnott,

2013). The stream properties of the condenser were determined and shown in Table 8.10.

The logarithmic mean temperature difference AT,, for the shell and tube streams was

141.76 <C. This temperature difference was not directly used for design as it was only

applicable to the heat transfer in true countercurrent flow. By applying a correction factor,
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the true temperature difference AT, was found to be 141.42 <C, which was very close.

The total heat load from the shell (distillate strean) was 1243.36 kW. To remove this

amount of heat energy, the required mass flow rate of cooling water was 7.35 Kkg/s.

Table 8.10 Stream properties of condenser (1 Shell 4 Tube Passes)

Properties Unit Shell (Distillate) Tube (Cooling Water)
T, T 186.00 20

T T 178.77 60

T ean T 182..39 40

K, W/m.<C 0.0845 0.6315

C, kd/kg<T 2.4125 4.2270

H mNs/m? 0.4382 0.65

P kg/m3 750 996

m kg/s 0.485 7.35

MW kg/kmol 271.29 18.02

The overall heat transfer coefficient across the shell and tubes of the heat exchanger was

assumed as 300 W/m?. <C as the typical U, for vacuum condenser with cooling water was

between 200-500 W/m?°C (Towler & Sinnott, 2013). The provisional area required for
the heat transfer was found to be 43.96 m2. With this piece of information, the physical
layout of the tube was designed. The material was set as stainless steel 304 to prevent
corrosion. For the outer diameter of the tube, it was set as 1 inch. This was one of the most
commonly used sizes in the industry while the wall thickness of the tube was decided
according to the Birmingham wire gage (BWG) (Edwards, 2008). By using 4.88 m long
stainless steel 304 tubes (BWG8) with 25.4 mm outer diameter and 17.0 mm inner
diameter, the number of tubes required was found to be 76 tubes. Hence, for 4 passes
design, the tubes required per pass would be 19. The tube side fluid velocity was 1.71 m/s,
which was satisfactory as the acceptable range was 1-2 m/s. Using 1.25 times square pitch,

the tube bundle diameter was found to be 389 mm, and a 53 mm bundle diameter clearance
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was required. Therefore, the shell inner diameter, which was the sum of tube bundle

diameter and bundle diameter clearance, was 442 mm.

Subsequently, Kern’s method was used to determine the heat transfer rate and pressure
drop of the heat exchanger in order to check the validity of the initial assumption of the
overall heat transfer coefficient. The shell side and tube side heat transfer coefficient were
determined to be 499.45 W/m?2,.<C and 5899.71 W/m?2.<C, respectively. The overall heat
transfer coefficient was 305.75 W/m?. < with a percentage difference of only 1.92% when
compared with the trial value (300 W/m?.<C). The tube-side and shell-side pressure drop
of the condenser heat exchanger were found to be 43.88 kPa and 1.10 kPa, respectively.

On the other hand, the reboiler for the distillation column was used to vaporize the bottom
products by using high pressure steam (23.18 bar). The steam was set as the tube stream,
and the biodiesel was the shell stream. Kettle reboiler design was chosen in this study as
it was suitable for vacuum operation. The total heat load required for vaporizing the
biodiesel was 155.64 kW. Detailed properties of the bottom products and high pressure

steam streams are listed in Table 8.11.

Table 8.11 Stream properties for kettle reboiler

Properties Unit Shell (Bottom) Tube (Steam @23.18bar)
T, T 186.00 220
T No 196.77 220
T ean No 191.38 220
k W/m.<C 0.0763 0.0351
C, kJ/kg<C 2.485 3.598
AH kJ/kg 252.62 1862.95
H mNs/m? 0.038 0.016
kg/m?® 738.49 10.18
m kals 0.56 2.03
MW kg/kmol 295.03 18.02
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Assuming the overall heat transfer coefficient of the reboiler was 600 W/m?.<C, the area
required for the heat transfer was equivalent to 9.17 m?. By selecting U tubes with 4.8 m
nominal length (do = 30 mm, di = 25 mm), the number of U tubes required for the process
was 21. The tube bundle diameter of the kettle reboiler was found to be 235.41 mm. Using
Mostinski’s equation, the calculated heat flux based on the estimated area was 17.81
kW/m?, which was satisfactory as the maximum allowable heat flux value was 30.10
kKW/m?2. The nucleate boiling heat transfer coefficient was found to be 746.31 W/m?.<C.
For the reboiler, the overall heat transfer cofficient was 507.40 W/m?.<C. This value was
acceptable as it was close to the estimation of 600 W/m?.<C for the design to stand. The
pressure drop on the tube side was 12.62 kPa, which was well below the maximum
allowable pressure drop of 221.67 kPa. The maximum vapor velocity at the kettle reboiler
should be less than 19.78 m/s to avoid excessive entrainment. It is found that the
maximum velocity of vapor at the liquid surface was 5.22 m/s. Thus, the overall design

of the kettle reboiler was satisfactory.

