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Abstract

The finite nature of fossil fuels necessitates weration of alternative fuels from renewable sestc
The term biofuel refers to liquid, gas and soliéléupredominantly produced from biomass. Biofuels
include bioethanol, biomethanol, biodiesel and hilshgen. Biodiesel, defined as the monoalkyl esters
of vegetable oils or animal fats, is an attractiternative fuel because it is environmentally rfdly

and can be synthesized from edible and non-ediide \arious methods have been reported for the
production of biodiesel from vegetable oil and fasch as Transesterification, non-catalytic
Supercritical fluid technology, micro emulsion, plysis etc. In this article, the potential of
supercritical fluids (SCF) as a sustainable roetebiodiesel production is discussed and compared
with conventional catalytic reactions. Althoughge tladvantages of catalyst free SCF process are
apparent; there are concerns regarding the huggyenequired to conduct supercritical reaction at
elevated temperature and pressure. Hence, therehallenges facing SCF process which need to be
addressed before it could be a sustainable tectynahbathe future.
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1. Introduction

During the past 25 years, worldwide petroleum camsion has steadily increased, resulting in higher
standards of living, increased transportation amgking, and increased use of plastics and other
petrochemicals [1]. In 1985, total worldwide petwain consumption was 2807 million tons, but in
2008, the figure reached 3928 million tons [2],hnétn average annual growth rate of almost 1.5%.
However, the petroleum is a finite source for fililt is rapidly becoming scarcer and more expensive
At the end of 2008, according to BP’s annual SiatisReview of World Energy, the world proven oil
reserves were estimated at 1.7%1®ns with a reserve-to-production (R/P) ratio & years. In
addition, petroleum-based products are one of thim wauses of anthropogenic carbon dioxide (CO2)
emissions to the atmosphere. Today, the transpmrtaector worldwide is almost entirely dependent
on petroleum-derived fuels. One-fifth of global C@®tissions are created by the transport sector,
which accounts for some 60% of global oil consump{i3]. Around the world, there were about 806
million cars and light trucks on the road in 200ese numbers are projected to increase to 1i8rbill
by 2030 and to over 2 hillion vehicles by 2050 [Bhis growth will affect the stability of ecosystem
and global climate as well as global oil reservgls There are active research programs to reduce
reliance on fossil fuels by the use of alternativel sustainable fuel sources, and thus to incribese
time over which fossil fuels will still be availablAs an alternative to petroleum-based transpontat
fuels, bio-fuels can help to reinforce energy sitgand reduce the emissions of both greenhousesgas
(GHGSs) and urban air pollutants.

The term bio-fuel is referred to as liquid or gasetuels for the transport sector that are predantly
produced from biomass. A variety of fuels can bedpced from biomass resources including liquid
fuels, such as bioethanol, methanol, biodieselcheis-Tropsch diesel, and gaseous fuels, such as
hydrogen and methane .Biodiesel, an alternativeetifeiel, is made from renewable biological sources
such as vegetable oils and animal fats. Biodieselyzction is a very modern and technological aoea f
researchers due to the relevance that it is winewveryday because of the increase in the petroleum
price and the environmental advantages. Biodieselefined as fatty acid alkyl ester and is derived
from triglycerides via transesterification reactiaith alcohol such as methanol and ethanol. In this
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reversible reaction, 1 mole of triglycerides wilact with 3moles of alcohol to produce one mole of
glycerol and three moles of fatty acids. If metHasaused as the source of alcohol, methyl estérs o
fatty acids will be formed. On the other hand, tifianol is used, ethyl esters of fatty acids will be
produced. Both of these fatty acids are commonlgwkn as biodiesel. Generally, the sources of
triglycerides are obtained from oil-bearing cropscts as rapeseed, soybean and palm. Trans-
esterification reaction can proceed with or withtlut presence of catalyst. However, without any
catalysts the reaction proceeds in an extremely sibe due to the two phase nature of oil and alkoh
Thus, catalysts are normally added to increaserébetion rate and enhance the yield of biodiesel.
Transesterification reaction can be catalyzed bih bmmogeneous and heterogeneous catalysts. In
addition, the catalysts can be either acidic oalaike such as sulfuric acid, hydrochloric acid,isod
hydroxide and potassium hydroxide which are all bgemeous catalysts. In fact, most of the
conventional commercial plants producing biodieBein vegetable oils have been using these
homogenous catalysts. On the other hand, heterogeretalysts are being extensively developed for
transesterification reaction as well. The main atlvge of heterogeneous catalyst is the simplified
separation process of biodiesel from catalyst whgchelatively easier compared to homogeneous
reaction as the catalyst and products are in diffiephysical phase.

