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sterification for biodiesel
production: a comprehensive review

B. Norjannah,a Hwai Chyuan Ong,*a H. H. Masjuki,a J. C. Juanb and W. T. Chonga

Biodiesel is a type of renewable fuel and a potential alternative for continuously consumed fossil resources.

Currently, the method applied for biodiesel production is transesterification which is divided into non-

catalyzed reaction, chemical-catalyzed reaction and enzymatic reaction. Enzymatic reaction is more

advantageous than the other methods because of its mild reaction conditions, easy product recovery, no

wastewater generation, no saponification and higher quality of products. The main component in this

reaction is an enzyme called lipase which can catalyze wide variety of substrate including free fatty acids.

Two other main raw materials for biodiesel synthesis are oil and acyl acceptor such as alcohol. Biodiesel

catalyzed by enzyme is affected by many factors such as lipase specificity, lipase immobilization, oil

composition and purity, oil to acyl acceptor molar ratio, acyl acceptors, temperature, and water content.

Many methods have been tested to manipulate these factors and improve the enzymatic reaction for

biodiesel production. These methods include combination of lipases, enzyme pretreatment, enzyme

post treatment, methanol addition technique, use of solvent and silica gel, and reactor design. This paper

will critically discuss the three major components of enzymatic production of biodiesel and the methods

used to improve enzymatic reaction, as well as a review on its economic evaluation and industrial scale

production.
1. Introduction

The demand of fuel for transportation and industry has been
increasing each day and causes the depletion of non-renewable
energy such as petroleum and natural gas. In addition, the
burning of fossil fuels contributes to carbon dioxide and
methane gas emissions that have been associated with global
warming and harming the Earth. These problems have become
the reasons to nd alternative sources of energy that are
sustainable and also environmental friendly. One of the
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potential alternatives is biofuel produced from renewable
sources such as plant biomass and animal fats.

According to the International Energy Agency,1 10.2% of
world total primary energy supply in the year 2013 was
contributed by biofuels and waste while 3.6% from other
renewable sources such as hydro, geothermal, solar, wind, and
heat. This data shows that biofuel has been used widely as
energy source together with oil (31.1%), coal (28.9%) and
natural gas (21.4%). Furthermore, data from BP Statistical
Review of World Energy2 shows that the world total biofuel
production in 2014 was 70.8 Mtoe (million tonnes of oil
equivalent) and the largest producer was United States at 30.1
Mtoe. About 10.6% of the biofuels were produced by Asia Pacic
countries such as China, Indonesia, and Thailand. In Malaysia,
its National Biofuel Policy has introduced biodiesel fuel blend
in 2009 and the main feedstock for the biodiesel production is
palm oil and its residues such as empty fruit bunches, shells
and bers.3 Other countries also have their own biodiesel
mandates for example United States and Brazil that use soybean
oil as their main feedstock.4

Biofuels are produced in three different states: solid (bio-
char), liquid (bioethanol, biodiesel) and gaseous (bio-
hydrogen, biogas).5 As shown in Fig. 1, biodiesel can be cate-
gorized into three generations: 1st generation which derived
from edible vegetable oils; 2nd generation from non-edible
vegetable oils and waste cooking/frying oil; and 3rd generation
from algae and other microorganisms.5,6 The benet of using
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Classification of biodiesel.
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biodiesel from plants is that its combustion will not increase
the net atmospheric levels of carbon dioxide.7 To avoid food
versus fuel controversy that is caused by using edible plant oils,
the appropriate alternative would be to use non-edible plant
oils. Non-edible plants are pest and disease resistant, and able
to grow at arid land, higher rainfall, or non-agricultural areas.8

In addition, biodiesel production from non-edible oil could
create jobs in rural places and produce useful by-product (seed
cakes) that can be used as fertilizers.8

Even though plant oils is a good source of fuel due to its high
cetane number of over 40, it cannot be used for a long-term
engine performance. This is because they would cause
buildup of carbon deposit and sticking of piston rings.9 A
solution proposed is blending diesel with non-edible oil which
does not involve any chemical process and able to reduce
viscosity, gas and smoke emission, as well as improve engine
performance.8,10 Other than blending the oil with diesel,
another solution is by converting plant oils into alkyl esters that
has lower viscosity and improved heating value.9

Generally, biodiesel is produced in form of fatty acid alkyl
ester (FAAE) through esterication reaction of fatty acids with
short chain alcohols or transesterication reaction of triglyc-
eride (TG) with short chain alcohol that generate glycerol as
byproduct.11 For biodiesel production using enzymatic reaction,
three components that play important roles in biodiesel
synthesis are lipase, oil and acyl acceptor. The selection of these
three components, along with the operating conditions will
affect the efficiency of the process. Furthermore, many addi-
tional measures have been tested to improve the enzymatic
reaction such as combination of lipases, enzyme pretreatment,
enzyme post treatment, methanol addition technique, use of
solvent and silica gel, and reactor design. Therefore, three main
components and the methods applied to improve enzymatic
production of biodiesel are critical and will be discussed.
2. Biodiesel production process

There are three methods to produce biodiesel through
transesterication/esterication: (i) non-catalyzed reaction; (ii)
chemical-catalyzed reaction; and (iii) enzyme-catalyzed reac-
tion. The comparison of advantages and disadvantages of these
methods are listed in Table 1. Non-catalyzed reaction usually
involved transesterication in supercritical conditions (meth-
anol or ethanol). Non-catalyzed reaction has high reaction rate,
easy separation of products and no waste generation.12 This
This journal is © The Royal Society of Chemistry 2016
reaction can complete in a short time as fast as 2 minutes but
requires high temperature and pressure ranges from 280 to 400
�C and 10 to 30 MPa, consumes great energy, and involves high
cost.8,13,14

Chemical-catalyzed reaction is divided into homogenous-
and heterogeneous-catalyzed reaction. Homogenous-catalyzed
reactions involve the usage of acid or alkali catalysts in liquid
form. The examples of homogenous acid catalysts are hydro-
chloric, sulphuric, sulfonic and phosphoric acids, while for
homogenous alkali catalysts are sodium hydroxide, sodium
methoxide, potassium hydroxide, and potassium meth-
oxide.14–17 Biodiesel productions from non-edible feedstocks
such as Jatropha curcas, Ceiba pentandra, Sterculia foetida, and
Calophyllum inophyllum using homogenous catalysts have been
done previously together with the tests on fuel properties and
engine performance.16,18,19 Heterogeneous-catalyzed reactions
involve the usage of acid or alkali catalysts in solid form.
Examples of heterogeneous acid catalysts are sulphated
zirconia, tungstated zirconia, heteropoly acids (HPAs), and
Naon-NR50 while for heterogeneous alkali catalysts are
calcium based mixed metal oxides (CaO–MgO), alkaline earth
metal oxides, hydrotalcites, and basic zeolites.14,15,20 New
heterogeneous catalysts such as binary metal oxide CaO–La2O3

that has both acid and base properties and can catalyze esteri-
cation and transesterication simultaneously have also been
synthesized.21

The advantage of using acid catalyst, either in solid or liquid
form is its capability to convert FFA. Alkali catalysts are not
suitable for converting oil with high amount of FFA because it
can lead to soap formation (saponication). There are many
disadvantages associated with chemical-catalyzed method such
as high energy consumption, high cost of recovery and puri-
cation of catalysts and glycerol, and the need of wastewater
treatment.22,23 Wastewater is mainly generated from the
washing step to remove soap and glycerin impurities from
biodiesel product that can cause engine and fuel storage
problems.24

Because of the mentioned problems, researchers have star-
ted to explore enzyme-catalyzed reaction. In this reaction, the
raw materials needed are oil, acyl acceptor (usually an alcohol),
and an enzyme called lipase as catalyst. The advantages of
biodiesel production using enzyme is that it has high specicity
toward substrate, wide substrate variation, complete catalysis of
free fatty acids, high quality of products, mild reaction
temperatures, low alcohol to oil ratio, no saponication, and no
RSC Adv., 2016, 6, 60034–60055 | 60035
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Table 1 Comparison of biodiesel production using enzymatic reaction, non-catalyzed supercritical condition, and chemical-catalyzed
reactions8,12,14,26,27

Methods Advantages Disadvantages

Enzymatic reaction (immobilized lipase) Medium yield, can convert FFA, low energy
usage, high product and by-product purity,
reusable catalyst, no wastewater

Inhibition by alcohol or by-product, high cost of
enzyme, slow reaction

Non-catalyzed reaction (supercritical alcohol) Super-fast reaction, high yield, can convert FFA,
no catalyst, easy product purication, no waste

High temperature and pressure, high cost of
reactor, high alcohol to oil molar ratio

Chemical-catalyzed reaction (homogenous) High yield, low cost Wastewater, need product purication steps,
difficult catalyst recovery

Can convert FFA (acid catalyst) Saponication (alkali catalyst)
Chemical-catalyzed (heterogeneous) Fast reaction, high yield, reusable catalyst,

medium cost, can be used in continuous
process

High energy, difficult catalyst preparation,
catalyst leaching

Can convert FFA (acid catalyst) Saponication (alkali catalyst)
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generation of wastewater.22,25 However, enzyme trans-
esterication is not widely used due to its high cost, slow
reaction rates, enzyme inhibition and loss of activity.22,25

Therefore, further improvement to reduce the price, increase
the reaction rate, or reduce enzyme deactivation will be
revolutionary.

There are several factors that will affect the yield of biodiesel
produced using enzymatic reaction. The factors include lipase
specicity and efficiency, lipase immobilization, substrate fatty
acid composition and types of acyl acceptor used. Furthermore,
different enzyme might need different operating conditions for
its optimum activity.28 Themain parameters to be controlled for
the operating condition include temperature, acyl acceptor to
oil molar ratio, lipase amount, reaction time, and stirring
speed. Other factors that could also affect enzyme activity are
water content, pH and solvent.

The temperature for biodiesel production using enzyme
ranges from 20 �C to 60 �C (ref. 29) and the optimum
temperature in solvent-free system ranges from 30 �C to 50
�C.30 Low temperature may cause the enzyme to be inactive
while high temperature may cause denaturation of its
molecular structure. Optimum pH and water content is
needed to maintain enzyme structure and keeping it active.
The amount of water needed depends on the types of lipase,
immobilized support, and the organic solvent used in the
reaction system.31 Water content needs to be controlled
because excessive water will cause hydrolysis reaction
(production of fatty acids) being favored more than trans-
esterication (production of FAAE) thus reduces the yield.7,32

Besides, water also involves in several mechanisms that could
cause lipase inactivation.33

Biodiesel production through enzymatic reaction usually
consumes long period of time. Many reactions need about 12 to
24 hours to achieve complete conversion and some may take up
to 72 hours. Although high amount of lipase is capable of
shortening the reaction time, it is not advisable because enzyme
is very costly. Moderate amount of lipase that able to produce
optimum conversion yield is more preferred. Many tests have
been done to reduce the reaction period of enzymatic reaction
60036 | RSC Adv., 2016, 6, 60034–60055
including lipase pretreatment and adding of solvent. Further-
more, the conguration of reactor may also affect the reaction
period and productivity. These matters will be discussed further
in next sections.

