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Biodiesel (fatty acid methyl esters), which is derived from triglycerides by transesterification
with methanol, has attracted considerable attention during the past decade as a renewable, biode-
gradable, and nontoxic fuel. Several processes for biodiesel fuel production have been developed,
among which transesterification using alkali-catalysis gives high levels of conversion of triglycer-
ides to their corresponding methyl esters in short reaction times. This process has therefore been
widely utilized for biodiesel fuel production in a number of countries. Recently, enzymatic trans-
esterification using lipase has become more attractive for biodiesel fuel production, since the glyc-
erol produced as a by-product can easily be recovered and the purification of fatty methyl esters is
simple to accomplish. The main hurdle to the commercialization of this system is the cost of lipase
production. As a means of reducing the cost, the use of whole cell biocatalysts immobilized within
biomass support particles is significantly advantageous since immobilization can be achieved
spontaneously during batch cultivation, and in addition, no purification is necessary. The lipase
production cost can be further lowered using genetic engineering technology, such as by develop-
ing lipases with high levels of expression and/or stability towards methanol. Hence, whole cell bio-

catalysts appear to have great potential for industrial application.
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Alternative fuels for diesel engines are becoming increas-
ingly important due to diminishing petroleum reserves and
the environmental consequences of exhaust gases from pet-
roleum-fuelled engines. A number of studies have shown
that triglycerides hold promise as alternative diesel engine
fuels (1-8). However, the direct use of vegetable oils
and/or oil blends is generally considered to be unsatisfac-
tory and impractical for both direct-injection and indirect-
type diesel engines. The high viscosity, acid composition,
and free fatty acid content of such oils, as well as gum for-
mation due to oxidation and polymerization during storage
and combustion, carbon deposits, and lubricating oil thick-
ening are some of the more obvious problems (9, 10). Con-
sequently, considerable effort has gone into developing veg-
etable oil derivatives that approximate the properties and
performance of hydrocarbon-based diesel fuels. Problems
encountered in substituting triglycerides for diesel fuels are
mostly associated with their high viscosity, low volatity, and
polyunsaturated character (10). Three main processes have
been investigated in attempts to overcome these drawbacks
and allow vegetable oils and oil waste to be utilized as a
viable alternative fuel: pyrolysis, micro-emulsification, and
transesterification.
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Pyrolysis refers to chemical change caused by the appli-
cation of thermal energy in the presence of an air or nitro-
gen sparge. Many investigators have studied the pyrolysis
of triglycerides with the aim of obtaining products suitable
for diesel engines (11-14). Thermal decomposition of tri-
glycerides produces compounds of several classes, includ-
ing alkanes, alkenes, alkadienes, aromatics, and carboxylic
acids. Different types of vegetable oils reveal large differ-
ences in composition when they are thermally decomposed.
Pyrolyzed soybean oil, for instance, contains 79% carbon
and 12% hydrogen (12). It also has low viscosity and a high
cetane number compared to pure vegetable oils. However,
while pyrolyzed vegetable oils possess acceptable amounts
of sulphur, water, and sediment, as well as giving accept-
able copper corrosion values, they are unacceptable in terms
of ash, carbon residues, and pour point. In addition, though
the products are chemically similar to petroleum-derived
gasoline and diesel fuel, the removal of oxygen during ther-
mal processing also eliminates any environmental benefits
of using an oxygenated fuel (9).

The use of microemulsions with solvents such as metha-
nol, ethanol, and 1-butanol has also been studied as a means
of solving the problem of high viscosity of vegetable oils
(15-17). Microemulsions are isotropic, clear or translucent
thermodynamically stable dispersions of oil, water, a surfac-
tant, and often a small amphiphilic molecule, called a cosur-
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factant (15). Ziejewski et al. (17) prepared an emulsion of
53.3% (v/v) alkali-refined and winterized sunflower oil,
13.3% (v/v) 190-proof ethanol and 33.4% (v/v) 1-butanol.
This nonionic emulsion had a viscosity of 6.31x 10 m?%/s at
40°C, a cetane number of 25, a sulfur content of 0.01%, free
fatty acids of 0.01%, and an ash content of less than 0.01%.
Lower viscosities and better spray patterns were obtained
by increasing the amount of 1-butanol. Schwab et al. (15)
reported that 2-octanol was an effective amphiphile in the
micellar solubilization of methanol in triolein and soybean
oil. However, in a laboratory screening endurance test, ir-
regular injector needle sticking, heavy carbon deposits, in-
complete combustion and an increase of lubricating oil vis-
cosity were reported (17).

Transesterification, also called alcoholysis, is the dis-
placement of alcohol from an ester by another alcohol in a
process similar to hydrolysis, except that an alcohol is em-
ployed instead of water. Suitable alcohols include methanol,
ethanol, propanol, butanol, and amyl alcohol. Methanol and
ethanol are utilized most frequently, especially methanol be-
cause of its low cost and its physical and chemical advan-
tages. This process has been widely used to reduce the vis-
cosity of triglycerides, thereby enhancing the physical prop-
erties of renewable fuels to improve engine performance
(18). Thus, fatty acid methyl esters (known as biodiesel
fuel) obtained by transesterification can be used as an alter-
native fuel for diesel engines.

