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Abstract

The utilization of petroleum-based diesel fuel to power compression ignition (CI) engines has
been hampered by inefficient combustion process resulting in unsatisfactory engine performance
and emission of hazardous gases. Fatty acid methyl ester (FAME), due to its renewability,
biodegradability, and environmentally friendly emissions, has been acknowledged as a viable
alternative fuel for CI engines. The application of waste cooking oil (WCOQ) as feedstock for
FAME production did not conflict with food chain, guarantees appropriate disposal of used

vegetable oil, and prevents contamination of aquatic and terrestrial habitats.

The FAME was produced by transesterification of WCO samples collected from restaurants,
catalyzed by calcium oxide derived from chicken eggshell waste powder subjected to high-
temperature calcination. Properties and fatty acid (FA) composition of the FAME were
determined, the fuel used to power an unmodified CI engine, and measure the performance and
emission characteristics experimentally. Numerical techniques, including, matrix laboratory,
response surface methodology, Taguchi orthogonal, artificial neural network, and multiple linear
regression were utilized to unearth the optimal FAME candidate, determine the properties, FA
composition, performance and emission characteristics of the newly generated FAME and were
found to agree with experimental results. It was discovered that FAME candidate with a
concentration of palmitic acid of 36.4 % and oleic acid of 59.8 % produced improved brake
thermal efficiency and brake mean effective pressure as well as reduced fuel consumption, and

other regulated emissions.
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CHAPTER 1: INTRODUCTION

1.1  Introduction

At no other period since 1892 when a German Engineer, Rudolph Diesel, designed the diesel
engine has the need to discover sustainable alternatives replacement for fossil-based diesel fuel
been more compelling. Compression ignition (CI) engines have been observed to be more
efficient, rugged, safer, reliable, and requires less maintenance compared to spark ignition (SI)
engines. Though more expensive than Sl engines, Cl engines have found applications in
construction, industrial, agricultural, and transportation industries despite the obvious
shortcomings associated with the engine. The quest for the development and deployment of
affordable, renewable, biodegradable, and environmentally benign fuel to power CI engines has
been on the increase in recent years. The upsurge in the global population, urbanization, and
industrial revolution has exerted immense pressure on the available existing energy sources [1].
The contemporary world population reached 7.7 billion in June 2019 with about 55 % residing in
urban areas, the global population has been predicted to attain 9.8 billion in 2050 with an
estimated 68 % living in the cities [2, 3]. With the larger percentage of the populace living in the
cities, the competition for the limited available facilities in the cities, including energy sources,
will become more intense. This huge population has brought with it the need for effective and
timely movement of goods and services for economic and commercial purposes. Thus, the
observed challenging operation of petroleum-based diesel (PBD) fuel, the damaging effect of the
emission of hazardous gases from the tailpipe of Cl engines, and the inevitable depletion of fossil
fuel reserves based on present consumption rate has precipitated a more focused search for viable

alternatives for the PBD fuel [4].

The transportation sector consumes over 90 % of total fossil fuel products and over 25 % of global
energy as shown in Figure 1 [5]. The percentage of the total energy used for on-road transport is
estimated to increase from the present 28 % to 50 % by 2030 and further to 80 % by 2050 [6].

1



The total energy consumption in the transport sector was 110 million TJ in 2015 comprising cars
and bikes, bus, air, passenger rail, and air freight. Heavy trucks, light trucks, and marine engines
jointly consume 35 % of the transportation sector energy as shown in Figure 2 [7, 8]. This does
not include the increasing number of Cl engines used in irrigation, industrial, and earthmoving

equipment in the construction sector and other non-road diesel engines and equipment (NRDE).

Non energy = 9 %

Residential and
Others =33 %

Figure 1.Global final energy consumption by sector



Figure 2. Summary of global energy utilization in the transport sector 2015

The desire to overcome the twin problems of inefficient engine performance and emission of
environmentally unpleasant gases that has accompanied the utilization of PBD fuel in CI engines
has resulted in experimentation involving various alternatives, including straight vegetable oil
(SVO) and its blends [9, 10]. The many complications associated with the use of SVO has limited
its adaptation and continued usage thereby turning attention to biofuels [11, 12]. Biofuels are
produced from the conversion of biomass, vegetable or animal resources into fuel. Biofuels are
categorized as biogas, bioethanol, and biodiesel [13]. The use of biodiesel has gained more
prominence and attracted researchers’ interest in recent years due to its ease of production,
renewability, biodegradability, among other reasons, and is projected to account for 20 % of all

on-road CI engine fuel by the year 2020 [14, 15].



Biodiesel, commonly known as fatty acid methyl ester (FAME), is synthesized from various
feedstock, including vegetable oils, non-edible oils, animal (chicken, beef, pig) fats, waste
cooking oil (WCO), waste/recovered fats, etc., and contain long-chain methyl or ethyl esters. The
introduction, utilization, and commercialization of biodiesel globally has resulted in the
development of standard properties and test methods by the American Society for Testing and
Materials ASTM D6751[16] and by the European Committee for Standardization EN 14214 [16].
Based on geographical differences, other countries have developed their own standards, drawing
from the two major standards, and are now well-documented standards [17]. FAME can be tested,
categorized, and characterized based on the method prescribed by these protocols. FAME
properties have been found to impact greatly on a fuel’s behavior, storage, performance,
transportation, combustion, and emissions in Cl engines. Figure 3 displays the impact of some of

the properties of FAME [18].
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Figure 3. Biodiesel properties compared with PBD fuel and their impact



1.2 Research motivation

Biodiesel has become a favorite alternative fuel for Cl engines owing to the practicability of the
conversion technology, compatibility with the existing handling infrastructure for traditional PBD
fuel, and miscibility with other fuels. Due to the combination of these factors, the use of biodiesel
has gained a foothold among fuel consumers and captured a substantial market share. This has
led to sustained interest among fuel refiners, engine manufacturers, and automobile producers in
the need to improve the properties, engine performance parameters, and tailpipe exhaust gas
characteristics of Cl engines powered with FAME. The promulgation and enforcement of
performance standards and strict emission benchmarks by the United States Environmental
Protection Agency (USEPA) has continued to put enormous pressure on engine manufacturers to
halt the degradation of the environment by respecting the relevant performance and emission
benchmarks. Also, despite the benefits from the adaptation and application of FAME in ClI
engines, widespread adoption and utilization has been hampered by affordability and
accompanied by operational challenges. The cost of biodiesel has remained high with the cost of
feedstock believed to make up 70 % to 95 % of the total production expenses [19, 20]. Used
vegetable oil sourced from restaurants, canteens, and takeaway joints, waste animal (beef, pig,
chicken, etc.) fats from slaughterhouses, rendered fats and recovered grease from wastewater
treatment plants offer advantages and have replaced edible and non-edible feedstocks. The edible
feedstocks, like vegetable oils, are not only expensive (therefore producing an unimpressive
return on investment), but are not readily available, and, more importantly, conflict with food

security and land-use change [21, 22].

Efforts to produce FAME at least cost possible using unsophisticated production infrastructure
has dominated discourse and experimentation among researchers. The use of catalysts derived
from materials hitherto termed as waste to replace synthetic catalysts are not only cost-effective
but also contribute to sanitation and reduce the quantity of waste at dumpsites. Adopting optimal
refining technology for FAME production is heavily dependent on the type and composition of

feedstocks, catalyst selection, process parameters, and purification techniques. Also, although



FAME has been produced and tested either in blended and unblended forms using various engine
modification techniques to achieve better engine performance and reduced emission, the relevant
question to ask, which forms the motivation for this study, is whether an optimal FAME candidate
capable of guaranteeing acceptable engine performance and mitigated regulated emissions in a
conventional CI engine has been unearthed. Can numerical and experimental techniques be
deployed to produce FAME with requisite properties and specifications for better engine

performance and reduced tailpipe emissions?

1.3 Problem statement

The need to upgrade engine performance and reduce the tailpipe emissions of regulated gases of
Cl engine fueled by FAME has continued to engage researchers’ attention. This is not only to
maximize the benefits of combustion efficiency and power output of the oxygenated fuel but also
to meet the ever-increasingly stringent emission standards and requirements. The utilization of
numerical methods to model and predict fuel properties, engine performance parameters, and
emission characteristics using a limited number of FA compositions has not been sufficiently
frequently explored despite its strong theoretical base and connections. This is believed to offer
great opportunities and can be seen as a panacea compared to the rigorous, laborious, costly, high
laboratory infrastructure requirement for real-time tests. There is an urgent need to unravel an
optimal FAME candidate derived from WCO with the capability for better engine performance
and mitigated emissions when used in a conventional Cl engine. Hence this work employed
numerical and experimental techniques to determine an optimal candidate in terms of FA

composition.

1.4  Background to the study

This work lies within the renewable energy field of study. It seeks to develop a sustainable and
alternative fuel for Cl engines to replace PBD fuel. Such an alternative fuel must offer cost,
performance and environmental advantages, and be produced in line with international best
practices and protocols. The utilization of PBD fuel in Cl on-road and off-road engines has been

plagued with challenges notably economic, performance, environmental, and emissions. In order
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to qualitatively and quantitatively meet the perpetually soaring energy and fuel requirements,
researchers have been developing and testing various brands of biofuel to meet performance and
emission requirements [23, 24]. The application of biodiesel as a transportation fuel in
agricultural, construction, marine, and rail equipment has continued to increase, necessitating
increased research. Transport vehicles continue to consume the largest percentage of biodiesel

[25-27].

1.4.1 Production of biodiesel

Various techniques have been adopted to convert vegetable oils, waste cooking oil, algae,
biomass, and other waste materials into fuel. Vegetable oils contain long and viscous triglycerides
which have to be transformed into low viscosity oil suitable for a Cl engine. Various feedstocks
have been identified as having the capacity of being converted to biodiesel, though availability,
cost, and ease of conversion varies considerably. Compared with other biodiesel production
techniques, transesterification is believed to be the simplest technique of converting feedstock to
biodiesel. Pyrolysis involves exposing the feedstock to thermal degradation to remove the oxygen.
Products of pyrolysis of vegetable oil include alkanes, alkenes, aromatics, and carboxylic acids
in varying forms and concentrations. However, the prohibitive cost of production and distillation
infrastructure has restricted the widespread application of this method. The micro-emulsification
process involves adding alcohol (methanol, ethanol) to vegetable oil to reduce its viscosity and
so make it more suitable as a Cl engine fuel. Additives like surfactants and cetane improvers are
added to the products of micro-emulsification to further improve its performance. CI engines
fueled with the products of micro-emulsification over a prolonged time are prone to defects such
as carbon deposition, injector malfunctioning, and incomplete combustion [28-30]. Over the
years, four generations of biodiesel have been identified. Table 1 compares the benefits and
drawbacks of various biofuel production techniques while Table 2 depicts the processing

technology, merits, and challenges of the four generations of biodiesel.



Table 1. Comparison of some biodiesel production techniques

Production techniques Advantages Disadvantages
Pyrolysis e Easy process e Involves elevated temperature
o Free from Pollution o Costly apparatus required
o Impure product
Micro-emulsion « Uncomplicated o Reduced volatility and stability
Dilution e Easy process e Inchoate combustion

Carbon deposition in engines

Transesterification o Simple process o Multiple separation processes
o Industrial-scale production e High moisture and impurity levels
« Properties of biodiesel produced ~ ® Costly catalysts
comparable to PBD fuel e Generation of wastewater
Superfluid method o Short reaction time e High energy consumption
« No need for a catalyst * High cost of apparatus

e High conversion

The choice of focus for this research study is the second generation of biodiesel, due to the
advantages highlighted in Table 2. Some of the challenges militating against the adoption of the
second generation biodiesel are being tackled by the use of used vegetable oil, recovered fat from
beef and chicken, as against other non-edible oils like Nicotiana tabacum (tobacco), Pongamia
pinnata (karanja), Salvadora oleoides (pilu), Sapindus mukorossi (soapnut), tomato seed, tung,
Terminala catappa, etc. [31]. The adoption of used vegetable oil is cost-effective, eliminates the
cost of disposal of used vegetable oil, prevents consumption of unhealthy WCO, and reduces the
time and land required to cultivate biodiesel-producing crops. Inappropriate disposal of WCO has
been found to block pipes and sewerage plants and contaminate aquatic and terrestrial habitats

[32, 33].

Table 2. Processing technology, benefits, and challenges of generations of biodiesel [34, 35]

Generation Feedstock Processing Benefits Problems
of Biodiesel technique
First Palm oil, Esterificationand e Environmentally e Limited feedstock
sunflower transesterification friendly e Food vs fuel debate
oil, soybean  of oils. o Commercially ¢ Requires arable land for
oil, corn ail,  Purification produced cultivation
canola oil e Production parameters o Contributes to deforestation
are attainable ¢ Unsustainable
o Fairly cost-effective o Use of pesticides and
fertilizers pose a concern
Second Non-edible  Pre-treatment of o No food-fuel conflict e Requires pretreatment
oil, waste feedstock « Environmentally ¢ High cost of conversion
cooking oil,  Esterification and friendly e Land arable land or forests to
waste and transesterification e Cost-effective grow
recovered of feedstock. e Pesticides and o Deforestation concerns
animal fats. o | ification fertilizers not needed




Third Microalgae,  Algae cultivation, e No food-fuel conflict * Underdeveloped advanced
Macroalgae  harvesting, oil e High yield technology
extraction, e Arable land not needed  ©® Large initial cost of
transesterification o Easy conversion cultivation
e Environmentally e Complicated and expensive
friendly harvesting
Fourth Microalgae ~ Metabolic o No food-fuel conflict e Prohibitive preliminary
Microbes engineering of o High yield investment
algae, cultivation, o More CO> capture ¢ Research still at the
harvesting, ability preliminary stage
transesterification o High production rate e High initial cost for large
« Non-arable land needed cultivation
for cultivation ¢ Harvesting of microalgae and
o Prohibitive cost for microbes are expensive

large scale cultivation
o Easy conversion

Transesterification involves the reaction of low molecular weight alcohol and the triglycerides
contained in the feedstock in the presence of various types of catalyst. Figure 4 presents a
representation of the three steps involved in the transesterification reaction for the synthesis of
FAME while Figure 5 depicts a combination of the three steps’ processes. The choice of alcohol
determines the nomenclature of the resulting ester. Frequently used alcohols include methanol,
ethanol, propanol, isopropanol, and butanol. Though ethanol is less expensive than methanol,
methanol is commonly used. When bioethanol is used as methanol, completely bio-based
biodiesel is produced. If methanol is utilized as the alcohol, the product of the reaction is called
FAME while fatty acid ethyl ester (FAEE) results from the application of ethanol as alcohol [36,
37]. Subject to the value of free fatty acids (FFAS), the number of steps involved in the
transesterification process can be determined. If the FFA value of the feedstock is above 1
mgKOH/g, transesterification is preceded by the esterification process. Esterification is a single-
step process with tetra oxo-sulphate 1V acid as a homogenous catalyst to bring the FFA to less
than 1 mgKOHY/qg. If the FFA is lower than 1 mgKOH/g, a single step transesterification process
is adopted. Due to the low quality of some of the feedstock, especially WCO, waste animal fats,
and recovered fats and grease, pretreatment processes are required prior to transesterification [38,
39]. FAME from WCO are believed to exhibit better properties and enhanced engine performance

compared to biodiesel from other sources [40, 41].



(0}
—_— ) —— (— H,C—OH
HyC O C R, Triglycerides Reaction 2

0 0 ¢ =

HC—O—&—R; + R40OH R4 O C R, + HC 0] 2
0
1

"  — _C—
H,C—O0—C—R; H,C—0 R;
H,C—OH H,C—OH

IP Diglycerides Reaction Q
HC—O0—C¢—=R: +R,OH R,—O0—C—R, + HC—OH

| 19 ‘(':
H,C—O0——C—R, H,C—0——C—¢R,
Monoglycerides Reaction O
HC—OH +R4OH R,—O—C—R; + HC—OH
0]

1
H,C—0——C—=R, H,C—OH
Figure 4. Three steps equation for transesterification reaction [42, 43]

kS Acid \%
HO—C—R + CH,;0H = H;C O C R +H,0O
Catalyst
Fatty Acid Methanol FAME Water

Figure 5. General transesterification reaction [43]

The transesterification reaction can take place with or without a catalyst. The non-catalytic
transesterification process is believed to occur at a pressure range of 45 bar to 65 bar, temperature
of 200 °C to 400 °C and in the presence of alcohol [44]. Compared with the catalytic
transesterification process, the supercritical transesterification process has been found to take
place in a shorter time and requiring a simpler purification process as removal of a catalyst is not
needed. However, the non-catalytic transesterification process is limited to batch process, requires
high temperatures, pressurized reaction vessels, and high energy costs. The catalyst for
transesterification process can either be homogeneous, heterogeneous, or biocatalyst (enzyme)
[45]. Figure 6 shows the types of catalysts for transesterification [46, 47]. Table 3 compares the

advantages and disadvantages of homogeneous, heterogeneous, and biocatalysts.
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Table 3. Pros and cons of various catalysts [45, 48-50]

Types of catalyst Example Pros Cons
Homogeneous NaOH, KOH, e Faster reaction Formation of soap
CH3ONa, H2S04 e The reaction occurs at mild Low yield
temperature conditions Large wastewater
o Unaffected by FFA and moisture generated
content Slow reaction
« Application to esterification and Leads to corrosiveness
transesterification processes
e Favors superior kinetics
Heterogeneous CaO, Mg/Zr, Mg-Al o Easy separation Hightemperature is
hydrotalcite, ZnO/KF, e« Reusability and regeneration required
Zn0O/Ba, Na/BaO, o Longer lifetime of the catalyst e Leaching of catalyst
K2COs3 supported « Reduces waste disposal problem o Limited diffusion
Mgo, ° Noncorrosive ngh 0|I to methanol
Al:05/Zr02/WOs, o Alkaline catalyst has higher ratio )
AIzOs{KNOs selectivity Not as effective as
vanadium phosphate Environmentally friendly and homogeneous base
solid, Fe-Z_n double recyclable catalysts
metal cyanide « Comparatively cheap Higher cost of acid
complex catalysts compared to
alkaline catalyst
Biobased Lipase, Candida e Requires less purification e Expensive
(Enzyme) antaractia « Occurs at low temperature * Reduced reaction rate

e Product completely bio-based

Enzyme inactivated
when exposed to
alcohol
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Figure 6. Categories of catalysts for biodiesel generation
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1.4.2 Process parameters for transesterification reaction and optimization

The transition from feedstock to biodiesel is measured by certain parameters including conversion
efficiency, yield, and ester content. Equations 1, 2, and 3 are used to estimate oil conversion [51],

yield [52], and ester content [53].

Weight of glycerol obtained

Conversion (%) = Weight of biodiesel x 100 (1)
. o __ Weight of biodiesel
Yield (%) = Weightoroil > 100 (2
_ (2A-As\ (CisVis
Ester content (%) = (—Als )( o ) x 100 (3)

Where:

Y'A = addition of the areas under all peaks from C;4.o to C54.1

Ajs = area under the peak of methyl heptadecanoate (C;-.o) used as the internal standard
Cis = concentration of the C, . solution (gmL™?)

Vs = volume of the C; ., solution (mL) and

m = sample weight (mQ)

Biodiesel yield and oil conversion are influenced by certain process parameters. Some of these
parametric conditions include FFA value, reaction temperature, reaction time, alcohol:oil ratio,
catalyst:oil ratio, catalyst type, catalyst concentration, catalyst particle size, and mixing or
agitation rate [44]. The choice of a particular parameter influences the choice of another
parameter. For example, the choice of methanol as alcohol will mean the reaction temperature
should be less than 60 °C. Also, if the FFA value of feedstock is greater the 1 mgKOH/g, a two-
step process comprising acid-catalyzed esterification and alkaline catalyzed transesterification
reactions is adopted. Various optimization techniques can be employed for the determination of
the effect of the diverse operating and parametric process factors in oil conversion and biodiesel
production thereby determining the optimal operating parameters [54-56]. Generally, under
varying catalysts and feedstocks, the process parameters for the optimal generation of biodiesel

are those that agree with the established standards, particularly the ASTM D6751 and EN 14214
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standards. Some of the established parametric conditions and the effects of the choice of catalyst

on the production process are presented in Table 4 while Table 5 depicts the outcomes of

optimization of the catalytic transesterification reaction.

Table 4. Parametric process for biodiesel production and performance of different catalyst [57-60]

Parameter Homogeneous catalyst Heterogeneous catalyst Supercritical Bio-based
Base Acid Base Acid catalyst catalyst
Reaction 40-75 50 - 100 60 - 65 30 - 460 230 - 350 35-60
temperature (°C)
Reaction pressure Atmospheric pressure 0.05 - 20 Mpa 19 - 35 Mpa N/A
Alcohol:oil ratio 3:1-9:1 30:1-50:1 6:1-18:1 6:1-70:1 40:1 - 45:1 3:1-18:1
Reaction time 1-4h >4h 05-2h 3-20h 3min-1h >24h
Glycerol recovery Hard Modest Modest Simple Simple Simple
Product purification  Hard Modest Simple Simple Simple Simple
Catalyst cost Cheap Moderate Expensive
Effect of water Inhibit Tolerant to low  Inhibit Tolerant to Increase Negative
reaction water content reaction low water reaction rate effect if
content excessive
Effect of FFA Form No influence No influence No influence
Soap
Reusability No Yes Yes Yes

Table 5. Some results of optimization of catalytic transesterification reaction [18, 61]

Variable

Effects

Moisture and FFA

Catalyst type and
concentration

Reaction temperature
Molar ratio
Reaction time

Increases moisture

o Base-catalyst precipitates quicker ester conversion

FFA lowers ester yield

Acid value < 1 mgKOH/qg, for the alkali-catalyzed process
Reactants reasonably anhydrous
High moisture content reduces catalyst effectiveness
Increased moisture leads to a reduction in ester yield

o Acidic-catalyst is slower, works with high FFA and feedstock moisture content
¢ High catalyst concentration causes high conversion yield

o Higher reaction temperature increases conversion efficiency and reaction rate

o Improved ester conversion rate due to greater molar ratio

o Longer reaction time improves conversion yield

1.4.3 Purification of biodiesel

For biodiesel to meet the internationally established ASTM D6751 and EN 14214 standards, the

product of the FAME production techniques must be purified. Crude and unpurified biodiesel will

compromise engine performance, cause unwanted emissions, as well as complicate handling,
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storage, and transportation of the fuel [62]. During purification, impurities such as soap, water,
unreacted alcohol, glycerol, metals, etc. are washed away from the crude biodiesel. Table 6 shows
the major impurities in crude biodiesel and their effects on the engine. Biodiesel can be purified
either through wet washing or dry washing. In water or wet washing, acidified water, ionized
water, and other organic solvents, or ionic liquids are used to clean the crude biodiesel. Dry
washing, on the other hand, utilizes adsorption and ion-exchange, and membrane separation
techniques for purifying crude biodiesel. However, it is generally believed that a single method
of purification might be insufficient to achieve clean and pure biodiesel which meets the relevant
standards, therefore a combination of wet and dry washing techniques may be needed to achieve

a robust biodiesel purification or refinement technology [63, 64].

Despite the extra cost, space for additional purification infrastructure, problems of disposal of
spent ion-exchange resin, and treatment of the attendant wastewater generated during purification,
the wet purification technique has been widely used. The extra cost and efforts expended during
purification pale into insignificance though when compared with the alternative cost of the use of
crude biodiesel. Crude biodiesel is deficient in meeting the standards as specified by ASTM
D6751 and EN 14214, deteriorate engine performance, and therefore has the capacity to reduce

the lifespan of engine parts.

The spent ion-exchange resin can be utilized as compost and additives for animal feed, and the
wastewater can be recycled and used for irrigation purposes [65]. Glycerol obtained from the
purification of crude biodiesel has found extensive applications as a raw material in chemical
industries, personal care products, textile, food, and therapeutic industries. Glycerol is useful in
treating renal diseases and disorders of carbohydrate metabolism as well as food supplements for
animals, osmoregulatory, cryoprotectant, and thermoregulatory agents [66, 67]. This shows the

usefulness of all the products along the biodiesel production value chain.

Table 6. Biodiesel impurities and their effects [50, 59, 68]

Impurity Effects

FFA e Rusting of engine parts
¢ Reduced oxidation stability
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Water Hydrolysis

Corrosion of fuel lines, injector pumps, and engine parts
Failure of fuel pump and piston corrosion

Filter blockage due to bacteriological growth

Reduced heat of combustion

Ice formation leading to congealing of fuels

Methanol ¢ Reduced kinematic viscosity, density, and flash point values
o Rusting of parts made of aluminum and zinc
o Weakening of natural rubber seals, hoses, and gaskets

Glycerides e High value of kinematic viscosity
o Deposition of carbon residue in the injectors
o Crystallization

Metals (Soap, ¢ Deposition of carbon residue and damage to injectors
catalyst) e Obstruction of filter plugging and fuel lines
o Deterioration of the engine

Glycerol Settling and storage problems
Fuel tank base deposits and injector damage
Increased aldehydes and acrolein emissions

Compromised engine durability

1.4.4  Characterization of catalyst, feedstock, and FAME

Catalysts have the capability of lowering the activation energy thereby accelerating the rate of a
chemical reaction therefore saving time and cost of energy. However, catalysts can also inhibit
the rate of a chemical reaction if an appropriate one is not chosen. A wide range of treatment can
be performed on catalysts to enhance their performance. Over the years, different technigues have
been advanced to prepare and enhance the capability of heterogeneous catalysts including
impregnation, sol-gel, co-precipitation, sulfonation, co-mixing, physical mixing, and calcination.
These techniques require extra infrastructure, technicalities, and, sometimes, additional costs to
ensure improvement in the performance capability of the catalysts [43]. Solid catalysts can be
characterized by thermogravimetric analysis (TGA), Fourier transform infrared (FTIR),
differential thermal analysis (DTA), differential thermogravimetry (DTG), X-Ray diffraction
(XRD), flame photometric analysis, scanning electron microscopy (SEM), hydrogen nuclear
magnetic resonance (HNMR) spectroscopy, thermal electron microscopy (TEM), etc., among

other characterization techniques [69-71].

WCO has been considered as a prominent and inexpensive feedstock for FAME due to its
advantages over other feedstocks. WCO, being a low-grade feedstock, needs to be treated before

conversion to FAME by transesterification process [72, 73]. The pre-treatment procedures arise
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as an outcome of the chemical modifications that will have occurred during the persistent high-
temperature degradation and contamination by the food that was fried in the oil. The pre-treatment
processes involve ridding the WCO of food debris, moisture, and other impurities. The treated
WCO can be subjected to determination of acid value (AV), saponification value (SV), iodine
value, and molecular weight of the WCO (MW,;). The FFA must be reduced to < 1 mgKOH/g
for it to be suitable for the one-step transesterification process [74]. The AV, SV, FFA, and MW,

can be estimated by Equations 4 to 7.

AXMMgkgoy%X56.1

AV = o (mg KOH/ g) 4)
FFA = =~ (5)
SV = MMKOH(iV—S)xMHa (6)
MW, = (56.1x;300><3) 7
Where:

A = volume of potassium hydroxide (KOH) used

W = Feedstock weight

B = volume of hydrochloric acid (HCI) in (ml) required
S = volume of HCI in (ml) required by the sample
MMkon = molar concentration of KOH

M = molar concentration of HCI

W = weight of the feedstock oil in (g)

Techniques for determining these properties are expressed in the Association of Official
Agricultural Chemists (AOAC), ASTM, and EN methods. WCO can also be characterized by gas
chromatography-mass spectrometry (GCMS), TGA, FTIR, etc. with a view to determining their
composition and behavior. The FA composition of the feedstock has been discovered to influence
properties like cetane number (CN), cloud point, flash point (FP), oxidation stability, cold filter
plugging point (CFPP), kinematic viscosity (KV), etc.
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After purification, FAME is subjected to physical and chemical properties determination and
characterization in accordance with methods and procedures specified by their respective AOAC,
ASTM, and EN standard procedures. The standard specifications and test methods for FAME
B100 are specified by ASTM D 6751 [75], EN 14214 [76, 77], Worldwide Fuel Charter [78],
South African National Standard (SANS 1935:2011) [79], among other standards for various
countries. The FA compositions are determined by GCMS analysis and have been discovered to
impact the performance, handling, storage, transportation, emission characteristics, and behavior
of the fuel. Some of the essential properties of FAME linked to its FA composition profile include
density, CN, calorific value, KV, iodine number, FP, pour point, cloud point, and CFPP. These
properties can be predicted by linear regression models based on the fuel FA compositional profile

[80].

1.4.5 Engine performance and emission characteristics of FAME

Apart from availability and economic factors, engine performance and the quality of the exhaust
gases are major determining factors in the selection of FAME as an alternative fuel for CI engines.
Engine tests are carried out based on established engine test protocols which require that the basic
descriptions of the test engine such as manufacturer name, model, model year, power rating, fuel
type, number of stroke per cycle, etc. should be clearly stated. Notable performance criteria
include torque, power output, brake thermal efficiency (BTE), brake specific fuel consumption
(BSFC), and exhaust gas temperature (EGT) are measured at varying engine speeds and loads.
Waste cooking oil methyl ester (WCOME) has been found to be a sustainable replacement for
PBD fuel in a conventional Cl engine owing to its better performance which is attributable to its
composition [81]. Due to the oxygenated nature and other fingerprints of FAME, WCOME has
been found to present better combustion efficiency and thermal efficiency compared to PBD fuel

[82].

The United States Environmental Protection Agency (USEPA) identified carbon monoxide (CO),
unburnt hydrocarbon (UHC), particulate matter (PM), nitrogen oxide (NOXx), and smoke opacity

as major regulated emissions emanating from Cl engines. The higher oxygen content of WCOME,
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more than any other inherent property, has been identified as a determining factor for the quantity
of emission of unmodified CI engine fueled by WCOME [81, 83]. This further justifies the
adoption of WCOME as an alternative fuel PBD fuel in order to meet the emission requirements

that is becoming increasingly stringent.

1.4.6 Numerical interventions

Due to the escalated intensity of activities in the engine research space, it has become imperative
to adopt prediction, modeling, and simulation to speed up and improve the quality of research and
their outcomes. Real-time laboratory investigations have increasingly become not only
cumbersome, expensive, time-wasting but also involve highly technical person and infrastructure
outlay. Numerical techniques, on the other hand, have been found to be fast, cost-effective,
flexible, easy to understand and able to predict various scenarios, thereby accelerating the pace,
quality, and accuracy of engine research. Researchers, fuel engineers, operators of refineries,
engine designers and manufacturers, performance and emission experts have explored
innovations in high-speed soft computing to exploit mathematical relations and models to predict,
evaluate, optimize, simulate, and authenticate the fingerprints, engine performance parameters,

and emission attributes of Cl engines [84, 85].

The use of optimization techniques has been found to reduce cost, materials, time of the
experiment, and to eradicate ‘trial by error’ thereby increasing the conversion efficiency during
transesterification. Diverse optimization techniques including response surface methodology
(RSM), Taguchi orthogonal array (Taguchi OA) [86], artificial neural networks (ANN) [87],
matrix laboratory (MATLAB), adaptive neuro-fuzzy inference systems (ANFIS) [88], Box-
Behnken design [89], and genetic algorithm (GA) [90], among others have been utilized to
optimize the transesterification of feedstocks to FAME. These techniques can be used
individually, in combination or in comparison with other techniques using soft computing
methods with a view to determining the optimal combination of process parameters for FAME
production. Process parameters like catalyst to oil ratio (%w/w), catalyst particle size (um),

reaction temperature (°C), reaction time (min) and methanol to oil ratio can be optimized while
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the interrelationship among these identified process parameters can be depicted using three
dimensional (3D) surface plots of RSM, ramps and other plots. The Taguchi OA and RSM
methods available on the design of experiment (DoE) are among of the most effective and easy
to use optimization techniques and the outcomes are usually appraised using statistical parameters
including standard error, sum of squares, correlation coefficient (R), F- and p-values, standard

deviation, coefficient of determination (R?), and adjusted R? (RZ,; i)

Multiple linear regression, ANN, and computational fluid dynamics (CFD), among other
numerical approaches, have been used to predict and model FAME fingerprints, performance
parameters, and emission characteristics of unmodified CI engine with acceptable outcomes [91-
94]. The application of these numerical techniques has gained traction in recent years and has
simplified the otherwise cumbersome real-time engine testing process. The holistic utilization of

these numerical techniques is the future of fuel and engine research.

The application of mathematical and numerical techniques for the determination of an optimal
FAME candidate capable of stimulating enhanced performance and reduced emission can be
achieved using parameters with strong theoretical pedestal and verifiable correlations. Attempts
to use thermodynamic, temperature, and other correlative models to deliver acceptable models
for optimal mix has not been successful owing largely to their deficiency in theoretical footings,
despite their appealing and unsophisticated outlook. These models have been unable to generate
an optimal candidate partly due to the fact that they do not derive their correlations from the
composition of FAME [95, 96]. Composition-based models are computed based on FA
compositions and are straightforward and take into consideration the distinctive fingerprints of
the individual FAMEs. FAME composition has great influence and produces a more acceptable
outcome that can predict the candidate with the optimal mix to enhance engine performance in
addition to lowering the emission characteristics of Cl engines. The accuracy of this technique
can be traced to its stronger theoretical base when compared with other models [97, 98]. Linear

mathematical correlations are developed using FA compositions for some important FAME
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fingerprints and a trained ANN is used to predict engine performance and emission

characteristics.

1.5

Research questions

Arising from the background for this study and the quest to advance biodiesel research, the

relevant questions to ask whose answers could address some of the challenges identified in the

application of FAME as a renewable, biodegradable, and sustainable fuel for an unmodified CI

engine, include the following:

Vi.

Bearing in mind the current challenges and inadequacies associated with the blending of
FAME and retrofitting of Cl engines, can an optimal FAME candidate be unearthed in
terms of FA composition with the capability of producing enhanced engine performance

and mitigated emission in a conventional CI engine?

How well will the developed optimal FAME candidate behave in terms of engine
performance parameters and emission characteristics when used to run an unmodified ClI

engine?

Can the cost of biodiesel production be made more affordable from the standpoint of
feedstock and catalysts selection, production techniques, and in line with the principle of

conversion of waste to fuel application strategies?

How can the FA composition of FAME be explored to accurately predict the properties,
engine performance, and emission characteristics in an unmodified Cl engine using linear

and nonlinear models?

What is the appropriateness of optimization techniques in simplifying and improving the
interrelationship among biodiesel production process parameters with a view to reduced

production cost and time while escalating the conversion efficiency?

To what extent can the advantages derivable from the application of WCO as biodiesel

feedstock be further explored?
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1.6 Aim and objectives of the study

The aim of this research was to engage numerical and experimental techniques to develop an
optimal FAME candidate for improved engine performance and mitigated emission

characteristics in an unmodified CI engine.

The objectives of the study are summarized as follows:

1. Carry out an extensive literature survey of feedstock and catalyst selection, production of
unblended biodiesel, numerical and experimental investigations of engine performance

and emission characteristics.

2. Explore mathematical, numerical, and experimental techniques to determine an optimal
FAME candidate based on a strong theoretical base with capability for generating

improved engine performance and mitigated emission of regulated gases.

3. Develop and train an ANN model with the capacity to accurately predict engine
performance and emission characteristics of a conventional Cl engine fueled with the

newly developed optimal FAME candidate.

4. Synthesize, develop, and characterize a suitable catalyst from existing waste with a view

to reducing production cost and improving sanitation.

5. Use appropriate optimization techniques to engender cheaper and more effective process

parameters towards affordable biodiesel production process.

6. Model a suitable tool and technique for predicting the thermo-physical properties of the

newly developed FAME.

1.7  Significance of the study

The search for an affordable and sustainable alternative fuel to PDB fuel has been intensified over
the years due to the reasons advanced above. Various techniques and strategies such as blending,

low-temperature combustion, exhaust gas recirculation, etc. have offered little optimism in
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meeting engine performance requirements and strict emission standards in spite of the efforts and
resources expended in this regard [99, 100]. Also, most countries, particularly in sub-Sahara
Africa, have not been able to meet their share of renewable fuel and therefore face a serious energy
scarcity threat bearing in mind the volatility in the global fossil fuel market and environmental
degradation [101]. The adoption of biodiesel to bridge this gap has been plagued with challenges.
Though considerable research has been conducted with much still ongoing in this regard, some

gaps still exist and need to be addressed.

One of the major significances of this work is that by determining the optimal FAME mix there
iS an opportunity to engineer a biofuel to a precise chemical mix that guarantees desirable
performance and mitigated emissions. This is an advancement from the existing situation where
FAMEs are not produced based on the need for improved performance. This research has shown
how FAME can be produced to specifications based on the selection and management of

production parameters and processes.

Targeted investigations are needed to evaluate the factors militating against the adequate
production of biodiesel to meet the ever-increasing on-road and off-road applications. Global
biodiesel need can be met with the adoption of feedstocks that do not conflict with food security,
do not contend with land or require irrigation infrastructure for growing food crops, and which
are affordable, readily available, and environmentally amenable. Challenges associated with
production, characterization, storage and transportation infrastructure of biodiesel must be met in
such a way that global standards and regulations are not compromised. Emissions arising from
the utilization of pure biodiesel must be eco-friendly and meet international standards [102]. The
right policy, tools, techniques, and strategies to conduct cutting edge researches in biodiesel
studies and utilization to optimize the potential benefits must be created, adopted and

implemented.

1.8 Research scope and delineation

The scope of this research is restricted to the numerical and experimental investigation into the

determination and use of an optimal FAME candidate for improved engine performance and
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mitigated emissions in a conventional Cl engine strategy. The techniques and tools used were

limited by the availability, cost, and time constraints.

1.9  Main contributions to the field of study

The application of biodiesel as an alternative fuel for CI engine has not been without its attendant
challenges, particularly in terms of its performance and emissions characteristics. This research
explored numerical and experimental techniques to develop an optimal FAME candidate with the
capability to engender enhanced engine performance and mitigated emissions in an unmodified
ClI engine. Optimization techniques were applied to determine cheaper and better production
process parameters using WCO as a feedstock and a catalyst derived from chicken eggshell waste.
The optimal FAME candidate was defined by two FA compositions, namely, palmitic acid
(C16:0) and oleic acid (C18:1) which were used as inputs to predict the properties, engine
performance parameters, and emission characteristics of the new fuel. The possibility of
producing FAME to meet certain standards, performance, and emissions requirements was

established.

1.10 Thesis layout

The thesis is arranged to respond to the research questions identified in this study in the sequence
laid out above. The thesis is a compilation of research outcomes published in peer-reviewed
journals and conferences as stipulated by the University of KwaZulu-Natal for the award of a
doctoral degree. A total of twelve publications comprising journal and conference papers are

arranged in nine chapters.

Chapter 1 contains the introduction, research motivation, problem statement, and background of
the research. The research questions, aim and objectives of the study, as well as the significance
of the study and major contributions to the field of study as well as the research scope and

delineation were presented.

Chapter 2 provides critical reviews of the properties, engine performance, and emissions

characteristics of ClI engines fueled with WCOME. This is divided into two parts.
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Part 1 reviews the experimental standards, text cycles, benchmarks, and protocols involved in
measuring engine performance parameters and emission characteristics of a conventional ClI
engine. Performance parameters like BSFC, BTE, and EGT, and emission characteristic like CO,
CO2, NOx, UHC, PM, and smoke intensity of Cl engine fueled with WCOME are compared with
a Cl engine fueled with PBD fuel. International standard specifications of FAME by ASTM and

EN 14214, ASTM D6751, Worldwide Fuel Charter, and other countries were discussed.

Part 2 presents various numerical approaches in assessing engine performance parameters and
emission characteristics in line with international benchmarks and protocols. In this paper, the
correlation between properties, engine performance and emission characteristics of FAME,
various mathematical, numerical, ANN, CFD, and other techniques for the prediction of

properties, engine performance, and emission characteristics are presented

Chapter 3 focuses on the application of modelling, optimization and linear regression tools in

biodiesel research. It consists of three parts.

Part 1 explores the application of the Taguchi orthogonal approach (Taguchi OA) for the
modelling and optimization of production of biodiesel. To overcome the challenges associated
with the conventional one-variable-at-a-time experimental technique, the paper utilized the
Taguchi OA to determine the optimized parametric parameters for the conversion of waste
sunflower oil (WSFO) to waste sunflower methyl ester. The interconnection and interrelationship
between production parameters like a catalyst:WSFO ratio (Yow/w), reaction time (min), reaction
temperature (°C), particle size of catalyst (um), and methanol:WSFO ratio were examined. The
influence of each parameter on conversion efficiency was determined using analysis of variance

(ANOVA) and other statistical tools.

Part 2 compares the use of response surface methodology (RSM) and Taguchi OA for the
modelling and optimization of biodiesel production. The optimum conditions for the
transesterification process were determined by the application of RSM and Taguchi OA for the
purpose of achieving timely and cost-effective FAME production. It was discovered that RSM

presents a more reliable route especially in handling more parameters with nonlinear relations,
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and predicted a higher yield, while Taguchi OA offers a cheaper route and linear relations among

the parameters.

Part 3 examines the application of linear regression for the prediction of the fingerprints of
biodiesel employing FA composition as inputs. Multiple linear regression (MLR) was applied to
model linear relations for the prediction of the density, cetane number, calorific value, and
kinematic viscosity of biodiesel using palmitic, stearic, oleic, linoleic and linolenic acids as input.

The predictive capabilities of the models were verified using statistical analysis.

Chapter 4 reports the outcome of the numerical approach for the determination of optimal FAME
mix for enhanced engine performance and mitigated emission. Mathematical and numerical
techniques (MATLAB) were employed to solve linear equations generated for the properties of
biodiesel, based on their FA compositions and in accordance with acceptable standards, for the
determination of an optimal FAME candidate capable of producing better engine performance
and mitigated emissions. The numerically generated FAME candidate was produced by the

transesterification of waste sunfoil and waste palm oil to FAME.

Chapter 5 presents the comparative study of engine performance and emission evaluation of
biodiesel derived from waste oil and Moringa oleifera oil. Waste oil methyl ester and moringa oil
methyl ester were tested on a 3.5 kW rated, direct injection, single cylinder CI engine. The BTE,
BSFC, brake specific unburnt hydrocarbon, brake specific carbon monoxide, and brake specific

nitrogen oxide of the engine when running on the two FAME samples were compared.

Chapter 6 describes the development, training, and application of ANN for the prediction of
engine performance and emission characteristics of a diesel engine using fatty acid compositions.
The trained ANN utilized NNTool on the MATLAB platform to develop the model using a back-
propagation algorithm with a Levenberg-Marquardt (LM) learning algorithm to predict BSFC,
BMEP, BTE, EGT, CO, smoke intensity, UHC, and NOx. Palmitic acid (C16:0) and oleic acid
(C18:1) were used as inputs and a total of 125 sample data were mined from literature to train the

model. The regression coefficient and other statistical indicators of the training, validation, and
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test data gave satisfactory value, an indication of high predictive proficiency of the model, and

demonstrated an improvement on previous efforts.

Chapter 7 presents strategies for the development and characterization of chicken eggshell waste
as a potential catalyst for the synthesis of FAME. Boiled, calcined, and uncalcined chicken
eggshell powder of different particle sizes were developed into a CaO catalyst and characterized
by SEM, TEM, XRD, TGA, and FTIR. The outcome of the investigation showed that high-
temperature calcination has the capacity to convert waste chicken eggshell powder to a reusable,

cost-effective, and environmentally friendly catalyst for transesterification reaction.

Chapter 8 depicts the properties, and fatty acid compositions of the feedstock and FAME. It

consists of two parts.

Part 1 compares the properties and FA compositions of neat vegetable oils and used vegetable
oils. This paper compares the FA compositions, iodine value, pH, density, congealing
temperature, acid value, kinematic viscosity, cetane index and acid number of neat vegetable oil
and samples of waste vegetable oil (WVO) used to fry different food items. The effects of

consumption of WVO on human health and aquatic habitat were highlighted.

Part 2 illustrates the effect of usage on the FA composition and properties of neat palm oil (NPO),
waste palm oil (WPQ), and waste palm oil methyl ester (\WPOME). This paper is an extension of
the previous research listed in this chapter. In the present scenario, the WPO samples were
converted to WPOME. The effect of usage properties, FA compositions, and degree of saturation

of the WPOME samples were analyzed and compared with NPO and WPO samples.

Chapter 9 draws the conclusions of the research and offers recommendations for future work.
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CHAPTER 2: REVIEW OF PROPERTIES, ENGINE
PERFORMANCE, AND EMISSION CHARACTERISTICS OF
COMPRESSION IGNITION ENGINES FUELLED WITH WASTE
COOKING OIL METHYL ESTER

This chapter provides critical reviews of the properties, engine performances, and emissions
characteristics of Cl Engines fuelled with waste cooking oil methyl ester. This consists of two

articles.

Acrticle 1 gives a critical review of engine performance and emission characteristics of unmodified
Cl engines fuelled with unblended FAME. The various engine test protocols, emission standards,
performance criteria, and emission characteristics are highlighted. The article has been published

in International Journal of Applied Engineering Research.

Awogbemi, O., Inambao F., Onuh E. I. (2018). “Performance and Emissions of
Compression Ignition Engines Fuelled with Waste Cooking Oil Methyl Ester — A Critical
Review,” International Journal of Applied Engineering Research (IJAER), ISSN 0973-
4562, Volume 13, Number 11, pp. 9706-9723, Research India Publications.
https://www.ripublication.com/ijaer18/ijaervi3nll 135.pdf. (Published)

Acrticle 2 presented a critical review of the various numerical approaches employed in estimating
the properties, engine performance parameters, and emission characteristics of an unmodified Cl
engine fuelled with FAME. Among other subtopics, the article establishes the nexus between
FAME properties, engine performance and emission characteristics of Cl engines fuelled by B100
WCOME, numerical and optical interventions in engine research, and discussed the outcomes of
numerical approaches to predictions in engine performance and emission characteristics before
drawing conclusions. The article was published in International Review of Mechanical
Engineering.

Awogbemi, O., Inambao F., Onuh E. 1. (2019). “Prediction of Properties, Engine
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Ahbstract

The lngh cost of edible feedstocks, the food vs fuel debate, the
threat of deforestation, emironmental pollution, damege to
wildhife habitats, ete., has shufted the attenfion of researchers to
the producton of biodiesel from waste cockmg oal (WCOH.
This paper reviews recent research on the performancs and
emussion charactenistics of waste cocking 01l methy]l ester
(WCOME) m unmodified conventional compression 1gnition
(CT) engines. The general consensus among most authors 15 that
the use of WCOME was found to result m mereazed brake
specific fuel consumption (BSFC), brake thermal efficiency
(BTE) and lgher exhaust gas temperatwe (EGT) when
compared with petroleum-bazed diessl fuel WMozt authers
reported that CI enzines fuelled wath pure WOOME enutted
lesz carbon memomde (CO), carbon dicmde (C04), and
partculate matter (PM), but higher mitrogen omde (290kx)
compared with diesel fiiel The cxygenated patwre and other
fingerpnnts of the biodiesel were responsible for the outcomes
of the tests. However most of the research was not camed out
in substantal compliance with estabhshed performance
regulations and emission protocels. 4 mche for a formmlated
byvbrid fatty amd methyl ester (FAME) from WCOME to
enhance engine performance and mifisate emissions m line
with infermational best practices and established emiszsion
benchmarks emsts. This can be wmveshzated through
computztional means uwsmg MATIAB, arbficial newral
networks (ANN), and computational flnd dymamnes (CFD)
Keywords: Biodiesel, emussion, hybnd FAME, performance,
waste cookmg ol

INTRODUCTION AND BACEGROUND

The performance and emission charactenstics of unmodified
diesel enpnes fueled with neat petroleum-based diesel (FD)
fuel has been revealed to have manv madequacies in recent
vears. The application of biodiesel, as a renewzble alternative,
15 also not without shortcomings. The high cost of feedstock,
interference of edible feedstocks with the food chain the larze
expanse of land needed for cultvaton, the threat of
deforestation and damaze to wildlife habitats have necessitated
the search for other cheap and readily available feedstocks. The
use of waste cooking cil (WD) as feedstock will not only
mrfigate the high cost of production by up to 45%, but also
elimminate the shorteoming lghhghted above [1, 2] The USA,
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Brazl and Germany have continued to donunate the global
production of biodiesel (Fignre 1). Table I shows the anomal
volime of used vegetable o1l collection In some countmes. An
estimated 200 000 tons of waste cocking cil are generated but
uncollected anoually in South Afinca. The uncollected WO
contributes to 501l and water contamination. sewage blockages,
and damzge to aquatie bfe [3, 4], Generally, biodiassl has bean
found to be disadvantageous duee to s distnbubon and
transportation difficulties, degradation under sterage, blocking
of fuel filters, myjectors, and koses, emmsnion of hgher mirogen
omide, comrosive nature against copper and brass, extreme
engsine wear, and unsmtabulity for use at low temperature [3, 6].
However, s applicatton offers encrmous and far reaching
benefits.

106 107

Bi odiesel Production (thousand bpd)

2015 2016 2017
Year
U5 M Bracil W Germany Argentina
M France W 5pain W italy N Australia

Fizure 1. World best producer of biodiesel (thousand bpd)
2015-2017 [7]
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Tabhle 1. Annual collection of WCO (Million tons)

Country WCO collection
(Million tons)

South Africa 0.06
Malaysia 0.06
Canadza 0.135

UK 0.2

Japan 0.6

China 45

In recent years, a lot of research has been conducted on the
performance and emission characteristics of waste cooking oil
methyl esters (WCOME) with varying outcomes. The relevant
questions to ask, however, are whether these tests have been
performed in line with the test protocols and if the results of the
emission tests are in line with the lecally or globally recognized
standards and benchmarks. Also have these researches been
zble to come up with the optimal fatty acid methyl ester
(FAME) hybrids that will enhance the performance and
mitigate emissions of conventional wnmodified compression
1gmtion (CI) engines? FAME 15 a mixture of free fatty acids
(FFA), the properties, performance, and behaviours of which
are dependent on the fatty acid composttion and its degree of
saturation. There is a need to continue to investigate the optimal
mix of fatty acids to ensure the best performance outcome and
emissions mihigation.

This research 13 a review of various recent works on the use of
WCOME in conventional CI engines, with a view to revealing
the research gaps for further works. This will be conducted with
emphasiz on the procedures and criteria adopted by various
researchers. The necessity for the use of numerical and
computatienal tools to predict the properties, optimal
performance and emission characteristics of hybrid FAME will
also be highlighted.

PERFORMANCE REGULATIONS AND EMISSION
BENCHMARKS

Engine performance it a measure of degree of effectiveness in
the conversion of fuel into useful work by mternal combustion
engines. This 13 measured on the basis of kmown performance
parameters, namely: load, speed, torque, brake power, brake
specific fuel consumption, brake thermal efficiency, exhaust
gas temperaturs and the emission of regulated gases. As part of
the engine test protocols, specifications of the engine must be
disclosed, namely: manufacturer, model, model year,
displacement, power rating (hp), configuration, bore (m) x
stroke (m), induction, fuel type, engine stroke per cycle, and
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injection. The United States Environmental Protection Agency
(EPA) promulgated the new source performance standards
(MNSPS) for stationary compression ignition engines as a
benchmark on emissions of FM, NOx, CO and non-methane
hydrocarbons (NMHC) zll measured in g/kWh. Depending on
the net power (kW) and model vear of the engine znd other
parameters, the USA, EU, Japan. etc., have different standards
for measuring regulated emizsions for diesel engines [E].

The EU 13 mode cycle for performance znd emission
measurements for all CI engines are shown in Table 2. The
USEPA emission benchmarks for various categories of diesel
engines are presented in Table 3, while Table 4 shows the EU
emission standards [8, 9]

Tahle 2. EU 13 mode of emission measurement [8]

Mode Speed Load (%) Dhuration
. (Mim)
1 Idle - 4
2 10 2
3 Max Torque Speed 235 2
4 30 2
5 75 2
3 100 2
7 Idle = 2
8 100 2
g Rated Power Speed 75 1
10 50 2
11 23 2
12 10 2
13 Idle - 2

The Department of Minerals and Energy of the Republic of
South Africa in 2007, came up with the Biofuels Industrial
Strategy with the aim of stimulating biofuel (bioethanol and
biodiesel) as a renewable energy component of the country’s
energy mix The document aims to ensure energy security,
reduce the emission of greenhouse gas, and make biofuel 2
major confributor to the sociceconomic development of South
Africa. The strategy adopted a 3-year pilot programme for 2%
biofuel or 400 million litres per vear in the enerzy mix [10].
However, South Africa has no performance and emission
standards for reciprocating internal combustion engines. The
legal instrument for the carbon tax and offsets to encourage the
utilization of l2ss greenhouse gas (GHG) emission gasses 13 et
to be promulgated [11].
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Table 3: EPA Tier 1-4 Non-road Diesel Engine Emission Standards, gk'Wh [9].

