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ARTICLE INFO ABSTRACT

Keywords: Global energy crisis are as a result of gradual depletion of fossil fuel reserves, coupled with population growth in
Fossil fuel developing countries. Besides, fossil fuels are not environmentally benign as they are associated with problems,
Biofuel

i.e. global warming, high toxicity and non biodegradability, hence it is considered as non sustainable source of
energy. Without doubt, biofuel-based energy is a promising long-term energy source that can reduce the over
dependence on fossil fuels as a result of feedstocks availability and renewability. However, biodiesel production
from vegetable oil using the traditional homogeneous catalytic system is no longer defensible by industries in the
near future, particularly due to food-fuel rivalry and ecological problems related to the conventional homo-
geneous catalytic system. This review presents a comprehensive step by step process of converting waste cooking
oil (WCO) to biodiesel, using modified waste egg shell catalyst. The modified waste egg shell derived bi-func-
tional catalyst could easily be removed from the fatty acid methyl esters (FAME) with limited environmental
effects. The new modified catalytic system is able to convert the high free fatty acid (FFA) content waste cooking
oil to FAME efficiently under moderate reaction conditions. Utilization of waste cooking oil as a feedstock for
biodiesel production will reduce the food security issues that stem the biodiesel production from food-grade oil.
Moreover, it will reduce the total production cost of the FAME due to its low cost. The major objective of this
article is to demonstrate the current state of the use of heterogeneous bifunctional acid/base catalyst to produce
biodiesel from green and non-edible waste cooking oil. At the end of the article, perspectives and future de-
velopments are also presented.

Vegetable oil

High FFA waste cooking oil
Homogeneous catalyst
Heterogeneous catalyst

1. Introduction generally considered as replaceable alternative to traditional fossil fuels

due to their feedstock availability and environmental friendly [7,8].

The global energy crises are as a result of possible future depletion
of conventional fossil fuels and current energy demand are the major
drivers prompted the search for alternative renewable energy sources.
Besides, fossil fuels are not eco-friendly as they are related to poisonous
gases exhausts from automobile and industrial internal combustion
engines, which eventually lead to global warming, acid rain and de-
pletion of ozone layer [1-3]. Transportation of goods and services is an
integral part of global economy, which depends solely on petroleum
based sources of energy. Apart from coal, nuclear power, natural gas
and hydroelectricity that serve at different capacity in the provision of
energy, transport sector alone is more than 90% dependent on fossil
fuels (petroleum), consuming more than 60% of total annual global fuel
consumption [4-6]. Renewable sources of energy such as bio-fuels are

Biodiesel is one of the most promising alternative sources of energy
considering its biodegradability and low emission of carbon dioxide,
free sulphur and non-toxic nature [9-11]. Another interesting thing
about biodiesel is that it possesses all the physico-chemical properties of
traditional fossil fuel such as improved cetane number and high flash
point [12,13].

As a result of rapid growth in human population, scientific and
technological advancements in developing countries, the biodiesel de-
mand is estimated to either doubled or tripled by the year 2020 and
beyond. However, relevant studies have fully verified the number of
issues regarding biodiesel that are not convincingly addressed yet.
Conversion of triglycerides into FAME requires a reaction of the former
with monohydric alcohol (methanol). Most of the researchers
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recommended the short chain monohydric alcohol, typically methanol,
ethanol and propanol with no distinct justification of which provides
the best viscosity requirements in line with specifications by American
Society of Testing and Materials (ASTM) and European Standard (EN)
or other related international agencies [13].

Technically, biodiesel is not yet considered as popular alternative
source of energy to conventional fossil fuel worldwide due to its high
cost of production, which is attributed to the cost of raw materials and
labour, hence the fundamental policy of biodiesel is not yet achieved.
Non availability of raw materials and effective catalytic system, are the
major problems facing commercialization of biodiesel to meet the
global demand and the united nation millennium environmental policy.

Edible vegetable oils i.e. palm oil, soybean oil, sunflower oil, etc. are
the traditional feedstocks for the production of biodiesel. However, the
high cost of feedstock which account for more than 80% of total pro-
duction cost of biodiesel and possible hike in the prices of edible ve-
getable oils coupled with hunger threats as well as soil degradation
associated with large scale farming for biodiesel feedstocks have on the
other hand forced many agencies, particularly food and agricultural
organizations to consider the option as non-reliable [14-17]. Non ed-
ible vegetable oil such as Jatropha curcas oil, castor oil, algae oil etc.
could be considered as reliable feedstocks for the production of bio-
diesel in commercial scale [18-20]. Nevertheless, most of these crops
are perennial in nature and their plantation could cause unnecessary
deforestation in the near future which may affect the climatic condition
of a particular region, hence un-economical and time consuming pro-
cess [21]. Algae oil, even though considered as the most promising
feedstock for biodiesel due to its high oil content and easy cultivation,
but is also far from biodiesel production in commercial quantity due to
the inadequate technical knowledge of cultivation and extraction of oil
to commercial scale [13,22]. Waste cooking/ frying oil is one of the
feedstock having dual advantage. A part from being low cost feedstock
for biodiesel production, utilizing WCO as a feedstock, will further re-
duce water pollution for not been discharged into the water bodies
[23].

2. Biodiesel as a future and promising alternative renewable
energy source

Biodiesel or FAME is synthesized from renewable vegetable based
oil or animal fat [23,24]. It is generally produced by the process of
esterification or transesterification reaction of fatty acid or vegetable oil
in the presence of monohydric alcohol, catalyst and temperature over
the period of time [17,25]. The renewability, biodegradability and less
toxicity are the most important features that made FAME globally ac-
ceptable as viable and sustainable fuel for the universe [12,26]. Bio-
diesel has the ability to work efficiently in similar way the traditional
fossil fuels works in internal combustion engines [27-29]. Although
FAME has some properties like pour point, flash point and cloud point a
bit higher than the conventional fossil fuel, but still has similar cetane
number and kinetic viscosity to that of normal diesel [30]. Conse-
quently, protecting and prolonging the engine life due to its high lu-
bricating property. The biodiesel properties (Table 1) are in agreement
with the ASTM and EN specifications, hence, allow the commerciali-
zation of biodiesel worldwide.

3. Viability and socioeconomic impacts of biodiesel production
from waste cooking oil

Generally, biofuels are meant to represent a potential source of re-
newable energy that could feasibly replace the conventional fossil fuels
and provide eco-friendly fuel with less ecological problems i.e. global
warming and green house gas effects. Biodiesel is currently one of the
most widely accepted alternative renewable sources of energy option to
conventional fossil fuel. Nonetheless, biodiesel production cost remains
the major issue today. Current commercial production of biodiesel

Renewable and Sustainable Energy Reviews xxx (XXxX) XXX—XXX

Table 1
Comparison of standards between biodiesel and fossil diesel, according to American
Standard for Testing and Materials (ASTM) [29].