The properties of biodiesel and diesel fuels are compared
in Table 1 (10, 19, 20). Biodiesel fuels produced from vari-
ous vegetable oils have viscosities close to those of diesel.
Their volumetric heating values are a little lower, but they
have high cetane numbers and flash points. Since the char-
acteristics of biodiesel are generally similar to those of die-
sel, the former is a strong candidate to replace diesel if the
need arises.

Among the attractive features of biodiesel fuel are (i) it is
plant-, not petroleum-derived, and as such its combustion
does not increase current net atmospheric levels of CO,, a
“greenhouse” gas; (ii) it can be domestically produced, of-
fering the possibility of reducing petroleum imports; (iii) it
is biodegradable; and (iv) relative to conventional diesel
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fuel, its combustion products have reduced levels of particu-
lates, carbon monoxide, and, under some conditions, nitro-
gen oxides. It is well established that biodiesel affords a
substantial reduction in SOx emissions and considerable re-
ductions in CO, hydrocarbons, soot, and particulate matter
(PM). There is a slight increase in NOx emissions, which
can be positively influenced by delaying the injection tim-
ing in engines (19-25). Yamane et al. (19) recently reported
that a biodiesel fuel with good ignitability, such as one with
a high methyl oleate content, gives lower levels of NO, hy-
drocarbons, HCHO, CH,CHO, and HCOOH, and also that
soot formation is suppressed, since biodiesel is an oxygen-
ated fuel having an O, mass fraction of 10%. In addition,
Sheehan et al. (22) carried out life cycle analyses and found
that the benefit of using biodiesel is proportionate to the
level of blending with petroleum diesel. The overall life
cycle emissions of CO, from 100% biodiesel fuel are
78.45% lower than those of petroleum diesel, and a blend
with 20% biodiesel fuel reduces net CO, emissions by
15.66%. Substituting 100% biodiesel for petroleum diesel
in buses reduces the life cycle consumption of petroleum by
95%, while a 20% blend of biodiesel fuel causes the life
cycle consumption of petroleum to drop 19%.

As a consequence of its advantages, there is considerable
interest in exploring and developing the use of biodiesel
fuel. This paper reviews technologies relating to biodiesel
fuel production by transesterification using acid- and alkali-
catalysis, lipase enzyme, and supercritical fluid, focusing
particularly on enzymatic production from the viewpoint of
industrial application.

TRANSESTERIFICATION KINETICS FOR
CHEMICAL AND ENZYMATIC CATALYSTS

Chemical catalyst The transesterification reaction with
alcohol represented by the general equation shown in Fig.
la consists of a number of consecutive, reversible reactions
as shown in Fig.1b. The first step is the conversion of tri-
glycerides to diglycerides, which is followed by the conver-
sion of diglycerides to monoglycerides and of monoglyc-
erides to glycerol, yielding one methyl ester molecule from

TABLE 1. Physical and chemical properties of biodiesel
Vegetable oil Kinematic viscosity Cetane Lower heating  Cloud point Flash point Density Sulfur,
methyl ester (mm?/s) number value (MJ/]) (°0) (°0) (g/h (Wt%)
Peanut® 4.9 (37.8°C) 54 33.6 5 176 0.883 —
Soybean® 4.5(37.8°C) 45 335 1 178 0.885 —
Soybean® 4.0 (40°C) 45.7-56 327 — — 0.880 (15°C) —
Babassu® 3.6 (37.8°C) 63 31.8 4 127 0.879 —
Palm® 5.7 (37.8°C) 62 335 13 164 0.880 —
Palm® 4.3-4.5 (40°C) 64.3-70 324 — — 0.872-0.877 (15°C)
Sunflower® 4.6 (37.8°C) 49 335 1 183 0.860 —
Tallow® — — — 12 96 — —
Rapeseed” 4.2 (40°C) 51-59.7 32.8 — — 0.882 (15°C) —
Used rapeseed® 9.48 (30°C) 53 36.7 — 192 0.895 0.002
Used corn oil° 6.23 (30°C) 63.9 423 — 166 0.884 0.0013
Diesel fuel® 12-3.5 (40°C) 51 355 — — 0.830-0.840 (15°C) —
JIS-2D¢ (Gas oil) 2.8 (30°C) 58 42.7 — 59 0.833 0.05
2 Ref. 10.
b Ref. 20.

¢ Ref. 19.
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CH,-00C-Ry R1-COO-R' CH,-OH
Catalyst i
@ CHOOCRy + 3R'OH — R2-COO-R + H-OH
CH,-00C-R3 R3-COO-R' CH,-OH
Triglyceride Alcohol Fatty acid esters Glycerol
Catalyst
1. Triglyceride (TG) + R'OH e Diglyceride (DG) + R'COOR;
Catalyst
(b) 2. Diglyceride (DG) + R'OH = Monoglyceride (MG) + R'COOR,
Catalyst
3. Monoglyceride MG) + R'OH —/—» Glycerol (GL) + R'COOR3
FIG. 1. Transesterification of triglyceride with alcohol. (a) General equation; (b) three consecutive and reversible reactions. R,, R,, R; and R’

represent alkyl groups.

each glyceride at each step (26, 27).