8.4 Summary

The experimental results of the vacuum distillation of PFAD biodiesel were presented and
discussed. The yield of distilled biodiesel was 59.62% with only 0.62% loss of starting
materials. The fatty acid compositions of PFAD biodiesel before and after vacuum
distillation were determined via GC-FID. It was found that a total of 15.44 wt.% methyl
palmitate was removed from the distilled biodiesel. The cold flow properties of the
distilled sample were significantly improved by 35-42% (6-8 <C). Besides, Sarin (Urame)
correlations could be used to predict the cold flow properties of PFAD biodiesel with less
than 2 <C deviation. The CFPP of PFAD biodiesel could be further reduced via vacuum
fractional distillation in order to turn the biodiesel into export grade summer biodiesel.
Furthermore, the design work and specifications of a vacuum fractional distillation
column with the aim of enhancing the cold flow properties of PFAD biodiesel was
presented in this chapter. The specifications of the condenser and reboiler for the

distillation column which were designed based on Kern’s method were shown as well.
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The overall design specification of the vacuum tray distillation column is shown in Table

8.12.

Table 8.12 Specification sheet for vacuum fractional distillation column

Specifications Symbol  Unit Detail
Feed rate F kmol/h 13.2
Minimum number of theoretical stages N, - 8
Minimum reflux ratio R, - 1.28
Operating reflux ratio R - 1.66
Actual number of theoretical stages N - 17
Optimal feed stage - - 9
Actual number of trays N, - 34
Overall tray efficiency E, % 49.71
Column diameter D, m 1.95
Column length I, m 16.74
Plate spacing | m 0.46
Weir length l,, m 1.58
Cross sectional area of column A m? 2.97
Cross sectional area of downcomer A, m? 0.45
Hole area A m? 0.27
Weir height h, mm 8
Hole pitch l, mm 11.18
Hole diameter d, mm 5
Plate thickness t, mm 3
Downcomer backup h, mm 223.86

Type of cross-flow plate

Single pass sieve plate
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CHAPTER 9 CONCLUSION & RECOMMENDATIONS

Part

of this chapter (15%) is published in Applied Energy journal,

https://doi.org/10.1016/j.apenergy.2019.01.052

Conclusion

The effects of microwave heating towards the biodiesel production as well as the

feasibility of vacuum distillation technology towards the cold flow improvement of PFAD

biodiesel have been investigated in this study. There were two major findings:

a) A three-dimensional multiphysics model which describe the microwave-

assisted esterification of PFAD was developed by solving the
electromagnetism, chemical species, mass-momentum, and energy
conservation equations. The model was capable to provide good prediction of
the temperature profile during the process at elevated temperature (above the
boiling point of methanol) under microwave irradiation. The overall simulated
temperature profile was in good agreement with the experimental results with less
than 3% error. This was made possible by including the phase change effect due
to methanol vaporization. In addition, to obtain excellent model prediction, the
Navier-Stokes equations should always be included in the modelling of biodiesel
production regardless how negligible the velocity change associated with the fluid

flow is.
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b) Vacuum fractional distillation was found to be a feasible method to improve

the cold flow characteristics of PFAD biodiesel to produce export grade

biodiesel. A great portion of methyl palmitate was successfully separated from

the rest of the esters in the biodiesel. The yield of biodiesel obtained using

fractional vacuum distillation was 51.38%, which was better than using

winterization technique (~25%). The reduction of 42.77 wt% methyl palmitate
from the biodiesel improved the CFPP of PFAD biodiesel from 19 T to -5.48 <C,
which satisfied the CFPP requirement for grade C summer biodiesel for temperate
climates in EN 14214 standard.

The scientific contributions which could be obtained from this study were listed as follows:

With the aid of microwave dielectric heating, the esterification reaction of
PFAD was accelerated and found to follow a second order reaction Kinetics,
with an activation energy of -36 kJ/mol.

The relative complex permittivity of PFAD and its biodiesel at 2.45 GHz for
temperature range 25-120 <C could be considered as temperature-independent
constants, which were 2.78-0.17j for PFAD and 3.26-0.21j for PFAD biodiesel.
By using the esterification model, the inputs for vaporization effect of
methanol under microwave irradiation, which was not available in literature,
were fine-tuned against the temperature measurement data and reported in this

study. The values for pre-exponential factor A, and activation energy

E,..., Of the vaporization reaction of methanol were found to be 2 x 10° s’

MeOH
and 54500 J/mol, respectively.

In the esterification model, non-uniform heating could be observed from the
esterification of PFAD and methanol under microwave irradiation. The
changes in the localised temperature at the hot spots was sufficient to trigger
vaporization reaction of methanol but insufficient to trigger the vaporization

reaction of water. Thus, the vaporization reaction of water could be neglected.
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e The separation of methyl palmitate (light key) from methyl oleate (heavy key)
could be achieved using simple vacuum distillation but at low efficiency (i.e.
removal of 15.44 wt% methyl palmitate). Higher separation efficiency could
be achieved using vacuum fractional distillation (i.e. removal of 42.77 wt%
methyl palmitate)

e The preliminary design of a vacuum fractional distillation column to improve
the cold flow properties of PFAD biodiesel was created by using FUG method
and presented in this study. The condenser and reboiler which were designed
based on Kern’s method were shown as well.

e In this study, Sarin (Urame) method was found to best predict the cold flow
characteristics of PFAD biodiesel among the three empirical correlations
(Sarin (Prame), Sarin (Urame) and Su’s method) employed for the prediction
of biodiesel cold flow properties, with less than 2 <C deviation.