The common problem associated with enzymatic production
of biodiesel is inhibitory effect by alcohol and glycerol. Meth-
anol is the most used acyl acceptor due to its cheaper price.
However, it is toxic and may cause enzyme deactivation espe-
cially at higher concentration. To avoid enzyme deactivation, it
is necessary to control themolar ratio of acyl acceptor to oil (acyl
acceptor : oil) used in the reaction. Glycerol is the by-product of
transesterication reaction and could cause mass transfer
limitation and reaction rate reduction.34 Glycerol is usually
removed during biodiesel synthesis or separated from the
product at the end of the reaction by mere standing (glycerol in
bottom layer).35

There are several things to look at in choosing the method
for biodiesel production. Free fatty acid (FFA) content in
substrate is important in determining the type of process to be
used.23 Oil with FFA content more than 1% can be processed by
using two-step transesterication (acid-catalyzed esterication
followed by alkali-catalyzed transesterication). Meanwhile
enzymatic reaction can be used for oil with FFA content lower
or higher than 1%. Non-catalyzed reaction is usually chosen
for a fast-output biodiesel production while chemical-
catalyzed reaction is the most common method used due to
its high yield.

Even though currently enzyme-catalyzed reaction is not the
rst choice for biodiesel production industry, it has a big
potential to become one. One of the important tasks to do is to
design a good enzymatic reaction, not only to reduce opera-
tional cost but also to get an optimum amount of biodiesel
yield. High-yield enzymatic transesterication can be obtained
by controlling the reaction conditions, manipulating the factors
affecting the reaction, designing a good bioreactor, and also
applying additional methods that can reduce enzyme inhibition
or loss of activity during transesterication process. Above all
else, it will depend on the selection of three major components
of the process: lipase, oil and acyl acceptor.
This journal is © The Royal Society of Chemistry 2016
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3. Enzymatic reaction for biodiesel
production
3.1 Lipase

The type of enzyme that is used for biodiesel production is
lipase (triacylglycerol acylhydrolase EC 3.1.1.3) and this enzyme
will convert oil to biodiesel in the form of fatty acid alkyl ester
and glycerol as its by-product. Lipases can be extracted from
several sources such as fungi, bacteria and yeast (Table 2) and
they possess different regioselectivity, specicity and catalytic
activity.

In terms of regioselectivity, lipases can be divided into four
groups:30,36,37

i. Sn-1,3-specic: hydrolyze ester bonds at position sn-1 and
sn-3.

ii. Sn-2-specic: hydrolyze ester bond at position sn-2.
iii. Fatty acid specic: hydrolyze ester bonds of long-chain

fatty acids with double bonds in between C9 and C10.
iv. Non-specic: hydrolyze ester bonds at any positions.
The product of the enzymatic reaction can bemonoglyceride,

and/or diglyceride or glycerol (complete breakdown). Non-
specic lipase is widely used for biodiesel transesterication
for a complete hydrolysis of triglyceride. Examples of non-
specic lipases are lipases from C. antarctica, C. rugosa, P.
cepacia, and P. uorescens.38 Sn-1,3-specic lipases such as
lipases from R. oryzae,M. miehei and T. lanuginosa are also good
biocatalysts.38–40 Studies conducted using immobilized T. lanu-
ginosa lipase obtained up to 100% conversion which is more
than its theoretical yield (66%) due to acyl migration from
position 2.41–43

Each lipase has different specicity towards its substrates,
both triglyceride and alcohol. For triglyceride, the preferences
include types of fatty acids, length of fatty acids, presence of
double bonds and branching.30,36 For example, C. antarctica
lipase prefers short- and medium-chain length fatty acids while
R. miehei lipase prefers longer fatty acids.37 For alcohol, most
lipases prefer primary alcohols compared to secondary and
tertiary alcohols, with the tertiary as the least preferred.36 For
example, P. cepacia immobilized on diatomaceous earth reacts
slower with 2-butanol compared to 1-butanol when converting
triolein to oleic acid ester.33 Furthermore, different lipases show
highest enzymatic activity with different alcohols or acyl
Table 2 Different sources of lipase22

Fungi Bacteria

Alternaria brassicicola Achromobacte
Aspergillus niger Aeromonas hy
Candida antarctica Bacillus subtil
Mucor miehei Burkholderia g
Rhizomucor miehei Chromobacter
Rhizopus chinensis Pseudomonas
Rhizopus oryzae Pseudomonas
Streptomyces exfoliates Staphylococcu
Thermomyces lanuginosus Staphylococcu

This journal is © The Royal Society of Chemistry 2016
acceptors. C. antarctica lipase immobilized on macroporous
resin (Novozym 435) produced highest yield with methanol, T.
lanuginosus lipase immobilized on acrylic resin (Lipozyme TL
IM) reacted best with ethanol, while R. miehei lipase immobi-
lized on anion-exchange resin (Lipozyme RM IM) preferred
butanol.44

The mechanism for enzymatic transesterication follows
ping–pong bi–bi mechanism.25,27 Ping–pong bi–bi mechanism
can be described as two substrates react to produce two prod-
ucts through formation of enzyme–substrate intermediates.26

There are three kinetic pathways proposed in the literature: (1)
direct alcoholysis of glycerides (triglycerides, diglycerides and
monodiglycerides) into fatty acid alkyl esters; (2) two consecu-
tive steps which consist of hydrolysis (conversion of glycerides
into free fatty acid) and followed by esterication (conversion of
free fatty acids into esters); and (3) simultaneous reactions of
both alcoholysis and hydrolysis followed by esterication.45–49

Lipase has two different conformations: inactive closed form
and active open form.50 These forms are differentiated by the
position of a polypeptide chain called lid which will either block
or expose the lipase active site. Strategies that can be applied to
immobilize lipase with open form include adsorption on
hydrophobic support and cross linking or lyophilization in the
presence of detergent.50,51 Immobilized lipase is much more
preferred than free lipase because it promotes easy recovery and
enables reuse of enzyme. It may also increase enzyme stability
in the presence of organic solvents.52 Immobilization of enzyme
may affect enzyme activity, specicity and selectivity and also
alter its structural form. These changes may not always give
positive effects to the enzyme properties. Some may cause
improvement while some may lead to impoverishment. The
improvement may be caused by stabilization of enzyme hyper-
activated form, dispersion of enzyme on the support surface,
protection against drastic conditions due to rigidication, and/
or promotion of diffusional limitation and component partition
by porous support.51

Immobilization method and support material may affect the
enzymatic activity of lipase. For example, P. cepacia lipase
immobilized on diatomaceous earth has faster reaction rate
than P. cepacia lipase immobilized on ceramic particles or
kaolinite.33 There are many types of supports that are good for
lipase immobilization such as decaoctyl sepabeads, chitosan
beads, glyoxyl activated agarose gels, green coconut ber,
Yeasts

r lipolyticum Candida deformans
drophila Candida parapsilosis
is Candida rugosa
lumae Candida quercitrusa
ium viscosum Pichia burtonii
aeruginosa Pichia sivicola
cepacia Pichia xylosa
s aureus Saccharomyces lipolytica
s carnosus Geotrichum candidum

RSC Adv., 2016, 6, 60034–60055 | 60037
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mesoporous carbon beads, styrene–divinylbenzene beads, and
periodic mesoporous organosilica.53,54 There are four common
methods for enzyme immobilization: adsorption, cross-linking,
entrapment, and encapsulation.55 Other immobilization tech-
nologies invented are cross-linked enzyme aggregates (CLEA),
protein-coated microcrystals (PCMC), cross-linked PCMC (CL-
PCMC), magnetic particles carrier, and electrospun nano-
bers.26,56 Kumari et al.56 had compared the efficiency between
different types of immobilized P. cepacia lipase. P. cepacia
CLEAs and PCMC produced 92% and 99% conversion respec-
tively in 2.5 h, while free P. cepacia lipase and P. cepacia lipase
immobilized on polypropylene support gave 98% and 96%
conversion respectively in 6 h.

The enzymes mostly used for large scale industrialization are
Candida antarctica lipase immobilized on acrylic resin
(commercial name: Novozym 435) and Candida sp. 99-125 lipase
immobilized on textile membranes.57 Novozym 435 is
commonly used due to its non-specicity, biocatalytic efficiency
and availability. Several previous studies have shown that
Novozym 435 produced the highest amount of yield or conver-
sion when compared with other several lipases.7,35,58 However,
even though Novozym 435 is more favorable compared with
other lipases, this immobilized lipase is not tolerant with high
concentration of methanol or high content of water. Other
lipases that have higher methanol tolerant are lipases from P.
lipolyticum and P. cepacia. In a system with 10% methanol
concentration and using one step methanol addition, P. lip-
olyticum produced up to 70% yield while Novozym 435 produced
almost no yield.59 Kaieda et al.38 reported that P. cepacia has
about the same efficiency both with or without 10% water and is
more methanol tolerant even at two to three molar equivalent of
methanol compared to other lipases such as C. antarctica and R.
oryzae.

Other than free lipase and immobilized lipase, there is also
whole cell catalyst. The benet of using whole cell catalyst is
that there is no need for lipase extraction and purication steps,
thus reduces its cost.26 Tamalampudi et al.60 compared whole
cells R. oryzae immobilized onto biomass support particles
(BSPs) with Novozym 435 and found that whole cell catalysts
converted Jatropha oil to methyl esters more efficiently than
Novozym 435: whole cell produced 80% methyl ester aer 60 h,
Novozym 435 produced 75%methyl ester aer 90 h. In addition,
Table 3 Potential sources for edible oil, non-edible oil and algae oil for

Non-edible oils8,14 Edible oils14,6

Jatropha curcas L. Glycine max (s
Pongamia pinnata L. (karanja) Elaeis guineen
Simmondsia chinensis (jojoba) Arachis hypoga
Sterfulia foetida (poon) Olea europaea
Hevea brasiliensis (rubber seed) Brassica camp
Sapindus mukorossi (soapnut) Helianthus an
Ricinus communis (castor) Gossypium spp
Azadirachta indica (neem) Zea mays (cor
Calophyllum inophyllum L. Cocos nucifera
Madhuca indica (mahua) Sesamum indi

60038 | RSC Adv., 2016, 6, 60034–60055
the immobilization process is not complicated since the R.
oryzae cells immobilized spontaneously onto BSPs during its
cultivation in air-li bioreactor. Other examples of whole-cell
catalysts are whole-cell R. chinensis that produced 93% yield
from soybean oil,61 whole-cell A. nomius with 95.3% yield from
palm oil,62 and whole-cell A. niger with 90.82% yield from
microalgal lipid.63

The quest for the best lipase as biocatalyst in biodiesel
production has never ended. Lipase with characteristics such as
high tolerance in temperature, organic solvent, pH, and
mechanical stress could promote enzymatic biodiesel produc-
tion to a more feasible industry. Example of new type of lipase
with desired properties is Burkholderia ubonensis SL-4 lipase
that had good stability in non-ionic detergent and organic
solvent, and maintained good activity at high temperature (50
�C) and pH (pH 8.5).64 Another example is lipase from Bacillus
safensis DVL-43 has great stability in organic solvents as it able
to retain 100% activity aer 24 h incubation in xylene, DMSO,
and toluene (25% v/v).65
3.2 Feedstock (oil)