Several researchers have reported the kinetics for both
acid- (26-29) and alkali-catalyzed (26, 27) transesterifi-
cation reactions. Dufek er al. (28) studied the acid-cata-
lyzed esterification and transesterification of 9(10)-carbox-
ystearic acid and its mono- and di-methyl esters. Freedam
et al. (26) reported the transesterification reaction of soy-
bean oil and other vegetable oils with alcohols, examining
the effects of the type of alcohol, molar ratio, type and
amount of catalyst, and reaction temperature on rate con-
stants and reaction order. With acid or alkali catalysis, the
forward reaction followed pseudo-first-order kinetics for
butanol:soybean oil = 30:1. However, with alkali catalysis
the forward reaction followed consecutive, second-order ki-
netics for butanol:soybean oil = 6:1. The reaction of meth-
anol with soybean oil at a 6:1 molar ratio with 0.5% sodium
methoxide was a combination of second-order consecutive
and fourth-order shunt reactions.

Enzymatic catalyst The kinetics of triglyceride trans-
esterification with methanol, i.e methanolysis, catalyzed by
Ryzopus oryzae lipase appears to be in accordance with a
successive reaction mechanism (30). That is, triglycerides
and partial glycerides are first hydrolyzed by lipase to par-
tial glycerides and free fatty acids, respectively, after which
methyl esters are synthesized from free fatty acids and
methanol (see Fig. 1b). This suggests that, unlike in the case
of alkali-catalyzed methanolysis, free fatty acids contained
in used oils can be easily converted to methyl esters.

ACID-CATALYZED OR IN SITU
TRANSESTERIFICATION

Acids used for transesterification include sulfuric, phos-
phoric, hydrochloric, and organic sulfonic acids. Although
transesterification by acid catalysis is much slower than that
by alkali catalysis (9, 10, 31), acid-catalyzed transesterifica-
tion is more suitable for glycerides that have relatively high
free fatty acid contents and more water (31, 32). Aksoy et
al. (32) reported that it was necessary to perform transes-
terification under an acidic condition when the oil compo-

nent was a low grade material such as sulphur olive oil. In
general, the ethyl esters of monounsaturated or short-chain
fatty acids with 2% sulfuric acid should make good alterna-
tive fuels (33).

In situ transesterification differs from the conventional
reaction in that the oil-bearing material contacts acidified
alcohol directly instead of reacting with purified oil and al-
cohol. That is, extraction and transesterification proceed
within the same process, the alcohol acting both as an ex-
traction solvent and an esterification reagent. In situ trans-
esterification of sunflower oil with acidified methanol pro-
duces fatty acid methyl esters in yields significantly greater
than those obtained from the conventional reaction with
pre-extracted seed oil (34, 35). Kildiran ef al. (36) have pro-
posed in situ transesterification of soybean oil, while Ozgiil
and Turkay (37) reported the in situ esterification of rice
bran oil with different monohydric alcohols, exploiting the
advantage of simultaneous easy extraction of neutral lipids
from seeds and bran when in sifu transesterification is car-
ried out.

ALKALI-CATALYZED TRANSESTERIFICATION

Alkalis used for transesterification include NaOH, KOH,
carbonates, and alkoxides such as sodium methoxide, so-
dium ethoxide, sodium propoxide, and sodium butoxide.
Alkali-catalyzed transesterification proceeds approximately
4000 times faster than that catalyzed by the same amount of
an acidic catalyst (38), and is thus most often used commer-
cially.

Effects of moisture and free fatty acids For alkali-
catalyzed transesterification, the glycerides and alcohol
must be substantially anhydrous because water causes a
partial reaction change to saponification, which produces
soap (39). The soap consumes the catalyst and reduces the
catalytic efficiency, as well as causing an increase in vis-
cosity, the formation of gels, and difficulty in achieving sep-
aration of glycerol. Ma et al. (40) suggested that the free
fatty acid content of the refined oil should be as low as pos-
sible, below 0.5%, and Feuge and Grose (41) also stressed
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the importance of oils being dry and free of free fatty acids.
Freedman et al. (31) reported that ester yields were signifi-
cantly reduced if the reactants did not meet these require-
ments; sodium hydroxide or sodium methoxide reacted with
moisture and carbon dioxide in the air, diminishing their ef-
fectiveness.

Effect of molar ratio Another important variable af-
fecting the ester yield is the molar ratio of alcohol to vegeta-
ble oil. The stoichiometry of the transesterification reaction
requires 3 mol of alcohol per mole of triglyceride to yield
3 mol of fatty esters and 1 mol of glycerol (see Fig. 1a).
Higher molar ratios result in greater ester conversion in a
shorter time. In the transesterification of peanut oil with
ethanol, a 6: 1 molar ratio liberated significantly more glyc-
erol than a ratio of 3:1 (41). Freedman et al. (31) studied
the effect of molar ratios (from 1:1 to 6:1) on ester con-
version with vegetable oils. Soybean, sunflower, peanut and
cotton seed oils behaved similarly, with the highest conver-
sion being achieved at a 6:1 molar ratio. Krisnangkura and
Simamaharnnop (42) transesterified palm oil at 70°C in an
organic solvent with sodium methoxide as a catalyst and
found that the conversion increased with increasing molar
ratios of methanol to palm oil. Thus, a molar ration of 6:1 is
normally used in industrial processes to obtain methyl ester
yields higher than 98% on a weight basis (41, 43).