The research gaps that have been identified included (i) limited studies on the microwave-
assisted biodiesel production of low-cost biodiesel from PFAD, (ii) lack of robust model
which can describe the microwave-assisted PFAD esterification, as well as (iii) the lack
of study on vacuum distillation in modifying the ester compositions of PFAD biodiesel in
order to improve its cold flow behaviour. In this work, the effects of microwave on the
biodiesel yield was studied. The optimal parametric condition to achieve 91.88%
biodiesel yield was reported to be 300 W microwave power, 15 min reaction time, 1:9
PFAD-to-methanol molar ratio, and 1 wt% sulphuric acid catalyst. The second research
gap was narrowed down with the successful development of a three-dimensional
multiphysics model of microwave-assisted esterification of PFAD feedstock. The power
density, heat transfer, fluid velocity, electrical and temperature distribution within the
reaction mixture across time were examined. Lastly, to taper the third research gap, a
feasibility study on the cold flow improvement of PFAD biodiesel via vacuum distillation
approach was carried out. It was proved that the vacuum distillation was a feasible method
to improve the cold flow properties of PFAD biodiesel by modifying the ester

compositions. The five research objectives of the study had been achieved.
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Recommendations

The effect of microwave irradiation on microwave-assisted PFAD esterification can be
further investigated by using a more sophisticated microwave reactor that could
simultaneously control the temperature magnitude as well as the homogeneity in the
reacting fluid. The difference between the reaction kinetics under domestic microwave
oven (power-controlled) and scientific microwave oven (temperature-modulated) can be

compared in the future work.

In order to further improve the robustness of the numerical model, there are several
possible future investigations that can be done. For instance, the thermophysical
parameters of the species can be changed to temperature-dependent functions to
investigate their effects on the model; and a reflux system can be added to the numerical
model to generate the complete vaporisation-condensation cycle of methanol. This
numerical model could serve as a basis for optimizing the esterification of biodiesel under
the microwave effect where the influence of other parameters (e.g. sample location,
reactor design, waveguide position, and types and volume of alcohol) on the heating
distribution could be studied as well by means of numerical simulation. Nonetheless, the
numerical model poses a limitation as the reaction modelling of the PFAD esterification
was simplified to a one-way esterification reaction. The reaction modelling could be more
detailed by including a reversible esterification reaction as well as the three
transesterification reaction steps for triglycerides which are minor constituents in PFAD
feedstock. This also indirectly opens up an extra beneficial advantage to be able to include

a wider range of feedstocks for the model simulation.

In addition, the PFAD biodiesel with improved cold flow properties can be analysed in
future work to determine the fuel performance via compression ignition diesel engine test.
Since a large portion of the saturated methyl palmitate which can improve the oxidative
stability of biodiesel was removed during the vacuum fractionation process, the oxidative
stability of the distilled PFAD biodiesel should be investigated as well. Conducting an

optimization study which could balance the oxidative stability and low temperature
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operability of PFAD biodiesel is also favourable. As the yield of distilled biodiesel via
vacuum distillation was about 50 — 60% as observed in this study, the life cycle cost
analysis of export grade biodiesel production from PFAD feedstock could be assessed in
the future to evaluate its economic feasibility. Apart from that, it is also recommended to
investigate microwave-assisted reactive distillation which combines both biodiesel
production and separation process together in a single column. The biodiesel produced
from the reactive distillation column can be used directly as the feed for the vacuum
fractional distillation column, which eliminate the need of the time-consuming
downstream processing (e.g. water washing and drying) that is still practiced in the
industry. This may give rise to the birth of a new product line to produce PFAD biodiesel
with improved cold flow characteristics which can be extended into the existing palm oil
refinery facilities by integrating both technologies.
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Appendix A:  Images for experiment setups

Images for the experiment setups in this work are shown here.

Microwave oven =
with reflux

=

Temperature
acquisition software
installed in a laptop

Luxtron Fibre Optic
Thermometer Kit

Fibre optic
probe

Plate 2 Closer view of the microwave oven with reflux system
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Vapour temperature =
| measuring sensor o
B =3 ' = L—-’-:-— o -
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monitoring
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o TN

Nl Distillate
Oil Bath Receiver

Reboiler temperature |8
measuring sensor

Plate 3 Lab scale vacuum distillation setup (actual)
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Appendix B:  Experimental data and design calculations

Table B-1 Actual Biodiesel Yield (%) of PFAD esterification under microwave

irradiation
Microwave Microwave Irradiation Time (s)
Power (W) 300 600 900 1200
100 83.35+1.78 84.58 £2.81 86.09 +2.26 89.02 +0.86
240 82.75+0.41 85.13 +£0.47 88.63 +0.67 92.12 +0.66
300 84.72 £2.44 86.44 +£1.06 91.88 +0.86 92.39 +0.28

Table B-2 Yield and final acid value of biodiesel samples under 300W microwave
irradiation from 60 s to 1200 s

Time (s) Acid Value (mg KOH/qg) Actual Yield (%)

0 209.27 -

60 59.87 60.70 +1.88
120 38.79 70.74 =1.37
180 29.63 76.84 +1.40
240 24.81 82.04 +1.24
300 24.56 84.72 +2.44
600 22.75 86.44 +1.06
900 11.41 91.88 +0.86
1200 9.26 92.39 +0.28

Table B-3 Energy consumption at various microwave power levels

Microwave Irradiation Specific Energy Specific Energy Actual
Power (W) Time (s) Consumed Consumed Biodiesel Yield
(J/ml) (kJ/g) (%)

