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Abstract—During the enzymatic production of biodiesel, methanol has a major inhibitory effect on enzyme activity
whereas glycerol has a minor effect. Revitalization of the methanol-deactivated enzyme or pre-incubation of enzyme
with various chemicals turned out to be unsuccessful. The stepwise feeding of methanol, a widely used conventional
method for preventing methanol inhibition, was optimized in terms of the aliquot number and feeding interval to obtain
a high conversion rate as well as a high degree of final biodiesel conversion. The use of six feedings of methanol with
an equivalent molar ratio of 0.75 at 3-h intervals was found to be the optimal mode for preventing methanol inhibition;
a biodiesel conversion rate of approximately 95% could be achieved within 20 h by using this method. Finally, to prevent
contact between the undissolved methanol and the enzyme, methanol was pre-dissolved in water or biodiesel and fed
to the mixture of soybean oil and the enzyme. This pre-dissolution method completely prevented enzyme inhibition,
and a final biodiesel conversion rate of 82.3% was obtained.
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INTRODUCTION

Global warming and a shortage of energy have recently been rec-
ognized as the most critical problems among current global issues
[1]. Because fuel accounts for about 30% of the world’s total energy
usage, there is an urgent need for alternative fuels that are renew-
able and that emit less toxic exhaust than fossil fuel [2]. Among
the alternative energy sources, biodiesel is a renewable, biodegrad-
able, and non-toxic fuel that can be used in diesel cars without having
to modify the existing engine design [3]. Biodiesel is a fatty acid
methyl ester that is usually produced through transesterification with
vegetable oils or animal fats. The processes that adopt chemical cata-
lysts offer the advantage of a high reaction rate but require multi-
step units; in addition, the catalysts must be neutralized to prevent
corrosion of the engine, which discharges a large amount of waste-
water [4,5]. Moreover, glycerol, which is now being used as a valu-
able intermediate in many industries, cannot be easily recovered
with a high degree of purity [5,6].

In contrast, the enzymatic production of biodiesel has attracted a
great deal of attention because of its environmentally friendly nature,
the ease with which biodiesel and glycerol can be recovered, and
the mild operating conditions involved, in terms of temperature and
pH [7]. However, the high cost and easy deactivation of enzymes
by short-chain acyl donors such as methanol are barriers to the enzy-
matic production of biodiesel on an industrial scale [8,9]. It is known
that methanol inhibits enzyme activity when its molar ratio to soy-
bean oil or to total fatty acids exceeds 1.5 and 0.5, respectively [10-
12]. Several methods have been suggested to prevent methanol in-
hibition, including enzyme pretreatment [13], stepwise methanol
feeding [10-12,14], the employment of other acyl donors such as
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ethyl acetate [15] and introducing a solvent like t-butanol [8,16].
Watanabe et al. [12] attempted to prevent methanol inhibition by
carrying out stepwise methanol feeding, a two-step batch reaction,
and a three-step flow reaction. Although they successfully achieved
more than 95% conversion with 4% (w/w) enzyme, it took 27 h
for the conversion to be effected. Samukawa et al. [13] reported
that they could increase the biodiesel conversion rate remarkably
and minimize the deactivation of the enzyme through pre-incuba-
tion in methyl oleate. Royon et al. [16] reported that the addition of
t-butanol eliminated the enzyme deactivation caused by undissolved
methanol and increased both the reaction rate and the final biodie-
sel conversion rate. They were able to obtain a 97% conversion rate,
but the reaction required 32.5% of t-butanol and was carried out at
arelatively high temperature of 50 °C.

In this study, the factors that cause the deactivation of enzymes
during biodiesel production were quantified. In addition, various
methods, including the revitalization of deactivated enzymes, pre-
incubation of enzymes, stepwise methanol feeding, and the pre-
dissolution of methanol, were attempted for preventing methanol
inhibition of enzyme activity. Finally, the most practical and feasi-
ble method for achieving this objective was suggested.