Oils that are currently used as sources of triglyceride (also
known as triacylglyceride) for biodiesel production include
edible vegetable oil, non-edible vegetable oil, algae oil, waste
frying/cooking oil and animal fats. List of potential sources for
edible oil, non-edible oil and algae oil for biodiesel production
is tabulated in Table 3. Each oil feedstock will have different
fatty acid composition. Both fatty acid composition of feedstock
oil and alcohol moieties play important roles in determining
biodiesel properties including cetane number, viscosity,
lubricity, melting point, heat of combustion, oxidation stability,
cold ow and also exhaust emission of the biofuel produced.44,66

According to G. Knothe,66 the fatty acid properties that affect
biodiesel properties are unsaturation degree, chain length and
branching of the chain. Cetane number, viscosity, heat of
combustion and melting point will increase with increasing
chain length and decrease with increasing degree of unsatura-
tion.66 For example, feedstock oil such as soybean oil, sunower
oil, and rice bran oil has low oxidation stability due to high
amount of linoleic acid that has double bonds.44 Presence of
cyclopropene chain carbon (malvalic and sterculic acid) also
biodiesel production

7 Algae oils68,69

oybean) Chlorella protothecoides
sis (palm) Chlorella vulgaris
ea (groundnut) Chlorella pyrenoidosa
(olive kernel) Dunaliella tertiolecta
estris (canola) Ankistrodesmus TR-87
nuus (sunower) Botryococcus braunii
. (cottonseed) Tetraselmis suecica
n) Nannochloris
(coconut) Scenedesmus TR-84
cum (sesame) Phaeodactylum tricornutum

This journal is © The Royal Society of Chemistry 2016
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causes high viscosity and density and low oxidation stability of
Sterculia foetida oil (poon oil).19

Reaction using different substrate but same operating
conditions, lipase and acyl acceptor will produce different
yield%. Modi et al.70 used Novozym 435 and ethyl acetate, with
three different oils: Jatropha curcas, Pongamia pinnata, and
Helianthus annuus and obtained highest yield of 92.7% with H.
annuus oil. Su et al.7 used Candida sp. lipase immobilized on
cellulose fabric and dimethyl carbonate with variety of oil: olive
oil, rapeseed oil, sunower oil, soybean oil, corn oil, cottonseed
oil, peanut oil, castor oil and sesame oil. All have different
conversions with the highest using soybean oil (22.8%) and
lowest with castor oil (0.13%). This might be caused by several
factors such as oil's water content and fatty acid composition.7,71

Other than vegetable oil, waste oil has also been studied to
be the substrate for biodiesel production. Other than its low
price, using waste oil for biodiesel production may reduce the
amount of waste thrown to the environment. It was estimated
that countries such as United States and China generate large
amount of waste cooking oil each year (about 10 million tonnes
and 4.5 million tonnes respectively).72 In addition, waste oil has
different properties than that of rened or crude oils; waste oil
usually has higher water content and free fatty acid40,41 that may
affect biodiesel yield.

Other type of oil feedstock is oil extracted from microalgae.
Examples of microalgae species used for biodiesel production
are Chlorella, Botryococcus, Scenedesmus, Dunuliell, Chlamydo-
monas, and Nannochloropsis.73 High yield up to 98% was ob-
tained using Chlorella protothecoides, Candida sp. 99-125 lipase
and methanol.74 Algae is divided into two categories: (i) micro-
algae which is unicellular microscopic photosynthetic organism
that are found in saltwater and freshwater environments; and
(ii) macroalgae which is multicellular and form root, stem and
leave structures of higher plants.5,68 Both macro- and micro-
algae can be used as raw material for biodiesel production.
Microalgae have many advantages such as contains high oil
content (25–75% of its dry weight), fast growth rate, high
photosynthetic efficiency, high biomass production, and can
grow on land unsuitable for agriculture.5,75

Despite these advantages, microalgae oil is different than
vegetable oil since it has high content of polyunsaturated fatty
acids with four or more double bonds and higher content of
phospholipid (more than 10%).68 Fatty acids composition could
affect the physicochemical properties of biodiesel produced
while high phospholipid can cause negative effect on the reac-
tion system in terms of yield, reaction rate and also biodiesel
quality.6,66,68 Besides, biodiesel production from microalgae
needs large quantity of algal biomass and its oil extraction
process is still costly and energy intensive. Other issues relating
to microalgae biofuels have been critically reviewed in other
papers.76,77

Quality of the oil is also one of the factors that could affect
biodiesel yield. Extraction of oil especially using mechanical
expeller and pressing machine will produce oil that usually
contains impurities such as solid particles and phospholipids.
To remove these impurities, degumming steps that can be
applied are by adding 20% concentration of phosphoric acid
This journal is © The Royal Society of Chemistry 2016
(H3PO4) to the crude oil followed by density separation and
simple ltration.17,19 Watanabe et al.78 have conducted a study
on Novozym 435, methanol and soybean oil and found that the
degumming process able to remove inhibitory substance in oil
and produce about the same conversion as rened oil. The
conversion obtained aer 6 h are 10.3%, 28.1%, and 30.2 for
crude, degummed, and rened soybean oil, respectively. Aer
48 h, conversion for degummed oil is 93.8% while for rened oil
is 95.9%. In addition, lipase activity using degummed oil was
maintained even aer 25 cycles. This shows that degummed oil
has the same quality as rened oil and the degumming step
able to remove inhibitory impurities in the crude soybean oil.

The choice of substrate to be used is generally depends on
the region. Even though non-edible oil is preferred to avoid food
versus fuel controversy, countries like USA and Malaysia use
edible oil (soybean oil and palm oil respectively) as their feed-
stock due to its availability in the country. Non-edible oils are
usually chosen by countries that do not have any surplus of
edible oils. For example, India has chosen Jatropha oil as bio-
diesel feedstock since the tree can grow on arid land and
resistant to drought. Other choice of substrate like microalgae
requires a large area or ponds for its cultivation. There was also
an attempt to conduct co-production of biodiesel and ethanol
from wheat straw.79 Compared to others, waste cooking oil
seems to be a better choice as it can promote the use of waste as
a source of energy.
3.3 Acyl acceptor

The common acyl acceptor used for biodiesel synthesis is
alcohol. Table 4 lists previous tests done using different types of
acyl acceptor. The general equation for the synthesis of bio-
diesel or fatty acid alkyl ester using alcohol is shown in Fig. 2.

The widely used alcohols for this reaction are methanol and
ethanol because of their cheap price. The biodiesel product is
fatty acidmethyl ester (FAME) and fatty acid ethyl ester (FAEE) if
methanol and ethanol is used, respectively. Methanol's high
polarity and short chain length make it the most efficient
alcohol for transesterication reaction.71 However, one of the
problems of using methanol is that it can cause lipase deacti-
vation, denaturation or inhibition. These may be caused by the
blocking of triglycerides entry, conformational change or
unfolding of enzyme, immiscibility between triglycerides and
alcohol, and/or adsorption of alcohol onto polar immobilized
material (acrylic resin, polyurethane foam).29,71,84,85 Despite the
fact that three molars of alcohol are needed for complete
transesterication, lipase will deactivate in the presence of
more than one molar equivalent of methanol.35 To solve this
problem, several previous studies have suggested stepwise
addition or continuous addition of methanol into the
system.22,35,71

Ethanol is synthesized from renewable source thus it is
much greener compared to methanol that is synthesized from
fossil fuels (Table 5). It also causes less inhibitory effect on
lipase compared to methanol. Ethanol does not require step-
wise addition of alcohol to achieve high conversion of substrate,
but the stepwise addition may increase its reaction rate.80 In
RSC Adv., 2016, 6, 60034–60055 | 60039
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Table 4 Summary of biodiesel synthesis using different types of acyl acceptor

Lipase
Lipase weight%
based on oil weigh Substrate

Acyl acceptor, acyl
acceptor to oil
molar ratio

Reaction
conditions Other details

Yield/
conversion (%) Ref.

Candida
sp. 99-125

30 Chlorella
protothecoides

Methanol, 3 : 1 12 h, 38 �C, 180 rpm,
pH 7.0

Water content
10 wt%

98.15 74

Novozym 435 5 Soybean oil Methanol, 3 : 1 24 h, 37 �C One-step alcohol
addition

40 80

Two-step alcohol
addition

60

Three-step alcohol
addition

90

Ethanol, 3 : 1 One-step alcohol
addition

95

Two-step alcohol
addition

App.a 96

Three-step alcohol
addition

App. 98

Novozym 435 4 Soybean oil Methanol, 1 : 1 72 h, 40 �C, 150 rpm Three-step alcohol
addition, crude oil

App. 88 81

Three-step alcohol
addition, rened oil

App. 98

30 Methyl acetate,
12 : 1

14 h, 40 �C, 150 rpm One-step methyl
acetate addition,
crude oil

92

One-step methyl
acetate addition,
rened oil

92

Imm.b P. cepacia 1.46 Triolein Methanol, 3 : 1 24 h, 40 �C, 80
oscillation per min

Water activity
aw ¼ 0.432

40 33
Ethanol, 3 : 1 90
Propanol, 3 : 1 100
1-Butanol, 3 : 1 100
2-Butanol, 3 : 1 85
2-Methyl-1-propanol,
3 : 1

100

Pentanol isomers,
3 : 1

100

Imm. M. miehei 10 Tallow Methanol, 3 : 1 5 h, 45 �C, 200 rpm Solvent hexane
(8 mL)

77.8 39
Ethanol, 3 : 1 98.3
Propanol, 3 : 1 98.3
Butanol, 3 : 1 99.6
Isobutanol, 3 : 1 98.5

Novozym 435 10 J. curcas Ethyl acetate, 11 : 1 12 h, 50 �C, 150 rpm One-step ethyl
acetate addition

91.3 70
P. pinnata 90
H. annuus 92.7

Novozym 435 10 Olive oil Dimethyl carbonate
(DMC), 3 : 1

24 h, 40 �C, 150 rpm Solvent n-heptane
(4 mL)

81.2 7
Rapeseed oil 78.5
Sunower oil 77.1
Soybean oil 59.4
Corn oil 74.8
Cottonseed oil 67.7
Peanut oil 75.6
Castor oil 33.9
Sesame oil 39.7

Novozym 435 10 Cotton seed oil DMC, 3 : 1 24 h, 40 �C, 150 rpm Solvent n-heptane
(4 mL), one-step acyl
acceptor addition

62.1 7
Methanol, 3 : 1 37.4
Methyl acetate, 3 : 1 28.2

Soybean oil DMC, 3 : 1 65.8
Methanol, 3 : 1 24.5
Methyl acetate, 3 : 1 28.3

Rapeseed oil DMC, 3 : 1 76.5
Methanol, 3 : 1 19.3
Methyl acetate, 3 : 1 30.5

Cotton seed oil DMC, 4.5 : 1 24 h, 50 �C, 150 rpm Solvent petroleum
ether (4 mL)

96.4

60040 | RSC Adv., 2016, 6, 60034–60055 This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Reactions for synthesis of fatty acid alkyl ester (FAAE).11 (a) Transesterification of TAG (triacylglyceride) with alcohol producing FAAE and
glycerol as by-product, (b) esterification of fatty acid with alcohol producing FAAE and water as by-product. R1–4 are acyl residues, R0 is alcohol
moiety.

Table 4 (Contd. )

Lipase
Lipase weight%
based on oil weigh Substrate

Acyl acceptor, acyl
acceptor to oil
molar ratio

Reaction
conditions Other details

Yield/
conversion (%) Ref.