100 300 423.01 1.59 83.35 +1.78
600 846.02 6.35 84.58 £2.81
900 1269.04 14.28 86.09 +2.26
1200 1692.05 25.38 89.02 £0.86

240 300 1015.23 3.81 82.75 +0.41
600 2030.46 15.23 85.13 £0.47
900 3045.69 34.26 88.63 £0.67
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Microwave Irradiation Specific Energy Specific Energy Actual

Power (W) Time (s) Consumed Consumed Biodiesel Yield
(J/ml) (kJ/g) (%)
1200 4060.91 60.91 92.12 +0.66
300 300 1269.04 4.76 84.72 £2.44
600 2538.07 19.04 86.44 +1.06
900 3807.11 42.83 91.88 +0.86
1200 5076.14 76.14 92.39 +0.28
85

w ¥ = 6.1861In(x) + 35.845

80 300 R2=0.7722

"y =6.9714In(x) + 28.797
R2=0.8506

Temperature (°C
(=)}
=]

h
<o

y =3E-08x* - 1E-04x? + 0.1029x + 37.164

45 R*=0.9954
40 §
35
0 200 400 600 800 1000 1200

Microwave Inradiation Time (5)

Plate 4 Comparison between experimental and simulated temperature profile

Table B-4 Mass fraction of the four major ester compositions in distillate samples
determined via GC-FID analysis

Distillation 0. C18:0 c18:1 C18:2

Time (min)
10 68.60% 2.08% 19.17% 4.85%
20 68.51% 2.18% 20.01% 5.21%
30 67.07% 2.46% 22.31% 5.51%
40 66.21% 2.62% 23.58% 5.84%
50 61.44% 3.18% 28.14% 6.92%
60 60.80% 3.27% 28.44% 6.94%
70 60.29% 3.33% 28.93% 7.10%
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Distillation

: . C16:0 C18:0 C18:1 C18:2
Time (min)

80 59.62% 3.40% 29.41% 7.29%

90 61.58% 3.14% 28.11% 6.88%

100 61.73% 3.24% 27.85% 6.82%

Table B-5 Design calculations for column and tray design

1. Determine relative volatility of esters

Operating pressure: 1 kPa
Operating temperature: 186 °C
Feed flow rate: 13.23 kmol/h

K _ Pi,sat
i~ P )
i Equation (2.11)
a _ K
K Equation (2.12)

Using Hysys database, the P, for each esters at operating temperature 459.15K
are determined. At P =1 kPa,

Ester P (kPa) K, a,

C16:0 1.40 1.398 2.319
C18:.0 0.54 0.538 0.892
Ci8:1 0.60 0.603 1.000
C18:2 0.34 0.344 0.570

The light key (LK), heavy key (HK), and heavy non-key (HNK) are identified. It
is assumed that HNK exit in the bottoms.

LK: C16:0

HK: C18:1

HNK: C18:0, C18:2

2. Calculate Number of Stages and Reflux Ratio

i.  Minimum Number of Stages, N,

Fenske equation is used to determine the number of stages at total reflux.
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XD,LK

log
_( XD,HK

j( XB,HK
XB,LK

log

)

Equation (2.13)

(0.95)(0.97)}
0.03 )1 0.05 76358

log2.319

Estimate distillate and bottom composition
The distillate and bottom composition is estimated using Geddes-Hengstebeck

equation.

)
|Og( D,IJZ
XB,i

X
log [ﬂ o N ]+ N, loge;

XB.HK

Equation (2.14)

|Og XD,HK C{—Nmm — Iog(oog (1)—7.635j — _1510
X 1k 0.97
Distillate composition:
Ester F _ Xoi F, D,
i log Xoi D, D, = S Xpi ==
(mole Xg; Xg; 1+ B Z D
fraction) ’ Xop;
C16:0 0.4963 1.28 19.000 0.4715 0.9758
(LK)
C18:1 0.3677 -1.51 0.0309 0.0110 0.0228
(HK)
C18:0 0.0476 -1.89 0.0130 0.0006 0.0013
(NHK)
C18:2 0.0884 -3.37 0.0004 0.0000 0.0001
(NHK)
> D, 0.4832
B, =F -D, Equation (2.16)
Bottom composition:
Ester B=F-D B
i i i xBi — 1
. z Bi
C16:0 (LK) 0.0248 0.0480
C18:1 (HK) 0.3567 0.6902
C18:0 (NHK) 0.0470 0.0909
C18:2 (NHK) 0.0883 0.1709
Z B, 0.5168
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Minimum Reflux Ratio, R, and operating reflux ratio, R

Since the feed is saturateﬁquid, g=land1l-qg=0.
> %X =1-q Equation (2.17)

a Xp; _ .
> i R +1 Equation (2.18)

With the known 6, R +1 is determined to be 2.280.
Minimum reflux ratio, R, = 1.280
Operating reflux ratio, R=1.3R = 1.664

Theoretical number of stage
The number of equilibrium stages required at the operating reflux ratio is
determined using Regressed equation from Gilliland graphical method

v = R-R,
~ R+1
Equation (2.20)
_ 1.664-1.280 _0.144
1.664 +1
N-N,. _1-exp 1+54.4y :,uo—sl
N +1 \11+117.2p )\ y~
_1-exp 1+54.4(0.144) ((0.144)0§1j Equation (2.19)
1(11+117.2(0.144) )\ 0.144"
=0.5106

Number of stages, N = 16.64 ~17 (16 stages + 1 reboiler)

Feed tray location

The feed tray location of the distillation column can be estimated by solving
Kirkbride correlation.