MATERIALS AND METHODS

1. Chemicals

Soybean oil was purchased from a domestic supplier (CJ, Korea);
99% of the oil was triglycerides composed of 51.8-56.0% linoleic acid,
22.0-27.1% oleic acid, 9.6-11.5% palmitic acid, 6.2-11.1% linolenic
acid and smaller percentages of other acids. Methanol (Showa, Japan)
was used as the acyl donor. The commercial lipase enzyme used in
this study was Novozym 435 (Novo Nordisk, Denmark). Palmitic
acid methyl ester, oleic acid methyl ester, linoleic acid methyl ester,
and stearic acid methyl ester were purchased from Sigma-Aldrich
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(USA) to identify and measure the components of biodiesel. The
other chemicals were of analytical grade.
2. Analysis

To prepare a calibration curve for the components of biodiesel,
each of the previously mentioned methyl esters was dissolved in
chloroform (Wako, Japan) to become 100-1,000 mg/L. 1 pl of the
dissolved sample was injected into a GC (HP 5890, USA) equipped
with an FID detector and HP-5 column (30 m*0.32 mmx0.25 um
film thickness). The temperature of both the injector and detector
was 250 °C and that of column was elevated from 150 to 250 °C,
5°C/min after the oven temperature was initially maintained for
2 min. Helium was used as a carrier gas. Methyl heptadecanoate
(Fluka, Japan) was used as an internal standard for GC analysis.
3. Enzyme Activity Measurement

Enzyme activity was measured according to the p-NPP method
[17], in which p-NP (p-nitrophenol) and palmitic acid were produced
from p-NPP (p-nitrophenylpalmitate) by lipase and p-NP was quan-
tified for the determination of enzyme activity. One unit was defined
as the amount of lipase needed to release 1 pmol of p-NP in 1 min.
The p-NPP was dissolved in acetonitrile to become 10 mM, and
1 mL of this solution was mixed with 4 mL of ethanol. After this,
95 mL of 50 mM Tris-HCI (pH 8.0) buffer was gently added to the
solution, which was then stored in a refrigerator at 4 °C. 3 mL of the
reagent solution was mixed with 0.1 mL or 0.1 g of the experimental
sample and placed at 28 °C for 30 min in a shaking incubator. After
centrifugation, the absorbance of the supernatant was measured with
a UV spectrophotometer (Jasco V-550, Japan) at 405 nm.
4. Degree of Inhibition

1 g of enzyme, corresponding to 3% (w/w) of soybean oil, was
added to a flask containing methanol, soybean oil, biodiesel, or glyc-
erol and was then incubated at 30 °C for 6 h in a shaken incubator
rotating at 200 rpm. The amount of methanol in the flask was de-
termined according to the theoretical molar requirement for the ratio
of methanol to soybean oil (3 : 1), and the amounts of biodiesel and
glycerol were determined under the assumption of 100% conver-
sion, that is, molar ratios of biodiesel and glycerol to soybean oil
were 3 and 1, respectively. Following incubation, the enzyme was
separated by using a filter paper (100 circles, 100 mm, Advantec)
and its activity was measured. The degree of enzyme inhibition was
calculated with the following equation:

DI(%)= %& 100, 1)

i

where, DI, EA,, and EA, represent the degree of inhibition, initial
enzyme activity, and enzyme activity after incubation, respectively.
5. Revitalization of Deactivated Enzyme

Deactivated enzyme was prepared by mixing fresh enzyme with
methanol at 30 °C for 1 h. Each 1 g of deactivated enzyme was in-
cubated in a flask containing 50 mL of candidate revitalizing agents
such as ethanol, n-propanol, and methyl oleate for 24 h at 30 °C.
Enzyme was then separated from the solution by using the filter
paper, in order to measure its activity. Biodiesel production that uses
this potentially revitalized enzyme was also investigated in order to
clearly show the effect of revitalization under the stepwise addition
of methanol, which will be described later.
6. Pre-incubation

Each 20 g of enzyme was placed in a 100 mL flask containing

50 mL of methyl oleate, lauryl amine, or lanolin and incubated at
30°C for 30 min. After being separated using filter paper, the enzyme
was incubated again in 50 mL of soybean oil at 30 °C for 30 min
to remove the remaining chemicals and was then separated again
from the solution. After soybean oil was mixed with a 0.75, 1.0,
1.5, 1.3 or 4.5 equivalent molar ratio of methanol at 30 °C and 200
rpm for 1 h, biodiesel production was initiated by adding 3% (w/w)
of pre-incubated enzyme.
7. Pre-dissolution of Methanol