Novozym 435 20 Palm oil DMC, 10 : 1 24 h, 55 �C 90.5 28
Novozym 435 50 Chlorella sp. KR-1 DMC, 1 : 10 (w/v)

biomass to DMC
6 h, 60 �C Water 0.2 vol% 75.5 82

Novozym 435 10 Waste cooking oil DMC, 6 : 1 24 h, 60 �C, 200 rpm 77.87 83

a App., approximately. b Imm., immobilized.
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addition, even though methyl esters give higher maximum
engine performance compared to ethyl esters, ethyl ester has its
own advantages: higher cetane number and energy content;
lower density, pour point, and cloud point; and produce lower
NOx and smoke emission.11,80,86 It is also more favorable than
methyl ester because it has higher ash and combustion points
and lower exhaust temperatures.70
Table 5 The advantages and disadvantages of acyl acceptor in enzyma

Type of acyl acceptor Advantages

Methanol Cheap, fast reaction, high maxim
performance

Ethanol Synthesized from biomass (green
properties, low harmful emissio

Other alcohols Better miscibility with oil
Ester (methyl or ethyl acetate) High yield even with unrened o

reusability of enzyme, higher va
(triacetin)

Dimethyl carbonate (DMC) Non-toxic, can be used as both e
solvent and transesterication s

This journal is © The Royal Society of Chemistry 2016
Other than choosing only one alcohol, both methanol and
ethanol can be mixed and used in a single reaction. Zhao et al.87

tested several proportions of methanol/ethanol for conversion
of soybean oil using Novozym 435. They found that 0% (100
mol% ethanol), 20%, 40%, and 60% methanol in blended
alcohols produced high yield up to 95% (one step addition, 1 : 3
molar ratio of oil to alcohol). In addition, methanol is
consumed faster in the reaction than ethanol, thus leaving
tic reaction

Disadvantages

um engine Cause enzyme deactivation, require stepwise
addition, synthesized from fossil fuel

), improve fuel
n

More expensive than methanol, FAEE has
higher kinematic viscosity than FAME
Slow reaction, expensive

il, high
lue by-product

High amount of ester and lipase needed for
optimum reaction

xtraction
ubstrate

Expensive, high amount of DMC and lipase
needed for optimum reaction

RSC Adv., 2016, 6, 60034–60055 | 60041
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ethanol in the system which improve the solubility between oil
and alcohol and reduce lipase deactivation by methanol.87 The
esters produced (combination of ethyl and methyl esters) from
mixed alcohols using chemical catalyst has shown to have
improved characteristics in term of low temperature properties,
oxidative stability and lubricity compared to methyl ester alone,
but decreased kinematic viscosity as ethanol proportion
increased.88

Other types of alcohol that can be used include secondary
alcohols, long chain alcohols and branched alcohol. It was
observed that secondary alcohols react slower than primary
alcohols which might due to steric hindrance and also the
specicity of lipase used.33 However, fatty acid esters of
secondary or branched-chain alcohols have their own advan-
tages. Instead of adding additives like butyl oleate, adding of
these esters can improve low temperature properties such as
cloud point and pour point of the fuel.33 Furthermore, higher
molecular-weight alcohols such as propanol and butanol have
better miscibility with oil compared to methanol and ethanol.44

Maceiras et al.29 conducted transesterication reaction with
Fig. 3 Interesterification reaction of TAG with methyl acetate producing

Fig. 4 Interesterification of triglyceride with dimethyl carbonate (DMC) p
be further broken down into glycerol dicarbonate (GDC) and glycerol ca

60042 | RSC Adv., 2016, 6, 60034–60055
waste frying oil and Novozym 435, and found that the enzymes
has higher relative activity when using 2-propanol compared to
methanol. Even though isopropyl alcohol is more expensive
than methanol, it was found that isopropyl ester has better
biodiesel properties than methyl ester.66

Another acyl acceptor for biodiesel production is ester such
as methyl acetate and ethyl acetate. Methyl and ethyl acetate do
not cause negative effect on lipase activity compared to meth-
anol or ethanol (thus no need for stepwise addition) and will
produce higher value by-product called triacetin or tri-
acetylglycerol which has no negative effect on the reaction
(Fig. 3).70,81 Triacetin is a useful product that can be used in
many elds such as in medicine, food, cosmetic, pesticide,
cigarette and many more.70

Other benet of using esters as acyl acceptor is its high yield
even when using crude oil. Du et al.81 showed that high yield was
obtained when using methyl acetate in both crude and rened
oil. Meanwhile, with methanol, reaction with crude oil had
slower reaction rate and lower yield compared with rened oil.
In addition, the lipase activity dropped to less than 70% on the
FAME and triacetin as by-product.81

roducing FAME and Fatty Acid Glycerol Carbonate (FAGC).89 FAGC will
rbonate (GC).

This journal is © The Royal Society of Chemistry 2016
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fourth cycle for methanol, but maintained its activity (>90%)
even aer 100 cycles for methyl acetate. Another study was
conducted by Modi et al.70 to compare the reusability of enzyme
between ethanolysis (ethanol : oil ¼ 4 : 1, 4-step addition, 8 h
period) and interesterication (ethyl acetate : oil¼ 11 : 1, 1-step
addition, 12 h period). Ethanolysis had zero enzyme activity at
6th cycle, but interesterication maintained enzyme activity
above 90% even at 12th cycle. In spite of these advantages, there
are also several drawbacks involved. The reaction may require
high acyl acceptor to oil molar ratio and high amount of lipase
for an optimum reaction.7,58,70,81

Other than alcohol, it was also discovered that dimethyl
carbonate (DMC) can be a suitable acyl acceptor for biodiesel
production. DMC is odorless, non-toxic, and heat-stable solvent
which can be used as extraction solvent as well as substrate for
transesterication reaction.82 Su et al.7 proposed that reaction
with DMC is irreversible due to immediate decomposition of
intermediate compound (carbonic acid monoacyl ester) to
carbon dioxide and alcohol as by-products. Meanwhile Zhang
et al.28 proposed that the products of this reaction are FAME and
glycerol dicarbonate aer conducting GC and GC-MS analysis.
The overall reaction for interesterication of triglycerides with
DMC was explained by Calero et al.89 and shown in Fig. 4.

Biodiesel production using DMC as acyl acceptor has some
advantages over alcohols or esters. Experiment conducted by Su
et al.7 using DMC as substrate and petroleum ether as solvent
Table 6 Combination of lipases in a single enzymatic reaction

Lipase
Lipase
amount Substrate

Acyl acceptor (alco
to oil molar ratio)

Lipozyme TL IM 20 wt%a Rapeseed
oil

Methanol (4 : 1)
Novozym 435 2 wt%
Lipozyme TL IM,
and Novozym 435

3 wt%
1 wt%

Novozym 435 13.7 wt% Olive oil Ethanol (7.04 : 1)
Lipozyme TL IM 13.7 wt%
Lipozyme RM IM 13.7 wt%
Novozym 435,
Lipozyme TL IM,
and Lipozyme
RM IM

58.5%
29.0%
12.5%
(of 13.7 wt%)

Lipozyme TL IM 15 wt% Palm oil Ethanol (9 : 1)
Lipozyme RM IM 15 wt%
Lipozyme TL IM,
and Lipozyme
RM IM

52.5%
47.5%
(of 15 wt%)

Imm.c T. lanuginosus 25 wt% Soybean oil Ethanol (7.5 : 1)
Lipozyme RM IM 25 wt%
Imm. T. lanuginosus,
and Lipozyme
RM IM

80%
20%
(of 25 wt%)

Imm. P. uorescens 10 wt% Palm oil Ethanol (3 : 1)
Imm. P. uorescens
and Imm. C. rugosa

5 wt%
5 wt%

Imm. C. rugosa and
Novozym 435

5 wt%
5 wt%

a All wt% is based on oil weight. b App., approximately. c Imm., immobili

This journal is © The Royal Society of Chemistry 2016
shows that the initial activity for one-step, two-step, three-step,
four-step and ve-step addition are slightly different but all
achieved about 90% conversion aer 24 h. Thus, there is no
need for complex step of multiple acyl acceptor addition. The
highest conversion was achieved with molar ratio for cotton-
seed oil to DMC 1 : 4.5, which is not as high compared to when
using esters.
4. Techniques to improve enzymatic
transesterification
4.1 Combination of lipases

Several lipases can be mixed and used as catalysts in a single
reaction to increase its biodiesel yield (Table 6). As was previ-
ously stated, lipases have different specicities, regioselectiv-
ities and catalytic capabilities. Using mixed lipases in a single
reaction will allow each lipase to attack different targets and
thus achieves a complete conversion. In addition, lipases with
good catalytic efficiency but expensive, can be mixed with lower
efficiency lipase but cheaper, to reduce the enzyme cost while
still maintaining the amount of yield produced when single
lipase is used.40

Some lipases are a good match not only due to their different
specicities, but also because they have different rate-limiting
step. For example, C. antarctica lipase and T. lanuginosus
lipase is a good combination because the rate-limiting step for
hol
Solvent/water

Reaction
conditions/details

Yield/
conversion (%) Ref.

t-Butanol
(1 : 1 solvent to
oil vol ratio)

12 h, 35 �C,
130 rpm

85 40
90
95

Water 4 wt% 18 h, 35.9 �C,
180 rpm

App.b 43 37
App. 46
App. 45
95

Water 4 wt% 18 h, 37.7 �C,
180 rpm

App. 42 37
App. 40
80

Water 4 wt% 10 h, 30 �C,
200 rpm

App. 80 96
App. 40
90

Water 10% 12 h, 45 �C,
500 rpm, two-step
hydrolysis
esterication reaction

App. 85 41
App. 85

App. 45

zed.

RSC Adv., 2016, 6, 60034–60055 | 60043
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C. antarctica is the conversion of diglyceride to monoglyceride,
while for T. lanuginosus is the conversion of triglyceride to
diglyceride.26 Because of this, they complement each other and
able to overcome the rate-limiting steps.

The most effective combination of lipases is most likely
through a relatively modern technology: genetic engineering.
This includes the expression of different lipases in a single host
organism. In recent years, there have been many studies con-
ducted on recombinant lipases.90–92 Yan et al.93 used whole-cell
Pichia pastoris displaying both C. antarctica and T. lanuginosus
lipases on its surface for converting soybean oil to biodiesel.
They managed to get 95.4% conversion aer 12.6 h, which is
relatively short period of time. Furthermore, they found that the
conversion percentage is about the same with the reaction
combining same quantity of two immobilized lipases, Novozym
435 and Lipozyme TL IM (97.3%). This is believed to be able to
lower the cost of buying different lipases separately. Another
study was done by Guan et al.94 using R. miehei lipase (1,3-
specic) and P. cyclopium lipase (non-specic) both expressed in
and extracted from Pichia pastoris. They converted soybean oil
to biodiesel and obtained 95.1% conversion aer 12 h.
Recombinant Pichia pastoris whole cell with intracellular over-
expression of T. lanuginosus lipase was used as biocatalyst in
biodiesel production from waste cooking oil and had produced
82% yield within 84 h.95

Other example of mixing two lipases with different specic-
ities was done by Li et al.40 They added both Lipozyme TL IM
and Novozym 435 into the reaction and obtained 95% yield
which was higher than yield obtained with either of the lipase
alone. Rodrigues and Ayub96 used both lipase of T. lanuginosus
immobilized in Lewatit VP OC 1600 and Lipozyme RM IM (R.
meihei) to convert soybean oil into biodiesel. The yield obtained
(90%) was about 10% higher than using T. lanuginosus alone
and 50% higher than using R. miehei alone. Meanwhile Poppe
et al.37 tested combination of three lipases on olive oil and palm
oil that have different composition of fatty acids: olive oil has
high content of C18:1 while palm oil has high content of C16.
The result showed that mixed lipases produced higher conver-
sion compared to single lipase and best conversion was ob-
tained using three mixed lipases (Novozym 435, Lipozyme TL
IM and Lipozyme RM IM) for olive oil and only two mixed
lipases (Lipozyme TL IM and Lipozyme RM IM) for palm oil. The
conversions are 95% and 80% for olive oil and palm oil,
respectively.