B 2
X X
log (m] =0.206log (Ej( F.oK J( oK j
NS D XF,LK XD,HK

- Equation (2.21)

B 2
_0.206l0g 0.5168 \( 0.3677 \( 0.05 0,07
0.4832 )\ 0.4963 )\ 0.03
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N, /N, =1.18
N, +N, =N =16 (remove reboiler)
Number of trays in rectifying section, N, =8.649

Number of trays in stripping section, N, =7.351
Feed tray location = 9" tray from the top

. Calculate Column Diameter for both Rectifying and Stripping Section
Column Diameter Calculation for Rectifying Section

The diameter of the column is directly affected by its vapour flow rate. Having
suitable column diameter can avoid the occurrence of entrainment or high
pressure drop.

Liquid rate at rectifying section, L= RD = 16.0493 kmol/hr

Vapour rate at rectifying section, V = (R+1)D = 25.6953 kmol/hr

Liquid Vapour Flow Factor, F,
L /pv
Fiv :\7 —
PL
_ 16.0493 f 0.0722 _ 0.0061 ~ 0.01
25.6953 \ 750.433
Souders and Brown factor, C

At F, =0.01, the C can be obtained from Figure 15.5 (Peters et al., 2004).
At tray spacing = 0.46 m, C, =0.09 m/s.

Equation (2.23)

Net Vapour Velocity at Flooding Conditions, u,

0.2
u, :Csb O PL— P
0.02 o,

0.2
_ o.og( 0.2 j \/750.433—0.0722 14,5436 s
0.02 0.0722

Equation (2.22)

Actual Vapour Velocity, u,

Considering 80% of flooding as safety margin,
u, =0.8u; =0.8(14.5436) =11.6348 m/s

Net Column Area available for Vapour-Liquid Disengagement, A,
A = Q_ Vv _ 1.9363
u, pM, 0.0722(11.6348)

n

=2.305m? Equation (2.25)
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Cross sectional area of column, A,
Assuming 15% of the cross-sectional area of the column is occupied by

downcomer,
p=Sr 235 o a1me
0.85 0.85

Diameter of Column, D,
T N2
=D

A =D

D, :\/% :\/4(2.71) _186m
T T

Equation (2.26)

ii.  Column Diameter Calculation for Stripping Section
Liquid rate at stripping section, L’= F+L = 29.2773 kmol/hr
Vapor rate at stripping section, V' =V =25.6953 kmol/hr

Similar steps are performed for stripping section. The results obtained are:
F., =0.0115, C, =0.089 m/s, u, =13.79 m/s, u, =11.03 m/s,

Q=27.886 m*/s, A =2.53m? A =297 m?, D, =1.95m

It is more economical to use uniform column diameter. Hence, the larger
column diameter (1.95 m) is chosen.

4. Determine Overall Tray Efficiency and Number of Actual Stages
Overall Tray Efficiency, E,

E, = 0-492[/4_ (aLK/HK )av }0245

=0.492[0.4136(2.3185)] " = 49.71%

Equation (2.27)

Number of actual stages, N,

ﬁ — M =33.48 ~ 34 trays

T E 04971

0

5. Selection of Tray Spacing

By using trial and error approach, the tray spacing of 0.46 m (18 inch) is
selected. The suitability of the trial tray spacing is justified through the
calculation shown below.

6. Determination of Column Height
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Column Height, H,

HC=(Nact—1)It+AH = ﬁ—1 l,+0.1 N I, )
E E Equation (2.28)

0 0

= (34-1)0.46+0.1(34—1)0.46 =16.74 m

Column Height-to-Diameter ratio = % =8.605

The estimation for the column height and diameter is acceptable as the ratio of
height-to-diameter falls within the range of 3 — 20 (ICARUS Corporation,
1998).

7. Decide Liquid Flow Arrangement

Maximum volumetric flow rate
LM 29.2773(295.029)

™ 3600p,  3600(738.4874)

From Figure 17.35 (Towler & Sinnott, 2013), the suitable liquid flow
arrangement is single pass cross flow plate.

8. Provision Plate Design

Assume 15% of the cross-sectional area of the column is occupied by
downcomer, downcomer area, A,

A, =0.15A =0.4461 m>

=0.0032 m/s Equation (2.29)

For single-pass plates, active area, A,
A =A —2A, =2.9738-2(0.4461) = 2.0816 m*

Assume 13% of the active area are active holes, the hole area A,
A =0.13(2.0816) = 0.2914 m*

According to Figure 17.39 and 17.40 (Towler & Sinnott, 2013), when
A 159, b — 081 and Wee — 0,21
A D D

c c

Weir length, |, =0.81D, =1576 mm
Weir width (weir chord height), w,, =0.21D, = 408.63 mm

The recommended weir height for vacuum operation is 6 — 12mm. In this
design, let h, =8 mm .
The recommended plate thickness, t for stainless steel is 3 mm.
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Let the diameter of a single hole on the plate, d, =5 mm.