Effect of catalyst type Sodium methoxide has been
found to be more effective than sodium hydroxide, presum-
ably because a small amount of water is produced upon
mixing NaOH and MeOH (31, 44). Alcantara et al. (45)
transformed three fatty materials — bean oil, used frying
oil, and tallow — with sodium methoxide into two different
types of products by transesterification and amidation reac-
tions with methanol and diethylamine, respectively. Amides
enhance the ignition properties of petrochemical diesel fuel.
However, sodium hydroxide and potassium hydroxide (46)
are also able to catalyze transesterification, and because of
their cheapness, are widely used in industrial biodiesel pro-
duction.

ENZYMATIC TRANSESTERIFICATION
BY LIPASE

Although chemical transesterification using an alkali-ca-
talysis process gives high conversion levels of triglycerides
to their corresponding methyl esters in short reaction times,
the reaction has several drawbacks: it is energy intensive,
recovery of glycerol is difficult, the acidic or alkaline cata-
lyst has to be removed from the product, alkaline waste-
water requires treatment, and free fatty acids and water in-
terfere with the reaction.
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Both extracellular and intracellular lipases are also able
to effectively catalyze the transesterification of triglycerides
in either aqueous or nonaqueous systems, and as shown in
Table 2, enzymatic tranesterification methods can overcome
the problems mentioned above. In particular, it should be
noted that the by-product, glycerol, can be easily recovered
without any complex process, and also that free fatty acids
contained in waste oils and fats can be completely con-
verted to methyl esters. On the other hand, in general the
production cost of a lipase catalyst is significantly greater
than that of an alkaline one.

Use of extracellular lipases Various types of alcohols
— primary, secondary, and straight- and branched-chain —
can be employed in transesterification using lipases as cata-
lysts (Table 3). Linko et al. (47) have demonstrated the pro-
duction of a variety of biodegradable esters and polyesters
with lipase as the biocatalyst. In the tranesterification of
rapeseed oil with 2-ethyl-1-hexanol, 97% conversions of
esters was obtained using Candida rugosa lipase powder.
De et al. (48) investigated the conversion of fatty alcohol
esters (C,—C,4.,) using immobilized Mucor miehei lipase
(Lipozyme IM-20) in a solvent-free system. The percentage
of molar conversions of all corresponding alcohol esters
ranged from 86.8 to 99.2%, while the slip melting points of
the esters were found to increase steadily with increasing al-
cohol chain length (from C, to C,,) and to decline with the
incorporation of unsaturation for the same chain length (as
from C 4to Cyg.).

Transesterification of the triglycerides sunflower oil, fish
oil, and grease with ethanol, i.e ethanolysis, has also been
studied. In each case, high yields beyond 80% could be
achieved using the lipases from M. miehei (49), Candida
antarctica (50), Pseudomonas cepacia (51), respectively.

Nelson et al. (52) investigated the abilities of lipases in
transesterification with short-chain alcohols to give alkyl
esters. The lipase from M. miehei was the most efficient
for converting triglycerides to their alkyl esters with pri-
mary alcohols, whereas that from C. antarctica was the
most efficient for transesterifying triglycerides with second-
ary alcohols to give branched alkyl esters. Maximum con-
versions of 94.8-98.5% for the primary alcohols methanol,
ethanol, propanel, butanol, and isobutanol, and of 61.2—
83.8% for the secondary alcohols isopropanol and 2-butanol
were obtained in the presence of hexane as a solvent. In
solvent-free reactions, however, yields with methanol and
ethanol were lower than those obtained with hexane; in par-
ticular, the yield with methanol decreased to 19.4%.

Mittelbach (53) reported transesterification using the pri-
mary alcohols methanol, ethanol, and 1-butanol, with and
without petroleum ether as a solvent. Although the ester

TABLE 2. Comparison between alkali-catalysis and lipase-catalysis methods for biodiesel fuel production

Alkali-catalysis process

Lipase-catalysis process

Reaction temperature
Free fatty acids in raw materials
Water in raw materials

60-70°C
Saponified products
Interference with the reaction

30-40°C
Methyl esters
No influence

Yield of methyl esters Normal Higher
Recovery of glycerol Difficult Easy
Purification of methyl esters Repeated washing None
Production cost of catalyst Cheap Relatively expensive
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TABLE 3. Enzymatic transesterification reactions using various types of alcohols and lipases
Oil Alcohol Lipase Conversion (%) Solvent Ref.
Rapeseed 2-Ethyl-1-hexanol C. rugosa 97 None 47
Mowrah, Mango, C,—Ci;., alcohols M. miehei (Lipozyme IM-20) 86.8-99.2 None 48
Kernel, Sal
Sunflower Ethanol M. meihei (Lypozyme) 83 None 49
Fish Ethanol C. antarctica 100 None 50
Recycled restaurant P, cepacia (Lipase PS-30)
grease Ethanol + C. antarctica (Lipase SP435) 85.4 None >
Primary alcohols? M. miehei (Lipozyme IM60) 94.8-98.5 Hexane
Tallow, Soybean, Secondary alcohols® C. antarctica (SP435) 61.2-83.8 Hexane 52
Rapeseed Methanol M. miehei (Lipozyme IM60) 19.4 None
Ethanol M. miehei (Lipozyme IM60) 65.5 None
Methanol 3 None
Sunflower Methanol P. fluorescens 79 Petroleum ether 53
Ethanol 82 None
Methanol R 15 None
Palm kernel Ethanol P. cepacia (Lipase PS-30) 7 None 54