Fuel Property Diesel Biodiesel
Standard Method ASTM D975 ASTM D6751
Fuel composition Hydrocarbon(C10-C21) FAME(C12-C22)
Cetane number 40-55 48-60
Density (g/cm®) 0.85 0.88

Cloud point (°C) —15to 5 —3to 12
Flash point (°C) 60-80 100-170
Pour point (°C) -30to —15 —-15to 5
Carbon content (wt%) 87 77

Hydrogen content (wt%) 13 12

Oxygen content (wWt%) 0 11

Sulphur content (wt%) 0.05 0.05

Water content (vol%) 0.05 0.05

depends entirely on edible vegetable oil such as rapeseed (6.01 million
ton), palm oil (6.34 million ton), soybean oil (7.08 million ton) and
some non-edible oil such as castor oil and Jatropha curcas oil as major
feedstocks worldwide [23,31]. The use of conventional feedstocks
(edible oils) for biodiesel accounts for more than 80% of total biodiesel
production cost. Hence, making biodiesel more expensive and there-
fore, not sustainable. Moreover, continual usage of traditional edible
oils as feedstock for biodiesel may result to future food versus fuel
competition thus, violating one of the cardinal objective of FAME
production [32]. Jatropha cucras oil is particularly remarkable feed-
stock for FAME production, as it possess about 40% oil content and can
grow on un-fertile soil thereby, avoiding competition with arable land
for food crops, however Jatropha cucras seeds are toxic in nature, hence
the harvest requires severe labour [33]. Recent studies suggested that
the production cost of FAME could be reduced to halve through the
utilization of WCO in comparison to the high grade vegetable oils [33].
About 15 million tons of waste cooking oil is annually been disposed in
water or land across the globe. Such amount of low cost feedstock
noteworthy special consideration, as it could bridge significant gap in
current biodiesel demands [23]. Waste cooking oil, when properly
utilized will produce biodiesel with less CO, emission at relatively low
cost and thereby making it economically and socially viable as a re-
newable fuel. Besides that, converting WCO into FAME could help
significantly in reducing the environmental pollution caused by its
disposal into water bodies and land [34]. Nevertheless, some chemical
changes occur to chemical properties of WCO as a result of heating at
high temperature during cooking/ frying process which results to in-
crease in the level of FFA and some impurities like water content. Ba-
sically fresh vegetable oil contained triglyceride, diglyceride, mono-
glyceride and free fatty acid (FFA) usually (< 1%). High FFA and water
contents in the feedstock hampers FAME production due to subsequent
soap formation when basic catalyst is used [30,35,36]. These challenges
must be taken into consideration before using it as a feedstock for
biodiesel production using base catalysts [37]. Different feedstocks for
FAME production have different fatty acid composition and in turn can
influence the biodiesel yield. Other fuel properties such as acid value,
cetane number, cloud point, flash point, oxidation stability, cold filter
and plugging point, kinematic viscosity could also be influence by FFA
composition of the feedstock [38,39]. Basically, the vegetable based oils
comprised of five major fatty acids components as presented in Table 2,
namely, palmitic (16:0), stearic (18:0), oleic (18:1), linoleic (18:2) and
linolenic (18:3).

WCO has so far been considered as one of the cheapest feedstock for
biodiesel production, with dual advantage [35]. Utilizing it as feedstock
for biodiesel is at the same time making the environment safe and
cleaner for not being dispose into the water bodies that could pollute
the water. Hence WCO is considered as economically and socially viable
feedstock for low cost biodiesel production on a commercial scale.
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Table 2
Common fatty acid composition of plant based oil [36].
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Table 3
Some globally accepted vegetable oil analysis and their standard methods [42].

No. Fatty acid Formula Structure wt% No. Analysis Method
1. Palmitic acid C16H320, 16:0 7.3 1 Acid Value AOAC (2000) 940.28
2. Stearic acid C18H3602 18:0 4.0 2 Carbon Residue ASTM D4530-00
3. Oleic acid C18H3405 18:1 26.9 3 Density ASTM D4052-96
4. Linoleic acid C18H320, 18:2 60.0 4 Fatty acid composition AOAC (2000) 963.33, 969.33
5. Linolenic acid C18H3002 18:3 0.5 5 Iodine Value EN 14111
6 Kinematic Viscosity ASTM D 445-06
7 Oxidation Stability EN 14112
4. Preliminary investigations and pre-treatment of waste cooking 8 Saponification Value AOAS (1997)
oil 9 Water Content AOAC (1990)
10 Total Acid number ASTM D 664-01
Low grade biodiesel feedstock, like WCO will undergo some pre-
liminary investigations and preparations before subjecting it to FAME MW, (56.1 x 1000 x 3)
il =,

production [11]. Prior to subsequent biodiesel reactions, the collected
WCO must be free from debris or other impurities through simple fil-
tration technique [41]. The water content will subsequently be re-
moved from WCO through drying with the aid of hot plate and stirrer at
120 °C. The FFA value greater than 1% is considered as higher FFA
content and therefore not suitable for transesterification using basic
catalysts [42]. Further pre-treatment stages are needed to employ for
high FFA content of WCO (> 1%) in order to reduce the FFA value
to < 1% before been transesterify to FAME, otherwise a saponification
will occur which will greatly affects the biodiesel yield [43]. However,
the pre-treatment stage previously employed to reduce the high FFA
value of the feedstock before been subjected to transesterification re-
action process is now considered as time and material consuming,
which will make biodiesel production difficult and expensive, and
therefore, new catalytic route of using modified heterogeneous solid
bifunctional catalysts is now adopted in order to avoid the pre-treat-
ment stage [44].

Basically, prior to embark on FAME production reaction, the
number of investigative analysis of WCO needs to be carried out in
order to know certain physico-chemical parameters of the feedstock
(WCO). Acid value, saponification value and molecular weight of the
feedstock are crucial point before either transesterification or ester-
ification reaction. A simple titration method, usually in agreement with
ASTM, EN and other scientifically accepted procedures are used to
determine the aforementioned physico-chemical parameters of the said
feedstock.

Acid value is the acid number contained in the oil sample. It is used
to determine the FFA level in the oil sample. According to ASTM-D974
acid value is calculated using the formula below;

A X Mx56.1
w (@]

where A.V is the acid value in (mg KOH/g), A is the amount of po-
tassium hydroxide (KOH) consumed by the sample, M is the molar
concentration of KOH and W is the weight of the oil in grams. Hence the
FFA value is calculated using Eq. (2).