Recently, there is a new trend in transesterificateaction with the advancement of supercritical
fluids (SCF) reaction to produce biodiesel whichrdi require the presence of any catalysts. In this
non-catalytic process, only reactants are addethenreaction mixture and heated to supercritical
alcohol conditions to produce biodiesel which mattessprocess relatively simple and cost-effective.
Although SCF reaction seems to be a promising @ogy which could solve existing problems of
catalytic reactions, there has been a lot of debatthe efficiency of SCF reaction in terms of gyer
utilization and safety issue due to the high psese and temperature employed in this technology.
Hence, there are challenges and issues that neled smldressed before SCF technology can play a
major role in biodiesel production. Consequentlis study aims to review recent trend and progoéss
transesterification reaction involving catalyticdanon-catalytic SCF technologies and subsequently
highlights the challenges of SCF process in orddret the main reaction route to produce a sustain-
able source of biodiesel in the future. Finallymsoconstructive recommendations to overcome the
obstacles facing SCF technology will be proposedels

2. Transesterification

Transesterification reaction or also known as abtydis is the main reaction that occurs during
biodiesel production between triglycerides and latdddo produce fatty acid alkyl esters and glycerol
Fig.1 shows the overall transesterification reacti@tween the two main reactants. The objective of
transesterification reaction is to reduce the \8gggaf vegetable oils to a value similar to coniemal
diesel. Neat vegetable oils could not be used tiyrét the diesel engine due to its high viscosithd

low volatility. Besides, it will also cause sometwan deposit and injector coking in the diesel aagi
Generally, transesterification is an equilibriuracton between triglycerides (TG) and alcohol (ROH)
which consists of three consecutive and reversil@actions where diglycerides (DG) and
monoglycerides (MG) are formed as intermediateghis reaction, one of the alkoxy groups in the
triglycerides is replaced by another alkoxy gromphe alcohol to form a new ester compound which is
the fatty acid alkyl ester (RCOOR). Finally, aftdr the three alkoxy groups available in triglycks
have been replaced, three mol of fatty acid allsteleand one mole of glycerol molecule will be
formed. As these reactions are reversible, a laageyunt of alcohol than stoichiometry requiremeant i
usually employed to shift the reaction equilibritorproduce more alkyl ester.

COR,
Tf H
H—C—OCOR, + D

catalyst ROCOR, 4
H—C—OCOR, + 3ROH H—C—OH
+
H—C—OCOR, H—C—OH
ROCOR,
H H
Triglycerides Alcohol Alkyl Esters Glycerol

Fig.1. General Transesterification reaction betwteighycerides and alcohol

2.1 Catalytic Reactions
Generally, alcohol and vegetable oil are not misctb form a single phase o f solution. Hence, the
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poor contacts are between these two reactants £duaasesterification reaction proceeds relatively
slow. Consequently, vigorous mixing and stirring aarried out in order to promote and enhance
solubility between these reactants and subsequémibyove the reaction rates. Apart from that,
temperature plays a crucial role in determiningreeection rate of the Transesterification reactfeor.
instance, at ambient temperature, the reactionnesjupto 8h for completion. On the other handhéf
reaction was conducted at’6) a mere 90 min of reaction time will be needeente, introduction of
catalysts at elevated temperature will improverdaetion rates and biodiesel yield as it is abledive
the problems of two-phase nature between oil acohal. Homogeneous base catalysts such as sodium
hydroxide and potassium hydroxide are commonly waidely used in commercial biodiesel plant
throughout the world. These soluble catalysts aexpensive and effectively enhanced biodiesel
production by producing intermediate of methoxid&icl will react with oil to produce biodiesel and
glycerol. However, if the vegetable oil containgigh proportion of free fatty acids (FFA) or water,
side formation of soap from FFA and base catalystlsoccur which affect the yield of biodiesel
substantially. Hence, homogeneous acid catalysttuding sulfuric acid, phosphoric acid and
hydrochloric acid are more suitable to be emplogecho side reaction will occur in oils/fats which
contain high percentage of FFA and water. Homogeseeidic and alkaline catalysts processes have
been proven to be able to produce a significaritir lyield of biodiesel from triglycerides and alobh
in a short reaction time. However, these homogememactions have several weaknesses and
drawbacks which make them unattractive in termseobnomic consideration. For instance,
homogeneous phase of catalyst and products makasaten and purification steps complex and
energy-consuming. Moreover, the alkaline and acidaste water generated from the separation
required additional cost for disposal. Apart fronat{ the recovery of glycerol is difficult due toet
solubility of excessive methanol and catalyst. Besj alkaline- catalyzed reaction is not recommende
if high FFA and water content are present in vegetails or other triglycerides sources such dewal
non-edible oils and waste cooking oil.