Combination can be also done with lipases of different
catalytic capabilities such as combining lipase having high
hydrolysis activity with lipase having high esterication activity,
or transesterication activity. Tongboriboon et al.41 combined
immobilized C. rugosa lipase (AY) which has high hydrolysis
with immobilized P. uorescens lipase (AK) that has high
transesterication and lipase AY with Novozym 435 that has
high esterication activity. Even though combination of 5 wt%
AK + 5 wt% AY gave same yield (about 85%) as 10 wt% AK, it is
still better in terms of cost because lipase AY is cheaper than AK.
Unexpectedly, pairing of Novozym 435 + AY has lower yield than
AK + AY, even though combining high hydrolysis lipase with
high esterication lipase should theoretically produce high
60044 | RSC Adv., 2016, 6, 60034–60055
yield as they complement each other. Tongboriboon et al.41

assumed this situation happened due to esterication of free
fatty acid to triacylglycerol instead of ethyl ester due to the
presence of hydrolysis by-product, glycerol.
4.2 Enzyme pretreatment

Pretreatment of lipase before the start of enzymatic reaction can
restore enzyme deactivation and increase biodiesel yield and
enzymatic activity.28,29,84,97 Pretreatment usually involves
immersion, incubation, or washing of lipase with substrates,
organic solvents, salts, or enzyme lycoprotectants.22,28 Table 7
shows biodiesel production with different types of pretreatment
applied.

Alcohols are frequently tested for lipase pretreatment.
However, it is important to know that different lipases may react
differently to different alcohol and not all alcohols are suitable
as enzyme pretreatment. For example, t-butanol pretreatment
increases the initial reaction rate of immobilized C. Antarctica
lipase,84 but it does not give any improvements on immobilized
Candida sp.99-125 lipase.28 This result may be due to the
distinct characteristic of the lipases, inuence of the immobi-
lized support or the presence of solvent in the system.

Example of pretreatment using alcohol was done by Chen
and Wu84 using Novozyme 435 and soybean oil feedstock. They
pretreated Novozym 435 with alcohol of 3 or 4 carbons: iso-
propanol, 2-butanol and tert-butanol by immersing it in the
alcohol for 1 h, and then immersed in soybean oil for another 1
h. They obtained highest yield of 24.5% (30 min reaction time)
using tert-butanol pretreatment with an increase of almost
tenfold. Another study conducted by Maceiras et al.29 on Novo-
zyme 435 and C. Antarctica lipase B (free lipase) using methanol
and propanol pretreatments, but both resulted with decrease in
relative activity.

Meanwhile Lu et al.28 tested pretreatment of Candida sp. 99-
125 immobilized on textile membrane with different concentra-
tion of methanol (10%, 20% and 40%) using both one-step and
three-step addition. They found that 10% and 20% methanol
gave positive result especially with one-step methanol addition
with a yield increase of about 30 fold. In addition, they also tested
pretreatment using other short chain alcohols such as n-propyl
alcohol, n-butanol, isopropyl alcohol, t-butanol, and isobutyl
alcohol. These pretreatments did not show much improvement
and caused decrease in yield for one-step addition.

Previous studies have conducted several tests on enzyme
pretreatment using solutions such as its substrate (vegetable oil
and ethyl acetate), product (methyl ester), and others such as
hexane, glutaraldehyde, methyl oleate, salt solution, and water.
Pretreatment with hexane, methyl ester and soybean oil did
increase the yield of 30 min reactions using Novozym 435.84

Pretreatment with methyl oleate reduce the reaction period for
Novozym 435 from 24 h to 3.5 h to obtain 97% methyl ester
content97 while immersion in ethyl acetate gave no improve-
ment on enzyme activity.70 In addition, immersion of immobi-
lized Candida sp. 99-125 in water increases the yield for one-step
methanol addition.28 This might because water pretreatment
This journal is © The Royal Society of Chemistry 2016
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Table 7 Enzyme pretreatments for biodiesel production

Lipase Oil
Pretreatment
solution Pretreatment method Transesterication

Yield/conversion/relative
activity (%)

Ref.Single step Stepwise

Novozym 435 Soybean oil None None Lipase 5.26 wt%a,
methanol 0.26 mL.
Incubate for 30 min
at 30 �C, 200 rpm

2.5 — 84
Hexane Immerse in hexane 1 h,

then in oil overnight
3.5 —

Methyl ester
(ME)

Immerse in ME for 0.5 h,
then in oil 4 h

4.1 —

Immerse in ME 1 h,
then in oil 4 h

9.5 —

Immerse in ester ME 1.5 h,
then in oil 4 h

8.9 —

Immerse in ME 2 h,
then in oil 4 h

9.1 —

Immerse in ME 1 h,
then in oil overnight

11.1 —

Soybean oil Immerse 4 h 8.6 —
Immerse overnight 10.0 —

Isopropanol Immerse in alcohol 1 h,
then in soybean oil 1 h

16.8 —

2-Butanol Immerse in alcohol 1 h,
then in soybean oil 1 h

17.6 —

t-Butanol Immerse in alcohol 1 h,
then in soybean oil 1 h

24.5 —

Novozym 435 Soybean oil None None Lipase 4 wt%, methanol
to oil molar ratio App.b

3 : 1. Reaction at 30 �C,
150 oscillations per min

— 97
(aer 24 h)

97

Methyl oleate Incubate in methyl oleate
for 0.5 h, wash with
soybean oil, then incubate
in soybean oil for 12 h.

— 97
(aer 3.5 h)

C. antarctica
(free lipase)

Waste frying
oil

Methanol Immersion for 72 h, then
remove enzyme by
vacuum ltration

Lipase 10 wt%, methanol
to oil ratio 1 : 40. Incubate
for 8 h at 50 �C, 150 rpm

Decreased
relative activity

— 29

2-Propanol Decreased
relative activity

—

Novozym 435 Waste frying
oil

Methanol Immersion for 72 h,
then remove enzyme
by vacuum ltration

Lipase 10 wt%, methanol
to oil ratio 1 : 40. Incubate
for 8 h at 50 �C, 150 rpm

Decreased
relative activity

— 29

2-Propanol Decreased
relative activity

—

Imm.c Candida
sp. 99-125

Soybean oil Control Immersion in 30 mL
solution at 4 �C for 24 h,
then dried at room
temperature

Lipase 10 wt%, methanol
to oil molar ratio 1 : 1,
2 mL n-hexane, and
200 mL water. Reaction
for 12 h at 40 �C, 180 rpm

1.20 74.5 28
Water 29.0 74.5
Methanol 10% 30.2 79.9
Methanol 20% 39.6 76.9
Methanol 40% 5.88 71.5
Control Immersion in 30 mL

solution at 4 �C for 24 h,
then dried at room
temperature

Lipase 10 wt%, methanol
to oil molar ratio 1 : 1,
2 mL n-hexane, and
200 mL water. Reaction
for 12 h at 40 �C, 180 rpm

2.44 74.4
n-Propyl alcohol 0.98 77.1
n-Butanol 4.34 80.7
Isopropyl alcohol 1.18 78.4
t-Butanol 2.02 79.0
Isobutyl alcohol 2.33 77.7
Control Immersion in 30 mL

solution at 4 �C for 24 h,
then dried at room
temperature

Lipase 10 wt%, methanol
to oil molar ratio 1 : 1,
2 mL n-hexane, and
200 mL water. Reaction
for 12 h at 40 �C, 180 rpm

1.54 75.2
(NH4)2SO4 57.2 82.1
CaCl2 71.2 84.3
KCl 56.1 84.4
K2SO4 47.2 83.6
MgCl2 74.5 81.9

Imm. R. oryzae
whole-cell

Soybean oil None None Oil 9.65 g, methanol to
oil molar ratio 1 : 1,
0.1 M phosphate buffer
(pH 6.8). Incubate at 35 �C,
150 oscillation per min
for 7 days to test stability

— 16 residual
activity

98

0.05–1.0 vol%
glutaraldehyde
solution

Incubate at 25 �C for 1 h,
lter, shake in phosphate
buffer at 4 C for 5 min,
washed with tap water
for 1 min, then dried

— 74–78
residual
activities

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 60034–60055 | 60045
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Table 7 (Contd. )

Lipase Oil
Pretreatment
solution Pretreatment method Transesterication

Yield/conversion/relative
activity (%)

Ref.Single step Stepwise

for 24 h at room
temperature

None None Oil 9.65 g, methanol to
oil molar ratio 3 : 1,
0.1 M phosphate buffer
(pH 6.8). Reaction at 35 �C,
150 oscillation per min,
for 6 cycles (72 h each cycle)

— 50
0.1 vol%
glutaraldehyde
solution

Incubate at 25 C for 1 h,
lter, shake in phosphate
buffer at 4 C for 5 min,
washed with tap water
for 1 min, then dried
for 24 h at room
temperature

— 70–83

Novozym 435 J. curcas None None Lipase 10 wt%, ethyl acetate
to oil molar ratio 11 : 1,
reaction for 12 h at 50 �C,
150 rpm

91.3 — 70
Ethyl acetate Immerse in ethyl

acetate for 72 h
91.1 —

P. pinnata None None 90 —
Ethyl acetate Immerse in ethyl

acetate for 72 h
89.6 —

H. annuus None None 92.7 —
Ethyl acetate Immerse in ethyl

acetate for 72 h
92.4 —

a All wt% is based on oil weight. b App., approximately. c Imm., immobilized.
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has affected the water distribution in the immobilized lipase
and thus improved lipase exibility.28

Studies by Ban et al.98 showed that glutaraldehyde-
pretreatment of whole-cell R. oryzae immobilized on biomass
support particles (BSPs) increased the stability of the lipase,
protected it from the negative impact of high concentration of
methyl ester, and also prevented lipase leakage from the cells.
Residual activities are more than 70% with incubation in 0.05–
1.0 vol% glutaraldehyde solution for 7 days compared to 16%
residual activity of untreated lipase. Furthermore, residual
activities aer 6 cycles were around 70–83% compared to 50%
of untreated lipase. These results show that glutaraldehyde-
pretreatment can improve lipase stability.