9. Checking for Design Verification

i.  Check Weeping
Minimum design vapour velocity, u,

From Figure 17.37 (Towler & Sinnott, 2013), K, =27.8

[K,-0.90(25.4-d,)]

- (pv )0.5
[27.8-0.90(25.4-5)]

) (0.0755)"

Uy

Equation (2.30)
=34.35m/s

Actual minimum vapour velocity, U,

Q 27.886

U, =07-== 0.7(—
A, 0.2914

Design is acceptable as the actual minimum vapour velocity is well above the
minimum design vapour velocity at the weep point.

] =66.98 m/s

Maximum liquid rate, L, '=L, =2.3994 kg/s
Minimum liquid rate at 70% turn down = 0.7(2.3994) =1.6795 kg/s

Height of liquid crest over the weir, h,,

L %
Now = 750{ } Equation (2.31)
Pl
%
Maximum h, =750 2.3994 =12.15 mm liquid
738.49(1.5761)
- 1.6795 7
Minimum h,, =750 ' =9.58 mm liquid
738.49(1.5761)

Thus, at minimum rate, h,+h,, =8+9.58 =17.58 mm liquid

ii.  Check Plate Pressure Drop
Orifice coefficient C,
t
520.2914:0_14 p
A, 2.0816 d,
From Figure 2.13, C, =0.77
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Maximum vapour velocity through holes, u,
_Q _27.886
" A 02914

=95.6863 m/s

Dry plate drop h,

2
h, = 51{u_h} Py

o] A Equation (2.32)
_51{95.6863}2 0.0755

=80.53 mm liquid
0.77 738.4874
Residual loss, h,

125x10°  12.5x10°
" p 7384874

h =16.93 mm liquid Equation (2.33)

Total plate pressure drop, h,
h =h,+h,+h,+h
=80.53+17.58+16.93=115.04 mm liquid

Check Downcomer Liquid Backup
Height of bottom edge of apron above the plate, h, =h, —5=3mm

Aap = hatplw
=0.003(1.5761) =0.0047 m?
Since A, islessthan A, =0.4461m? ,use A as A, .

e :166{i}
PA,

166 2.3994
738.4874(0.0047)

h, =(hW+hOW)+ht +h,
=17.58+115.04+78.37 = 210.99 mm liquid

Equation (2.36)

Equation (2.35)

2
} =78.37 mm liquid

Equation (2.34)

For safety purpose, downcomer liquid backup should not exceed half of the tray
spacing in order to avoid flooding.

h, < %(It +h,) Equation (2.37)

%(It +hw):%(460+8): 234 mm liquid
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The tray spacing used is acceptable as the downcomer backup is less than 234
mm liquid.

iv.  Downcomer Liquid Velocity

_ Lo 00082 _ ) 1502 s

u =
¢ A 04461
The velocity does not exceed the limit of 0.1 m/s, which is satisfactory.

v.  Downcomer Residence Time
t = Ao
R
~ 0.4461x0.211x738.4874

2.3994
Since the downcomer residence time is > 3s, it is acceptable.

10. Recalculate Percentage of Flooding

The percentage of flooding can be calculated as shown below:

Percentage of flooding = u—”><100% = % x100% = 76.94%

uf
The distillation column can work well without flooding problem as the
percentage of flooding is below 100%.

11. Check Entrainment

From Figure 17.36 (Towler & Sinnott, 2013), when F, = 0.0115, the
entrainment, y =0.11 at 76.94% flooding. It is slightly above the guideline of
0.1, indicating that the plate efficiency might be slightly affected.

12. Calculate Perforated Area & Number of Holes

For Ii =0.81,
DC

Angle subtended by chord, 6, =109°

Angle subtended at plate edge by unperforated edge strips,
0, =(180-109)° =71°

Width of unperforated edge strips, W, =50 mm

Equation (2.38)
=28.97s

Mean length, unperforated edge strips, |,

o
l, =(D, - c
us ( c Wus)ﬂ-X18

=(1.95-0.05) 7 109 =3.6067 m
180
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Area of unperforated edge strips, A
A, =Wl =0.05(3.6067) =0.1803 m?

Width of calming zone, w,, =100mm
Mean length of calming zone, |,
l, =D, +w, =1.95+0.05=2.00 m

Area of calming zone, A,
A, =2l_w,, =2(2.00)(0.1) = 0.4 m?

Total area for perforations, A

A=A-A -
=R AA, Equation (2.39)
=2.0816-0.1803-0.4=1.5m?

A 0290441940
15

A

P

I
From Figure 17.4, at % =0.1940, hole pitch d_p =2.15
p h
This is acceptable since it is within the range of 2.5 to 4.0.

Hole pitch, I/ =2.15(0.005) =10.75 mm

Area of a single hole, A

7d,” _ 7(0.005)° ~1.9635x10"° m’

A==,
Number of Holes, N,
Ao 9294 4845 holes Equation (2.46)

"TA  1.9635x10°

Table B-6 Design calculations for condenser

1. True temperature difference

Logarithmic mean temperature difference, AT,
_ (T-t)-(T,-t)  (186-60)—(178.77 —20) 141.76 °C

AT, = -
| Tt i | (186-60)
T,-t) (178.77 - 20)
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Temperature correction factor, F,

For horizontal condenser with one shell four tube passes,

R= -[l_—TZ =0.1806

2

s==b _ 02410
n
JRZ+1) In( 1=S j
1-RS
F = =0.9976
2—S(R+1—1/(R2+1))
(R=1In

2—S(R+l+«/(R2+1))

True temperature difference, AT
AT, = FAT,, =0.9976(141.76) =141.42 °C

2. Define heat transfer rate and mass flow rate of cooling water
The heat load is retrieved from Aspen Hysys simulation, q = 1243.36 kW

q _ 1243.36
cp(t2 -t) 4.227(60—20)
3. Assume overall heat transfer coefficient

According to Table 19.1 (Towler & Sinnott, 2013), the overall heat transfer
coefficient for vacuum condenser with cooling water should be within the range

of 200 — 500. Thus, use 300 W/m?2.°C for the first trial U, calculation.

