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ABSTRACT: Enzymatic synthesis of esters of lactic acid and
straight-chain alcohols with different chain lengths (C,—C,,) were
investigated in batch reactions with hexadecanol (C,) as the
model alcohol. Cyclohexane was the best solvent for higher ester
yields, and the best biocatalyst was the immobilized Candida
antarctica lipase B (Novozym 435) as well as the textile-immobi-
lized Candida sp. lipase. A method was established to obtain ester
yields in the range of 71 to 82% for the different alcohols, and
the most favorable conditions for the esterification reaction using
Novozym 435 were an equimolar ratio of lactic acid to alcohol,
each at a concentration of 120 mM each; a 50°C reaction tem-
perature; 190 rpm shaking speed; and the addition of 100 mg mo-
lecular sieves (4 A) for drying. The ester yield increased with in-
creasing lipase load, and a yield of 79.2% could be obtained after
24 h of reaction at 20 wt% of Novozym 435. The immobilized
Candida sp. lipase prepared in the laboratory also could be used
to produce esters of lactic acid and straight-chain alcohols, but it
had a much lower activity than Novozym 435 with a tempera-
ture optimum of 40°C.
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Because of its humectant properties, lactic acid has been used
in the formulation of both cosmetic and pharmaceutical prod-
ucts. However, being an o-hydroxy acid, lactic acid has lim-
ited applications because it penetrates too quickly into the deep
epiderm and causes skin irritation if administered at very high
concentration (>10%) (1,2). One way to overcome this prob-
lem is to neutralize the acid group in lactic acid by reacting it
with an alcohol. Esters thus formed can be used as humectants
in cosmetic and pharmaceutical formulations (3). Esters of lac-
tic acid also have been used in the food industry as surfactants
in cereals and dairy products. In addition, lactic acid esters can
act as bactericidal and fungicidal agents (4).

A major concern with reactions involving lactic acid is that
it contains both a hydroxyl and a carboxylic acid functional
group and may therefore act as both acyl donor and nucle-
ophile. It can thus undergo self-polymerization, which is fa-
vored at high temperatures and in poorly hydrated media, to
form linear polyesters and lactones (5). Furthermore, since lac-
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tic acid is a very polar compound it is not very soluble in non-
polar solvents. This is unfortunate since more highly nonpolar
solvents are more favorable for enzymatic esterification (6).

Only a few reports have been published concerning the en-
zymatically catalyzed esterification reaction of lactic acid and
alcohols (7,8). From et al. (7) have described the lipase-cat-
alyzed esterification reactions of lactic acid in n-hexane using
Novozym 435. They obtained high yields of ester products
with the short-chain fatty alcohol butanol (89%), but the yield
was considerably lower for longer-chain alcohols (28 and 11%
for octanol and decanol, respectively). Torres and Otero (8) ob-
tained good esterification yields (94-96% in 48 h) between lac-
tic acid and longer-chain fatty alcohols (C4—C,¢) in acetonitrile,
showing a possibility of using polar solvents.

Although the synthesis of lactic acid esters has been demon-
strated, the procedures to be used have not yet been evaluated
systematically. The purpose of this work was to further investi-
gate the enzymatic production of esters of lactic acid and
straight-chain alcohols in order to find a robust reaction system
that can be used with both short- and long-chain alcohols
(C¢—C,g). Furthermore, laboratory-immobilized Candida sp.
lipase was evaluated for the synthesis. The studies were con-
ducted with hexadecyl lactate as the model ester for parameter
evaluation.

MATERIALS AND METHODS

Materials. Novozym 435, lipase B from Candida antarctica,
immobilized on a macroporous polymer based on methyl and
butyl methacrylic esters; Lipozyme TL IM, a lipase from Ther-
momyces lanuginosa, immobilized on silica granules; and
Lipozyme RM 1M, a lipase from Rhizomucor miehei, immobi-
lized on a macroporous resin, were all a generous gift from
Novozymes A/S (Bagsverd, Denmark). Candida sp. 99-125
was produced in the laboratory and immobilized by adsorption
on a cotton-textile membrane (see below). Soybean powder
was obtained from Shandong, China. Soybean oil was pur-
chased from the local supermarket. KH,PO,, (NH,),SO,, and
polyethylene glycol-6000 were all obtained from Beijing Yili
Chemical Co. Ltd. (Beijing, China). Gelatin and lecithin were
both obtained from Shanghai Chemical Co. Ltd. (Shanghai,
China). Lactic acid (purity 80%) was obtained from Gaofeng
(Beijing, China). All alcohols used had purities between 98 and
99% except decanol, which had a purity of 96%. Silica gel and
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molecular sieves (4 A) were obtained from Qingdao Huiyang
Chemical Co. Ltd. (Qingdao, China). The internal standard, n-
octadecane (purity >99%) was purchased from Merck (Hohen-
brunn, Germany). All solvents used were of analytical grade
and were dried over molecular sieves before use.

Candida sp. lipase fermentation and immobilization. Can-
dida sp. lipase was obtained as described by Tan et al. (9). The
fermentation of Candida sp. was carried out in a 30-L reactor
at 28°C for 120-140 h under stirring at 350 to 500 rpm and with
an air flow of 1 volume per minute per volume of batch
(VVM). The culture medium was composed of 4% (wt/vol)
soybean powder, 2.5% (wt/vol) soybean oil, 0.1% (wt/vol)
KH,PO,, and 0.1% (wt/vol) (NH,),SO,. The fermentation
broth (lipase activity: 8000 U/mL) was centrifuged at 2000 rpm
for 20 min, and the lipase in the supernatant was precipitated
by the addition of 3 vol of acetone. The precipitate was then
washed with acetone and dried at room temperature. The re-
sulting powder was ready for immobilization.