Engine Power Tier Wear co HC NMHCANO= MO M
KW<8 Tier 1 2000 8.0 - 10.5 - 1.0
Tier 2 2003 8.0 - 7.3 - 0.8
Tier 4 2008 8.0 - 7.3 - 0.4
B=kW =19 Tier 1 2000 6.6 - 9.5 - 0.8
Tier 2 2003 6.6 - 7.3 - 0.8
Tier 4 2008 6.6 - 7.3 - 04
19 <KW = 37 Tier 1 1959 3.3 - 9.5 - 0.3
Tier 2 2004 3.3 - 7.5 - 0.6
Tier 4 2008 3.3 - 7.5 - 0.3
Tier 4 2013 35 - 75 - 0.03
IT=EkW =75 Tier 1 1958 - - - 82 -
Tier 2 2004 3.0 - 7.3 - 04
Tier 3 2008 3.0 - 47 - -t
Tier 4 2008 3.0 - 4.7 - 0.3k
Tier 4 013 3.0 - 47 - 0.03
56 =kW < 130 Tier 4 2012-1014° 5.0 0.19 - 0.40 0.02
T5 kW < 130 Tier 1 1957 - - - 8.2 -
Tier 2 2003 3.0 - 6.6 - 0.3
Tier 3 2007 3.0 - 4.0 - -t
130 = kW = 225 Tier 1 1956 114 1.3 - 5.1 0.34
Tier 2 2003 3.3 - 6.6 - .2
Tier 3 2006 35 - 4.0 - -t
130 = kW < 560 Tier 4 2011-20141 35 0.1% - 0.40 0.02
225 = kW < 450 Tier 1 1956 114 13 - 82 034
Tier 2 2001 3.3 - 6.4 - .2
Tier 3 2006 35 - 4.0 - -t
4350 = kW = 560 Tier 1 1956 114 1.3 - 5.1 0.34
Tier 2 2002 3.5 - 6.4 - .2
Tier 3 2006 3.3 - 4.0 - -
KW = 560 Tier 1 2000 114 1.3 - 5.1 0.34
Tier 2 2006 3.5 - 6.4 - 2
Category Tier Year co HC NMEC NOx P
Generator zets = 300kKW Tier 4 2011 3.3 - 0.40 0.67 0.10
All engines except gensets = 900 kW Tier 4 wn 3.5 - 0.40 3.3 0.10
Generator zets Tier 4 2013 3.3 - 0.19 0.67 0.03
All engines excapt gensets Tier 4 2015 335 - .19 35 0.04

# Not adopied, engines must meet Tier 2 P standard.

3 - Hand-startable, zir-cooled, DI engines may be certified to Tier 2 standards through 2002 and to zn optional PAL standard of 0.6 gkWh starting in 2010

b - 04 g&Wh (Tier I} if manufacnmer complies with the 0.03 g%Wh standard from 2012

c - BAICO: full compliance from 2012; W0 HC: Option 1 (ifbanked Tier 2 credits nzed}—350% engines must comply in 2012-2013; Option 2 (if no Tier 2
credits claimed)—215% engines must comply in 2012-2014, with fall compliznce from 2014.12.31

d - PMACO: full compliance from 2011; MO=HC: 50% engines must comply i 2011-2013
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Table 4. EU emission standards for CI engines [8]

Category Date CO (2kWh) HC (gkWh) NOx (2kWh) PM (2kWh) Smoke (m')
EURDI 1992-1993 4.5 11 B.O 0.612 (0.36)' ) -
EURC IT Oct. 1595-0ct. 1956 4.0 1.1 70 0.13%

EURQ II Oct. 2000-0ct. 2001 11 0.36 30 0.1 0.8
EURC IV Oct. 20035-0Cct. 2006 13 0.46 35 0.02 0.3
EURO V Oct. 2008-0ct.200% 13 0.46 10 0.02

FAME COMFOSITION, BIODIESEL PROPERTIES
AND HYBRIDIZATION OUTCOMES

The production of bicdiesel by the transesterification of
vegetable oils or znimal fats using triglycerides and alcohel in
the presence of an alkalis catalyst, results in the formation of
FAME. The fatty acid fingerprint of the biodiesel 1 dependent
on the feedstock and can be determined by a gas
chromatography mass spectrometry (GC-MS) analysis. Of the
fatty acid constituents of FAME (Table 3), palmitic acid, stearic
acid, oleic acid, and linolenmic acid have been found to be
dominant [12, 13].

Factors such as chain length and branching, degree of
saturation, number and position of double bonds, etc.,
determine the quality, behaviour, physical and chemical
properties of FAME. Apart from the inherent properties of
FAME itself, production, handling, storage process and
procedures also affect itz properties. Countries. including
Argentina, Brazil, China, EU, Japan, Kenya, New Zzaland,
South Africa, USA, ete.. in line with intemational protocels and

benchmarks, have set standard specifications for FAME in their
respective countries. Table § shows the specifications of FAME
in the USA, EU and some countries including South Africa.

Ag part of efforts to improve the characteristics, properties and
performance of biodiesel feedstock, hybridization of feedstock
has been proposed. Hybridization involves blending two or
more different feedstocks or B100 biodiesels in varving
proportions to produce an entirely new product with a different
fingerprint and improved properties compared to the parent
stocks. Hybridization, whether in-situ, ex-situ, b or poly, 1z not
only cost effective but also leads to better vield and quality, and
enhanced physico-chemical and thermal properties of FAME
when compared with biodiesel from the parent feedstock [13,
14]. However, the FAME derived from hybridization has not
been tested on CI engines to verify its performance and
emission characteristics, and hence no optimal FAME hybrid
has been discovered.

Table 5: Fatty acid composition of FAME [13-17]

Commeon name Scientific nomenclature Chemical formula Abbreviztion Mlolecular weight
(2/mol)
Samrated fatry acid seriez
Palmitic acid Hexadecanoic acid CyH:0, (Cy . Hy COOH) 16:0 25642
Ztearic acid Ocrzdecanoic acid Cy:H:0,(C-H:.COOH 18:0 28247
Leuric acid Dodecanaic acid Cy:H:,0, (T, HCOOH) 12:0 20031
Mymistic acid Tetradecanoic acid CaH=0 (CHEACO0H) 14:0 21837
Aretic acid Ethanoic acid CH,0. (CH.COOH 20 60.03
Buryric acid EButanoic acid CHO: (CH-C00H 40 8E.10
Caproic acid Hexanoic acid C.H,.0, (C.H,,CO0H) 6.0 116.16
Caprylic acid Ocranoic acid CaHye0: (C-H:COOH 20 14411
Capric n-decanaic CyeH0; (C:HWCO0H 10.0 17226
Echenic acid Docozanoic acid CoH O, (G4 H,COOH,) 220 340.58
Liznoceric acid Tetracosanoic acid CoHuO, (C.:H,-CO0H) 4.0 368.63
Arachidic acid Eicosanoic acid Co:Hy0, (CH;CO0H) 20:0 31231
Unzaturated fatty acid series. One double bond
Oleic acid cis-9-Octadacenoic acid CyuHu0,(CH{CH,)- CH=CH{CH,}-COOH) 181 28243
Eladic arid trans-8-octadecenoic acid CH,(CH.), CH=CH(CH.}.COOH 31 28243
Myristaleic acid cis-9-Tetradecenoic acid CH:0: (CHA(CH:)«CH=CH{CH:)»COO0H 14:1 21633
Palmitoleic acid cis-9-Hexadecenoic acid Cy:HuD: (CH,(CH:): CH=CH(CH:): COOH} 16:1 25440
Two double bonds
Linoleic zcid cis-9,12-Octadecadismoic acid CyH:0, (CH(CH.) . CH=CHCH.CH=CH{CH,)}-.CO0OH 182 28044
Three double bonds
Linalenic acid cis-9,12,15-0ctadecatriencic acid C,H.,0,{CH,CH,CH=CHCH.CH=CHCH.CH=CH({CH,)-CO0OH 18:3 27BA4AZ
Elzeostearic acid cis 8,11,13-ocadecatriencic acid  CH,(CH. ) CH=CHCH=CHCH=CH(CH).COOH 183 27841
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PERFORMANCE OF WCOME

The performance of any fiuel iz determined by the
thermochemical composition and properties of the fuel. The
major performance criteria of a diesel engine are brake specific
fuel consumption, brake thermal efficiency and exhaust gas
temperature. Table 7 presents the summary of cutcomes of
various researches on the use of pure WCOME as fuel for diesel
engines as reported by various authors. The oxygen content,
heating value, density, and viscosity of pure biodiesel have
been found to mfluence itz behaviour and performance in a
conventional compression ignition engine.

Effect on brake specific fuel consumption

Meagured in gram per kilowatt hour (g/kWh), the brake specific
fuel consumption (BSFC) iz 2 measure of how much fuel iz
consumed in one hour to produce one kilowatt of brake power.
It portrays the combustion efficiency of an IC engine that burns
fuel to yield rotational power at the crankshaft.

In their study, Mahesh et al. [29] attributed higher BSFC in a
diesel engine to the effects of density, viscosity and heating
value (HV) of B100 WCOME. On their part, Zhu et al. [30] and
An et al [31] cited higher oxygen content, decreased low
heating wvalue (LHV) and high wviscesity of biodiesel as
responsible for increased BSFC.

Though they used engines with different configurations
Hirlude and Padalkar [32], Sheron et al. [33] and Ozsezen and
Canzkei [34] reported a 24%, 14.55% and 10% increment in
BSFC with used cooking oils compared with neat diesel fuel.
They attributed the results to the lower energy content, higher
density, increased LHV, higher viscosity, and lower calorific
value (CV} of the pure biodiesel. Gopal et al. [33], Hwang et
al. [36] and Nedayali and Shimeshan [37] blamed wviscosity,
density, and reduced lower heating value of B100 WCOME for
the higher value of BSFC recorded when biodiesel was
experimented with on an unmedified diesel engine.

Ian et al. [38), Geng at al. [39]. Sanli et al. [40] and Attia and
Hassaneen [41] tested pure WCOME on various configurations
of unmodified CI engine and reported an increase of 11.03%,
11.53%, 14.17% and 30% respectively of the BSFC when
compared with neat PD fuel. Higher oxygen content, reduced
heating value, higher density, higher viscosity and low calorific
value were cited as responsible for the outcomes.

However, the authors disregarded the recommended test cycle
for such tests as specified by regulatory bodies while carrying
out the fuel consumption test on an unmodified compression
ignition engine under varying enging loads.

Eey conclusions on brake specific fuel consumption:

All the authors agresd that the application of BI10D
WCOME led to higher brake specific fuel consumption ina
diesel engine.

Higher oxygen content, reduced lower heating wvalue,
calonfic value, higher viscosity, and density of the B100
WCOME triggered increased fiel consumption.

e Most of the works reviewed jeftisoned international
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performance protocels including disclosure of test engine
specifications, observance of test cveles, ste.

Effect on brake thermal efficiency

Brake thermal efficiency (BTE) is the ratio of brake power to
fuel power. It s a performance index used to evaluate how well
an engine converts the heat from a fuel to useful mechanical
ENErgy.

The BTE of purs biodiesel was found to be lower than that of
neat diesel fuel. This was as a result of high viscosity, density,
mcreased lower heating value and poor volastility of the
oxygenated B100 which led to poor atomization and
combustion [32, 33, 353]. In the same vein Nedayali and
Shirneshan [37], Attia and Haszaneen [41] and Prabu et al. [42]
blamed the higher BTE of E100 on lower calorific value,
increased BSFC, and low air-fuel mixing of pure biodiesel
Mahesh et al [29] found that the BTE of pure WCOME was
not significantly different from that of diesel fuel.

On the other hand, some authors reported that the brake thermal
efficiency of B100 WCOME was higher than that of neat diesel
fuel. They attributed these outcomes to higher oxygen content
that ensured 2 more complete combustion, increassd
combustion temperature of B100 particularly at higher engine
load [31, 38, 40, 43]. Though the 13-mode test cycle was
adopted by two of the authors, the authors failed to disclose the
model, vear, and other important specifications of the test
engine in line with established test protocols for engine
performance.

Kev conclusions on brake thermal efficiency:

38.33% of the authors reported lower BTE, 3333%
reported higher BTE while 8.33% reported no significant
difference in BTE in CI engine fuelled with B100 WCOME.

L]

Viscosity, calorific value, lower heating value, density,
higher oxygen content and fuel consumption influenced the
brake thermal efficiency of diesel engine fuelled with B100
WCOME.

Partial compliance with performance test protocols as
regards to test cycles, disclosure of engine specifications
and parameters was observed.
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Effect on exhaust gas temperature

The temperature of the exhaust gas of an IC engine iz an
indicztor of the rate of heat released during fuel combustion.
High temperature of the exhaust gas iz one of the drawbacks of
the diesel engine; engine designers and manufeacturers are
devising means of mitigating excessive EGT. Manesh el al
[29], Hirkude and Padalkar [32], and Sharon et al. [33] reported
that the EGT was higher when an unmodified CI engine was
fielled by pure WCOME. The saturated and oxygenated nature
of B100 allowed a better and more complete combustion and
hence increased temperature of the exhaust gas.

On the other hand, some authors recorded a lower EGT when a
CI engine was fuelled with B100. This was attributed to the
latent heat of evaporation, high viscosity. and poor atomization
of B100 caused by its high viscosity [39, 41, 42]. The authors
did not adopt any test mode/cyeles and as such no values wers
taken at 0% load, 100%: lead, idle and maximum speed, etc as
specified by performance test protocols.

Eey conclusions on exhanst gas temperature:

50% of the authors reported higher EGT with B100
WCOME while 50% reported otherwise.

High density, high viscosity, poor volatility, lower heating
value, lower calerific value, higher oxygen content, high
latent heat of evaporation of WCOME influenced the EGT
of a diesel engine.

The 13-mode test cycle and other test cycles were not
carried out as stipulated by performance test protocols.

EMISSION  CHARACTERISTICS
COOKING OIL METHYL ESTER

One of the motivations for the deployment of B100 WCOME
a5 alternative fuel for diesel engines is to mitizate the release of
toxic exhaust gas to the environment. The regulated emissions
to be considered are COQ, COQ; UHC, smoke opacity, and
PM/Soot. The summary of effects of appheation of B100
WCOME ester on emissions from various researches is
presented in Table 7.

OF WASTE

Carbon monoxide emission

The presence of carbon monoxide (CO) in exhaust gas is an
indication of mcomplete combustion of fuel in an IC engine.
Fuelling of diesel engines with biodiesel brings CO emission
within the acceptable limits recommended by regulatory
bodies. The higher oxygen content which allows for more
complete and improved combustion, low carbon content,
higher cetane number, and increased air-fuel mixing of B100
were reported to be responsible for the reduced CO emission of
CI engine fuelled with B100 WCOME.

While Man et al. [38], Sanli et al. [40], and Hirkude and
Padalkar [32] reported 7% to 25%, 15% to 23%, and 21% to
45% reduction respectively Gopal et al. [35], Sharon et al. [33],
end Ozsezen and Canakei [34] gave 31%, 32.3% and 67% as
their percentage reduction respectively. In addition, other
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researchers  cited high viscosity, inadequate time for
combustion and for oxidation of carbon monoxide to carbon
dioxide, msufficient oxygen particularly at higher engine
speed, as bemng responsible for low carbon monexide emission
with B100 compared with neat PD fuel [28-31, 36, 41, 42].

However, Kumar and Jakumar [44] reported that pure
WCOME generated more CO emissions compared to PD fuel
Unfortunately, most of these authors did not measure the CO
emission n g/kWh, and the full specifications of the engine
were not disclosed, particularly the model, model year, and
power rating. These make comparison with CO emission
benchmarks cumbersome. Some of the results did not fall
within the internationally accepted benchmark for CO
emisslon.

Key conclusions on CO emission:

+ Pure WCOME produced less CO emission than neat PD fuel
by up to 67%.

02.3% of the authors reviewed reported that pure WCOME
produced less CO emission.

Higher oxygen content, air-fuel mixing, increased fuel
consumption, higher cetane number, ete., precipitated reduced
CO emission.

Lack of requisite information like the engine specifications
and model year did not give room for comparng the result of
maost authors with the standard emission benchmarks.

Carbon dioxide emission

The release of carbon dioxide (CQ:) is an important parameter for
measuring the combustion efficiency of a CI engine. Increased
CO0: emission is an indication of complete combustion of the fuel.
The oxygenated fingerprint of B100 WCOME ensured a more
complete combustion and oxidation of mere carbon monoxide to
carbon dioxide hence increased CO: emszion [29, 33]. On the
contrary, some authors reported about 8% reduction in CO:
emission when they tested B100 WCOME on a CI engine. They
ascribed the outcomes to the reduction in BSFC and total
combustion duration (TCD) of pure biodiesel [31, 34, 40].
However, these outcomes could not be compared with emission
benchmarks since neither US EPA nor EU has benchmarks for
carbon dioxide emission.

Eey conclusions on CO; emission:

» Few researchers investigated the effect of B100 WCOME on
carbon dioxide emission compared to carbon monoxide.

60% ofthe authors reviewed agreed that WCOME emitted less
carbon dioxide than neat PD fiel while 40% reported
otherwize. The higher oxygen content of biodiesel resulted in
the emizsion of more CO;.
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Nitrogen oxide emission

Nitrogen oxide (NOx) 15 a product of oxidation of mtrogen which
forms more than 70% of the air mtake for engine combustion.
Nitrogen oxide can be formed by Zeldovich (thermzl) mechanism
and Femimore (prompt) mechanism. While Zeldovich 1s
influenced by increased temperature, Fenimore is influenced by
free radicals such as CH and CH2 formed from the fuel react with
nitrogen to form NOx [43].

Fuelling a compression ignition engine with pure WCOME was
reperted to result in 1% to 20% more nitrogen oxide when
compared with neat diesel fuel. The increased NOx emission was
blamed on higher oxvgen and nitrogen content, delay of 1zmition,
and higher combustion temperature, increased injection pressure,
and high bulk modulus of pure biodiesel [28, 30, 32, 33]. The
increased combustion temperature, higher heat of combustion of
B100 and high temperature of the combustion chamber
occasioned by complete combustion of the oxygenated biodiesel
triggered the Zeldoivch mechanism that eventually led to
increased NOx emission [27, 31, 34, 38]. On the other hand, An
et al [14], Geng et al. [37] and Attia and Hassaneen [39] reported
that NOx emissions from B100 WCOME were lower compared
to neat diesel fuel. They attributed their outcome to low heating
value and low viscosity of B100.

Key conclusions on NOx emission:

¢ 80% of the works reviewed reported higher nitrogen oxide
emission from pure biediesel while about 20% reported
otherwise.

+ High oxygen content, high in-cylinder, prolonged residence
time, high nitrogen content, delaved ignition, and high bulk
modulus accounted for higher NOx from biodiesel.

s Lack of full disclosure of specifications of test engines
prevented comparison with standard benchmarks.

Unburned hydrocarbon emission

Unburned hydrocarbon (UHC) iz a gaseous form of
hydrocarbon. The presence of UHC in the exhaust of diesel
engines indicates incomplete combustion of the fuel as a result
of quenching of flame at the cylinder wall, particularly at the
crevice regions.

MMaheszh et al. [27], Zhu et al. [28] and An et al. [29] obzerved
that higher oxvgen content of pure WCOME allowed for more
complete and cleaner combustion which resulted in lesser UHC
emission compared with neat PD fuel. Also, a reduction of
9.53% to 38.09%, 20%, 23.74% to 36.19%, 26%, and 57% in
UHC emissions were reported by Sharon et al. [31], Atha and
Hazzaneen [39], Sanli et al. [38], Ozzezen and Canalkcl [32],
and Gopal et al. [33] respectively when an unmedified CI
engine was fuelled by biodiesel compared with neat diesel fuel
This was atiributed to the oxygenated fingerprint of B100
WCOMEL

Hwang et al [34] attributed the mncreased hydrocarbon
emission from pure WCOME to higher viscosity of B100
WCOME which caused poor atomization. This was further
confirmed by Man et al. [36] and Kumar and Jatkumar [42] who

observed a reduction 2% to 23%, and 20% respectively in UHC
BMIEEION.

Eey concluzions on UHC emission:

¢ About 20.9% of the literature reviewed reported a reduction
on UHC emission from pure biodiesel.

+ Higher oxygen content of B100 WCOME caused lower
unburnt hydrocarbon emissions.

¢ DMost of the results could not be compared with recognized
emission standards due to non-disclosure of the model vear
of the test engine and other details.

Smoke opacity emission

Formation of smoke emission 15 as a result of shortage of
oxygen in the combustion chamber, partial combustion of fuels,
the cocling effect of fuel and the complications of combustion
delay.

Sharon et al. [33], Prabu et al. [42], and Ozsezen et al. [34]
recorded a decrease of 10% to 19%:, 31%, and 63% to 74%
regpectively In smoke opacity of a diesel engine fuelled with
B100 compared with when fuelled with neat diesel fuel. They
attributed the reduction to higher oxvgen content and less
aromaticity of B100. Manesh et al. [25] and Hwang et al. [36]
cited higher oxygen content and lower carbon content of
WCOME as being responsible for reduced smoke emission
compared with diesel fuel. On the other hand, Attia and
Hassaneen [41] reported that the use of B100 WCOME led to
a 20% increase in smoke opacity compared with neat diesel
fuuel. The high vizcosity of B100 WCOME was blamed for this
outcome.

Eey conclusions on smoke opacity emiszion:

+ 33% of the literature surveyed reported a decrease in smoke
opacity emission while 17% dissented.

# The uze of pure biodiesel triggered a decrease of between
10% and 74% in smoke opacity emission due to higher
oxygen content and lower carbon content of pure biodissel.

+ Inadequate disclosure of specifications of test engine
preventsd comparison with emission standards and
benchmarks.

Particulate Matter emizsion

Particulate matter (PM) emitted from diesel engines consists of
volatile organic compounds (VOC), carbonaceous soot particles,
and solid phase materials found in the air.

In their research to mnvestizate the PM emission in an unmodified
diesel engine fuelled by pure WCOME, Zhu et al. [30] reported 2
lower particulate matter as a result of higher oxygen content and
less aromaticity of B100 which led to more complete oxidztion

and dilution of aromatics respectively. PM emission was found to
decrease by 23% to 47% with the use of biodiesel fuel due to the
higher oxygen content of WCOME compared with PD fuel [32].

Kev conclusions on particulate matter emission:

s The application of pure WCOME led to reduction of PM

o7
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EMIEEION.

wag generally cited as a major cause of the reduction
particulzte matter.

Lack of full disclosure of specifications of test engi

Higher oxygen content and less aromatic nature of WCOME

of

ng

prevented companizon with emission standards  and
benchmarks.
NUMERICAL APPROACH TO PREDICTION AND

VALIDATION OF DIESEL ENGINE PERFORMANCE
AND EMISSION CHARACTERISTICS

High financial outlay, time, and the technicalities involved in
conducting performance and emission experiments have
continued to pose challenges to the analysis of the behaviour of
fuels in real life internal combustion engines. Researchers, fuel
enpineers, fuel refiners, engine manufacturers, combustion
znalysts, etc., have continued to explore the advancement in the
high-speed digital computing to develop mathematical models
to accurately predict, analyze, and validate engine performance
and emizzions. The utilization of mathematical models and
computer simulations are cost effective, save time, are less
laborious, innovative, flexible, and have the capability to
forecast and predict “what-if”" scenarios [45]. The various
models developed by researchers can be broadly divided into
either single zone, two zone, or multi zone models.

Single zone models use ordinary differentizl equations to
obtain the cylinder temperature, pressure, and mass. This model
enjoys wide usage due to its easy deployment Two zone
combustion models guarantee more accurate and far-reaching
results than single zone models. Multl zone models allow
comprehensive evaluation of fuel-air distribution in the
combustion chamber which allows accurate computation of
exhaust gas composition. The multi zone model also considers
the calculation of conservation of mass, momentum and energy
2z well as stochastic and computatienal fluid dynamics (CFD),
but disregards the effects of droplets on turbulence [46].
Characteriztically, necessary assumptions concerning constant
pressure, constant volume and limited pressure are made for
each process of an ideal diesel engine cycle, namely isentropic
compression, adiabatic combustion, isentropic expansion, and
adiabatic exhaust [47]. This forms the basis for the combustion
znd emission models.

The rate of combustion, heat transfer, fuel consumption, etc.,
are governed by the combustion model. The hquid fuel injected
into the cylinder is heated then mixed with an adequate amount
of air in the air zone to prepare the fuel for combustion n
accordance with the chemical kinetic equation. In predicting
the engine performance, the fuel spray, heat release, ignition
delay submodels, etc., are emploved while pellutant formation
including the emission of hydrocarbons, oxides of nitrogen,
smoke and particulate matter are govemed by the emission
submodels [46, 48], Table £ shows the outcomes of the
application of numerical tools to predict and validate
performance and emiszsions of BI00 in conventional
unmedified compression ignition engines within the last
decade.
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Datta and hiandal [49] uzed DIESEL-RK simulation software
to predict the brake specific fuel consumption, brake thermal
efficiency, and nitrogen oxide emission of 2 single cylinder,
four stroke naturally aspirated direct injection diesel engine.
The predicted parameters only deviated from the experimental
value by a2 maximum of 0.8% which was attnibuted to various
assumptions made in the modellng. Awad et al. [30] used a
single zone combustion model to predict the performance and
combustion characteristics of a diesel engine fuellad with B100
and reported that the predicted result agreed with the
experimental results with 2.2% to 2.3% variation. Amba Prasad
Rao et al [31] developed a wideranging computational
phenomenological model to predict and wvalidate the
performance and emissions of a single cylinder CI engine
fuelled with pure rapeseed methyl esters. They concluded that
the model did not only effectively predict the indicated power,
mdicated specific fuel consumption (ISFC), indicated thermal
efficiency (ITE), nitric oxide (NOx), and soot density, but also
the variation, with experimental results being within 10%.

Lesnik et al. [32] used an AVL BOOST simulation program to
predict the performance and emissions of a six cylinder, four
stroke naturally aspirated CI engine fuelled with B100. The
predicted results were found to be between 0.794% and 8.334%
of the experimental results. Paul et al. [33] camied out a
numerical study of the performance and emission
characteristics of a diesel engine using a DIESEL-RK meodel.
The model accurately predicted the BSFC, BTE, NOx, PM,
CO: and smoke emissions and validated the experimental
results.
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Dawody and Bhatti [54] also employved DIESEL-RE software
to predict the BEFC, CO, UHC, NOx, and smoke opacity of a
single cylinder direct injection CI engine fuelled with B100.
They reported that the software accurately predicted the
parameters and the outcomes were in good agreement with the
experimental results. The utilization of an adaptive neuro-fuzzy
inference system (ANFIS) by Hosoz et al. [33] to predict the
performance and emissions of one cylinder four stroke diesel
engine fuelled with B100 WCOME showed that the ANFIS
approach effectively predicted the power, BSFC, BTE, EGT,
UHC, NOx, and CO. The resultz were in line with the
experimental outcomes with mean relative errors of 1.40% to
27.40%.

The use of Taguchi-Fuzzy model for the prediction of engine
performance and emission characteristics was also reported to
be effective in predicting the performance and emission
characteristics of a diesel engine with reascnable agreement
with experimental results [53]. Various researchers have used
artificial neural networks (ANN) to predict and validate the
performance and emission characteristics of conventional
diesel engine fuelled with B100. Javed et al. [56] corroborated

that ANIN gave a good prediction and validation of with an
average of 4.863% deviation from experimental results while
Bao et al. [37] established an average correlation coefficient of
0999 for the prediction of brake thermal efficiency, brake
specific fuel consumption, exhanst gas temperature, HC, NO=x,
C0-, CO and smoks.

Eey conclusions on numerical approaches to predict engine
performance and emission characteristics:

Numerical models and simulations are an effective and
imnovative way to predict and validate engine performance
and emission characteristics of CI engines.

The cutcomes of these models validated the experimental
results with the percentage deviations being within the
acceptable zverage relative deviation (ARD).

Gaps still exist in the numerical prediction and optimization
properties of WCOME for optimum performance and
mitigated emissions particularly for optimal hybrid FAME.

CONCLUSIONS

Waste cooking oil offers obvicus advantages owver other
feedstocks for affordable biodiesel production to meet the ever-
growing demand for biodizse]l. The application of B100 WCOME
results in increased BSFC. BTE and higher EGT as well as less
CO, CO., PM. UHC, but higher NOx emissions when comparad
with diesel fuel The peculiar fingerprint of B100 WCOME,
particularly the hizh oxygen content and the degree of saturation,
have been found to greatly influence the behaviour, performance
and emission charactenistics of the fuel.

However, the literature review revealed that the recommended
engine test cycle modes were not followed in camrying out the
tests. Also, some of the results could not be compared with the
standard emission benchmarks set by USEPA, EU and other local
bodies due to lack of full disclosure of the specification of test
engine like the power (KW), the model, and the model year.
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Furthermore, a hybrid FAME for optimal performance znd
emissions within the acceptable standards and benchmarks has not
yet been achieved. The outcomes of various hybridizations of
feedstocks have not been tested for performance and emission
characteristics in line with USEPA and EU standards. South
Africa should expedite actions in setting up its emission standards
in the same way that Japan, South Korea, Brazil, Argentina, etc.,
have.

Though numerical models have been employed to predict the
performance and emissions of diesel engines, research gape still
exist in the numerical prediction and optimization properties of
WCOME for optimum engine performance and mitigated
emissions. The application of numerical and computational tools
including MATLAB, Artificial Newral Network (ANN) and
Computational Flmd Dynamics (CFD) to formulate hybrid FAME
for optimal performance will no doubt be a worthwhile effort.
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Prediction of Properties, Engine Performance and Emissions
of Compression Ignition Engines Fuelled with Waste Cooking

readily awvailable aliemnative fuels to  power

Oil Methyl Ester - A Review of Numerical Approaches

0. Awogbemi, F. Inambao, E. I Onuh

Abstract — Ghen the challenges of rencwability, gffordability, and sustainability that witra-low
sufflor diesel (ULEDY) fhel and first-genaration biodiesel currently face, a niche clearly exisis for
biodiesel sourced from waste cooking oil. Exploring these potentials requires insights nie a range
gf properties ar well a:r performance and emission characreristics. Real-time experimental
dererminarion of fatty acid methyl ester (FAME) properties, engine performance and emizsions gf
compression ignitdon (CI) engines fuelled with unblended FAME is technical, fime-consuming,
axpensive, and requires sophizticated laborarory yfrasoucture, unlike numerical prediciion
technigues. Emerging mrends and conzensis mdicate that unilizaton gf numerical simulation and
prediciion techniques are cost-gifective, less laborious, mmovaiive, and fexible. Although FAME
properties, engme performance, and emizzions kave been accurately predicied wig various
numerical rechnigues in the recent past, important gaps such as using numerical approaches o
determine the optimal FAME mix stll exist. The oljectve af this study was fo review the
numerical twechnigues employved m predicting FAME properties, engine parformance and
emizsions af CI engine and fmvestigate whether an opimal FAME candidate can be unearthad
threngh these numerical prediction technigues. This review reports that the oufcomes of these
numerical predictions agree with experimental dava and fall within acceprable average relative
deviation but a precise approach fo derermining an optimal FAME candidate was not achieved.
The use of numerical rools ke MATLAR mnd compurational fiuid dymamics (CFD) in
amalgamarion with some new measurement feckmigues mcluding high-speed comeraz to
accurarely predict FAME properties, mgine performance, emizzion characteristics and gain
access o the acthaties in the combustion chambers, were kighlichted. These high capacity
modeling tools, high-speed cameras, and tecknigues can be wred fo accurately forecast an apfiimal
FAME mix to improve engine performance, meet emizsion benchmarks and advanced engineg
research, ifwell harmonized. Copyright € 2019 Praive Worthy Prige S.r.l - All rights reserved

Keywords: Compression Ignition Engines, CFD, Engine Performance, Numerical Prediction,
MATIL AR, Oprimal Mix

L Introduction annum becsuse of their relisbility, dependability, high
. . . power  ouipni  and  diverse unsefulness
The quest for cost-efectve, eovironmentally friendly Organization for FEcomomic Coopemation

Development and the Food and Agnculture Organization

compression ignition {CI) engzines has increazed the
tempa of research in biodiesel owver the last decades. The
adoption of used vegetable oil, 3 cheap and readily
available bipdiesal feedstock, for the generation of fary
acid methyl ester (FAME) to replace the ultra-low sulfor
diesel (ULSD) Sael iz as a result of its comparable
performance and emissions levels when msed Im ifs
nnblended form to power CT engines. Cher the years, CT
engines have continwed to find applications for on-road
and of-road purposes In construction eguipment,
electricity generating plants, ships, tacks, passenger and
personal vehicles, mains and locomotives. According o a
report by the Freedonia Group, sales of diesel engines
will contiome to increase by not less than 7.7% per

Caopwright © 2019 Prouse Worthy Praze Sr.l - Al nghts reserved
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have projected 2 minimum of 14% mecrement in the
production and consumpton of biodiesel from 20146 to
2025, ac shown in Fig. 1, with the bulk of the data
emanating from the United States of America, Brazil,
Germany, Argenting, France, Spain etc. [Z]. As shown in
Fig I, waste cooking oil (WCO) feamres prominently as
one of the globally recognized biodiesel feedstocks. The
advantages of WCO as 3 FAME feedstock inclnds low
cost, non-interference with the food chain enhanced
waste disposal and a cleaner environment, preservation
of agnatic and termresmial habitats, prevention of drainage
blockage as well as serving =5 an svenue for additional
income for honssholds and small-scals businssses. That
FAME has besn acknowledged as 2 sustainable

bitps:idel org'10.1 3566 Grapse w1312 16406
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alternative to ULSD fuel is not unconnected with its
green nature, low cost, low emissions as well as its
inherent  propertics  including  lubricity, zero sulfur
content and improved biodegradability. Biodiesel retards
engine wear and deterioration and contains no poly-
aromatic or nitrous poly-aromatic hydrocarbons.

However, its low oxidative stability and depreciation
in quality during storage constitute significant challenges
that need 1o be tackled [3]. [4].

as
a0
35

EProduction @ Contumption

Biodiesel Volume (Billion

2016 2017 2018 2019 00 2021 32 2003 024 2003
Year

Fig. 1. Glohal production and consumption of biodicsel (billion litersy

Fig 2 Global distribution of biodiesel feedstock [5]

Rescarch  aimed  at improving  the  properlies,
behaviours. performance and emission characteristics of
unblended FAME has increased substantially in recent
vears, Real-time experiments and use of engine test beds
are the hallmarks of these investigations. However, high
levels of technicalitics, equipment requirements, the time
and cost of conducting real-time experiments and engine
tests pose a lot of challenges to rescarchers inoall the
aspects of FAME development and engine testing. High-
speed digital computers are being emploved by fuel
refiners and  engineers, emission  specialists, engine
designers, and manufaciurers w develop numerical tools
and mathematical models w0 accurately  predict and
validaie FAME properties, engine performance, and
emissions. The utilization of mathematical models and
computer simulations are cost-clicetive, time-saving, less
laborious, more innovative, more flexible, and have the
capability to forecast and predict “what-if” scenarios [6].

Despite the historical and widespread vse of numerical
tools and techniques in engine research. especially in
property predictions, engine performance criteria and
emission  characteristics.  gaps  regarding  the
determination of an optimal FAME mix still exist, The

Copnrighs © 2008 Praise Worthy Prize Sl - Al viglits reserved
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relevant questions to ask are (i) have these numerical and
mathematical approaches been able o effectively predict
FAME propertics. engine performance and cmissions
characteristics within acceptable accuracy? (i) has the
engagement of these numerical tools and models been
able to unearth an optimal FAME candidate that will
improve engine performance and mitigate emissions of
pollutants  in line with established standards and
benchmarks in an unmodified CI engine? The motivation
for this study is to critically review the numerical tools
and approaches emploved by various researchers and
come up with applicable formulations for the
determination of an optimal FAME mix that would result
in peak engine performance and mitigaled emissions in
line with globally accepted standards and emission
benchmarks. This study aims to review numerical tools
and techniques applied by various researchers o predict
the properties of B100 FAME, and engine performance
and emissions of conventional Cl engines energized with
BI0O FAME. This present effort will siress  the
application of mathematical and numerical predictions
targeted at achieving more accurate ouicomes of
property. engine performance and emissions estimates.

The wse of soft computers, numerical and
mathematical prediction technigues will not only be cost-
cllective. innovative, less cumbersome, allows for the
consideration of diverse countless scenarios but also
shrink the rigidities associated with experimentations.

Also, the use of numerical and optical approaches
including  high-speed cameras. particularly  Phase
Doppler Interferometry, Engine Endoscopy, and Laser
beam measurements, in engine research in providing
aceess to combustion chambers will be underscored, The
objective is to suggest numerical techniques to predict a
FAME mix for optimal performance and mitigated
emissions.  The scope of this work is limited to
reviewing the use of numerical tools and technigues to
predict FAME  properties.  engine  performance  and
emissions of the application of BI00 FAME in
unmadified Cl engines and suggest new measurement
techniques to advance the course of biofuel combustion
engine research,

II.  Correlation between Properties,

Engine Performance and Emission
Characteristics of FAME

There has been a well-established nexus between
FAME properties. engine performance and emission
characteristics of C1 engines fuelled by B100 WCOME.

Fatty acid (FA) composition, the degree of saturation,
length of the carbon chain, number and location of
double bonds, among other considerations, determine the
properties of FAME and by extension. its behavior.
performance and emission characteristics, Common fatty
acid constituents of FAME include palmitoleic acid
(Cl6: 1y oleic acid (C18:1), palmitic acid (Cla:0),
linoleie (C18:2), linolenic (C18:3), myristic acid (C14:0),
arachidic acid (C20:0), lauric acid (C12:0), stearic acid
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(C18:0) and eicosenic acid (C20:1) [7]-[9]. The fatty acid
compaositions are a vital fingerprint of FAME which is
contingent on the feedstock source and ascertained by
CGias  Chromatography  Mass  Spectrometry  (GOMS)
analysis. ASTM D6751 and EN 14214 stipulate the

standard of FAME properties for the United States ol

America and Europe respectively and all other countries
derive their respective standards from these two sources

[10]. The standards, determining Tactors and effects of

some major properties of FAME are shown in Table 1.
These  properiies  also  aflfect  the  behavior,
performance, usage, and emissions of FAME. The
European Union (ELT) and United States Environmental
Protection Agency (USEPA) identified brake specific
fuel consumption (BSFC), brake thermal efficiency
(BTE)} and exhaust gas temperature (EGT)  as
performance criteria while benchmarks have been set for
emission of regulated gases. including carbon monoxide
(CO). nitric oxide  (NOx). carbon  dioxide (C0:),
particulate matter (PM) measured in g/kWh, unburnt
hydrocarbon (UHC) and smoke [11]. [12]. Essential
information that must be disclosed for an engine test, in
line with acceptable engine test protecols and guidelines
for  testing  engine  performance  and  emission
characteristics, include manufacturer’s name. model and

maodel vear, engine bore and stroke, cvele of operation of

the engine, fuel type and mode of fuel injection, as well
as power rating. More than any other properties. the
oxygenated nature and the degree of saturation can
influence the behaviour, the performance, and the
emissions  of Ol engines fuelled by FAME. The
application of B100 WCOME has been discovered to

enhance BSFC, BTE, EGT and result in less discharge of

€O, COy, PM, and UHC but the higher discharge of NOx
emissions when compared with ULSD [13]-[15].

HI. Numerical and Optical Approaches
in Engine Research
Internal  combustion  {IC)  engines  and  the

transportation sector, in particular, are in need of systems
and  technologies  that  permit  improved  engine
performance. and reduced emission of polsonous and
greenhouse gases, The twin challenges for the 1C engine
is to improve fuel economy and reduce the discharge of
foxic gases from the exhaust o ensure judicious use of
the scarce energy resources, including tested alternative
fuels, and to meet stringent emission regulations. To this
end, rescarchers are making efforts to comply with ever-
increasingly strict global emission and fuel economy
narms, which are the prime forees driving the global 1C
engine industry [19]. The major stakeholders in the 1C
engine chain including the engine designers, engine
manufacturers, fuel refiners. and emission specialists
who o all have different and  sometimes  overlapping
demands and expectations. Engine and fuel customers
and consumers demand good engine performance, fuel
cconomy, low fuel and engine cost. reliability, fuel
availability, less fuel odour, and convenience. Engine
manufacturers demand competitive and profitable costs,
fuel economy standards, customer  satisfaction, and
meeting of emissions eriteria while renewable  fuel
producers  demand  feedstock  availability,  product
stability and distribution continuity [20].

TABLE1
SoME FAME PROPERTIES, STANDARDS, AND EFFECTS [10], [16]-[18]
Property ASTM Di;t}dardﬁ“ 14714 Test method Determining factor Effiects on engine
) § - . Higher density precipitates
Density (ka/m’} 250 $60-900 ENIS0 3675 e Carhon chain length + Increased BSEC, BTE, EGT, PM,
ENISO 12185 & Degree of saturation and €0
High cetane numiber resulls in
& Bener engime performianes:
*  Good aulo-ignition
. #  Low CO,HC and PM but high NOx
*  Carban chain lengih #  Inereased NOx emission *
Cetane number 47 51 EM IS0 5185 #  Branching )
. #  Reduced vibration and nowse
®  Degree of unsaturation s+ Knocking
Too lgh cetane number tnggers:
#  Ovverheating
#  Damage of the injector nozzle
*  Chemical siruciure
#  Carbon chain length
- «  Degree of saturation . - .
Kmematic R . X High kinematic viseosity leads 1o
Viscosity @ 40°C 1 9610 1550 ey " ::"‘;L‘“ and position of double, ™™, «d BSFC, BTE, BGT, CO,
{mm‘/s) R nds 1THE and PM
#  [ranching
& Amount of unreacted
glycerides
Cold Filier i . ) CFPP precipitates:
Plugging Poimt Max +5 =5 1o =44 EN 116 : ;l_'m‘?':' ?_f"ar':‘m .lllurns #  formaiton of crvstals that can plug
(CFPF} cRiee ol unsaturation the el lines and flters
*  Number of carbon atoms andFlash point affects
Flash pint {*C} o3 101 EM I30 3679 douhle bonds #  fuel  sworsge,  handlmg  and
& Residual alcohol content transportation
—
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Over the vears, there have been  increasing
discrepancies and  gaps  between the outcome of
laboratory tests and the real-life behavior of engines.

This has necessitated the search for and application of
more advanced technologies to remedy the situation,
particularly strategies to improve engine performance
and reduce the emission of pollutants, The use of catalyst
technologies has been employed to improve FAME
properties, enhance engine performance and lessen the
emission of HC., CO. and NOx in real-life conditions.

These technologies not only prolong the lite of
engines and ensure value for money, but also lessen the
negative effects of these harmful emissions on humans,
animals, and the environment. For example, NOx and
HC contribute w the formation of ozone and acid rain.
C0; causes heat-trapping greenhouse gas and aceelerates
global warming [21]. Some of these technologies include
substrate and coating technologies, three-way catalysts,
and oxidization catalysts. Technologies that are capable
ol reducing PM emissions include wall-Mlow  filters,
partial-flow filters. and open-filters [22]. [23]. Some of
the techniques for the optimization of combustion and
emission reduction. including turbocharging. exhaust gas
recirculation (EGR), low temperature combustion (LTC),
high speed dircet injection (H3DI) ete.. have not been
able o meet stringent regulations as a result of their
obvious limitations  [24]-[26]. In the last decade,
researchers have employed various techniques on high
performance computers o gain insight and find solutions
to some of the difficult in-cylinder processes and hone
their skills in harnessing modeling oals 0 solve real-life
engine challenges using experimental data from reliable
engine geometry, Various numerical diagnostic measures
including optical diagnostic techniques and laser-based
measurements have surfaced as indispensable tools in the
prediction, measurement, control, and improvement of
fuel economy, engine performance. and emission control.

These strategics include numerical and optical tools
that allow researchers to have optical access into engine
combustion chambers and  alter fuel mixing and
combustion conditions towards achieving better engine
performance and emissions within acceptable limits [27].
[28].

1. Regression Analvsis

Regression analysis. a predictive machine learning
algorithm, defines quantitative relationships between a
response variable and explanatory wvariables. It is a
technique 1o determine a functional relationship between
dependent variables (response) and independent variables
(predictor), Lincar and nonlinear relationships between
response and predictor can be expressed as shown in
equations (1) and (2} [29]. [30]:

Y= fig+ i+ B Xo+ BaXa o+ X, (1)

where ¥ is the dependent variable, f; to £, are cquation
parameters for linear relations, and X; w X, are
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independent variables:
Y= (X)) (A7) oo (07) 2)

where agis the dependent variable, Xf’ wXo® are
equation parameters for nonlinear relationships and ay to
a,, are independent variables,

M2 Artificial Newral Networks

Artificial Newral Networks {ANNzg) are computational
models inspired by the human brain and explore the
processing of the brain as a basis to cultivate algorithms
that can be used to model multifaceted patterns and
prediction problems, Leaming algorithms are developed
to train ANN models to perform the intended functions.

A neural network learns by adjusting its weighis and
biases (thresholds) iteratively to generate the desired
output called free parameters, For learning o take place,
an ANN is trained first using a defined set of rules, also
known as the learning algorithm, which can either be
gradient  descent  algorithms  or  back-propagation
algorithms. Characteristically, ANN comprises a large
number of arificial neurons arranged as inpul layers,
hidden layers and output lavers and connected by hidden
neurons as shown in Fig. 3, The input laver receives
input that the network will learn. recognizes and
processes il, while the hidden layer transforms the input
signal inte a form the output layer can recognize and use.

One major benefit of the application off ANN for
prediction is its ability to learn from examples only and
then readily transfer the knowledge o resolve hidden and
strongly nonlinear dependencies, in spite of disturbances
existing in the training set [29]-[31]. Rescarchers in the
field of 1T engines have acknowledged and accepted the
competence of ANNs to simulate engine behaviour,
capture  nonlinear tendencies in complex  data,  and
accurately predict with some measure of acceptable
approximates real-time engine behaviour [32],

@ nput Layer @ Hidden Layer

@ Output Layer
Fig. 3. Arrangements of ANN layers [29]
Developed in the late 1990s, an adaptive neuro-fuzzy
inference system  or  adaptive  network-based  fuzey

inference system (ANFIS) is a kind of ANN based on
Takagi-Sugeno fuzey inference system, In fuzzy logic,
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nonlinearity and complexity of modeling can be handled
by rules, membership functions, and inference processes
[33]. AMFIS has been used for property and engine
performance predictions with acceptable accuracy. The
predicied data are compared with the experimental data
to determine their accuracy, closeness lo standard and
conformity, The accuracy of the prediction models is
measured by performance metrics namely: the regression
coefTicient (R), the mean sguared error (MSE) and mean
absolute percentage error (MAPE). which are expressed
as shown in equations (3) 1o (5):

R= (3)
l n
MSE = -FZ{T}- -o?)] (@)
il v
15 |Actual — Farecast|
MAPE = | = ®x 100 (5)
n |Actual|

where T, = Targeted value of *i" samples and ), = input
value of i samples. Much more than prediction of
FAME properties, engine performance and emission
characteristics, numerical technigues and  approaches
should, considering all important parameters, have the
capacity W recognize, compile,  and  analvze  all
conditions based on realistic and provable assumptions
and vield a set of solvable expressions or equations,

Equations and expressions generated to predict FAME
properties  like density, cetane number, kinematic
viseosity, cold flow properties. ete. can be compiled and
solved using any of the numerical technigues when
analvtical methods prove insufficient. Application of
linear correlations,  optimization  technigues and
numerical tools o solve the resulting equations can vield
values of these parameters that can ensure optimal engine
performance and reduced emission of mitigated gases,

These techniques are not only easy to use but can also
generate sets of possible solutions,

L3 Computaiional Fiwid Dyvnamics

Computational  luid  dynamics {(CFD) has  been
verified and validated in recent vears as being an
invaluable ool in situations where real-time experimental
waork has been found to be costly, dangerous and/or time-
consuming. In recent vears, with an increased need for
numerical  intervention in  engine research, major
advancements have been made in the application of the
CFD model in the quest for fuel efficient and low
emission engines, with wide applications and acceptance.

Knowledge of adequate  information  about  the
combustion chamber flow field and its effect on fuel
spray characteristics has been found to play an important
role in improving engine performance and pollutant
emission reduction in the Cl engine, With increased
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usage and acceptance of CFDY in 1C engines and related
disciplines, there has been a development process from
zero-dimensional models to guasi-dimensional models to
multi-dimensional models. While a zero-dimensional
model can predict some parameters that influence engine
performance. it ignores the chemical reaction process
involved in combustion and therefore cannot predict
pollutant  formation.  The quasi-dimensional  model,
though it can predict engine performance, combustion
reactions and emissions formation, has been unable to
reveal workable combustion strategy. Multi-dimensional
simulation, apart from its capability for flame
propagation, pollutant generation analysis, and turbulent
kinetic energy, can also  predict  combustion  and
emissions generation [34]. [35]. In achieving these
outeomes, notable commercial CFD models and sub-
models, namely Diesel RK, KIVA, FLUENT, VECTIS,
FIRE, STAR-CD and AVL BOOST simulation, single
zone combustion. and zero dimension thermodynamics
based models, have been developed o model, simulate
and oplimize engine performance and emissions of CI
engine fueled with FAME with varying outcomes.
MNecessary assumptions are made in the application of
appropriate sub-models and equations to predict the
required parameters in fuel mixing. fuel combustion and
pollutants formation |36]-(39], These codes are used to
simulate engine performance, combustion and emission
models with a high degree of efticiency and reliability
[40]. The use of CFD will continue to gain acceptance in
improving the understanding and workings of CI engines
by researchers and industry practitioners and can be
explored to not only predict optimal FAME candidates
but also simulate various scenarios that can reduce fuel
economy. improve engine performance and mitigate
emission of regulated pollutants, Tn addition, high-specd
cameras and other optical tools have been used to gain
access to the combustion chamber to improve the
knowledge of the activities in the combustion chamber
during prescombustion. combustion and post=combustion
periods. High-speed cameras are used in conjunction
with CFIY simulation software for better understanding of’
the injection, combustion, and  pollutant  formation
processes as well as 1o verify outcomes of these
simulation tools, While the cameras provide a visual
image of the fuel mixing and fuel spray processes during
the different stages of fuel injection, the CFD AVL
BOOST seftware numerically measures engine operating
parameters and emission formation processes [41]. The
amalgamation of numerical tools and high-speed cameras
have been explored in various forms but largely as phase
Doppler interferometry (PDI), engine endoscopy, and
laser-based technology. to improve access and gain
insight into the happenings in the combustion chamber o
deepen knowledge and verify the predicted parameters.

L4 Phase Doppler Interferomeiry

Formerly referred to as phase Doppler  particle
analysis, phase DPI was developed towards the mid-
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19805 by the duo of Dr. William Bachalo and Mike
Houser as a technique based on the principle of light
scattering interferometry. A typical PDI arrangement is
shown in Fig. 4. PDI expands the understanding of fuel
spray behavior and characterization, particularly in CI1
engines. Fuel is introduced by an injector nozzle due to
the pressure differential between the ambient and the fuel
injector. by means of a spray. The quality of spray of
biodiesel fuel in a simulated CT engine has been studied
over the vears and found to affect combustion greatly. A
good fuel spray is one that guarantees the penetration off
the injected fuel into the combustion chamber at a
satistactory velocity to provoke fuel atomization for swifl
vaporization. mixing and formation of combustible
mixture. The application of biodiesel as CI engine fuel
demands the optimization of the entire fuel injection
system including the spray characteristics. The study of
the leedstock, fingerprint,. FA composition, production
techniques and parameters of FAME will  reveal
invaluable information about ils spray penetration, spray
cone angle. spray-wall interaction and spray area. The
use of PDI makes the study of these exceptionally
challenging  parameters less burdensome and more
realistic [27], [42] and can werify the parameters
predicted by numerical tools including CFD.

Fig. 4. A& schematic dingram of PD svstem [34]

Outcames of several studies [44]<[48] have confirmed
the application of PDI numerical techniques to validate
experimental data and produce images of the happenings
within the combustion chamber, These have increased
the knowledge and understanding of numerical and
optical  techniques  for  simulating,  verifying  and
validating engine performance and emissions.

15 Engine Endoscopy

The limitations of optical engines including the
inahility to use high loads and specds, shorl lime usage,
high cost of the optical engines. low heat transfer rates of
the optical componenis, and lack of cooling medium of
the optical liner have created a niche for engine
endoscopy, First used by doctors for medical surgery in
1806, endoscopy as an optical visualization technique has
found applications in automolive research particularly in
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engines. evlinder heads and intake manifolds of the
engine. Endoscopy has now found wide applications in
C1 engines for combustion diagnostics, spray formation.
mixture formation as well as performance and emissions
measurements [27], [42]. [49]. An engine endoscope is a
large, thin wbe. which consists of lens for transferring
images from the combustion chamber to the endoscope
(Fig. 5). The use of endoscopic technique with camera
for engine research has been applied 10 modily
combustion. optimize fuel utilization, improve engine
performance and reduce emission formation, and has
been used by wvarious researchers to advance the course
of engine research [30]-[32]. including the use of
biodiesel fuels on CT engines [53]-[55].

el neberneapli] |
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Fig. 5. Schematic of the experimental
setup for endoscopic technigque [33]

The use of optical technigues like PDI and endoscopy,
though novel, have certain challenges including high
technical personnel and infrastructure requirements, high
cost  of  manufacturing  optical  research  engines,
specialized test environment and inability to predict and
measure engine performance and emission situations at
high speeds and loads, Further, optical techniques have
not been able to determine the optimal FAME candidate
that could produce better enging performance  and
reduced emission in CI engines at all engine speeds and

loads,

L6 Laser-Based Measurements

Laser technologies have been emploved o generaie
better insights into in-cylinder processes governing
engine performance and emissions in modem I1C engines.