Each 2.88 g of methanol was added to water or biodiesel that
was previously prepared by enzymatic reaction, and the mixture
was shaken at 30 °C and 200 rpm for 1 h. Biodiesel production was
initiated by adding first 17.4 g of soybean oil and then enzyme to
the pre-dissolved methanol. The effect of the pre-dissolution of meth-
anol on the enzyme activity was investigated separately by measur-
ing the enzyme activity after 0.1 g of fresh enzyme was added to
the pre-dissolved methanol in water or biodiesel and incubated for
24h.
8. Batch Biodiesel Production

Biodiesel was produced in a 50 mL flask in which 8.724 g of
soybean oil and 0.24 g of methanol were initially placed and stirred
for 10 min before the addition of enzyme. Although the methanol
feeding mode was different in each case, the total amount of metha-
nol fed to the solution was 1.44 g, which means that the total molar
ratio of methanol to soybean oil was 4.5 [18]. The reaction was car-
ried out at 30 °C and 200 rpm in a shaking incubator. All the experi-
ments were performed in duplicate with a resulting deviation less
than 10% and average values were presented.

RESULTS AND DISCUSSION

1. Factors that Cause Enzyme Deactivation

As stated, one of the major barriers to the enzymatic production
of biodiesel is the ease with which the enzyme is deactivated. To
determine the factors that cause this deactivation, the substances
involved in biodiesel production-soybean oil, methanol, biodiesel,
and glycerol-were tested. The degree of inhibition was quantified
as described in Eq. (1) by measuring enzyme activity before and
after incubation in each substance. The results show that methanol
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Fig. 1. Inhibition of enzyme activity by the compounds involved
in the reaction of biodiesel production.
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inhibited enzyme activity completely, while glycerol, soybean oil,
and biodiesel did so by 15.5, 9.5, and 6.2%, respectively, as shown
in Fig. 1. While other researchers have already reported the inhibi-
tion of the enzyme by methanol and glycerol [14,19], the inhibi-
tion by soybean oil and biodiesel was unexpected, although their
adverse effects were relatively minor. As the results revealed, the
inhibition of enzyme activity by methanol was fatal. This study has
therefore focused on the prevention of methanol inhibition. Three
other methods, as well as conventional stepwise methanol feeding
to avoid methanol inhibition, will be investigated in the following
sections.
2. Revitalization of Deactivated Enzyme

In the above section, we reported that methanol was found to be
the major substance that causes inhibition of enzyme activity. The
possibility of revitalizing deactivated enzymes is investigated in this
section. Deactivated enzyme was first treated with candidate revi-
talizing agents, most of which were alcohols, and they were mainly
selected from the relevant references regarding the maintenance or
enhancement of enzyme activity [13,16,20-22]. These candidate
revitalizing agents were ethanol, n-propanol, n-butanol, iso-butanol,
butandiol, iso-pentanol, t-butanol, toluene, and methyl oleate. The
biodiesel conversions using the chemical-treated enzyme, however,
were less than 2%, as shown in Fig. 2. Temperature treatment at —20,
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Fig. 2. Revitalization of methanol-deactivated enzyme by being
treated with various agents.
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Table 1. Effect of pre-incubation of the enzyme in various com-

pounds
Biodiesel conversion (%)
Molar ratio N Pre-incubation agents
MeOH to Oil on-
( ) treatment Methyl Lawl Lanolin
oleate amine

0.75 20.7 23.6 15.4 9.2
1.0 20.3 22.1 15.9 12.6
1.5 18.0 19.9 18.4 11
3.0 2.8 9.1 7.7 43
4.5 1.6 8.1 53 39

4, 50, or 70°C and pH treatment at 2, 4, 8, or 10 for 30 min were
also carried out, though they proved unsuccessful (data not shown).
To the best of our knowledge, the revitalization of deactivated en-
zymes does not seem possible once they have been deactivated by
methanol. These results are in substantial agreement with other re-
searchers’ observations [10,12], which is that methanol deactiva-
tion is irreversible. We therefore concluded that it is more realistic
to develop methods to prevent or mitigate methanol inhibition in
advance than it is to attempt to revitalize deactivated enzyme.
3. Pre-incubation of Enzyme

