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ABSTRACT: This paper focuses on a detailed evaluation of
commercially available immobilized lipases and simple mono-
hydric alcohols for the production of alkyl esters from sunflower
oil by enzymatic alcoholysis. Six lipases were tested with seven
alcohols, including straight and branched-chain primary and
secondary alcohols. The reactions were conducted in a batch
stirred reaction vessel using stoichiometric amounts of sub-
strates under solvent-free conditions. Dramatic differences in
alcoholysis performance were observed among the different li-
pases. For most of the alcohols, Novozym 435 produced the
highest yield of FA alkyl esters, with yields well over 90% for
methanol, absolute ethanol, and 1-propanol. Overall, 96%
ethanol was the preferred alcohol for all lipases except
Novozym 435, and ethanolysis reactions reached the maximal
conversion efficiency. Increasing the water content in the sys-
tem resulted in an increased degree of conversion for all lipases
except Novozym 435. The secondary alcohol 2-propanol sig-
nificantly reduced the alcoholysis reaction with all lipases;
however, the branch-chain isobutanol was more advantageous
than linear 1-butanol for Novozym 435, Lipozyme RM IM, and
Lipase PS-C. Many commercial immobilized lipases are highly
efficient and promising for the production of alkyl esters, offer-
ing high reaction yields and a simple operation process.
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FA alkyl esters play important roles as technical chemicals
and food ingredients. Esters of long-chain FA are of increas-
ing economic interest in many industries and involve a wide
range of applications (1). FA monoesters of short-chain alco-
hols (C,-C,), such as isopropyl palmitate, are used exten-
sively in cosmetic and topical medicinal preparations because
of their good biocompatibility and absorption through the
human skin (2). They also can be used as diesel fuel substi-
tutes, offering physical and chemical properties similar to fos-
sil diesel fuel. FAME production has been studied extensively
because of the increasing attractiveness of the resulting envi-
ronmentally friendly biodiesels (3). Recent government man-
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dates in the United States and Brazil have added impetus to
the development of cost-effective routes for the synthesis of
biodiesels. Alkyl monoesters of FA are also used as the pre-
ferred form for the fractionation of FA, for example, in the
fish oil industry, either through urea complexation or short-
path distillation (4).

The commercial production of the various products men-
tioned is based mostly on chemical methods. Lipases (TAG
acylhydrolases E.C. 3.1.1.3) have been used as biocatalysts
as an alternative route to the conventional chemical processes
(2). Biocatalysis offers numerous merits over the chemical
processes, such as mild reaction conditions, high specificity,
and so on. The lipases have been widely accepted as biocata-
lysts for the modification of oils and fats (5—7). Recently, the
lipase-catalyzed alcoholysis of vegetable oils and animal fats
for the production of FA methyl or ethyl ester biodiesels has
been reported (8—13). However, these studies have been con-
ducted under individual conditions and offered limited infor-
mation on the reaction activity and performance of different
lipases with various alcohols. This often limits the exploita-
tion of these ideas for different process setups and different
product developments based on enzymatic methods.

In this paper, six immobilized lipases from commercial
sources were used for the alcoholysis of sunflower oil. Alco-
hols such as methanol, ethanol, 1- and 2-propanol, 1-butanol,
and isobutanol were selected for a systematic comparison.
The reactions were conducted batchwise under solvent-free
conditions using only stoichiometric amounts of the sub-
strates. The behavior and performance of different lipases
with different alcohols were investigated and compared in the
survey.

MATERIALS AND METHODS

Materials. Lipozyme TL IM (Thermomyces lanuginosa li-
pase, TLL-1), Lipozyme RM IM (Rhizomucor miehei lipase,
RML), and Novozym 435 (Candida antarctica lipase B,
CAL) were donated by Novozyme A/S (Bagsvaerd, Den-
mark). Lipase LA201 was supplied by Novozyme A/S for
comparison reasons and is a 7. lanuginosa lipase (TLL-2) im-
mobilized on a polymer carrier (polypropylene) with a 3.50
wt% water content. (Water content in the lipases and alcohols
as well as in the oil in this description was determined by Karl
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Fischer titration.) Lipozyme TL IM and Lipozyme RM IM
are commercial 1,3-regiospecific lipases. The former lipase is
immobilized on granulated silica and the latter on a macro-
porous ion-exchange resin. The water content of the two li-
pases is 5.82 and 3.04 wt%, respectively. Novozym 435 is a
nonregiospecific lipase immobilized on a macroporous
acrylic resin with a water content of 1.92 wt%. Lipase PS-C
(Pseudomonas cepacia lipase, PCL) and Lipase AK-C
(Pseudomonas fluorescens lipase, PFL) were donated by
Amano (Nagoya, Japan). The former is a commercial nonre-
giospecific lipase immobilized on ceramic particles with a
4.03 wt% water content. Lipase AK-C is a 1,3-regiospecific
lipase immobilized on ceramic particles with a 1.97 wt%
water content.