Due to the application  of  laser technologics.
particularly in emission measurements, PM and soot
concentration in exhaust gases have been measured more
accurately resulting in better understanding of  their
formation and effects, OF all the techmiques, the laser-
induced incandescence (LII) technique is seen as very
ellicient and accurate, The LIT is reliable and sensitive in
measuring PM and other emissions over a wide range of
1C engine conditions to meet the U5, Environmental
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Protection  Agency (EPA) and other international
regulations [56], [37]. Despite the uselulness of laser-
based measurements, this method has not been able to
unearth o FAMI candidate with optimum features and
capability o produce better engine performance and
bring emissions within established benchmarks.

IV. Outcomes of Numerical Approaches to
Predictions in Engine Research

Mumerical methods are a range of mathematical tools
developed to provide solutions to problems that are
difficult or cannot be solved analytically. The Dictionary
of Computing defines numerical methods of solution as
being routines, processes, approaches, and techniques of
using computers o achieve a constructive solution to
mathematics-related  problems  requiring  specific
numerical outcomes, 11 is a comprehensive, wide-ranging
and explicit set of procedures and techniques aimed at
resolving intricate problems, as well as estimating errors
[36]. This is achieved through the development of
algorithms and other programs for problem formulation
and analysis in engineering, pure and applied sciences.

Two necessary conditions for numerical solutions are
consistency  and  convergence. These conditions  are
mandatory in various numerical tools and approaches
employed for the prediction of properties of FAME, as
well as performance and emissions of CI engines fueled
by FAME in recent years. Key arcas of application of
MATLAB includes development of algorithms and
applications, solving mathematical problems, modeling,
simulation and prototyping. computation, graphics, and
data analvsis [37]. OF all the numerical tools, MATLAB
is the most applied for property prediction. engine
performance and emission characteristics, The common
uses of MATLAB are in the field of teaching and
research, control systems. image and signal processing,
fingerprints, fuzzy logic. voice recognition, ete. Among
the maodels universally used by researchers for prediction
in MATLAB arc ANN, thermodynamic  models,
Simulink, etc. Other numerical approaches include linear
regression, analytical correlation. and multiple linear
regression which are used for property prediction while
AMNM and CFD are wsed for prediction of engine
performance and emission characteristics.

WA Property Prediction

Numerical prediction of FAME properties has helped
to simplify research in fuel mixing, fuel combustion,
engine performance and pollutants formation. Ramirez-
Verduzeo et al, [60] wsed analytical correlations to
predict the cetane number, kinematic viscosity, density
and higher heating value of FAME and reported that the
outcomes of the prediction were in agreement with the
experimental results. Multiple linear regressions were
explored by Piloto-Rodriguez et al. [61] to prediet the
density of FAME with an acceptable outcome when
compared with experimental data, In the same vein,
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Mitra et al. [62] used regression analysis to predict the
viscosity, density and high heat value (V) of FAMESs
using their FA compositions. They reported that the
linear regression models generated results that are similar
1o those available in literature. Saldana et al. [63]
predicted the density and kinematic viscosity of FAME
using machine leaming methods including ANN and
support vector machines (SVM). The difference between
the predicted value and experimental results were within
acceplable limits. Aminian and ZareMezha [64] used soft
compuiing models including WM, an adaplive neuro-
Tuzzy inference system (ANFIS), and feedforward ANN
maodel trained by genetic algorithm (GA) to predict the
viscosity of BI00 FAME and reported a correlation of
determination and ARD of 0.9%4 % and 2.51 %
respectively. In the same wvein, Eryilmaz et al. [65]
harnessed an ANN model to prediet the kinematic
viscosily of pure hazelnut oil methyl ester (HOME) and
reported an R of 099998 and RMSE of 0.00149
confirming the applicability off ANN as an elTective
method for property prediction for FAME. Saldana et al.
[63] and Cevla Ozgiir and Erdi Tosun [66] applied ANN
te predict the density and kinematic viscosity of biodiesel
and recorded a reliable outcome which was in good
conformity with experimental results. However. the
predicied properties were neither compared with ASTM
or EUJ FAME standards nor were attempts made to
determine the optimal mix. Al-Shanableh et al. [67]
explored 9-6-3 back-propagation ANMN to predict the cold
flow properties (CFP*). namely, cloud point (CP), pour
paint (PP), and cold filter plugging point (CFPP) of
FAME with 98 %. 94 "% and 96 % accuracy.
respectively, and the predicted values were in agreement
with experimental data. The model further revealed that
the CFP of biodiesel were influenced primarily by
saturation or unsaturation of FA  components. The
applicability  of the MATLAB  maodel, particularly
ANFIS, to predict kinematic viscosity (KV), iodine value
(IV), CP, and PP, were confirmed by Mostafa Mostafaei
[68]. and the outcome showed that correlation cocefficient
(Rs} of 0,989, 0996, 0938, and 0.981 for KV, IV, CP,
and PP respectively. However, the predicted properties
were not compared to existing standards and ne optimal
candidate was discovered, Giwa et al, [69] predicted the
cetane number (CN). kinematic viscosity. flash point
(FP), and density and used experimental data collected
from some samples of FAME to validate the efficacy of
the property prediction model. The outcomes revealed
that the ANN prediction accuracy was 96,69 %, 95.80 %,
99.07 %, and 99 40 %, and average absolute deviation of
1637 % 1638 %, 0,997 %, and O.101 % for cetane
number, kinematic  viscosity, FP, and  density,
respectively, confirming the prediction accuracy, In the
same vein, Rocabruno-Valdés et al. [70] reported Rs of
091946 1w 099401 and a conlidence level of 99 %
compared with experimental values when ANN was
utilized 1o predict the density, dvnamic viscosity, and
cetane number of BLOG FAME. This is a further
confirmation of ANN as an accurate property prediction
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madel for FAME thereby reducing experimental time
and costs. The prediction was not extended 1o predicting
the optimal FAME candidate that could produce the best
possible engine performance and reduced emissions.
From the foregoing, it is possible to say that well-
trained ANNs have been employed on numerous

oecasions o predict FAME properties. The outcomes of

the predictions were in conformity with established
global standards for FAME and fall within acceptable
accuracy and correlation coefficient. However, CFD has
not been used o predict FAME properties. One obvious
gap in the literature is the inability of researchers to use
the various numerical approaches available to unearth an
optimal FAME candidate.

V.2, Engine Performance and Emission
Characterisiics Predicifon

Sharon et al. [71] engaged a MATLAR SIMULINK
madel to train an ANN to predict the brake power,
BSFC, BTE, NOx, HC. CO and smoke density of a C1
engine fueled with esters from WCO. The trained ANN
made a good prediction of the parameters within
acceptable correlation coefficients. However, the authors
did not predict the FAME candidate that could produce
optimum  engine  performance and  emission
characteristics reported that the trained ANN gave a
better prediction of the parameters within the aceeptable
correlation coefficient. In a similar vein, Sharma et al.
[72] developed an ANN model for the prediction of the
performance and emission characteristics of a Cl engine
fueled by FAME. The predicted data agreed with the
experimental data with Rs of 0.99946, (.99968, 0, 9996?
099899, 0.99941 and (0.9999] for the BSFC, BTE, E
MNOx, smoke and UHC emissions. mbpi.‘tll.\'.]\ m.h.m.l
etal. [73] used ANN to predict the values of some engine

performance and emission parameters and reported Rs ol

0.982, 09851, 0.9979, 0.9859, and 09781 for BTE.
BSFC, CO, smoke, and NOx respectively. Silitonga et al.
[74] explored ANMN based on a back-propagation
algorithm to predict the performance and emissions ol a
common-rail turbocharged CI engine using MATLAB.
The rescarchers reported that ANN is a reliable
prediction model whese outcome  was  validated by
experimental results. They further reported Rs ranging
between L9798 and 0.9999 for the ANN maodel and

experimental data set. With a regression coefficient of

099360, ANN was reported to be a reliable model for
predicting the performance and emissions characteristics
of FAME when a Kirloskar AVL, four-stroke  direct
imjection (D). CI test rig was fueled with FAME [75].
An ANN model was applied by Kshirsagar and Anand
[76] to predict the BTE. BSEC. EGT. CO, CO,. UBHC.
N0, and soot of a single cylinder, four stroke, DI, 3.7
kW, €1 engine. The model signposted  striking
conformity as Rs were in the range of 0.99879 o

099993 and mean ahsolute percentage ermor (MAPE) of

087 % to 4,62 %. In their research, Roy et al. [77]
reported Rs of between 0.987 and 0,999, and MAPE in
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the range of 1.1 % to 4.57 % when they trained ANN to
prediet the BSFC, BTE, €02, NOx and PM of an
unmodified single cvlinder four-stroke  common-rail
direct injection CI engine. The trained ANN model was
reporied to predict the investigaled parameters with
excellent  agreement  with  experimental  results.
Karthickevan et al. [78] developed an ANN model to
prediet the performance and emissions characteristics of
orange oil methyl ester (OME). They reported an overall
regression  coefficient of  0.99129 and MSE  of
0.00006189. In experimental and ANN studies of the
effects of safflower oil biodiesel on engine performance
and exhaust emissions in a Cl engine, it was repoited that
ANN accurately predicted the performance and emission
characteristics of the parameters within  acceptable
correlation coefficients. This confirmed the usefulness of
ANN as an elTective prediction model, when properly
and sulliciently trained [79]. Kuma et al, [80] employed
random  selection  and  clustering  algorithms  to
demonsirate the applicability off ANN o predict the
performance and emissions of a Cl engine fueled with
WOOME. The outcome of the ANN prediction models
was reporled 1o be in accord with the experimental
results of the parameters. In the same vein, the result of a
trained AAN model to forecast the BTE. specific fuel
consumption, EGT, COs, CO, hydrocarbons and NOx
confirmed the efficacy of ANN models. The models
accurately predicted these parameters within acceptable
correlation between the experimental and predicted data
with reduced time, costs and effort expended in
conducting  muliiple  experimenis  [81]. The model,
however, failed to predict prime engine performance and
reduced emissions in line with global benchmarks. Hosoz
et al. [82] wsed a MATLAB fuzzy logic toolbox to
develop an ANFIS model to prediet the performance and
emission characteristics of B100 FAME. The developed
and trained ANFIS model yielded good Rs of 0,940 to
1,000, MRE of 1,40 % to 27.40 %, and absolute fractions
of variance of 0L9863 to (.9998 on the outcome of the
model in relation to BSFC, BTE. HC and NOx when
compared with experimental  data. A single zone
combustion model was employed to predict engine
performance of a Cl engine fueled with unblended
FAME with reports showing that the outcomes were
validated experimentally and found to be within
acceptable ARD limits [83]. Al Dawody et al. [84] and
Paul et al. [83] used a diesel RK model and combustion
and pollutants formation sub-models to predict BSFC,
BTE. CO. UHC, and PM of a FAME fucled CI engine,
The outcomes were within acceptable ADR limits
[86]. Both ANN and CFD have been successfully utilized
to predict C1 engine performance criteria and emission
characteristics and the outcomes of these predictions
apree substantially with experimental results and fall
within acceptable accuracy and correlation coefficients,
However, the predicted engine performance was
helow established standard requirements for Cl engines
and the emission characteristics higher than emission
benchmarks set by USEPA and EUL In addition, optimal
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characteristics were not predicted by the numerical
approaches. Sadly. there has not been anv cffort
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meet emission regulations.

TABLETI

SOME FAME PROPERTIES, STANDARDE, AW EFFECTS [10], [16]-] 18]

determine the optimal FAME mix that will produce
optimal engine performance and reduced emissions that

Tanla Fuel Parameters predicted Resuli Rel’
Analytical correlation FAME CM, KV, HHY, and density «  Predicted results agree with data |38]
Muliple linear - - i #  Predicted data agrees with experimental data
regression FAME Density #  FPredicted parameters conform to recognized standards 391
Linear regression FAMLE KV, HHY. and density & The outcome of the prediction agrees with experimental data [0
ANN FAME KV and density &  The ldifr'mnoe bem\ee_u the uredi.ct.ed_ outcome  and [41)
experimental data were within acceprable limits
. . . o «  Comrelation of determination of 09964 and ADR of 2 5%
ANN Bl wea Wiscosity «  Predicted value conforms with standard 421
. . . #  R-value of 0999986 and RMSE of 000149
ANN B100 HOME RV #  Predicted value agrees with the standand value 143
- . . . ®  Predicted data agrees with experimental data
- ANN BIOWCO Density and K *  Predicted parameters conform with recognized standards [
& T . . +  MAPE of 16.89% and 0.02% for viscosity and density
% ARN B160 Density and KV *«  Predicted parameters conform with recognized standards 1441
£ #  Predicted data agree with expenmental data with prediction
. . - Cold point, pour point, and aceuracy between 94 % and 98 %40 -
ANN FAME cold filter plugging pomt «  Predicted  parameters do oot conform with  recognized 1431
standards
®  Revalue of 0989, 0,095, 0,938, and 098] for KV, IV, CP, and
AMNFIS BLOD WCOME EV, IV, CF_and PP PP respectively |46]
#  Predicted propertics conform to global standards
«  High prediction acouracy and accepiable average absoluie
ANN FAME CN, FP, KV, and density deviation [47]
#  Predicted parameters conform with recognized standards
I oo Bovanes Trom 091946 10 (1994401
ANN B100 FAME ml‘ﬁ'?ﬁ’;;::‘:s@' & Predicted parameters do not fall within prescribed recognized  [48]
standards
*  Correlation coefTicients of between (99849 and 05999
ANN R10OWCQ BSFC, BTE, Nk, HC, OO, & Predicted NOx emission higher than global benchmark [49]
and smoke «  Optimum performance criteria and mitgated emission were
bot predicted
#  Predicted data agree with experimental data
ANN FAME BSFC, BTE, EGT, NOx, Nk emission higher than global benchmarks for Cl engine (50]
) : smuoke, and LHC # Optimal engine performance and emission characlerisics were
not predicted
*  Mimmum  dispanty between  the  prediwted  and  the
ANN B10GWCO BTE, BSFC, CO.' smuoke, and cupcrjmcnlal. values ) o 151)
N *  Optimal engine performance and emission characteristics were
not predicted
§ *  AMNN gave a reliable prediction which was in agreement with
Z ANN TOME BSFC. BTE. EGT, NOwx, CO, experimental data [52]
£ OO and smoke opacity  «  Optimal engine performance and emission characteristics were ©
'g nol predicied
b ®  AMNN gave a reliable prediction of the parameters which were
% ANN FAME BTE, BSFC, €O, COy, NOx, i agresiment with experimental result (53]
< : : ) HC and EGT #  Optimal engine performance and emission charactenstiics were
= not predicied
H . BN #  Predicted data m conformity with expenmental data
2 ANN FAME RTTUESECN%G;E&'EO:' * Opumal engine performance and emission characteristics were  [54]
= T ol predicred
= . RTE . #  Predicted data is close to experimental data
ANM FAME BSFC, BT L';"f" NOx, and | Optimal engine performance and emission characteristics were  [55]
not predicted
# Lower engine performance and higher emission were predicted
ANN OME BTE. BSFCHI?J, MO, and by the model ) ) 1361
&  Optimal engine performance and emission charncterisiocs were
not predicied
#  Acceptable  prediction  securacy  and  variations  wathin
ANN SOME BTE, BSFC, C0y, OO, HE, aceeplable limits 1571
: and Nk Optamal engine performance and emission charlenistics were
not predicted
ANN WOOME  BIE, BSFC, EGT, NOx., CO e 60 % w 1080 % prediction efficiency were achicved | 58]
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Tools Fuel Parameters predicied Resul Ref
UBHC, and smuoke &  Higher BSDC and MO emissions were predicted
®  Optomal engine performance and emission characleristics were
not predicted
®  Acceptable  prediction  accuracy  and  variations  within
. BTE, BEFC. EGT, NOx, CO, acceptable limits -
ANN BI0O COyand HC +  Opiimal engine performance and emission characteristics were 1391
not predicted
# Predicted results agree with experimental data and within
acceplable limits.
ANFIS BIO0 FAME  BSFC, BTE, HC, and NO -« Engine performance lower than global requiremenis [60)
*  Dptimal engine performance and emission characterisiics were
not predicted
»  ARD of engine performance characteristics between 2.2 % and
S 25%
T FAME BTE, BSFC, FGT al
c - BSFC. BQY Optimal engine performance and emission charactenstics not [61]
predicied
«  Cutcomes of prediction were validated expernimentally
CrD Bl BSFC, CO, UHC. and NOx «  FAME propertics were not predicted 162
#®  The optimal candidate was not predicred
_— - . #  Outeomes of predicion were validated expermentally
oo pioo  BSFG BT':N;{:' UHE.and . ¢ ME propertics were not predicied [63]
#  The optimal candidate was not predicted
V. Conclusion efliciency, One such effort is the generation of seis of
i i ) linear correlations based on the FA compositions of the
The need o explore numerical approaches to predict  FAME for property prediction in line with established
the propertics. engine performance and emissions of 1€ qpdards, The selected properties are such that they
engines are ad\-ancmg_ rapidly owing to ils nbw!mus influence combustion and  performance  crileria. A
advantages over real-time engine testing. Numerical  gojytion which can maximize the objective function, and
prediction approaches are faster. accurate. novel. e constraints, is expeeted to yield a FAME candidate
cheaper, flexible, can be adapted to forecast and predict with the requisite properties capable of producing
“what=if”" situations, and eliminate all the challenges improved engine performance and reduced emissions.
“55“_‘:_“‘"""3 with . |_ﬂb"“fl“r-" _engine - testing. ANN, Simulation of engine  performance  and  emission
MATLAB and CFD simulation software have been  opapcieristics can be carried out by a viable numerical
extensively used by various researchers to predict FAME tool and can be expected to vield acceptable parameters
properties.  engine  performance and  emission  yhich can then he verified by the necessary experimental
characteristics with acceptable ADR, This has advanced measurements and engine tests, Going forward, efforts
the course of engine research with the aim of improving || he geared towards the use of numerical and optical
the FAME fingerprint, improve engine performance and ypsraaches not only 1o predict but also 1o obtain an
mitigale regulated emissions in C1 engines. High  opjima) mix candidate for improved performance and at
capacity modeling tools including high-speed cameras  jocentable emission standards. A niche to fill research
and techniques have been used in advanced engin  gqn¢ in the emerging alternative fucls and high-speed
research laboratories to predict, measure and control fuel  1¢Es 1 numerically unearth the right biofuel in terms of
cconomy.  engine  performance and emission oo apolicability, efficiency and availability cannot be
characteristics of 1C engines. Specifically. phase PDL gpiphed. The use of linear regression. MATLAB.
cr!duscopy and I:?scr-l'ralsr.'dl measurements h"l"‘" 'u”.“d machine learning, CFD, modeling and  oplimization
wide acceptance in utilization and accuracy in engine approaches, finite element analysis and other soft
research by allowing rescarchers oplical access 1o the computing technigues will be cxpl::rcd.
combustion chambers so as to be able to accurately
predict the outputs of combustion processes. High-speed
cameras combined with appropriate numerical tools are Acknowledgements
highly effective and efficient and have provided an - -
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CHAPTER 3: PROPERTIES PREDICTION AND OPTIMIZATION
TECHNIQUES FOR SYNTHESIS OF FATTY ACID METHYL
ESTER

This chapter examines the use of property prediction and optimization techniques in biodiesel
research as a panacea in relation to cumbersome and costly real-time laboratory experiments. It

consists of three articles.

Acrticle 1 explores the application of the Taguchi OA for the modelling and optimization of
production of biodiesel. The advantages of Taguchi OA over the conventional one-variable-at-a-
time experimental method was explored to determine the optimal parametric conditions for the
transesterification of waste sunflower oil. Taguchi OA was found to generate a cost-effective and
time-saving trajectory from waste sunflower oil to waste sunflower methyl ester. The article was

published in the proceedings of The World Congress on Engineering, 2019, London, U.K.

Awogbemi, O., Inambao F., and Onuh E. I. (2019) "Modelling and Optimization of
Synthesis of Waste Sunflower Methyl Ester by Taguchi Approach," Proceedings of The
World Congress on Engineering 2019, 3-5 July 2019, London, U.K., pp137-143. ISBN:
978-988-14048-6-2. ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online). Available on
http://www.iaeng.org/publication/WCE2019/WCE2019 pp137-143.pdf. (Published)

Acrticle 2 compares the use of response surface methodology and Taguchi OA for the modelling
and optimization of the biodiesel production process. The process parameters for
transesterification were optimized for cost reduction and conversion efficiency. The article has
been accepted for publication in the International Journal of Engineering Research and

Technology.

Awogbemi, O., Inambao F., Onuh E. I. (2019). “Modelling and Optimization of
Transesterification of Waste Sunflower Oil to Fatty Acid Methyl Ester: A Case of
Response Surface Methodology vs Taguchi Orthogonal Approach,” International Journal
of Engineering Research and Technology (IJERT). International Research Publication
House. (Accepted for publication)
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Article 3 surveys the application of linear regression for the prediction of properties of biodiesel
using FA composition as inputs. Linear equations were generated in terms of five commonest
FAs (palmitic, stearic, oleic, linoleic and linolenic) to predict the density, cetane number, calorific
value, and kinematic viscosity of FAME. The predictive capabilities of the models were verified
using experimental data mined from literature. The outcome of the research has been accepted for

publication by the Journal of Engineering and Applied Sciences.
Awogbemi, O., Inambao F., Onuh E. 1. (2019). “Application of Multiple Linear
Regression for the Prediction of some Properties of Biodiesel using Fatty Acid

Compositions,” Journal of Engineering and Applied Sciences (JEAS). Scientific
Research Publication Company (Accepted for publication).
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Modelling and Optimization of Synthesis of Waste
Sunflower Methyl Ester by Taguchi Approach

Awogbemi, O, Member, IAENG, Inambao, F. and Onuh, E. L

Abstrace— The application of uzed vegetable oil az feedztock
for the zyntheziz of biodiezel haz been found to be affordable
and doez not interfere with the food chain. This present study
applied L16 Taguchi dezizn to optimize the catalytic
tranzezterification of wazte sunflower oil to waste zunflower
methyl ester (W5SME)., The predicted optimized conditions
were catalyzt: oil ratio of 2.5:1, reaction time of 75 min,
reaction temperature of 90 °C, catalyst particle zize of 55 pm
and methanol:oil ratio of 8:1. The contribution factor of the
significant process parameterz iz found to be 49.04 % for
catalyzt:oil ratio, 25.32 % for reaction temperature, 15.44 %3
for catalyst particle zize, and 6.65 % for reaction time, The
analyziz of variance prezemted a p-value of 0.0047 and a
correlation coefficient of 09945, The actual fatty acid (FA)
conversion is im satisfactory agreement with the predicted
valae. Thus, the optimization of the percentage FA converzion
uzing Taguchi design generated optimal parametric conditions
for the cost-effective and time-zaving transesterification of
waste sunflower oil to WSME,

Index Terms—ANOVA, fatty acid, optimization, Taguchi
dezign, tranzesterification.

I INTRODUCTION

The buming of fossil foel to generate energy has come
with lots of damaging consequences incloding air pollution
which has led to continuous depletion of ozone layer,
emission of gresnhouse gas and particulate matter, the
formation of smog and escalating global temperature. The
application of derivatives of fossil fioel, particularly
petrolenm-based diesel (PBD) fuel in compression ignition
(CI) engines are not only costly, requires highly technical
refining process and architecture but also result in not-too-
impressive engine performance and emission of regulated
gases. When compared with spark ignition engines, CI
engines have gained acceptance in on-road and offroad
applications partly due to its strength, greater torque, better
durability, better fuel economy, superior thermal
efficiencies and higher power cutput [1]. However, the
combustion of PBD fuel in CI engines heightens the
emission of particulate matters (PM), carbon dicxide (CO,),
sulphur diomide (80.), nitric oxide (NOx), polycyclic
aromatic hydrocarbens (PAHs), volatile organic compounds
(WVIOCs) as well as other unregulated but dangerous gases
which are harmfil to the environment [2] which are major
precursor of global
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and utilization of PBD fuel will continue to emit higher
carbon and other greenhouse gasses with its attendant
effects warming. The exploitation, extraction, refining of
fossil fuel on the emviromment and deterioration of air
quality. The remedy to thiz situation is to invest in
oxygenated fuels like biofuel (bicethanol and biodiesel) as
viable alternatives [1, 3].

Biodiesel alzo branded as fatty acid methy] ester (FAME)
iz generated from straight vegetable oil through various
techniques  including  pyrolysis, catalytic  distillation
transesterification. microwave technology. microemulsion
supercritical methanol [4-6]. Transesterification is the
reaction of feedstock (oil) with alcchol (methanol or
ethanol) in the presence of a catalyst (homogeneous,
heterogensous, enzyme) to  synthesize biodiesel and
glycerol. The advantages of the transesterification method
include its low cost, high conversion efficiency, suitability
for household and industrial adaptations, and the closeness
of the properties of the product to PBD fuel [7, 8]. The
choice of used vegetable ol az a biodiesel feedstock is
reinforced by its affordable cost, availability, and non-
interference with food security. Collection of used vegetable
oil from consumers will prevent its unlawfinl disposal which
usually results in blockage of drains and polluting terrestrial
and aguatic habitats [9-11].

The application of conventional one-variable-at-a-time
(OVAT) experimental technique is expensive, tithe-
consuming, requires huge laboratory architecture and has
not been able to unravel the mutual understanding among
the parametric variables. OVAT iz also deficient in
identifying the significant parameters and the contributing
factor of each parameter. In order to solve this problem,
OVAT iz often replaced by the use desipn of Experiment
(DoE) software, which has the capacity to acquire most of
the needed information from a minimum exposure of
carefully scheduled experiments by concumrently altering all
the process factors. DoE slashes the number of experimental
runz, saves time, chemicals and feedstocks. and uncover the
mutual interaction among the process independent
parameters and the response [12, 13].

Taguchi orthogonal approach (QA) is easy to use, fast and
suitable optimization tool that has effected desirable
outcomes working within smaller interactions of parameters.
In research, Buasti et al. [14] applied Taguchi L9 OA to
optimize the process parameters in the transesterification of
palm oil to FAME using caleined scallop waste shell. the
researchers reported the effectiveness of Taguchi design to
determine the optimal reaction conditions. Similarly, Singh
and Verma [13] used Taguchi's L27 OA for the
optimization of the process parameters in the generation of
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methyl ester from waste cocking cil and reported that the
approach predicted the optimum condition and the
interactions between the parameters and the response. The
application of Tapuchi desish to optimize process
parameters in the transesterification of various feedstocks to
biodiesel has been reported to have favourable cutcomes
with four to five variables investigated. These attempts have
yielded optimum operating conditions, mutual interactions
among the independent parameters as well as determining
the contributing factors of each variable [16-18].

Thiz stody aims at optimizing independent parametric
conditions for the transesterification of waste sunflower oil
(WSFO) to waste sunflower methy] ester (WSME) uvsing
Ca0 catalyst produced from high-temperature calcination of
waste chicken eggshell The optimization of parametric
conditions (reaction time, reaction temperature, catalyst
amount, catalyst particle size and methanol to oil ratio) to
predict free fatty acid (FFA) conversion using the Taguchi
design will interrogate the relationship between the
responses and the independent variables. The level of
significance, the mufual interactions, and the contribution
factor of the wvariables will be systematically established.
The motivation is to unravel a model equation capable of
predicting the responses within acceptable limits with the
minimum number of experimental runs. To thiz end, the
scope of this present study iz limited to the adoption of the
Taguchi method to meodel an equation to predict the
responses within the set parametric factors and levels. The
analysis of variance (ANOWVA) of the resulting model will
be camied out to estimate their implication and the
parameters of the preferred model are uncovered using non-
linear regression technique.

0. MATEERIAL AND METHOD

A Muterials collection and preparation

Waste Sunflower (WSFO) sample was collected at the
point of disposal from a takeaway outlet beside Howard
College, University of KwaZulu-Natal (UKZN), Durban.
The oil has been used repeatedly for fourteen (14) days to
frv potate chips. The oil was heated to 110 "C and filtration
to remove moisture and impurities. The acid value of the
waste oil was determined in line with the American Oil
Chemists' Society (AOCS) Ca 5a-40 standard [19].

Waste chicken egpshells were collected from restaurants
at the Howard college campus® cafeteria, UKZN. The inner
white membrane adhering to the shells were removed,
washed and rinse severally with deionized water. The clean
shells were oven-dried, pulverized and passed through a 75
um sieve mesh. The resulting powder was subjected to high-
temperature calcination of 900 “C for 3 hours as described in
our earlier work [20]. The eggshell powder was subjected to
x-ray diffraction (XFD) and scanning electron microscope
(SEM) characterization. The calcined eggshell powder is
later warehoused in an airtight glass vial in a desiccator to
prevent contamination and omidation. Methanol (analytical
grade 99.5 %; Merck, South Africa. univAR) was used as
alcohol

B Transesterification process

Transesterification of WSFO was carried out in a 300 mL
flat bottom flask. The acid value of WSFO allows for one

stage transesterification process. The filtered WSFO,
methanol and calcined Ca0 derived from waste chicken
egpshell powder were mixed in a flat bottom flask and
heated to predetermined. A digital thermocouple was
utilized to verify the temperature of the reacting mixture
throughout the duration of the experiment. Different catalyst
concentration, reaction temperature, reaction  time,
catalystoil and methanoloil ratio were used during each
batch of the transesterification process. A magnetic stirrer at
1200 rpm was used to ensure homogeneous mixing of the
reacting solution throwghout the process. The resulting
mixture was thereafter filtered in a vacuum filtration set up
to recover the catalyst. The filtered mixture was transferred
to a separating funnel and permitted to settle for 12 hours
and the glyeerol coagulated at the bottom of the separating
funnel. The glycerol is drained out and the remaining crude
biodiesel iz decanted without the glycerol layer and
transferred into a glass container for further purification and
analysis.

The FAME conversion (%) of WSFO to biodiesel were
estimated by;

Weightpeigryesrol= Weidht pisdieset
Weightpootivset

100% (1)

FFA conversion % = X

C. GCMS analysis of WSME

The fatty acid composition of the WSME was determined
uging a Shimadzu gas chromatography-mass spectrometer
(GCMS) using an ultra-alloy-3 capillary column and
GCMS-QP2010 Plus software. A 2 pl. sample was injected
in splitless mode, helivm served as the carrier gas and the
total time was 39.81 min The column temperature profile
was as follows: 50 °C for 60 s; then increased at 15 “C/min
until 180 *C held for 60 s; then increased at 7 °C/min until
230 °C held for 60 s; then increased at 5 “C/min until 350 °C
and held at 350 °C for § min.

D Statistical analvsis by Taguchi dasign

In order to effectively use the Taguchi design pilot
experimentation was conducted in triplicates to determine
the independent and dependent parameters and their levels
for FEA conversion. A suitable optimization technique was
thereafter selected and assign parameters accordingly. The
optimization tocl was applied to generate a model equation
and the predicted response. If the model is significant, the
influence of the input parameters and the optimum factor of
the sipnificant process  parameters are  estimated
appropriately to determine the best value of the response
characteristic. The analysis of varance (ANOWVA) was
performed to unearth the significance of each parameter.
The predicted response compared with the experimental data
to determine the level of agresment.

III. RESULT AND DISCUSSION
This section comprises the statistical analysis of the
cutcome of the Taguchi design, characterization of the
catalyst and the GCMS analysis of the biodiesel.
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TAELEI
EXPERIMENTAL DESIGN MATRIY SHOWING THE ACTUAL, PREDICTED AND EESIDUAL VALUE
Run Fartors FFA conversion (%) Fegidual
A E C E Armal Value  Predicted Value
1 13 113 a 73 4 8543 8574 -0.31
2 135 o0 435 73 B 26.78 86.37 03g
3 1 o0 6 35 6 T8.32 T1.78 0.4
4 1 75 43 45 4 60.43 60.78 -0.31
3 2 150 43 65 6 813 51.95 0.54
[ 13 o0 73 435 10 TL48 -0.62
7 1 150 ar 45 B 7378 039
b 15 150 03 4 -0.31
2 2 T35 3736 0.54
10 2 o0 a6 4 031
11 15 113 oy 45 6 87.54 0.4
12 135 T35 a1 65 10 Bl4S -0.62
13 1 123 7365 8 T0.33 03g
14 1 150 oy 75 10 B4.66 0.6
15 2 123 43 35 10 7638 -0.62
14 13 T3 o) 35 B 87.54 0.39
TABLEN
ANALYEIS OF VARIANCE (ANOVA) OF MODEL AND PROCESE FARAMETERS
Source Sum of Contribution Deagree of Mhlean F p-valkue
Squares factor (%) freedom Sguare Value Prob = F
Model §64.05 - 12 5341 43.02 0.0047 Significant
A 3170 40.04 3 10930 58.81 0.0020
B 4448 5.63 3 14583 12.05 0.0352
C 16228 1532 3 56.43 4385 0.0033
D 123.27 1844 3 41.09 3339 0.0083
Besidual 3.69 0535 3 1.23
Cor Total 58864 100 13

A Analysis of variance (ANOVA) of the

transesterjfication process

The experimental design matrix of the actual predicted
and the residual valves are shown in table I The L16
Taguchi design brings up 16 muns. The actual FFA
conversion data were generated from the actual experiments
while the predicted data were generated by the model
equation. The residual is the difference between the actual
and the predicted values for each run The actual FFA
conversion ranges between 69.45 % and 2754 % while the
predicted FFA conversion ranges between 6976 % and
87.15 %

B Analysis of variance (ANOVA) of the

travsesterification process

Az shown in table II, the analysis of variance of the
selected factorial model and the process parameters show
that the model 15 significant. The p-value of 0.0047 indicates
there iz only a 0.47 % possibility that an F-value of 43.05
could happen due to noize. The value of probability = F less

The catalyst:oil ratic has the highest contribution factor
of 40.04 % making it the most significant parameter that
influences FFA  conversion followed by reaction
temperature at 23.32 % and the catalyst particle size with
contribution factor of 18.44 %. The calculated contribution
factor for reaction time was found to be 6.65 %, making it
the parameter with the least influence on the response.

The analysiz of variance from the model, as shown in
table I, of the cormrelation coefficient (R*). adjusted
correlation coefficient (R7,;). and the predicted correlation
coefficient (Rﬁr‘dj are 0.9945, 09724 and 0.8429
respectively. The value of R}, agrees reasonably with the
RZq; since the difference between thern is less than 0.2. The
adequate precizsion measures the signal to noise ratio. The
estimated value of 17393 indicates adequate signal and
preater than the 4 which is suitable. This confirms that the
model can be wtilized to traverse the design space. The
standard deviation is 1.11 while the coefficient of variance
i3 1.4 % which are low enough and a sign that the model can
accurately predict the optimuom conditions with elevated
accuracy [21-23].

than 0.0F signposts that the model term is significant. From TABLEII _

table ]:[, catabyet-oil ratiﬂ, reaction ti.me, reaction ST};LTI.\'IL{ .\.l.P.\k.\.\ij’-'}!:k?i{.:'ilnL.\l’F.bPI'Etm_ﬁNO\_ﬂn.rLr;\'al
- . . . arameter falue 'arameter [alue
terperature, and catalyst particle size are the significant Standard Deviation 111 R-Bouared 09943
factors that influence the response. The effect of the M 7927  AdiRSquared 09724
individual process parameters iz estimated by the CV. % 140 Pred R-Squared 0.8429
contribution factor (%4) vsing the following equation 2. PRESS 10302 AdeqPrecision  17.393
-2Log Likslthood 2154  BIC 37.89
ATCe 22994

% Contributing factor =
Fum of squares of the particular variable

Sum of sqaures af all the variables

(2)

100

C. Regression model equation
The analysis of the predicted regression model and the
different process parameter were carried out using ANOVA.
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The ANOVA has identified the significant parameters and
thetr contribution factor to the achievement of the response.
The analysiz of the regression model was done with the
sipnificant process parameters while neglecting the
insignificant process parameters using the model equation to
estimate the coefficient of each significant process
parameter. The regression model equation is shown in
equation 3.

¥ = 7927 — 352 = A[1] + 6.1 = A[2] — 5.1 = A[3] —
1.89 » B[1] — 1.21 + B[2] 4 0.76 » B[3] = 0.44 » C[1] +
0.53 « C[2] = 4.62 « C[3] = 3.65 + D[1] + 2.72 + D[2] =
1.73 + D[3]

(3)

where y =FFA conversion (%), A[1], A[2], and A[3] are the
catalyst:oil ratio at the first, second and third levels
respectively, B[1]. B[2], and B[3] are reaction time at the
first, second, and third levels respectively, C[1], C[2], and
C[3] are reaction temperature at the first, second, and third
levels respectively and D[1], D[2], and D[3] are the catalyst
particle size at the first, second, and third levels respectively
it line with the factors and levels described in table I The
FFA conversion predicted by the model equation (Equation
3) is in agreement with the actual FFA conversion as shown
in fig. 1, which confirms the effectiveness of the model to
predict the response.

Praictes FF& comarsian |%|

Bl FEA csfwertion (%)

Fiz. 1: The acmal FFA conversion (%) against predicted FFA conversion
()

D. Optimumn condition

Fesults achieved from ANOVA indicated that methanol:odl
ratic iz an insignificant factor in the prediction of FFA
conversion using the model established from Taguchi
desipn In order to achieve the best condition for FFA
conversion, catalystoil ratio, reaction time, reaction
temperature, and catalyst particle size are influential and are
termed as significant process parameters. In this study, the
optimum conditions are a catalystoil ratio of 2.5 %owiw,
reaction time of 75 min, a reaction temperature of 90 °C, and
catalyst particle szize of 55 pm.  These conditions,
summarized in Table IV, are encapsulated in run 16 which
also has the highest actual FFA conversion (table I).

Without a doubt, the mode] predicted the optimum response
in agreement with the actual data.
TAELEIV
Orrraus conmmioss For FEA conviERsom (%)

Parameter {umit) Optimnm vakle

A Catalyst: WEFO ratio (ow'w) 131

E: Reeaction time {min) 7

C: Rieaction temperztore (“C)

I Particle size of catalyst (um)

E: MethanolWEFQ ratio

[T
FORV R =V

E. Influence of process parameters on FFA conversion

1) Effect gf catalyst-oil rafio

Fiz. 4(a) shows the effect of catalyst:oil ratio on FFA
conversion. Catalystoil ratio was varied between 1 Yowiw
and 2.5 %w'w at a reaction time of 123 min reaction
temperature of 0 “C catalyst particle size of 75 pm and
methanol:oil ratio of 4:1. The maximum FFA conversion of
89 % was achieved at catalyst:oil ratio of 1.5:1 while the
least FFA conversion rate of 78 % was goften at the
catalystoil ratio of 2:0. Though FFA conversion at 2.5:1 is
also high, a catalystoil ratioc of 1.5:1 is preferred for
economic reasons [24].

20 Effect of reaction femperature

Fig. 4(bt) depicts the influence of reaction temperature
("C) on FFA conversion (%) when the catalyst-oil ratio was
maintzined at 2.5:1, reaction time at 123 min catalyst
particle size at 73 pm and methancl-oil ratio at 4:1. FFA
conversion reduced after the temperature of 50 "C. The
highest and least FFA conversion was achieved at 90 "C and
75 "C respectively. The reaction temperature of 90 “C,
which is higher than the boiling point of methanol can only
be achieved if the reacting container 15 covered to prevent
the evaporation of methanol thereby decreasing the
methanol concentration in the reacting mixture [25].

3 Effect of reaction fime
Fig. 4(c) shows the effects of reaction time on FFA

conversion when catalyst-oil ratio was maintained at 2.3:1,
reaction temperature at 80 “C, catalyst particle size at 75 um
and methanol:oil ratio at 4:1. The FFA conversion increases
with the increase in reaction time. Bokhari et al [26]
advocated sufficient residence time to allow for the reactants
to interrelate. However, with the use of a catalyst and the
reversibility of the transesterification process, prolonging
the reaction time might be costly and not advisable. A good
balance between reaction time and the temperature is
recommended for economical transesterification process
22].

4 Effect of catalyst particie size

With a catalystoil ratio of 2.3:1, reaction time of 123

mins, a reaction temperature of 60 "C and methanoloil ratio
of 4:1, maximum FFA conversion of 80 % were recorded at
35 um and 73 pm as shown in fig. 4(d). The four particle
sizes of the catalyst resulted in high FFA conversion as a
result of an increase in the surface contact area.
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Fig. 4 Effect of () catzlystioil ratio () reaction temperatare (c) reaction time (d) catalyst particle size on FFA conversion (%)

F. Characterization of the eggshell catalyst

The waste chicken eggshell powder was calcined at 900
“C for 3 hours and the ensuing powder was characterized. o ?
Fig 5 shows the XRD pattern and SEM image of the I
calcined Eggshell powder. The XED pattern of the calcined
waste chicken eggshell powder reveals that it contained 63.8
% lime (CaD), 249 % portlandite (CalOH),). 109 % % ]
caleium oxalate (C,H,Ca0:) and 0.4 % calcite (CaCO;). The
high Ca0 content 15 as a result of high-temperature

Calined s v

calcination which has decomposed the CaCQ; to Ca0 and o

CO:. The presence of Ca(OH), might be due to atmospheric 3

exposure during storage and analysis while the presence of f‘ ”"I

0.4 % CaCO, might be due to incomplete decomposition of L

CaCO, to CaO [27]. The SEM image shows that the a ! : ‘ ! oo

calcined waste chicken eggshell powder showed irregular
shape bonded together as apgregates with high specific
surface area. The high surface area will enhance
transesterification reaction and consequently improved FFA
conversion than uncalcined eggshell powder [23].

G. EFA composition of FAME

The acid value of the waste sunflower odl was found to be
0.72 mg/zg. making it suitable for the transesterification
process. The outcome of transesterification of waste
sunflower oil to waste sunflower methyl ester (WSME)
vsing calcined waste chicken eggshell was subjected to
GCMS analysis to determine its free fatty acid composition.
Fig. 6 shows the chromatograph of the WEME to determine
the FA composition The peaks in the chromatograph
indicate the individual FA. The WSME contains 73.72 %

‘urnsatl.uated FA and 26.28 % saturated FA as shown in Table b — o i e

Fig. 5: (a) 3FD pattern (v)5EN image of calcined wasta chicken eggzhall
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Fig. §i: Chromatograph of the FA composition of FAME from GCMS

TABLEV
EEEULT OF THE FA COMPOEITION OF WEME

Iame % Compositian (WEME)
Palmitic acid 15.10

Linoleic acid 2414

Behenic acid 073

Samrated fatty acid 26.23

Unsaturated fatty acid 73T

Tatzl 100

IV. CONCLUSION

The L16 Taguchi design has been applied to optimize the
FFA conversion in the transesterification process of WSFO
to WSME using calcined waste chicken eggshell. The model
has been adjudzed significant and regression model equation
has predicted the response with 95 % assurance. The actual
FFA conversion and the predicted FFA conversion has been
found to be in apreement. The ANOVA results showed the
coefficient of correlation and adjusted coefficient of
correlation are 0.9943 and 0.9724 respectively. Also, the
significant process parameters and their contribution factor
have been found to be catalystWSFO ratio of 49.04 %,
reaction temperature of 2332 %, catalyst particle size of
18.44 % and reaction time of 6.63 %.

The optimum operating conditions for FFA conversion
was found to be 2.5:1 catalyst:WEFO ratio, reaction time of
73 min, reaction temperature of 90 "C, catalyst particle size
of 53 pm and methanol:WSFO ratio of 8:1. The XED and
SEM analyses of the eggshell catalyst showed the
effectivensss  of  high-temperature  calcination in
decomposing CaCQ; to Ca0 for effective transesterification
reaction. The application of Taguchi OA has reduced the
number of experimental runz to 16 and ensure a cost-
effective transesterification of waste sunflower oil to FAME
when compared with the conventional one-variable-at-a-
time method.
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Abstract:

Determining the cost-effective process combinations that will achieve prime fatty acid methyl
ester (FAME) is laborious, onerous and time-wasting using the experimental process; this has
necessitated the need for modelling and optimization tools. This research study, utilizes and
compares regression models developed by central composite design of randomized response
surface methodology (RSM) and L16(4”15) Taguchi orthogonal approach for the optimization of
five process parameters to predict FAME vyield (%) for the transesterification of waste sunflower
oil (WSFO). The process was catalyzed by calcium oxide developed from high temperature
calcination of waste chicken eggshell powder. RSM predicted an optimum FAME yield of ~91
% at process parameters of 1.5 %w/w catalyst: WSFO ratio, catalyst particle size of 50 um for a
reaction time of 60 min, reaction temperature of 55 °C; and, methanol: WSFO ratio of 6:1 in 32
runs. Taguchi, on the other hand, predicted a prime FAME vyield of ~61 % under process operating
parameters of catalyst: WSFO ratio = 1:1 %w/w, catalyst particle size = 75 um, reaction time =
45 min, reaction temperature = 45 °C; and, methanol: WSFO ratio = 4:1 in 16 runs. The calculated
coefficient of determination (R), adjusted R, and coefficient of variance were found to be 0.8167
%, 0.7743 % and 3.83 % respectively for the RSM method and 0.9085 %, 0.7711 % and 4.03 %
respectively for the Taguchi method. RSM predicted marginally higher FAME yield but Taguchi
was substantially more cost-effective owing to 50 % fewer number of runs.

Keywords: ANOVA, FAME vyield, optimization, response surface methodology, Taguchi

I. INTRODUCTION

Global warming, increased concern about emission of greenhouse gas, air pollution, explosive
population growth, rapid industrial development, continuous depletion of petroleum fuel sources
and the need for locally available energy sources has necessitated the quest for countries to survey
alternative energy sources that are feasible, affordable, beneficial, and sustainable. The target
energy sources are expected not only to minimize air pollution, slash global warming emissions,
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generate new jobs, create new industries in the value chain, expand power and energy supply,
lessen reliance on coal and other fossil fuel sources but also to steer nations towards a cleaner,
safer and healthier fuel and energy future. In order to meet this goal of switching from traditional
pollution causing petroleum-based fuels, researchers have paid a great deal of attention to
development and testing of renewable energy sources. Biofuel, consisting mainly of bioethanol
and biodiesel, produced 2.8 % of world energy consumption in 2015 and 3.1 % in 2017 [1] and
is projected to increase to 3.8 % by 2023 [2]. Various countries, have through their renewable
energy policy, set targets for renewable energy application. Usage and applicability of renewable
energy in transport increased from 2.6 % in 2011 to 3.4 % in 2018 and is projected to increase to
3.8 % in 2023 as shown in Fig 1. In the same vein, biodiesel production is projected to continue
to increase, particularly for the United States of America, Indonesia, Brazil, Malaysia between
2017 and 2023 as shown in Fig 2.

3 4
2 +
1 4+
0 - i i i i i i i i i i i i |

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Share of renewable transport (%)

Figure 1. Global share of renewable transport (%) 2011 - 2023 [2].

Billion Litres

us Brazil Malaysia Indonesia

Figure 2. Projected change in biodiesel generation between 2017 and 2023 [103].
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Biodiesel, which is usually referred to as fatty acid methyl esters (FAME), is not only a
renewable, friendly, easy to produce, but also environmentally pleasant fuel for compression
ignition (CI) engines. It is generally produced from a range of feedstock including animal fats,
algae, vegetable oils, and other renewable biological sources. Among the proven methods of
FAME production, namely, thermal cracking (pyrolysis) [3], microemulsion [4], hydrocarbon
blending [5] etc., transesterification is the most common due to its simplicity, low equipment
outlay and higher conversion efficiency [6]. The transesterification process is a reversible
chemical reaction process where glyceride reacts with alcohol to generate biodiesel with or
without catalysts. The alcohol can either be methanol or ethanol while the catalytic process is
enhanced by acid, alkaline or enzymatic catalysts. After transesterification, the crude biodiesel
must be purified to comply with international standards such as EN 14214 or ASTM D6751.
Major benefits of biodiesel include its similar cetane number compared to petrol based diesel
(PBD) fuel which allows high combustion efficiency, 90 % biodegradability within 21 days,
reduced emission of hydrocarbon (UHC), carbon monoxide (CO), particulate matters (PM),
sulphur oxide (SO;), and aromatic compounds, and, compared to PBD fuel, low toxicity, high
lubricity, more complete combustion and engine performance, safe handling, conversion of waste
to fuel as well as other social, and economic benefits. In spite of these advantages, increased NOx
emissions, high production cost, food security threat, etc. are among the shortcomings in the
application of biodiesel [7, 8]. The application of used or waste cooking oil (WCO) to synthesize
biodiesel will assuage the almost prohibitive cost of feedstock, prevent food crises arising from
the utilization of edible vegetable oil as feedstock, as well as help in the proper disposal of WCO
thereby preventing contamination of aquatic and terrestrial habitats.

Various techniques including response surface methodology (RSM), Taguchi orthogonal
array [9], artificial neural networks (ANN) [10], matrix laboratory (MATLAB), Simulink,
adaptive neuro-fuzzy inference systems (ANFIS) [11], Box-Behnken design [12], and genetic
algorithm (GA) [13] have been engaged to optimize the transesterification of vegetable oil to
FAME. These techniques can be used individually, in combination or comparison with other
techniques using soft computing methods to optimize FAME production. The employment of
RSM and Taguchi for the modelling and optimization of the transesterification process are
documented in the literature. Karmakar et al. [14] explored the Taguchi orthogonal design to
optimize biodiesel generation using castor oil as feedstock and reported that the tool yielded an
affordable and sustainable optimization technique for synthesizing biodiesel from castor oil.
Dhawane et al. [15] also employed the Taguchi orthogonal approach for the parametric
optimization of generation of FAME using edible vegetable oil as feedstock and reported that the
approach was easy and productive. Other research has supported the efficacy and effectiveness
of Taguchi to successfully optimize the transesterification process and to achieve the lowest cost
possible [16, 17]. RSM has been employed to design experiments, develop empirical models, and
perform optimization of transesterification of oil to biodiesel as well as for property prediction
[18-21].

Najafi et al. [22] applied a combination of ANN, ANFIS and RSM to estimate, predict
and optimize the parametric factors that influence biodiesel yield during transesterification and
reported that the models successfully predicted biodiesel yield and the outcomes were validated
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by the experimental data. The application of Taguchi method to predict and optimize the biodiesel
production parameters has been reported to yield acceptable conditions for the economical
generation of biodiesel from various feedstocks through the transesterification process [14, 15,
23]. Tan et al. [9] used the RSM and Taguchi methods for the optimization of transesterification
of WCO to biodiesel and reported that the statistical tools provided favorable prediction outcomes
and experimental validation of biodiesel yield. In general, the application of modelling,
optimization tools and other soft computing techniques in the transesterification of WCO to
biodiesel has been found to be cost effective and saves time, are less laborious, innovative,
flexible, prevents multiple experimental processes, offers better understanding of the process and
have the capability to forecast and predict “what-if” scenarios. Some of the parameters that
influence biodiesel yield include reaction temperature, alcohol/feedstock molar ratio, catalyst
concentration, reaction time, etc. [24-27].

The economics and cost analysis of FAME production has shown that cost of feedstock
gulps over 70 % of the production expenses while raw materials and other consumables jointly
take up 86 % of the production cost. Raw materials for transesterification process include the oil
feedstock, catalyst, alcohol, and purification medium. The cost of input and other materials is a
substantial part of the operating cost [28, 29]. The use of the experimental processes, also known
as the one-variable-at-a-time (OVAT) experimental technique, is not just expensive, onerous,
burdensome, time-consuming, requires huge laboratory architecture but also consumes a high
volume of materials. Materials are wasted in trying to determine the optimal parameters
combinations for best yield. These identified drawbacks can be overcome by the use of
optimization techniques with the capability of providing the required information from minimum
runs by concurrently altering all the process factors. The use of design-of-experiment software
reduces experimental runs, saves time, saves raw materials, and uncovers the mutual interactions
going on among the various process independent parameters (inputs) and dependent variable
(output) [30-32].

With the use of WCO as feedstock for transesterification gaining traction, the relevant
questions that remain unanswered and which serve as the justification for this effort relate to the
necessary conditions that facilitate the optimum biodiesel yield and catalyst recovery in the
shortest time and lowest cost. The current study aims to use a combination of experimental and
statistical techniques to interrogate the optimal operating parameters aimed at the
transesterification of waste sunflower oil (WSFO) to biodiesel using calcium oxide (CaO)
developed from calcined waste chicken eggshell (WCE) powder. The motivation is to investigate
parameters that will ensure optimum FAME yield using both the RSM and Taguchi optimization
methods.