2 Methanol, ethanol, propanol, butanol, and isobutanol.
® I[sopropanol and 2-butanol.

yields with ethanol and 1-butanol were relatively high, even
in reactions without a solvent, with methanol only traces of
methyl esters were obtained. Abigor et al. (54) also found
that in the conversion of palm kernel oil to alkyl esters using
P cepacia lipase, ethanol gave the highest conversion of
72%, while only 15% methyl esters was obtained with
methanol. Lipases are known to have a propensity to act on
long-chain fatty alcohols better than on short-chain ones
(55, 56). Thus, in general, the efficiency of the transester-
ification of triglycerides with methanol (methanolysis) is
likely to be very low compared to that with ethanol in sys-
tems with or without a solvent.

Effective methanolysis using extracellular lipase Re-
cently, however, effective methanolysis reactions using ex-
tracellular lipase have been developed by several research-
ers, which are summarized in Table 4. Shimada et al. (57)
found that immobilized C. antarctica lipase (Novozym 435)
was the most effective for methanolysis among lipases
they tested. Since the enzyme was inactivated by shaking in

a mixture containing more than 1.5 molar equivalents of
methanol against the oil, they developed a method of adding
methanol stepwise to avoid lipase inactivation. As a result,
more than 95% of the ester conversion was maintained even
after 50 cycles of the reaction. In mixtures containing more
than 1.5 molar equivalents of methanol, the excess amount
of methanol remained as droplets dispersed in the oil. Be-
cause lipase may be inactivated when it contacts these
methanol droplets, the authors stress that a reaction system
in which methanol dissolves completely is necessary for the
lipase-catalyzed methanolysis of oils. They also point out
that the stepwise methanolysis procedure is suitable for
adoption as an industrial process. Watanabe et al. (58) dem-
onstrated effective methanolysis using two-step batch and
three-step flow reaction systems with Novozym 435. The
methyl ester content in the final-step elute reached 90-93%,
and the lipase could be used for at least 100 d in both reac-
tion systems without any significant decrease in the conver-
sion. The effect of pretreatment of Novozym 435 on metha-

TABLE 4. Effective methanolysis processes with both extracellular and intracellular lipases

Methyl ester Reaction time Ref

Lipase Regiospecificity Process and operation content (%) (h)
Repeated fed-batch operation? 9698 48 57
C. antarctica® - . . b
(Novozym435) None Continuous operatlon\ 92-94 7 58
Fed-batch operation® 87 3.5 59
b i b
g' rugosa’, P cbep acia, None Fed-batch operation? 80-100 80-90 60
> fluorescence
R. oryzae (F-AP15)° 1(3)-Regiospecific Fed-batch operation? 80-90 70 30
- 1 d !
R oryzac IFO4697° 1(3)-Regiospecific Fed-batch operation 80790 2 ol
Repeated fed-batch operationd® 70-80 72 62

2 Extracellular lipase immobilized by an ion-exchange resin.
® Extracellular lipase powder.

¢ Intracellular lipase in cells immobilized within BSPs (whole cell biocatalyst).
4 Three-step addition of methanol; a reaction mixture of oil/methanol (1:1, mol/mol) was fed in each step.
¢ Continuous three-step flow reaction; a reaction mixture of oil/methanol (1:3, mol/mol) was fed into each column.

f Pretreatment of immobilized lipase with methyl oleate and soybean oil.

¢ Treatment of immobilized cells within BSPs using glutaraldehyde.
b Overall residence time.
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FIG. 2. Time courses of methyl ester content with 210 IU Rhizo-
pus oryzae lipase added as (closed square) 0.6, (closed circle) 0.9,
(open triangle) 1.2, (reverse open triangle) 1.5, (open rhombus) 1.8,
(+) 2.4, (x) 3.0, (open square) 6.0, and (open circle) 9.0 ml enzyme
solutions. The reaction mixture containing soybean oil 28.95 g, dis-
tilled water 0.6-9.0 ml (=2-30 wt% by weight of the initial substrate),
and methanol 1.05 g, was incubated at 35°C with shaking at 150 oscil-
lations/min in a bioshaker. Methanol (1.05 g) was added twice at the
times indicated by arrows.

nolysis for biodiesel fuel production was investigated by
Samukawa et al. (5§9). Methanolysis progressed much faster
when Novozym 435 was preincubated in methyl oleate for
0.5 h and subsequently in soybean oil for 12 h. As a result,
the methyl ester content in the reaction mixture reached
over 97% within 3.5 h by stepwise addition of 0.33 molar
equivalents of methanol at 0.25-0.4 h intervals.