Refined high oleic acid sunflower oil, with a water content
of 0.072%, was provided by Karlshamns AB (Karlshamn,
Sweden). Methanol (99.8%, water content 0.001%), ethanol
(99.9%, water content 0.001%), 96% ethanol (water content
4.013%), 1-propanol (99.5%, water content 0.048%), 2-
propanol (99.7%, water content 0.105%), 1-butanol (99.5%,
water content 0.097%), and hexane were purchased from
Merck KGaA (Darmstadt, Germany). Isobutanol (GC 99.9%,
water content 0.098%) was from Buck & Holm (Herlev, Den-
mark). Ethyl acetate and acetic acid (99%) were from
Mallinckrodt Baker B.V. (Deventer, The Netherlands). Cupric
sulfate (CuSO,-5H,0) and phosphoric acid (85%) were pur-
chased from Sigma Chemical (St. Louis, MO). The high-per-
formance TLC (HPTLC) plates (20 x 10 cm; Silica gel 60)
were purchased from Merck KGaA and were activated in an
oven before use. Monoolein (99%, 1-monooleoyl-rac-glyc-
erol), diolein (85% 1,3- and 15% 1,2-DAG), triolein (99%),
and ethyl oleate (99%) were from Sigma Chemical and were
used as standards in the HPTLC analysis. All chemicals and
reagents for the analysis were of analytical or chromato-
graphic grade.

Alcoholysis of sunflower oil. The reactions were run with
20 g of oil in a water bath equipped with a magnetic stirrer.
Alcohols were added to the oil according to the designed
amount and adding procedure. Immobilized lipase (2 g) was
added to the mixture to start the reaction. The substrate ratio
was kept at a stoichiometric amount (3 molar equivalents al-
cohol to 1 mol TAG). The alcohols were added stepwise to
the reaction evenly in four lots (1/4 each time) to minimize
the inhibition of alcohol, as studied previously (8,13): the first
portion at the beginning of the reaction, the second portion
after 2 h, the third portion after 4 h, and the fourth portion
after 8 h. The reaction was allowed to proceed for an addi-
tional 16 h, providing an overall reaction time of 24 h. The
reaction temperature was maintained at 40°C. Samples (1
mL) were withdrawn after 2, 4, and 8 h, just before the addi-
tion of alcohols, and the final sample was withdrawn after 24
h.

Analysis by HPTLC. The progress of alcoholysis was mon-
itored by an HPTLC method with modifications for the de-
veloping solvent system (14). The HPTLC system (Desaga
GmbH, Wiesloch, Germany) consisted of an AS 30 TLC ap-
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plicator, a Densitometer CD 60 scanner, and ProQuant Con-
trol and Evaluation software. Samples (7 uL) from the reac-
tion mixture were dissolved in hexane (1 mL). The AS 30 ap-
plicator was used to introduce the samples to the plate. The
plate was developed with a developing solvent consisting of
hexane/ethyl acetate/acetic acid (90:10:1, by vol). After devel-
opment, the plate was thoroughly dried and sprayed with an
aqueous solution of phosphoric acid (9.4 vol%) and cupric sul-
fate (15.6 wt%). After drying, the CD 60 scanner was used to
quantify the bands. Each band was identified by comparison
with standards. The weight of each band was calibrated and
calculated with the oleic acid standards (ethyl oleate,
monoolein, diolein, triolein, and oleic acid) from the peak area.
The molar amount (M,) was therefore calculated as based on
the M.W. of the component. Duplicate measurements were
made and the average was taken for all the analysis results,
with a SD of less than 3.6%. With respect to forming FA alkyl
esters, the yield of each lipid class, in molar percentage, can be
better described as moles of acyl equivalents. The following
equation was thus used to calculate the yield of each species:

nxM;
3XMTaAG+Mpasg + Mppa +2XMpag +Myac

Yield; (mol%)= x100% [1]
where FAAE is FA alkyl esters; i represents each component;
and n is 1 for FAAE, FFA, and MAG, 2 for DAG, and 3 for
TAG.