Other pretreatment solution that was proved to improve the
yield of enzyme is salt solution. Lu et al.28 tested pretreatment of
Candida sp. 99-125 with salt solution of low saturation salt
solution: 1 mM of potassium chloride (KCl), calcium chloride
(CaCl2), magnesium chloride (MgCl2), potassium sulfate
(K2SO4) and ammonium sulfate ((NH4)2SO4). These pretreat-
ments gave slight increase for three-step methanol addition but
signicant impact to one-step addition. The best result was
obtained using MgCl2 with an increase from 1.54% yield
(control) to 74.5%, almost comparable with the yield when
using three-step addition.
4.3 Enzyme post treatment

Adsorption of glycerol and formation of layer containing
heterogeneous mixture of oil and biodiesel on the enzyme
surface during reaction could block lipase activity.44,99 To solve
60046 | RSC Adv., 2016, 6, 60034–60055
this, post-treatment such as enzyme washing aer each reaction
cycle is needed to maintain the yield amount and enzyme
activity.

The most common solvent used for enzyme washing is
hexane. Since the heterogeneous layer formed is non-polar,
non-polar hexane is believed to be effective in washing away
the layer.44 A study by Rodrigues et al.44 washed three types of
immobilized lipases (Novozym 435, Lipozyme TL IM and Lip-
ozyme RM IM) with n-hexane, ethanol, propanol, water aer
each reaction cycle. Enzyme washed with n-hexane shows
greater relative conversion yield (Novozym 435 ¼ 90%, Lip-
ozyme TL-IM ¼ 80%, Lipozyme RM IM ¼ 75%) aer 7 cycles
compared with other solvents. Meanwhile the control is almost
deactivated for Novozym 435 and less than 20% relative
conversion yield for the other two enzymes. Poppe et al.37

washed mixed lipase (Novozym 435, Lipozyme TL IM and Lip-
ozyme RM IM) with hexane and maintained around 80%
conversion aer 7 cycles. The same process was done by
Rodrigues and Ayub96 to mixed T. lanuginosus and R. meihei
immobilized lipases aer each cycle. The enzyme activity was
above 90% aer 10 cycles compared to around 30% without
hexane wash.

Other than hexane, alcohols also can be used for enzyme
washing. Yu et al.100 washed immobilized P. cepacia lipase with
tert-butanol aer each cycle and the lipase retained about 80%
of its initial conversion aer three repeated uses (unwashed
retained only about 70%). Chen and Wu84 reactivate completely
deactivated Novozym 435 with 2-butanol and tert-butanol to
56% and 75% of its original activity respectively. They washed
the enzyme with the alcohol three times, washed with soybean
This journal is © The Royal Society of Chemistry 2016
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oil once, and then immersed it in soybean oil in incubator at 30
�C overnight. This washing process was tested not only on batch
system, but also on continuous system. Chen and Wu84 has
succeeded in maintaining the conversion above 70% in
a continuous stirred tank reactor for more than 70 days by
washing the lipases using tert-butanol each time the methyl
ester conversion decreased to below 70%.

Other solvents such as acetone and DMC have also been used
previously. Su et al.7 conducted a study to convert cottonseed oil
to biodiesel using Novozym 435, DMC as acyl acceptor, and
petroleum ether as organic solvent, for 24 h. Aer each batch,
used Novozym 435 was recovered by ltration, washed with 25
mL acetone 3 times, and dried at room temperature. Aer ve
batches, treated lipase showed 80% relative conversion mean-
while untreated lipase showed only 3.2% relative conversion.
Lee et al.82 performed reaction using Novozym 435, microalgae
Chlorella sp. KR-1 and DMC and managed to maintain relative
yield above 90% for 10 batches by performing enzyme washing
with DMC aer each batch.

There are several things that should be taken into account
for choice of solvent to be used. This include its effectiveness in
removing the heterogeneous layer and glycerol on the enzyme
surface, its effect on the structure of lipase, as well as its effect
on the immobilization support.99 Solvent like hexane could
dissolve macroporous resin support, and polar solvent such as
ethanol and butanol could change the morphology of a gel of
granulated silica support.99 In addition, some solvent may be
toxic and ammable, which can cause harm to the biodiesel
plant workers who are exposed to it.
4.4 Methanol addition technique

Methanol may be the cheapest and widely used acyl acceptor for
biodiesel production. However, the drawback of using this
shortest chain alcohol is lipase deactivation. This effect can be
reduced by controlling the amount of methanol added to the
reaction system at a specied time. The most common method
used for methanol addition is three-stepwise methanol addition
which able to obtain high conversion of more than 90% (Table
8). Shimada et al.35 gained a high conversion of 97.4% using
Novozym 435 and mixture of soybean and rapeseed oil, while
Watanabe et al.78 achieved 95.9% conversion with Novozym 435
and soybean oil.

Further tests were done to compare three steps with one or
two steps methanol addition. Cerveró et al.80 obtained 40%,
60%, and 90% conversions for one-step, two-step, and three-
step addition respectively. Meanwhile Lu et al.28 obtained
74.4% yield for three-step and 2.44% yield for one-step addition.
These results show that three-step methanol addition is better
than one-step or two-step methanol addition.

Furthermore, methanol addition of more than 3 steps is also
effective to give high yield. Samukawa et al.97 used six and nine
stepwise addition of methanol to maintain maximum initial
reaction rate based on Michaelis–Menten equation for pre-
treated and non-treated lipase respectively and obtained over
97% methyl ester content for both methods. Methanol addition
This journal is © The Royal Society of Chemistry 2016
using 3 h, 5 h or 8 h intervals would also give high yield up to
89%.101

Other than stepwise addition, continuous addition of
alcohol can also be applied. Ko et al.71 conducted a study to
compare the FAME conversion obtained between stepwise (3
equal portions at the beginning and following two 30 min
intervals) and gradient (continuous addition for rst 3 h)
methanol addition strategies at several different temperatures.
It was found that the highest conversion was obtained using
gradient method (63.91% at 40 �C) compared to when using
stepwise method (41.96% at 45 �C). This study suggested that
continuous addition achieved higher conversion than stepwise
due to decreased methanol intoxication, higher empirical rst-
order rate constants and favorable energetics for the rst 6
hours of reaction.71

Many recent studies have applied stepwise or continuous
addition of methanol in their biodiesel production to avoid
lipase deactivation.63,102,103 This method can also be applied to
the design of biodiesel reactor, both batch and continuous, for
a large scale biodiesel production.
4.5 Effect of silica gel

Adding silica gel into the reaction system has four purposes: (i)
to remove water; (ii) to add methanol; (iii) to absorb glycerol by-
product; and (iv) to promote acyl migration. Silica gel can be
used to remove water produced from the esterication of FFA
and alcohol (acid-catalyzed), or absorb remaining water le
aer biodiesel washing. Babaki et al.104,105 demonstrated that
adding blue silica gel can increase the FAME yield, but an excess
amount may result in decreased yield.

Silica gel can also be used for methanol addition, as an
alternative to methanol stepwise-addition technique that may
complicate the process. Silica gel swelled with methanol will
release the methanol in a controlled manner, thus this prevents
enzyme deactivation. Lee et al.34 used silica gel swelled with
methanol and obtained high conversion of 99.9% and 96.8% by
Novozym 435 and Lipozyme RM IM, respectively at three or
more molar equivalent of methanol.

Glycerol absorbing properties of silica gel (0.13 g glycerol per
g silica gel) can also affect the conversion yield.34 Glycerol is
a by-product of transesterication reaction that may interfere
with enzyme activity by affecting the mass transfer limitation.34

Thus, if the glycerol is continuously removed during the reac-
tion, it would likely to increase the enzymatic activity. Stevenson
et al.106 added silica gel for conversion of tallow oil with three
molar equivalents of butanol using immobilized M. meihei and
obtained 98% yield compared to 70% yield when no silica gel
was added. They also tested the reaction with other adsorbents
such as starch, cellulose, celite, and charcoal and found that
silica gel was more effective in adsorbing glycerol.

Other than that, it was discovered that silica gel can increase
rate of acyl migration. Du et al.42 discovered that silica gel, either
used as immobilized support or added to the reaction system,
will promote acyl migration from position 2. They conducted an
analysis using thin layer chromatography to analyze the reac-
tion intermediates and conrmed that there was acyl migration
RSC Adv., 2016, 6, 60034–60055 | 60047
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Table 8 Biodiesel production with different techniques of methanol addition

Lipase
Lipase weight%
based on oil weigh Substrate

Methanol to oil
molar ratio

Reaction
conditions

Methanol addition
technique

Yield/
conversion (%) Ref.

Novozym 435 4 Soybean and
rapeseed oils

3 : 1 48 h, 30 �C, 130
oscillation per min

Three-step (1 molar
equivalent added at
0 h, 10 h and 24 h)

97.4 35

Novozym 435 4 Soybean oil 1 : 1 48 h, 30 �C, 130
oscillations per min

Three-step (1/3 molar
equivalent added at
0 h, 10 h and 24 h)

95.9 78

Imm.a R. oryzae
whole-cell

4 Jatropha oil 1 : 1 60 h, 30 �C,
water 5% (v/v)

Three-step (1/3 molar
equivalent added at
0 h, 4 h and 17 h)

80 60

Novozym 435 5 Soybean oil 3 : 1 24 h, 37 �C Three-step (1/3 at
molar equivalent added
at 0 h, 7 h and 14 h)

90 80

Two-step (1/3 molar
equivalent added at
0 h, 2/3 molar equivalent
added at 7 h)

60

One-step 40
Candida
sp. 99-125

10 Soybean oil 1 : 1 12 h, 40 �C, 180 rpm,
solvent n-hexane (2 mL),
water 200 ml

Three-step (1/3 molar
equivalent added at
0 h, 4 h and 8 h)

74.4 28

One-step 2.44
Novozym 435 4 Soybean oil 2.65 : 1 24 h, 30 �C, 150

oscillations per min
Multiple-step (1 molar
equivalent at 0 h, then
0.33 molar equivalent
at 1 h, 3 h, 5 h, 7 h, and
9 h to maintain
methanol content at
around 30 g l�1)

97 97

Imm. B. cepacia 8 Jatropha oil 6.6 : 1 30 h, 30 �C, 150 rpm,
water content 7% (v/w)

3 h intervals 89 101
5 h intervals App.b 88
8 h intervals App. 82
One-step App. 62

Novozym 435 10 Jatropha oil 3 : 1 24 h, 40 �C, 700 rpm Gradient (continuous
addition for rst 3 h)

63.91 71

Stepwise addition (three
equal portions at the
beginning and then two
at 30 min intervals)

37.73

24 h, 45 �C, 700 rpm Gradient (continuous
addition for rst 3 h)

46.88

Stepwise addition (three
equal portions at the
beginning and then
two at 30 min intervals)

41.96

a Imm., immobilized. b App., approximately.
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activity. By using sn-1,3-specic T. lanuginosus immobilized on
silica gel (Lipozyme TL), the yield obtained was about 92%
which is signicantly much higher than 63% when using free
lipase with the same lipase activity.42 Theoretically, the
maximum yield that can be achieved is only 66% for lipase with
this specicity. Furthermore, adding of silica gel into the system
did increase the yield. This was clearly demonstrated when 66%
and 90% yields were obtained when using 4% Lipozyme TL and
4% Lipozyme TL + 6% silica gel, respectively.42
60048 | RSC Adv., 2016, 6, 60034–60055
4.6 Effect of solvent

Biodiesel production using enzyme as catalyst can be done with
or without solvent. Solvent is used as a way to decrease the effect
of lipase inhibition or intoxication by methanol or glycerol.
Other than increased production yield, there are many advan-
tages of using solvent in reaction system. Solvent can help
reduce viscosity and ensure homogeneity of reaction mixture
due to immiscibility of alcohol and triglyceride.25,80 It also keeps
the water around the enzyme which consequently helps
increase water activity and enzyme stability.25
This journal is © The Royal Society of Chemistry 2016
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Table 9 Enzymatic transesterification using different types of solvent

Lipase Substrate Solvent Transesterication Yield/conversion (%) Ref.