AV

AV

FFA = —

2 (2)

Saponification value indicates the amount of KOH needed to sapo-

nify 1 g of oil. It can be calculated using the formula in Eq. (3) ac-
cording to ASTM D5558-95.

_ MMgon (B-S) X Myqy
w 3

SV

where S.V is the saponification value, B is the volume of hydrochloric
acid (HC) in (ml) required by the blank, S is the volume of HCl in (ml)
required by the sample, MM is the molar concentration of KOH, M is the
molar concentration of HCl and W is the weight of the oil in (g). Sa-
ponification value plays an important role in determining the sample's
molecular weight according to the formula in Eq. (4).

SV 4

where MW, is the molar weight of the oil sample and S.V is the sa-
ponification value. The detailed procedures of these analyses were de-
scribed in the Association of Official Agricultural Chemists (AOAC)
method (2000). Zhang and Jiang [45] reported other globally accepted
methods for vegetable oil analysis in Table 3.

Different studies have been conducted on WCO to produce bio-
diesel. Meng et al. [46] produced FAME from waste cooking oil using
sodium hydroxide (NaOH) as a catalyst and methanol as reaction
medium. The effects of different reaction parameters on conversion and
quality of FAME were investigated. At the end of the study, 86% con-
version under the optimum reaction conditions of 6:1 methanol to oil
ratio, 0.7 wt% catalyst loading, 90 min reaction time and 50 °C reaction
temperature were recorded. Similarly, Arquiza et al. [47] investigated
the effect of operating parameters in the production of biodiesel from
waste coconut oil using NaOH catalyst and methanol. Under the op-
timal reaction conditions of 60-65% reaction temperature, 0.5 wt%
catalyst loading and 6:1 methanol to oil ratio, FAME yield of 94% was
achieved. There are various reports of biodiesel production from waste
cooking oil using conventional homogeneous catalyst, typically NaOH
[48-50]. Hence, waste cooking oil is now considered as a reliable
feedstock that could help in replacing the expensive edible oil for bio-
diesel production in commercial quantity.

5. Catalysis of transesterification/esterification

Generally a catalyst is defined as any material or substance that
speeds up the rate of chemical reaction by lowering its activation en-
ergy [51]. It is usually added in a minute amount in comparison to the
quantity of the reactants, which is not consumed during the chemical
reaction; it is also known as an initiator. However, in some cases the
catalyst inhibits the reaction by been consumed and regenerated, while
in other cases it seems not to include in the process and functions by
high calibre of surface characteristics [52]. Catalysis generally re-
present the vital technology for accelerating essential chemical con-
version, which is a key to recognize environmentally friendly and
commercially feasible reactions for transforming energy carriers to di-
rectly usable energy. However, the use of heterogeneous catalysts for
chemical conversions not only decreases the total energy input needed
for production processes, but also improves two considerable catalyst
aspects, i.e. selectivity and thermal stability, thus leading to ecologi-
cally benign green technology.

5.1. Homogeneous catalysts for biodiesel production

Commercial production of biodiesel from vegetable oil relies solely
on homogeneous catalysts considering their major advantage of re-
duced mass transfer resistance effect, hence faster reaction efficiency
when compared to the heterogeneous catalysts. The homogeneous
catalysts used in methanolysis could either be acidic or basic in nature.



N. Mansir et al.

Basic homogeneous catalysts are the most frequently used catalysts to
assist the biodiesel production process at industrial scale. This is due to
the faster reaction efficiency of base-catalysed transesterification reac-
tion process when compared to acid catalysts which, generally react at
slower rate; consequently, producing high biodiesel yield at mild re-
action conditions [53]. However, the FFA and water content of the
feedstock are the fundamental consideration on choosing the type of
catalyst to be used in a particular biodiesel production reaction.

The most commonly used homogeneous catalysts for biodiesel
production are hydroxides and alkoxides of alkali metals such as KOH,
NaOH, sodium methoxide (CH3ONa) and potassium methoxide
(CH30K) [54,55]. In all of the listed homogeneous catalysts, KOH and
NaOH are the most used catalysts for biodiesel production at com-
mercial scale as a result of their ability to catalyze transesterification
reaction at relatively low reaction temperature and high reaction rate
which is about 4000 times faster than acid catalyst reaction rate [56].
High biodiesel yield could also be achieved at short reaction time, and
most importantly, these catalysts are cheap and easy to get [53]. Sev-
eral studies have been conducted on different feedstocks to produce
biodiesel using homogeneous catalysts. Uzun et al. [55] reported the
biodiesel yield of 96% at a reaction temperature of 50 °C, and 30 min
reaction time when NaOH catalyst was used on soybean oil using me-
thanol as reaction medium. Similar studies was conducted by Fadhil
and Ali [57], where KOH catalyst was used to transesterify Heckel fish
oil, and 97% of biodiesel yield was recorded at 32 °C reaction tem-
perature, 60 min reaction time, 6:1 methanol to oil ratio and 5.5 wt%
catalyst loading. However, formation of soap and other unwanted
emulsions as a result of presence of FFA content (> 1%) and other
impurities from low grade feedstock is another problem that may
hinder biodiesel yield [58] The prominent homogeneous acid catalysts
for methanolysis are mineral acids such as HCl and sulphuric acid
(H,SO,4) [59]. Others are nitric acid (HNOs), aluminium chloride
(AlICl3), organic sulfonic acid and phosphoric acid (H3PO4) [53].
Homogeneous acid catalysts generally have a slow reaction rate, and
therefore, take long reaction time to esterify feedstock to biodiesel.
Marchetti and Errazu [60] reported the biodiesel yield of 96% from
model oil prepared using oleic acid and sunflower oil when H>SO, was
used as a catalyst at 55 °C reaction temperature, 6.126:1 methanol to oil
molar ratio, 2.26 wt% catalyst loading and 240 min was the time taken
to satisfactorily completes the reaction process. In a related study,
Soriano et al. [61] reported that 98% yield of biodiesel was achieved
when canola oil was subjected to methanolysis using AlCl; as a catalyst
under the reaction temperature of 110 °C, catalyst loading of 5 wt%,
methanol to oil molar ratio of 1:1 and 1080 min as reaction time.

However, homogeneous catalysts can only use in food grades oils
(palm oil, soybean oil etc.) as feedstock and therefore, making biodiesel
production expensive. Moreover, homogeneous catalysts are peculiar to
separation problems after the reaction process, which involves regular
water washing that require a substantial amount of water and conse-
quently, pollute the environment due to generation of acid water.
Hence, homogeneous catalysts are not environmentally and econom-
ically benign for the sustainable biodiesel production at industrial scale.