Recently, there has been growing interest inrhgeneous catalytic transesterification reactioa tu
its advantages com- pared to homogeneous reactiamsinstance, problems facing homogeneous
catalytic reaction such as tedious separation amifigation of biodiesel will not arise as the dgtd
and products are in different phase. Furthermagtgrbgeneous catalysts can be recovered and reused
easily which reduces the cost of catalyst signifiya Besides, it is not affected by the preserfdeigh
content of FFA in oils/fats. However, compared tmwogeneous reaction, heterogeneous process
proceeds at a relatively slower reaction rate duéhé three-phase system of oil, alcohol and solid
catalyst. In addition, solid catalysts are sensitiv the presence of water in reaction mixture tvhic
leads to leaching phenomenon of active compoundstalysts. Consequently, catalyst efficiency is
adversely affected and resulted in lower biodiggdt. On the other hand, enzymes such as lipase ar
also extensively employed as well in transestaidifim reaction to enhance the reaction rate.
Immobilized enzymes on a support material were dotnbe able to produce high purity of biodiesel
and allow easy separation of glycerol. Furthermorenobilized enzymes can be used repeatedly to
increase the cost effectiveness of this catalyticg@ss. However, enzymatic reaction suffers frongl
reaction time and inhibition effect of glycerol @nzymatic activities which makes the process
becomes uneconomical.

2.2 Non catalytic Supercritical fluid (SCF) technology
A fluid heated to above the critical temperaturd aompressed to above the critical pressure is know
as a supercritical fluid. A supercritical fluid @y substance at_a temperature and pressure asove i
critical point, where distinct liquid and gas phas® not exist. The transesterification of trighydes
by supercritical methanol (SCM), ethanol, propasad butanol has proved to be the most promising
processTable 1shows the critical temperatures and critical presswf the various alcohols. A non-
catalytic biodiesel production route with supeicat methanol has been developed that allows a
simple process and high yield because of simultasé@mnsesterification of triglycerides and methyl
esterification of fatty acids. Because of havingnikir properties to petrodiesel, biodiesel, a
transesterified product of vegetable oil, is coastd as the most promising one for a Diesel fuel
substitute. A reaction mechanism of vegetable miSICM was proposed based on the mechanism
developed by Krammer and Vogel [6] for the hydridysf esters in sub/supercritical water. The basic
idea of supercritical treatment is based on thecefiof the relationship between pressure and
temperature upon the thermo physical propertieth@fsolvent, such as dielectric constant, viscpsity
specific weight and polarity.

Homogeneous and heterogeneous catalytic reactiams heen shown to have several limitations
which include sensitivity to high water and FFA tamt, complicated separation and purification of
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biodiesel, enormous amount of reaction time andlatent cost of catalysts which make the process
uneconomical. Collectively, these weaknesses drtigeto utilization of catalysts in transesterifioat
reaction. However, without the presence of catalyste reaction rate is too slow for it to produce
considerable yield of biodiesel. Hence, researchesand the world have been developing numerous
alternative technologies which can solve the pnoisléacing catalytic reaction by using non-catalytic
processes. One of them is by applying supercrititaihol (SCA) technology, which has been getting a
lot of attention lately [7, 8]. This novel techngio utilizes SCA conditions to allow the usually
immiscible oil and alcohol to form a single pha$esaution. This would solve the problems of lindte
contact area between these two reactants whiclesadls reaction to occur at a slow rate for methano
critical temperature and pressure are°Z3and 8.1MPa,respectively while for ethanol; it243’C
and6.3MPa,respectively. Moreover, without the pmeseof catalyst in the process the cost of
production can be reduced substantially. In SCAtien, triglycerides and alcohol are heated uh#l t
critical temperature and pressure of alcohol isled and allows transesterification reaction tauacc

Tablel:

Critical Temperatures and Critical Pressures ofodar alcohols:
Alcohol Critical temperature (K) Critical pressure (MPa)
Methanol 512.2 8.1

Ethanol 516.2 6.4

1-Propanol 537.2 5.1

1-Butanol 560.2 4.9

During supercritical conditions of alcohol, the daility parameter of alcohol is reduced substalytial
to a value near to triglycerides which leads tarfation of a homogeneous phase between these two
reactants. Hence, transesterification reaction maceed without the presence of catalyst and the
reaction rate for SCA was found to be superior &talytic reactions as well[9]. In addition,
downstream processes to separate biodiesel frooemllywere found to be simple with the absence of
catalyst and the glycerol obtained was found tofdgigh purity. Furthermore, SCA process has a high
tolerance towards impurities such as FFA and wiateils/fats and no side reaction of saponification
was reported [10]. Instead, in this non-catalyt&aation, transesterification of triglycerides and
esterification of FFA occur simultaneously in réastmixture which leads to higher biodiesel yield.
Furthermore, the presence of water will not advugraéfect the reaction rate but was found to cause
hydrolysis of triglycerides to FFA which subsequgrdan be esterifies to produce fatty acid alkyl
esters. Hence, SCA reaction allows the employméimexpensive feedstock such as waste oils/fats
which commonly contained high proportion of thes@urities.