RESULTS AND DISCUSSION

The majority of the alcoholysis applications cited in the intro-
duction involve ethanolysis, with ethanol as the acyl acceptor,
specifically aiming at food applications. Obviously, ethanol is
more readily accepted than other alcohols for environmental
and toxicological reasons. Biotransformations involving li-
pases and alcohols warrant a few considerations, such as alco-
hol inhibition, water partition, and phase problems when oils
and fats are involved. The most important concern for devel-
oping alcoholysis is to reveal how lipases perform in a simple
operation system. Under a simple batch mixing system, the al-
cohol tolerance of lipases will be due to both inhibition by the
alcohol and water partitioning.

In the present study, the lipase-catalyzed alcoholysis of sun-
flower oil was studied by investigating a range of simple mono-
hydric alcohols including methanol, ethanol, 1-propanol, iso-
propanol, 1-butanol, and isobutanol. Furthermore, the influence
of water was investigated in the case of ethanol by comparing
absolute ethanol and 96% ethanol comprising 4% water.
HPTLC has been widely used for lipid profile analyses (14).
Compared with normal TLC, HPTLC gives much better and
clearer separations. Vast amounts of useful information can be
collected by that method with respect to analyzing a great num-
ber of samples in an efficient and reliable manner as the reac-
tions proceed. The quantitative determination of alkyl esters
produced; the individual acylglycerols MAG, DAG and TAG;
and the FFA, indicative of hydrolysis side reactions, is possible
(Table 1, Figs. 1-4).
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TABLE 1

Evaluation of Lipases and Alcohols for the Production of Alkyl Esters?

Glyceride profile at 24 h (mol%)

Lipase Alcohol Type Water? FAAE TAG DAG MAG FFA
TLL-1 Methanol 6.43 89.8 0.6 2.5 4.3 2.8
Ethanol 99%° 6.41 77.5 2.0 9.7 9.2 1.5

96% 11.81 85.1 2.9 3.2 4.9 4.0

Propanol 1- 6.47 78.1 2.2 7.1 10.1 2.4

2- 6.55 24.6 29.3 26.8 14.3 5.0

Butanol 1- 6.56 77.9 1.9 8.7 10.3 1.2

Iso- 6.56 72.4 5.2 9.7 11.0 1.6

TLL-2 Methanol 4.13 68.4 4.1 13.8 12.0 1.6
Ethanol 99% 4.11 66.9 2.9 13.4 14.7 2.2