5.2. Heterogeneous catalysts for biodiesel production

Heterogeneous catalysts are catalysts that are in different phase
with the reacting medium in a reaction process. In biodiesel production,
the feedstock and reaction medium, usually short chain alcohol (me-
thanol) are in liquid phases, and the heterogeneous catalyst for the
reaction in solid phase. With the emergence of solid heterogeneous
catalysts for biodiesel production, most of the technical problems re-
lated to conventional homogeneous catalysts would be reduced. In re-
cent years, heterogeneous catalysts are immensely receiving scientific
and industrial attention, perhaps owing to their economic and en-
vironmental friendly. If properly utilized, heterogeneous catalysts
would solve the post-reaction washing problems associated with the
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homogeneous catalysts and therefore increasing the biodiesel yield
[53]. Biodiesel production is deemed to be promoted and sustained
economically, through proper usage of heterogeneous catalysts. Solid
catalysts are in different phase with the reaction medium and therefore,
facilitate it is separation from post reaction mixture [62]. Hetero-
geneous catalysts could successfully be separated from the reaction
mixture via physical process, using either filtration or centrifuging
method. Consequently, this would enable the reutilization of these
catalysts more than once, as in the case of homogeneous catalysts,
hence reducing the biodiesel cost [63,64]. Additionally, the level of
dissolved metals or other elements ascending from catalyst in the pro-
duced biodiesel or glycerol could remarkably reduced when hetero-
geneous catalysts are properly utilized [53].

However, heterogeneous solid catalysts are also far from perfection
as their counterpart homogeneous catalysts. Their major downside is
low or limited catalytic active centers in comparison to the conven-
tional homogeneous catalysts; consequently, necessitate the usage of
severe reaction conditions in order to match the oil conversion related
to what is obtained by homogeneous-catalysed biodiesel production
[65]. Similarly, mass transfer resistance concerns associated to het-
erogeneous catalyst owing to the presence of two or three different
phases (methanol, oil and solid catalyst) in the reaction mixture could
be linked to slower reaction rate in the conversion of vegetable oil/lipid
to biodiesel [66]. Heterogeneous catalysts require some preparatory
processes for their synthesis, which are generally time-consuming. The
high price of the materials needed for the synthesis of these catalysts
would also make the biodiesel more expensive. Furthermore, poisoning
of the catalytic active sites of the catalysts when exposed to the sur-
rounding atmospheric medium could affect the stability and activity of
some catalysts. Hence detail information regarding the physical and
chemical properties of solid material is necessary. Presently, enormous
scientific efforts are on course to develop stable and sustainable het-
erogeneous catalytic system that would ensure biodiesel production
from low grade feedstock [53]. Heterogeneous catalysts could be basic
or acidic in nature [62]. Both classes of heterogeneous catalysts could
be utilized in alcoholysis process depending on the FFA content of the
feedstock. Basic heterogeneous catalysts when properly manage could
transesterify feedstock containing up to 3% FFA at mild reaction con-
ditions in a single run process [67]. Heterogeneous solid acid catalysts
could best esterify low grade oil such as palm fatty acid distillate
(PFAD), lipids containing more than 85% FFA at mild reaction condi-
tions [68]. Heterogeneous acid catalysts could transesterify low grade
oil such as waste cooking oil containing high FFA at long reaction time
and very high reaction temperature in a single run reaction process
[60-71]. In order to avoid severe reaction conditions on the transes-
terification of low grade feedstock like waste cooking oil and jatropha
oil, modified bifunctional heterogeneous catalysts that could perform
both transesterification and esterification reaction processes simulta-
neously at mild conditions are highly recommended.

5.3. Solid base catalysts

Heterogeneous solid base catalysts constitute of alkaline metals and
alkaline earth metals which made the group one and two of the periodic
table. These basic materials have been utilized as heterogeneous cata-
lysts for biodiesel production process. Heterogeneous base catalysts
could be single alkaline earth metal oxides, supported alkali metal and
alkaline earth metal oxides, mixed metal oxides, hydrotalcites and an-
ionic ion-exchange resins.

Alkaline earth metal oxides catalysts, if properly modified have the
capacity to assist transesterification reaction to feedstock containing
low FFA (at least 3%) for a single run process, owing to their high basic
strength. The basic strength of group II oxides and hydroxides is pro-
moted with the increase in atomic number ranging from magnesium
(Mg) to Barium (Ba), which significantly affects their catalytic cap-
ability to transesterify lipid feedstock [72].
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The source of basic centers in alkaline earth metal oxides could be
linked to the presence of M?*and O* ion pair and surface hydroxyl
group in a different coordination environment. The surface oxygen of
these oxides could be affected by the surface composition of the solid
catalysts and calcination temperature. Moreover, the specific surface
area, degree of leaching in the reaction medium, basicity and selectivity
during the transesterification reaction process must be considered as
important factors in choosing the appropriate catalyst for biodiesel
production [53]. The most commonly used basic heterogeneous catalyst
for transesterification process is calcium oxide (CaO) [5]. This is due to
the possession of higher basicity, low solubility, easy to handle and
most importantly availability of CaO at relatively low cost. Ad-
ditionally, CaO derives its popularity for catalysis as a result of its
abundance in different natural resources in the form of calcium car-
bonate (CaCOs3). Apart from lime stone, which is natural but non-re-
newable source of CaCOs, other renewable natural sources are egg
shells [73,74], crab shells [73], capiz shells [75], snail shells [76],
mussel shells [77] and oyster shells [78] among others. Proper utili-
zation of waste egg shells for the synthesis of CaO will considerably
reduce the over dependency on non-renewable lime stone as a source of
CaO. Waste egg shell is believed to have a high content of CaCOj,
having a composition of about 97.1%. This shell when thermally
treated at 900 °C for 2 h, would result in the formation of CaO catalyst
[53]. Besides the economic advantages, the performance of CaO as a
catalyst for biodiesel production could match the conventional homo-
geneous catalysts having achieved outstanding conversion yield over
some selected feedstocks. Kawashima et al. [79] reported 90% biodiesel
yield when transesterification reaction was performed on rapeseed oil
using CaO as catalyst and methanol as reaction medium, other reaction
conditions used are 60 °C as reaction temperature, 0.1 g catalyst weight
and 3 h reaction time. Similarly, Lee et al., [80] reported biodiesel yield
of 86.75% from palm oil using obtuse horn derived CaO as a catalyst
under the optimum reaction conditions of 5 wt% catalyst loading, 6 h
reaction time and 12:1 methanol to oil ratio. CaO material irrespective
of its source, is unstable, hence, prone to poisoning effects when ex-
posed to atmospheric medium i.e. carbon dioxide (CO;) and water
(H>0) which would results in the formation of CaCOs; and Ca(OH),
layers, respectively on the catalytic surface [81]. These effects distort
and block the catalytic active sites hence lowering the activity of the
catalysts and biodiesel yield [53].