Recently, there is an emergence of a new SCF ¢éoywm which employs methyl acetate as
supercritical medium rather than alcohol [11, 1Zhe application of alcohol in conventional
transesterification reaction produces glycerol & sproduct which leads to oversupply and
devaluation in the market value biodiesel showsrinf performance at low temperature due to high
viscosity and cloud point which limits its commericapplication at cold climate countries. Therefore
biodiesel additive is commonly added into biodigeetnhance its performance during cold season.
On the other hand, in Supercritical Methyl Aceté&&MA) reaction, Fatty Acid Methyl Esters and
triacetin, instead of glycerol are produced. Triagea valuable fuel additive is formed simultansigu
which leads to simplified downstream processes @vetpto conventional catalytic reactions while the
mixture of FAME and Triacetin, a can be utilizedésdiesel, rather than FAME only .In this the mass
ratio of FAME to triacetin was found to be approately 4:1 in weight percent basis. Consequently,
the total theoretical weight of biodiesel (FAME atni@cetin) was found to be 125%, instead of 100%
(FAME only). Hence, SCMA reaction is a promisinghaology for biodiesel production which not
only can improve the quality of biodiesel but atemimizes the cost of producing biodiesel additives
Apart from that, in this glycerol-free process, agion and purification processes are simplerlassl
energy-intensive since both products could bezetdias biodiesel mixture.

3. Challenges and Limitations of SCF Technology

Although SCF technologies have enormous advantagepared to conventional catalytic reactions as
discussed previously, there are several challeagesveaknesses that need to be addressed before SCF
could play a major role in biodiesel production.
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3.1. Energy consumption

One of the weaknesses of SCF technology is the rappdigh energy required to reach the
supercritical conditions of the solvent. The higtmperature and pressure needed in the process,
depending on the type of solvents employed, consumgge amount of energy which is unsustainable
in the longterm.For instance, in SCM reaction, tdraperature and pressure must be abovéaad

8.1 MPa, respectively in order to achieve supecatitmethanol state which makes SCF technologies
an energy intensive process. Comparatively, itidely reported that conventional catalytic reacsion
only require average reaction temperature <°@C58nd atmospheric pressure for optimum biodiesel
production [13]. In addition, there are also coneseihat the energy utilized in the process is ntioae

the energy provided by biofuel obtained from SGfhit®logy .In other words; more energy is required
to yield products (biofuel) which have less enecgptent. Introducing, Integrated heating and Caplin
system could improve SCF process in terms of eneogygumption. Consequently, it is claimed that
SCF technology is unsustainable in terms of enemysumption and subsequently not suitable for
biodiesel production.

3.2 Cost

Apart from energy consumption, one of the majortatles in commercialization efforts of SCF
technology is the huge cost involved in the procEes instance, the elevated temperature and pressu
needed in supercritical conditions required hugeowmh of energy which involved expensive
expenditure in high pressure pumps and furnaceghé&munore, employment of SCF technology to
produce biodiesel requires high amount of solvenpush the reversible reaction to produce more
biodiesel. Consequently, the high cost of reacéanivell as additional processes to recover unréacte
solvent increases the total expenditure in SCFtiadn addition, due to the nature of SCF reactio
conditions, the material of construction for masgtors in SCF technology is usually fabricatedhwit
additional strength and durability in order to sirsthe extreme conditions. On top of that, thet tos
fabricate a unique and huge reactor for commetzeitiin purposes will be enormous. Hence, the costs
involved in operation and maintenance of SCF pdgselatively higher compared to conventional
catalytic reactions.Therefore, employing Two-stagaction is advantageous and recommended.
Consequently, there has been limited commerci&izaprojects of supercritical based biodiesel
production due to the huge amount of costs involuadaterials, operation and maintenance [14].

4. Conclusion

The advantages of SCF technology in biodiesel priomiu compared to conventional catalytic
reactions are enormous and vital in solving issfuenergy security in the future. The supercrititad
technology as sustainable route for biodiesel pctidn has potential compared to catalytic process.
However, there are several challenges which nedg @ddressed before SCF technology could play a
major role as the main route for renewable andasmedle biodiesel production. Hence, several
recommendations such as employing two-stage reaotiontroducing integrated heating and cooling
system are discussed in this article which couldrowe SCF process in terms of energy consumption
as well as costs of material and equipment.
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