96% 9.51 70.7 6.5 10.4 8.6 3.8

Propanol 1- 417 72.8 3.5 12.1 10.9 0.8

2- 4.25 38.3 20.8 23.1 12.8 5.0

Butanol 1- 4.26 64.2 1.3 13.6 19.0 2.0

Iso- 4.26 59.9 6.9 15.6 14.6 3.0

RML Methanol 3.63 59.1 14.1 12.8 12.5 1.5
Ethanol 99% 3.61 70.2 11.4 8.6 9.1 0.7

96% 9.01 79.1 4.5 5.7 6.9 3.8

Propanol 1- 3.67 57.4 11.4 13.0 14.2 4.0

2- 3.75 34.6 27.2 24.0 11.4 2.8

Butanol 1- 3.76 60.4 13.7 9.8 15.1 1.0

Iso- 3.76 73.0 6.6 9.7 9.2 1.6

CAL Methanol 2.53 92.2 0.6 0.6 4.5 2.1
Ethanol 99% 2.51 91.9 4.0 0.3 2.6 1.2

96% 7.91 45.3 47.3 4.8 1.6 1.0

Propanol 1- 2.57 93.2 1.3 1.9 2.3 1.3

2- 2.65 77.8 3.8 7.6 8.8 2.0

Butanol 1- 2.66 54.0 37.5 3.8 3.6 1.2

Iso- 2.66 84.7 2.3 3.9 6.1 3.0

PCL Methanol 4.63 28.2 36.0 20.7 12.1 29
Ethanol 99% 4.61 299 28.3 26.6 14.6 0.7

96% 10.01 88.4 1.2 3.9 3.6 2.9

Butanol 1- 4.76 40.9 25.4 21.3 11.6 0.9

Iso- 4.76 63.3 6.4 13.3 13.5 3.5

PFL Methanol 2.63 8.4 61.4 21.7 5.1 3.4
Ethanol 99% 2.61 30.0 29.2 22.7 15.8 2.3

96% 8.01 45.3 10.7 20.7 17.9 5.3

Butanol 1- 2.76 329 29.3 21.8 13.5 2.5

Iso- 2.76 31.6 27.3 25.1 14.1 2.0

9Reaction conditions: 40°C, 10 wt% lipase dosage, addition of alcohol in four steps as described in the Materials and Meth-

ods section, 1:3 molar ratio of sunflower oil/alcohol.

ater content in the reaction system was based on the lipase preparation (wt%). “Water” includes water in the lipase, oil,

and alcohol.

“Ethanol types: 99%, indicating absolute anhydrous ethanol (0.001% water), and 96%, indicating 4% water. Abbrevia-
tions: TLL-T and TLL-2, Thermomyces lanuginosa lipase (Lipozyme TL IM; Novozyme A/S, Bagsvaerd, Denmark); RML,
Rhizomucor miehei lipase (Lipozyme RM IM; Novozyme A/S); CAL, Candida antarctica lipase (Novozym 435; Novozyme
A/S); PCL, Pseudomonas cepacia lipase (Lipase PS-C; Amano, Nagoya, Japan); PFL, Pseudomonas fluorescens lipase (Li-

pase AK-C; Amano); FAEE, FA ethyl esters.

Methanolysis. Methanol is the most toxic and polar alcohol in
the series and is commonly used for biodiesel production. Figure
1 shows the results of the methanolysis reaction for the lipases.
CAL and TLL-1 offered the best performance and the highest
conversion after 24 h (92 and 90%, respectively). Of all the alco-
hols tested, methanol was the best alcoholic substrate for TLL-1.
TLL-2 and RML followed, with 68 and 59% conversions, respec-
tively. The Pseudomonas lipases were the least active, with PCL
and PFL offering only 28 and 8% conversions, respectively. Both
lipases were virtually inactive after 2 h of reaction.

Ethanolysis. After 8 h, significant changes had taken place,
and it became evident that both Pseudomonas lipases (PCL and

PFL) were inferior under low water conditions (Fig. 2A). Their
ethyl ester formation rate had diminished significantly after 4 h,
at only 30% conversion, and remained around that level through-
out the reaction. Three of the remaining lipases had reached con-
version levels higher than 60%, with TLL-2 slightly behind at
50% conversion. After 24 h, it became clear that CAL was the
most efficient lipase under these conditions, when 92% conver-
sion into monoesters had been reached. The TLL-1, RML, and
TLL-2 lipases remained well behind at 78, 70, and 67% conver-
sion levels, respectively.

The poor performance of the Pseudomonas lipases possibly
relates to the insufficient water content of the reaction medium

JAOCS, Vol. 82, no. 5 (2005)
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FIG. 1. Time courses of methy! ester formation catalyzed by different li-
pases in methanolysis. Reaction conditions: 40°C, 10 wt% lipase
dosage, addition of methanol in four steps, sunflower oil (SFO) and
methanol (1:3 mol/mol). Abbreviations: TLL-1 and TLL-2, Thermomyces
lanuginosa lipase (Lipozyme TL IM; Novozyme A/S, Bagsvaerd, Den-
mark); RML, Rhizomucor miehei lipase (Lipozyme RM IM; Novozyme
A/S); CAL, Candida antarctica lipase (Novozym 435; Novozyme A/S);
PCL, Pseudomonas cepacia lipase (Lipase PS-C; Amano, Nagoya,
Japan); PFL, Pseudomonas fluorescens lipase (Lipase AK-C; Amano).

for these lipases (Table 1). When enzymatic reactions are con-
ducted in organic media, the water present in the reaction sys-
tem plays a crucial role for maintaining optimal activity of the
lipase (15,16). A certain amount of water is required for lipases
to retain their optimal activity, but that amount appears to vary
considerably among individual lipases, purely depending on
the characteristics of each lipase. Under the present conditions,
the highly polar ethanol tends to strip off the essential water
from the lipase, resulting in diminished lipase activity in the
case of PCL and PFL. The C. antarctica lipase, on the other
hand, has been reported to tolerate similar reaction conditions
(17) as well as to retain high activity under highly water-defi-
cient conditions at high vacuum (18). Likewise, the silica-gran-
ulated T. lanuginosa lipase (TLL-1) is not affected by the water
content in a single-phase fat—oil exchange system (19).