The effects and influences of catalyst concentration, catalyst particle size, methanol to waste
oil mole ratio, experimental reaction temperature and reaction time on FAME yield and FAME
conversion were investigated and analyzed. The specific objectives were: (i) production of
biodiesel from WSFO using CaO derived from calcined WCE powder; (ii) evaluation of the
effects of the listed factors of biodiesel yield; (iii) comparison of the experimental FAME vyield
with the predicted FAME vyield using RSM and Taguchi methods. The parameters studied were
catalyst: WSFO ratio (%wi/w), catalyst particle size (um), reaction temperature (°C), reaction time
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(min) and methanol: WSFO ratio. Also, the interrelationship among these identified process
parameters were studied using three-dimensional (3D) surface plots of RSM, ramps and other
plots. The established models using the Taguchi orthogonal and RSM methods were appraised
using statistical parameters including standard error, sum of squares, correlation coefficient (R),
F-and p-values, standard deviation, coefficient of determination (R?), and adjusted R? (R4;)-

Il. MATERIALS AND METHODS

I1.1. Materials collection

Waste Sunflower oil (WSFO) sample was sourced and collected from take away outlets close to
Howard College campus, University of KwaZulu-Natal (UKZN), Durban, at the point of disposal.
Available information showed that the waste oil had been used repeatedly for 14 days to fry potato
chips. WCE was collected from restaurants within Howard College, UKZN. Methanol uniVAR
(analytical grade) at 99.5 % purity was procured from Merck.

I1.11. Materials treatment and preparation

The WSFO was heated in an electric heated to 120 °C for 90 min to eliminate water and sieved
via vacuum filtration to remove food particles and other solids in the oil and later analyzed to
determine the acid value, molecular weight and iodine number. The procedure for the preparation
CaO catalyst via high temperature calcination of WCE powder has been described in our earlier
work [33]. The eggshell powder was classified by using sieves of different pore sizes.

I1.111. Transesterification process

The acid value of WSFO allows for a one stage transesterification process. The filtered WSFO,
methanol and CaO derived from WCE shell powder were emptied into a round bottom flask and
heated to a predetermined temperature and time and mixed at a predetermined speed (rpm)
maintained by a magnetic stirrer. A digital thermocouple was utilized to verify the temperature of
the reacting solution throughout the duration of the experiment. Different catalyst concentrations,
catalyst particle size, reaction temperature and methanol:WSFO mole oil ratio were used during
each batch of the transesterification process as shown in Table 1. A medium sized magnetic stirrer
was employed to guarantee adequate and homogeneity of the reacting mixture maintained at a
predetermined temperature, time and stirring speed throughout the process. The resulting solution
was thereafter filtered in a vacuum filtration set up to recover the catalyst. The filtered mixture
was transmitted into clean separating funnel and left to stay overnight. Glycerol was seen
coagulated beneath the separating funnel. Thereafter, the coagulated glycerol was drained out
while the remaining crude before the crude biodiesel was decanted and transferred into a glass
container for further purification and analysis.
The FAME vyield (%) of WSFO to biodiesel were estimated by Equation (1):
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, __ Weightpiodiesel
FAME yield % = eignter X 100% (1)

I1.1VV. Modeling and optimization by RSM

The optimization of biodiesel yield and catalyst recovery arising from transesterification of
WSFO into FAME was conducted by applying the central composite design (CCD) of the
response surface methodology version of design of experiment (DoE) available on the Design-
Expert software. The CCD of a randomized RSM is a very popular and effective optimization
tool with full or fractional factorial point, axial point and centre point that can be duplicated for
every combination of categorical factor level. In order to use DoE, several experiments are
conducted to ascertain the prime factors for the best outcomes. RSM was later engaged to form a
mathematical model to validate the outcomes of the experiments. The process parametric factors
investigated for the optimization of the transesterification process of WSFO were catalyst weight:
WSFO ratio, reaction time, reaction temperature, particle size of the catalyst and methanol-to-
WSFO molar ratio as shown in Table 1. A total of 24 non-center points and 6 center points and
alpha of 2 gave rise to a total of 32 runs. The choice of this method was dictated by the number
of variables and levels [34]. The data collected from 32 experimental runs were analyzed by RSM
CCD by Design Expert Software10.0.8.0 version.

Table 1. Investigated parameters, notations and coded levels

Variable Units Notation Coded factors level

-2 -1 0 1 2
Catalyst:WSFO Y%ow/w X1 05 1 15 2 25
Particle size of catalyst pum X 50 75 90 125 150
Reaction time min X3 30 45 60 75 90
Reaction temperature °C X4 35 45 55 65 75
Methanol:WSFO ratio Xs 2 4 6 8 10

I1.VV. Modeling and Optimization by Taguchi

Application of the Taguchi orthogonal array (OA), developed by Dr. Genichi Taguchi, allows for
the investigation of every likely permutation of parameters, minimizes the number of tests and
identifies and quantifies the interactive impacts of the parameters on a process by substantially
reducing the cumbersome optimization procedure. Taguchi OA reduces the number of
experiments without negatively affecting the operating parameters while retaining all the required
details [35, 36]. Taguchi OA allows the implementation of various design designation from L4
(273), L8 (277) and up to L64(4"21). In this study, the L16(4"15) design was chosen which allows
four levels and five parameters in the Taguchi technique. The number of runs, N, were estimated
by means of Equation (2):

N=(L-1)P+1 (2)
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Where P and L indicate number of parameters and levels, respectively. From Equation (2), the
number of runs, using Taguchi OA, is 16 runs.

Table 2 shows the experimental design matrix developed by the Taguchi design.
Experimental outcomes were analyzed via signal-to-noise (S/N) ratio for estimating the effect of
the factors on FAME yield. The difference between the response and the anticipated result was
calculated by S/N ratio as:

s :
ﬁ = _10l0g10 T}l) (3)

Where y; = response value, and n = number of experimental runs.
Analysis of variance

The evaluation, prediction and measurement of the effects of parametric factors on the
transesterification process by determining the effects of key factors i.e. the best factor levels from
the tested factor levels for the optimal process parameters for the transesterification process are
conducted by analysis of variance (ANOVA) or S/N ratio. However, S/N ratio is unable to identify
the impact of these factors on the response, unlike ANOVA. The influence of each parameter in
generating the response can be determined by calculating the contributing factor.

Sum of squares of the particular variable (SS¢)

% Contributing factor = x 100 (4)

Sum of squares of all the variable (SST)

ANOVA is targeted at increasing the percentage of FAME vyield. The parameter with the highest
percentage contribution factor is also reflected in the regression model equation employed to
predict and validate the model from the RSM analysis of the actual data obtained from the actual
experimental runs [37].

Table 2. Experimental design matrix generated by Taguchi

Run X, X, Xs X, Xs FAME
Yield
%

1 15 75 60 65 10 8543
2 2 125 45 55 10 86.76
3 2 150 60 45 8  78.32
4 1 150 90 75 10 69.45

5 1 90 60 55 6 825
6 25 125 60 75 4 7168
7 25 90 75 45 10 73.78
8 25 150 45 65 6 8551
9 25 75 90 55 8 7086
10 15 150 75 55 4 7545

90



11 2 75 75 75 6 87.54
12 1 75 45 45 4  81.66
13 1.5 90 45 75 8 70.55
14 1.5 125 90 45 6 84.66
15 1 125 75 65 8 76.58
16 2 90 90 65 4 8754

I11. RESULTS AND DISCUSSIONS
I11.1. Response Surface Method statistical analysis

Table 3 presents the results of the transesterification of WSFO to FAME using RSM via CCD
experimental design. The experimental (actual) FAME yield varied between 69.45 % and 90.55
%. The actual yields were evaluated to produce a suitable and workable regression model. An
appropriate model was selected from mean, linear, quadratic, cubic, quartic etc. A cubic
regression model was generated and employed to predict optimal parameters for the
transesterification of WSFO to biodiesel by the software. The best fit model for FAME vyield is
as shown in Equation (5).

y =127.84 + 7.41X; — 1.86X, — 0.25X5 + 0.22X, + 6.23Xs — 0.11X,X, + 0.028X5Xs —
0.019X,Xs — 1.38X? + 0.018X% — 0.51XZ — 0.000051X3 (5)

Where y is the FAME vyield (%), the catalyst WSFO ratio, particle size of catalyst, experimental
reaction time, process reaction temperature, and methanol:WSFO ratio are denoted by
X1, X5, X3, X,, and X5, respectively. The interaction terms are X;Xs and X, X<, and X2, X2, X2,
and X3 are quadratic (cubic) terms of the independent variables. Parameters with positive
coefficients (linear, interaction or quadratic) have a desirable effect on FAME yield while those
with a negative coefficient negatively affected FAME vyield.

Table 3. Actual and predicted of FAME yield (%) by RSM

FAME vyield (%
Run X1 X2 X3 X4 Xs Actual yPred(ictaed

1 0.5 150 30 75 10 85.43 86.34
2 1.5 100 90 55 6 86.76 83.12
3 2.5 150 30 75 2 78.32 79.28
4 2.5 50 90 75 2 69.45 67.44
5 1.5 100 60 65 6 82.5 84.74
6 3.5 100 60 55 6 71.68 73.83
7 0.5 50 90 35 2 73.78 73.29
8 1.5 100 60 55 6 85.51 85.45
9 15 200 60 55 6 70.86 70.86
10 1.5 100 60 55 2 75.45 74.16
11 0.5 100 60 55 6 87.54 86
12 1.5 100 60 95 6 81.66 82.62
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13 2.5 150 90 35 2 7055 72.14

14 0.5 50 30 35 10 84.66 87.3

15 0.5 150 90 75 2 76.58 78.47
16 0.5 150 90 35 10 87.54 89.85
17 2.5 50 30 35 2 8051 83.27
18 1.5 100 60 55 6 9043 85.45
19 0.5 50 90 75 10 89.54 88.18
20 0.5 150 30 35 2 8759 85.13
21 15 100 60 55 6 8154 85.45
22 2.5 150 30 35 10 90.54 86.15
23 15 100 60 55 6 8951 85.45
24 1.5 100 60 55 6 8187 85.45
25 2.5 50 30 75 10 76.66 75.31
26 1.5 100 60 55 6 87.56 85.45
27 15 100 30 55 6  79.65 80.8

28 2.5 50 90 35 10 89.65 87.99
29 15 50 60 55 6 88.65 91.07
30 0.5 50 30 75 2 90.55 89.6

31 15 100 60 55 10 76.76 80.46
32 2.5 150 90 75 10 78.67 77.86

As shown in Table 3, the highest FAME yield, as predicted by RSM regression model,
of 91.07 %, was obtained with catalyst:WSFO ratio = 1.5 %wi/w, particle size of catalyst = 50
um, reaction time = 60 min, process reaction temperature = 55 °C and methanol:WSFO ratio =
6:1, with reaction time being the most important parameter that influences FAME vyield.

The model equation was appraised for statistical importance using the ANOVA test, R?
and Rﬁdj. The accuracy, and efficiency of the regression model in predicting the response were
tested by ANOVA and the outcomes are shown in Table 4. The F-value and p-value of the model
was estimated to be 9.86 and < 0.0001 respectively, indicating that the model was statistically
significant at 95 % CI level (p < 0.05) [38]. In that scenario, X1, Xz, X3, Xa, Xa, X1 X4, X3
Xs, X2, X2, X2, and X3 are statistically significant model terms while X, and Xs are insignificant.
The variable X; with the highest F-test value of 29.53, p < 0.0001 was the most statistically
significant parameter indicating that reaction time was the most significant parameter for FAME
yield. The F-value of 0.58 for the lack of fit denotes that it was not significant compared to the
pure error. In addition, it was discovered that there is 80.58 % prospect that a Lack of Fit F-value
of 0.58 could be instigated by noise. It is advantageous to have a non-significant Lack of Fit
(Table 4).

Table 5 depicts the outcomes of test for significance of the model. Though the standard
error of the intercept is high, the standard errors of most of the parameters are < 1 and the degree
of freedom (df) associated with the parameters are 1. The measure of accuracy and precision of
the model were ascertained by the R? and R2, ; values. An R?value of 0.8617 reveals that 86.17
% of the entire data were consistent with the predicted data and variability [39]. RZ; ; 0f 0.7743
indicates an acceptable fitness for the model. An adequate precision (S/N ratio) above than 4 has

been found to be desirable and advantageous. The S/N ratio of 11.789 is a pointer to the suitability
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of the model to traverse the design space and a further proof that the generated model is
statistically significant [40] (Table 6). A standard deviation of 3.14 was recorded and the low
value of coefficient of variation (CV) of 3.83 % is a sign of good accuracy and dependability of
this model [41].

The highest FAME production yield of 91.07 % forecasted by the RSM model was
accomplished at a catalyst: WSFO ratio of 1.5 %w/w, particle size of catalyst of 50 um, a reaction
time of 60 min, a reaction temperature of 55 °C and a methanol: WSFO ratio of 6:1, with reaction
time being the most important parameter that influenced FAME vyield, as clearly displayed in
Table 3.

Table 4. ANOVA for FAME yield

Source Sumof df Mean F p-value
Squares Square Value Probability
>F
Model 1170.13 12 9751 9.86 <0.0001 significant
Linear
Catalyst:WSFO ratio (X1) 65.77 1 6577 6.65 0.0184
Particle size of catalyst 159.62 1 159.62 16.15 0.0007
(X2)
Reaction time (Xa) 291.98 1 29198 2953 <0.0001
Reaction temperature (Xa) 56.33 1 5633 570 0.0275
Methanol: WSFO ratio 145.88 1 14588 14.76 0.0011
(X4)
Interaction
X1 Xy 84.09 1 8409 851 0.0089
X3 Xs 187.14 1 187.14 18.93 0.0003
Xa Xs 37.70 1 3770 381 0.0657
Quadratic
X2 53.67 1 5367 543 0.0310
X3 172.06 1 172.06 17.40 0.0005
X2 170.97 1 17097 17.29 0.0005
X3 188.72 1 188.72 19.09 0.0003
Residual 187.84 19 9.89
Lack of Fit 116.30 14 831 058 0.8058 not
significant
Pure Error 71.54 5 1431
Total 135797 31
Table 5. Test of significance
Factor Coefficient df Standard ~ 95% CI 95% ClI VIF
Estimate Error Low High
Intercept 127.84 1 13.52 99.55 156.13
Linear
Catalyst: WSFO ratio (X1) 7.41 1 2.87 1.40 13.43 20.05
Particle size of catalyst -1.86 1 0.46 -2.83 -0.89 1133.89
(X2)
Reaction time (X3) -0.25 1 0.046 -0.34 -0.15 3.94
Reaction temperature (Xs) 0.22 1 0.091 0.027 0.41 6.66
Methanol:WSFO ratio 6.23 1 1.62 2.84 9.63 76.71
(Xs)
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Interaction

X1 X4 -0.11 1 0.039 -0.20 -0.032 15.16
X3 Xs 0.028 1 0.0066 0.015 0.042 8.41
Xs Xs -0.019 1 0.0098 -0.040 0.0014 12.33
Quadratic

X2 -1.38 1 0.59 -2.63 -0.14 8.78
X3 0.018 1 0.0042 0.0088 0.026 4546.17
X2 -0.51 1 0.12 -0.76 -0.25 65.75
X3 -0.000051 1 0.000012 - 1242.64

0.000075  0.000026

Table 6. ANOVA of regression equation

Parameter Value Parameter Value
Standard Deviation 3.14 R? 0.8617
Mean 82.12 AdjR? 0.7743
CV.% 3.83 Predicted R? N/A
PRESS N/A  Adequate Precision 11.789
-2 Log Likelihood 147.45 BIC 192.50

AlCc 193.67

Process parameters interactions

Design expert version 10 was applied to produce 3D response surface plots in order to
comprehend the connections, interrelationship, and interactions among the process variables
affecting the selected process response (FAME yield) as generated by Equation 4. The response
surface plots show the interactions, relationships and correlations of two different variables in the
study while maintaining the other variables at a fixed value. Figure 2 shows the 3D plots with the
y axis offset from the x axis at a value of 20.

a. Influence of methanol: WSFO ratio and reaction time on FAME vyield

Figure 2a shows the relationship between reaction time and methanol:WSFO ratio against FAME
yield (%) while keeping catalyst:WSFO ratio, particle size of catalyst, reaction temperature
constant as 2.5:1 %wi/w, 50 um and 35 °C in that order. As the methanol to WSFO ratio increases
from 2:1 to 8:1, the proportion of FAME vyield increases from 70 % to 90 % but decreases to 82
% when the methanol to WSFO ratio increases beyond 8:1. This confirms earlier reports that
sufficient methanol to oil ratio positively impact on FAME vyield in the production of biodiesel
through transesterification reaction. A higher methanol to oil ratio will also precipitate more
FAME formation [42]. Similarly, as the process reaction time increases from 30 min to 90 min,
FAME yield increases. This may be attributable to sufficient contact time between the reactants
which results in higher yield [43]. The interaction of methanol: WSFO ratio and process reaction
time have negative impacts on FAME yield (Table 5).

b. Influence of catalyst to WSFO ratio and reaction temperature on FAME yield
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The interactions between reaction temperature and catalyst: WSFO ratio against FAME vyield at
constant catalyst particle size, reaction time, and methanol to WSFO ratio of 150 pum, 30 min and
2:1 respectively is displayed in Figure 2b. From the plot, the highest proportion of FAME
generation of about 92 % was achieved at 95 °C and 0.5 %w/w catalyst to WSFO ratio while the
least FAME yield of 78 % was recorded at 95 °C and 2.5:1 catalyst: WSFO ratio. FAME vyield
decreases from 92 % to 77 % when the catalyst: WSFO improved from 0.5 %w/w to 2.5 %w/w.
When the transesterification process reaction temperature was escalated from 35 °C to 95 °C the
FAME production yield reduced from 84 % to 78 %. The catalyst to WSFO ratio had more of an
effect on FAME yield than reaction temperature. The combination of these two variables had
negative effects on FAME yield (Table 5).

c. Influence of methanol to WSFO ratio and reaction temperature on FAME vyield

The mutual interaction between the methanol to WSFO ratio and process reaction temperature on
FAME yield is depicted in Figure 2c. Catalyst: WSFO ratio, particle size of catalyst and reaction
time were kept constant at 0.5 %w/w, 50 pm and 90 min respectively to adequately show the
interaction between these two variables. As shown in Tables 4 and 5, the combination of methanol
to WSFO ratio and reaction temperature had a negative but insignificant impact on FAME yield.
As shown in the plot, the highest FAME yield was attained at a methanol: WSFO oil ratio of 6:1
and reaction temperature of 95 °C, while the least FAME vyield was achieved at 2:1 methanol:
WSFO ratio and 35 °C reaction temperature. An increase in reaction temperature from 35 °C to
88 °C resulted in a slight reduction in FAME yield from 92 % to 86 %, while an increase in
methanol: WSFO ratio from 2:1 to 8:1 led to an increment in FAME yield from 73 % to 90 %. A
further increment in methanol:WSFO ratio, to 10:1, however, caused a reduction in FAME yield
to 88 %. The effect of methanol:WSFO ratio was more pronounced than that of reaction
temperature.

FAME Yield (%)

(@)
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Figure 2. 3D response surface plots for (a) methanol: WSFO ratio and reaction time (b)
catalyst:WSFO ratio and reaction temperature (c) methanol:WSFO and reaction temperature.

[11.11. Taguchi method

a. Analysis of variance (ANOVA)

The outcomes and consequences of the prediction of FAME yield from the transesterification
process using the L16 Taguchi orthogonal approach is depicted in Table 7. The F-value and the
sum of squares are estimated and applied to determine the influence of the parameters on the
response.

In this study, with the sum of squares of 607.44 and mean square of 67.49, the model is
considered significant. The F-value and p-value of 6.62 and 0.0161 respectively corroborates that
the model generated by Taguchi method is significant. Also, the p-value shows that there is only
1.61 % likelihood that the value of the F-value achieved occurred due to the preponderance of
noise. Consequently, the model is considered fit and significant enough for the optimization of
FAME vyield of the transesterification process of WSFO within the selected process parameters.
From the ANOVA study, it has been shown that only three out of the five process parameters,
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namely, catalyst: WSFO (%w/w), reaction temperature (°C), and methanol:WSFO ratio, have a
substantial influence on the dependent variable (response). The effects of reaction time and
particle size of the catalyst was negligible. Among the three parameters having significant
influence, the methanol: WSFO ratio with F-value and the sum of squares value of 7.92 and
242.43 respectively showed the highest influence on FAME vyield. The significance of each
process parameters was further authenticated by calculating the contribution factor (CF) of each
significant parametric factor in the process. Equation (4) was employed to calculate the
contribution factors. The methanol:WSFO ratio, catalyst:WSFO ratio and reaction temperature
contribute 36.26 %, 30.42 % and 24.16 % respectively to FAME yield through transesterification
process as shown in Table 8. The contribution factor result agrees with the ANOVA result
showing that the methanol: WSFO ratio has the highest influence on FAME yield.

Table 7. Analysis of variance (ANOVA of model and process parameters

Source Sumof Degreeof Mean F p-value
Squares  freedom  Square Value Prob>F

Model 607.44 9 6749 6.62 0.0161 significant

X;: Catalyst: WSFO 203.43 3 6781 6.65 0.0246

(Yow/w)

X,: Reaction 161.58 3 5386 5.28 0.0404

temperature (°C)

Xs: Methano:WSFO 24243 3 8081 792 0.0165

ratio

Residual 61.21 6 10.20

Total 668.64 15

Table 8. Contribution factor the significant parameter on FAME yield

Parameter (unit) Contribution factor (%)

Catalyst:WSFO (%w/w) 30.42

Reaction temperature (°C) 24.16

Methanol:WSFO ratio 36.26

Residual 9.15

From the parameters estimated from the analysis of variance, as shown in Table 9, R? was
found to be 0.9085. The R? value, being close to unity, shows its linearity and fitness for the

selected model. The value obtained for Rﬁdj was found to be 0.7711 while the predicted R? was

0.349 for the preferred model. Adequate precision is a degree of the S/N ratio and as shown in
Table 9, the adequate precision value obtained was 7.914 which is almost double the required
tolerable accuracy of 4 for any model. The adequate precision of 7.914 shows that the model has
the capability to forecast the dependent variable and adequately optimize FAME vyield.
Furthermore, the standard deviation was estimated to be 3.19 while the coefficient of variance
was 4.03 % which confirmed the capability of the model to predict the optimum parameters with
satisfactory precision [15, 44].

Table 9. Statistical parameters estimated from ANOVA

Parameter Value Parameter Value
Standard Deviation 3.19 R? 0.9085
Mean 79.27  Adjusted R? 0.7711
CV.% 4.03 Predicted R? 0.3490
PRESS 435.26 Adequate Precision 7.914
-2 Log Likelihood 66.87 BIC 94.60

AlCc 130.87
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b. Regression model equation from Taguchi method

ANOVA was used to develop a model and identify the individual parameters that were significant
to the generation of the desired response. Significant parameters were considered and escalated
while the insignificant parameters were relegated. The Cl of the model parameters are 95 % which
indicated a very high assurance level of the mathematical model to forecast the FAME yield. The
Taguchi method mathematical model equation (Equation (6)) relate the three parameters that are
significant in predicting the response.

y =79.27 — 1.72X,[1] — 0.24X,[2] + 5.77X,[3] + 0.34X,[1] — 0.34X,[2] + 5.5X,[3] —
0.18Xs[1] + 5.79Xs[2] — 5.19X5[3] (6)

Where y = FAME vyield (%), X;[1], X;[2] and X;[3] are the weight of catalyst:WSFO ratio,
X,4[1],X,[2]and X,[3] are reaction temperature, and Xs[1],Xg[2]and Xs[3] are the
methanol:WSFO ratio as shown in Table 10.

The degree of freedom for the model is unity while the ClI is 95 % and the standard error
of the parameters is 1.38 (Table 10). The linear regression model equation has the capacity to
predict FAME yield using the parameters and data given in Table 2. The influence of the three
significant parameters on the biodiesel yield is displayed in Fig 3 (a, b, ¢).

Table 10. Coefficients in terms of coded for categoric factors and actual for other factors
Term Coefficient  df Standard 95% ClI  95% ClI

Estimate Error Low High

Intercept 79.27 1 0.80 77.31 81.22
X;[1] -1.72 1 1.38 -5.10 1.66
X1[2] -0.24 1 1.38 -3.63 3.14
X,1[3] 5.77 1 1.38 2.39 9.16
X,[1] 0.34 1 1.38 -3.05 3.72
X,[2] -0.37 1 1.38 -3.76 3.01
X,4[3] 4,50 1 1.38 1.11 7.88
Xs[1] -0.18 1 1.38 -3.57 3.20
Xs[2] 5.79 1 1.38 2.40 9.17
Xs[3] -5.19 1 1.38 -8.57 -1.81

[1], [2] and [3] represent first, second and third level respectively
IL111. Effect of individual significant parameters on FAME vyield predicted by Taguchi method

Three process parameters have significant influence on FAME vyield as predicted by Taguchi
method. The three parameters are represented in Equation (6) while their individual contribution
factors are shown in Table 8.

a. Effect of catalyst:WSFO ratio

At reaction time of 45 min, catalyst particle size of 125 um and reaction temperature of 55 °C,
the effect of catalyst:WSFO ratio was measured. As shown in Fig 3a, maximum FAME yield of
84 % was attained with a catalyst:WSFO ration of 2:1. A higher concentration of the resulted in
a drastic reduction in FAME yield. This may be a direct consequence of excessive catalyst loading
which could accelerate the reverse reaction during transesterification. Comparable outcomes have
earlier been reported by Sirisomboonchai et al. [45] and Gupta and Ratho [46].

b. Effect of reaction temperature

The proportion of FAME vyield was studied at four different temperature levels, namely 45 °C, 55
°C, 65 °C and 75 °C. As shown in Fig 3b the maximum FAME vyield of 89 % was accomplished
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at a reaction temperature of 65 °C when the catalyst: WSFO ratio, catalyst particle size, reaction
time and methanol: WSFO ratio were maintained at 2:1 %w/w, 125 um, 45 min and 10:1
respectively. A further improvement of the reaction temperature to 75 °C reduced the FAME yield
to 80 %. This is due to the fact that at high temperatures methanol is lost due to evaporation and
this impedes the transesterification reaction which alters the methanol to oil ratio resulting in
saponification. Reaction temperature above methanol boiling point (65 °C) is counterproductive
[47, 48]. Outcomes of previous research by Maneerung et al. [49], Dhawane et al. [15], Karmakar
et al. [14] supported the results of this study in this regard.

c. Effect of methanol:WSFO ratio

Methanol: WSFO ratio is the most important factor in FAME yield (Table 8). Under the reaction
conditions of catalyst: WSFO ration of 2 %w/w, catalyst particle size of 125 um, reaction time of
45 min, and reaction temperature of 55 °C, the highest FAME yield of 90 % was obtained at a
methanol: WSFO ratio of 6:1. Theoretically, a methanol: oil ratio of 3:1 is a prerequisite to
producing biodiesel and water. However, careful adjustment of molar ratio can result in optimum
use of alcohol and formation of more product. Excessive methanol to oil ratio impedes FAME
yield, especially when the catalyst concentration is kept constant [50, 51].

FAME Yield (%)
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Reaction temperature (oC)
Catalyst:WSFO ratio (Yow/w) (b)
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FAME Yield (%)
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Methanol:WSFO ratio

(©)
Figure 3. (a) Effect of catalyst: WSFO ratio (%ow/w), (b) reaction temperature (°C), and (c)
methanol:WSFO ratio of FAME yield (%)

IL11. Comparison of RSM and Taguchi method
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In this present study, the outcome of prediction of FAME yield using RSM optimization technique
was compared with that of Taguchi OA method. The results of the two optimization techniques
are similar and in agreement. Both techniques threw up the significant parameters for the
prediction of FAME yield with the set factors and levels. The two techniques formulated model
equations based on the significant factors they predicted. There are agreements in the parameters
that RSM and Taguchi method found to be significant to the models. In this regard, catalyst:
WSFO ratio, reaction temperature, and methanol: WSFO ratio were found to be dominant. In
terms of number of data, the Taguchi method required lesser experimental data and always
utilized linear regression, while RSM could also use quadratic or cubic regression [9, 52].

As shown in Fig 4a and Fig 4b, the pattern of the predicted and actual FAME yield was
similar, indicating agreement between the two optimization techniques [14, 53]. As shown in Fig
5, the actual and RSM predicted data agreed to a large extent, indicating the accuracy of RSM in
predicting the response. However, more pronounced deviations between the actual and predicted
yield were noticed between runs 17 and 24. This can be attributed to the outcome of the different
interactions among the process parameters. The lower and upper constraints of the range for all
the investigated process parameters were contained in the optimization process. With the FAME
yield maximized, the optimal value of the parametric factors which engender a desirability
function of unity are shown in Fig 6a and Fig 6b. Maximized FAME yields of 93.42 % and 89.13
% were obtained from the RSM and Taguchi orthogonal methods respectively. The desirability
function of the RSM and Taguchi method were within the span of the optimum operating process
conditions for the response within the range of level of factors. The import of the desirability
function was to obtain an optimal response from the model. Table 11 presents a comparison
between the outcomes of the utilization of the response surface methodology and Taguchi
methods to optimize FAME vyield. While the RSM models obtained five significant parameters
that can influence FAME vyield, Taguchi presented only three. The Optimum FAME vyield
predicted by RSM was higher than that predicted by Taguchi. The parameter which had the
highest influence on FAME vyield according to RSM and Taguchi were reaction time and
methanol: WSFO ratio respectively.

Predicted FAME yield (%)
1
Predicted FAME yield (%)

Actual FAME yield (%) Actual FAME yield (%)

(@) (b)

Figure 4. Predicted vs actual FAME vyield (a) RSM (b) Taguchi method
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Table 11. Comparison of Optimum conditions for RSM and Taguchi

Criteria RSM Taguchi

Catalyst:WSFO ratio (%ow/w) 15:1 1:1

Reaction temperature (°C) 55 75

Reaction time (min) 60 45

Particle size of catalyst (um) 50 45

Methanol:WSFO ratio 6:1 4:1

Predicted highest FAME vyield (%) 91.07 61.16

Significant parameters o Catalyst:WSFO ratio e Reaction
(Yow/w) temperature (°C)

e Methanol:WSFO
ratio

o Catalyst:WSFO
ratio (%ow/w)

¢ Reaction time (min) ¢ Methanol:WSFO

¢ Reaction temperature ratio
(°C)
o Particle size of
catalyst (um)
Most significant parameter Reaction time Methanol:WSFO ratio
No of runs 32 16
R? 0.8617 0.9085
Rfldj 0.7743 0.7711
CV (%) 3.83 4.03

IV. CONCLUSION

In this study, the RSM and Taguchi orthogonal methods, both from Design Expert version 10,
were adapted to model and optimize the transesterification of WSFO using WCE powder prepared
through high temperature calcination. Using the statistical parameters of R?
Rgdj, CF,and CV, the outcome of RSM and Taguchi predictions were compared to establish
which was the more accurate and cost effective method between the two. The following outcomes
are worth highlighting:

i. The models generated by the RSM and Taguchi methods were significant and the model
equations derived therefrom predicted FAME yield within acceptable error.

ii. The optimum FAME yield predicted by RSM was higher than that predicted by Taguchi,
showing RSM to be a better optimization technique.

iii. RSM predicted FAME yield of 91.07 % with optimum operation condition of 1.5 %w/w
catalyst:WSFO ratio, process time of 60 min, catalyst particle size of 50 um, reaction
temperature of 55 °C and methanol:WSFO ratio of 6:1. Taguchi, on the other hand,
predicted a FAME vyield of 61.16 % under optimum operating parameters of 1.1 %w/w
catalyst to WSFO ratio, reaction time of 45 min, reaction temperature of 45 °C, 75 pm
catalyst particle size and methanol:WSFO ratio of 4:1.

iv. The five tested parameters were discovered to be significant by the RSM model with
reaction time (min) predicted as the most statistically significant parameter. Of the three
parameters predicted to be significant by Taguchi method, methanol: WSFO ratio was the
most significant since it had the highest F-value.
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v. From the analysis of variance for FAME yield, both the R? and Rﬁdj showed that the models
were validated and consistent with the predicted value confirming the acceptability and
adequacy of the models.

vi. Though RSM was found to be more accurate, the Taguchi method with 16 runs was
observed to be more cost effective and less time consuming than RSM with 32 runs.

From the foregoing, it is safe to conclude that both the RSM and Taguchi methods are
useful, efficient, and effective for the optimization of FAME yield in a transesterification process
of waste sunflower oil. RSM is more reliable especially in handling more parameters with
nonlinear relationship among the process parameters and response because it predicted higher
yield and more value for money. However, Taguchi is more cost effective in the handling
processes with a linear relationship between the parameters and the response.
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Abstract: The quest for renewable, cost-effective, environmentally friendly and sustainable
alternative fuels to run compression ignition (Cl) engines has escalated the tempo of research in
biodiesel over the last decades. Investigations targeted towards improving combustion, engine
performance, and emission characteristics of Cl engines fuelled with fatty acid methyl ester
(FAME) have increased substantially in recent years. Properties of biodiesel are key parameters
in the engine performance, emission characteristics, and its suitability as Cl engine fuel, which
are influenced by its fatty acid (FA) compositions. In order to overcome the complexities in the
real-time experimental determination of biodiesel properties, prediction techniques have been
used. This current effort explores multiple linear regression (MLR) to formulate linear
correlations for the prediction of the density, cetane number (CN), calorific value (CV), and
kinematic viscosity (KV) of biodiesel using five commonest FAs (palmitic, stearic, oleic, linoleic
and linolenic). Input data were sourced from literature to formulate linear relations for these
interesting FAME fingerprints and the outcome subjected to statistical analysis. The predictive
capabilities of the models were verified using other experimental data mined from various
sources. The outcomes of the analysis show that the adjusted R square and maximum absolute
errors are 83 % and 0.35 % for density, 84.3 % and 1.72 % for CN, 43 % and 0.98 % for CV, and
68.3 %, and 4.33 % for KV. It is evident that linear correlations established from five FAs are
highly successful in predicting density, CN, CV and KV of biodiesel from a wide range of
feedstocks

Keywords: FAME, fatty acid compositions, linear correlations, property prediction

1. INTRODUCTION

As a result of the global population explosion, rapidly expanding urbanization, industrial
revolution and economic development, global energy demand and consumption has continued to
increase, with a huge chunk of the energy sourced from nonrenewable sources. Fossil fuel
contributed 86.9 %, 82.67 % and 85 % to the global energy consumption in 2010, 2013, and 2016
respectively. Similarly, in 2013, crude oil and coal contributed 30.92 % and 28.95 % to global
energy consumption while the figure became 33 % for crude oil and 28 % for coal in 2016 [1].
Over the past 15 years, oil has contributed a third of the global energy consumption, closely
followed by coal and natural gas, in that order [2]. Products of refining of fossil fuels are used to
power internal combustion engines, particularly compression ignition (CI) engines, have found
invaluable usefulness in our daily life and continue to contribute significantly to industrial growth,
economic and commercial growth, agricultural sector development, social and household needs,
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as well as transportation of goods and services. Generally, global primary energy consumption
has continued to increase and has projected to continue to increase (Figure 1) [3].
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Figure 1. Global Total Primary Energy Consumption by fuel

Transport sector consumes about 28 % of total global energy and contributes 24 % of global
carbon dioxide (CO2) emissions in the year 2016 [4]. According to the United States
Environmental Protection Agency [5], transport vehicles contributed 71 % of total greenhouse
gas emissions globally in 2010. The panacea to this disturbing trend is to develop cleaner and
affordable alternative fuels to reduce dependence on fossil fuels, guarantee amicable coexistence
of human and environment and ensure sustainable economic growth. Reducing the use of fossil-
based fuel will ensure that air quality, particularly around high-density traffic residential areas, is
maintained within the World Health Organization standards to safeguard human health and
maintain environmental clemency [6].

Biodiesel, a renewable fuel, comprised of mono-alkyl/methyl esters of long chain fatty acids
obtained from various feedstocks including neat vegetable oils, used vegetable oils, microalgae,
animal fats, etc. Biodiesel, also known as fatty acid methyl ester (FAME), are generated by
various techniques, including, pyrolysis, dilution or blending of oils, micro-emulsification and
transesterification and are dried to ensure compliance with standards. Internationally acceptable
specifications for FAME are well documented in the American Standard for Testing and Materials
(ASTM) and European Union (EN) documents, like ASTM D6751 and EN 14214 respectively.
Different countries set up their own standards from these two standards as it relates to their
peculiar geographical locations and in line with international protocols [7-9]. According to the
United States Energy Information Administration, global biodiesel generation grew from 25.46
thousand barrels per day (mbpd) in 2002 to 123.9 mbpd in 2006 and further to 432.9 mbpd in
2012. Consumption was reported to be 22.26, 118.1, and 419.9 mbpd in 2002, 2006 and 2012
respectively and still increasing [10]. Replacement of petroleum-based diesel (PBD) fuel with
biodiesel offers technical, economic, sanitation, and economic benefits, notably simpler refining
process, cheaper feedstock, veritable means of waste disposal, better engine performance and
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reduction in the emission of GHGs and other hazardous gases. FAME is considered to be the most
widely used liquid renewable fuel in Europe, accounting for about 80 % of biofuel market share,
owing to its non-toxicity, biodegradability, and renewability [11].

There is a near consensus among fuel refiners, and engine researchers on the importance of fuel
properties in determining fuel quality, fuel mixing, ease of ignition, fuel combustion, and other
activities in the combustion chambers. Properties like oxygen content, density, cetane number
(CN), kinematic viscosity (KV), flash point (FP), cold filter plugging point (CFPP), cloud point
(CP), heating values (HHV), pour point (PP) have been highlighted to influence fuel quality,
handling, safety, transportation, combustion, engine performance and emission characteristics
[12, 13]. Fatty acid (FA) compositions of FAME have been an important factor in the
determination of its fingerprint properties, quality, storage capacity, engine performance, and
emission characteristics. Put modestly, FA composition determines the properties of FAME.

Experimental, numerical, simulation and statistical investigations have been used to exploit the
nexus between FA composition of biodiesel and some of its properties to predict these important
properties. Specifically, cold flow properties, KV, CN, and other biodiesel fingerprint are
significantly influenced by fatty acid composition, branching, chain length, number and position
of double bonds. Samavi et al. [14] predicted the KV and FP of FAME as a function of its FA
composition and verified the outcome with experimental data. Giakoumis and Sarakatsanis [15]
estimated the CN, KV, and density of biodiesel from its FA compositions. The outcomes of the
predictions were compared with experimental value given rise to the low value of relative error.
Multiple Linear regression (MLR) analysis have been employed to develop compositional-based
models to predict biodiesel properties from various feedstocks with considerable accuracy
because the derived correlations possess sound theoretical basis [16-19]. Statistical investigations
were successfully carried out to predict the density, CN, KV, FP, CFPP, CP and PP of FAME
based on the degree of saturation and FA composition [19]. MLR, Artificial neural network
(ANN), and other machine learning techniques were used to forecast the properties of FAME
based on their FA compositions. The outcome of the investigations shows that these techniques
are able to predict some important properties of the FAME samples [18, 20-22].

In determining the most occurring FASs in biodiesel, FA composition of 123 samples of biodiesel
were studied from various literature and were found to comprise of 13 methyl esters, namely:
palmitic acid (C16:0), stearic (C18:0), oleic acid (C18:1), linoleic acid (C18:2), linolenic acid
(C18:3), arachidic acid (C20:0), palmitoleic acid (C16:1), lauric acid (C12:0), myristic acid
(C14:0), eicosenic acid (C20:1), behenic acid (C22:0), erucic acid (C22:1), and lignoceric acid
(C24:0). Available information shows that C16:0, C18:0, C18:1, C18:2, and C18:3 are the most
common FAs in the biodiesels [20, 23-25].

With the increased visibility of compositional-based models for the prediction of major FAME
properties, the relevant questions begging for informed answers and which serve as the motivation
for this effort is whether biodiesel properties can be accurately predicted using linear correlations
developed from five methyl esters. The aim of this investigation, therefore, is to use multiple
linear regression techniques to formulate predictive correlations based on five methyl esters to
predict density, CN, and KV. The predictive capability of MLR derived-correlations for
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fingerprint prediction using compositional-based models using five methyl esters as inputs will
be tested and verified from data mined from literature. This current effort will be limited to the
application of MLR to predict the density, CN, and KV of unblended FAME derived from various
feedstocks using C16:0, C18:0, C18:1, C18:2, and C18:3.

2. MATERIALS AND METHOD

Inputs for the formulation of a reliable correlation for the prediction of biodiesel properties based
on weight composition of five methyl esters requires a large and widely spread experimental data
reported in the literature for the correlations to have a broad-based effect, irrespective of the type
of feedstock, location, production technique, and purification methods [15, 26, 27]. The chosen
five fatty acids have been found to occur in most of the GCMS analysis of biodiesels, cutting
across saturated, monounsaturated, and polyunsaturated fatty acids. The general equation adopted
for the MLR analysis is given by Equation 1. The predicted data for each property are plotted
against the experimental data to appraise the predictive capability of the model using statistical
indices. The correlations are used to predict the outcome of another set of data from the literature,
different from the data used to formulate the correlation and the absolute errors calculated.

y=A+ a;X; + a,X; +a3X3 +a,X, + asXs (Equation 1)
Where:
- y = the dependent variable to be predicted
- A = the intercept
- a, to ag = the coefficients of each independent variable
- X; to X5 = the percentage composition of each FA in the sample
For this analysis, 1 to 5 represent C16:0, C18:0, C18:1, C18:2, and C18:3 respectively which
represent the independent variables.

3. RESULTS AND DISCUSSIONS

3.1 Density

The density of a material, measured in kg/m?, is expressed as the mass per unit volume of the
material. The quantity of fuel admitted into the combustion chamber is influenced by the density
of the fuel, an indication that density has a direct impact on the fuel injection process, combustion,
engine performance, and emission characteristics of FAME. Density also has strong correlations
with KV, CN, and heating value affect the air-fuel ratio and energy content of fuel injected into
the engine, degree of saturation, number of double bonds, molecular weight, and chain length [28,
29].

The data for the generation of the model were sourced from various literature [15, 27, 30]. The
MLR model equation is as represented by Equation 2 while table 1 shows the independent
variables, the experimental dependent variables, and the predicted density. The predicted data is
generated by the linear correlations among the FA compositions.

Density = 914 — 0.52X; — 0.54X, — 0.34X5 — 0.25X, — 0.14X; (Equation 2)
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The intercept value of 914 achieved by this effort is comparably higher than 869 reported by
Giakoumis [19] but lower than the 923 established by Giakoumis and Sarakatsanis [15] for
comparable investigations. The statistical indices show that the R-value is 0.927 while the R2 of
0.859 shows that the predicted dependent variable can be attributed to 85.9 % of the independent
variables in 30 observations (table 2). A standard error of 1.9 is suggestive of a satisfactory
correlation between the model equation and the experimental data, confirming the capability of
the model equation to adequately predict the dependent variable.

The model was tested on a new set of experimental values, different from those used in table 1,
in order to ascertain the predictive reliability of the model using equation 2. As shown in table 3,
a negligible error was established, with a maximum of 0.35 %. The predictive capability of the
model is shown by plotting the experimental data with the predicted data (Figure 2). The
predictive capability of this model gave a higher R2-value than the outcome of a similar prediction
by Pratas et al. [31].

Table 1: Data for Density prediction

S/N_ Source C16:0 C18:.0 Ci18:1 C18:2 C(C18:3 Exp. Density Pred. Density
1 Beef tallow 2439 19.08 4165 591 072 8743 875

2 Canola 451 2 60.33 21.24 949  881.6 883.3
3 Chicken fat 24.06 6.42 4143 1883 106 876.3 878.9
4 Corn 11.81 2.13 2735 57.74 0.63 882.2 882.8
5 Cottonseed 2593 174 1598 5512 0.16 879 880.2
6 Croton 725 343 108 7725 5.4 883.2 884.6
7 Hazenut 6.36 3.71 79.17 10.67 0.15 877.9 879

8 Jatropha 1442 582 4281 3538 0.23 8787 879.8
9 Karanja 10.89 7.89 5356 2134 2.09 8829 880.1
10 Linseed 518 3.26 19.04 16.12 5454 8915 891.1
11 Mahua 2223 2249 39.01 1487 0.1 874.5 873
12 Neem 1757 16.6 4583 1779 0.72 876.2 875.5
13 Olive 1147 283 7452 954 051 8812 878.6
14 Palm 4239 4.2 4091 9.7 0.29 8747 873.1
15 Peanut 10.33 279 4763 3152 0.64 8829 882.8
16 Rapeseed 4.07 155 6224 2061 872 8822 883.4
17 Rice barn 18.12 217 4235 3484 0.93 880.9 880
18 Rubber seed 939 941 2422 3812 1754 8823 883.6
19 Safflower 742 238 1441 7531 0.09 8838 885.1
20 Soybean 1144 414 2347 5346 6.64 8828 883.4
21 Sunflower 6.26 393 2077 6775 015 8829 884.5
22 Soybean 1569 6.14 4284 2936 2.03 880.6 880.2
23 Sunflower 25.1 13.23 4436 12.06 1.18 873 875.3
24 Karanja 10.74 6.8 50.24 17.21 3.47 880.5 882.7
25 Karanja 838 532 4054 1491 284  890.6 888.7
26 Ibicella lutea 9.1 233 5236 3588 033 8824 881.1
27 Onopordum 9.08 257 2702 6034 10.23 885.4 882.1

nervosum

28 Peganum harmala 402 257 2693 53.62 244  890.1 887.5
29 Smymium olusatrum  5.26 1.07 7414 141 048 880.3 881.8
30 Solanum 986 424 2092 6332 107 8859 883.4

elaeagnifolium
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Table 2: Statistical indices of the MLR model for density
Regression Statistics

Multiple R 0.927

R? 0.859
Adjusted R? 0.83
Standard Error 1.9
Observations 30

Table 3: Density model verification

Biodiesel Ref Exp. value  Pred. value  Error (%)
RME [32] 882 882.81 0.09
SFME [32] 885 884.82 0.02
SME [32] 886 883.4 0.29
CSME [32] 882 879.06 0.33
HME [33] 874.07 877.11 0.35
PBME [34] 869.5 867.96 0.18
JBME [34] 880.3 879.19 0.13

ALBME [34] 875.7 877.04 0.15
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Experimental Density

Figure 2. The predictive capability of the density model

3.2 Cetane Number

Cetane number (CN) is a dimensionless parameter and one of the most important properties of
fuel that relates to its self-ignitability and ignition delay characteristics in CI engines. FAME
structure, FA composition, number and position of double bonds, chain length, degree of
saturation/unsaturation, boiling point, the heat of vaporization, the heat of combustion, etc have
been reported to substantially affect CN. Engine combustion noise level, vibration, heat release
rate, engine performance and generation of pollutants are influenced by the CN of FAME. Higher
CN is believed to be a precursor for less ignition delay time, lower combustion noise, higher
power, as well as less emission of soot, NOx, CO, and SO2 [35, 36].
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Bamigboye and Hansen [16], Tong et. al. [37], Ramadhas et al.[38], Gerhard Knothe [39] and
Piloto-Rodriguez et al. [18] among other researchers have estimated CN using a percentage of FA
compositions as inputs by MLR/ANN or both but with a higher number of methyl esters (> 5
methyl esters). This present effort is limited to the use of the five most common FAs as input.

The general linear regression equation (equation 1) is transformed into Equation 3 through MLR
for the prediction of the CN. The intercept value of 61.84 is comparable with values of 61.1
predicted by Bamigboye and Hansen [16], and 62.2 predicted by Gopinath et al. [17].

Cetane number = 61.84 + 0.07X, + 0.01X, — 0.05X; — 0.22X, — 0.51Xs  (Equation 3)

Table 4 shows the FA and cetane number measured from experimental data sourced from
literature [19, 37] and the dependent output predicted by the model. A total of 30 input data was
used to generate the model. The source of the data covers a wide range of feedstock type to ensure
the model has a wide range of applications in view of the variability of CN with feedstock type.
Table 6 illustrates the statistical indices of the model. The developed model was found to be
significant and competent to adequately predict the dependent variable. The R-value of 0.918 and
R2 value of 0.843 indicating that 84.3 % of the independent variable determined the outcome of
the model. A standard error of 2.55 displays a good statistical correlation between the model
equation and the experimental data.

Table 4. Measured and predicted data for Cetane number

SIN  Source C16:0 C18:.0 C18:1 (C18:2 C183 Exp.CN Pred.CN
1 Aphanamixis polystachya Park 23.1 12.8 21.5 29 13.6 48.52 49.5
2 Azadirachta indica 14.9 144 61.9 7.5 0 57.83 58.68
3 Moringa oleifera Lam 9.1 2.7 79.4 0.7 0.2 56.66 58.67
4 Mesua ferrea Linn 10.8 124 60 15 0 55.1 56.8
5 Corylus avellana 3.1 2.6 88 2.9 0 54.5 57.44
6 Basella rubra Linn 19.7 6.5 50.3 21.6 11 54 55.83
7 Ervatamia coronaria Stapf 24.4 7.2 50.5 15.8 0.6 56.33 57.7
8 Aleurites moluccana wild 55 6.7 105 485 285  34.18 36.75
9 vallaria solanacea Kuntzc 7.2 144 35.3 40.4 0 50.26 52.15
10 Holoptelia integrifolia 35.1 45 53.3 0 0 61.22 62.08
11 Mappia foetida Milers 7.1 17.7 38.4 36.8 0 50.7 52.83
12 Swietenia mahagoni Jacq 9.5 184 56 0 16.1  52.26 52.02
13 madhuca indicai JF Gmel 17.8 14 46.3 17.9 0 56.61 57.34
14 Anamirta cocculus Wight & Hrn 6.1 475 464 O 0 64.26 60.8
15 Broussanetia papyrifera Vent 4 6.1 148 71 1 41.25 45.56
16 Beef tallow 2439 19.02 4165 591 072 609 60.35
17 Canola 451 2 60.33 2124 949 5438 49.97
18 Chicken fat 2406 6.42 4143 1883 1.06 57 57.18
19 Coconut 969 O 283 683 0 61 60.95
20 Corn 11.81 213 2735 57.74 0.63 525 48.6
21 Cottonseed 2593 1.74 1598 55.12 0.16 53.3 50.98
22 Hazelnut 6.32 371 79.17 1067 0.15 5338 56.33
23 Jatropha 1442 582 4281 3538 0.23 557 53.21
24 Karanja 10.89 7.89 5356 2134 209 554 54.59

115



25
26
27
28
29
30

Mahua
Olive
Palm
Peanut

Rapeseed
Waste cooking

22.23
11.47
42.39
10.33
4.07

15.69

22.49
2.83

4.2

2.79
1.55
6.14

39.01
74.52
40.91
47.63
62.24
42.84

14.87
9.54
9.7
31.52
20.61
29.36

0.1

0.51
0.29
0.64
8.72
2.03

56.9
58.9
61.2
54.9
54.1
56.2

58.72
56.98
60.93
53.27
50.38
53.7

The model was tested to predict the CN of other reported experimental data available in the
literature, apart from those used in table 4, as a way to verify the predictive capability of the
model. As shown in table 6, the highest error obtained was 1.72 % which can be adjudged a good
result considering the wide variability of the feedstock. Figure 3 shows the plot of experimental
data against predicted data to show the predictive capability of the model.

Table 5: Statistical indices of the MLR model for Cetane number

Regression Statistics

Multiple R
R Square

Adjusted R Square

Standard Error
Observations

0.918
0.843
0.81
2.55
30

Table 6. Cetane number model verification

Source Ref. Exp. value  Pred. value Error (%)
HME [33] 55.66 55.79 0.23
JBME [34] 53.50 53.67 0.32
ALBME [34] 55.50 55.11 0.72
Madhuca butyracea Mac [37] 65.27 64.46 1.26
Basella rubra Linn [37] 56.33 56.99 1.15
Ervatamia coronaria Stapf [37] 56.33 57.31 1.72
70 1
65 -
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Figure 3. The predictive capability of the cetane number model

Experimetal Cetane Number
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3.3 Kinematic viscosity

Kinematic Viscosity (KV) is a degree of the resistance of fluid flow as a result of the internal
friction of a layer of fluid flowing over another layer and has been found to affect fuel injection,
fuel atomization, among other critical fuel behavior properties. The high value of KV predisposes
the fuel into large droplet size, enhanced polymerization reaction, more carbon deposits, poorer
vaporization, small injection spray angle, and better in-cylinder penetration of the fuel spray.
Increased KV often leads to weaker fuel combustion, higher oil dilution, and increased emission
of smoke and other pollutants. KV is closely related to density, specific gravity, degree of
unsaturation, location of double bonds, and molecular weight [40, 41]. At low temperatures, fuels
with high KV pose critical challenges while too low KV can cause insufficient lubrication in fuel
pumps, increased leakage and wear [42].

The model correlation is as shown in Equation 4 is arrived at from the general format stated in
Equation 1. The model is significant and sufficient to predict the dependent variable within an
acceptable standard. Table 7 depicts the FA composition, the experimentally measured KV
sourced from literature, and the MLR predicted data. With the R2 of 0.683, 68.3 % of the
independent variable contributed to the prediction of the dependent variable. The R-value of 0.83
and standard error of 0.33, though with five methyl esters, is comparable to the outcome of similar
research by Giakoumis and Sarakatsanis [15] with eight methyl esters.

Kinematic Viscosity = 1.22 + 0.03X; + 0.07X, + 0.04X5 + 0.03X, + 0.02Xs (Equation 4)

Compared with the capability of MLR to predict CN, the model was not as accurate as of that of
CN but was significant enough to predict the dependent variable within reasonable error. The
predictive capability of the model was tested with experimental data, apart from the data used in
table 7 and the outcome of the verification of the predictive capability model is shown in table 9.
The model verification presented a maximum error of 4.33 %. Though this current presented
higher error figures compared with absolute error for density and CN in the preceding sections, it
is however lower than similar results available in the literature.