Kaieda ef al. investigated the methanolysis of soybean oil
with both non-regiospecific (60) and 1(3)-regiospecific (30)
lipases in a water-containing system without an organic sol-
vent. Among the non-regiospecific lipases, those from C.
rugosa, P. cepacia and P. fluorescens displayed significantly
high catalytic ability. In particular, the P. cepacia lipase
yielded high methyl ester contents in a reaction mixture
with up to 2 or 3 molar equivalents of methanol to oil,
which is attributed to the P. cepacia lipase having substan-
tial methanol tolerance (60).

The R. oryzae lipase, which exhibits 1(3)-regiospecificity
(63-66), is also effective for the methanolysis of soybean
oil. As shown in Fig. 2, the lipase efficiently catalyzed
methanolysis in the presence of 4-30% water in the starting
material, but the enzyme was nearly inactive in the absence
of water. Despite of the use of 1(3)-regiospecificity lipase,
the methyl ester content in the reaction mixture reached
80-90% by stepwise additions of methanol to the reaction
mixture. To investigate the possibility of spontaneous acyl
migration in a water-containing system, the change in the
1,3-diglyceride content with incubation time after the hy-
drolysis of soybean oil was analyzed (30). Figure 3 shows
TLC results for samples obtained after incubation for 13,
20, 38, and 62 h, including the sample obtained during the
initial hydrolysis (lane 1). Although no 1,3-diglyceride was
observed at the beginning of the incubation, spots indicating
the presence of 1,3-diglyceride were detected from 13 h on-
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FIG. 3. TLC analysis of spontaneous acyl migration from the sn-2
position to the sn-1 or sn-3 position of partial glycerides. Soybean oil
(2.5 g) hydrolyzed for 2 h and then washed 5 times with distilled water
to completely remove lipase was incubated with 0.4 ml distilled water
at 35°C with shaking at 150 oscillations/min in a bioshaker. Lane 1,
first two hours of oil hydrolysis; lanes 2—5, hydrolyzed oil after 13, 20,
38, and 62 h incubation, respectively. Abbreviations: SO, soybean oil;
MG, monoglyceride; DG, diglyceride; FFA, free fatty acid.

wards, and the 1,3-diglyceride concentration increased with
increasing incubation time. This indicates that acyl migra-
tion from the sn-2 position to the sn-1 or sn-3 position in
partial glycerides can occur spontaneously in a water-con-
taining system without lipase. Thus, a high methyl ester
content above 80% was achieved.

Use of intracellular lipase as a whole cell biocatalyst
Bioconversion can be carried out using extracellular or in-
tracellular enzymes, but extracellular enzymes require puri-
fication by procedures that may be too complex for practical
use. Furthermore, enzymes recovered through such opera-
tions are generally unstable and expensive. Consequently,
there has been considerable research into the direct use of
whole cells as biocatalysts (67—69).

To utilize whole cell biocatalysts in a convenient form,
cells should be immobilized in such a way that they re-
semble ordinary solid-phase catalysts used conventionally
in synthetic chemical reactions. Among many available im-
mobilization methods, a technique using porous biomass
support particles (BSPs), developed by Atkinson et al. (70),
has several advantages over other methods in terms of in-
dustrial application: (i) no chemical additives are required,
(i1) there is no need for preproduction of cells, (iii) aseptic
handling of particles is unnecessary, (iv) there is a large
mass transfer rate of substrate and production within BSPs,
(v) the particles are reusable, (vi) the particles are durable
against mechanical shear, (vii) bioreactor scale-up is easy,
(viii) costs are low compared to other methods. Because of
its advantageous features, the BSP technique has been ap-
plied successfully in a wide variety of microbial (71-85),
animal (86-94), insect (95), and plant cell (96-101) sys-
tems.
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FIG. 4. Comparison of lipase production processes for methanolysis with extracellular (a) and intracellular (b) lipases.

In Fig. 4, the extracellular and intracellular (whole cell
biocatalyst) lipase production processes are compared. Un-
like in the case of extracellular lipase, no purification or
immobilization processes are needed in preparing whole
cell biocatalysts with BSPs, since immobilization can be
achieved spontaneously during batch cultivation.

Utilizing R. oryzae cells immobilized within BSPs as a
whole cell biocatalyst, Ban et al. (61) investigated the cul-
ture conditions for lipase production, and the effects of cell
pre-treatment and water content in the reaction mixture on
methanolysis. As shown in Fig. 5, R. oryzae cells easily be-
came immobilized within the polyurethane foam BSPs dur-
ing batch cultivation. Addition of olive oil or oleic acid to
the culture medium as a substrate-related compound sig-
nificantly benefited the intracellular lipase activity, while no
glucose was necessary. As a result, when methanolysis was
carried out with stepwise additions of methanol using BSP-
immobilized cells in the presence of 10-20% water, the
methyl ester content in the reaction mixture reached 80—
90% without any organic solvent pretreatment (Fig. 6). This
level of methyl ester production is almost the same as that
achieved using extracellular lipase (30). To stabilize R.

oryzae cells, cross-linking treatment with 0.1% glutaralde-
hyde solution was examined (62). As shown in Fig. 7, the
lipase activity of the cells thus obtained was maintained
during six batch cycles without any significant decrease,
with the methyl ester content in each cycle reaching 70—
83% within 72 h. Without the glutaraldehyde treatment, the
activity decreased gradually with each cycle, to give a me-
thyl ester content of only 50% at the 6th batch. These find-
ings indicate that the use of whole cell biocatalysts immobi-
lized within the BSPs (61, 62) offers a promising means of
biodiesel fuel production for industrial application because
of the simplicity of the lipase production process as well as
the stability of lipase activity over a long period.