We anticipated that the increase of water in the system
would help improve the reactivity of the enzymatic alcoholy-
sis. Dramatic improvement in the performance of the
Pseudomonas lipases took place when 96% ethanol (4% water
content) was used (Fig. 2B). This was particularly evident for
PCL, since that lipase offered the highest conversion level
(88%) after 24 h (Table 1). An increase of water to the CAL
(from 2.5 to 7.9%, based on the lipase; see Table 1) had the op-
posite effect. For that lipase, only 45% conversion into mono-
esters was obtained after 24 h. With both the TLL-1 and TLL-2
and the RML, slightly higher reactivities were obtained under
higher water contents, as was previously observed with TLL-1
(17). RML has been shown to give better performance with a
higher water content under similar reaction conditions (17).
Our water level may have been below that needed for the in-
crease.

In general, with 96% ethanol a higher conversion into ethyl
esters was obtained after 24 h for all lipases except CAL (Fig.
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FIG. 2. Time courses of ethyl ester formation catalyzed by different li-
pases in ethanolysis. Reaction conditions: 40°C, 10 wt% lipase dosage,
addition of ethanol in four steps. (A) SFO and anhydrous ethanol (1:3
mol/mol); (B) SFO and 96% ethanol (1:3 mol/mol). FAEE, FA ethyl es-
ters; for other abbreviations see Figure 1.

2B). As illustrated in Figures 2A and 2B, the performance had
nearly reversed in terms of monoester conversion for the low
and high water content conditions. PCL displayed the highest
activity and CAL displayed the lowest activity.

Hydrolysis is the side reaction associated with water con-
tent that, in general, leads to the formation of FFA. During
the reaction, some of the initial water present in the system
takes part in partial hydrolysis, and a compromise is often
needed between optimal yields and the extent of hydrolysis
side reactions. Such hydrolysis results in a lower water con-
tent and hence lower activity for some lipases. The essential
water content available for lipases is also very much depen-
dent on the reaction medium. Normally, the more polar the
solvent, the more water is needed for optimal activity. On the
other hand, more water will generally lead to the formation
of higher FFA (Table 1). In this respect, a lipase with a lower
water requirement is an advantage for the applications at issue
in these studies.
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FIG. 3. Time courses of propyl ester formation catalyzed by different li-
pases in propanolysis. Reaction conditions: 40°C, 10 wt% lipase
dosage, addition of propanol in four steps. (A) SFO and 1-propanol (1:3
mol/mol); (B) SFO and 2-propanol (1:3 mol/mol). For abbreviations see
Figures 1 and 2.

Propanolysis. Alcohols with alkyl chains longer than
ethanol may be targeted for various reasons, such as better mis-
cibility with oils and fats, less water partitioning and inhibition
of lipases, and new application possibilities. With 1-propanol
as the acyl acceptor, CAL presented the highest degree of
monoester formation obtained in this study (93%), with TLL-1
and TLL-2 well behind (78 and 73%, respectively), as may be
observed in Figure 3A. RML, on the other hand, did not signif-
icantly respond to the addition of the final quarter portion of 1-
propanol and remained far behind, below the 60% conversion
level.

With secondary 2-propanol as the acyl acceptor, all four li-
pases displayed far lower activity than with the primary 1-
propanol (Fig. 3B). The conversion remained below 40% ex-
cept for CAL, in which 75% monoesters were achieved after
24 h. That lipases usually prefer primary alcoholic substrates
to secondary ones for steric reasons is well established. For
CAL, the monoester formation rate in the first 8 h appeared to
be slightly higher for 2-propanol than for 1-propanol. The high
activity displayed by CAL on both propanols may be related to

345
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FIG. 4. Time courses of butyl ester formation catalyzed by different li-
pases in butanolysis. Reaction conditions: 40°C, 10 wt% lipase dosage,
addition of butanol in four steps. (A) SFO and 1-butanol (1:3 mol/mol);
(B) SFO and isobutanol (1:3 mol/mol). For abbreviations see Figures 1
and 2.

the claimed nonregiospecificity of that lipase toward lipase nat-
ural acylglycerol substrates and glycerol. However, it should
be pointed out that under certain conditions, a lipase such as
CAL, which usually is considered to be nonregiospecific, can
display a high regiospecificity and act virtually exclusively at
the 1,3-positions of the glycerol moiety (20,21).