C. cylindracea Waste activated
bleaching earth (ABE)

Diesel Lipase 10 wt%a, waste ABE 390 g,
methanol to oil molar ratio 4 : 1.
Reaction at 37 �C, 250 rpm. One step
methanol addition

App.b 100% aer 2–3 h 107
n-Hexane App. 100% aer 7 h
Kerosene App. 100% aer 7 h

Candida
sp. 99-125

Glycerol trioleate Dimehylsulfoxide Lipase 20 wt%, methanol to oil molar
ratio 1 : 1, water 10 wt%. Reaction for 24
h at 40 �C, 180 rpm. Three-step methanol
addition at 0 h, 8 h, and 16 h

9.01 32
Acetonitrile 2.95
Acetone 1.67
Tetrahydrofuran 3.31
t-Butanol 31.3
CH2Cl2 28.08
Benzene 76.68
CHCl3 24.4
Toluene 78.98
CCl4 79.7
Cyclohexane 75.83
n-Hexane 80.91

R. chinensis
whole-cell

Soybean oil Acetone Lipase 238 U, methanol to oil molar ratio
3 : 1, soybean oil 0.65 mol L�1. Reaction
for 72 h at 30 �C, 150 rpm

73.4 61
tert-Butyl alcohol 65.8
Tertiary 67.9
Cyclohexane 71.1
Petroleum ether 73.5
n-Hexane 76.5
n-Heptane 86.7
Isooctane 82.4
n-Octane 84.2

Novozym 435 Cottonseed oil None Lipase 1.67 wt%, methanol to oil molar
ratio 1 : 6. Reaction for 10 h at 50 �C

0 108
t-Butanol 90

Novozym 435 Cottonseed oil Petroleum ether Lipase 10 wt%, DMC to oil molar ratio
3 : 1. Reaction for 24 h at 40 �C, 150 rpm.
One-step DMC addition

78.3 7
Acetone 2.5

Petroleum ether Lipase 10 wt%, DMC to oil molar ratio
1 : 4.5. Reaction for 24 h at 50 �C, 150
rpm. One-step DMC addition (optimum
conditions)

96.4

Lipozyme TL IM Rapeseed oil None Lipase 5 wt%, methanol to oil molar ratio
of 4 : 1. Reaction for 12 h at 35 �C, 130
rpm

10 40
t-Butanol 75

Novozym 435 Chlorella pyrenoidosa t-Butanol Lipase 10 wt%, methanol to oil molar
ratio 4 : 1, no water added. Reaction for
48 h at 40 �C

44.4 113

[BMIm][PF6] Lipase 10 wt%, methanol to oil molar
ratio 4 : 1, water 5 mL. Reaction for 48 h at
50 �C

86.2

Imm.c

P. expansum
Chlorella pyrenoidosa t-Butanol Lipase 20 wt%, methanol to oil molar

ratio 3 : 1, water 15 mL. Reaction for 48 h
at 40 �C

48.6 113

[BMIm][PF6] Lipase 20 wt%, methanol to oil molar
ratio 3 : 1, water 15 mL. Reaction for 48 h
at 50 �C

90.7

Novozym 435 Soybean oil t-Butanol Lipase 2 wt%, methanol. Reaction for 12
h at 50 �C, 250 rpm

65.8 111
[Emim][TfO] 80

Novozym 435 Corn oil SC.d carbon dioxide Lipase 15 wt%, methanol to oil molar
ratio 6 : 1. Reaction for 4 h at 60 �C and
10 MPa

81.3 117

Lipozyme
RM IM

Chicken feather
meal oil

SC. carbon dioxide Lipase 84 g, methanol to oil molar ratio
6 : 1. Reaction at 40 �C, 250 bar, 30 g
min�1

ow rate

98.8 115

Novozym 435 Soybean oil SC. carbon dioxide Lipase 40 g, ethanol to oil molar ratio
9 : 1. Reaction for 1 h at 70 �C and 200 bar

94 116

Novozym 435 Scenedesmus sp. SC. carbon dioxide Lipase 35 wt%, methanol to oil molar
ratio 9 : 1. Reaction for 4 h at 47 �C, 200
bar

80 118

a All wt% is based on oil weight. b App., approximately. c Imm., immobilized. d SC., supercritical.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 60034–60055 | 60049
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There have been many studies conducted to gain more
insights about the effect of solvent in enzymatic trans-
esterication (Table 9). Among the fastest reactions and highest
yields was obtained when using diesel as solvent. Kojima
et al.107 achieved complete conversion within 3 hours by using
diesel as solvent, and within 7 hours when using n-hexane or
kerosene. This study was conducted using C. cylindracea (free
lipase) on waste activated bleaching earth that would absorb
about 40 wt% vegetable oil during rening process of crude
vegetable oil. Furthermore, using diesel does not require
solvent separation and removal at the end of the reaction as the
diesel can be used directly in diesel engine.

Lu et al.32 have tested the conversion of glycerol trioleate to
biodiesel using immobilized Candida sp. 99-125 with twelve
different organic solvents. From this study, they have made
several important points: (i) there might be a correlation
between hydrophobicity (log P) value with yield obtained; (ii)
hydrophilic solvents need less water while hydrophobic solvents
need more water in the system to be effective; and (iii) solubility
of methanol in reaction system does not affect production yield.
The result obtained from their study was immobilized Candida
sp.99-125 produced higher yield in hydrophobic solvents such
as n-hexane, benzene, toluene, CCl4, and cyclohexane. This
result is also supported by He et al.61 who tested nine kinds of
solvents and found that organic solvents with log P between 4.0
and 4.5 produced better results than the others. Kojima et al.107

tested with eighteen solvents and found that C. cylindracea
activity was stable in solvents with hydrophobicity index higher
than 1.3 such as chloroform, toluene, tetrachloromethane, n-
hexane, kerosene and diesel.

In addition, Su et al.7 produced high conversion in non-polar
organic solvent as compared to that of polar organic solvent.
This is because polar solvent may interfere with lipase hydrogen
bonding and hydrophobic interactions, and thus cause alter-
ation of its molecular structure.7 tert-Butanol, an amphiphilic
and moderately polar solvent is also known to give positive
results. Several experiments conducted using immobilized
lipase with and without t-butanol as solvent show that the yield
or conversion increased when t-butanol was added.40,108,109 Many
researchers may argue that the t-butanol may participate in the
transesterication as acyl acceptor but Royon et al.108 found that
t-butanol was not a substrate in the reaction since there is no
alcoholysis took place without methanol addition.

Even though addition of solvent can improve production
yield, the amount added into the reaction mixture need to be
controlled. Li et al.40 conducted experiments using Lipozyme TL
IM, rapeseed oil and t-butanol as solvent and discovered that
the yield decreased with high volume of t-butanol due to
excessive dilution. Furthermore, differences in lipase origin or
immobilizationmethod would affect how the enzymes will react
in organic solvents.32 For example, n-hexane gave positive result
to Candida sp. 99-125 (ref. 32) but it did not affect P. cepacia
lipase. In research conducted by Kumari et al.56 on mahua oil
using P. cepacia lipase and different solvents such as hexane,
octane, and acetonitrile, only octane gave slightly higher
conversion compared to solvent-free reaction. The other two
solvents did not give any positive results.
60050 | RSC Adv., 2016, 6, 60034–60055
Another potential solvent is ionic liquid. Ionic liquid has
unique properties such as low vapor pressure, high thermal
stability, good solubility in both organic and inorganic mate-
rials, and its ability to form multiple phase systems.110 Physical
and chemical properties of ionic liquid such as melting point,
acidity and basicity, viscosity, density and hydrophobicity can
be tuned by altering the combination of cations and anions in
it.110,111 Despite all these advantages, ionic liquid is considered
expensive and hazardous if contain hexauorophosphate (PF6)
anion.26 Not all ionic liquids are suitable for enzymatic biodiesel
production; hydrophobic ionic liquid is more efficient than
hydrophilic ionic liquid and some ionic liquid showed lower
yield than when using organic solvents such as t-butanol or
isopropanol.26 Nonetheless, using ionic liquid as solvent in
biodiesel production may increase the yield and reduce the rate
of decreasing lipase activity while recycle.112 Experiment con-
ducted by Lai et al.113 on Chlorella pyrenoidosa showed that
reactions using [BMIm][PF6] produced about twice the yield of
reactions using t-butanol for both Novozym 435 and immobi-
lized P. expansum lipases. Ha et al.111 tested 23 ionic liquids for
methanolysis of soybean oil using Novozym 435 and the highest
yield of 80% was obtained in [Emim][TfO], which was 15%
higher than yield in t-butanol and eight times higher than yield
in solvent-free system. Other ionic liquids such as [Hmim][PF6]
increased the efficiency of Candida rugosa lipase to convert
Chinese tallow kernel oil from about 35–95.4%.114

Supercritical carbon dioxide has the advantage to be used as
a solvent due to its non-toxic and non-ammable properties.
Biodiesel production using this solvent is capable of producing
high biodiesel yield in a short reaction time and the separation
is much easier since the products do not dissolve in carbon
dioxide at room conditions.12 Compared to non-catalyzed reac-
tion that uses very high temperature, supercritical carbon
dioxide is used in a moderate temperature thus make it suitable
for enzyme reaction. By using this supercritical uid, Gameiro
et al.115 obtained 98.8% yield at 40 �C and 250 bar, and Colombo
et al.116 obtained 94% yield at 70 �C and 200 bar.

Usage of solvent for biodiesel production has several issues
related to it. Some solvents are toxic, ammable, and volatile
which makes them dangerous to human. Biodiesel production
using solvent may also need elimination or recovery steps,
larger reactor volume and additional production cost.25,35,80

Nonetheless, the high product yield, better enzyme perfor-
mance, and shorter reaction time given by the addition of
solvent may justify these disadvantages.
4.7 Reactor design

Biodiesel is produced in a reactor in either batch or continuous
system. There are many types of reactor that have been devel-
oped such as uidized beds, expanding beds, recirculation, and
membrane reactors.27 Among these, the common types of
reactor used for biodiesel production are stirred tank reactor
(STR) and packed bed reactor (PBR) (Fig. 5). STR generally uses
agitation/stirring to disperse the enzyme in the reaction
mixture, while PBR contains packed enzyme in a column.
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Reactor design: batch STR (stirred tank reactor), continuous
STR, and PBR (packed bed reactor).53
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The simplest reactor conguration would be the batch STR
which consists of temperature measurement devices and
control, and stirring system such as propeller or impeller.53 At
the end of the process, the lipase will be collected by centrifu-
gation or ltration. Since batch STR oen takes up a long of
reaction time, it may need high volume tanks for large scale
biodiesel production. An alternative to batch STR is a contin-
uous STR, which retain enzyme in the reactor by placing a lter
at the reactor outlet.22 A common problem associated with STR
is the susceptibility of lipase to disruption due to high shear
stress from the agitation. The stirring speed needs to be
adjusted at an optimum rate that will balance between a high
productivity and a good preservation of lipase stability. Exam-
ples of biodiesel production using STR were done Keng et al.119

with a yield of 97.2% aer 5 h using 75 liters STR (50 L working
volume), and Ognjanovic et al.120 with 99.7% yield aer 24 h
reaction time using STR equipped with six-bladed turbine
impeller.