In an effort to prevent methanol inhibition, the effect of the pre-
incubation of enzyme in a number of promising chemicals was inves-
tigated; the results are summarized in Table 1. The chemicals were
selected from the research of others [13]. In the case of methyl oleate,
when the molar ratio of methanol to soybean oil was 3 or 4.5, the
pre-incubated enzyme exhibited biodiesel conversion that was 5
times higher than non-treated enzyme, but the final conversion rate
was less than 10%. In addition, the effects of pre-incubation were
negligible when the molar ratio was 0.75, 1.0, or 1.5. In the case of
lauryl amine or lanolin, pre-incubation produced a relatively minor
increase in biodiesel conversion with a molar ratio of 3 or 4.5 com-
pared to the control (Non-treatment), while these two chemicals
showed an adverse effect when the molar ratio was 0.75, 1.0 or 1.5.
On the whole, the pre-incubation of enzyme does not appear to be
effective as a method to prevent methanol inhibition.
4. Stepwise Addition of Methanol

In the present study, the total molar ratio of methanol to soybean
oil was 4.5 and the mass ratio of enzyme to soybean oil was 3%
(w/w). Since methanol has an inhibitory effect on enzymes, it must
be fed to the enzyme in a manner that avoids methanol inhibition.
The stepwise addition of methanol has been widely employed to
prevent methanol inhibition of enzyme activity and has turned out
to be successful approach [12,14,23]. However, few attempts have
been made to maximize the productivity of biodiesel, which could
be a significant industrial application. In this study, the stepwise
addition of methanol was optimized in terms of aliquot number and
feeding interval.
4-1. Effect of Aliquot Number

To investigate the effect of the aliquot number of methanol on
the initial conversion rate and final conversion, methanol of differ-
ent aliquots was fed to a solution containing soybean oil and enzyme.
The aliquots were 1, 3, 6, or 12 but the same total amount of methanol
was fed, namely 4.5 molar ratios to soybean oil. The entire metha-
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Fig. 3. Effect of aliquot number of methanol on the biodiesel con-
version. @: 1 aliquot, Il: 3 aliquots, A : 6 aliquots, ¥ : 12
aliquots.

nol was fed during the 36 h of the reaction, regardless of the aliquot
number. For example, in the case of the 3 and 12 aliquots, each aliquot
was fed every 12 and 3 h, respectively. As shown in Fig. 3, the initial
biodiesel conversion rates for the first 6 h were 11.4, 3344, 365.1,
and 70.2 mg/hr for 1, 3, 6, and 12 aliquots, respectively. The final
biodiesel conversions after 36 h of reaction were 3.5, 56.4, 97.5,
and 60.0% for 1, 3, 6, and 12 aliquots, respectively. These results
suggest that the enzyme activity was severely inhibited when the
entire methanol was fed at once. Although 3 aliquots showed an
initial conversion rate similar to that of 6 aliquots for the first 6 h,
this conversion rate decreased afterward, which resulted in a much
lower (42%) final conversion rate compared to the case of 6 ali-
quots. In all cases, the final conversion rate did not noticeably change
after 36 h of reaction. For a full explanation of these results, a detailed
analysis for Fig. 3 was carried out as follows.

The stoichiometric equation for biodiesel production can be ex-
pressed as Eq. (2). The average molecular weight of biodiesel formed
is estimated to be 292.14 g/mol for molecular weights of soybean
oil, methanol, and glycerol of 872.4, 32.04, and 92.1 g/mol, respec-
tively. Since the rate of molar methanol consumption is theoretically
equivalent to the rate of biodiesel formation, the rate of methanol
consumption can be suggested as Eq. (3).

soybean oil (triglyceride)+3MeOH—> 3 biodiesel (FAME)+glycerol (2)

Methanol consumption rate (mg/h)=biodiesel formation rate (mg/hr)

32.04
“29.14 3)

Accordingly, the initial rates of methanol consumption were 1.25,
36.7, 432, and 7.7 mg/h for 1, 3, 6, and 12 aliquots, respectively.
The consumption of methanol in the first 6 h was then 7.5, 220, 259,
and 46 mg for 1, 3, 6, and 12 aliquots, respectively. The amount of
methanol fed to the reaction for the first 6 h was 1,440, 480, 240,
and 240 mg for 1, 3, 6, and 12 aliquots, respectively. Therefore, after
6 h of reaction, the remaining methanol was estimated to be 1,432
mg, 260, 0.0, and 194 mg for 1, 3, 6, and 12 aliquots, respectively.
The molar ratios of methanol to soybean oil and biodiesel were es-