Table 7. Experimental and predicted data for kinematic viscosity

S/N _ Source C16:0 Ci18.0 Ci8:1 C18:2 Ci8:3 Exp. KV Pred. KV
1 Beef tallow 24.39 19.08 41.65 5.91 0.72 4.83 4.96
2 Canola 451 2 60.33 21.24 9.49 4.4 4.48
3 Chicken fat 24.06 6.42 41.43 18.83 1.06 4.81 4.44
4 Corn 11.81 2.13 27.35 57.74 0.63 4.32 4.26
5 Cottonseed 25.93 1.74 15.98 55.12 0.16 4.7 4.19
6 Croton 7.25 343 10.8 77.25 5.4 4.48 4.23
7 Hazenut 6.36 371 79.17 10.67 0.15 4.55 4.84
8 Jatropha 14.42 5.82 42.81 35.38 0.23 4.72 4.56
9 Karanja 10.89 7.89 53.56 21.34 2.09 5.04 4.65
10  Linseed 5.18 3.26 19.04 16.12 54.54 4.06 4.06
11 mahua 22.23 22.49 39.01 14.87 0.1 5.06 5.25
12 Neem 17.57 16.6 45.83 17.79 0.72 4.72 5.05
13 Olive 11.47 2.83 74.52 9.54 0.51 5.05 4.75
14 Palm 42.39 4.2 4091 9.7 0.29 4.61 4.60
15 Peanut 10.33 2.79 47.63 31.52 0.64 4.77 4.31
16  Rapeseed 4.07 1.55 62.24 20.61 8.72 4.63 4.47
17  Rice barn 18.12 2.17 42.35 34.84 0.93 4.7 4.42
18  Rubber seed 9.39 9.41 24.22 38.12 17.54 4.79 4.46
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19  Safflower 7.42 2.38 14.41 75.31 0.09 4.1 411

20  Soybean 11.44 414 23.47 53.46 6.64 4.29 4.28
21 Sunflower 6.26 3.93 20.77 67.75 0.15 4.53 4.22
22 RME 3.57 0.87 65.18 22.27 8.11 4.556 4.55
23  SMEA 10.49 4.27 24.2 51.36 7.48 3.67 4.25
24  SMEB 10.81 4.54 24.96 50.66 7.27 441 4.28
25 GMSME 3.97 2.99 82.54 4.98 3.7 4.87 4.77
26 YGME 17.44 12.38 54.67 7.96 0.69 5.02 4.82
27  GP 10.57 2.66 41.05 36.67 7.1 3.96 4.36
28 PBME 38.1 4.1 44.2 11 0.3 4.56 4.61
29 JBME 17.1 6.4 41.8 32.9 0.2 4.27 4.58
30  Coconut 13.83 3.94 14.3 4.73 0 2.45 2.52
31  Cottonseed 24.09 2.56 15.74 56.99 0 3.99 4.22
32 ALBME 14.8 16 41.3 26.6 0.2 5.38 4.97
33  SoyA 16.18 3.82 28.2 50.46 0 3.74 4.34
34 Rapeseed 5.26 1.63 62.94 20.94 6.99 3.942 451
35 SoyB 10.18 3.82 28.5 35.46 0 3.96 4.34

Table 8: Statistical indices of the MLR model for kinematic viscosity

Regression Statistics

Multiple R 0.83
R Square 0.683
Adjusted R Square 0.629
Standard Error 0.33
Observations 35

Table 9. Kinematic viscosity model verification

Source Ref. Exp. value  Pred. value  Error (%)
Rapeseed [43] 4.67 4.84 3.57
POME [44] 4.61 4.79 3.72
Soybean [45] 4.04 4.2 3.86
Sunflower [45] 4.55 4.61 1.24
Jatropa curcas [45] 4.46 4.28 4.33
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Figure 4. The predictive capability of the Kinematic viscosity model

3.4 Calorific Value

The calorific value (CV) of a fuel is a measure or degree of its heating capacity. A CV is measured
in kilojoule per kg (kJ/kg) and is commonly defined as the quantity of energy generated by the
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complete combustion of a known volume of fuel under stipulated conditions. The gross calorific
value, also known as higher heating value (HHV) is measured of the fuel’s heat of combustion
when the water’s heat of combustion is completely condensed and the heat contained in the water
vapor is fully retrieved [46]. The net calorific value, also known as the lower heating value (LHV)
is measured when the product of the fuel’s combustion includes water vapor and the heat in the
water vapor is not retrieved. The difference between the HHV and LHV is termed the heat of
vaporization of water. FAME is reputed to contain higher oxygen content than petroleum-based
diesel fuel (PBDF), it follows that FAME has lower heating values than PBDF. This fact accounts
for the higher quantity of FAME injected for combustion to achieve the required engine power
[47]. Anincrement in the chain length of fuel molecules and carbon/nitrogen to nitrogen/oxygen
ratio of FAME result in higher CV [48, 49].

Without a doubt, higher CV is needed for effective combustion of FAME in an unmodified ClI
engine because of its desirable effects on combustion of IC engines. The lowest recommended
value for the CV of biodiesel fuel for heating purpose as specified by EN 14213 is 35 MJ/kg [50,
51]. Apart from oxygen content, other factors that influence the heating value of FAME include
the degree of saturation, number of double bonds, C:O ratio, C:H ratio, and feedstock [23]. Some
properties like cloud point, density, flash point, and KV have been found to have strong
correlations with heating values. In terms of emission, a higher quantity of FAME that needed to
be injected into the combustion chamber to meet up with the required engine power has been
found to affect PM and NOx emissions, particularly under exhaust gas recirculation system [52,
53].

It is believed that heating values can be predicted using the FA composition of FAME. Only a
few citations are available in referred literature to establish a linear correlation to link heating
values with FA composition, as far as the authors know. Specifically, Sanli et al. [49], Giakoumis
[19], and Giakoumis and Sarakatsanis [15] have predicted the heating values using a percentage
of FA compositions as inputs but with more than five methyl esters. This present effort is limited
to the use of the five most common FAs as input, using the MLR approach. Input data are sourced
from the data set available in the literature [15, 49].

The model correlation, shown in Equation 5 is arrived at from the general format (Equation 1).
The model is found to be significant and adequate to predict the CV within an acceptable standard.
Table 7 shows the five FA compositions, the experimentally determined CV (MJ/kg) sourced
from literature, and the MLR predicted data. Equation 5 was arrived at by generating a linear
correlation between the experimentally measured CV and the MLD predicted CV. The intercept
was found to be 40.144 while C16:0 and C18:1 had a very minimum but negative effect on the
output data. The predictive capability of the model is shown in figure 5.

Calorific Value = 40.144 — 0.02X, + 0.017X, — 0.001X;3 + 0.004X, + 0.005X5 (Equation 5)

The statistical analysis (table 11) shows that the model is significant with the R2 of 0.43. This
implies that 43 % of the independent variable (input) contributed to the prediction of the
dependent variable (output). The R-value of 0.66 and standard error of 0.33, though with five
methyl esters, is comparable to the outcome of similar research [15, 40, 49]. The model was
verified with a different set of data sourced from literature and was found to satisfactorily predict
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the CV despite the diverse nature of the FAME source. The difference between the measure and
predicted CV was negligible and within acceptable standards (table 12).

Table 10. Experimental and predicted data for Calorific value

S/N  Source Cl6:0 C18:.0 Ci18:1 C(Ci18:2 C18:3 Exp.CV Pred.CV
1 Corn 1181 213 2735 57.74 0.63  40.19 40.163
2 Cottonseed 2593 174 1598 55.12 0.16  40.48 39.879
3 Croton 7.25 343 108 77.25 5.4 40.28 40.401
4 Hazelnut 6.32 371 79.17 10.67 0.15 398 40.04
5 Jatropha 1442 582 4282 3538 0.23  40.38 40.062
6 Karanja 1089 7.89 5356 21.34 2.09  40.275  40.106
7 Peanut 1033 279 4763 3152 0.64  39.93 40.071
8 Rapeseed 4.07 1.55 62.24  20.61 8.72  40.335 40.154
9 Rice bran 1812 217 4235 3484 0.93 40475  39.929
10  Rubber seed 9.39 941 2422 3812 1754 40.35 40.349
11 Beeftallow 2439 19.08 4165 5091 0.72  40.04 39.976
12 Canola 451 2 60.33 21.24 9.49 39975  40.162
13 Chicken fat 2406 642 4143 1883 1.06  39.89 39.821
14 Lard 25.1 13.23 4436 12.06 118  39.95 39.887
15  Olive 1147 283 7452 954 051  40.28 39.926
16 Neem 1757 16.6 4583 17.79 0.72 39.96 40.112
17 Mahua 2223 2249 39.01 14.87 0.1 40.18 40.114
18  Safflower 7.42 238 1441 7531 0.09 40.155  40.339
19  Waste frying oil 25.043 4283 37.942 30.032 019 39.223  39.811
20  Waste frying oil 2595 3.899 43574 23637 0.265 39.833  39.754
21  Waste frying oil 27.614 393 42,754 22805 0.281 39.312  39.719
22 Waste frying oil 29.117 4375 37455 26.233 0.21  39.259 39.717
23 Waste frying oil 25.645 3.863 43.228 24.306 0.271 39.441  39.762
24 Waste frying oil 41438 4.775 40.636 10.293 0.182 39.741 39.413
25  Waste frying oil 40.637 3.369 42.104 9.958 0.173 39.336  39.401

Table 11; Statistical indices of the MLR model for Calorific VValue

Regression Statistics

Multiple R 0.66
R Square 0.43
Adjusted R Square 0.28
Standard Error 0.33
Observations 25
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Table 12. Calorific Value model verification

Source Ref Exp. value  Pred. value  Error (%)
Jatropha [54] 40.536 40.501 0.09
Palm [55] 39.907 39.863 0.11
Corn [56] 39.93 39.538 0.98
Canola [40] 39.64 39.615 0.06
Soybean oil [40] 40.04 39.907 0.33
Grape Seed [40] 39.82 39.968 0.37
Karanja [57] 39.66 39.542 0.3
41 T

Predicted Calorific Value
ey
o

39

39 ] 0 41
Experimental Calorific value

Figure 5. The predictive capability of the Calorific Value model
4. Conclusion

One of the motivations for the use of FAME as Cl engine fuel is safer handling, improved engine
performance, and mitigated emissions. Experimental determination of FAME fingerprint, which
is a key determinant for the behavior, handling, storage, transportation, performance and
emissions of the fuel, is onerous, laborious, requires costly laboratory architecture and highly
technical personnel. Appropriately developed models and prediction correlations are considered
to be a faster, cheaper and easier method of determining these properties based on certain criteria
and conditions. The degree of saturation, chain length, branching, number and position of double
bonds are key parameters in the performance of biodiesel. FA compositions of biodiesel are
dependent on the type of feedstock, and to some extent on its production parameters and technique
and greatly influence the properties of FAME based on the proportion of the methyl esters present
in the biodiesel.

This current effort employed the five most common methyl esters, namely palmitic acid (C16:0),
stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3) to predict
density, KV, CN, and CV of FAME using the MLR approach. A linear correlation was generated
for the individual fingerprints and employed to predict the output using data extracted from the
literature. The model was analyzed statistically to determine the standard error and other statistical
indices. The predictive capability and model verification were carried out to test the competency
and accuracy of the model within acceptable limits. Conclusively, the following points can be
deduced:
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¢ Some FAME properties can be predicted by the proportion of methyl esters as a
panacea for difficulties in the experimental determination of the properties.

e Five FAs are enough to generate a linear correlation using MLR to accurately predict
the density, KV, CN and CV of FAME.

e The outcome of the model verification shows that the correlation generated by this
research can be relied upon to correctly predict the dependent outcomes being sought.

Going forward, a more accurate prediction correlations and models should be developed for
predicting properties, performance, fuel mixing, combustion, and emission characteristics with
linear and nonlinear relations. This will eliminate the cumbersome experimental determinations
of these parameters with a view to advancing capacities in engine research.
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CHAPTER 4: OPTIMIZATION OF FAME COMPOSITION FOR
IMPROVED ENGINE PERFORMANCE AND EMISSIONS
REDUCTION

This chapter presents the results of the numerical technique to find an optimal FAME candidate
to ensure improved engine performance and mitigated emission. Linear mathematical correlations
were derived using five FA compositions to compute certain properties. A numerical approach
(MATLAB) was adopted to solve the resulting equations resulting in the parameters of the
optimal candidate in terms of five FAME compositions only. The outcome has been submitted to
the International Journal of Low-Carbon Technologies.

Awogbemi, O., Inambao F., Onuh E. I. (2019). “Optimization of FAME Composition
for Improved Engine Performance and Emissions Reduction,” International Journal of

Low-Carbon Technologies. Oxford University Press
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Abstract: Detrimental environmental effects of diesel fuel have stimulated investigation into the
utilization of biodiesel as an alternative fuel for compression ignition (CI) engine. This present work
employed MATLAB to solve linear equations generated for biodiesel properties using fatty acid (FA)
composition for the determination of an optimal FAME candidate. Transesterification of waste vegetable
oil employed to experimentally produce the fatty acid methyl ester (FAME) candidate generated through
numerical intervention. The gas chromatography-mass spectrometer analysis of the resulting FAME
revealed that the type of used vegetable oil, the food the oil was used to fry, and catalyst particle size
influenced the FA composition of the FAME. Numerical evaluation of the objective function and the
constraints yielded a FAME candidate with palmitic and oleic acids at 36.4 % and 59.8 % respectively.
The resulting FAME candidate is expected to produce optimal engine performance and mitigate emissions
in an unmodified CI engine.

Keywords: Engine performance; FAME; MATLAB; optimal candidate; waste cooking oil

global effort to enhance energy sustainability and
reduce environmental pollution. Interest in
Globally, there is a growing utilization of biodiesel has compelled further studies in all facets
biodiesel in the internal combustion (IC) engine, ~ ©Of the fuel, predominantly in cost reduction,
particularly in the fuel and power generation  advancing engine performance and mitigating
application sectors. This has led to an increased emissions for all categories of on-road and off-road
global demand for biodiesel with the United States ~ compression ignition (CI) engines. Research in the
of America, Germany, Argentina, Thailand, conversion of used vegetable oil from households
Belgium, and Canada topping the list of world and restaurants to biodiesel is gaining ground by
producers as of 2016. By 2025 global biodiesel ~ the day. This is due to its numerous advantages
consumption is expected to swell by between 4.4 including a cleaner environment as a result of
% to 5.4 % with a market value in the region of ~ Proper disposal, conversion of waste to fuel,
US$ 53.6 billion [1, 2]. World consumption of reduction in the cost of biodiesel production, and
biofuel is predicted to reach 129.7 million metric generation of more income for households and
tons of oil equivalent (Mtoe) from a paltry 59.7  small-scale businesses, among others [4].
Mtoe in 2010 as shown in Figure 1 [3]. This
underscores the importance of biodiesel in the new

1. Introduction
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Fig. 1. World consumption of biofuel, including estimate to the year 2035

Over the years, particularly in the last few
decades, many researches have been carried out
with a view to upgrading the engine performance
significantly and cutting down the emission
characteristics of Cl engines fueled with biodiesel,
otherwise referred to as fatty acid methyl esters
(FAME) with appreciable success. Amongst
others, hybridization of feedstock, exhaust gas
recirculation, low-temperature combustion, and
other fuel injection and combustion strategies have
been modestly effective in this regard. However, in
the author’s informed opinion, no attempt has been
made to establish the FAME mix that gives the best
possible engine performance and reduced
emissions. Biodiesel consists of different esters
and fatty acids (FAs) which are the major
constituents and determinant of the behavior and
performance of the fuel.

The source of the feedstock of biodiesel,
whether fat or oil, has placed an inherent constraint
on the composition of FAME. This is so because
each source has its own unique fingerprint and
composition. An optimal mix of FAME, therefore,
is capable of enhancing performance and
mitigating emissions of harmful gasses from ClI
engines fueled with biodiesel since the fuel’s
property is dependent on FAME mix. The
motivation for this current effort is to engineer an
acceptable FAME mix for CI engine application.

The significance of this present research
arises from the need to explore FAME composition
and the major fingerprints of biodiesel as a basis
for obtaining a FAME candidate with improved
performance and reduced emissions. Such a
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relationship depends on the FA composition and
the fingerprints of FAME. This study used
compositional models to predict the major
properties of biodiesel so as to deduce an optimal
FAME candidate. The numerically generated
FAME candidate will be produced experimentally
by transesterification which can then be used to
verify the outcome of the linear equation model.
Such an optimal mix is expected to give the best
possible performance and reduced emission of
unblended FAME (B100) use in unmodified and
an unmodified ClI engine.

2. Background of Study

The inherent properties of FAME are a
function of several factors including chain length
and branching, the degree of saturation, number as
well as position of double bonds [5], while it's
quality and behavior are influenced by feedstock,

production technique, handling, and storage
processes.

FA composition is a major factor that
determines the properties of FAME. FA

composition is measured by gas chromatography-
mass spectrometry (GC-MS). FAs are categorized
as either saturated fatty acids (SFAs) or
unsaturated fatty acids (USFAs). SFAs contain
single carbon-carbon bonds while USFAs contain
a single or multiple double carbon-carbon bonds in
the chain. USFA can either be monounsaturated or
polyunsaturated fatty acids. Table 1 compares
SFAs and USFAs.



Table 1. Comparison of SFA and USFA

Factor Saturated fatty acids Unsaturated fatty acids
Structure H H H H H H H H H H H H
||
COOH—l—(|Z—|C—|C—(|Z—|C—H COOHT_CI_T_l=(|:_|C|_H
REERER 1 I
H H H H H H
Type of Bond Single bond between carbon atoms Minimum of one double bond
(C-0) between carbon atoms (C=C)
Examples Palmitic acid, Stearic acid, Lauric acid, Oleic acid, Eladic acid, Palmitoleic
Myristic acid, Caprylic acid, Behenic acid, Linoleic acid, Linolenic acid,
acid, Arachidic acid etc
Reactivity Less reactive Highly reactive
Stability More stable Less stable

Physical appearance
Type of chain
Melting point
Hydrogen atom per
carbon atom

Straight
Comparatively higher

atom

Sources Animal fats, palm oil, coconut oil.
Solubility Soluble in vitamins
Effect of  Without effect

hydrogenation
Shelf life/oxidative
stability

Solid at ambient temperature

Have more hydrogen atoms per carbon

Have a high oxidative stability index

Liquid at ambient temperature
Branch, at double bond
Comparatively lower

Have a comparatively less number
of hydrogen atoms per carbon atom
Plant oil, vegetable oil, and fish oil
Insoluble in vitamins

They are converted into saturated
state by hydrogenation.

Have a low oxidative stability index

Experimental determination of properties of
FAME requires intricate procedures and
techniques, a high degree of technical equipment,
reagents, and personnel. It is time-consuming,
expensive and exposes personnel to possible
laboratory mishaps and hurts. This has led to the
use of mathematical models and correlations over
the last few decades. The deployment of
mathematical models and correlations are cost-
effective, timesaving, less laborious, innovative,
flexible, safe and require no reagents, chemicals
and specialized equipment [6]. Predictions arising
from mathematical models have often been
validated by experimental results in compliance
with accepted standards. The two widely
recognized standard requirements and test methods
for B100 FAME are the European standard (EN)
and the United States (US) standard represented by
EN 14214 and D6751 respectively [7]. Table 2
shows details of methods and limits for major
properties of B100 FAME.

There are some property prediction models
for biodiesel employed produced by various
authors. The empirical-based prediction models
are believed not to have not produced satisfying
outcomes in relation to biodiesel. The application
of the vapour pressure based model is restricted to
ideal solutions, though it can be extended to
biodiesel, its accuracy is in doubt. The Liaw’s
model, a form of activity coefficient-based model,
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is mainly used for all flammable mixtures and not
strictly for methyl esters. Molecular structure-
based models rely on structural specifications and
configurations like chain length, the position of
double bonds, etc., of compounds. It, however,
fails with the increased molecular weight
associated with a fatty acid or the ester. Double-
bond based models are contingent upon the
number of double bonds available in the FAME
which is considered not comprehensive enough to
make an informed and all-encompassing forecast.
Models/correlations  based on  combustion
reactions, molecular weight, electron numbers and
those centered on the physical properties and
behavior of FAME are not individually
comprehensive, inclusive, and far-reaching enough
to accommodate all categories of esters.
Thermodynamic-based models, though
successfully predicting the properties of saturated
fatty acids, have, however, showed a large error
with unsaturated FAME [8].

The use of thermodynamic and other
correlative  models are  appealing and
unsophisticated, but they fail the test of precision
and are often deficient in terms of theoretical
footing [9]. These models cannot produce a
candidate for the optimization problem because
they do not derive their models from the
composition of FAME. Composition-based
models are not only straightforward, they also take



into consideration the distinctive fingerprints and
FA composition of individual FAMEs. FAME
composition has great influence and produces a
more acceptable outcome so as to predict the

optimal mix to enhance engine performance in
addition to lowering the emission characteristics of

Cl engines [10].

Table 2. Limits and test methods of properties of B100 FAME

Europe EN 14214

US ASTM D 6751

Standards Limits Methods Limits Methods
Acid no (mgKOH/g, max) 0.5 EN 14104 0.5 D664
Carbon residue (wt. %, max) 0.05 D4530
Cetane no. (min) 51 EN ISO 5165 47 D613
CFPP (°C, max) -5to-44 EN 116
Cloud point(°C, max) Variable  EN 23015 Report D2500
Copper strip corrosion (3 hr, at 50 °C, EN ISO 2160 No. 3 D130
max) No 1
EN I1SO 3675
Density (Kg/m?3) 860-900 EN ISO 12185
Distillation (T90, °C, max) 360 D1160
Ester content (wt. %, min) 96.5 EN 14103
Flash point (°C, max) 101 EN ISO 2719 93 D93
Monoglycerides (wt, %, max) 0.7 EN 14105 0.40 D6584
Diglycerides (wt, %, max) 0.2 EN 14105
Triglycerides (wt, %, max) 0.2 EN 14105
EN 14105 0.02 D6584
Free glycerol (wt, %, max) 0.02 EN 14106
Total glycerol (wt, %, max) 0.25 EN 14105 0.24 D6584
EN 14111
lodine number (gl2/100 g, max) 120 EN 16300
Kinematic Viscosity @ 40 °C (mm?/s)  3.5-5.0 EN ISO 3104 1.9-6.0 D445
Linolenic acid methyl esters (wt. %, EN 14103
max) 12.0
Metal (Ca+Mg), ppm, max 5.0 EN 14538 5.0 EN 14538
EN 14108 5.0 EN 14538
EN 14109
Metal (Na+K), ppm, max 5.0 EN 14538
Methanol, (wt, %, max) 0.2 EN14110 0.20 EN 14110
Oxidation stability (hrs @ 110 °C, min) 6 EN 14112 3 EN 14112
4.0 EN 14107 0.001% wt  D4951
Phosphorus (max) mg/kg PrEN 16294
Polyunsaturated acid methyl esters (wt. EN 15779
%, max) 1.0
Sulfated ash (wt. %, max) 0.02 1SO 3987 0.02 D874
Total contamination (mg/kg, max) 24 EN 12662
EN ISO 20846 15 ppm D5453
EN 1SO 20884
Total sulphur (max) 10 mg/kg EN ISO 13032
Water and sediment (% vol., max) 0.05 D2709
Water, (ppm, max) 500 EN 1SO 12937

2.1. Cetane Number

As opposed to a spark ignition engine, ClI
engine is a self-ignition engine where the charge
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inside the combustion chamber of the engine is
projected to be self-ignited. Cetane number (CN)
is an important dimensionless property of fuel that
is capable of determining auto-ignition, the fuel



quality and fuel ignition delay time [11, 12]. A
higher value of CN is connected with a shorter fuel
ignition delay time so that the fuel is combusted
timeously and completely, smooth running, engine
stability, less noise, better engine performance and
emissions mitigation [13, 14]. Thus, CN is
recognized as the most important property of
FAME for effective combustion, better engine
performance, and reduced emissions. An
increment in the chain length, number of carbon
atom chains, and a decrease in the mean degree of
saturation causes in an increase in the CN of B100
FAME [15, 16]. Recommended specifications and
test methods for CN for both the EN 14214 and
ASTM D 6751 are shown in Table 2.

2.2. Density

The density of a given matter, or substance is
the mass per unit volume of the substance. Density
directly impacts the process and quantity of the
fuel admitted into the engine’s combustion
chamber for effective combustion. It has an
explicit effect on the operation and operation of
pumps, nozzle injectors, and other fuel injection
architecture. The density of FAME has been
reported to be dependent on FA composition,
feedstock, and to a large extent the production
techniques [17]. Kinematic viscosity (KV),
increase in pressure, reduction in temperature, CN,
the degree of unsaturation, heating value, and
higher unsaturation have been found to increase the
value of fuel density, while increased chain length
is believed to lead to a reduced density of FAME
[8, 9]. For this study, density was the objective
function and was maximized between 860 kg/m3
and 900 kg/m3 as recommended by EN 14214,
which is the specification for biodiesel from most
third generation feedstock, including waste
cooking oil (WCO). The density fingerprint of
FAME affects fuel atomization, engine operation,
and thermal efficiency of a Cl engine [18, 19].

2.3. Kinematic Viscosity

Kinematic Viscosity (KV) remains a vital
fluid fingerprint that determines the degree of
resistance/easiness to the flow of a portion of a
given fluid over another and is attributable to
internal friction in the fluid. High KV causes poor
fuel atomization, slimmer injection spray, and
precipitates fatter droplet size which ensures in
poor fuel injection, the formation of engine
deposits, decreased thermal efficiency, inferior
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fuel combustion and higher emissions. Conversely,
lower KV precipitates better quality fuel droplets
and enhanced performance of the fuel injector.
This ensures the injecting of the required quantity
of fuel into the combustion chamber. Chain length,
branching, number and position of double bonds of
FAME influence the KV and other properties of
biodiesel [18, 20, 21]. Compared with petroleum-
based diesel fuel, FAME has superior chemical
structure, molecular mass, and hence higher KV
[22]. The value of KV not greater than 4.5 mma2/s,
measured at 40 °C, was used in this study as the
constraint for the regression analysis.

2.4. Calorific Value

Calorific value (CV), otherwise referred to as
higher heating value, has been more accurately
described in terms of the measure of the energy
content of fuels, and depicts the quantity of heat
given out when one gram of fuel is combusted to
generate carbon dioxide and water at initial
temperature. An increment in the chain length of
fuel molecules and carbon to oxygen ratio of
FAME results in a higher CV [15, 21]. A higher
CV is needed for effective combustion of FAME
in an unmodified CI engine because of its desirable
effects on combustion of IC engines. The lowest
recommended value for the CV of biodiesel fuel
for heating purpose as specified by EN 14213 is 35
MJ/kg [23, 24]. As one of the constraints, a CV of
between 344 MJ/kg and 45.2 MJ/kg was
employed in this study for analysis as a desirable
factor for the combustion of fuel.

2.5. Cold Filter Plugging Point

One of the issues inhibiting the utilization of
FAME in CI engines is its cold flow properties,
particularly in low-temperature countries. Cold
filter plugging point (CFPP) signifies the least
temperature whereupon a known quantity (20 mL)
of biodiesel flows pass a standardized filtration
gadget (45-micron screen) in a stipulated period of
time, usually 1 minute, when cooled in a defined
condition [8]. CFPP measures the ease of operation
of fuels under low-temperature climatic
conditions. It is the temperature of the fuel which
signals the onset of fuel crystallization or gelling,
clogging of fuel filters, and other fuel line
architecture. The consequence of a high CFPP of
FAME is clogging of the fuel filter, lines and hose
more easily due to the rapid crystallization of the
fuel [14, 18]. Long-chain saturated FAME,



especially palmitic acid and stearic acid, have been
found to contribute to high CFPP in fuel, much
more than unsaturated FAME. The chain length
saturated factor is employed to correlate the CFPP
of FAME. Generally, chain length, the intensity of
unsaturation, and branching, etc., affect the CFPP
of FAME [25]. CFPP, due to its importance in fuel
performance at low temperature, was chosen as a
constraint. In line with EN 14214 and ASTM D
6751 standards, CFPP was set between -15 °C and
-5 °C to incorporate extreme low-temperature
conditions.

2.6. Cloud Point

The cloud point (CP) is described as the least
temperature that facilitates the formation of
clusters of wax quartzes of about 0.5 um in
diameter resulting in the appearance of a murky
solution. It triggers the formation of biowax within
the FAME leading to the blocking of fuel hoses,
lines, filters, and injectors in FAME-fueled engines
[26, 27]. The nature and quantity of saturated fatty
acids compounds, the source of the FAME, the
location of double bonds, in addition to the length
and linearity of carbon chains, affect the CP of
biodiesel. The FAME obtained from animal fats or
oils with double bonds situated near carbon chain
ends, etc., precipitates elevated CP [8, 28].
Although both EN 14214 and ASTM D 6751 do
not give definite specifications for CP, the
constraints in this study were set at between -25 °C
and 26 °C to cater for a wide range of temperature
conditions.

3. Review of Literature

FA composition has been explored to predict
some properties of biodiesel as a result of the
fundamental importance of FA composition,
degree or intensity of saturation or unsaturation,
and carbon chain length, in addition to the position,
number, and configuration of double bonds in the
carbon chain [29, 30]. The impact of carbon chain
length and intensity of saturation on some physical
properties of FAME has been affirmed by some
research [30, 31]. FA compositional models have
been exploited to predict the KV, CN, density,
higher heating value [32], iodine value, CP,
saponification value, pour point [33], flash point
[34][38], and cold filter plugging point [35].
Various numerical techniques and correlations,
including empirical equations [36], adaptive-
network-based fuzzy inference system [33],
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multiple linear regression analysis [32], least
squares regression method [37], least squares
support vector machine model [38], artificial
neural network [39] etc., have been employed by
various researchers to predict fuel properties of
FAME and its blends using FA composition.

The outcomes of the research of many
scholars have indicated that the application of
FAME as CI engine fuel results in better engine
performance, reduced PM, smoke, UHC, and CO
emissions in general but increased NOx emission
in some cases. The outcomes of those researches
showed that the application of biodiesel fuel is
capable of improving the performance
characteristics of the diesel engine, drastically
reducing CO emissions and lessening NOX
emissions [40-42]. Researchers have predicted the
performance and emission characteristics of
FAME and its blends with varying outcomes.
Biodiesels with higher saturated FA (palmitic acid,
stearic acid) composition have been reported to
exhibit higher CN which tends to improve
combustion activities within the combustion
chamber and produce reduced brake specific fuel
consumption (BSFC), higher brake thermal
efficiency (BTE), higher exhaust gas temperature
(EGT), as well as less smoke and NOx. Generally,
the degree of saturation, chain length, number and
location of double bonds influence the CN which
affects the combustion activities and the emission
characteristics [43, 44]. Jiagiang [45] explored
KIVA-4 in conjunction with CHEMKIN 11 code to
stimulate and validate the emission characteristics
of a Cl engine under variable load conditions
fueled by FAME produced from vegetable oil.
They reported that changes in the percentage of
palmitic, stearic and oleic acids in the FAME
influenced the fuel-air mixing, evaporation break
up, combustion efficiency, engine performance,
and emission of regulated gases. Similar work by
authors showed that soot and NOx emissions of CI
engine energized by FAME are affected by
changing FA methyl ester proportions [45].
Similarly, Zhang et al. [46] investigated the effects
of the proportion of FA composition of FAME on
engine performance and emission characteristics
of biodiesel fueled ClI engine. They reported that a
rise in the proportion of linoleic acids resulted in
superior BSFC while an increase in the proportion
of oleic, stearic, and palmitic acids lowered the
indicated power.

There is near consensus of opinion that the
proportion of the five major FAs in FAME, i.e.



stearic, palmitic, oleic, linoleic and linolenic acids
affects the activities of fuel within the combustion
chambers and greatly influences the engine
performance and emission of regulated pollutants
of an unmodified CI engine fueled by FAME. The
relevant questions to ask, therefore, are: what is the
best proportion of the five FAs that can improve
engine performance and reduce emission of
regulated gases in an unmodified conventional ClI
engine, and how can this proportion be
determined? This present effort is aimed at
exploring the use of mathematical and numerical
tools to determine the optimal FA mix that will
produce the best FAME candidate for improved
engine performance and mitigated emission in an
unmodified CI engine. The motivation for this
investigation is to assist biodiesel refiners, engine
manufacturers, combustion and  emission
researchers in their efforts to improve fuel
combustion with a view to enhancing engine
performance and lessening the obnoxious
emissions. This current work is limited to effect of
the five most common FAs, namely palmitic acid
(C16:0), stearic acid (C18:0), oleic acid (C18:1),
linoleic acid (C18:2), and linolenic acid (C18:3),

on engine performance and  emission
characteristics.
4. Methods

An optimal mix FAME candidate was

determined using a numerical solution which was
verified by the FA composition of biodiesel
produced from WCO by transesterification
process.

4.1. Numerical Method

This study employed the application of a
compositional model using some major properties
to unveil an optimal candidate mix using linear
regression equations. This arose from the need to
explore mathematical tools to solve a series of
linear equations arising from the compositional
models of some critical FAME properties. The
compositional models are products of the strategy
for property prediction of FAME using the FA
composition of biodiesel as determined by GC-MS
analysis.

Linear correlations of major fingerprints that
are crucial to engine performance and emission
generation in an unmodified CI engine fuelled with
FAME were mined from literature. CN was chosen
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as an objective function and maximized, while
density, KV, calorific value, cold filter plugging
point, and CP were taken to be constraints.
Compositional based models for these properties
were compiled from literature as shown in Table 3
and formed into equations (1) to (6). The
established linear correlations were reduced to
contain the five most commonly occurring FAs for
each of the considered properties. The five most
occurring FAs from the literature surveyed were
palmitic, oleic, stearic, linoleic, and linolenic acids
[47-50]. This section is divided into subheadings
and provides concise and precise descriptions of
the experimental results, their interpretation as
well as the experimental conclusions that can be
drawn.

The resulting linear equations (7) to (12) are
solved, using MATLAB according to the flowchart
shown in Figure 2, bearing in mind that the
outcome of the numerical evaluation agrees with
the EN 14214 and ASTM D 6751 standards.
Transesterification of WCO feedstock with a
variety of catalyst particle sizes was carried out to
produce various FAME with FA compositions and
properties to meet the specifications arrived at by
the numerical interventions. The optimal FAME
candidate produced from WCO was used to verify
the outcome of the linear equation model.

4.2. Experimental method

4.2.1. Material collection and treatment

Waste vegetable oil samples were collected
from takeaway restaurants in central Durban.
Methanol (analytical grade, 99.5 %) was used as
alcohol. Activated magnesium silicate,
commercially known as Magnesol® (analytical
grade, 60-100 mesh, My, of 100.39 g/mol) was used
as an absorbent. Magnesol® is hygroscopic and
contact with eyes must be avoided. The container
must always be kept airtight. The waste vegetable
oils were heated to 110 °C in a beaker in an electric
heater for 15 min to remove moisture and filtered
to eliminate every food residue and other
suspended solid particle in the used vegetable oils.
Some important properties of the WPO were also
determined by using standard methods. Chicken
waste eggshells were collected from Butterfield
Bakery, Reddy’s Bakery, and Nubbile’s Bakery in
central Durban.



Table 3. Composition-based models for the prediction of some FAME properties

Property Correlation Definition of unknowns Ref
Cetane CN = 56.16 + (0.07La) + (0.1M)i La = Lauric, M=Myristic, [16]
number + (0.15P) — (0.05Pt)  P=Palmitic, Pt=Palmitoleic,
(CN) + (0.235) — (0.030) S=Stearic, O=Oleic, Li=Linoleic,
—(0.19Li) — (0.31Ln)  Ln=Linolenic, Ei=Eicosanoic,
+ (0.08E%) + (0.18Er)  Er=Erucic and Ot=others
—(0.10t)
Density DN = 2204.5-13.2P — 1.4PL — 16S P = Palmitic, PL = Palmitoleic, S = [51]
(DN) —13.80L — 13.3L Stearic, OL = Oleic, L = Linoleic,
—3.717LL + 39.7A4 LL = Linolenic, A = Arachidic, Oth
+ 72.20th = Others [all values in Percentage
weight].
Kinematic KV = 373.4774 — 3.7096P — 0.0993PL P = Palmitic, PL = Palmitoleic, S = [51]
Viscosity —3.8125 — 3.74310L  Stearic, OL = Oleic, L = Linoleic,
(KV) —3.6808L —3.717LL  LL = Linolenic, A = Arachidic, Oth
+0.11314 = Others [all values in Percentage
—10.89430th weight].
Calorific CV = 32629.061 + 57.390a + 71.795b a—i : mass fractions (wt.%) of the [21]
value (CV) + 231.631c¢ fatty acids C14:0, C16:0, C16:1,
+16.913d + 66.268e¢  C18:0, C18:1, C18:2, C18:3, C20:0,
+70.501f C22:0, respectively
+ 387.989¢g
+ 1228.692h
—115.455i
Cold filter CFPP = 3.1417LCSF —16.477 LCSF: The long-chain saturated [35]
plugging LCSF = 0.1C16.9 + 0.5C1g.9 + 1C¢.0 factor for C16:0-C24:0 C: Mass
point + 1.5C55.0 + 2Cy40 fraction of saturated fatty acid (wt%)
(CFPP)
Cloud point CP =—40.278 + 0.514C;¢,0 + C16:0, C18:0, C18:1, C18:2, C18:3, [34]
(CP) 0.6364( 14,0 +0.38363C1q,1 + C22:1¥4Mass percentage in

0.35362C,5,,+0.26341C, 5.5+
0.58623C,,.,

biodiesel

Where X; = Palmitic acid (C16:0), X, = Stearic acid (C18:0), X3 = Oleic acid (C18:1), X, = Linoleic acid (C18:2), Xs = Linolenic

acid (C18:3), X = Arachidic acid (C20:0), X; = Palmitoleic acid (C16:1), X = Lauric acid (C12:0), Xe = Mytristic acid (C14:0), Xio

= Eicosenoic acid (C20:1), X1 = Behenic acid (C22:0), Xy, = Erucic acid (C22:1), Xy3 = Lignoceric acid (C24:0), X4 = Others.

CN: 56.16 + 0.07X, + 0.1X, + 0.15X; — 0.05X, + 0.23X5 — 0.03X, — 0.19X, — 0.31X, + 0.08X, + 0.18X,, — 0.1X,, = 45 <

CN <51

DN: 2204.5 — 13.2X, — 1.4X, — 16X — 13.8X, — 13.3X, — 3.717X, + 39.7X, + 72.2X,, = 860 < DN < 900

()]

@

KV:  337.4774 — 3.7096X, — 0.0993X, — 3.812X; — 3.743X, — 3.6808X, — 3.717X; + 0.1131X, — 10.8943X,, = KV < 4.

32629.061 + 57.390X, + 71.795X; + 231.631X, + 16.913X;5 + 66.268X, + 70.501X, + 387.989Xg + 1228.692X, —

115.455X,, = 34.4 < CV < 45.2

CFPP: —16.447 + 0.3141X, + 1.57085X; + 3.1417X, + 4.71255X,, + 6.2834X,; = —5 < CFPP < —15

CP: —40.278 + 0.514X, + 0.6364X; + 0.38363X, + 0.35362X,+0.26341X5+0.58623X,, = —25 < CP < 26

CN = 56.16 + 0.15X, + 0.23X, — 0.03X; — 0.19X, — 0.31X;

DN = 22045 — 13.2X, — 16X, — 13.8X; — 13.3X, — 3.717X;
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KV = 337.4774 — 3.7096X, — 3.812X, — 3.743X, — 3.6808X, — 3.717X;

CV =32629.061 + 71.795X; + 16.913X, + 66.268X; + 70.501X, + 387.989X;

CFPP = —16.447 + 0.3141X, + 1.57085X,

CP = —40.278 + 0.514X; + 0.6364X, + 0.38363X; + 0.35362X,+0.26341X;

©)
(10)
(11)

12)

The unknowns (X1, X2, X3, X4, and Xs) are non-negative and vary between 0 and 100 steps of 0.01.

4.2.2. FAME production

The collected waste chicken eggshells
were washed with hot water and rinsed several
times with distilled water to ensure absolute
cleanliness and converted into CaO as described in
our previous work [52]. Figure 3 depicts the
transesterification process for converting WCO to
WCOME. A waterless purification method was
adopted to prevent wastewater and the attendant
cost of disposal and treatment, while used
Magnesol® was recycled as compost and animal
feed. Magnesol® at 1 % (magnesol:biodiesel) was
added to the crude biodiesel maintained at 65 °C
for 30 min and stirred by a magnetic stirrer at 600
rpm. This was to allow evaporation of excess
methanol trapped in the crude biodiesel and to
ensure adequate contact between the absorbent and
the crude biodiesel. The mixture was then
subjected to centrifuge at 400 rpm for 20 min at
ambient temperature. The decanted biodiesel was
polished using a 0.45 um syringe filter. The clean
FAME was stored in a clean glass vial for analysis.

4.2.3. Characterization of FAME

The FA composition of the biodiesel samples
was determined by a gas chromatograph-mass
spectrometer (GC-MS) fitted with an ultra-alloy-5
capillary column and GCMS-QP2010 Plus
software. Table 4 shows the GCMS configuration
used for the analysis of FAME samples. The total
time for the GC-MS analysis was 39.81 min.

5. Results and discussions

5.1. Numerical solution

The composition of FAME and some
properties that are able to give optimal engine
performance and mitigated emissions were
revealed and are shown in Table 5. The optimal
candidate was the FAME with palmitic acid 36.4
% and oleic acid of 59.8 %. This candidate was
arrived at when the CN, CP, density, KV, calorific
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value, and the cold flow plug point (CFPP) met
both the EN 14214 and ASTM D 6751 standards.
The CN, because of its importance in combustion,
engine performance and emission generation, was
maximized. The other candidates for an optimal
candidate also provided satisfactory outcomes.
Palmitic acid and oleic acid, being SFAs

Start

S

Set values for X1, X2, X3, X4
and X5. (1-100) using step
size

'

Compute DN, KV, CV, CFPP
and CP.

Increment
step

A

Increment
step

Output
X1, X2, X3, X4 and X5

Stop

Fig. 2. The flowchart for solving the equations
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Fig. 3. Transesterification process flowchart

Table 4. GCMS configuration

Injector
Inlet temperature 250 °C
Carrier gas Helium
Sample size 2 ulL
Injection mode splitless

Column temperature 50 °C
Detector
Type GCMS
Interface temperature 280 °C
Detector gain 1.08 kV + 0.00 kV
Oven temperature program

Rate  Temperature (°C) Hold time (min)

- 50 1
15.00 180 1
7.00 230 1
5.00 350 5
Column
Type Ultra alloy -5(MS/HT)
Specification 30 m, 0.25 mm ID, 0.25 pm
Flow rate 3.0 mL/min
Total flow 4.9 mL/min
Column flow 0.95 L/min

and MUFAs respectively, were the dominant
percentage while stearic, linoleic and linolenic
acids which are PUFAs had a combined
composition of less than 2 %. The optimal
candidate, being defined in terms of its FA
compositions will be tested in an unmodified CI
engine and reported in our next publication.
However, going by the outcome of engine
performance and emission characteristics of
similar FAME were found to present encouraging
performance parameters and mitigated emissions
[53-56].
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Table 5. Outcomes of linear algebra to determine an optimal candidate

CN CP p KV Ccv CFPP
C16:0 C18:0 C18:1 C18:2 C18:3 (°C)  (kg/m¥) (mm?s) (MJkg) (°C)
36.4 0 59.7 0.9 0.1 59.63 1.68 887.81 4.69 39300.85 -5.01
36.4 0 59.7 1 0 59.64 1.69 886.86  4.69 39269.1 -5.01
36.4 0 59.7 1 0.1 59.61 1.71 886.49 5.06 393079 -5.01
36.4 0 59.7 11 0 59.62 1.72 885.53  5.06 39276.15 -5.01
36.4 0 59.7 1.2 0 59.60 1.76 884.2 5.43 392832 -5.01
36.4 0 59.8 0 0 59.83 1.37 898.8 4.4 39205 -5.01
36.4 0 59.8 0 0.1 59.80 1.40 898.41 4.76 39244.02 -5.01
36.4 0 59.8 0 0.2 59.76 1.43 898.04 4.13 39282.82 -5.01
36.4 0 59.8 0 0.3 59.73 1.45 897.66  4.50 39321.62 -5.01
36.4 0 59.8 0 0.4 59.7 149 897.29 4.87 39360.42 -5.01
36.4 0 59.8 0 0.5 59.67 151 896.92 524 39399.22 -5.01
Table 6. Properties of waste cooking oil samples
Source Waste cooking oil Test method
Sunfoil Palm oil Palm oil
(WSFO) (WPOrc) (WPOsc)
Food items Chips Fish and chips Chips and sausages N/A
Usage (Days) 14 14 14 N/A
Acid value (mgKOH/g) 0.72 0.66 1.13 AOCS Ca 4a-40
Density @ 20 °C (kg/m®)  919.8 904.3 913.7 ASTM D 1298
lodine value (cg/g) 116.7 81.7 54.2 AOCS Cd 1B-87
Kinematic Viscosity @ 43.521 44.254 38.407 ASTM D445

40 °C (mm?/s)
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5.2. Analysis of the Optimal Candidate

WCOs were adopted as a feedstock due to
their affordability, availability and environmental
advantages over other types of feedstocks. Waste
sunflower oil (WSO), waste palm oil (WPO) used
to fry fish and chips (WPOgc) and WPO used to fry
sausages and chips (WPOsc) were used as
feedstock. Table 6 shows the details and properties
of the waste cooking oil samples. The acid value of
the samples shows the suitability of the
transesterification process for their conversion to
FAME. The effect of the food items the palm oil
fried is manifested in the variations in their
properties. Sausage was found to increase the
density of the palm oil sample when compared to
the sample used to fry fish. The iodine value and
kinematic viscosity of the waste palm oil used to
fry fish and chips were higher than that used to fry
sausages and chips. WSO presented higher density
and iodine values than the waste palm oil samples.

The transesterification of WSO, WPOrc, and
WPOsc into waste sunflower oil methyl esters
(WSOME), waste palm oil methyl ester fish and
chips (WPOMEkgc), and waste palm oil methyl
ester sausage and chips (WPOMEsc) respectively
using varying catalyst particle size, namely 75 pum,
90 um, 125 pum, and 150 pum, were subjected to
GC-MS analysis. As shown in Table 7, catalyst
particle size affects FA composition and the degree
of saturation of FAME. For the WSOME samples,
SFA varied between 37.18 % and 36.66 %. SFA
increased with a reduction in catalyst particle size
from 37.87 % for 75 um catalyst particle size to
38.66 % for 150 um particle size but reduced to but
reduced to 37.81 % for 150 um catalyst particle
size.at 150 um catalyst particle size produced the
least SFA but the highest (61.29 %) MUFA. The
highest PUFA of 0.52 % was recorded at 125 pm
catalyst particle size.

The effect of the food item the neat palm oil was
used to fry did not only affect its properties but also
the FA composition and degree of saturation. The
WPOMEFc consisted of about 61 % MUFA, 38 %
SFA and 1 % PUFA. The percentage of MUFA
reduced with an increment in the catalyst particle
size, with the least PUFA occurring at 150 pm
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catalyst particle size. PUFA for WPOMEgc were
noticed to increase with the increment in the
catalyst particle size, rising from 0 % for 75 um
catalyst particle size to 1.97 % for 150 um particle
size. The percentage of MUFA in WPOMEsgc
reduced as the catalyst particle size increased. At
90 um catalyst particle size, the WPOMEsc
presented the least SFA but the highest PUFA.
Conversely, SFA and PUFA were noticed to
increase with an increment in the catalyst particle
size used to produce WPOMEsgc.

In general, oleic and palmitic acids were
common FAs to all the samples, irrespective of the
feedstock and catalyst particle size, while
linolenic, palmitoleic, stearic, linoleic, arachidic
lauric and behenic acids appeared in trace
percentages. The different surface area size of the
catalyst was believed to be responsible for the
different FA compositions. According to [57], the
particle size of the solid catalyst influences
catalytic behavior and performance. Different
catalytic activity influenced by catalyst particle
size and surface area is likely to affect the degree
of saturation, the position of carbon—carbon
double bond and, ultimately, the FA composition.

From Table 5 it is evident that the two major
FAs are palmitic and oleic acids and can be
produced experimentally. Monirul et al. [53] and
Ozsezen et al. [54] produced FAME from waste
palm oil with palmitic and oleic acid of 38.4 % and
44.3 % and 39 % and 43.69 % respectively.
Ozsezen et al. [58] produced WPOME with
palmitic and oleic acids of 39 % and 43.65 %
respectively and tested the WPOME in an
unmodified Cl engine. The outcome of the
emission characteristics showed that the CO, CO2,
HC, and smoke opacity reduced by 88.89 %, 1.74
%, 14.29 %, and 67.65 % respectively while NOx
increased by 22.13 % at full load in contrast with
petroleum-based diesel (PBD) fuel. The result of
the engine performance test showed that the BSFC
(g/kWh) increased by 6.93 %, brake power (kW)
reduced by 2.64 % and the brake thermal efficiency
reduced by 1.44 % at full load when compared with
PBD fuel.



Table 7. Result of GCMS analysis of FAME samples

Fatty acid Structure WSOME @ different catalyst particle size WPOMErc @ different catalyst particle WPOMEsc @ different catalyst particle

(%) size (%) size (%)

75 um 90 pm 125 pm 150 pm 75um 90 um 125 pm 150 um 75um 0 pum 125 pum 150 um
Oleic acid C18:1 60.43 60.41 60.82 60.75 60.96 60.85 60.43 59.67 61.56 60.75 59.82 59.35
Palmitic acid C16:0 36.16 36.61 36.63 36.28 37.72 36.24 37.52 37.32 36.35 36.26 36.71 36.51
Linolenic C18:3 1.25 1.12 - 0.62 - - 0.13 1.64 0.32 0.47 0.85 0.12
Palmitoleic Cl6:1 - - - 0.54 0.62 0.65 0.25 - - 0.57 0.56 0.43
Stearic acid C18:0 0.54 0.61 1.01 0.78 - 0.15 0.26 1.04 0.91 - 0.75 1.17
Linoleic acid C18:2 0.45 0.53 0.52 0.91 - 1.24 0.95 0.33 0.12 0.07 0.55 0.89
Arachidic acid  C20:0 0.66 - 0.5 - 0.12 - - - - 1.27 0.79 1.05
Lauric acid C12:0 0.45 0.15 - - 0.44 1.07 0.46 - 0.74 - 0.52 0.06
Behenic acid C22:0 0.06 0.57 0.52 0.12 0.14 - - - - 0.61 - 0.42
Saturated FA (%) 37.87 37.94 38.66 37.18 38.42 37.46 38.24 38.36 38 38.14 38.77 39.21
Monounsaturated FA (%) 60.43 60.41 60.82 61.29 61.58 61.5 60.68 59.67 61.56 61.32 60.38 59.78
Polyunsaturated FA (%) 1.7 1.65 0.52 1.53 - 1.04 1.08 1.97 0.44 0.54 0.85 1.01
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100
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6. Conclusion

The optimal candidate to engender better
engine performance and mitigate emissions has
been numerically determined. Major FAME
fingerprints that influence engine performance and
emission were estimated within acceptable
standards using linear algebra based on FA
composition. The numerically generated FAME
was produced by the transesterification of WSO and
WPO using five different catalyst particle sizes of
CaO produced from high-temperature calcination
of waste chicken eggshells. The outcome of the
application of MATLAB to solve the ensuing linear
equation consisting of the objective function and the
constraints yielded a FAME candidate with palmitic
and oleic acids of 36.4 % and 59.8 % respectively.

Although the actual candidate could not be
produced experimentally, a candidate with similar
characteristics and FA in the range of the optimal
FAME candidate was generated. The types of
feedstock, the food items fried in the oil, as well as
the different particle sizes, were ascertained to have
an effect on the FA composition of the FAME
produced through the transesterification process.
Going forward, the FAME candidates should be
tested on an unmodified CI engine to measure
engine performance and emissions.