Despite the encouraging results obtained using these catalysts, CaO
catalyst alone could not transesterify low grade oil such as waste
cooking oil and Jatropha oil. This is due to the presence of high FFA
(> 3%) content and other impurities such as water in a single run
process. In order to transesterify low grade feedstock like waste cooking
oil using CaO catalyst, two stage processes must be involved to reduce
the FFA content to (< 3%). These processes are considered as time and
resource consuming, making biodiesel production difficult and ex-
pensive. Hence, for the CaO catalyst to work successfully on low grade
feedstock like waste cooking oil and Jatropha oil that have high FFA
content (> 3%), there is need for further modification that will provide
some acid centers so that to esterify the high FFA present in the feed-
stock for efficient and sustainable biodiesel production. The modifica-
tion of basic heterogeneous catalysts like CaO for high activity on low
grade oil could be doping with other metal oxides from transition
group. Some transition metal oxides like molybdenum trioxide (MoOs3),
tungsten trioxide (WOj3), titanium dioxide (TiO,) and zirconate (ZrO3)
possessed some acidic properties that would enhance the catalytic ac-
tivity during transesterification of low grade feedstock like waste
cooking oil.

5.4. Solid acid catalysts
In recent years, heterogeneous solid acid catalysts are receiving

greater attention from scientific and industrial point of view for bio-
diesel production. This is due to their several advantages over their

Renewable and Sustainable Energy Reviews xxx (XXxX) XXX—XXX

homogeneous counterparts. Heterogeneous solid acid catalysts when
properly utilized are expected to yield outstanding grade biodiesel from
vegetable based oils. Moreover, unlike homogeneous acid catalysts,
heterogeneous acid catalysts are not associated with corrosion of bio-
diesel production plant/equipment [82]. More importantly, hetero-
geneous acid catalysts could simultaneously accelerate both transes-
terification of triglycerides (TGs) and esterification reactions of FFA.
The two reactions; transesterification and esterification are catalysed by
bronsted acid species and lewis acid species respectively [53,83,84]. It
is generally assumed that biodiesel production reaction is similar for
both homogeneous acid catalysts and heterogeneous acid catalysts,
except that the heterogeneous acid catalysed reaction is influenced by
the catalysts surface, which depends heavily on the interconnected
system of large pores, surface acid sites and hydrophobicity [53].
Heterogeneous acid catalysts can esterify waste oil like palm fatty acid
distillate, which has over 85% FFA content and other low grade feed-
stocks like waste cooking oil to biodiesel [30]

However, heterogeneous acid catalysts can only perform biodiesel
production reactions under severe reaction conditions such as high
reaction temperature, low reaction rate and long reaction period. These
drawbacks may probably make biodiesel production difficult and ex-
pensive. Several studies were reported on biodiesel production from
low grade feedstocks using heterogeneous solid acid catalysts under
severe reaction conditions as presented in Table 4. Hence, the new
route of catalytic system that can perform biodiesel production process
on low grade feedstock under moderate reaction conditions is needed.
Waste egg shell derived CaO supported by acidic transition metal oxides
like WO3, MoO3, TiO, when properly utilized could perform a trans-
esterification reaction process on low grade feedstock like waste
cooking oil at moderate reaction conditions. Most of the waste cooking
oils are having between 2% and 15% FFA content [85,86] depending on
how much the oil was used in frying purposes. About 85% of the waste
cooking oil component are triglycerides, which undergo transester-
ification reaction during methanolysis, and the remaining component is
FFA which undergoes esterification process during biodiesel produc-
tion. The CaO catalyst would transesterify the triglycerides (TGs) and
the acidic transition metal such as WO3, MoO3, ZrO, or TiO, will assist
in esterifying the FFA content of the oil. Mixed oxide bifunctional
catalysts could sustain biodiesel production from low grade feedstock at
moderate reaction conditions (Table 5).

5.5. Modified waste egg shell derived bifunctional catalyst

Generally, separation and waste water disposal problems, corrosion
of biodiesel refining equipments increases concerned over the usage of
heterogeneous catalysts [87,88]. Usage of solid heterogeneous catalysts
for biodiesel production can overcome the separation problems. Het-
erogeneous basic catalysts in which basic component comes from waste
material like egg shell is considered as environmentally benign due to
its biodegradable property hence can greatly reduce the environmental
problems. Over the last few years, there were greater concerns over the
heterogeneous catalysts whereby intensive researches were conducted
for transeterification reactions over these catalysts [80,89-92]. The best
heterogeneous catalysts should have strong basic sites, large surface
area, large pores, less toxicity, high stability, less corrosive effect, ease
separation, high reusability, less leaching effect and low cost of pre-
paration [30].

Mixed oxides catalysts are originated from metal oxides, particu-
larly alkali earth metal oxides, lanthanide metal oxides or other tran-
sition metal oxides. Mixed oxides catalysts could be basic, acidic or bi-
functional (having both acidic and basic properties). Bi-functional
heterogeneous catalyst if utilized properly could perform both trans-
esterification and esterification of TGs and FFA simultaneously under
moderate reaction conditions, respectively. This is due to the fact that,
bi-functional catalysts are having both basic and acidic sites and
therefore can act as acid and base at the same time. Additionally, bi-
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Table 4
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A literature report on biodiesel production from different feedstocks using solid acid catalysts at severe reaction condition.