Table 2. Mass and molar ratios of methanol to soybean oil and bio-
diesel after 6 hours’ reaction with respect to the methanol
aliquot number

(Methanol/Soybean oil)  (Methanol/Biodiesel)
Number of -
aliquots Mass ratio Mo.lar Ma.ss Mo.lar
(x10%) ratio ratio ratio
1 16.6 451 20.9 190.8
3 3.86 1.05 0.13 1.18
6 0.00 0.00 0.00 0.00
12 2.33 0.64 0.46 4.19

timated and summarized in Table 2. The results show that the molar
ratio of methanol to biodiesel was over 1.0 for 1, 3, and 12 aliquots.
Since the enzyme was reported to be inhibited when the molar ratio
of methanol to soybean oil and biodiesel was over 1.5 and 0.5 respec-
tively, the enzyme was subject to methanol inhibition for 1, 3, and
12 aliquots. Recalling that methanol serves as a substrate as well as
an inhibitor of enzyme activity, and that a low concentration of sub-
strate results in a low conversion rate, the low initial conversion rate
of the 12 aliquots may be due to too low a concentration of metha-
nol. The reason that 12 aliquots showed a much lower final conver-
sion rate than 3 and 6 aliquots, however, was not determined. On
the basis of the results in this section, it could be concluded that 6
aliquots is the optimal split of methanol to obtain a high initial bio-
diesel conversion rate and a high final conversion.
4-2. Effect of Feeding Interval

The previous results indicate that 6 aliquots of methanol fed every
6 h produced the best performance in terms of initial biodiesel con-
version rate and final conversion. To increase the productivity of
biodiesel, the mass of biodiesel formed per time per mass of enzyme,
the effect of a feeding interval of 6 methanol aliquots are investi-
gated in this section. When each aliquot with a 0.75 molar ratio to
soybean oil was fed every 1, 3, and 6 h, the initial conversion rates
for the first 6 h were approximately 147, 1,323, and 834 mg/L, respec-

100 A

80 -

60 1

40 A

Conversion (%)

20 4

0 10 20 30 40
Time (hr)
Fig. 4. Effect of feeding interval of methanol on the biodiesel con-
version. @: 6 aliquots every 1 hr, l: 6 aliquots every 3 hr,

A : 6 aliquots every 6 hr, O: 3 aliquots every 1 hr, [1: 3
aliquots every 3 hr.
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tively, as shown in Fig. 4. The final conversions after 30 h of reac-
tion were 10.0, 96.9, and 80.0%, respectively. In particular, the time
required to reach a final conversion greater than 90% was shortened
to 20 h when methanol was fed every 3 h instead of every 6 h. The
initial conversion rate for 6 aliquots fed every 3 h was also increased
by 30% compared to that for every 6 h. Before we concluded that
the feeding of 6 aliquots every 3 h was optimal, we investigated
two more cases: 3 aliquots (1.5 molar ratio of methanol to soybean
oil each) every 3 and 6 h as shown in Fig. 4. In each case, the initial
biodiesel conversion rates and final conversions were lower than in
the case of 6 aliquots fed every 3 h. It can therefore be said that in
terms of the initial biodiesel conversion rate and final conversion,
the optimal feeding mode is 6 aliquots fed every 3 h. This feeding
mode makes it possible to achieve over 90% conversion within 20 h,
which is approximately 50% higher than the results others have
achieved in terms of biodiesel productivity [12].
5. Pre-dissolution of Methanol