However, a research gap still exists on the
modalities to produce the exact FAME candidate.
Specifically, more investigations should be carried
out on the hybridization of feedstock or mixing of
FAME from the various feedstocks. Also, the actual
effect of catalyst particle size and other parametric
factors that can affect the FA composition of FAME
should be thoroughly investigated.
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CHAPTER 5: PERFORMANCE AND EMISSION EVALUATION
OF BIODIESEL DERIVED FROM WASTE RESTAURANT OIL
AND MORINGA OLEIFERA: A COMPARATIVE STUDY

This chapter examines the performance and emission characteristics of a Cl engine fuelled with
biodiesel synthesis from waste cooking oil (WCQ) and Moringa oleifera oil. The article, among
other things, compared FAME composition of neat Moringa oleifera oil and palm oil with the
biodiesel derived from Moringa oil and WCO, showcased and compared the engine performance
and emission of moringa oleifera methyl ester (MOME) and waste oleifera methyl ester
(WOME). The outcome of the experimental investigation was published in the International
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ABSTRACT

Bindiesel as am alternative to fossil-based diesel has shown great promise but, sustainable feedstock source
remains a challenge. Biodiessl produced from waste restaurant cil and Moringa oleifera had their thermo-
physical and engine characteristics evaluated in a valida ted property prediction scheme and a 3.5-kWdirect
injection compression ignition engine. Results revealed that waste restaurant oil biodiesel with a rela-
tively higher palmitate of 20% (saturated fatty acid methyl ester [FAME]) and oleic of 52.8% (unsaturated
FAME) had a 5% higher brake thermal efficiency (BTE) at peak load, a 65% lower brake specific fuel con-
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sumiption (B5FC) across the load spectrum and 5% to 10% lower brake specific carbon monoxide (BSCO)
than Maringa biodiesel which had 6.5% palmitate and 72.2% oleic. Regarding brake specific MO [B5NCy)
emiszsion, Moringa biodiesel showed a lower level of £.2% across the full load spectrum.

1. Introduction

Pressure continues to mount globally on the need to substitute
finite fossil sourced transportation fuel with renewable alterna-
tives for several reasons, the most compelling being environ-
mentally dangerous emissions and their impact on the globsl
climate [Balst 2011). As a result, bicfuel has gained traction as a
strategy of choice to confront these challengesin the energy sec-
tor, particularly in the transport sub-sector. This choice presents
considerable advantages for developing countries because they
are relatively cheap to produce due to cheap lsbour costs and
access to land resources (Balat 2011). Bicdiesel production is
quite modern and has been successfully commercialised in sev-
eral countries. As a result, standards to ensure quality con-
trol have been extensively developed. These include: (i) Amer-
ican Society for Testing and Materials (ASTM) ASTM DG751 (i)
European Standard EN 14214 (Knothe 2006). Biodiesel i often
blended with diesel; in Europe it is mostly up to 5%. It is pre-
dominantly used as blend of up to 20% with diesel storage
devices and does not require any engine modification. Pure
(100%) biodiesel can also be used in many engines with little
or no madification, particularly in farm power equipment [Rahe-
man, Jenz, and Jadav 2013). Biodiesel advantages include: (i)
liquid nature-portability (i} ready availability (i) renewability
(iw) higher combustion efficiency (v) low sulphur and aromatic
content (vi) higher cetane number (vii) biodegradability. On the
other hand, its disadvantages include: (i) higher viscosity (i)
lower energy content (i) high cloud paint and pour paint (iv)
high MOy {v) injector coking {vi) higher engine wear (Raheman,
Jena, and Jadav 2013}

Biodiesel feedstock has been generally obtained from a wide
range of sources. The first-generation biodiesel was produced
from seed oils such as soy beans, rapeseed etc, but concems

about its sustainability were raised because of food security
issues, particularly in developing countries. As at 2010, 95%
of the world bicdiessl production was from edible oil (Balat
2011} Between 2004 and 2007, vegetable oil production glob-
ally increased by 6.6 million tons, 34% of this increase being
attributed to biodiesel wse (Mitchell 2008). Between 2005 and
2017, biodiesel use of edible oil accounted for a third of the
growth in edible oil production (Aransiola et al. 2014), These
increases are expected to put encrmous strain on the use of
land resources; in the US and EU it is unlikely that there will be
sufficient land available to meet the growing demand for the
production of biodiesel (Gibbs et al. 2008). Already, as at 2007,
7% of global edible oil production was being used for biodiesel
production. It is self-evident that a combination of a rapidly
growing world population and growing demand for biodiesel is
set to raise concerns regarding food security and increase resis-
tance against the use of edible oil for fuel production, especially
considering that nearly 60% of the global human population is
currently malnourished and the need for food and basic crops
is critical. Therefore, suitable alternative feedstock should be
found for fuel, which do not compete directly as a food source.
Basides the obvious challenges associated with the use of
edible oil, the current cost of using edible oil for biodiesel pro-
duction is unsustainable and this gives a comparative advantage
to conventional diesel. Biodiesel from edible ofl usuzlly costs
over US $0.5 per litre compared to diesel which cost US § 035
per litre as at 2010 (Zhang et al. 2003}, The price of biodiesel
varies depending on base stock, geography and wvariability of
crop from season to season. These and other reasons make a
compelling case for the use of non-edible feedstock for the pro-
duction of biodiesel. Non-edible cil seed crops such as Jatropha,
Karanja, tobacco seed, rice bran, rubber plant, castor, linseed
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and micro-algae have all been extensively explored as potential
sources of biodiesel production (Balat 2011} Within the context
of South Africa, it is the author's opinion that waste cooking oil
(WICO) in the form of waste restaurant oil holds the most poten-
tial and benefits as a source of non-edible biodiesel. Exotic oils
such as Moringa oil have also been suggested in some form as a
possible alternative, hence the need of a comparative analysis.

In the case of waste restaurant oil, an entire industry already
exists for the production of WCO by default, mainly being the
food industry, the haspitality industry, and househalds, Priar
to its use as a biodiesel, the product has been regarded as
waste at the end of the supply chain and is discarded. Mah-
rman et al, (2012 estimated that food waste accounts for 4,145
of GOP in South Africa, of which WCO is a significant compo-
nent. An estimated 200,000 tons of WCO are generated but
uncollected annually in S3outh Africa, This uncollected WCO con-
tributes to soil and water contamination, sewage blockages, and
damage to aquatic life (Hamze, Akia, and Yazdani 2015). A num-
ber of enterprises have been set up to take advantage of this
opportunity, including Green Tech in the Eastern Cape, Envi-
ron diesel in Cape Town, and Khezi oil in KwZulu-Natal (Brand
South Africa 2016). Moringa oil is extracted from Moringa oleifera
and has many useful properties thus its commercial produc-
tion will have many associate benefits. The oil has excellent
therapeutic properties and is used in the following areas (i) anti-
ouidant (i) anti-inflammatory (i) anti-ageing (iv] anti=microbial
{v] disinfectant (vi) hepatoprotective (vii) emollient (vii) preser-
wative (ix} exfolient (x) effleurage. Moringa is made up of mainly
monounsaturated fatty acid and saturated fats, and contains
about 70% oleic acid. Clearly, a well calibrated legislative frarme-
work is needed to ring-fence the industry to enable it to thrive,
This is an imperative because of South Africa’s current challenge
with meeting base demand for diesel.

South Africa’s production of petral and diesel has decreased
marginally from 20.2 billion litres in 2002 to 19.7 billion litres in
2013 due to capacity constraints, but consumption has grown at
3% annually during the same period (Brand South Africa 2016).
There are fears that the widening gap between production
and consumption could potentially inhibit economic growth
if local solutions are not found. As at 2013, the gap between
demand and supply for diesel is about half a hillion litres, The
key guestions, going forward, will then be: of the various options
available for sourcing biodiesel from nonedible sources, which
sources hold the most economic benefit and at the same time
rmeet sustainability criteria. But mare importantly, from a tech-
nical point of view, which of the options will enhance engine
performance at acceptable emission levels. And where emission
and performance gaps exist, can local regulations be developed
to guarantee standards and mitigate likely defects in produc-
tion process. It is against this background that this work set out
to conduct a comparative study of Moringa biodiesel (Moringa
methyl ester [MOME]) and waste restaurant oil (waste oil methyl
ester [WOME]).

The fuel samples were produced by means of conventianal
methads. Their thermophysical properties were experimentally
determined and subsequently matched with results obtained
from a validated preperty prediction scheme to identify produc-
tion process gaps in the conventional methods. Subseguently,
the fuels were then evaluated in a 3.5kW diesel engine to
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determine their engine performance and emissions using the
150 8178-4 engine test protocol (Knothe, Van Gerpen, and Krahl
2005). Whereas some studies have suggested a direct correlation
between free fatty acid susceptibility to oxidation and its level
of unsaturation, others hawve submitted that the reverse is the
case under certain conditions (Schonborn et al, 2009). Part of the
focus of this study was to experimentally investigate that rela-
tionship. This investigation sought to determine whether WCO
combusted more efficiently in a compression ignition {Cl) engine
than unused (virgin) vegetable oil or vice versa. If a complimen-
tary relationship is established, it could assuage some of the
concern regarding food security.

2. Theory and experimental method

The combustion characteristics, performance and emissions of
biediesel in a Cl engine is largely determined by the therme-
physical and transport properties of the FAME composition of
the fuel and the engine configuration. Properties like density,
heating value, viscosity, cetane number and cold flow proper-
ties are influenced by FAME compaosition and can be predicted
{Onuh and Inambac 2016a). Fuel chemistry therefore plays an
important role and since biodiesel is essentially a mixture of dif-
ferent cornpositions of FAME, the aggregate compasition deter-
mines the engine outcome. Typically, if the experimental process
is of highest quality and the numerical fidelity is maintained, the
results of the experimental property determination and the the-
oretical property prediction will converge. The first approach in
this study was to employ the routine experimantal methods pre-
scribed by the ASTM code to determine the properties and sub-
sequently use the validated prediction scheme to measure gaps
in the experiment, The extent of the gaps and measures to cover
them can be sued to define the standards to be recommended
to provide the platform for industrial grade biodiesel produc-
tion. The second approach was to evaluate (using 150 8178-4
engine test protocol) the twao fuel samples (MOME and WOME)
in a Cl engine with the aim of comparing their performance and
EMissian outcomes.

2.1. Experimental property determination

The fatty acid (FA) composition of the neat Moringa oil and
WCO samples were determined by pyrolysis gas chromatogra-
phy mass spectrometer (PYGCMS) on a Shimadzu Gas Chromato-
graph Mass Spectrometer using an ultra-alloy-5 capillary col-
umn and GCMS-QP2010 Plus software. The choice of PYGCMS as
against the normal GCMS was due to the low volatility nature of
the samples which might clog the column of the GCMS machine,
The adopted method was as shown in Table 1.

Trans-esterification was achieved with methanol using potas-
sium oxide as an alkaline catalyst. The resulting bindiesel was
processed and tested. The standards proposed by regulation
and which were adopted in determining the properties are
stated in ASTM D6751,

2.2, FAME composition and property correlations

Biodiesel FAME compositions were analysed using gas chro-
matagraphy (GC). The compositions were obtained from sec-
ondary sources with similar sample backgrounds. MOME FAME



Table 1. GCMS test configuration.
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Table 3. Correlation pradicting FAME praperty.

Carrier gas Helium Property Correlation
Injection volume ZuL Density gy Hkg/m®) = 06983 + 5 + 0.0118Nag
Column even temperature #0°C . . 1794
Injection temperaure 240°C Higher hiating value (&)-(kirkg) & =489 = 152 — 0.2Nps
||;£::|ion fnlillde Split Kinematic viscosity [g-c5t) i = 0.235N, — DA6BNne
Flaws control mode Pressure I - o
Pressure 100.0 kP Cetane numbes (CN) N = 3.030W; = 15.936Noe
Total flaw 582 mL/min Flash paint {T¢l-{"C) Ty o 23.36IN; + 4854Nne
Column flaw 1.78 mLimin Claud paint, Cp (°C] Cp = 18.134N, — 0.790) Urgase »
Linear velacity 48,1 om/fsec - _
Purge flow 10mLimin Pour paint, Pp |°C) P = 18E800N: ) = 1.001 Upae 1
split ratiee 0 Cold flow plugging point (CFPF) - °C] CFPF = 180198, — 0804 L)
Owen temperature pragraim n
Rate (°Cinin) Ternperature °C) Hold tirme (i Ming rule fo= P:.I afi
- 400 500 - L
5.00 1250 0.00 hwerage relative deviation (AR ARD - 1 ( S wo)
00 1850 0.00 9 " .21 ® |
500 3200 100
lan SoUrce Temperatune 00,007
|terface terperatuie 150.00°C
Solvent cut time 1.00 min cowvers the broad range of engine application types currently in
Starttime 1.0 min use {International Standards Organization 2007). This test proto-
End time G233 min R . . -

col gives specific detail about loading profile, speed range, test

cycle duration, etc.
Table 2. sample FAME composition, The test engine was a 3.5kW rated, direct injection (DI},
FAME WOME (3% woME 5 single-cylinder diesel engine, Selected test speeds were 1800,
Myristc IC140) T 2500 and 3600 rpm, Each test c;@le at ?elected torque consisted
Palmitic (C16:0} 04 65 of running the engine for 1 min at idle speed and 9 min at
2:“""['“:;2‘15’[5;51” :-: ;ﬁ selected load in accordance with test cycle G3 of IS0 8178-4. The
OI:T:'FCIS:H 529 73 engine rated power was taken as 100% load, The SV-50 exhaust
Lincleic (C148:2) 135 1.0 gas analyzer was deployed in accordance with ND112 (nondis-
Liﬁdﬂ'_f L18:3) U-ll‘ persive infrared) via micro computer analysis to measure the
’E‘ﬁ:ﬁ:n;i Egg‘lu] gsi 33 thickness of unburnt hydrocarbon (HC, carbon monoxide (CO)
Behenic (C22:0) 002 674 and carbon dioxide (CO3) in the exhaust gas and to inspect the
Erucic [(22:1) 007 density of MOy and O3 via electrochemical sensors. The excess
Tetracasanic [C24:0) o4 air coefficient, 4 was also computed automatically by the ana-
Urawe 720 70 v P ¥ oy

compasition was obtained from the work of Azad et al. (2015)
and WOME from Chhetri, Watts, and Islam (2008). Details are
given in Table 2,

FAME properties are influenced by carbon chain length and
the degree of unsaturation (numnber of double or more bonds).

Table 3 gives detail of linear correlations used to predict the
properties. Where oy, z, My Ni, Ugape and Npg are the density,
ratic of given FAME compositicon, molecular weight of ith FAME,
carbon chain length, total unsaturated FAME and the average
welghted number of double bonds respectively. n s the number
of experimental or data points, and fiey, and fi,y represent the
function that determines the experimental and calculated prop-
erties of individual FAME or biodiesel properties. An algorithm
to predict WOME and MOME properties using the FAME com-
position ‘fingerprint’ and the correlations in Tables 2 and 3
respectively was then implemented using C+ code. The objec-
tive of the scheme was to predict seven properties of biodiesel
derived from MOME and WOME using four independent vari-
ables obtained from a single experiment.

2.3. Engine test protocol

The test protocol was 150 8178-4: 2007 with a test cycle cate-
gorisation range of between C1,C2, E1, E2, F, G, G3 and H which
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lyzer. HC and NOy wera measured in ppm whereas CO, CO;
and O3 were measured in percentages. Given the standard mea-
sures stipulated by 150 8178-4, it was necessary to convert these
measurermnents into g/kWh using the air and fuel flow method
{National Center for Biotechnology Information 2018). The pre-
vailing ambient temperzture at the time of the test ranged
between 30°C and 33°C and the relative humidity between 71%
and 75%. Recorded atmaspheric pressure was 92 kPa, air density
1.208kg/m* and absolute humidity, 0.022 kg/m?. From these
data, the specific humidity and kH were computed. An exhaust
gas sampling probe inserted in the exhaust line drew exhaust
gas through a filter enroute to the gas analyzer. The particulate
matter (PM) was measured by trapping it with a filter {which was
replaced at the end of every test cycle) which was weighed to
obtain a direct mass measurement on a weighting device with a
1 pg resolution, This method was adopted because mass-based
PM is the regulated format by the United States Environmental
Protection Agency [EPA)and the European Union (EU).

3. Result and discussion

Results of the pyrolysis gas chromatography mass spectrometer
(PYGCMS] for the MOME and WOME are shown in Table 4. Sub-
stances harmful to human consumption, found in the test of the
WCO (Table 5), clearly established the unsuitability of WCO for
human consumption.
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Table 4. PYGCMS of feadstock,

Commaon name Formula Fatty acid Acronym MOME WOME
Oleic acid CHylCHy by CH = CHICH, 1y CO0OH Q3] .24 1439
Palmitic acd CHylCHy b o COOH C1610 3577 402
Linieic acid CHiCHz g CH « CHCHZCH « CHICH | COOH C1E2 1618
Erucidd acid CH3(CHzk CH = CHICHz 1 COOH a1
Caprylic acid CH3ICH; e CO0H L1
Enanthic azid CHACH2)5C00H L] 018
Capric acid CHACH2BC00H Qo 041
Undecylic acid CH3(CH; s COOH C110
Steanc acid CHlCH by o CO0H [QF1] 1287
Myristic acid CHalCH by 2CO0H [SEE 1704
Nonadecylsc acid CHyiCH by pCO0H €150
Saturated Faty Acid, 5EA (%] 7493 B0
Monounsaturated Fatty Acid, MUFA (%) 037 N

Table 5. Harmiful chemicals found in waste cooking oil,

23-Dinydroxypropyl elaidate ConHgnQy

1-Hexanod CgHyiy0

Harmifud if swallowed Causes serious eye
irritation
Harmiful if swallowad or in contact with skin

Natianal Center far Biatechnology
Information {2018}
Ditta

Causes serlous aye Iritation

Palmitic acid gyl

Causes acute skin, eye and respiratory

Ditto

Irritations Harmful to aquatic life with leng
lasting effects

Linaleic acid SEUERI

Canses skin, eye and respiratary irritatians May

Ditte

cause beng Lasting harmiful effects 1 agquatic

lifie

i-Propyl 14-methyl-pentadicancate CreHazth

Towic to aquatic erganisms and wildlife habitat

Ditto

Causes ey and skin iritations and hung
injury Long-térm negative health effects
Acute mammalian inhalation taxicity

1=Hepten: CrHu

Highly flammable liquid and vapour May be

Ditto

fatal if swallowed and enters airways Yery
toic to aguatic life with long lasting effects

cis-G-Hexadecenal CisHaol

Causes skin, acute eye, and respiratary

Ditto

irritations Harmful if inhaled Vary tosic to
aquatic life

The predicted properties using the code base on correla-
tions are given in Table 3, and the experimentally determined
properties using the ASTM test method and the average rela-
tive deviation (ARD] estimate obtained by comparing the com-
puted results with a range of experimental data, are all shown in
Table 6.

Following the engine test protocol mentioned in 2.3, the per-
formance and emission profile for the fuel samples were avalu-
ated and the outcomes are presented in Figures 2-7. The results
are discussed below.

3.1. Predicted and experimental properties

As shown in Table 5, seven properties were simultaneously pre-
dicted and experimentally determined. The density, calorific
value and cetane number for both WOME and MOME showed
results that fell within the ASTM standard for C engine fuel
within acceptable [imits of = 5% [Cornell 2015). The transport
and cold flow properties such as viscasity, pour point and cold
flow plugging point all failed the ARD test when the predicted
results were compared with the experimental results. The likely
cause of these discrepancies have to do with the sensitivity of
these properties with avariety of conditions, namely, the process
of production, level of impurities and property altering ambi-
ent conditions due to the varying nature of the fuel samples
{unsaturated FAME are susceptible to oxidative polymerisation,
post-processing) (Cornell 2015).
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Typically, the production process of biodiesel s such that
a caomplete removal of all impurities is not practicable. These
impurities include excess methanal, free glycerin, mona- and di-
glyceride, metal contaminants, free fatty acids (FFA) and soaps
(Banga and Varshney 2010). The presence of these impurities
along with the unsaturated nature of the FAME fual samples
leads to deterioration and unpredictability of these properties.
The more double bonds and unsaturation that exist, the larger
the variation in these properties (Banga and Varshney 2010),
This can be seen in Table 2 for MOME and WOME (the former
having more double bonds and unsaturation than the latter)
where ARDs for almaost all the properties were higher in MOME.
The implication is that property predictability and stability is
more guaranteed for biodiesel obtained from WCO because of
its reduced susceptibility to oxidative polymerisation. Another
inference drawn fram this result is that property prediction tools
along with ASTM (or any other biodiesel standard) can be used
as a means of universal guality assurance for biodiesel regardless
of the feedstock source.

3.2. Engine performance

Brake thermal efficiency (BTE) and brake specific fuel consumg-
tion (BSFC) are some of the important gauges for evaluating
engine parformance of fuel samples (Onuh and Inambao 2016b).
Figure 1 shows the composition of palmitic and oleic in both
fuel samples, giving an indication of what to expect from the



Table &. Proparties of resulting biodiesel.
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Comp. data ARD (%] Exp. data
Property MOME WOME MOME WOME MOME WOME
Density @40°Cig/m’) 83148 HE4.0% 4.07 1.49 85298 E74.20
Viscosity @40°Clest) 1887 3911 179 18.3 510 42
Cabasific value [klflg) 4131 42,590 3182 125 4005 394
Cetane nurnber 5B.52 58.18 45 445 - -
Flash paint {"C) 14678 152,40 93 1o 215 FAk]
Pour point {°C) —4.14 2.54 EX] - 1 [
Cold flow phegging point () —5.34 1.009 - - - -
cvsicin oM 15 BTE
otaic nwane )
| a0 I
Palmitic in MOME [N - EE
Palmitic in WoME |G 25
I:l l.I] lll'l EID -ﬂl 5.I'l E.I] J‘l'l B{I —_ -
Pereentage compastian E 20 F _ .
Figure 1. FAME profile of combustion determinants. ’
15 :
10 S
' . - . . £ -~ WOME
engine test evaluation. This is because saturated straight chain A  MOME
palmitic has a paraffinic characteristic that easily initiates and RN R Ry T Y
sustains both auto-ignition and late-stage combustion heat Load (%)
release which is governed by the CO 40 - CO; reaction in CI
engines (Salamanca et al. 2012). Double bond unsaturated oleic,  Figure 2. Brake thermal efficency 1BTE]
on the other hand, shows the start of ignition by attacking the
CH;0, HOz and O radicals that drives the low-temperature reac- - BSFC
tion (LTR) and as a result, the reaction process side steps this vital . WOME
heat release process by initiating a recombination reaction to T00k . 1 { -~ MOME |
form poly-aromatic hydrocarbons (PAH), the precursor of soot "
{Salarmanca et al. 2012). £00 -
Figure 2 shows the BTE profile for the two fuel samples far E s
loads ranging from 16.7% to 100%. As expected, efficiency rose % a0
from a low base to peak at between 30% and 35% for both 2 400 "
-, : . ] -
samples, depicting a typical performance characteristic for C| @ ) .
engines. It could also be abserved that BTE, which is a measure of 300 o
how efficient the heat release rate for useful workisinan engine, -1 Tl
indicated that the WOME profile gave a better perfarmance than 00 B .
MOME for the entire load profile. The difference varied from 20% 100 -F---
to about 16% of peak performance, indicating that the band nar- 0 30 40 S0 &0 7O B0 90 100
Load %)

rowed as engine activity approached optimal level. A slightly
higher viscosity for MOME of 5.10 cst compared to WOME of 4.2
st is partly responsible for this difference but they do not suffi-
ciently explain a double-digit difference in BTE across the entire
load spectrum, This significant improvement in BTE of WOME
over MOME is clearly explained by the difference in the compe-
sition of palmitic and oleic in both the fuel samples (Schanbormn
et al. 2009), As stated earlier, paraffinic palmitic, which acts as a
promater of aute-ignition and late-stage heat release agent, is
approximately threa times greater in WOME when compared to
MOME 6.5% palmitic. This explains why the viscosity disadvan-
tage of WOME did not diminish its BTE performance. This finding
largely agrees with related works in literature (Zheng et al. 2008).
Oleic, which had the apposite effect of palmitic, was found to be
approximately 409 greater in MOME, further making it easy far
WOME BTE performance to trump that of MOME BTE.
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Flgure 3. Brake specific fuel consumption (BSFC),

This fact is further revealed by the BSFC of the two fuel sam-
ples as shown in Figure 3, In this profile, despite MOME's dimin-
ished BTE, its fuel consumption for the entire loading profile was
more than that of WOME, decreasing from a 100% difference at
idle load {20%) to about 25% difference at peak load (100%).

3.3. Engine emission

Figures 4-7 show the different emission profiles obtained for
both fuel samples and the general observation is that the emis-
sion increase in brake specific format reveals a consistently
downward trend as the engine revs-up through idle load to peak
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Figure . Brake specific carbon monoxide (B3C0),

load. An inverse relationship can be observed between BTE and
brake specific emission, that is, optimal engine performance is
near impossible for engines at idle to low load. This has a direct
impact on clogged traffic intra-city commuting. This trend Is
generic to Cl engines regardless of fuel type (Buyukkaya 2010).
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Figure 7. Brake specific nitrogen oxide (BSNOy),

With regard to the emission limit set by the EPA and the EU,
the samples showed a varied outcome (Buyukkaya 2010). The
brake specific particulate matter (B5PM) results indicated that
the EPA and EU limit of 0.4 and 0.5g/KWh respectively were
breached by MOME (Figure 3.4). WOME only passed the EPA
limit of 1.5g/kWh and the EU limits of 1.3 g/kWh (Onuh and
Inambaa 2016h), Both WOME and MOME anly stayed below the
EPA and EU limits of 8.0 and 6.5 g/kWh for brake specific car-
bon menoxide (BSCO) at load limit exceeding 6.5%. Surprisingly,
both samples’ brake specific NOx (BSNOx) emissions stayed sig-
nificantly belew the EPA and EU limits of 9.5 and 9.2 g/kWh.
This can be explained by the fact that thermal NOx production
in Cl engines is triggered by temperatures above 1560 “k and
facilitated by excess alr (oxygen specifically). The prevailing tem-
peratures were below this limit and this helped in curtailing the
production of NOx,

Specific focus on the various pallutant emissions brings to the
fore the role of FAME composition on emissions of the fuel sam-
ples, Figure 4 depicts the average BSPM emission for WOME and
MOME. WOME's BSPM averaged of 0.68 g/kWh across the entire
load spectrurn and was less than MOME's emission average by
30.6%. In the diffuse, turbulent and stratified charge/thermal
environment of the Cl engine, particulate matters (the precur-
sors of soot) are formed and promoted when low-temperature
combustion (LTC) is stifled by the inadequacies of straight chain
hydrocarbons like the palmitic structure, and the late stage
heat release reaction of CO+ 0 — C0; is sabotaged by the
recombination reaction of unsaturated double bends to form
poly-aromatic hydracarbons (PAH) (Salamanca et al, 2012). This
phenomenon has been reported in several studies with a simi-
lar charge and thermal profiles (Yao, Zheng, and Liu 2009). The
inference fram this is that oils rich in unsaturated FFA [which
are good antioxidants and are therefore healthy food sources
for humans) perform poorly when converted to fuel for use in
Clengines,

Figure 5 gives the outcome of the emission evaluation of the
brake specific unburnt hydrocarbon (BSHC) for the two fuel sam-
ples. In the figure, WOME's B3HC can be seen to exceed those of
MOME by an average of about 40% across the entire load spec-
trum. In this result, it may appear as if MOME performed better,



but it should be noted that this is a measure aof fuel that did
not partake in the combustion reaction, and, as such, the heat
content was lost. But when this is added to the BSPM emission
where PM are produced by subtracting heat fram the engine, it
can be clearly seen that BSPM has twice the same effect as BSHC
because not only is the heat release potential of BSPM lost, but
its production further removes heat from the engine because
of the pyrolysis and recombination reaction that produces PAH
is endothermic (5chonbaormn et al. 2009). Typically, BSHC emis-
sions are determined by thermal and charge stratification and
the high viscosity of biodiesel makes mixing, droplet formation
and evaporation prior to auto-ignition difficult. This is why the
emnission is highest at idle load and reduces as the engine warms
up and picks up speed/power. This also, evidently, accounts far
the BSCO emission shown in Figure & for the fuel samples. Incom-
plete combustion nomally praduces BSHC and BSCO emission
simultanecusly; one is the miror of the other, particularly in
biodiesel combustion where thermal dissociation of CO3 is not
comman (Onuh and Inambao 2016h).

The brake specific NOx (BSNOx) emissions are shown in
Figure 7. It can be seen here that between idle and mid-point
load, the BSMOx for WOME exceeded those of WOME by about
205, But from 60% load upward, MOME's BSNOx excesded
WOME's by about 30%. Higher combustion efficiency facilitated
by better auto-ignition and heat release rate in WOME at idle
ta mid-load created better thermal conditions, and, since N0y
production in €l engine is governed by the Zeldovich mecha-
nism, the higher the temperature, the higher the NOy partic-
ularly for oxygenated fuels (Brakera, Ra, and Reitz 2011}, But
beyond the mid-lead point, the higher BSFC MOME cornbining
with a warmer engine resulted in a good fuel oxidation which
sufficiently increased the thermal condition leading to higher
MOy production. It is important to note that the level of NOy
production was nevertheless relatively low.

4. Conclusion

This study has revealed that biodiesel derived from waste restau-
rant oil and moringa seed oil can be used in Cl engines with
comparatively good results in terms of performance and emis-
sions. The results showed a better outcome for WOME because
by default substantial pyrolysis has resulted in the breaking of
double bonds and extensive re-use of the restaurant oil has
led to saturation, forming straight chain paraffinic hydrocarbons
that are well suited for Cl engines. The comparative evaluation
also revealed that WOME, because of its higher level of satu-
ration and single bonds is more stable and its properties more
predictable and as a result, gives better engine performance as
well as better emissions than MOME, This is an indication that it
is better to use monounsaturated oil as food before converting
itinta waste form for fuel. The study also revealed that biodiesel,
because of its unsaturated FAME structure, continues to have
fuel property stability challenges resulting from post-processing
susceptibility to axidation, thus reducing the capacity of engi-
neers ta control its properties in storage. The study also reveals
the unsuitability of re-packaging of waste cooking oil for re-use
{a practice common in poor communities).
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CHAPTER 6: DEVELOPMENT AND APPLICATION OF
ARTIFICIAL NEURAL NETWORK FOR THE PREDICTION OF
ENGINE PERFORMANCE AND EMISSION CHARACTERISTICS

OF DIESEL ENGINE USING FATTY ACID COMPOSITIONS

In this chapter, an artificial neural network was developed, trained and applied to predict the
performance and emission characteristics of Cl engine using FA composition as inputs. Two FAs,
namely palmitic acid (C16:0) and stearic acid (C18:0), were used as input parameters on a
NNTool platform using a back-propagation (BP) algorithm with a Levenberg-Marquardt (LM)
learning algorithm to predict BSFC (g/kWhr), BTE (%), EGT (°C), brake mean effective pressure
(BMEP) (bar), CO (%), smoke intensity, NOx (ppm), and UHC (ppm) for a conventional CI
engine. The predictive capacity of the model and statistical error parameters such as correlation
coefficient, mean square error, root mean square error, and the mean absolute percentage error
were evaluated. The outcome of the prediction has been accepted by the International Journal of

Engineering Research and Technology for publication.
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Artificial Neural Network for the Prediction of Engine Performance and Emission
Characteristics of Diesel Engine using Fatty Acid Compositions,” International Journal
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Abstract

The utilization of artificial neural networks (ANN) for the prediction of biofuel properties, engine
performance parameters, and emission of gases within statutory regulations in engine research has
been topical in recent times and is predicted to replace the cumbersome and highly technical
requirements of real-time engine testing. This study developed an ANN model to predict the
engine performance and emission parameters of an unmodified compression ignition (CI) engine
fueled with biodiesel using two fatty acid compositions as inputs. The ANN model adopted the
backpropagation with Levenberg-Marquardt algorithm, tangent-sigmoid transfer function
comprising two, eight, and eight nodes as input, hidden, and output layers respectively. The overall
regression coefficient (R) was found to be 0.9998 while the R-value for predicted outputs ranged
between 0.9966 and 0.9997, the root mean square error varied between 0.01834 and 0.1725, and
the mean absolute percentage error was reported to be between 1.6243 % and 4.546 % showing
an acceptable prediction accuracy. It was found that the MATLAB NNTool is a reliable and
effective tool for the prediction of engine performance parameters and emission of CI engines
using two fatty acid compositions as inputs thereby minimize the time, cost, and infrastructural

requirements of a real-time engine test.

Keywords: ANN, engine performance, emission, FAME, prediction

I. INTRODUCTION AND BACKGROUND

The rise in population, growing depletion
of crude oil deposits, constrained refining
infrastructure, and environmental
pollution, especially emissions from
transport vehicles, has placed enormous
pressure on stakeholders to develop
renewable and biodegradable alternatives.
This has increased research for affordable,
renewable, biodegradable, and
environmentally amenable options which

include biofuel, hydrogen, electric cars,
and vegetable oil-based fuels. Various
researchers  [1-5] have, in their
investigations, enumerated the damaging
effects of the application of petroleum-
based diesel (PBD) fuel in internal
combustion engines to include
environmental, performance, combustion,
emissions, and health effects.
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According to the researchers, the
environmental  effects include the
greenhouse  effect, increased global
temperature, and rapid climate change.
Infection and inflammation of airways, risk
of asthma, bronchitis, eye irritation, and
lung cancer and carcinogenic effects on
humans and animals’ health are some of
the health effects of the use of PBD fuel. In
terms of performance, PBD fuel provides
incomplete combustion resulting in the
emission of high volumes of carbon
monoxide. Biodiesel, as an alternative fuel,

has been found to offer enormous
advantages such as  non-toxicity,
renewability, biodegradability, higher

lubricity, high cetane number, high flash
point, positive energy balance, low to zero
sulphur, and safer handling compared to
PBD fuel. However, biodiesel suffers from
certain demerits including poor cold flow
properties, lower volatility, higher
kinematic viscosity, higher NOx emission,
more prone to corrosion, damaging effects
on automobile parts and concrete and auto-
oxidation characteristics [6-9]. The initial
challenge of high production cost is being
overcome by the application of waste
vegetable oil and waste animal fats as
feedstock. The adaptation of waste cooking
oil (WCO) has been reported to cause a 60
% to 90 % reduction in the production cost
of biodiesel [10, 11].
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Available statistics from the International
Energy Agency [12] reveal that the current
global biofuel production is not increasing
rapidly enough to meet the transport
biofuel consumption required as specified
by the Sustainable Development Scenario
(SDS). Biofuel demand in shipping and
aviation has continued to increase and it is
projected to triple by 2030 as shown in Fig.
1. Deliberate investment and targeted
research are required in the areas of
feedstock  development, production
infrastructure, deployment of numerical
and optimization techniques in the
production process, and improvement of
performance and emission indices towards
meeting the SDS. Meeting optimal engine
performance and stringent emission
requirements for compression ignition (CI)
engines prescribed by regulatory bodies for
Cl engines fueled with fatty acid methyl
ester (FAME) requires testing the fuels at
various engine speeds and loads, among
other parameters. This entails enormous
resources, time, technicality, and
personnel. One of the ways to deal with
these challenges is the application of high-
speed computers in numerical simulation
and optimization of the production, process
and utilization parameters to explore and
discover optimal scenarios.
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Fig. 1. Biofuel consumption breakdown in the SDS
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In order to overcome the strenuous, time
consuming, costly and intricate engine test
experimentation  involved in  the
determination of performance and
emission parameters, researchers have
adopted various numerical prediction tools
to execute these important tasks. Linear
prediction models have been widely used
in predicting FAME properties but have
been deficient in estimating engine
performance and emission parameters
because of their nonlinearity orientation.
Artificial neural networks (ANN) have
found wide application in business,
medicine, engineering, image and voice
recognition, with appreciable success,
particularly where the traditional modeling
techniques proved ineffective. ANN has
been deployed for the purpose of predicting
engine performance and emission of
internal combustion engines [13]. An ANN
uses the information presented to it to
learn, relearn, and understand the
correlation between the input and the
output data. Using those established
relationships, the ANN can predict
responses from a new set of independent
variables, drawing from its learning
experience. A properly trained ANN
possesses a high predictive capability and
the ability to learn, unlearn, and relearn to
improve the quality and integrity of the
output if a different array of data is made
available The preference of the ANN
model over other prediction techniques is
due to its adaptability and capability to
learn then relearn nonlinear progressions
and its uncomplicated adaptation to real-
time data fluctuations. A well-trained ANN
is faster, simpler, and more accurate than
other conventional simulation techniques
or mathematical models which require
extensive computations, long iterations,
and complex differential equations [14].
Major advantages of ANNSs include high
processing speed, ability to capture
nonlinearities between predictors and
outcomes as well as the capability to learn
and model linear, nonlinear, and complex
correlations. Though ANNSs are trained on

a case by case basis which cannot be
transferred for usage to other applications,
this approach has continued to find
applications in pattern classification,
scheduling, intrusion detection, financial
analysis as well as in control and
optimization [15-20].

Due to its obvious benefits, researchers
have employed well-trained ANN models
to forecast and estimate engine
performance parameters and release of
emission gases on CI engines including
torque, engine power, brake specific fuel
consumption (BSFC), brake thermal
efficiency (BTE), exhaust gas temperature
(EGT), thermal efficiency, carbon dioxide
(CO2), nitric oxide (NO), nitrogen oxides
(NOx), unburnt hydrocarbon (UHC), and
smoke intensity under different engine
speed and loading situations. The
outcomes of the prediction exercises have
agreed with real-time experimental engine
test results, thereby meeting the primary
purpose of its deployment.

Bearing in mind the importance of fatty
acid (FA) composition in the handling,
storage, performance, combustion,
properties, and emissions of biodiesel fuel,
a lot of resources and efforts are being
deployed for the prediction of engine
performance parameters as well as the
emission based on its FA compositions.
These efforts need to be improved upon
and strengthened, hence the present
intervention. In this research, the pertinent
question to ask, and which forms the
motivation for this research, is whether the
numerically determined optimal FAME
candidate can advance engine performance
and tone down the emission characteristics
of an unmodified of CI engine.

The object of the present effort, therefore,
is to develop and train an ANN model with
the capacity to predict the engine
performance parameters and emission
characteristics of an unmodified CI engine
fueled with an optimal FAME candidate
determined in terms of two FA
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compositions with the aim of unearthing an
appropriate biodiesel fuel that will advance
engine performance and mitigate emission
characteristics. This investigation is
limited to the use of C16:0 and C18:1
percentage  concentrations as  input
variables to develop an ANN model
capable of training, testing and predicting
the BSFC, BMEP, BTE, EGT, CO, smoke
intensity, UHC, and NOx of an unmodified
Cl engine fueled by unblended FAME.

The application of ANN in biofuel study
has been well documented owing to the
obvious derivable advantages, which
include simplicity, adaptability, and
manoeuvrability [21]. ANN has been
applied on many occasions to predict
biodiesel properties, engine performance,
fuel mixing and combustion parameters,
and emission characteristics. Filho et al.
[22], Hosseinpour et al. [23], Oliveira et al.
[24], and Rocabruno-Valdes et al. [25]
utilized a well-trained ANN model to
predict some properties of FAME. The
outcome of their investigations revealed
that the predicted data agreed with the
experimental data. Taghavifar et al. [26]
engaged ANN to predict the heat flux of a
ClI engine using spray characteristics such
as crank angle, temperature, and pressure
as inputs with acceptable output. Rao et al.
[27], Javed et al. [28], and Kshirsagar and
Anad [29] used ANN prediction modeling
to predict BTE, BSFC, EGT, CO, CO.,
UHC, NOx, and soot using blending ratios
as inputs with reasonable outputs. Cay et
al. [30], and Kumar et al. [31] developed
standard backpropagation algorithms on a
MATLAB platform to predict the engine
performance of a Cl engine powered with
biodiesel and compared the predicted
results  with  experimental  results.
Bietresato et al. [32] evaluated the
effectiveness of ANN models of sigmoidal
and Gaussian algorithms to demonstrate
their predictive capabilities for engine
performance and emission characteristics
in a farm tractor.

Other researchers have used various
parameters, including temperature, number
of carbon and hydrogen atoms as inputs for
the prediction of properties, engine
performance and emission parameters of a
conventional CI engine. The use of fatty
acid (FA) compositions have not been
widely and adequately  exploited.
Ramadhas et al. [33], Filho et al. [22],
Piloto-Rodriguez et al. [34], and Sara et al.
[35] have at various times used FA
composition as input variables to predict
the properties, engine performance and
emission characteristics of FAME. A
painstaking and exhaustive search of
literature, comprising over 120 biodiesel

samples, revealed that palmitic acid
(C16:0), stearic (C18:0), oleic acid
(C18:1), linoleic acid (C18:2), and

linolenic acid (C18:3) are the most popular
FAs in biodiesel among the 13 FAs [22, 36-
38]. Myristic acid (C14:0), C16:0, C18:0,
C18:1, and C18:2 were adopted by Menon
et al. [39] as input variables to predict
various parameters of Cl engine fueled
with biodiesel using ANN, thereby
developing an optimal biodiesel fuel
candidate based of FA composition and
degree of saturation/unsaturation of the
fuel.

Il. MATERIAL AND METHODS

In this section, we discuss the experimental
and the numerical methods employed in
carrying out the research. The
experimental method involves the
production of an optimal FAME candidate
through the transesterification of waste
palm oil (WPO) and the GCMS analysis of
the samples to reveal the FA composition.
The development and training of an ANN
model to predict the engine performance
and emission characteristics parameters of
unmodified CI engine fueled with FAME
is categorized by means of numerical
techniques using advances in software
computing.
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Il.I. Production of Optimal FAME
Biodiesel from WPO and Determination
of FA Composition

The WPO sample was collected from a
local owner-operated restaurant at the point
of disposal near the university campus
while waste chicken eggshells were
obtained from eateries at the University of
KwaZulu-Natal, Durban, cafeteria. The
waste chicken eggshells were converted to
a CaO catalyst through high-temperature
calcination at 900 °C as described by our
earlier work [40]. The WPO was pretreated
by removing food debris and moisture
before subjecting it to a one-stage
transesterification process since the acid
value was found to be 0.66 mgKOH/g.

The clean feedstock was mixed with
methanol and calcined CaO catalyst in a
flat-bottomed flask in the required quantity
and heated on an electric cooker with a
magnetic stirrer maintained at 1200 rpm
while a digital thermocouple was used to
authenticate the reaction temperature
throughout the process. A reaction
temperature of 60 °C, methanol to oil ratio
of 6:1, the catalyst particle size of 75 um, 1
% wiw catalyst: oil ratio, and total reaction
time of 90 min were selected as process
parameters. The ensuing mixture was
subsequently filtered in a Buchner funnel
filtration system assembled to retrieve the
catalyst. The filtered mixture was
transmitted to a separating funnel for the
glycerol to coagulate at the base of the
separating funnel where it was tapped off.
The crude biodiesel was purified using
magnesol. The purified FAME was
subjected to FA characterization in a
GCMS.

I1.11. Development of ANN Model

ANN, available on MATLAB platform, is
a parallel distributed processing computer
system modeled on the functioning of the
human brain with the capacity to generate,
form and discover new knowledge without
any help, based on the information
presented to it. It comprises a number of

linked and interconnected processing
elements known as neutrons or nodes. The
neutrons are linked with each other by
synaptic weights through which signals are
passed from one neuron to the other in
accordance with the connecting weights.
The weight of the signal is determined by
the knowledge acquired in the course of the
training, testing, and validation. The
neutron processes information presented to
it based on its dynamic state. The neuron
receives input from external sources,
analyzes such information, and executes
non-linear operations based on it and
generates an output [41, 42]. Figure 2
shows the network configuration of a
typical ANN model used for this study.

@ Input Nodes

Fig. 2. The ANN structure

@ Hidden| Nodes

In order to develop and improve an ANN
model, the network is exposed to the
training or learning phase and the testing or
validation stage. During the learning phase,
the network studies the input data and
estimates the output variables. In the test
stage, the network stops learning and
estimates the output data using the
knowledge gained during the training
stage. Training is programmed to terminate
when the testing error attains the
previously set tolerance and the preferred
epoch number is reached in relation to the
error value [43].

I1.111. Determination of the Model
Parameters

For the present research, a MATLAB
R2017b NNTool was used to develop the
model [44]. The back-propagation (BP)
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algorithm with a Levenberg-Marquardt
(LM) learning algorithm was applied
because of its high robustness, fault
tolerance, self-learning, self-adaptability
and reputation for good prediction
accuracy [45, 46]. Despite this advantage,
BPA has been found to be susceptible to
slow convergence, fluctuations, and severe
oscillations particularly during the training
stage  [47, 48].  Tangent-sigmoid
(TANSIG) is adopted as the transfer
function.

The number of nodes at the input and
output layers were selected as stated on the
research objective which is to use C16:0
and C18:1 as inputs to estimate the engine
performance and emission characteristics
of an unmodified Cl engine. For this
research, the selected engine performance
output parameters were BSFC, BMEP,
BTE, and EGT, while the emission
characteristics were CO, smoke intensity,
UHC, and NOx. Hence, two nodes were
selected for input layers while eight nodes
were selected for output layers.

A single hidden layer can sufficiently
predict any non-linear relations or
functions using the BPA neural network.
Since there are few nodes in the input layer
in the proposed model, the network did not
require any complex arrangement. Hence
one hidden layer was adopted for the
model. The number of nodes in the hidden
layer (p) was selected based on the
Kolmogorov theorem and neural network
theory [49]. p was estimated by Eq. 1 [50].

p<vVn+m+a 1)

Where n is the total number of nodes in the
input layer, m is the total number of nodes
in the output layer and a is a positive
integer (a < 10). The a must be
strategically chosen to get a reasonable p.
An excessively low p will reduce the
accuracy of the network approximation of
the model thereby leading to increased
prediction error, while an excessively large
p will make the network unnecessarily
complex requiring longer training time

[51]. With n value of 2, m value of 3, and
a value of 7, p was set to 10. The learning
rate and target error were both set at 0.01
based on the experience of continuous
testing.

The minimum gradient of 10~7was set as
part of the stopping criteria. Other factors
to be considered for the design of the ANN
model are depicted in Table 1. Also, as
shown in Table 2, there were 125
experimental datasets mined from the
literature. The FA compositions were
obtained from GCMS analysis while the
engine  performance and  emission
characteristics were gotten from real-time
engine tests [52-55]. 70 % (95 patterns) of
the data were chosen for training the
model, 15 % (15 patterns) for validation
while 15 % (15 patterns) were used for
testing the prediction capability of the
trained network. The developed, trained,
and validated model was used to predict the
engine  performance and  emission
characteristics of FAME candidates with
C16:0 and C18:1 concentration of 36.4 %
and 59.8 % respectively. The flow chart
representing the developed ANN algorithm
is shown in Fig. 3. The performance of the
developed ANN model was examined by
correlation coefficient (R), while the errors
were evaluated using statistical error
parameters, namely, Mean Square Error
(MSE), Root Mean Square Error (RMSE),
and the Mean Absolute Percentage Error
(MAPE). The R, MSE, RMSE, and MAPE
were calculated using the Eqgs. 2-5 [41, 56,
57].
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Table 1. Details of the neural network

model
Factors Value
Input layer 2
Hidden Layer 1
Output layer 8
Number of neutrons in the 10
hidden layer
Number of epoch 10000
Number of iterations 69
4 (SR A-R)?
R=1 { Xiz1(Fp)? } @)
MSE = M (3)
RMSE = /M (4)

Table 2. Datasets for the ANN model

n |At—Ft
i=1

— Li= At |

MAPE = =21 x 100 % (5)
Where ‘n’ is the number of the patterns in
the dataset, ‘A;’ is the actual output, and
‘F,’ is the predicted output value.

The R, MSE, RMSE, and MAPE were
applied to measure the accuracy of the
model. The ANN model was set to
terminate the iteration when R >
98, MSE < 0.001,and MAPE <5 %.
The RMSE measures the variation between
the predicted data and the experimental
data while the MSE denotes the standard
deviation of the difference between the
predicted value and the experimental value
for the data. A smaller RMSE symbolizes
accurate outputs and model.

SIN Cl16:0 C18:1 BSFC BTE EGT BMEP CO Smoke NOXx UHC
(g/kWhr) (%) (°C)  (bar) (%) intensity ~ (ppm)  (ppm)
1 20.8 58.4 266.13 33.8 408 1192  0.07 40 451 43
2 24.5 62.6 233.31 38,58 398 1231  0.058 43 750 55
3 31.4 58.4 325.67 2762 466  8.91 0.026 50 543 40
4 30.6 60.3 285.14 3155 483  9.27 0.023 56 723 35
5 21.9 57.4 280.47 3208 449 1115 0.21 60 468 20
6 36.3 58.4 252.18 35.68 468 11.79 0.21 54 483 34
7 23.4 70.3 231.96 38.79 400 1217  0.069 55 459 40
8 34.5 68.4 310.43 28.98 477  9.22 0.21 58 425 50
9 36.5 57.6 272.59 3312 459 1164 0.049 49 471 55
10 356 62.4 294.53 30.55 497 10.08 0.018 42 455 53
11 348 60.7 257.24 3497 430 1138 0.04 54 460 45
12 3538 59.3 229.81 39.15 396 12 0.07 62 446 43
13 285 70.6 278.83 3227 437 1062  0.16 66 465 50
14 43.6 56.2 255.79 35.17 431 1217 0.032 43 675 32
15 3438 55.9 230.03 39.11 389 1231  0.07 45 447 34
16 264 65.4 279.63 3217 494 109 0.13 56 456 18
17 236 65.3 242.07 37.17 434 1225 0.032 48 467 32
18 261 65.8 226.24 39.77 388 1239 0.01 39 478 28
19 267 56.5 246.55 3243 380 12,67  0.06 30 290 34
20 346 54.2 246.78 4043 342 1056  0.05 58 875 32
21 343 51.6 355.74 32.76 250  9.65 0.03 62 650 28
22 245 495 290.52 43.24 245 1189  0.04 54 473 28
23 236 60.5 270.74 4021 370 1045 0.18 48 478 19
24 295 61.7 355.61 32,65 290 16.32  0.07 54 660 25
25 235 55.8 322.79 31.35 287 11.04 0.03 50 456 28
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

22,5
23.6
29.4
43.48
42.45
40.21
39.43
42.56
37.16
35.76
40.42
43.56
35.32
38.43
45.21
42.75
34.52
53.7
52.9
51.83
53
22.19
53.3
13.31
55.53
525
54.1
48.9
73.73
66.02
69
67.7
63.29
77.89
63.5
428
42.6
42.7
44.81
43.32
40.2
47.9
43.9
395
23.3
25.2

54.7
44.7
58.4
41.13
40.32
50.35
55.43
50.45
46.93
50.43
49.32
42.46
50.32
39.45
55.32
45.55
42.59
22.8
22.2
24.13
23.3
48.2
25
50.76
23.26
24.8
22.6
23.18
16.93
20.43
23.87
20.5
23.68
32.78
24
40.5
405
40.9
39.99
40.57
43.3
37
39
432
42.4
48.9

250.62
261.78
276.85
280.54
278.54
300.45
285.05
260.45
290.54
315.85
250.45
260.48
270.41
301.45
310.65
317.23
260.54
270.4
230.2
3324
280.4
276.1
321.3
324.8
265.3
2345
301.2
261.4
230
265.1
223.5
230.03
267.3
243.1
276.3
254.3
265.3
3421
287.3
276.3
344.9
3124
265.1
253.87
265.32
276.21

33.65
32.67
23.65
27.43
23.54
30.78
32.76
22.09
35.05
35.87
34.53
22.87
28.54
27.91
32.56
38.21
28.45
23.54
30.43
26.54
32.54
32.65
34.67
40.32
28.43
32.54
29.56
33.06
39.54
33.65
35.91
39.23
33.09
37.43
37.89
31.65
39.02
32.94
43
40.43
32.65
31.54
33.89
32.76
245
28.54

370
400
468
280
460
380
380
410
420
410
358
330
450
510
350
420
470
400
398
453
498
453
487
421
487
462
487
442
398
436
429
387
492
431
342
380
371
278
263
381
301
297
385
402
458
320

12.76
10.45
9.43

10.45
12.03
9.32

10.45
15.23
9.05

10.45
10.25
11.35
11.21
10.35
9.25

12.25
10.27
11.45
12.43
9.43

8.56

10.43
11.76
11.43
10.21
10.43
10.04
11.25
11.54
10.56
12.15
12.23
10.45
12.56
12.54
13.21
11.54
10.41
11.54
9.43

12.54
11.27
12.54
11.48
10.21
11.24

0.12
0.16
0.04
0.02
0.03
0.12
0.21
0.07
0.04
0.12
0.08
0.15
0.21
0.05
0.13
0.17
0.13
0.12
0.089
0.012
0.032
0.22
0.21
0.045
0.27
0.047
0.012
0.05
0.081
0.127
0.034
0.068
0.014
0.043
0.015
0.06
0.08
0.043
0.023
0.143
0.043
0.078
0.17
0.042
0.054
0.027

61
34
38
43
41
40
42
60
57
43
38
28
40
50
61
52
58
42
45
51
54
52
52
48
51
47
41
51
60
53
56
45
51
49
46
41
61
57
52
52
58
56
59
37
31
45

476
821
448
650
720
459
700
710
651
552
460
570
592
702
810
830
750
453
650
542
732
487
505
476
432
480
440
455
475
432
624
654
562
467
480
431
657
567
680
623
560
467
651
605
458
620

26
43
50
51
40
39
52
48
27
40
48
28
28
34
28
54
43
40
52
43
51
43
56
34
45
48
47
51
48
53
46
32
27
54
34
43
30
36
25
20
27
30
24
40
42
35
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72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

23.1
23.9
24.34
20.1
28.7
11.67
28.33
20.6
22.9
11.38
114
11.2
10.4
23.6
255
24.49
20.6
22.3
22.3
20.6
20.6
46.36
69.07
43.08
23.88
55.72
32.14
26.03
21.28
231
20.43
10.12
24.32
15.05
34.54
35.65
23.67
26.76
30.65
27.54
34.32
20.43
26.43
54.32
46.32
20.56

45.8
43.9
42.23
55.2
57.4
57.51
57.51
52.5
54.2
48.28
48.3
455
47.1
44.2
47.1
38.32
64
64.1
64.4
61.6
61.5
32.38
18.97
40.55
45.25
40.23
47.23
45.43
63.12
63.2
61.9
79.4
62.05
75.32
50.3
50.5
58.23
46.55
53.3
58.43
46.5
46.3
57.84
26.89
34.54
60.33

265.32
299.3
300
267.3
297
312.34
243.43
260.45
265.43
300.2
312.45
317.43
276.4
265.43
235.53
321.54
287.43
280.11
250.12
231.07
308.05
278.5
298.32
254.43
228.57
278.43
254.65
234.61
276.54
234.54
234.78
200.54
220.56
340.54
300
267.05
340.54
342
256.54
270
256.43
278.54
260
310.65
290.5
267.54

23.87
315
31.65
24.65
35.78
33.87
35.05
23.55
28.94
27.54
33.56
39.84
29.4
34
37.98
28.54
32.04
3341
34.14
35.8
28.98
34.65
30.55
34
38.45
31
36.41
38.5
32.81
37
40.33
31.56
40.34
24

51
40.05
36.02
38.87
33.13
33.76
30.19
28.78
24.67
30.56
33.81
26.5

430
341
374
403
415
407
372
350
448
471
378
425
446
400
389
476
473
450
470
405
465
450
475
420
400
435
420
385
490
441
398
379
337
248
271
375
271
300
362
389
465
300
487
381
345
389

12.38
10.34
10.5
13.78
10.54
10.68
9.98
12.21
11.12
10.58
10.76
11.35
10.46
10.57
12.89
10.54
10.43
11.28
11.54
12.05
10.21
11.56
10
11.35
12.58
11.43
12.56
11.67
11.68
10.43
18.45
12.5
11.65
10.03
11.32
10.76
13.28
10.43
11.32
9.47
11.78
9.68
13.43
15.32
18.01
16.55

0.04
0.014
0.043
0.052
0.05
0.14
0.065
0.18
0.27
0.052
0.076
0.17
0.173
0.045
0.072
0.045
0.043
0.28
0.32
0.076
0.32
0.045
0.048
0.064
0.023
0.182
0.132
0.126
0.023
0.043
0.05
0.06
0.056
0.132
0.231
0.16
0.17
0.034
0.172
0.166
0.074
0.023
0.056
0.183
0.124
0.23

53
48
54
61
54
48
35
30
38
47
60
54
51
49
40
45
59
61
57
61
53
52
48
52
60
54
47
48
55
45
46
47
35
37
41
42
40
55
42
48
41
50
44
54
60
46

680
461
680
520
670
550
535
555
610
700
750
652
690
475
705
530
710
480
503
470
443
472
485
605
621
710
540
462
440
445
465
367
761
658
456
571
665
456
467
749
450
630
726
471
704
723

43
47
4
56
43
40
4
32
28
43
26
44
32
24
32
38
43
25
36
43
56
45
51
60
42
38
54
32
26
55
43
56
34
37
54
39
28
34
53
48
65
31
27
4
28
44
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118 43.65 3459 284.65 33.89 400
119 32,65 50.05 312.54 33.71 421
120 2521 52.65 260.67 37.2 430
121 4239 3456  239.05 24.54 327
122 4165 50.05 289.12 29.55 437
123 4454 455 310.32 28.57 505
124 3289 4465 309.65 33.65 355
125 2735 56.43 278.09 35.18 430

13.65 0.124 59 456 47
1145 0.043 44 443 34
9.67 0.012 51 506 49
10.32  0.043 39 561 28
1043 0312 45 604 38
1159 0.043 50 673 43
10.54 0.23 48 782 26
9.26 0.176 51 774 41

I11. RESULTS AND DISCUSSION
We developed an ANN model to predict the

engine performance and emission
characteristics of an unmodified Cl engine with
C16:0 and C18:1 as inputs using the BP-LM
algorithm. The predicted engine performance
was BSFC, BMEP, BTE, and EGT, while four
emission characteristics, namely CO, smoke
intensity, UHC, and NOx were predicted. The
two input parameters were palmitic and oleic
acids. Figure 4 shows the structure of ANN
consisting of input, hidden, and output layers
and their respective number of nodes generated
by the ANN model developed on a MATLAB
R2017b NNTool. Data were sourced from
literature for the training and validation of the
model while the engine performance and
emission characteristics of optimal FAME
candidate produced by the transesterification
of WPO and analyzed by GCMS were
predicted by the trained ANN model. The
overall correlation coefficient of the ANN

model is shown in Fig. 5. The regression

coefficient of the training, validation, and test
data gave satisfactory value, an indication of
high predictive proficiency of the established
model. The outcome of the overall correlation
coefficient for the present model is an
improvement on the outcome of similar efforts

[58-60].