Cooling water flow rate, m, =

=7.354 kg/s

4. Heat Transfer Area
Heat transfer area, A, that is required:

A - q _ 1243360 _29.31 117
U,AT, 300(141.42)
5. Layout and Tube Size
Square pitch is used. The standard tube dimension for tubes made from stainless
steel 304 steel that is used are:

Tube outer diameter, D, = 25.4 mm

Tube inner diameter, D, =17.018 mm

Tube wall thickness, t, =4.191 mm

Tube length, L = 4.88 m (16ft)
Modified tube length after wall thickness, L, =L-t, =4.876 m

6. Number of Tubes
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Surface area of one tube, A, =zD,L,, =0.3891 m’

Number of tubes required, N = A = 2931 =75.33~ 76 tubes
A, 0.3891
N 7
Number of tubes per pass, N, = _1e =19

number of pass 4

7zD;?  7(0.017018)*
.-

Tube area per pass, A = 19>0.00023 = 0.00432 m?

7. Bundle and Shell Diameter

To calculate the diameter of shell, the bundle diameter D, has to be determined.

The constant K1 and n; for 4 tube passes with square pitch are 0.158 and 2.263
respectively.
Bundle diameter, D,

1 1
D, =D, (%J = 25.4(i)2'm —389.09 mm

=0.00023 m*

Tube cross-sectional area, A =

) 0.158

From Figure 19.12 (Towler & Sinnott, 2013), the bundle diameter clearance
for heat exchanger with a split-ring floating head type is 53 mm.
Shell inside diameter, D, = D, + bundle diameter clearance = 442.09 mm

For the U-tube exchanger, number of tubes in centre row, N,

ng: D _ 209 _1390~14
p, 125D, 1.25(25.4)

8. Heat Transfer Coefficient of Shell Side

Choose baffle spacing, |, = % = @ =88.42 mm

Tube pitch p, =1.25D, =31.75 mm

The cross-flow area for the tubes at the shell equator, A,

Ag — (pt _do)DslB
P,
_ (31.75-25.4)442.09% 88.42 «10°° — 0.00782 m?
31.75
W 4
Shell-side mass flow velocity G, =— = 0.485 =61.986 kg/m’.s
A, 0.00782

For a square pitch arrangement, the shell-side equivalent diameter, d,
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d :E(

e

p’—0.785d,” )

0

127

54 ((31.75)* ~0.785(25.4)* ) = 25.08 mm

The shell-side Reynolds number, Re
_ G,d, 61.986(25.08x10°°)
7 0.4382

=3547.81

Re

Taking 25% baffle cuts, from Figure 19.29 (Towler & Sinnott, 2013),
The heat transfer factor, j, =0.018

Shell-side heat transfer coefficient, h,
Neglecting the viscosity correction term,

k
h, = j, Re Pr°'3‘3><d—f

e

= 499.45 W/m?°C

0.33
:0.018(3547.81)(24125)(04382) 0.0845

X —_—
0.0845 (25.08x107)

. Heat Transfer Coefficient of Tube Side
Thermal conductivity of tube fluid (cooling water), k, =0.6315 W/m.°C

m _ 7.354

Fluid (cooling water) velocity, U, = = =1.708 m/s
PA  996x0.00432
Tube-side Reynolds number,
Re= PUD: _ 990>L.708x0017018 _ 13 47 urbutent)
7 0.65x10
c
Prandtl number, Pr= pt 4227065 4.36
K, 0.6315
L_ 488 286.76
D, 0.017018

From Figure 19.23 (Towler & Sinnott, 2013), at L/Di=286.76, the heat transfer
factor, j, =0.0022.

Neglecting viscosity correction, Nusselt number, Nu
Nu = j, RePr®®

=0.0022 x 44453.57 x 4.36%* =158.99
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Tube-side heat transfer coefficient, h,

" Nuk, 158.99x0.6315
"D 0.017018

=5899.71 W/m?*°C

From Table 19.6 (Towler & Sinnott, 2013), the thermal conductivity of stainless
steel, k, =16 W/m.°C.

Fouling coefficients for organic esters, h,, = 5000 W/m?2.°C
Fouling coefficients for cooling water, h,, = 3000 W/m?2.°C

= 4+ 4~ 4 O 4O
U o,calc ho hod 2kw dl hld dl hl
0.0254
0.0254In| ————
1 1 1 n(o.onoj 00254 1 00254 1
= + + + X + X
Ugeae 499.45 5000 2(16) 0.0170 3000 0.0170 5899.71

=0.003271 m?. % /W

The overall heat transfer coefficient based on the outside area of the tube,

U, . ———  —305.75 Wim?°C
@™ 0,003271

Uyeae Y, _ 305.75-300
, 300

The predicted overall heat transfer coefficient is satisfactory as its percentage
error is well below 30%.