Since methanol is a hydrophilic compound, it is hardly dissolved
in soybean oil. Droplets of pure methanol are believed to cause the
irreversible inhibition of enzyme activity [12]. In this study, the pre-
dissolution of methanol in compounds with a high solubility for
methanol was attempted in order to reduce methanol’s inhibitory
effect. Water and biodiesel were considered as the compounds not
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Fig. 5. Effect of methanol pre-dissolution in water or biodiesel on
the inhibition of enzyme. DW and BD represent distilled
water and biodiesel, respectively. The inhibitions were meas-
ured after 24 hours’ reaction.
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only because they display a high degree of methanol solubility but
also because they themselves cause little inhibition of enzyme activ-
ity. As shown in Fig. 5, when 2.88 g of methanol was pre-dissolved
in 1 g of water, the enzyme was not protected at all from methanol
inhibition, while 20% of the enzyme activity was lost when the metha-
nol was pre-dissolved in 3 g of water. When methanol was pre-dis-
solved in 5 or 10 g of water, no loss of enzyme activity was observed.
It is thus obvious that the pre-dissolution of methanol in water can
prevent methanol from inhibiting enzyme activity. In addition, these
results suggest that the degree to which the enzyme is protected from
methanol inhibition is proportional to the water content, and that
there may be a threshold of water content that provides complete
protection. Approximately 5 g of water, 173% (w/w) or 310% (mol/
mol) of methanol, is required to completely prevent methanol inhi-
bition in this study. In the case of biodiesel, the pre-dissolution of
methanol in 1 g of biodiesel, 34.7% (w/w) or 3.9% (mol/mol) of
methanol, decreased enzyme deactivation by approximately 80%,
and in 3 g or more of biodiesel, enzyme deactivation that was less
than 2.5% was ensured. Of the two compounds, biodiesel seems to
be more effective than water in protecting methanol inhibition of
enzyme activity. Although these results are promising for the pre-
vention of enzyme deactivation, water and biodiesel could also hinder
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Fig. 6. Effect of methanol pre-dissolution in water or biodiesel on
the biodiesel conversion. DW and BD represent distilled
water and biodiesel, respectively. The conversions were
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Fig. 7. A simple strategy for the enhancement of biodiesel conver-
sion without the loss of enzyme activity. Half (1.44 g) of meth-
anol was dissolved in 1.5 g of biodiesel and fed to 17.4 g of
soybean oil. After 12 hours of reaction, the other half of meth-
anol was fed to the reaction.

the conversion of biodiesel. For the application of this method, then,
biodiesel conversion as well as enzyme activity must be investigated.
With the pre-dissolution of methanol in water, biodiesel conversion
was increased with increasing water content due to the protection
from methanol inhibition, but it did not exceed 32%, as shown in
Fig. 6. With the pre-dissolution of the same amount of methanol in
1 g and 3 g of biodiesel, the biodiesel conversions were 51.3 and
67.1%, respectively. Biodiesel over 3 g showed no increase in con-
version. These results suggest that in terms of biodiesel conversion,
biodiesel is much more efficient than water. However, although the
pre-dissolution method can provide complete protection against meth-
anol inhibition, the final level of biodiesel conversion is not satis-
factory. In particular, despite the negligible enzyme deactivation
resulting from the pre-dissolution of methanol in 3 g of biodiesel,
the final level of conversion was less than 70%. A simple strategy
was employed in an attempt to improve the final biodiesel conver-
sion. That is, half of the methanol was pre-dissolved in 1.5 g of bio-
diesel and the other half was fed after 12 h of reaction. As shown
in Fig. 7, this strategy led to 82.3% biodiesel conversion, which sug-
gests that a more elaborate strategy could markedly improve the
final conversion, making this a promising area of future research.

CONCLUSIONS

Although enzymatic biodiesel production has recently attracted
a great deal of attention because of its environmentally friendly nature,
the ease with which biodiesel can be recovered, the mild operating
conditions involved, and easy recovery of high-purity glycerol, the
deactivation of enzymes during production remains a large barrier
to commercial production. In this study, methanol was found to have
a major inhibitory effect on enzyme activity, whereas glycerol had
a minor effect during the enzymatic production of biodiesel. Vari-
ous methods to prevent methanol inhibition were tested and com-
pared. The revitalization of deactivated enzyme and the pre-incubation
of enzyme did not prove to be effective. The stepwise feeding of

methanol-the most widely used method and one of proven effec-
tiveness-was optimized in terms of the methanol aliquot number
and feeding interval. When 6 aliquots of methanol, each with a 0.375
molar ratio to soybean oil, were fed every 3 h, it took 20 h to attain
a final biodiesel conversion of over 90%, and this led to 50% higher
productivity than others’ results. The pre-dissolution of methanol in
water or biodiesel was also tried. Using this method, methanol inhibi-
tion of enzyme activity was completely prevented, and final biodie-
sel conversion of 82.3% was obtained. If a more elaborate strategy
is developed based on this pre-dissolution method, a higher final
biodiesel conversion can be achieved without enzyme deactivation;
such a strategy is expected to remove the barriers to the commer-
cial enzymatic production of biodiesel.
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