TRANSESTERIFICATION USING
SUPERCRITICAL FLUIDS

With the aim of developing a novel methanolysis process
for oil without using any catalyst, Saka and Kusdiana (102)
made a fundamental study of biodiesel production in super-
critical methanol. They demonstrated that preheating to a
temperature of 350°C and treatment for 240 s in supercriti-

1 mm

FIG. 5. Micrographs of surface (a) and cross-section (b) of a 6-mm cubic biomass support particle (voidage >97%; pore size, 50 pores per lin-
ear inch). Medium: polypepton 70 g//; NaNO, 1.0 g/I; KH,PO, 1.0 g/l; MgSO,-7H,0 0.5 g//; olive oil 30 g/I. Culture conditions: medium volume,
100 ml; temperature, 35°C; cultivation time, 80-90 h; shaking, 150 oscillations/min.
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FIG. 6. Time courses of methyl ester content in methanolysis with
BPS-immobilized cells in the presence of (closed square) 0, (closed
circle) 0.2, (closed triangle) 0.3, (open square) 0.4, (open circle) 1.0,
(open triangle) 1.5, (reverse open triangle) 2.0, and (open rhombus)
3.0 ml water in the initial reaction mixture. The reaction mixture con-
taining soybean oil 9.65 g, 0.1 M acetate buffer (pH 5.6) 0-3.0 ml (=0—
30 wt% by weight of the initial substrate), and methanol 0.35 g, was
incubated with 50 pieces of BSPs at 35°C in a 50-ml screw-cap bottle
on a reciprocal shaker (150 oscillations/min; amplitude 70 mm). Meth-
anol (0.35 g) was added twice at the times indicated by the arrows.

cal methanol were sufficient to convert rapeseed oil to me-
thyl esters. Moreover, while the methyl esters produced
were basically the same as those obtained in the conven-
tional method with a basic catalyst, the methyl ester yield of
the supercritical methanol method was higher. Kinetic ana-
lyses of the reactions in subcritical and supercritical metha-
nol revealed that the rate of rapeseed oil conversion to me-
thyl esters increased dramatically in the supercritical state.
A reaction temperature of 350°C and a molar ratio of meth-
anol to rapeseed oil of 42 to 1 were considered to be the best
conditions (103). Since supercritical methanol has a hydro-
phobic nature with a lower dielectric constant, non-polar
triglycerides can be well solvated with supercritical metha-
nol to form a single phase oil/methanol mixture. However,
liquid methanol is a polar solvent and has hydrogen bond-
ings between OH oxygen and OH hydrogen to form metha-
nol clusters. Thus, the oil to methyl ester conversion rate
was found to increase dramatically in the supercritical state.

Free fatty acids contained in crude oils and fats could also
be converted efficiently to methyl esters in supercritical
methanol, leading to increase of the total yield of methyl
esters from used oils (104). In addition, because the proc-
ess is non-catalytic, the purification of products after the
transesterification reaction is much simpler and more en-
vironmentally friendly compared with the alkali-catalyzed
method in which all the catalyst and saponified products
have to be removed to obtain biodiesel fuel. However, the
supercritical methanol method requires a high temperature
of 350°C and a pressure of 45 MPa, and in addition, large
amount of methanol is necessary. Therefore, to employ this
method in industrial application further investigations of
production process such as continuous operation and scale-
up are needed.

J. B10SCI. BIOENG.,

100 [ —— — — —

Methyl ester content (wt%)

1 1
200 300

Reaction time (h)

FIG. 7. Time courses of methyl ester contents in a repeated metha-
nolysis reaction using BSP-immobilized cells with and without glutar-
aldehyde treatment (0.1% solutionx1h at 25°C). The procedure for
immobilization within the BSPs was the same as described in Fig. 5.
Methanolysis was carried out for 6 batch cycles in the presence of 15%
water in the reaction mixture. Otherwise, the conditions were the same
as described in Fig. 6. Symbols: (closed circle) treated cells; (open cir-
cle) untreated cells.

CONCLUSIONS AND FUTURE PROSPECTS

In recent years, biodiesel has become more attractive as
an alternative fuel for diesel engines because of its environ-
mental benefits and the fact that it is made from renewable
resources. Used oils can also be utilized for making biodi-
esel fuel, thus helping to reduce the cost of wastewater treat-
ment in sewerage systems and generally assisting in the re-
cycling of resources (105). Biodiesel fuel production now
exceeds 100,000 tonnes per year in several countries, in-
cluding Belgium, France, Germany, Italy, and the United
States (106). In Japan, small quantities of biodiesel fuel are
now being produced from used oils in many localities.