11. Pressure Drop

Shell-side pressure drop
From Figure 19.30 (Towler & Sinnott, 2013), the shell-side friction factor j,

= 0.055.

% error = =1.92%

Shell-side linear velocity u, = G, 51986 _ 0.0826 m/s
p 75043

Neglecting the viscosity correction term, shell-side pressure drop AP,

wonfali)s

442.09)( 4880 j( 750.43x 0.08262

25.08 )\ 88.42 2

= 8(0.055)( j =1.096 kPa

234



Tube-side pressure drop, AP,

2
AR:N{ij(%j+2.5}%

2
=4 8(0.0022) (4—88j +25 996(.708) =43.88 kPa
0.017018 2

Table B-7 Design calculations for reboiler

1. Mean temperature difference

For a pure saturated vapour at a fixed temperature and constant pressure,
Mean temperature difference, AT,

AT (T,-T) _ _ (19677-186) _ .o oo

" [T [ (220-186)
(T —T,) (220-196.77)

No correction factor is required for multiple passes.

2. Define heat transfer rate and heat transfer area

Total heat load, q
q=mc,(T,-T,)+AH,,

=0.5571] 2.485(196.77 —186 ) + 252.62 | =155.64 kW

Adding 5% for heat losses:
Maximum heat load = 1.05q = 163.42 kW

From Table 19.1 (Towler & Sinnott, 2013), for heaters with hot steam and light
oils, the typical overall heat transfer coefficient is 300 — 900 W/m?.°C

Using a trial value of 600 W/m?.°C for U, ,
The heat transfer area required

Ao O _ 163420 o,
U,AT,  600(28.27)

3. Number of Tubes

Tube outer diameter, D, =30 mm

Tube inner diameter, D, =25 mm
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Tube length, L=4.8 m
4A,  4(9.17)

= - =20.28~21
zD}?  7(0.03)

Number of tubes required, N, =

4. Overall Heat Transfer Coefficient and its Percentage Error

Based on the estimated heat transfer area, actual heat flux, g

_ max. heat load 17,81 KW/’

Liquid (biodiesel) critical pressure, P, =11.63 bar

Operating pressure = 0.01 bar
To estimate pool boiling equation, use Mostinski’s equation,

P 0.17 P 1.2 P 10
h,=h, =0.104P°®q%"|1.8| — | +4| —| +10| —
P, P, P,

=746.31 W/m?*°C
Steam condensing coefficient, h =8500 W/m?*.°C

Steam fouling coefficient, h, =5000 W/m?°C
Biodiesel fouling coefficient, h,, =5000 W/m?.°C
Thermal conductivity of plain carbon steel tube, k, =55 W/m.°C

=—+—4—2 B, — 4 —2x—
U o,calc ho hod 2 kw Di hld D| hi
0.03
0.03In| ——
1 11 n(o.ozsj 003 1 003 1
= + + + X + X
Uy 746.31 5000 2(55) 0.025 5000 0.025 8500

=0.001971 m? J& /W

The overall heat transfer coefficient based on the outside area of the tube,

= _1 =507.40 W/m?*°C

Uo calc
’ 0.001971

Uo,calc _Uo _ 507.40-600
] 600

The predicted overall heat transfer coefficient is satisfactory as its percentage
error is well below 30%.

5. Pressure Drop
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D-2
Tube cross-section area, A = ET' =0.000491 m?
Surface area of one tube, A =7zD,L =0.4524 m?
9.17
Number of tubes required, N, = A =———=20.28~21
A 0.4524
For one tube pass, total flow area A, = AN =0.00995 m?

Mass flow rate of high pressure steam, m, =2.029 kg/s

Mass flow rate per unit flow area, U; = ™ 2.029 =203.87 kg/s.m’
A, 0.00995
u
Tube side velocity, U, =— = 20387 _ 20.017 m/s
o, 10.18
Reynolds number, Re= pUD; _ 20.017x10.18x0.025 311846
n 0.000016

From Figure 19.24 (Towler & Sinnott, 2013), friction factor j, =0.00024
Tube-side pressure drop, AP,

2
APt:Np{8jf{DL]+2.5}%

2
=1 8(0.0024)(£)+ 25 [20:017U018) 15 67 kpa
0.025 2

Shell-side pressure drop

The shell side pressure drop may be considered negligible for liquid level that
is not too high above the tube bundle. The hydrostatic head for the flow of liquid
from the column to reboiler can be considered negligible.

To calculate the diameter of shell, the bundle diameter has to be determined.
For square pitch, the constant K1 and ny for one U-tube pass is 0.215 and 2.207
respectively. From tube sheet layout,

1 1
D, =D, | V|- 0.03(%)2207 — 235.41 mm
K, 0.215

Shell inside diameter, D, = 2.5D, =589 mm

The freeboard between the liquid level and shell should be > 0.25m.
Take liquid level as 300 mm from base, freeboard = 0.289 m (satisfactory).
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289-/\

300 |
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From the sketch (as shown above), width at liquid level = 0.589 m
Surface area of liquid = 0.589 x4.8/2 = 1.414 m?

min
surface area of liquid x p,
05571
~ 1.414x0.0755

Vapour velocity at surface =

=5.22 m/s

Maximum allowable velocity, u,

0 —02 \/738.49—0.0755

B 0.0755

The design is satisfactory as the actual velocity (5.22 m/s) is well below the
maximum allowable velocity.

=19.78 m/s

\
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