Catalyst Preparation Method Reaction conditions Feedstocks Yield (%) Ref
Temperature (°C) Reaction Time  Catalyst loading Methanol to oil
(h) (Wt%) molar ratio
Al,03/Zr05,/WO3 Co-precipitation 175 1 4g 40:1 Soybean 100 [771
Zirconia supported HPA Hydrolysis 200 5 3 20:1 Sunflower mustard 97 [78]
Cs2.5Ho.sPW15040 Precipitation 260 1 3 40:1 Sesame oil 92 [22]
CsHPW Precipitation 200 10 3 20:1 Oleic acid-Soybean 90.4 [79]
mixture
WO3/ZrO, Impregnation 75 20 Not specified 19.4:1 Not specified 85 [80]
Al,03/TiO»/Zn0O Sol-gel 200 8 5 Not specified Colza oil 93.7 [61]
Mns 5xZro.5yALO3 Co-precipitation 150 5 2.5 14:1 wco > 93 [62]
Ar-SBA-15 Direct mixing 140 2 6 20:1 Crude palm oil 90 [81]
Sulfated ZrO, Impregnation 180 1 3 3:1 Dodecanoic acid 96 [60]
Ar-SBA-15 Not reported 260 2.5 1 20:1 Crude palm oil 90 [81]
VOPO4.2H20 Not reported 150 1 2 1:1 Used cooking oil 80% [60]
Carbonized and Sulfated Carbonization 260 1 2.5 18.2:1 Waste cooking oil 89.9 [82]
asphalt
SOf'/T 10,-SiO4 Impregnation 200 3 4 9:1 Used cooking oil 90 [83]
$0,%/Sn0,-Si0, Impregnation 150 3 4 15:1 Waste cooking oil >92.3 [84]
7r0,/S0,4% Sulfonation 200 1 1 6:1 Palm kernel 90.3 [85]
Al,03/TiO5/Zn0O Co-mixing 200 6 8 1:1 Colza oil 93.7 [86]
TiOZ/SO42' Precipitation 230 2 8 12:1 Coconut oil Cotton oil 86.3 90 [81]
Zn0O Not reported 300 3 1 6:1 Soybean 80 [85]
SOf’/ZrOz/TiOZ/La3+ Precipitation 200 5 2 15:1 Not reported 90 [61]
Al,03/Zr0,/WO3 Wet impregnation 200 20 4g 4.5:1 Soybean oil >90 [21]

functional catalysts can easily be modified to introduce the needed
physicochemical properties that could easily overcome the problem of
high FFA and water content present in the low grade feedstock like
waste cooking oil during the transesterification reaction [44]. Hence,
modified waste egg shell derived bifunctional heterogeneous catalysts
could be promising alternative catalysts to overcome the problems as-
sociated with other catalysts. Over the recent years, several researches
were undertaken using modified mixed oxide catalysts with bifunc-
tional activity to produce biodiesel from high FFA feedstock under mild
reaction conditions as presented in Table 5. In this study, similar cat-
alyst with bifunctional capability would be synthesized using transition
metal oxides (WO3, ZrO,, MoOs; etc.) supported on CaO from the waste
egg shell and employ for biodiesel synthesis from WCO.

6. Preparation methods of bifunctional solid catalysts
Mixed oxides bifunctional heterogeneous catalysts can be synthe-
sized through different catalyst preparatory methods such as; wet im-

pregnation method [90], co-precipitation method [29], sol gel method

Table 5

[69] and physical mixing/co-mixing [93] depending on the precursor of
the metal oxides. These preparatory methods are not only simple and
easy, but economically feasible as does not involve high technical
complex procedures that would make the synthesis difficult and ex-
pensive. Biomass based bifunctional catalyst involves the use of simple
waste material (waste egg shell, palm kernel shell etc.) and few che-
micals. These catalysts are ecofriendly and therefore, reduced en-
vironmental hazards greatly through biodegradation process. The fea-
sible techniques for the synthesis of these catalysts are fully discussed
below.

6.1. Wet impregnation method

The wet impregnation method is one of the easiest methods of
catalyst preparation. During wet impregnation catalyst synthesis, the
precursors usually in salt form or salt and oxide forms are mixed to-
gether in a beaker with distilled water and stirred for at least five to six
hours. After while the resultant slurry would be dried at 110 °C for 24 h
in an oven. The dried sample would be calcine in a furnace at

A literature report on biodiesel production from high FFA feedstocks using bifunctional catalysts under mild conditions.

Catalyst Preparation Method Reaction conditions Feedstocks Yield (%) Ref
Temperature (°C) Reaction Time Catalyst loading Methanol to oil molar
(h) (Wt%) ratio
CaO/La,0s3 Co-precipitation 65 6 4 24:1 Jatropha curas 86.51 [27]
oil
Biy03-Lay03 Impregnation 150 4 2 15:1 Jatropha curas 93 [6]
oil
Mo-Mn/¥-Al,05-15 wt% Wet Impregnation 100 4 4g 27:1 Waste cooking 91.4 [40]
MgO method oil
Mnjs 5,Zr¢.5yAl, O3 Co-precipitation 150 5 2.5 14:1 Waste cooking > 93 [66]
oil
Cs-Zr/Al,03 Impregnation 65 3 3 20:1 Waste cooking 90 [15]
oil
CaO-ZrO, Impregnation 65 2 10 30:1 Waste cooking 92.1 [64]
oil
$0,%/Sn0,-Si0, Impregnation 150 3 4 15:1 Waste cooking >92.3 [87]

oil
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appropriate temperature [90,93]. The wet impregnation method is very
simple and effective in synthesizing supported catalyst as it could be
able to fabricate several active sites on the surface of catalyst which are
favourable in transesterification/esterification reaction processes.

6.2. Co-precipitation method

Co-precipitation/precipitation method of catalyst synthesis involves
dissolution of catalyst precursors usually salt precursors into distilled
water and then stirred vigorously. To this mixture, precipitating agents
usually alkaline, such as ammonium hydroxide (NH4OH), KOH, NaOH,
potassium carbonate (K,COs) is added to precipitate the solution at
constant stirring for 3 h and the pH of the solution is maintained at 10.
The resultant precipitate would be dried in oven at 110 °C over night,
after which the dried sample would be calcine in the furnace at ap-
propriate temperature [29,93]. This method could be able to facilitate
the development of bimetallic oxide supported CaO catalyst exhibiting
highly acidic or basic property due to synergetic effect from the two or
three metal oxides involved.

6.3. Sol gel method

Sol gel method is another technique used for catalyst synthesis,
which involves the mixing of butyl titanate and anhydrous ethanol in
drop wise to another solution of deionized water, anhydrous ethanol,
nitric acid and appropriate amount of nitrate precursor at room tem-
perature under vigorous stirring to carry out hydrolysis. A yellowish
transparent sol would form after constant stirring for 3 h. The sol would
be dried at 80 °C for 24 h to form xero-gel which would subsequently
crush and sieve to 60-100 mesh and then calcine at appropriate tem-
perature in the furnace [69].

6.4. Physical mixing method

The physical mixing method involves mixing and grinding of pure
metal oxides together using agate mortar. The oxides are usually mixed
with distilled water in a beaker and stirred constantly for five hours.
The resulting slurry would be calcine at an appropriate temperature in a

(0}
H,C—O0—C—R, Triglycerides Reaction 0

O " (
HC—O0—C—=R, *R«OH RO R+ e

H,C—0—C—R,

H,C—OH
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Fig. 1. General equation for transesterification reaction of bio-
diesel synthesis from triglycerides [49].