For the production of biodiesel fuel, an alkali-catalysis
process has been established that gives high conversion
levels of oils to methyl esters, and at present this is the
method that is generally employed in actual biodiesel pro-
duction. However, it has several drawbacks, including the
difficulty of recycling glycerol and the need for either re-
moval of the catalyst or wastewater treatment. In particular,
several steps such as the evaporation of methanol, removal
of saponified products, neutralization, concentration, etc.,
are needed to recover glycerol as a by-product.

To overcome these drawbacks, which may limit the avail-
ability of biodiesel fuel, enzymatic processes using both ex-
tracellular and intracellular lipases have recently been de-
veloped. In Fig. 8, comparative flow diagrams for biodiesel
fuel production by the alkali- and a lipase-catalysis pro-
cesses are presented. The latter process is much simpler
since recovery of unreacted methanol and wastewater treat-
ment are unnecessary. In addition, only a simple concentra-
tion is required to recover glycerol.

Since the cost of lipase production is the main hurdle to
commercialization of the lipase-catalyzed process, several
attempts have been made to develop cost-effective systems.
To avoid serious degradation of lipase activity in the pres-



VoL. 92, 2001 BIODIESEL FUEL PRODUCTION 413
| Alkali+MeOH }: [ MeOH |
_____ Q_ . I Wastewater (alkaline) |
E Evaporation .
(a) 1 | of MeOH —:»l Repeated washing ]——>| Methyl esters J
- Y| (Upper phase) |
" . Ny Separation of . '
| Oils |—->| Transesterification [—» reaction mixture : '
Evaporation ! . .
: ' Purification
| of MeOH | ofglycerol |> | Glycerol
' | (Lower phase) | ,
| Saponified productsl
LipasetMeOH
(b) (Upper phase)
. . . Separation of _
rtionof | =P Myt avten
I Oils I—-)‘ Transesterification [—»1 = o @ hixture Methyl esters
\ (Lower phase)
Purification ____,_-
of glycerol
FIG. 8. Flow diagrams comparing biodiesel production using the alkali- (a) and lipase-catalysis (b) processes.
ence of a high concentration of methanol, a novel operation 3. Adams, C., Peters, J. F., Rand, M. C., Schroer, B. J., and

with stepwise addition of methanol has been developed (30,
57-60). The use of intracellular lipase as a whole cell bio-
catalyst (61, 62) is also an effective way to lower the lipase 4
production cost, since complex purification is not necessary.

1579 (1983).

Another useful approach to reducing the production cost Am. Oil Chem. Soc., 60, 1579-1587 (1983).
is to use solvent-tolerant lipases. Several microorganisms 5. Strayer, R. C., Blake, J. A., and Craig, W. K.: Canola and

that produce solvent-tolerant lipases, either 1,3-specific from
Fusarium sp. (107) or non-specific from Pseudomonas and
Bacillus sp. (108-112), have been reported. These lipases
are stable in most water-immisible solvents, but their stabil-
ity generally decrease somewhat in water-misible solvents

such as methanol and ethanol. However, activity of the 1596 (1983).
lipase from Fusarium heterosporum was found to slightly 7. Shay, E.G.: Dﬁesel fue! from vegetable oils: status and
increase in the presence of a low concentration of methanol opportunities. Biomass Bioenerg., 4, 227-242 (1993).

6. Engler, C.R., Johmnson, L.A., Lepori, W.A,,

Ziemke, M. C.: Investigation of soybean oil as a diesel fuel
extender: endurance tests. J. Am. Oil Chem. Soc., 60, 1574—

. Peterson, C.L., Auld, D.L., and Korus, R. A.: Winter
rape oil fuel for diesel engines: recovery and utilization. J.

high erucic rapeseed oil as substitutes for diesel fuel: pre-
liminary tests. J. Am. Oil Chem. Soc., 60, 15871592 (1983).
and
Yarbrough, C.M.: Effects of processing and chemical
characteristics of plant oils on performance of an indirect-
injection diesel engine. J. Am. Oil Chem. Soc., 60, 1592—

8. Ziejewski, M. and Kaufman, K. R.: Laboratory endurance

(107). . . . test of a sunflower oil blend in a diesel engine. J. Am. Oil
Furthe_r enhapcement of .hpase production may be achleved Chem. Soc., 60, 15671573 (1983).

by genetic engineering. High levels of expression of lipases 9. Ma, F. and Hanna, M. A.: Biodiesel production: a review.

from several microorganisms (113—115) have been success- Bioresour. Technol., 70, 1-15 (1999).

fully achieved using Saccharomyces cerevisiae as the host. 10. Srivastava, A. and Prasad, R.: Triglycerides-based diesel

Among these the lipase cDNA from F heterosporum in- fuels. Renew. Sust. Energ. Rev., 4, 111-133 (2000).

creased lipase productivity 3-fold over that of the original

strain (114).
In the light of these findings, combining a whole cell bio- 12. Schwab, A. W., Dykstra, G. J., Selke, E., Sorenson, S. C.,

catalyst with the use of a recombinant microorganism can
be expected to considerably decrease the cost of lipase pro-

39, 9-14 (1962).

duction. Such a novel system offers a promising process (1988).
prospect for industrial biodiesel fuel production.
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