The performance indices of the trained ANN
model using regression and other statistical
error parameters as well as comparison of the
predicted data with experimental data for 15
different test cases are presented in Fig. 5-14.
The prediction of output parameters yielded
impressive outcomes for BSFC, BMEP, BTE,
CO, EGT, UHC, NOx, and smoke intensity
with commendable and reliable values of R,
MSE, RMSE, and MAPE for each parameter.
This
capacity, and capability of the developed

indicates the accuracy, sensitivity,
model to simultaneously predict important
engine performance and emission parameters

that can be relied upon.
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Fig. 3. Flow chart of ANN model
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Fig. 6. (a) Regression plot for BSFC (b) Comparison of experimental and ANN predicted
BSFC
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Fig. 7. (a) Regression plot for BTE (b) Comparison of experimental and ANN predicted

BTE

Figure 6a compares the ANN predicted
data with the experimentally measured
data. With R-value of 0.9984, MSE,
RMSE, and MAPE values of 0.009906,
0.09953 g/kWh, and 1.729 % respectively,
the model performed acceptably. The
model was also applied to predict the
BSFC of some FAME samples. This result
is comparable to the correlation coefficient
of 0.9968, and MSE of 0.0177 reported by
Syed et al. [61]. The outcome, as shown in
Fig. 6b, was commendable and can be
relied upon to arrive at a sound decision on
the fuel. Bearing in mind the importance of
BSFC as an engine performance
parameter, and the relationship between
fuel consumption, power output and
efficiency of an oxygenated fuel like
FAME, this model will be useful to
determine the behavior of FAME from its
palmitic and oleic acid concentrations.
Figures 7a and 7b illustrate the ANN
predicted BTE versus experimental BTE
and the outcome of the predicted data for
15 experimental test cases. With R of
0.9982, MSE of 0.0003363, RMSE of
0.09953 % and MAPE of 1.729 %, the
developed ANN model was satisfactory

and acceptable. These results were
comparable with the outcome of similar
investigations reported in the literature [59,
62].

The correlation coefficient and other
statistical errors of the developed ANN
model for BMEP were found to be within
acceptable  levels  throughout the
investigation  despite  the  nonlinear
relationship between BMEP and the FA
composition of biodiesel. As shown in Fig.
8a and 8b, the model provided a
satisfactory outcome with statistical errors
within acceptable limits. The R-value of
0.9991, MSE value of 0.001032, RMSE
value of 0.03212 bar and MAPE value of
2.674 % showed good predictive
capabilities of the model. Figure 9a and 9b
show the relationship between the
experimental and ANN predicted data of
EGT. The performance index of the model
indicates an R of 0.999 and RMSE of
0.03212. This result is comparable with the
R-values of 0.9995 reported by Syed et al.
[61] and 0.99754 reported by Javed et al.
[28].
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The developed model predicted CO and
NOx within acceptable limits. The
predicted CO and NOx were close to the
experimentally measured values. This is
shown by the R-value near 1. The value of
MSE, RMSE, and MAPE show the high
prediction accuracy of the model. As
shown in Fig. 10a and b, and 11a and b the
gap  between the  experimentally
determined and ANN predicted values are
negligible for CO and NOx emissions. Due
to the effects of CO emission on humans
and the environment the parameters need
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to be accurately predicted so as to be able
to drastically reduce CO emissions. High
emissions of NOx in a Cl engine remains
one of the drawbacks for the application of
FAME as a Cl engine fuel. Researchers are
still working on lowering the NOX
emission in line with standards. This model
accurately predicts the emissions of CO
and NOx gases thereby making real-time
engine tests unnecessary. This result is an
improvement on the outcome of similar
studies available in the literature [62, 63].
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Fig. 10. (a) Regression plot for CO (b) Comparison of experimental and ANN predicted

CO
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Fig. 11. (a) Regression plot for NOx (b) Comparison of experimental and ANN predicted
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It can be deduced from the outcomes of the
model prediction that the ANN predicted
values agree well with the experimentally
measured values. This reveals that the
developed ANN model has satisfactorily
determined the UHC and smoke intensity
of CI engine fueled with FAME. The R-
value was found to be 0.9995 and 0.9966
for UHC and smoke intensity, respectively.
The closeness of these R values to 1
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signifies the high accuracy of the
prediction. For the UHC emissions the
RMSE value is 0.1135 and MAPE value is
2.503 % (Fig. 12a and 12b) and for the
smoke intensity the RMSE is 0.02154 and
the MAPE is 2.294 % (Figure 13a and
13b). These small RMSE and MAPE
values are indicative of the high accuracy
of the developed model [41, 61, 63].
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Fig. 12. (a) Regression plot for UHC (b) Comparison of experimental and ANN predicted
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Table 3. Comparison of outcome of this research with other results

Parameter unit Present ~ Arunkumar Sanlietal.[65] Subramania  Singhetal.
research et al. [64] m et al. [66] [67]
BSFC 9/kWh 205 750 230 to 247 400 to 460 300 to 500
BTE % 30 28 - 2410 26 0to 30
BMEP bar 45 - 381042 - -
EGT °C 260 300 - 150 to 380
CO % 0.05 0.07 700 to 0.05t0 0.09
6000(ppm)

NOXx ppm 400 470 1400 to 1550 300 to 900 350 to 980
UHC ppm 18 35 2210 26 - 70 to 110
Smoke - 50 55 - 72 to 102 9to 50
intensity

I11.1. Prediction of Engine Performance
and Emissions of Optimal FAME

A well-trained ANN model was deployed
to predict the BSFC, BMEP, BTE, CO,
EGT, UHC, NOx, and smoke intensity of
ClI engine fueled with the optimal FAME
candidate produced to certain
configurations. The two most important
FA composition identified were C16:0 and
C18:1 and these were used as inputs. The
outcomes of the ANN predictions were
compared with the outcomes of real-time
Cl engine tests from the literature as shown
in Table 3. In terms of engine performance,
the  optimal candidates  delivered
encouraging performance parameters when
compared with similar research outcomes.
The BSFC was lower whereas the BTE was
relatively high but at a lower EGT. The
CO, NOx, UHC and smoke opacity
emissions were found to be lower than all
the outcomes of comparable investigations.
The oxygenated fingerprint of the FAME
candidate ensured better combustion which
was reflected in the low CO emission. The
low EGT also resulted in low NOx
emissions. These outcomes show that the
computed optimal FAME candidates
yielded better engine performance and
emitted less regulated gases, thereby
meeting the objective of developing a new
fuel.

V. CONCLUSION

In this study, ANN was developed and
trained using secondary data mined from
literature for the simulation and prediction
of engine performance and emission
characteristics. The validated model was
used to predict the engine performance and
emission of a computed optimal FAME
mix. The MATLAB ANN model based on
BP-LM algorithms with tangent-sigmoid
transfer function was developed to predict
engine  performance and  emission
parameters of an unmodified CI engine
fueled with FAME. We employed two
input layers, one hidden layer with ten
neutrons, and eight output layers using
NNTool techniques to determine the
BSFC, BMEP, BTE, CO, EGT, UHC,
NOXx, and smoke intensity.

The outcomes of the developed ANN
model were evaluated using regression
coefficient and other statistical error
platforms as well as other performance
metrics to compare the experimental data
with ANN predicted data. A total of 749
data were mined from literature and used to
train the model while the FA composition
of the optimal FAME candidates were
produced through the transesterification of
WPO. Going by the results, the model
performed very well with the experimental
data matching the ANN predicted data with
an overall regression coefficient (R) of
0.9998. For the engine performance
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parameters, R varied between 0.9982 and
0.9991 while the RMSE and MAPE ranged
between 0.01834 and 0.09953, and 1.729
% and 2.674 % respectively. The R,
RMSE, and MAPE for the emission
parameters varied from 0.9966 to 0.9997,
0.02154 to 0.1725, and 1.6443 % to 4.546
% respectively.

From the foregoing, the optimal FAME
candidates, namely, C16:0 with results of
364 % and C18:1 with 59.8 %
demonstrated better engine performance
and mitigated emission characteristics. The
developed model accurately and reliably
predicted the performance and emission
parameters within acceptable limits. Thus,
these two FAs are sufficient to accurately
predict the engine performance and
emission characteristics of a conventional
and unmodified CI engine. Thus, FAME
with concentrations of C16:0 and C18:1
can be trusted to perform optimally and
generate mitigated emissions. It is thus safe
to conclude that the developed ANN model
has been able to reliably and conveniently
imitate real engine performance and
emission characteristics within satisfactory
prediction accuracy and efficiency.

Going forward, this narrative should be
stretched further to include the use of FA
compositions of various feedstocks to
predict, within reasonable accuracy,
combustion, fuel mixing, and heat release
rate with a view to evaluating their
influence on engine  performance,
combustion, and emission characteristics
of an unmodified CI engine.
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CHAPTER 7: DEVELOPMENT AND CHARACTERIZATION OF
CHICKEN EGGSHELL WASTE AS POTENTIAL CATALYST FOR
BIODIESEL PRODUCTION

This chapter presents strategies for the development and characterization of chicken eggshell
waste as a catalyst for biodiesel production. In the article, the process for the collection, cleaning
and preparation of chicken eggshell waste to powder form, calcination, and characterization
(TGA, FTIR, XRD, SEM, TEM) of raw uncalcined, boiled uncalcined, and raw calcined chicken
eggshell waste powder are extensively discussed and conclusions drawn. Synthetic CaO costs in
excess of USD 230/ton, whereas the conversion of chicken eggshell waste collected freely from
bakeries cost less than USD 10/ton, expended only on transportation. The article has been
published in the International Journal of Mechanical Engineering and Technology, IAEME
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OF CHICKEN EGGSHELLWASTE AS
POTENTIAL CATALYST FOR BIODIESEL
PRODUCTION
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Howard College, University of KwaZulu-Natal, Durban 4041, South Africa

ABSTRACT

An average of 369800 cases of chicken egpsare consumed per week in South
Africa. Disposal of the resultant shells, which constivure abowr 10% by weight of eggs,
has been problemaric and cosily. Conversion of chicken eggshell wasie 1o nseful
subsiances has engaged the atiention of researchers in recemt vears. This work is
peared towards exploring chicken eggshell waste as allow cost, sustainable, and
readily available sowrce of calcium oxide (CaQ) for use as a possible caralys for
biodiesel produciion. Raw, boiled and calcined eggshell 73pmpowder were prepared
and characterized. The resulis of the X-ray diffraction (XRD) showed that while raw
and boiled chicken eggshell contained 79.3% and 99% calcite (calcium carbonate
[CaC0s]) respectively, whereas eggshell powder calcined ar 900°C for 3h comained
63.8% lime (CaQ). This wasdue ro the thermal decomposition of CaC0Os o CaQ and
porilandite (Ca (OH):) during calcinaiion. Thermogravimeiric analysis (TGA)
revealed a 44.5% and 42% weight loss of the boiled and raw eggshell samples
respectively, which occurred between 700°C and 900°C, whereas the calcined powder
sample only wirnessed 3.5% weight loss ar 400°C. Scanning electron microscope
(SEM) analysis showed that raw, boiled, and calcined eggshell samples contained
41.31%, 21.91%, and 46.08% of calcium, 14.93%, 26.40% and 6.22% of carbon, and
43.76%, 51.68%, and 47.70% of oxygen respectively. The resulis of transmission
electron  microscapy (TEM) image analysis and Fowrier-transform  infrared
speciroscopy (FTIR) revealed that boiling has no significant effect on the siruciire,
compaosition and thermal degradarion of waste chicken eggshell, unlike calcinarion.
Complete conversion of CaCOst0 CaQ through calcination enhances the properties
and usefulness of wase chicken eggshell powder as a heterogeneous caralyst for
bindiesel production.

Kevwords: Calcination, Characterization Chicken Eggshells, Heterogeneous Catalyst.
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1. INTRODUCTION

Affordability and access to energy are some of the key indicators of enhanced quality of life.
The quest for comfortable living has caused humans to desire a safe, affordable, and
environmentally friendly energy source to meet their ever-increasing energy needs. Fossil
fuels and their derivative shave, over the years, been used to heat homes, provide lighting and
power internal combustion (IC) engines lor households, commercial and industrial purposes.
With an upsurge in population, urbanization, modernization, and industrialization, the demand
for energy has increased geometrically withoul a commensurate increment in the energy
supply[1]. According to the International Energy Outlook report for 2017, the cumulative
global energy consumption was projected to increase by 28%, rising from 375 quadrillion
British thermal uniis (Btu) in 2015 to 736 guadrillion Bt in 2040, with China and India
accounting for more than 50% of the total global increase within that period]2]. Available
statistics how that primary energy consumption and global energy related carbon dioxide
(CO,) emissions have continued to increase across all regions globally between year 2010 and
2017, as shown in Figure 13, 4].
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Figure 1. Global primary energy consumption {in million metric tons oil-equivalentjand Energy
related carbon dioxide emissions (in gigatonnes) between 2010 and 2017, by region

Environmental concerns, rate of depletion of fossil fuel deposits, high cost of exploration,
continuous unpredictability in the global oil price, and emission of hazardous gases have
made the use of renewable energy a viable substitute[5, 6]. Of all the renewable energy
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sources of fuels for IC engines, biofuels, consisting of biodiesel, green diesel, bioethanol, etc.,
are considered to be among the most promising alternatives. Biodiesel, also known as fatty
acid methyl ester (FAME), is considereda sustainable candidate to replace petroleum-based
diesel (PBD) fuel in unmodified compression ignition (CI) engines owing to its similarity to
PBD fuel in terms of its properties and miscibility, Among the important properties of FAME
are that it 1s biodegradable, non-poisonous, and sulfur-free, has a better cetane number, lower
C0; emissions, enhanced lubricity, and is easy to produce domestically. It also possesses
similar physico-chemical fingerprints to PBD fuel|7, 8].

FAME are produced when vegetable oils (sunflower oil, jatropha oil, palm oil, rubber
seed oil, soybean oil etc.) or animal fats are trans-esterified using an alcohol, preferably
methanol, in the presence of a catalyst (homogenous or heterogeneous) with glyceral as a by-
product [9, 10]. Unaffordability, interference with food security, absence of land mass for
arowing non-edible feedstock, among other reasons, has made the use of used restaurant oil,
also known as waste cooking oil (WCO), anacceplable feedstock for FAME production. The
benefits of utilizing WCO as feedstock for FAME production includes its easy availability,
non-interference with food chain, converts waste to fuel, provides additional income to
houscholds, prevents illegal disposal into drainages and rivers, preserves aguatic lives,
etc.[11-14].

The application of homogeneous basic catalystssuch as NaOH, KOH, etc.can be
problematic because they: (i)involve the use of a large volume of water for washing, (ii)
arecostly, (iii) corrode the reactor, (iv) require treatment of the waste water produced, (v)
require numerous purification processes, and(vi) ability to reuse, recover and regenerate the
catalyst [15-17].Calcinm oxide (Ca0), an example of a heterogeneous catalyst, can be derived
from calcium carbonate (CaCOs), which is a major constituent of chicken eggshells. The
advantages of a heterogeneous catalystsynthesized from chicken eggshell waste include:(a)
conversion of wasle to beneficial applications, (b) the biodiesel produced requires little further
cleaning, (¢} can be effortlessly separated, recovered, reused and regenerated, (d} produces
uncontaminated glycerol as a by-product, (e) no adverse impact on the environment, (f) less
energy and water consumption, (g) relativelycost-effective, (h) high basicity, (i) non
toxicity[9, 13, 18-20]. However, heterogeneous catalysts produced from chicken eggshell
waste have some sethacks including low specific activity, and absence of satisfactory stability
during usage. Ca0 is reported to be one of the most active heterogeneous catalysts for
transesterification of feedstock to biodiesel and has been widely used due to its availability,
ease of production, affordability, non-toxicity, high basicity and high regeneratability. CaO is
ideal as a catalyst due to its high surface area and the highnumber of pores available on the
surface[21-23], andhas been used as a catalyst for FAME production with satisfactory success
and high yield[24], CaO has been reported to occur in significant proportions in some low
cost material including chicken eggshell waste, fish scalewaste, cockle shellwaste, ostrich
shellswaste, mud scrub shellwaste, and animal bone waste [9, 25].Chicken eggshellwaste
which represents nearly10% of a chicken egg by weight, is generated when an egg is cracked
and the egg volk and egg white removed as well as after hatching of an incubated egg [26].

The United Nations Food and Agricultural Organization (FAO) reported that China is the
world’s highest producer of eggs with 24.8 billion kilograms, followed by the United States of
America, India, and Japan with 5.6 billion kilograms, 3.8 billion kilograms, and 2.522 billion
kilograms respectively. China's production is projected by the FAO to become34.2 metric
tons of eggs per year by 2020 [27], According to a report published by the South Africa
Poultry Association, an average of 378 940 cases of eggs were consumed in South Africa per
week in 2017 while the figure decreased to 369800 cases of eggs per week in March
2008[28]. Among the various [ood wastes, eggshells have many bioactive compounds and
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other useful minerals of high economic wvalue but which can constitute a health and
environmental menace if not well disposed of and managed[29]. The application of chicken
eggshellwaste as a heterogeneous catalyst for FAME production would significantly reduce
the cost of disposing of such waste (especially those produced by bakeries),improve sanitation
by keeping the environment elean, and reduce waste disposed to landfills,

Chicken eggshell waste has attracted considerable interest in recent times due its potential
utilization as:a heterogeneous catalyst [7, 19, 30-35], a durable and effective protection
fromultravioletradiation[36], a component in paper treatment[37], ceramic raw material for
tiles and sanitary sectors|29], animal feed [38], absorbent [39, 40], fertilizer [41], a
component In glass foam production [42], abrasive material [43] among other uses. Chicken
eggshell waste can be treated (calcined) to enhance its usefulness and improve its efficiency,
Outcomes of researches have shown that chicken eggshells can be recovered, reused and
regenerated [22, 44, 45] with improved efficiency.

Despite the recognized application of eggshells, the relevant question to ask arehow far
have these pre-treatment procedures and processes allected its uselulness and applications,
particularly as a catalyst for biodiesel production, in view of the advantages derivable from its
treatment and usage? The motivation for this research is the conversion of chicken eggshells,
which have hitherto been regarded as waste and an environmental nuisance, into an
economically and scientifically useful product. The aim of this present work, therefore, wasto
develop CaO from three forms of chicken eggshell waste, namely, raw chicken eggshell,
boiled chicken eggshell and calcined eggshell and characterize the resultant chicken eggshell
powder. The scope of the research waslimited to collection, cleaning and pre-treatment,
development and characterization of the chicken eggshellwasie. To this end, chicken eggshell
waste waspre-treated, pulverized and subjected to characterization to determine the effects of
boiling and calcination.

2. MATERIAL AND METHODS

2.1 Raw Material Collection and Preparation

Chicken eggshell waste was collected from Buiterfield Bakery, Reddy's Bakery, and
Nubbile’s Bakery, all located in central Durban. The chicken eggshell waste was washed with
hat water to eliminate any dirt, sand or other foreign objects (including the inner white
membrane) clinging to the shells. The shells were rinsed several times with distilled water 1o
ensure absolute cleanliness. The clean eggshells were divided into three equal parts. One part
was boiled on the electric stove for (L5 h then the shells were dried in an oven at 100 °C for
3h to remove any moisture,
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Figure 2. Flowchart of production of egg shell catalysts

The oven-dried eggshells were subsequently crushed by mortar and pestle then pulverized
into a fine powder with an electric coffee grinder and passed through a 75 pm meshsieve. The
second part was calcined at 900°C for 3 h to convert the calcium tri oxo carbonate 1V
(CaCOs3) into CaO. The raw chicken eggshell powder, boiled chicken eggshell powder, and
calcined chicken eggshell powder were thereafter stored in sealed glass vials, labeled
appropriately, and placed in desiccators to guard against contamination and oxidation. The
flowchart of the catalyst preparation is shown in Figure 2 while Figure 3 shows the state of
the shells at the different stages of catalyst preparation.

Figure 3.Conversion of eggshells to powdery form

2.1. Catalyst Characterization

The eggshell powder developed from chicken eggshell waste were characterized through X-
ray diffraction (XRD) using a PAN alytical Empyrean diffractometer with HighScore Plus
software version 3.0d.The samples were prepared on a Quorum QI50A ES sputtering

http:/fwww.izeme.com/ IIMET/index.asp editor@iaeme.com

180



Development and Characterization of Chicken Eggshell waste as Potential Catalyst For Biodiesel
Production

machine before transferring to the Zeiss Ultra Plus in field emission gun scanning electron
microscope (FEGSEM) for morphology analysis of the powder sample. A JEOL JEM-2100
operating at an accelerating voltage of 20 kV was used for the high-resolution transmission
electron microscopy (TEM) analysis. Fourier-transform infrared spectroscopy (FTIR) was
determined using a Perkin-Elmer Spectrum 100 spectrometer, while the thermogravimetric
analysis (TGA) was determined using a Perkin-Elmer Simultaneous Thermal Analyzer STA
6000with Nitrogen gas at 20 ml/min for the analysis and at a temperature from 100°C to
1000°C at 20°C/min,

3. RESULTS AND DISCUSSION

The three samples exhibited different colors after preparation. The raw chicken eggshell
powder appeared greyish white while the calcinedegg shell powder appeared lighter and
whiter. The change in color after calcination may be due to the conversion of CaCOsto CaO
and the departure of CO; from the carbonate, as reported by Cree and Rutter [46] and
Salaudeen et al.[47].The outcome of characterization of raw, boiled and calcined chicken
eggshell powder by XRD, FTIR, TGA, SEM, TGA, TEM and the image analysis are
described below,

3.1. XRD analysis

The X-ray diffraction patterns of the raw, boiled and calcined chicken eggshell samples are
shown in Figure 4, while Figure 5 shows the pattern of the three samples in stacked form. The
spectrometry of the raw and boiled eggshell samples have their peaks at the same location,
testifying to the insignificant effect of boiling. As shown in Table I, raw and boiled chicken
egoshell contains 77.9 % and 99.2 % of calcite (CaCOy) respectively while the CaCO; has
been converted 1o lime (Ca0) in the calcined sample. At a calcination temperature of 900°C
for 3h, the CaCO; decomposed to Cad and CO; which accounted for a high percentage of
Cal in the calcined sample as reported by Goli and Sahu[48], Piker et al.[49] and Tan et
al.[19]. The formation of portlandite (Ca{OH;)) in the calcined chicken eggshell sample 1s as
a result of the interaction of CaO with atmospheric air during storage and analysis as
confirmed by Lesbani et al.[50]. The 0.4% of calcite in the calcined sample might be due to
incomplete decomposition of CaCO; to CaO, while the 0.5% graphite in the raw eggshell
sample might be attributed to the presence of impurity. The 20.2% calcite magnesium in the
raw chicken eggshell is considered to be mainly caleite while the magnesium oxide is
expected to be in trace quantity as reported by Goli and Sahu [48] and Ayodeji et al.[S1].
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Figure 5 Stacked XRD spectrometry of raw (R}, boiled (B} and calcined (C) chicken eggshells

Table 1.Compound composition of raw, boiled and calcined chicken eggshells

Chemical Concentration (%)
Compound name formula :
Raw sample | Boiled sample (Calcined sample
Lime CaO - - 63.8
Portlandite Ca(OH), - - 24.9
Calcite CaC0; 79.3 99.2 0.4
Caleium oxalate C.I1,Ca0; 0.8 10,9
Calcite magnesium CaCO; Mg 20.2
Graphite C 0.5
3.2, SEM analysis

Scanning electron microscope (SEM) analysis was carried out to compare the surface
morphology of raw chickeneggshell, boiled chicken eggshell and calcined eggshell to
determine the effect of boiling and calcination on the eggshell at magnification of 2000X.
Figure 6 compares the surface morphology of the raw, boiled and calcined eggshells, While
the surface of the raw chicken eggshell is more settled, boiling appears to have slightly
scattered or unsettled the particles of the sample, The calcined chicken eggshell presents a
honeycomb-like structure [30, 52]. As shown in Table 2 and Figure 7, the boiled sample has
the least calcium concentration and the highest oxygen concentration compared to the raw and
the calcined chicken eggshells, The effect of the high calcination temperature may account for
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this result. The low calcium concentrationmay be dueto the decomposition of calcium
carbonate CaCOj to calcium oxide CaO and carbon dioxide COsafter the calcination process
as reported by Onwubu et al.[43].The high oxygen concentration may be due to formation of
calcium hydroxide (Ca(OH),) as a result of the reactive moisture adsorption occasioned by
high calcination temperature and time as corroborated by Tangboriboon et al.[53].

Table 2. Elemental composition of raw, boiled and calcined chicken eggshells

Element Chicken eggshell weight (%)
Raw sample | Boiled sample Calcined sample
Calcium (Ca) 41.31 21.91 46.08
Carbon (C ) 14.93 26.40 6.22
Oxygen (0) 43.76 51.68 47.70
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Figure 7 Elementalmapping of raw, boiled and calcined chicken eggshells showing the concentration
of calcium (green), carbon (blue) and oxygen (red)

3.3. TEM analysis

The transmissionelectron microscopy micrographs of the surface of the raw, boiled and
calcined waste chicken eggshells are shown in Figure 8.The calcined chicken eggshells have
more pores when compared with the raw eggshell sample. This might be due to the effects of
calcination. The boiled sample, on the other hand, appears blurred and irregularly shaped. The
raw sample has less pores and more regular surface structure which is a reflection of the
calcium carbonate in the sample. The TEM analysis confirms the result of the XRD analysis
that the calcined eggshell sample has the potential to be an effective catalyst in the conversion
of waste cooking oil into FAME by transesterification as reported by Pandit and Fulekar{54],
Navajas [35] andTan et al.[55].

= \f; .
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Figure 8. TEM micrographsof raw, boiled and calcined chicken eggshells3.4 Image analysis
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Figure 9 shows the pores observable on the raw, boiled and calcined chicken eggshell
samples. It was observed that the three samples presented varying surface configurations. As
shown in Table 3, the boiled sample presented the least perimeter, area and diameter followed
by the raw sample and the calcined sample. Previous studies by Salaudeen et al.[47], Tsai et
al.[56] and Thommes et al.[57] have shown that pore diameter, perimeter and area increase
with calcination. This may be attributed to the merging of smaller pores and the growth of
Ca0 grain size due to sintering at high calcination temperatures as reported by Zhu et al.[58].
The increased pore size may provide space for moisture and accumulation of impurities. The
reduced pore perimeter, diameter and area of the boiled chicken eggshell sample compared
with the raw chicken eggshell sample might be due to deposit of salts on the pores during
boiling. The calcined sample with 200 nmparticle size and aggregate resulted in the highest
surface area. Calcined chicken eggshell is predicted to lead to enhanced reaction and
consequently the highest FAME yield when compared with the other samples. This is in
agreement with the work of Win, and Khine[59], and Piker et al. [49].

Figure 9. TEM micrograph for image analysis

Table 3. Details of pores of the raw. boiled, and calcined chicken eggshell

Chicken eggshell sample | Perimeter (nm) | Area (nm’) Diameter (nm)
Raw 75.73 - 90.79 210.75 - 343.14 28.33 - 30.55
Boiled 24.93 - 62.80 32.87-112.38 8.90 - 20.76
Calcined 129.02 - 184 .41 192.60 - 1917.78 37.65 - 58.51
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3.5. TGA analysis

The results of thermogravimetric analysis (TGA) of 14.278mg, 37.067mg and 6.663mg
samples of raw chicken eggshell powder, boiled chicken eggshell power and calcined chicken
eggshell powder respectively, is shown in Figure 10, TGA resulis show the temperature at
which various samples of waste chicken eggshell powder decompose when heated in a
controlled environment. Raw and boiled chicken eggshell samples followed the same pattern
of decomposition,i.e, one-step weight loss, The weight loss oceurred for both raw and boiled
samples between 700°C and 900°C. The raw eggshell sample experienced 42% weight loss
while the boiled eggshell sample experienced 44.5% weight loss. This confirmed the XRD
result that indicated that boiling has no significant effect on eggshells because the hoiling
temperature is too low to cause decomposition of CaCOs to Ca0, since decomposition
depends on temperature according to Salaudeen et al.[47] and Fernando et al.[60].The
calcined sample experienced 5.5% weight loss at 450°C with no further weight loss noticed,
This confirmed that the calcination temperature of 900°C adopted for this work is sufficient
for complete decomposition of CaCOs. Above 500°C, the weight of the calcined eggshell
sample became almast constant, This shows that a caleination temperature greater than 500°C
is required to transform CaCO; to CaQ. Similar observations were reported by Joshi et
al.[52], Wei et al.[61], and Sharma et al.[62], though at different decompasition temperatures.
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Figure 10.TGA curves of chicken eggshell powder

3.6. FTIR analysis

The FTIR analysis of raw, boiled and caleined chicken cggshells was performed and
compared as shown in Figure 11. The FTIR spectra of raw and boiled chicken eggshells look
similar with the major absorption band occurring at 1392 em’'followed by 872 em™ in both
samples. This 1s an indication that boiling made little or no difference to the samples since the
temperature of the boiling was not high enough to affect them. This is confirmed by the result
of the XRD analysis which showed that both samples contained more €O than the calcined
sample. The medium broadband at712.3 cm™ indicates the presence of HCO® for the two
samples that were not calcined. Both raw and boiled samples have common peaks as shown in
Figure 11 (a) and (b). This is in agreement with previous results from Goli and Sahu[48],
Mosaddegh|63], Yusulf et al.[64] and Tsai et al.[36]. After calcination, there is decompuosition
of CaCO; into CaO which causes adecrease of the reduced mass of the functional group
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attached to the CO,™ ions, and, as a result, a decrease in the intensity of the CaCO5 peak. The
calcined sample has a peak of 3641cm™at around 88% transmittance which can be ascribed to
the presence of theOH group in the calcium hydroxide. This result agrees with Tan et al.[19],
Margaretha et al.[65], Roschat et al.[66] and Andherson et al.[67].

109,

87160

a 139215

Transmittance (%)
bangaaagugasidsaes

0 3600 3200 2600 2400 2000 1800 1600 1400 1200 1000 s00 600 3800
Wavenumber (cm ')

95!
%
“‘ \
™ :
- : 1228
%n 83813
Y s
i
Z 55
in
= 85
2|
38}
! 87139
2!
.
15
199L72
= b
sat
30000 3500 3200 2800 2400 2000 1800 1500 1400 1200 1000 600 600 3808

Wavenumber (u'n")

http://www.iaeme.com/ IMET/index.asp @ editor@iaeme.com

187



OmojolaAwogbemi, Freddie L. Inambao, and Emmanuel 1. Onuh

4

Tranmitisnae (41
T E ¥

I

g =

m
14
3
i = + = + + = + 4 o + + . "
A R M MR JEG NN e LN Qe LME e (L] L) gy
i frm 'y

Figure 11.FITR of (a) Raw, (b} Boiled, and (c) Calcined chicken cggshell powder

4. CONCLUSION

The preparation, development and characterization of chicken eggshell waste has been
presented. Chicken eggshell waste was collected from bakeries and prepared accordingly into
raw, boiled and calcined 75 pm powder and stored in closed glass vials and characterized.
The results of the XRD showed that while raw and boiled chicken eggshells consisted mainly
of calcite (CaCO;), calcined chicken eggshells were mainly lime (CaQ). This is due to the
thermal decomposition of CaCO5 to Ca0 and portlandite (Ca(OH).) during calcination. TGA
analysis also showed no significant difference in the thermal decompaosition pattern in the raw
and boiled chicken eggshells; there was a 44.5% and 42% weight loss for the boiled and raw
egashell samples respectively, while the calcined sample only witnessed a 5.5% weight loss at
a lower temperature compared with the raw and boiled samples, SEM analysis showed thai
raw, boiled, and calcined eggshell powders contained 41.31%, 21.91%, and 46.08% of
calcium, 14.93%, 26.40% and 6.22% of carbon, and 43.76%, 51.68%, and 47.70% of oxygen
respectively, The high oxygen content can be altributed (o exposure to the atmosphere during
preparation and analysis. The import of this is that in the calcination process, most CaCOys in
the chicken eggshell powder was transformed to Ca0, confirming that a calcination
temperature of 900°C is sufficient to convert CaCOy to Ca0O. The results of the various
characterization processes show that there are no significant differences between raw and
boiled eggshells in terms of composition, pore size, thermal decomposition and
microstructural image. Thus, calcination at high temperature is needed to decompose the
CaC0; in chicken eggshell waste into CaO which is more useful. This work is in agreement
with the works of Navajas et al.[35], Tan et al.[55] and Mansir [68]that calcined chicken
eggshell waste has great potential as a low cost and effective heterogeneous catalyst for the
transesterification of waste cooking oil into FAME. Chicken eggshell waste calcined at not
less than 900°C for 3 h with small particle size is suitable as a catalyst Tor the
transesterification of waste cooking oil into FAME with high yield and reusability [34, 49, 59,
67].
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CHAPTER 8: PROPERTIES AND FATTY ACID COMPOSITIONS
OF FEEDSTOCK AND BIODIESEL

This chapter presents the properties and fatty acid compositions of feedstock and FAME. It

consists of two articles.

Article 1 compares the properties and FA compositions of neat vegetable oils and used vegetable
oils. The article compared the density, pH, congealing temperature, kinematic viscosity, acid
value, iodine value, and FA composition of neat sunflower, palm, sunfoil, depot margarine and
waste vegetable oil derived from these neat oils. The effects of usage on properties, FA
compositions, human and aquatic health were emphasized. It was published in the International

Journal of Low-Carbon Technologies.

Awogbemi, O, Onuh E. I., Inambao F. (2019). “Comparative Study of Properties and
Fatty Acid Composition of Some Neat Vegetable Oils and Waste Cooking Oils,”
International Journal of Low-Carbon Technologies, Volume 14, Number 3, ISSN 1748-
1317. EISSN 1748-1325, pp 417-425. https://doi.org/10.1093/ijlct/ctz038 . Published by
Oxford University Press. (Published)

Acrticle 2 illustrates the influence of usage on the FA composition and properties of neat palm oil,
waste palm oil, and waste palm oil methyl ester. The article examined the effects of usage on the
properties and FA composition on WPO samples used by restaurants to fry different food items
and the waste palm oil methyl ester derived from the WPO samples. This is to deduce their
suitability as feedstock for transesterification. It has been peer-reviewed and accepted for

publication by the International Journal of Engineering and Technology

Awogbemi, O., Inambao F., Onuh E. 1. (2019). “Effect of Usage on the Fatty Acid
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Publishing Corporation. (Accepted for publication).
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Comparative study of properties and fatty
acid composition of some neat vegetable oils
and waste cooking oils

Omaojola Awogbemi*, Emmanuel Idoko Onuh and Freddie L. Inambao
Green Energy Solutions Research Group, Discipline of Mechanical Engineering, Howard
College, Universify of KwaZulu-Natal, Durban 4041, South Africa

Abstract

Vegetable oils have been used as a feedstock for fatty acid methyl ester (FAME) prostuction. The high cost
of neat vepetable oil and its impact on food secarity have necessitated its replacement as a feedstock for
FAME by used vegetable oil, also known as waste cooking oil (WCO). This study compares the properties
and fatty acid (FA) compositions of samples of neat vepetable oil with those of samples of WCO, collected
from restaurants and takeaway outlets at the point of disposal. The samples were subjected to property
determination and pyrolysis gas chromatography mass spectrometer ( PYGCMS) analysis. Analysis showed
that degree of usape and the type of foed items originally fried in the oil substantially affected its properties
and FA compaosition. Density of neat vegetable oil varied between 904.3 and 919.7 kg/m?* and of WCO
between 904.3 and 923.2 kg/m®. The pH of neat vepetable oil varied between 7.38 and 8.63 and of WCO
between 5.13 and 6.61. The PYGCMS analysis showed that neat palm oil contains 87.7% unsaturated FA
and 12.3% saturated FA, whereas neat sunfoil contains 74.37% saturated FA and 25% polvunsaturated FA.
Generally, neat vepetable vils consisted mainky of saturated FAs and polyunsaturated FAs, whereas the WCO
contained mainly of saturated FAs and monounsaturated FAs. This research confirms the suitability of WCO

as feedstodk for FAME.

*Carresponding author:
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Keywords: chromatograms; FAME: fatty acid composition; neat vegetable oil; waste cooking oil
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1 INTRODUCTION

Energy demand has continued to increase due to increased popa-
lation and continued development of the industrial sector over the
past few decades. With mounting evidence of the negative envi-
ronmental effects of incessant combustion of fossil fuel, renewable
OT gTeen energy sources are paining wide acceptance globally
[1-3]. Among the green energy alternatives, biodiesel has received
substantial attention and research in recent vears. Biodiesel fuel
is sustainable and environmentally friendly, can be produced by
households and is economically advantageous, especially consid-
ering the unpredictability of petroleum-based diesel fuel prices
and the absence of strong policies to minimize the use of fossil
fuels [4]. The increasing demand for sustainable and environmen-
tally friendly alternatives to fossil sourced fuel has made the search
for a readily available, economical and environmentally accept-
able feedstock for sustainable biodiesel production inevitable
[5 &].

International journal of Low. Carbon Technologies 2019, 00, 1-9
& The Authar(s) 2019, Published by Oxford University Prass.

High cost and threat to food security have made the use of
edible oil as biodiesel feedstock unrealistic and impractical. The
huge amount of land required for cultivation, the high cost of
farming, the long waiting period between planting and harvesting,
as well as the threat of deforestation and to wildlife have made the
use of inedible crops as feedstock unattractive |7, 8. These chal-
lenges have shifted attention to the adaptation of used vegetable
oil as feedstock. Used vegetable oil, also known as waste cooking
oil (WCO), is produced when vegetable oil sourced from palm,
sovbean, sunflower, cottonseed, olive, palm kemnel and rapeseed
or animal fats like buster, fish oil and tallow are wsed to cook or
fry food [9]. With feedstock accounting for between 70% and 75%
of the production cost of biodiesel, the use of WCO has resulted
in a substantial reduction in production costs, therely signifi-
cantly reducing the cost of biodiesel fuel, which makes WCO
more vizhle as a substitute fuel for internal combustion engines
particularly the unmodified compression ignition engines. [10].
The adaptation of WCO as feedstock for biodiesel production

This is an Oypen Access artide distributed under the terms of the Crentive Commeans Attribution License (hitp-/creativecommons.onglicensesy/4.0¥), which
permits unrestricted reuse, distribution, and reproduction in any medium, prowided the original wark is properly dted.
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Figure 1. Consumption of vegetable alls worldwide by ofl tepe (million metric tonses) [13].

Table 1. Estimated waste cooking oil collected in a year {16, 18, 19]

Cotinlry m’ fyear
The Metherlands &7 100
Tialy & 000
Portugal 28 000
Spain 270 D0
Germany 250 D0
Hungary 550

Morway 1001

also helps in proper disposal of WCO; offers additional income to
households, restaurants and fast-food outlets; prevents blockage
of drains; minimizes water contamination; and preserves aquatic
habitat [11]. The use of WCO as biodiesel feedstock also promotes
employment generation and ensures social inclusion by engaging
youths in the collection of WCO, thereby promoting eommunily
environmental education and campaigns [12].

Globally, consumption of vegetable oils has continued to
increase, particularly in the last 5 years as shown in Fig. 1, with
palm oil topping the list [13]. The largest percentage of these
vegelable oils is used in houscholds, restaurants and (ast-lood
outlets for cooking and frying, Table 1 shows the estimated WCO
collected by some countries, Canada is reported to generate
between 120 000 and 135 000 tonnes of WCO per vear [14, 15],
while the USA produced (L6 million tons of yellow grease in
2011, The UK and the European Union countries generaled
700 000=1 000 000 and 200 000 tonnes of WCO per year,
respectively [16]. While 60 000 tonmes of WCO is collected yearly
in South Africa, an estimated 200 000 tonnes of WCO is produced
from households, bakeries, takeaway outlets and restaurants
but uncollected annually [17, 18], Japan, China and Malaysia
generated 6000, 45 000 and &0 000 tonnes of WCO, respectively,
annually. OF WCO generated globally, =60% is estimated 1o be
disposed of inappropriately [18, 19].

418  International Journal of Low-Carbon Technelogies 2019, 14, 417-425

It 5 evident that not all WCOs are used for biodiesel production
ot other fuel production processes. There are justifiable fears
that some unscrupulous elements are filtering and rebottling the
collected used vegetable oil for resale o unwary members of
the public. Repeated consumption of food prepared with repack-
aged WCO predisposes consumers to deleterious health conse-
quences including diabetes, hypertension, vascular inflammation,
and other pathologies [20-22], Awvailable statistics showed that
WO contributed 17% and 9% of the feedstock for the production
of 11.92 million tons and 26,62 million tons of biodiesel by the
European Union and globally, respectively, in 2015 [23]. Most
people are not aware that WCO can be converted to fuel; hence,
they dispose indiscriminately, A well-coordinated program of
awareness [or collection, transportation and eonversion of WCO
is required 1o motivate participants in the WCO chain.

The importance of utilizing WCO for biodiesel production
has been well documented, but some knowledge gaps still exist
with regard 1o the following: how local use of specific oil source
alters their suitability for use as feedstock; how acid values and
levels of saturation are altered by their primary applications; and
what challenges these pose to the transesterification process at
any given location [24, 25] The degree of usage of vegetable oil
is believed 1o affect some of the properties, including the acid
wvalue and indine value, which dictates the case of conversion of
the resulling WCO [26, 27]. Given the importance of WCO in
the renewable fuel value chain, proper characterization of the
feedstock is necessary to inform a research-based policy on how
to unlock the actual economic value as well as combat the current
recycling of WCO for human consumption, br,'aring in mind the
attendant risks to public health.

Fatly acids (FAs) can be either saturated FAs (SFAs) or unsalu-
rated FAs (USFAs) depending on the nature of carbon-to-carbon
bonds. SFAs are carboxylic acids with hetween 12 and 24 single
carbon-to-catbon bond and are chemically less reactive. They
contain the maximum number of hydrogen atoms that a single
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hond carbon atom can accommodate between the successive
carbon aloms. The melting point of SFA has been found 10
increase with chain length, and those SFAs with 10 carbon atoms
or more (capric, lauric, myristic, palmitic, margaric, slearic,
arachidic and behenic acids) are solids at room temperature.
Conversely, USFAs, unlike SFAs, have one or more carbon-to-
carbon double bonds. USFAs can either be monounsaturated FAs
(MUFAs} or polyunsaturated FAs (PUFAs) having one double
bond or more than one double bond, respectively. Chemical
reactivity increases with an increase in the number of double
honds. Oleic acid is the most nawrally occurring MUFA.
Other examples of MUFAs include caproleic, lauroleie, elaidic,
myristoleic and palmitoleic acids. USFAs exist either in a cis-
configuration or trans-configuration, Most cis-configurations
are available in most of the naturally oecurring USFAs, while
the trans-configuration is precipitated due to hydrogenation
and other technical processes. Notable examples of PUFAs with
the number of deuble bonds include linoleic acids; two double
bonds, linolenic acids; three double bonds, arachidic acids;
four double bonds, eicosapentaenoic acids; five double bonds,
docosahexaenoic acids; and six double bonds [28-30],

In one research, Vingering et al [31] determined the FA
composition of some commercial vegelable oil in the French
market and reported that sunflower oil, for example, contains
SFA, MUFA, and PUFA of 11.3%, 31.7% and 56.3%, respectively.
Hellier ef al. [22] experimentally carried out the FA compositions
ol seven vegetable oils, including palm oil and sunflower oil, and
reported that while palm oil contains 40-47% palmitic acid and
36-44% oleic acid, sunflower oil 15 made up of 49-57% linoleic
and 14-40% oleic acids. They also reported the density (at 20°C)
and dynamic viscosity (at 59.7°C) of 910 kg/m’ and 19,4 mPa-s
for palm oil and 916.9 kg/m’ and 17.2 mPas for sunflower oil,
respectively. The FA composition of edible vegetable oil was
determined after repeated cooking at clevated temperature by
Banani et al. [33] using gas chromatography coupled to mass
spectrometry (GCMS). Tt was reported that the oleic, linoleic,
palmitie, stearic and linolenic acids contents were [ound to be
19.83%, 28.85%, 15.86%, 4.87% and 2.49%, respectively. The
density at 15°C and viscosity at 40°C were found to be 910 kg/m’
and 23.12 mm'/s, respectively. Kumar and Negi [34] compared the
FA compasition of vegetable oil before and after repeated use and
concluded thal repeated use of vegelable oil alters the compuosition
and induces various polymerized derivatives, hydrocarbons,
and glyceride molecules, which make the oil unsale for human
consumption and disposal to the environment.

According to Panadare and Rathod [35], fresh vegetable oil
undergoes lots of physio-chemical ranslormalions during [rying,
which alters its properties, FA profiles and other fingerprints
depending on factors like cooking duration, frying temperature
and types of food items the oil was used for. In a research,
Knothe and Steidley [36] analyzed the used and unused vegetable
oil samples collected [rom 16 restaurants using FA prolile,
viscosity and acid value as a basis for comparison. They observed
that WCO undergoes hydrogenation and oxidative degradation
processes during high-temperature frying capable of altering its

fingerprints. Owing to changes in FA profile of the oils during
frying, the properties of the oil were altered by increasing in
SFA and MUTA relative to PUFA. They attributed the changes
in properties and FA composition o the ellects ol structural
motphology of the fuel. Also, the palm oil used to fry the food
items was reported to show an increased degree of saturation,
higher viscosily, elevated cetane numbers, oxidative stability
and other fingerprints of faity acid methyl ester (FAME). The
alteration in the fingerprint of the fuel as a result of the change
of FA profile during frying was attributed to the known effects
of compound structure on bindiesel properties. Due to the
effect of high-temperature degradation during cooking, biodiesel
derived from such feedstock is expected 1o exhibit a higher degree
of saturation and greater oxidative stability. Also, the bindiescl is
expected to possess elevated kinematic viscosity, higher cloud
point and cetane number than does the biodiesel form of neat
vegetable oil.

The objective of this research is to compare the properties and
the FA composition of neat vegetable oil with WCO from such
oils. The aim is 1o determine how the duration of usage and
the type of food fried in the oil affect some properties and the
FA compusition of WCO compared with their neat vegetable oil
source. The queslions being investigaled are as lollows: How do
duration of usage and the composition of food items fried by the
neat vegetable oil influence the properties and FA composition of
the WCO? How do the properties and FA composition of neat
vegetable oil vary from those of WCO from the same source?
What is the effect of consumption of these WCOs on human
and the effect of their disposal on aquatic and terrestrial habitats?
This current effort is limited to analysis of four samples of neat
vegetable oil and six samples of WCO obtained from restaurants,
bakeries, and takeaway outlets collected at the point of disposal
The degree of usage was not controlled, but the history of the
samples was collected fraom the users,

2 MATERIALS AND METHOD

2.1 Material collection

Samples of neat vegetable oil and as-produced WCO were col-
lected (rom restaurants, lakeaway outlets and bakeries randomly
from Durban, KwaZulu-Natal Province, South Africa. The degree
andl rate of usage of the oils were nol monilored. The WCOs were
collected as-produced and while awaiting disposal by the various
outlets. The samples were collected for property determination
and pyrolysis gas chromatography mass spectrometry (FYGCMS)
analysis, Popular restaurants and fast-food outlets turned down
reguesls for used oil :;ampl:s and referred our requesls Lo their
regional offices. The samples used in the research were collected
from small and owner-operated restaurants and takeaway outlets,

2.2 Treatment of WCO

The samples were poured into a beaker and heated at 110°Clin an
electric heater for 15 min to remove moisture. The WCO sample
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Table 2. Smne properties and methodg/ingtrements of defermination

f37, 38]

Praperty Unit Methad finstrument
Deensity at 20°C kgfm® ASTM D 1258
Kinematic viscosity at 40°C /s ASTM D445

Achd value — ADCS Ca 4a-40
Todine value <l AQCS Cd 1B-87
Molecular weight gimal Caleulated

pH — pH meter
Congealing temperature o Digital thermometer

was allowed to cool 1o room temperature and subjected o vacuum
filtration process to remove any food residue and other suspended
solid matter in the sample. The clean WCO samples were stored
inan airtight glass conlainer.