Butanolysis. Figure 4 shows the results of the butanolysis
reactions for the six lipases using 1-butanol and isobutanol. For
1-butanol, comparable levels of monoesters were obtained for
all six lipases after 2 h, but TLL-1 had produced the highest
monoester content (78%) after 24 h (Fig. 4A). CAL did not
show high activity, as in the ethanolysis and propanolysis reac-
tions (only 54% after 24 h). The Pseudomonas lipases reached
only 30-40% conversion into monoesters.

With the branched primary isobutanol, the situation
changed substantially for some of the lipases as compared
with the less bulky 1-butanol (Fig. 4B). The increase in
monoester content was evident for RML, PCL, and CAL.
This time, CAL displayed the highest yield, which after 24 h
had increased dramatically from 54% for 1-butanol to 85%
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for isobutanol. Significant increases also were observed for
PCL and RML, but the activity of PFL remained as low as be-
fore, just above the 30% conversion level.

In general, CAL showed the most dramatic changes with re-
spect to the type of butanols. The optimal butanol system for
production of alkyl esters by enzymatic alcoholysis appears to
be isobutanol with CAL, rather than 1-butanol.

Comparison of alcohols. In general, CAL showed the high-
est activity among all the lipases examined with most primary
alcohols at a lower water content. For this lipase, higher yields
were obtained with 1-propanol (93% after 24 h) than with
methanol and ethanol (92%). Surprisingly, isobutanol (84 %)
was superior to 1-butanol as a substrate for CAL (54%). TLL-1
also reached relatively good yields under the reaction condi-
tions studied. For TLL-1, the best alcoholic substrate was
methanol, with 90% conversion after 24 h and 77-78% con-
version with other straight-chain primary alcohols. 2-Propanol
clearly reduced the activity of lipases less than isobutanol,
which could relate to the higher polarity and larger steric hin-
drance of 2-propanol than isobutanol. RML, CAL, and PCL
preferred isobutanol to 1-butanol; the remaining lipases did not
discriminate strongly between these two alcohols.

Greater yields were obtained with 96% ethanol, which may
also relate to the characteristics of the carrier. The highly hy-
drophilic property of the silica carrier of TLL-1 is probably the
main reason, where enough water can be maintained in the sur-
rounding lipase. In TLL-2, a hydrophobic polypropylene car-
rier was used for the same lipase. The activity was substantially
lower in the latter case in general. PCL was strongly water de-
pendent. The increase in water when replacing absolute ethanol
with 96% ethanol increased the conversion dramatically, from
30 to 88%. RML was also affected by the amount of water, but
not as significantly as PCL. RML showed a low preference for
primary alcohols, but PCL definitely preferred isobutanol and
longer-chain alcohols in general, which was again attributed to
the influence of the water microenvironment of the lipase from
different alcohols.

FFA content in alcoholysis. In general, a higher water con-
tent in lipase preparations resulted in a higher content of FFA
as a result of hydrolysis side reactions (Table 1). The ethanoly-
sis reaction involving CAL was an exception, with the FFA
content being lower when 96% ethanol was used. This phe-
nomenon was confirmed twice and the reason is not fully clear.
It is probably due to a reduced overall enzyme activity, includ-
ing hydrolysis activity, contradictory to the higher water con-
tent conditions. Another noticeable phenomenon relates to both
TLL and the difference between 1-propanol and 2-propanol in
terms of FFA formation, the latter alcohol resulting in a signifi-
cantly higher FFA content. Isobutanol also resulted in a higher
FFA content than 1-butanol for all the lipases studied. This
could be because secondary or branched alcohols are more ster-
ically hindered than primary alcohols. This renders these alco-
hols less nucleophilic, leading instead to a higher extent of hy-
drolysis.
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