H,C—OH

+ HC—OH
H,C—OH
Glycerol

furnace [93].

7. Physical and chemical characterization of modified waste egg
shell derived CaO catalysts for biodiesel production from waste
cooking oil

In order to ascertain the catalytic activity of the heterogeneous
mixed oxide catalysts, quite number of laboratory characterizations and
other relevant analysis must be carried out. The acidic and basic
properties of the catalyst could be determined using ammonia tem-
perature program desorption (TPD-NH3) and carbon dioxide tempera-
ture program desorption (TPD-CO,), respectively [7]. The surface area
and pore size of the catalyst is measured by Brunauer-Emmett-Teller
(BET) specific surface analysis [39,94]. Crystallography, elemental
composition and functional group analysis determinations are carried
out by X-ray diffraction (XRD), X-ray fluorescent (XRF), energy dis-
persive X-ray spectrometry and Fourier transform infrared (FTIR), re-
spectively [8,90]. It is generally known that, the calcination process of
the solid heterogeneous catalysts in the form of carbonate or hydroxide
will maximize the active sites responsible for the catalyzation of
transesterification reaction. The appropriate calcination temperature of
mixed oxide catalysts is determined by thermal gravimetric analysis
(TGA) which measures the thermal stability of the sample [58]. The
morphology of the catalyst is obtained by scanning electron microscope
(SEM) [8,58]. With regard to catalyst leaching, which is peculiar to
most of the metal oxides particularly alkali earth metal oxides, atomic
absorption spectroscopy (AAS) is used to measure the level of leached
elements into biodiesel product [95].

8. Biodiesel synthesis processes

Biodiesel or FAME is generally produced by the transeterification
reaction of TGs or esterification reaction of FFA. During transeter-
ification reaction process, 1 mol of triglycerides react with 3 mol of
methanol in the presence of catalyst and temperature to produce 3 mol
of methyl ester (biodiesel) and glycerol as presented in Fig. 1. Chan and
Fang [96,97] reported that the transesterification reaction can be for-
mulated in three step reaction processes as depicted in Fig. 2.

Fig. 2. Three step equations for transesterification reaction pro-
cess of biodiesel production from triglycerides [49].
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Transesterification reaction is reversible reaction process and therefore
requires high amount of methanol in order to move the reaction for-
ward [53]. The excess methanol and glycerol produced together with
FAME at the end of the reaction could be separated using centrifuge
[98]. Transesterification reaction rate using solid base catalyst is faster
than esterification reaction using solid acid catalyst. This is due to the
slower reaction rate of solid acid catalyst resulting from lower degree of
catalyst contact with oil and methanol [96].

In esterification reaction 1 mol of free fatty acid reacts with 1 mol of
methanol in the presence of an acid catalyst to produce 1 mol of FAME
and water as shown in Fig. 3. Chen and Fang [96].

9. Reaction conditions and their effect on biodiesel yield

Biodiesel production reaction occurs under different reaction con-
ditions like temperature, which has effects on calcination of the catalyst
and biodiesel reaction, methanol to oil molar ratio, reaction time and
catalyst loading, all of which have different effects on biodiesel pro-
duction process. In order to obtain a higher biodiesel yield with fulfilled
standard specification, these conditions must be optimized during the
reaction process.

9.1. Effect of calcination temperature

Calcination temperature plays enormous role in catalyst synthesis,
through the development of the major catalytic properties such as basic
and acidic site densities, surface area, pore volume as well as molecular
and crystalline structure. During calcination process, catalysts are
subjected to high temperature which exposes the catalytic sites by
eliminating the loosely bound carbon dioxide and water molecules and
also rearranges the bulk atoms on surface of the catalyst [70]. Park Y-M,
et al., [99] reported the increase in FAME yield from 62% to 90% when
the calcination temperature was varied from 250 °C to 350 °C for 4 h.
This is due to the increase in calcination temperature to 350 °C which
enhance the catalyst performance for transesterification process.
However, excessive increase in calcination temperature during the
catalyst synthesis may results to decrease in FAME yield, signifying low
catalytic performance. This might be due to the gaseous diffusion out of
the pores during the thermal treatment resulting to surface pores lim-
itation or partial removal of the binding water molecules from catalyst
structure which may lead to damage of the catalyst and subsequently
form unknown species [71,100].

9.2. Effect of catalyst loading

Catalyst is generally believed to speed up the reaction process by
lowering the activation energy. Conversion of triglycerides or lipids to
biodiesel involves the use of catalysts which speeds up the reaction
process by lowering the needed activation energy. Lower catalyst
loading is usually applied in the initial stage of the reaction and the
conversion yield is measured. The subsequent catalyst loading will be
increased periodically at constant reaction conditions until the best
biodiesel yield is achieved. Amani et al. [71] reported the high FAME
yield of 90% with increase in catalyst loading to 3 wt% after 3 h re-
action time which was considered as optimum catalyst loading for the
reaction. Biodiesel yield was decreased to 83% when the catalyst
loading was increased to 4 wt%. Low catalyst loading could result to
methanol solubility in low grade feedstock like waste cooking oil [99].

I
H}C—O_C—R + HQO
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Fig. 3. General equation for the esterification reaction of bio-
diesel production from a fatty acid.

Water

9.3. Effect of methanol to oil molar ratio

Methanol to oil molar ratio is one of the four reaction parameters for
the biodiesel production reaction. This parameter plays an important
role both in transesterification and esterification reaction process.
During esterification of high FFA oil to biodiesel, which is reversible
reaction process, excess methanol is necessary in order to increase the
reaction rate and biodiesel yield [101]. Conversions of TGs to FAME
occur when it reacts with the active site of the catalyst. At a molecular
stage, TGs are protonated at the carbonyl group to form the carbonation
ion, which can undergo a reaction to form esters [30]. Nevertheless,
active sites are flooded with excess methanol which hinders the pro-
tonated TGs. Yan Li et al. (2010) reported that 90% of biodiesel yield
was achieved at the maximum of 15:1 methanol to oil molar ratio. No
significant increase in biodiesel yield was observed from 15:1 to 18:1
methanol to oil molar ratio hence 15:1 was adopted in view of eco-
nomics and methanol recovery after the reaction [70]. The high amount
of methanol during methanolysis was reported to be problematic during
separation process. This is due to the formation of emulsion from ester
layer and glycerol layer formed. The polar nature of the methanol made
it to act as emulsifier which enhances the formation of emulsion [101].
However, it is generally concluded that excess methanol increases the
production yield and also enhances the interaction between TGs mo-
lecules and catalyst [102,103].