2.3 Property determination of neat vegetable oil and
WCO samples

The iodine value, pH, density, congealing temperature, acid value,
viscosity, cetane index and an acid number of neat vegetable oil
and clean WCO samples were determined using the appropriate
methods [37] and equipment as shown in Table 2.

i. pH: The pH of the WCO was determined with the aid of a
pH meter.,

ii. Congealing temperature: The congealing temperature of
the samples was determined by putting 20 ml of the sample
of neat vegetable oil and WCO ina 100-ml beaker, inserting
the probe of a digital thermocouple into the sample and
putling il into deep freeze. The lemperature of the neat and
WO samples was monitored through a thermometer. The
congealing temperature is the mean of the temperatures at
the commencement and completion of gelation of the oil
samples.

iii.  Densily and kinematic viscosily: The densily and kine-
matic viscosity of the neat vegetable oil and WCO samples
were determined by a viscometer at 20°C using a DMA™
4100 M density meter.

iv. lodine value: The iodine value of the WCO samples
was determined in accordance with the AOCS Cd 1b-87
method.

v. Acid number: The acid value of the WCO samples was
determined in accordance with the AOCS Ca 5a-40
method.

vi. Molecular weight: Caleulated from the molecular weight
of the individual FAs in the neat vegetable oil and WCO
samples,

2.4 Determination of FA composition of neat vegetable

oil and WCO samples

The FA composition of the neat vegetable oil and WCO samples
was determined by PYGCMS on Shimadzu gas chromatograph
mass spectrometer using an ultra-alloy-5 capillary column and
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GCMS-QP2010 Plus software, The choice of PYGCMS rather
than the normal GCMS was due 1o the low volatility nature of
the samples, which might clog the column of the GCMS machine,
The selected carrier gas was helium, while 2 pl of sample was
injected at column oven temperature and injection temperature of
40°C and 240°C, respectively. The total flow, column flow, linear
velocity and purge flow were sel and maintained at 58.2 ml/min,
1.78 mlfmin, 48.1 cm/s and 3.0 ml/min, respectively, ata total time
of 92,33 min, Split injection mode was adopted,

3 RESULT AND DISCUSSION

3.1 Effects of usage on properties and FA composition
Properties of samples of neat vegetable oil are shown in Table 3.
The pH of the four neat vegetable oil samples varies between
634 and 8.63, while the ctmg«:aling lemperalure varies between
—10.25°C and 0,3°C. Though their density is almost the same,
depot margarine presented the highest viscosity value when com-
pared with other neat vegetable oil samples. Table 4 shows the
sources, points of collection, usage, duration and properties of the
WO samples. Though the numbers of days of usage were known,
the numbers of cycles of usage and (rying temperature were not
kenown.

The pH of WCO samples varies between 5.13 and .61, indi-
cating a weak acid, which confirms its suitability as a biodiesel
leedstock. Tt was observed that sausage triggered higher pH values
than did fish. This might be a resull of fats from fish being more
acidic than those of beef [389], WCO samples from bakeries were
the most acidic samples. The reduction in the acidity of waste
palm oil after repeated frying can be attributed to the effects
of thermal degradation and contamination from the food items.
Almost all the neat vegetable oil samples witnessed a reduction in
pH as a result of usage. Samples I3 and F have the highest con-
gealing temperature followed by sample B {rom depot margarine,
while sample C has the least congealing temperature of —6.3°C
{see Tuble 4). The change in the congealing temperature can be
traced to the effects of contamination of the food items.

The results in Table 4 show that the subjection of \rcgttah'lf
oil to high temperature over a period of lime has degraded and
reduced its quality. Though the densities of neat vegetable oil are
nol remarkably different from each other, the densities of WCO
vary with usage, generally. The density of the six WCO samples
varied between 904 and 923 kg/m’, Sample E, which was used
for 7 days, has a higher density than has sample C from the same
source, used for the same purpose but for a longer duration, It can
be deduced, therelore, that the density of WCO samples reduced
with increased duration of usage. This thermal disseciation can be
attributable to decomposition of the double chain in the carbon
chain caused by pyrolysis. The viscosity of the WCO samples
ranges between 33,46 mm'/s for sample A {used to fry fish and
potatoes) and 48.32 mm/s (or sample B {laken (rom a bakery).

Table 5 shows that anly nine FAs are present in the samples and
in low percentages, with the highest being 45% linoleic acid in
palm oil. Linoleie acid, capric acid and stearic acid are common in
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Table 3. Properties of neat vegetable oil samples

Samples pH Congealing temperature {°C0) Density ai 20°C {kyg/m’) Viscosily al 40°C (mm®(s) Molecular weight {g/mol)

Sunflower T.38 —8.65 a18.2l 18744 67082

Sunfoil Rad -85 8194 18224 119.71

Palm ail 6,54 = |M.25 Q1548 27961 53508

[hepat margaring 639 03 91872 28,334 SR347

Table 4. Specifications and properties of the WCO samples

Sample  Source ol Outlet Usage Usage pH Congealing  Density at - Viscosity  Todine Acid  Molecular
{days) Lemperatine 200 at g value wilue weight

(“Ch (kgim®)  (mmi/s) (eag) {g/mol)

A Sunflower il Restaurant Fish and chips 14 534 —5.15 9204 11.381 1111 119 51.54

I Thepot margarine  Bakery Doughmuts 14 513 4.9 17,18 40,527 549 LET 534.01

C Sunfoil Takcaway Chips 14 614 6.3 Qa8 43,521 1167 072 5508

I TPalm ail Takeaway Fish and chips 14 573 123 4.3 44.254 L7 66 13566

E Sunfoil Restaurant Chipa 7 4.6 —34 9232 35234 1103 L4 Y58

F Falm oil Takeaway Chips and 14 419 14.7 #1334 IRANT 5.2 1.13 586.05

SLEAYES

Table 5. Fatly acid compasition of seal vegelable oil samples

Fatty acid Neat vegetable oil samples

Common name Formula Acromym Sunflower oil Sunfoil Palm oil Depot margarine

Palenitic acid CH(CHy ) COOH Cled 2 — — BT

Linoleie actd CHL (CHy ), CH=CHCH, CH=CH (CH, ) CO0H Cl18:2 1188 326 1550 .57

Erucid acid CHa(CH, ), CH=CH (CH, ), CO0H 221 — - 683 —

Caprylic acid CHa(CH 215000 CRA 022 168 0,56 LI

Enanthic acid CHa(CHa)s COOH Chl 051 — 082 -

Capric acid CH3(CH )3 COOH C10:0 51 379 143 184

Stearic ackd CH3(CH, ) CO0H Clad 927 vy 167 422

Asachidic acid CH3 (CHa ) g COOH C20:0 12.34 - - —

Lauric acid CHa(CHR ) pC00H C12:0 -_— LIz [T R3

Saturated fatty acid, SFA (%) T148 7437 123 492

Monounsaturated fatty acid, MUFA (%) — - 1145 —

Polyunsaturated fatty acid, PUEA (%) 1852 2563 76.25 S48

all the samples, while arachidic acid only appeared in one sample.
Sunflower oil and sunfoil contain mainly 8FAs, while palm oil and
depol margarine contain mainly PUFAs, However, enly palm oil
contains MUTAs as shown in [ig, 2

As shown in Table &, the WCO samples have a fewer number
of FAs and in smaller quantities. This further conlirms the sam-
ples’ suitability as FAME feedstock [40]. Oleic acid is the most
frequently occurring acid, appearing in all the samples. As shown
in Table 6, samples B, C, D and I have more SFAs, while samples A
and E have more MUFAs and PUFAs, respectively. For example,
sample D (used o fry beef) is composed of SFA and MUFA, as
confirmed by Abbas er al. [41].

The mainly SFAs in neat sunflower oil were converted to mostly
MUFAs in WCO sample A, while the SFAs in neat sunfoil oil were
also converted to PUFAs in WCO sample E.

Conversely, the neat palm oil and depot margarine, which were
mostly made up of PUFAs, were converled inlo SEAs in samples B,
[and E after repeated high-temperature cooking, These may be
altributed to the effect of prolonged exposure to high temperature.

The variation in the FA compositions of samples C and E, despite
being from the same sunfoil and used 1o {ry potato chips, shows
that the SFA in sunfoil is converted into the PEAs in sample E and
SFAs in sample C. This may be attributed to the greater duration of
usage of sample C compared with sample E, Food items, especially
fish and beef, greatly affect the FA composition of WCO {rom
those sources [39]. As shown in Table 6, the observed difference
in the level of saturation between sample I and F was due to the
fact that fish contains more unsaturated oil than does sausage. So
even though both samples are from the same primary oil source,
whal they were used for allered the FA composition.

Generally, due to repeated and high cooking temperature, the
PYGCMS showed the presence of hydrocarbons and palymerized
derivative of glyceride. The transformation and the mechanism
for generation of cyclic and noncyclic hydrocarbon in vegetable
il during high-temperature repeated cooking can be difficult to
predict as a resull of the myriads of reactions that produce many
unstable intermediate hydrocarbons, including the weak C-H
bond. Also, a persistent increase of peroxide value during multiple
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D
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Percentage
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20 +
0 4
Sunflower Sunfoil Palm oil Depot
margarine
Neat vegetable oil samples

W Saturated Fatty Acid

B Monounsaturated Fatty Acid

W Polyunsaturated Fatty Acid
Figure 2, SFA, MUFA and PUFA compositions of neat vegeable ol sawples.
Table 6, Fatiy acid composition of WOO sawples
Fatty acid Waste cooking oil samples
Comimon name Formula Actonym A B C [ E E
(Heic acid CH3(CH 1 CH=CH (CH, )y COOH sl L8 18.02 .59 .72 174 1439
Palmitec ackd CH,(CH ) COOH 160 .35 432 - - 5.98 4021
Linoleic acid CH,(CH ) CH=CHOH, CH=CH (CH; | COOH Cl8:2 10 - - - 3349 -
Erucid acid CH3(CH2 ) CH=CH (CHa )1 COOH Cixl .26 - - - - -
Caprylic acid CHi(CH2 s COOH Can .20 .15 — — — —
Undecylic acid CH3(CH2 o COOH Clko — L85 43 — .52 —
Stearic acld CH3(CH 1 COO0H Clsd — — 1.14 — — —
Myrisiic ackd CHy(CH3) COOH 140 — - - — - 17.04
Nonadecylic acid CHy(CH )z COOH Clen - - - LTE - -
Saturated fanty acld, SEA (%) 3z 71 73 43 15 i
Menousnsatirated fatty acid, MUFA (%) 62 29 27 7 B 20
Palyunsaturatesd fany acid, PUEA (%) & - — - 74 -
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Table 7. Some harmful chemicals in WOCO and their effects

Lhemical Ellects Reference

2,3-Dikydrosypropy] elsidate CoHyyly = Harmiul il ingested [47]
= Causes severe eye irmitation

1-Hexanel CaHpa0 = Harmful if consumed or touches the skin [48]
= Canses severe oy irmitation

TPalmitic acid CiaHypay « Causes acute skin, eye and respiratory irmitations [4%]
« Harmful w aguatic life with long-lastung effects

Linsleic acid CigHy = Triggers skin, eye and respirabory irrilalions [50]
= The possibility of causing long-lasting damaging effects on aguatic life

i-Proped 14-methyl-pentadecanaate CsHa 0y » Toxic 10 aquatic animals and wildlife habitat [51]
=+ Canses eye and skin irritations and lung injury
= Long-term destructive health effects
» Acute imammalian inhalation toxicity

1-Heplene CrHy = Highly combustible liguad and vapor [52]
» Maybe dangerous if swallowed and enters airways
= Poisonous te agquatic life with long grave consequence

cis-¥-Hexadecenal CreHy O » Canses skin, acute eye and respiratory brritations [52]

« Harmful if inhaled
« Extremely polsonous o aquatke Life

high temperatures energized water to act as a weak nucleophile
lor ester linkage, while heat mass transfer and induced oxygen
aggravated thermal oxidation [34, 42].

3.2 Effects of usage of vegetable oil on health and
aguatic habitat
Human consumption of used vegelable oil has undesirable effects
on human health, Available facts reveal that consumption of STA
such as palmitic acid is injurious to cardiovascular health [43]. As
shown in Table 6, most WCO samples consist mainly of SFAs and
MUFAs and less of PUFAs. According to the Food and Agriculture
Organization report of an expert consultation on fats and FAs in
human nutrition, the SFAs and MUFAs in the WCO samples are
higher than those recommended for human consumption. Intake
of major S8FAs including lauric, myristic and palmitic acids not
only increases low-density lipoprotein (LDL) cholesterol but also
increases the risk of diabetes. Replacing SEA with PUFA decreases
the risk of coronary heart disease (CHD). Recommended human
consumption of SFAs is less than 10%. Also, consumption of
MUFAs is capable of increasing high-density lipoprotein (HDL}
cholesterol coneentrations, while consumplion of oleie acid may
aggravate insulin resistance, unlike the PUFAs, The effects of
consumption of PUFAs on human health have been traced to
the prevention of cardiovascular disease (DVD), coronary heart
disease {CDH), cancer, diabetes, renal diseases, inflammatory,
thrombolic and auloimmune disease, hypertension as well as
renal diseases and rheumatoid arthritis [44-46], The PUFAs in
the neat vegetable oil samples have been converted to SFAs and
MUFAs as a result of the thermal degradation occasioned by
repeated subjection of the oil to high temperature during cooking
and [rying. This has made the WCO injurious for human con-
sumption.

Contamination of aquatic habitat by WCO as a result of
improper disposal has negative effects on aquatic animals. Apart

202

from the FA composition in WCO, the PYGCMS also revealed
other components of the oil. Table 7 shows other components of
WCO and their effects on human, wildlife and aquatic habitats,
Inappropriate disposal and consumption of WCO should be
discouraged by enforcing relevant regulations. Apart from the
use of WCO as feedstock for FAME, WCO has been found to
have household, personal and industrial applications. Hexanol
is useful as a fuel, a fuel additive and a flavoring agent. 2,3-
Dihydroxypropy] elaidate and 1-hexanol, which are present in
some of the WCO samples, can be used in plastic and rubber
products, lubricants and lubricant additives, greases, paint and
coating additives, pigment solvents, cleaning and furniture care
products, food packaging and personal care products, among
other industrial and houschold applications [47, 48],

4 CONCLUSION

The application of WCO, in contrast to neat edible oil and inedible
oil, as feedstock for FAME has been found to be economically
beneficial. The use of WCO reduces the high production cost of
biodiesel; sulves problems associated with the disposal of WCO;
eliminates problems associated with contamination of aguatic
and terrestrial habitats, and blocking of drams and pipelines as
a result of inappropriate disposal methodologies; and generates
additional income for households and small-scale businesses.
This research has shown that the properties and FA composition
of neat vegetable oil can be modified by the degree of usage and
fond items, The exposure to high temperature during cooking,
duration of usage, and what oil was used to fry have been found
to substantially affect the properties and FA compositions of the
oils. More importantly, this research has proved that the duration
of usage and the variety of food have considerable influence on
the properties and FA composition of used vegetable oil. To a
very large extent, neat vegetable oil is made up mostly of SFA
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and PUFA; WICO, on the other hand, consists mainly of SFA and
MUFA. Human consumption and inappropriate disposal of WCO
result in serious health challenges and negatively affect terrestrial
andl agualic animals,

During the course of collecting these samples, it was discovered
that all the outlets were not willing to give out their used oil
because they had signed agreements with some companies that
buy the used oils from them. Unconfirmed reports indicate that
alarge percentage of these oils are fillered and sold 1o unsuspect-
ing consumers, with attendant health implications. Appropriate
policies should be introduced not only to discourage human
consumplion of WCO but 1o also ensure all WCOs are channeled
towards indusirial and energy applications, most especially fuel.
In order for the country to meet its share of renewable fuel quota,
especially for transport vehicles, tax holidays and other incentives
should be granted to small-scale fuel refiners to convert WCO to
biodiesel, hydrogenated green diesel and other forms of fuel for
internal combustion engines, Strict penalties against inappropri-
ate disposal and consumption of WCOs should be enforced by
relevant government agencies.
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Abstract: The need to find an environmentally friendly, renewable, and biodegradable fuel to
reduce the growing dependence on fossil fuels and its attendant performance and emission
inadequacies has increased research in biodiesel. Due to its low cost, availability, and a veritable
means of waste disposal, waste vegetable oil from restaurants, waste fats from slaughterhouses,
grease from wastewater treatment plants has gained prominence as biodiesel feedstock. This
present effort compares the properties and fatty acid (FA) composition of neat palm oil (NPO),
waste palm oil (WPO), and waste palm oil methyl ester (WPOME). WPO used to fry fish and chips
(WPOkc), and waste palm oil used to fry sausage and chips (WPOsc) were collected at the point
of disposal. The WPOgc and WPOsc were converted to WPOMErc and WPOMEsc, respectively,
by transesterification and subjected to property determination and gas chromatography-mass
spectrometer analysis. The characterization showed that the ratio of saturated FA to unsaturated
FA changed from 19.64 %:80.36 % for NPO, to 37.67 %:62.33 % for WPOrc, 54.75 %:45.25 %
for WPOsc, 30.43 %:69.58 % for WPOMEgc and 16.2 %:83.8 % for WPOMEsc. These outcomes
can be attributed to the effect of repeated heating and cooling during frying, contamination from
moisture, food fried, and the transesterification reaction.

Keywords— Characterization, FAME, fatty acid, feedstock, waste palm oil
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1. Introduction

The increase in population, urbanization, and
industrialization has an ongoing effect on
energy demand putting enormous pressures
on finite energy sources [1, 2]. Compression
ignition (CI) engines have both on-road and
off-road applications. The use of petroleum-
based diesel fuel (PBDF) to power Cl engines
has attendant cost, performance, and
environmental challenges. Unmodified CI
engines fuelled with PBDF have been found
to present lower engine power, lower thermal
efficiency, lower combustion efficiency, and
lower brake specific fuel consumption when
compared with Cl engines powered by
biodiesel or its blends. In addition, compared
with Cl engines fuelled with biodiesel, PBDF
higher of carbon

triggers emissions

monoxide, smoke opacity, and unburnt
hydrocarbon in an unmodified engine under
varying loads and engine speeds [3-5].
Despite some shortcomings, including the
high

conversion,

cost of feedstock, low energy

and  degradation  during
transportation and storage, biofuel offers
obvious advantages in the world’s quest to
meet its energy needs [6, 7]. Biodiesel, also
commonly referred to as fatty acid methyl
ester (FAME), is an important member of the
biofuel family.

According to the European Biofuels
Technology platform [8], FAMEs are fatty
acid (FA) esters that are generated from the
transesterification of feedstock, mainly
vegetable oils (edible or inedible), and animal

fats, using methanol in the presence or

207

absence of a catalyst. Despite its

renewability, low sulfur content, safer
handling, higher cetane number, etc., large-
scale production and application of FAME
has been hampered by the high cost of
feedstock, the food vs fuel debate, and the
long time required to cultivate inedible
vegetable feedstocks e.g. 3 to 4 years for a
palm tree to bear fruit [9], and 2 to 3 years for
fruit  [10].

Economically, it costs about US$0.35 to

a moringa tree to bear
produce a litre of PBDF from fossil fuel
compared to about US$0.5 to produce a litre
of FAME, with raw materials accounting for
most of the cost [11]. The feedstock is
believed to account for between 70 % and 95
% of the cost of FAME production [12, 13].
One of the strategies to make the commercial
of FAME
affordable is the adoption of waste cooking
0il (WCO) as a feedstock. The initial hurdles

in collection logistics and infrastructure

production attainable and

pointed out by Janauna and Ellis [14] and
Atadashi et al. [15] are being overcome by
partnering with operators of fast food outlets,
takeaways, and restaurants. The use of WCO
as a feedstock will prevent its disposal to
drainage and rivers thereby endangering
aquatic habitats. A further advantage is that
households and restaurant operators can
make extra income by selling their used
vegetable oils, including waste palm oil
(WPO), to biodiesel producers.

Palm oil, one of the most widely used
vegetable oils, is produced from palm fruit
and the extracted red liquid has a range of

industrial and domestic applications. The



global production and consumption of palm
oil have continued to increase as shown in
Fig. 1 [16]. According to Barrientos [17],
Malaysia is the largest global producer and
exporter of palm oil, exporting 16 469
thousand metric tonnes in 2017, contributing
about 8 % gross national income per capita
and creating thousands of jobs [18, 19]. In
most Africa countries, smallholders account
for between 70 % and 90 % of oil palm
growers. Growing oil palm is credited with
contributing to deforestation with damaging
effects on wildlife and forests. Domestic
palm oil consumption production has

continued to marginally increase in most
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African countries in the last five years (Fig.
2) [17].

Many chemical reactions take place in palm
oil during frying resulting in the generation of
many chemical compounds. During frying,
the oil is heated repeatedly to between 170 °C
and 220 °C in the presence of oxygen, and
sometimes moisture, which causes the palm
oil to be exposed to physical, thermal and
chemical degradation. This degradation
affects the properties, fatty acid composition
and the degree of saturation of the oil thereby
lowering the quality of the oil.
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Fig. 1: Global palm oil production and consumption (million metric tonnes).
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Fig. 2: Domestic consumption of palm oil in some African countries (thousand metric tonnes).

Repeated heating of palm oil at elevated
temperatures for prolonged periods has been
found to render the oil harmful for human
[20-23]. The

transesterification is known to be a simple and

consumption process  of
low-cost conversion technique resulting in high
conversion efficiency and better combustion in
Cl engines [24, 25].

Research on the utilization of WPO as an
affordable and readily available feedstock for
biodiesel production has been conducted in
recent years with encouraging outcomes.
Thushari et al. [26] employed esterification and
transesterification to convert WPO into FAME
the
FA

composition. Tran et al. [27] compared the

and carried out investigations of

physicochemical properties and
chemical composition and physicochemical
properties of both the WCO and the FAME
derived from it and confirmed the viability of
WPO for biodiesel production with 89.6 %
yield. Similarly, Vargas et al. [28], Thushari and
Babel [29], and Harahap et al. [30] confirmed
that WPO is a readily available and cost-
effective feedstock for biodiesel production
with appreciable production and conversion
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efficiency. Ullah et al. [31] determined and
compared the physiochemical properties of
unused palm oil, used palm oil and waste palm
cooking oil biodiesel. The waste palm cooking
oil biodiesel was produced in a two-step process
using an acidic ionic liquid as a catalyst and
reported obvious differences in the values of the
properties.

It has been established that WPO can be
converted to FAME, but the question remains as
to whether the food items fried in the oil affect
its properties, FA composition and degree of
saturation of the waste palm oil methyl ester
(WPOME) derived therefrom. This present
to (i)

investigate the food items fried in the palm oil

research effort, therefore, aimed
affect its properties and FA composition; (ii)
compare the properties, FA composition and
degree of saturation of neat palm oil (NPO),
WPO and WPOME samples; (iii) evaluate and
compare the properties and FA composition of
FAME produced from WPO used to fry two
different types of food. The motivation for this
research was to carry out a comparative study of
the properties and FA compositions of NPO,

WPO, and WPOME with a view to ascertaining



the effect of food items on the feedstock and
FAME. This current effort
determining and comparing the properties and
FA compositions of NPO, WPO, and WPOME
with a view to determining their suitability as
FAME feedstock.

is limited to

2. Materials and Methods

2.1. Material collection and treatment

Three palm oil samples were collected from a
local takeaway restaurant in Central Durban,
KwaZulu-Natal province, Republic of South
Africa. The palm oil samples were an NPO
sample, a WPO sample used to fry fish and chips
(WPOkc) and a WPO sample used to fry sausage
and chips (WPOQOsc). Other details of the samples
are as shown in Table 1. The samples are treated
according to Sahar et al. [32].

Waste chicken eggshells were collected from
restaurants at the Howard College cafeteria,
University of KwaZulu Natal, Durban, Republic
of South Africa. The waste chicken eggshells
were converted to calcium oxide (CaO) powder
through high-temperature  calcination as
described by Awogbemi et al. [33]. The calcined
eggshell powder was warehoused in an airtight
glass vial in a desiccator to prevent
contamination and oxidation. Methanol (99.5
%; Merck, South Africa, analytical grade,
univAR) was used as alcohol. Activated

magnesium silicate, also known by the
tradename Magnesol® (analytical grade, 60-
100 mesh, the molar weight of 100.39 g/mol,
Sigma-Aldrich, Germany), was used as an
adsorbent. Magnesol® is hygroscopic once the
package is opened, so care was taken to re-seal
as tightly as possible and contact with eyes was

avoided.
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Table 1: Details of the oil samples.

Sample Sample name  Food Usage
fried (Days)

NPO Neat palmoil - -

WPOrc Waste palmoil Fish and 14
chips

WPOsc Waste palmoil Sausage 14
and chips

2.2. Transesterification of waste palm oil

The acid value of WPOrc and WPOsc were

determined to ensure that a one stage
transesterification process would convert the
to WPOMEgc and WPOMEsc

respectively. The clean WPOgrc and WPOsc,

samples

methanol and calcined calcium oxide (CaO)
derived from waste chicken eggshell powder
were mixed in a flat bottom flask in the required
quantity and heated to 60 °C. A digital
to verify the
temperature of the reacting mixture throughout

thermocouple was utilized

the 90 mins duration of the experiment.
Methanol to oil ratio of 6:1, the catalyst particle
size of 75 um and 1 %w/w catalyst:oil ratio was
the parametric process conditions for the
transesterification  reaction. Mixing was
maintained by a magnetic stirrer at 1200 rpm to
ensure homogeneous mixing of the reacting
solution throughout the process. The resulting
mixture was thereafter filtered in a vacuum
filtration set up to recover the catalyst. The
filtered mixture was transmitted to a separating
funnel and permitted to settle for 12 hours and
the glycerol coagulated at the bottom of the
separating funnel. The glycerol was drained out
from the bottom of the separating funnel
followed by the draining of the crude biodiesel.
Magnesol at 1 %w/w Magnesol:WPOME was
added to the crude biodiesel and maintained at
60 °C for 30 min and mixed at 600 rpm by a
magnetic stirrer. The resulting solution was

filtered using vacuum filtration, heated to 110



°C to remove excess moisture and methanol
trapped in the biodiesel, then further polished by
using a 0.45 um PTFE membrane syringe filter.
The purified WPOMErc and WPOMEsc were
transferred into glass containers for further
analysis and characterization.

2.3. Properties and FA determination of
samples

The NPO, WPOgc, WPOsc, and WPOME were
subjected to property determination. Table 2
shows the list and method adopted for the
property determination and characterization of
the samples.

The concentration of FAME composition of the
waste oil samples was determined by pyrolysis

Chromatograph Mass Spectrometer using an
ultra-alloy-5 capillary column and GCMS-
QP2010 Plus software. The choice of PYGCMS
for the WPOgrc and WPOsc samples as against
the normal GCMS was to prevent clogging of
the column of the GCMS machine due to the
low volatility nature of the samples. Table 3
shows the PyGCMS configuration used for the
analysis of neat and WPO samples. The
concentration of FAMEs was determined using
a Shimadzu gas chromatography-mass
spectrometer (GCMS) with an ultra-alloy-5
capillary column and GCMS-QP2010 Plus
Table 4 the GCMS

configuration used for the analysis of WPOME

software. shows

Gas Chromatograph Mass  Spectrometer samples.
(PyGCMS) using a Shimadzu  Gas
Table 2: Method/instrument of analysis.

Property Unit Method/Instrument Ref.
Density @ 20 °C Kg/m?3 ASTM D 1298 [34]
Kinematic viscosity @ 40 °C mm?/s ASTM D445 [34]
Acid value mgKOH/g AOCS Ca 4a-40 [35]
lodine value Cglg AOCS Cd 1B-87 [35]
pH - pH meter [36]
Congealing temperature °C Thermometer [37]
FA composition (NPO, WPOkc, and [38]
WPOsc) - PYGCMS
FA composition (WPOME) - GCMS [38]

Table 3: PyGCMS configuration.

Injector

Inlet temperature 240 °C

Carrier gas Helium

Sample size 2 ul

Injection mode Split

Split ratio 30

Column temperature 40 °C
Detector

Type PyGCMS

Interface temperature 250 °C

Detector gain 1.22 kV + 0.00 kV
Oven temperature program

Specification 30 m, 0.25 mm ID, 0.25 um

Flow rate 3.0 mL/min
Total flow 34 mL/min
Colum flow 1.00 mL/min

Rate Temperature (°C) Holding time
(min)
- 40 5
5.00 125 0
3.00 285 0
5.00 320 10
Column
Type Ultra alloy -5(MS/HT)
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Table 4: GCMS configuration

Injector

Inlet temperature 250 °C

Carrier gas Helium

Sample size 2 ulL

Injection mode splitless

Column temperature 50 °C
Detector

Type GCMS

Interface temperature 280 °C

Detector gain 1.08 kV + 0.00 kv

Oven temperature program
Temperature Holding time
(°C) (min)

Rate



- 50 1

15.00 180 1

7.00 230 1

5.00 350 5

Column

Type Ultra alloy -
5(MS/HT)

Specification 30 m, 0.25 mm ID,
0.25 pm

Flow rate 3.0 mL/min

Total flow 4.9 mL/min

Column flow 0.95 mL/min

3. Result and Discussion
3.1. Effect of usage on properties

The result of property determination of NPO,
WPOgrc, WPOsc, WPOMEgc, and WPOMEsc
samples are shown in Table 5. The density of
NPO is higher than that of the WPOgc, and
WPOsc samples. This can be attributed to the
effect of repeated pyrolysis leading to the
production of a lighter hydrocarbon fraction
resulting in a lower density. The pH of NPO was
higher than that of waste oil samples with
WPOgrc being the most acidic of the three
samples. This might be due to the effect of the
fish oil that has adulterated the oil during frying
[39]. This result was also confirmed by the acid
value of the waste oil samples where the WPOgc

presented an acid value of 0.66 mgKOH/g

compared to the acid value of 1.13 mg/KOH/g
of WPOsc. The lower acid value of WPOgc
compared to WPOsc can be attributed to the
effect of the fish and sausage respectively on the
palm oil during frying. In terms of kinematic
viscosity, usage makes oil more viscous;
WPOrc was found to be more viscous than
WPOsc as a result of the effect of the fish oil on
the NPO. The kinematic viscosity at 40 °C of the
WPO samples was higher than that of NPO.
This is in agreement with earlier results reported
by Chuah et al. [40].

Transesterification altered the density and
kinematic viscosity of the samples. As shown in
Table 5, the density and kinematic viscosity of
the WPO samples were higher than those of the
FAME derived from the WPO samples. This
was due to the effect of the production processes
involved in the conversion of the waste palm oil
into methyl esters. The transesterification
reaction caused the WPOMEgc and WPOMEsc
to be less dense and less viscous than WPOrc
and WPOsc.

samples are higher than that of NPO due to the

Kinematic viscosity of WPO

formation.

Table 5: Properties of neat and waste oil samples.

) ASTM _ EN

Properties NPO WPOrc  WPOsc  WPOMErc  WPOMEsc D6751 14214

pH 6.34 5.73 6.19 - -

(iongeallng temperature o ¢ 123 147

(°C)

Density @ 20 °C (kg/m®)  919.48 9043 9134 860 870 896(?0'

Kinematic Viscosity @40 795 4425 3841 45 3.8 19-6 35-5
C (mmé?/s)

lodine value (cg/g) 81.7 54.2 725 52.3 - 120 max

Acid value (mg KOH/g) 0.66 113 0.28 0.42 ?ngi 0.5 max

of dimeric and polymeric acids and glycerides
during usage, and normally higher than the
viscosity of FAME while lowering the density
[41, 42]. These trends agree with similar work
by Uddin et al. [43], and Thushari et al. [26].
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The iodine values of the WPOME samples were
lower than those of the WPO samples. A higher
iodine value was recorded for the WPOgc
sample compared to the WPOsc sample, and for

the  WPOMEg: sample compared to the



WPOMEsc sample. The difference in the lower
iodine values of WPO samples can be traced to
the effect of food fried, heating time, and
probably the storage condition before analysis.
The lower iodine value of WPOME samples
compared with WPO samples can be adduced to

the effect of heating during the
transesterification process [44, 45]. High degree
of unsaturation of WPO results in

polymerization of FAME as a result of the
formation of epoxide due to the addition of
oxygen in double bonds [32]. This agrees with
the outcome of previous research by Chuah et
al. [46].

Considering the fingerprint of both WPOgc and
WPOQsc, particularly the density and viscosity, it
can be seen that a lower density and higher
viscosity trigger a lower saturated fatty acid
(SFA) and a higher monounsaturated fatty acid
(MUFA), as shown in Fig. 4. This is unlike the
case of NPO where a higher density and a lower
in a

viscosity  resulted

polyunsaturated fatty acid (PUFA). The pH of

predominantly

the samples showed that NPO presented with
the highest pH followed by WPOsc and WPOrc.
The NPO had a higher acid value when
compared with the WPOrc and WPOsc samples.
The pH trend also followed the acid value trend
of WPOrc and WPOsc and enhanced the
transesterification process.

The viscosity of NPO in this research as shown
in Table 5 was 27.96 mm?/s which falls in the
range of the 25.6 mm?/s reported by Maneerung
et al. [47] and 31.78 mm?/s reported by Zein et
al. [48] though the density of both WPOrc and
WPOsc were found to be higher than the 902
kg/m?® reported by Maneerung et al. [47]. These
properties affect the FA compositions and the
degree of saturation, and therefore their

tendency to be converted to FAME.
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3.2. Effect of usage on FA composition

The result of FA composition of the NPO,
WPOkrc, and WPOsc as determined by the
PYGCMS and that of WPOMEg
WPOMEsc as determined by GCMS are shown

in Table 6. NPO was found to contain linoleic

and

acid, and brassidic acid, WPOgc consisted of
mainly oleic and palmitic acids, while WPOsc
was made up of mainly palmitic and linoleic
acids. However, WPOMErc and WPOMEsc
were made up of oleic and palmitic acids and
linoleic and caproleic acid respectively. Unlike
NPO, oleic and palmitic acids were present in
the WPO samples, while the brassidic acid
present in the NPO was absent in the WPO
samples. This may be due to high-temperature
degradation, oxidation as a result of moisture
addition, and contamination occasioned by the
food items. The effect of fish oil contamination
triggered the presence of stearic acid only in
WPOkc. However, these results did not wholly
agree with those reported by Kadapure et al.
[49]. This may be due to the difference in the
types and species of palm oil used as well as the
method of determining the FA composition. It
should be noted that Kadapure et al. [49]
obtained their palm oil samples and carried out
their research in Belgium and the samples were
analyzed by means of a gas chromatographic
method. Also, the food items fried in the palm
oil and the duration of usage were not disclosed.
There was no guarantee that WPO was obtained
from the same source as the neat oil. Chuah et
al. [40] reported the same FA composition for
neat cooking oil and waste cooking oil which is
not different from the outcome of this research
as it relates to NPO and the WPO samples. Also

the presence of some transition metals in the



food items, for example, iron is present in meat,
increased the rates of degradation and thermal
degradation of the oil [50].

Oleic and palmitic acids were observed to be the
in both WPOgc and
WPOME-¢c while the stearic and linoleic acids

most dominant FA

in WPOgc were converted to brassidic acid,
pelargonic acid, lauric acid, behenic acid, and
caproleic acid in WPOMEkrc as a result of the
transesterification process. Apart from the
contamination of the oil by the food, moisture is
also added to the oil during frying. Addition of
salt, sauces, intermittent heating and cooling
during repeated frying results into the
deterioration of the oil and the change in its
of The effect of

hydrogenation which occurs during frying can

degree saturation.
also contribute to the conversion [51]. The
process of conversion of WPOsc to WPOMEsc
by transesterification introduced caproleic acid
into FAME. Oleic, palmitic and caproleic acids
are the common FA in both WPOMEg: and
WPOMEsc which can be traced to the properties
of the WPO sample, notwithstanding the type of
food which they fried.

The NPO used in this research consisted of
52.55 % PUFA which was reduced to 37.35 %
in WPOsc and 3.76 % in WPOgc as shown in
Figure 3. The low percentage of SFA in NPO
was increased in the WPO samples due to usage
which confirmed the outcome of similar
research by Kadapure et al. [49]. The effect of
the food items the oil fried greatly influenced the
degree of saturation of both the WPOgc and
WPOQOsc. The 54.75 % SFA in WPOsc was
reduced to 37.67 % in WPOgc while the 7.9 %
MUFA and 37.37 % PUFA in WPOsc became
58.57 % MUFA and 3.78 % PUFA in WPOrc.
The FA composition for the WPOgc and WPOsc
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were similar to the outcome of FA analysis of
WPO by Kadapure et al. [49]. However, the
high percentage of PUFA in NPO differed
greatly from the result of similar research by
Maneerung et al. [47]. No explanation was
found for the differences in the FA compositions
other than the different geographical sources
and species of the palm oil samples.

The process of transesterification not only
triggered the increase of the 58.57 % MUFA and
37.67 % SFA in WPOkc to 69.58 % MUFA and
30.43 % SFA in WPOME«c but also caused the
3.76 % PUFA in WPOg to completely
disappear. The percentage of PUFA in WPOsc
and WPOMEsc remained almost the same while
there was a drastic increment in MUFA from 7.9
% t0 46.05 % as a result of the transesterification
process. The influence of food items was
noticeable in the FA composition and degree of
saturation of both WPOMEg and WPOMEsc.
Fig. 4 compares the FA composition of WPOrc
and WPOsc in this research to the outcomes of
similar research obtained from the literature.
Maneerung et al. [47], Zein et al. [48] and
Nguyen et al. [52] reported almost the same
value for MUFA for waste oil samples.
Maneerung et al. [47] and Nayak et al. [53]
reported close values of PUFA though lower
than that reported by Rahmanlar et al. [54].
From the eight samples of WPO shown in Fig.
4, it can be deduced that there is no consensus
on the degree of saturation and type of chain in
all the WPO samples. Degradation temperature,
usage, duration and degree of usage, type food
items that were fried, among other elements,
dictates the FA composition and degree of

saturation of the WPO samples.



Table 6: Fatty acid composition of NPO, WPO, and WPOME.

Common name  Structure NPO WPOrc WPOQOsc WPOMEFc WPOMEsc
Oleic acid Ccis:1 - 58.57 7.9 63.96 20.35
Palmitic acid C16:0 - 36.13 54.75 23.72 16.2
Capric acid C10:0 5.92 - - - -
Stearic acid C18:0 13.72 1.54 - - -
Linoleic acid C18:2 52.55 3.76 37.35 - 37.75
Brassidic acid C22:1 27.81 - - - -
Pelargonic acid C9:.0 - - - 1.1 -
Lauric acid C12:0 - - - 3.47 -
Behenic acid C22:0 - - - 2.14 -
Caproleic acid C10:1 - - - 5.62 25.7
T 162 46.05 37.75
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Fig. 3: Degree of saturation of NPO, WPOgc, WPOsc, WPOMEgc, and WPOMEsc.
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4. Conclusion

The application of otherwise known waste raw
materials such as used vegetable oil from
restaurants, households and canteens and
takeaway outlets, waste animal (beef, chicken,
pig, etc) fats from slaughterhouses and abattoirs,
rendered fats, and grease recovered from
wastewater treatment plants have gained
acceptance as biodiesel feedstock. Though they
are low-grade feedstocks, appropriate selection
of production and refining techniques ensure
derivation of the benefits in their usage. They
are cheaper than other forms of feedstock and
help in solving problems waste oil and fats
disposal challenges. The properties and the FA
composition of NPO, WPO samples and
WPOME were investigated with a view to
determining the effects of usage and food items
on the samples. The trajectory from NPO
through WPO used to fry particular food items
the WPOME derived the

transesterification of the WPO samples were

and from
reported. The following inferences can be
drawn:

e The pH and density of WPO samples were
found to be lower than those of NPO while
the congealing temperature and viscosity of
NPO were found to be lower than that of the
WPO sample.

e The pH, congealing temperature, density
and acid value of WPOgc were found to be
lower than those of WPQOsc but WPOkrc had
higher iodine and viscosity values.

e The degree of usage, the food fried, the
effect of repeated heating and cooling,
storage environment, the type of oil, the
source of the NPO, and transesterification

process have been found to affect the
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concentration of the FAME composition,
and degree of saturation.

e NPO was found to consist of 52.55 % PUFA
and 27.81 % MUFA.

e The composition of saturated fatty acid and
unsaturated fatty acid were found to be
affected by the degree of usage, the
degradation temperature, species of palm
oil and the food items the oil fried.

e The degree of saturation of WPOgrc and
WPOsc was less than that of NPO, in most
cases, and agrees with some of the results
reported in the literature.

e The low acid value of the WPO samples
signifies their suitability for FAME
production by transesterification.

e The density of WPOMEgrc was found to be
higher than that of WPOMEsc; on the other
hand, the kinematic viscosity of WPOMErc
was higher than that of WPOMEsc.

e The 52.55 % PUFA in NPO was converted
to 3.76 % in WPOg and completely
disappeared in WPOMEgc while the MUFA
was found to increase from 27.81 % in NPO
to 58.57 % in WPOgc and 69.58 % in
WPOME-kc.

e The 19.64 % SFA in NPO increased to
54.75 % in WPOsc but reduced to 16.2 % in
WPOMEsc while the MUFA which was
27.81 % in NPO reduced to 7.9 % in WPOsc
but increased to 46.05 % in WPOMEsc.

The significance of this investigation is that the
type of food that NPO fries affects the FA
of

and consequently

composition, properties, and degree
saturation of palm oil
influences the FA composition and properties of
the resulting FAME. The FA composition and
in turn, have

the

properties of FAME will,

considerable influence on engine



performance and emission characteristics of a
Cl engine fuelled by FAME as well as the
stability of the FAME. In conclusion, when
WCO as a
transesterification, consideration should be paid

selecting feedstock  for
to these three factors: the degree of usage, the
type of food fried by the palm oil, and the NPO
source.
Going  forward, considerable  research
opportunities exist regarding the effect of frying
temperature and time on NPO, the cycle of
frying, palm oil species, etc. Such research will
contribute towards establishing the optimal
conditions to obtain feedstock for FAME

production from palm oil.
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CHAPTER 9: CONCLUSION AND RECOMMENDATIONS FOR
FUTURE WORK

9.1 Conclusion

The quest for an alternative and sustainable fuel to replace PDB fuel to power Cl engines has been
engaging the attention of researchers over the past decades. Though a lot has been achieved, obvious
research gaps are still visible and require conscious efforts. The utilization of WCO for the synthesis
of FAME by transesterification has been escalated by this research due to its obvious advantages over
other feedstocks. Experimental and numerical techniques have been employed for the property’s
determination and prediction, optimization, engine performance and emission characteristics of Cl

engine fuelled by FAME. The following conclusions can be drawn from the research.

1. It is possible to synthesize FAME with the requisite properties and capacity for improved
engine performance and mitigated emission of regulated gases in a conventional ClI engine.

This has been demonstrated in this research.

2. FAMEs were produced through a simple conversion process of transesterification using waste
vegetable oil collected from restaurants, take away outlets and households. The produced
FAMEs meet the ASTM and EN standards.

3. The optimal FAME candidate determined by mathematical and numerical tools was
synthesized by transesterification of WCO and defined in terms of two FA compositions. The
new FAME contains palmitic acid (C16:0) of 36.4 % and oleic acid (C18:1) of 59.8 %.

4. The new FAME candidate exhibited better engine performance when compared with PBD fuel
and biodiesel from other sources when tested on a conventional and unmodified Cl engine. The
constituents of the exhaust gases emanating from the application of the new fuel in a
conventional Cl engine was more tolerable than that from PBD fuel, though the NOx emission

was still relatively high.

5. Application of property prediction techniques guarantees the conversion of WCO to high-
quality FAME thereby eliminating the cumbersome, and costly experimental process. Five FA

compositions were used as inputs and the outcome were within acceptable error limits.

6. Application of modelling and optimization techniques allows for the synthesis of FAME using
the minimum quantity of materials, less energy consumption, and in less time for optimal
FAME production. This prevents time and material wastage, and ensures that FAME is
generated from available feedstocks.
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7. Chicken eggshell waste calcined at high temperature contained CaO capable of being and
suitable as a heterogeneous catalyst for conversion of WCO to FAME. The CaO from chicken

eggshell waste is advantageous based on its recoverability and reusability.

8. Further analysis of the WCO feedstock revealed that the degree of usage and type of food items
that the oil was used to fry affect the FA composition and properties of the WCO and the
resulting FAME.

9. The selected feedstock and conversion technique allow for sustainable, easy to use, and
environmentally friendly production of FAME.

10. This study has further revealed the applicability of FAME as a sustainable remedy to the
unpleasant effects of the use of PBD fuel to power Cl engines. The determination of an optimal
FAME candidate has created a viable pathway for improvement of the quality of biodiesel and
make its use as Cl engine fuel more efficient and environmentally acceptable in line with

international protocols and standards.
9.2 Recommendation for future work

Internal combustion engines, particularly CI engines, will continue to find applications in diverse
capacities for decades to come. The persistent demand by customers for more efficient Cl engines with
minimum fuel consumption, and the ever-increasing stringent emission requirements by various
environmental standards organizations, will increase demand cost-effective, combustion efficient,
readily available, and environmentally sustainable fuel alternatives for Cl engines. Biodiesel is one of
those alternatives, and more targeted research studies are still needed to improve every stage of the
trajectory from feedstock through to FAME quality to performance evaluation, in terms of combustion,

performance and emission characteristics, of a FAME candidate fuel in a Cl engine.
9.2.1 Experimental

Huge and potential research opportunities exist in widening the scope, definition, and characterization
of the FAME candidate with a view to improving and streamlining its production and application.
Specifically, more parameters that can further define and characterize the optimal FAME should be
investigated. More optimization techniques should be employed to determine more robust parametric
parameters for the efficient and cost-effective synthesis of biodiesel irrespective of the source, degree
of usage, frying temperature, and cycle, food items fried, as well as the level of contamination and
thermal degradation of the WCO. Also, more targeted real-time engine tests under varying conditions
of load and speeds are needed to get more data sets to further consolidate the advantages of the new

fuel.
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9.2.2 Numerical

The use of CFD, FORTE, ANSYS FLUENT, and combustion software for the prediction of
fingerprints, performance parameters and emission characteristics of the optimal FAME mix should be
investigated. The application of research engines fixed with high-speed digital cameras and other
techniques should be exploited to ensure a better understanding of the activities of the fuel inside the
combustion chambers with a view to improving the performance and emission characteristics of the

engine in line with established protocols and standards.
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APPENDICES

APPENDIX I: CALCULATION OF MOLAR RATIO OF METHANOL
TO OIL

The molar ratio (methanol to oil) for the transesterification process is calculated by following the
following steps.

Stepl: Calculation of molecular weight of pure fatty acids
The molecular weight of pure fatty acids is calculated using Equation App. Al
Molecular weight of fatty acids MWz, = No X MW, + Ny X MWy + Ny X MW, (App. Al)

Where, N¢, N, and No are the number of carbon, hydrogen, and oxygen atoms in the fatty acid (FA)
chain, respectively. MW¢, MW, and MW, are the molecular weight of carbon, hydrogen, and oxygen,

which are 12.0107, 1.00794, and 15.9994 grams per mole, respectively.
Step 2: Calculation of molecular weight of vegetable oils

Molecular weight of vegetable oil is calculated from the molecular weight of individual fatty acids
and fatty acid composition using

Molecular weight of vegetable oil = };i-; W; x MW; (App. A2).

Table App. Al. Molecular weight of pure fatty acids

Fatty Acid Chemical formula  Molecular weight of FA (g/mol)
Erucic C22H420; 338.58
Oleic Ci1sH3407 282.46
Linoleic CisH3,07 280.45
Caprylic CsH1602 14421
Palmitic Ci1sH3202 256.42
Stearic Ci1gH3602 284.48
Undeclyic C11H20> 186.29
Nonadecylic C19H3302 312.54
Myristic CusH2507 228.37
Capric C10H2002 144.21
Arachidic C20H4002 312.53
Enanthic C/H140; 130.19
Lauric C12H2407 178.14

Sample Molecular weight calculation (for Sample A):
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The fatty acid composition (in weight %) of neat sunflower oil is 32.21% of palmitic acid, 21.98% of
Linoleic acid, 0.22% of Caprylic acid, 0.51% of Enanthic acid, 0.51% of Capric acid, (.21% of Stearic
acid and 12.38% of Arachidic acid.

Substituting the weight percentage of fatty acids and their molecular weight (from Table App. Al) into
Equation (A2), the molecular weight of Sunflower vegetable oil is calculated thus,

(32.21 x 256.42) + (21.98 x 280.45) + (0.02 x 144.21) + (0.51 x 130.187) + (0.51 x 172.26) + (9.21 x 284.48) + (12.36 x 312.53)
100

=210.92 g/mol
Similarly, the molecular weight of other neat vegetable oils and WCO samples are calculated and
tabulated below

Table App. A2: Molecular weight of vegetable oil

Vegetable oil Molecular weight (g/mol)
Sunflower 210.92
Sunfoil 27.22
Palm oil (B) 165.91
Red Palm oil 74.81
Moringa oil 109.50
Depot Margarine 109.50
Used sunflower 4.63
Used Depot margarine 165.32
Used sunfoil 5.71
Used palm oil (FC) 32.53
Used Sunfoil 2 119.07
Used palm oil (SC) 182.66

Step 3: Calculation of molecular weight of Triglyceride

The structure of any vegetable oil is a triglyceride, i.e. a glycerol molecule attached with three fatty
acids. In Step 2, the molecular weight of vegetable oil does not include the molecular weight of
glycerol. The calculation of the molecular weight of triglyceride is as follows.

The molecular weight of a triglyceride (MWhigiycerice) IS given by the Equation (App. A4).
MWTriglyceride = (3 X AverageMWoil) + Mngycerol - 31Vn/|/wa1:er (App- A4)

Where, MWgiycerol and MWaaeer are the molecular weight of glycerol and water, which are 92.0938 and
18.0153 grams per mole, respectively.

Using Equation (App. A4), the molecular weight of the triglyceride of the vegetable oils are calculated
and tabulated

Table App. A3. Molecular weight of triglyceride of vegetable oils

Vegetable oil Molecular weight (g/mol)
Sunflower 670.82
Sunfoil 119.71
Palm oil (B) 535.08
Red Palm oil 262.51
Moringa oil 563.87
Depot Margarine 366.56
Used sunflower 51.94
Used Depot margarine 534.01
Used sunfoil 55.18
Used palm oil (FC) 135.66
Used Sunfoil 2 395.28
Used palm oil (SC) 586.05
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SAMPLE CALCULATIONS ON METHANOL TO OIL RATIO

1. Mass of methanol required at a 6:1 methanol to oil molar ratio
mm;s, = 359.28 g/mol

Basis: mass of feed oil, M = 400g
M
Nfeeda = %
Where
Nfeeqa = the number of moles in the source oil

M = mass of oil (g) mm = molar mass

400

= 1.0119 mol
359.28

Therefore, n =

Molar ratio = 6:1 therefore
Nmethanot = 6 X 1.1133 = 6.0714 mol

MMypethanor = 32.04 g/mol

Mass of methanol required, M = n X mm
M = 6.0714 x 32.04
M =19454 g

% yield of biodiesel produced

Feed oil mass = 400 g

Mass of biodiesel produced = 376.8 g

Massg;ioai
Yield % = ——2wodiesel o 100%
Massp;;

_ 3768

= x 100
400

=94 %
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APPENDIX II: CODE TO COMPUTE OPTIMAL FAME

clc;close all; clear all;

format
count=0;
for pl=0:.1:100
for p2=0:.1:100
for p3=0:.1:100
for p4=0:.1:100
for p5=0:.1:100

CN=56.16 + (0.15*pl) + (0.23*p2) -(0.03*p3) -(0.19*p4) -(0.31*p5);
if ((CNN>=100) && (CNN<=100))

Cv=32629.061 + (71.795*pl)+ (16.913*p2) + (66.268*p3)+(70.501*p4)+(387.989*p5) ;
if ((CVv>=34400) && (CV<=45200))

CP=-40.278 + (0.514*pl)+ (0.6364*p2) + (0.38363*p3)+(0.35362*p4)+(0.26341*p5);
if ((CP>=-25)&& (CP<=26))

DN=2204.5 - (13.2*pl)-(16*p2)-(13.8%p3)-(13.3*p4)-(3.717*p5);
if ((DN>=860)&& (DN<=900))

KV=337.4774 - (3.7096*pl)- (3.812%p2) - (3.743*p3)-(3.6808%*p4)-(3.717*p5);
if (KV <=4.5)

CEFPP=-16.447+(0.3141*pl)+ (1.57085*p2);
if (CFPP<=-5) && (CFPP>=-15)
count=count+1;

CN (count)=CNN;

A(count, :)=[pl p2 CFPP];
C(count, :)=[CP DN KV CV CFPP];

end
end
end
end
end
end
end

end
end
end
end
VALUE1=A (opt2, :)
VALUE2=C (opt2, :)
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APPENDIX 111: PICTURES

Plate 1: Chicken eggshell waste
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Plate 2: Chicken eggshell waste powder
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Plate 3: Weighing the chicken eggshell waste powder

Plate 4: Weighing the waste cooking oil
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Plate 5: Weighing the Methanol
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Plate 6: Methanol, catalyst and waste cooking oil
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Plate 8: Ovens for chicken eggshell waste calcination

Plate 9: Viscometer

235



Plate 10: PyGCMS/GC-MS machine

Plate 11: Simultaneous Thermal Analyser
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Plate 12: FT-IR Spectrometer

Plate 13: Spottering machine
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Plate 14: FEG-SEM

Plate 15: X-Ray Diffractometer
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