The packed lipase in PBR has lower exposure to mechanical
shear stress compared to STR. PBR is commonly used with
continuous process as it allows reuse of enzyme without prior
separation. In continuous process, the temperature and pres-
sure will be controlled and the reaction medium is pumped
throughout the column under a specic ow rate, which will
determine the residence time.53 The advantage of a continuous
reactor over a batch reactor is that there is no need to unload,
clean and reload the reactor aer each batch. There have been
many tests conducted on biodiesel production using PBR.121,122

An example of PBR was tested by Xu et al.123 who developed
a two-stage ethanol-based biodiesel production and obtained
overall productivity of 1.56 kg FAEE per (kg catalyst) per h.
Ognjanovic et al.120 obtained 96.25% conversion aer 8 h using
PBR and had almost no loss of productivity aer 72 h (8 cycles)
of operation.

The stability of immobilized lipase in term of mechanical
and operational determines its suitability to be used in
a reactor. For example, the immobilized support needs to have
high resistance towards friction and shear stress in STR, and
high resistance towards compression in high ow rates PBR.53

To avoid lipase deactivation, methanol can be added into the
This journal is © The Royal Society of Chemistry 2016
reaction system in a continuous or stepwise manner. There is
also a need to include glycerol removal system in a continuous
biodiesel production to avoid accumulation of glycerol. Accu-
mulation of glycerol would not only inhibit the enzymatic
reaction, but also increase the mass transfer resistance of
substrates to immobilized lipase and may cause column clog-
ging and pressure dropping.124 For this reason, Hama et al.125

constructed a PBR integrated with glycerol-separating system in
a solvent free biodiesel production. In addition, instead of the
long single PBR, Tran et al.124 designed a serial PBRs (three
columns in series) with subsequent removal of glycerol and
managed to increase biodiesel conversion up to 85%.
5. Economic evaluation and industrial
scale production

When developing a biodiesel production process, one of the
major concerns for enzymatic biodiesel production is its
economical aspect. The higher cost of enzyme makes the
enzyme-catalyzed reaction to be less favorable compared to
chemical-catalyzed production. Nonetheless, this drawback can
be managed through repeatable use of enzyme, which directs to
the application of immobilized lipase. There have been a few
studies that measured the economical aspect of enzymatic
biodiesel production. For example, Jegannathan et al.126 con-
ducted an economic assessment of biodiesel production
between three catalysts: alkali, soluble enzyme, and immobi-
lized enzyme. This assessment was calculated for batch mode
(stirred tank) with a production capacity of 103 tonne. The price
estimated for the lipase was $150 per kg. It was calculated that
alkali catalysts had the lowest production cost ($1166.67 per
tonne) compared to immobilized lipase catalyst ($2414.63 per
tonne) and soluble lipase catalyst ($7821.37 per tonne). The
higher production cost when using immobilized enzyme was
due to higher cost of lipase and longer reaction time. However,
it has to be mentioned that this assessment included washing
process in the production line which is not necessarily needed
for enzyme catalyst. In addition, it also used transesterication
reaction time of 72 hours which can be shortened depending on
the efficiency of the lipase used.

Since the enzymatic production of biodiesel can be done
with or without solvent, an economical comparison between
these two processes had also been done. Soto et al.127 evaluated
the production of 8 and 200 mio. kg biodiesel per year from
rapeseed oil and methanol, and made a comparison between
solvent free and cosolvent (t-butanol) production. They used
two prices of enzyme that account for the current price (762.71V
per kg enzyme) and estimated price in the future (7.63V per kg
enzyme). The product price for solvent free production was
estimated to 0.73–1.49V per kg biodiesel and 0.05–0.75V per kg
biodiesel for enzyme price of 762.71V per kg enzyme and 7.63V
per kg enzyme respectively. Meanwhile, the product price for
cosolvent production was estimated as 1.50–2.38V per kg bio-
diesel. The total capital investment for cosolvent production
was calculated to be higher due the installation costs of solvent
recovery column, which was higher than the cost of extra
RSC Adv., 2016, 6, 60034–60055 | 60051
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Table 10 Prices of crude oil and vegetable oils.129 Price for crude oil (petroleum) is in US dollars per barrel, calculated as the average of three spot
prices: Dated Brent, West Texas Intermediate, and the Dubai Fateh. Prices for rapeseed oil, palm oil and soybean oil are in US dollars per metric
ton

Commodity Feb 2011 Feb 2012 Feb 2013 Feb 2014 Feb 2015 Feb 2016

Crude oil (petroleum) $97.73 $112.7 $107.66 $104.82 $54.93 $31.05
Rapeseed oil $1.42k $1.30k $1.22k $0.97k $0.75k $0.78k
Palm oil $1.25k $1.05k $0.79k $0.81k $0.63k $0.60k
Soybean oil $1.27k $1.17k $1.13k $0.87k $0.70k $0.69k
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number of reactors and decanters needed for solvent free
operation. They concluded that cosolvent production process
was too expensive and not a viable choice.

An economic analysis of a biodiesel production plant from
waste cooking oil (WCO) using supercritical carbon dioxide was
done by Lisboa et al.128 It was estimated that the biodiesel cost
was 1.64V per L and 0.75V per L (for a WCO price of 0.25V per
kg and enzyme prices of 800V per kg and 8V per kg, respec-
tively). This production cost was calculated based on conversion
of 8000 ton WCO per year, using immobilized lipase Thermo-
myces lanuginosus (Lipozyme TL IM) and ethanol.

The current issue of falling crude oil prices will denitely
give negative impacts to the global biofuel industry. The current
price for crude oil is around $31.05 per barrel (February 2016)
which has decreased dramatically to less than a third of its price
in Feb 2014 (ref. 129) (Table 10). This situation has caused the
preference of petroleum-based fuel over biodiesel. Nonetheless,
this problem can be put under control by government inter-
vention. The regulation of domestic fuel price by the govern-
ment may control the gasoline and diesel fuel prices at the
pump and thus maintain biofuel as a competitive choice. In
addition, many countries, especially the major biofuel
producing countries, have implemented biofuel policies to
boost the growth of their biofuel sector. For example, in United
States, Energy Policy Act of 2005 established a renewable fuel
standard (RFS) that required the increase of renewable fuel
usage from 9 billion per year in 2008 to 36 billion per year in
2022.130 In 2012, the US president announced the establishment
of “All-of-the-above energy” policy to make a long-term plan that
uses every available sources of energy including wind, solar and
biofuels. Other incentives such as tax credits of $1.01 per gallon
and $1 per gallon were given to cellulosic biofuel and biodiesel
productions respectively from December 2011 to December
2013. Meanwhile in Brazil, invention of exible fuel vehicle that
can run on any gasoline-ethanol blend has increased the growth
of its national ethanol market. Brazil also gives taxes exemption
(PIS and CONFIN) for ethanol industries and provides low-
interest loans and subsidies to sugarcane farmers for land
expansion.130 The increasing proportion of biofuel blends in the
market that is supported by government mandates also helps to
sustain biofuel industry.

Furthermore, the price for vegetable oils such as soybean
oil, rapeseed oil and palm oil also has decreased to half its
price these past 5 years (Table 10). For example, soybean oil
price has decreased from $1.27k per metric ton in February
60052 | RSC Adv., 2016, 6, 60034–60055
2011 to $0.69k per metric ton in February 2016. Since cost of
biodiesel is about 30% higher than petroleum diesel due to the
feedstock price of plant oils,22 the decrease of this feedstock
price may as well reduce the biodiesel price and thus alleviate
the impact of fallen crude oil price. Other than that, choosing
a cheaper feedstock such as waste cooking oil is also an
attractive option.

The plan for industrial scale production of biodiesel using
enzyme as catalyst is no longer conceptual. In recent years,
enzyme manufacturers and biodiesel producers have collabo-
rated with each other to develop new technology of enzymatic
biodiesel production that is more feasible and economical. For
example, Novozymes (an enzyme maker company from Den-
mark) has collaborated with many biodiesel producer compa-
nies such as Piedmont Biofuels, Blue Sun Biodiesel, WB
services, Buster Biofuels, including Viesel Fuel LLC that has
a enzymatic biodiesel production line with a capacity of 5
million gallons output per year.131,132

There are already many biodiesel plants that produced bio-
diesel using enzymatic reaction presently. In 2007, Lvming Co.
Ltd. built an enzymatic production line with capacity of 10 000
tons in Shanghai, China.57 The factory used immobilized lipase
Candida sp. 99-125 as catalyst (0.4% to the weight of oil) and
waste cooking oil as raw material. About 90% FAME yield was
obtained under optimal condition. The process was conducted
in a stirred tank reactor, and a centrifuge was used to separate
glycerol and water. In 2012, Piedmont Biofuels, North Carolina,
developed a new technology (FAeSTER) for a continuous bio-
diesel production using immobilized or liquid enzyme.22 They
established an enzymatic biodiesel process that can utilize high
free fatty acids feedstocks, as high as 100% FFA.133 Another
factory, Hainabaichuan Co. Ltd. in Hunan Province, China,
applied the technology from Tsinghua University and used
commercial Novozyme 435 as catalyst.57
6. Conclusion

Due to high cost of enzyme, slow reaction rate and enzyme
inhibition, enzymatic reaction still need further improvement
to be used for biodiesel production as compared to that of
chemical-catalyzed reactions. Enzymatic reaction is more
advantageous than chemical methods because of its mild
reaction conditions, easy product recovery, wide variation of
substrate including free fatty acids, no wastewater generation,
no saponication and higher quality of products.
This journal is © The Royal Society of Chemistry 2016
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The three main components for biodiesel synthesis using
enzymatic reaction are lipase, oil and acyl acceptor. Lipase, the
catalysts for enzymatic transesterication has unique charac-
teristics and plays a major role in determining the production
yield. Many methods have been tested to improve biodiesel
production through enzymatic reaction such as combination of
lipases, enzyme pretreatment, enzyme post treatment, meth-
anol addition technique, use of solvent, and adding of silica gel.
These methods are applied to get the best possible yield and to
reduce the effect of enzyme inhibition during trans-
esterication process. The positive effects of these additional
methods were proven, but there are some matters that need to
be thought of: additional method will cause extra cost and may
also complicate the production steps. One of the effective ways
is to create new strain of lipase or recombinant lipase that has
high tolerant to methanol, high catalytic efficiency, good
resistance towards harsh condition, and able to maintain its
efficiency aer many uses. Accordingly, genetic engineering
involving lipase and its expression is an area that needs to be
further developed. Other important areas are techniques for
lipase immobilization and the design of biodiesel reactor.
Reactor design is very crucial to control the input and output of
the reaction system. Features that can be included and
improved in the design will include glycerol removal system and
continuous/stepwise addition of methanol.

A great deal of energy and efforts have been invested to
improve feasibility and efficiency of biodiesel production. By
improving the enzymatic reaction for biodiesel production, it is
most likely for this method to be used in the industry for big-
scale biodiesel production and may contribute towards
a greener and environmental friendly energy production.
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