10. Alternative techniques for biodiesel production

Biodiesel can be produce popularly by esterification process of FFA
or transesterification process of TGs using different techniques. High
renewable energy demand requires more advanced techniques such as
microwave, autoclave and ultrasound reactors for the production of
biodiesel in commercial scale.

10.1. Conventional reflux method

Conventional reflux method is one of the most commonly used
technique for biodiesel production, which is equipped with two or three
neck round bottom flask placed in an oil bath on stirring hot plate and a
water cool condenser; the setup is placed in a fume-cupboard during the
biodiesel production process. However, low or moderate reaction
temperature and lower pressure are considered as the major setback to
this technique. Hence, using reflux method for biodiesel reaction that
occur at normal pressure and sufficiently high temperature could not be
achieved [30]. Slow reaction rate was also observed in conventional
reflux method which occurs as a result of energy transfer that depends
on conventional current and thermal conductivity of the reaction
mixture [104]. The conventional normal reflux set up is presented in
Fig. 4.

10.2. Autoclave reactor

Autoclave reactor is the general reactor for biodiesel production
reaction processes. It could be applicable to high temperature and
pressure esterification reaction using acid catalysts. The pressure and
reaction temperature could be greater than the boiling point of the
methanol because it provides closed system reaction. More importantly,
the reaction temperature, pressure, feedstock or alcohol flow and stir-
ring speed could be monitored and controlled on the computer program
[94,98], hence, low and moderate temperature transesterification
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Fig. 4. Schematic diagram of conventional reflux setup for the biodiesel production [33].
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Fig. 5. Schematic diagram of autoclave reactor for biodiesel production [28].

reaction is also applicable to this reactor. However, the major setback of
this reactor is that it requires regular maintenance and consume large
amount of electricity which could possibly make biodiesel more ex-
pensive [30]. The schematic diagram of typical Autoclave reactor is
displayed in Fig. 5.

11. Biodiesel quantitative analysis

Gas chromatography and flame ionization detector (GC-FID) is the
combined equipment used for the determination of the composition of
FAME from biodiesel, which is in accordance with the EN 14103 pro-
cedure. The GC setup is made up of HP-INNOWax polar capillary
column with the length of 30 m and a thickness of 5 um with the in-
ternal diameter of 0.33 mm; the carrier gas and the internal standard of
FID is Helium gas. During the GC-FID analysis 1 pL of each sample is
usually mixed with methyl heptadecanoate as internal standard and
injected manually. The starting temperature is 50 °C, the initial rate is
15 °C/min up to 180 °C followed by second rate at 17 °C/min up to
230 °C and finally from the rate of 30 °C up to 380 °C with a holding
time of 10 min [94,98,101].

Simple formulas were proposed by Wan Omar and Amin, Guo et al.
[105,106] to calculate the percentage yield of methyl ester and Nasci-
mento et al. [107] to calculate the percentage of FFA conversion when
high FFA feedstock is used for biodiesel production. The two suggested
formulas are displayed in Egs. (5) and (6), respectively.

FAMEA ight t
% reafromGC X weightofproduc X100%

Methylester (%) =
Y (%) weightoffeedstockused (5)
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Conversionof FFA(%) = [1 — (FinalAcidvalue/Initial Acidvalue)] X 100%.
(6)

12. Conclusion

Conventional production of biodiesel from edible oil such as soy-
bean oil, palm oil over traditional (homogeneous) catalytic system
could no longer be sustained as an alternative source of energy, con-
sidering the future food versus fuel competition. Besides, food grade
vegetable oils are very expensive, and more than 80% of total pro-
duction cost of biodiesel is accounted for the feedstock used. Non edible
oils such as waste cooking oil, jatropha curas oil, animal fats and grease,
are considered as sustainable feedstocks for biodiesel production con-
sidering their availability and low cost. Research shows that the pro-
duction cost of FAME could be reduced to halve through the utilization
of waste cooking oil as feedstock in comparison to the food grade ve-
getable oils. Hence waste cooking oil could be a viable and sustainable
feedstock for FAME production due to its low cost. Nevertheless, the
category of these feedstocks is considered as low grade oils due to the
presence of impurities such as moisture and high FFA content (> 1%).
Conventional catalytic system (homogeneous catalyst) is another pro-
blem facing the commercialization of biodiesel production due to its
separation and other environmental related problems after the reaction.
The homogeneous catalyst system forms soap on high FFA feedstock
and therefore reduces the biodiesel yield at the end of the reaction.
Heterogeneous solid base catalysts are only suitable for low grade
feedstock containing < 3% FFA, otherwise, multiple steps transester-
ification reaction process is necessary. Solid acid catalyst is also far
from perfection as it can only convert triglycerides to biodiesel under
severe reaction conditions (high temperature and long reaction time).
This study discussed new catalytic system from bio source (waste egg
shell) incorporated in transition metal oxides that could make an ex-
cellent bifunctional heterogeneous catalyst, that is renewable, biode-
gradable with least environmental effects, and could convert waste
cooking oil to FAME under moderate reaction conditions. The step by
step processes of FAME production from waste cooking oil were also
discussed. FAME production from waste cooking oil over modified
waste egg shell catalyst would make a sustainable and low cost alter-
native renewable source of energy with less environmental effect.

13. Future direction

Considering the current global energy demand, there is an urgent
need to diversify into other alternative sources of energy. The over
dependent fossil fuel is no longer sustainable due to its un-renewable
nature and environmental problems such as global warming.
Renewable sources of energy like biofuels are now considered as the
best option to conventional fossil fuels due to its biodegradability, less
toxic and similar performance with fossil fuel.

Commercialization of FAME production to meet the global energy
demand is the only solution to the current energy challenges. However,
current FAME production is not sustainable considering the high pro-
duction cost when high grade oil is used as a feedstock and the con-
ventional catalytic system which is associated with separation pro-
blems. These problems could only be solved through the reduction of
cost of production and better catalytic systems.

The conventional feedstock for FAME production is high grade oil
with low FFA (< 1%) content which can easily be converted to bio-
diesel at low reaction conditions. However, about 80% of total pro-
duction cost of FAME will go to feedstock when high grade oil is used as
a feedstock. Using Waste cooking oil as a feedstock for FAME produc-
tion will reduce the production cost to halve when compared to high
grade vegetable oil.

The heterogeneous solid based catalyst could serve as the best op-
tion to a homogeneous catalyst for the commercial FAME production



N. Mansir et al.

considering the easy separation/removal of the catalyst after the reac-

tion.

Modified waste egg shell incorporated in transition metal oxides

could serve as the best catalytic system for FAME production from
waste cooking oil under moderate reaction conditions, regardless of the
of high FFA and moisture content in waste cooking oil.
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