Cotton-textile (10 g) was presoaked for 1 h in 20 mL of an
aqueous solution consisting of 5% (wt/vol) gelatin, 2% (wt/vol)
lecithin, 2% (wt/vol) polyethylene glycol-6000, and 1%
(wt/vol) magnesium chloride and then left to air-dry at room
temperature. Supernatant (2 mL) from the fermentation broth
was added over 1 g of the above-dried support, which was then
dried at room temperature to a constant weight. The resulting
textile was cut into small pieces (~0.25 cm?) and stored at 0°C.
The activity of the lipase thus immobilized was determined to
be 3000 U/g by using the olive oil emulsion method (10). One
unit of activity is equivalent to the amount of enzyme required
to liberate 1 umol FFA per minute from olive oil at 37°C.

Esterification. Ester synthesis was carried out in 50-mL
stoppered flasks with 10 mL of solvent. Unless otherwise
stated, the reaction was performed with 30 mM of lactic acid,
30 mM of hexadecanol, 100 mg molecular sieves, 20 mg inter-
nal standard, and 20 mg Novozym 435. The mixture was incu-
bated for 24 h on an orbital shaker at 50°C and 190 rpm.

GC. Aliquots of the reaction mixture were withdrawn and
analyzed by GC. A GC-2010 gas chromatograph (Shimadzu,
Tokyo, Japan) equipped with a capillary column (25 m x 0.5
mm, 0.5 um film thickness; CBP-20, Shimadzu) and an FID
was used. Injection was done in a split mode (1:2), and the in-
jector and detector temperatures were 280 and 285°C, respec-
tively. The oven temperature was initially at 120°C and subse-
quently was increased at 15°C/min to 230°C, where it was held
for 13 min. Nitrogen was used as the carrier gas at a flow rate
of 6.21 mL/min. n-Octadecane, the internal standard, was
added to the reaction mixture prior to reaction. Ester formation
was calculated as being equivalent to alcohol consumed. A typ-
ical chromatogram is seen in Figure 1.

Ester yield calculation. Ester yields were calculated as the
molar percent reduction of alcohols after reaction. Experimental
repeatability was conducted under default conditions as already
described. The absolute SD of ester yields was less than 0.57%
for ester yields below 20% and 1.43% for ester yields above 20%.
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FIG. 1. Typical chromatogram used for monitoring the reaction
progress. The different peaks represent (a) internal standard (n-octade-
canane), (b) hexadecanol, and (c) hexadecyl lactate. See Materials and
Methods section for details.

RESULTS AND DISCUSSION

A basic profile of reaction time course provides much informa-
tion of reaction progress and basic kinetics. Following default
conditions in the Materials and Methods section, a time course
of the esterification between lactic acid and hexadecanol is seen
in Figure 2. A high conversion rate is seen up to 4—6 h of reac-
tion, and equilibrium is reached after 24 h.

Effect of solvent. Organic solvents having a range of log P
values were screened for their suitability in the synthesis of lac-
tic acid esters of straight-chain alcohols. Organic solvents with
alog P below 2 are generally considered unsuitable for bio-
catalysis because they can strip off essential water present
around the enzyme as a microaqueous layer, thereby affecting
the active conformation of the enzyme. Nonpolar solvents,
such as hexane (log P = 3.5), are unable to strip off any water
from the enzyme, and they usually preserve catalytic activity
(6,11-13).

Table 1 is a list of the solvents used together with their re-
sulting ester yields. The highest ester yield (79%) was observed
in cyclohexane, followed by yields of 72 and 62% in toluene
and benzene, respectively. In polar solvents such as acetonitrile
and acetone, the yields were more moderate, i.e., 27 and 12%,
respectively, unlike those previously reported (8). Cyclohex-
ane was the only nonpolar solvent that gave good yields; all the
other nonpolar solvents gave very low yields (1-6%). Cyclo-
hexane, like the other nonpolar solvents, was unable to solubi-
lize lactic acid completely. It is speculated that this property al-
lows the excess lactic acid to be deposited on the bottom of the
reaction flask instead of on the enzyme support, where it would
block access of the lipase to the active site. In addition to this
effect, cyclohexane must possess some other favorable proper-
ties, such as a suitable aqueous solubility (log S), which makes
it superior to the other nonpolar solvents for lactic acid esterifi-
cation.
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FIG. 2. Time course for the esterification between lactic acid and hexa-
decanol in cyclohexane catalyzed by Novozym 435. Reaction condi-
tions: 120 mM of both lactic acid and hexadecanol; 20 wt% (based on
reactants) Novozym 435; 100 mg internal standard (n-octadecane); 200
mg molecular sieves; 10 mL cyclohexane; 24 h; 50°C; and 190 rpm.

Lipase screening. Four immobilized lipases were screened
for their catalytic efficiency in the esterification of lactic acid
and hexadecanol. Novozyme 435 was the best lipase, with a
79.2% yield. Both Lipozyme TL IM and Lipozyme RM IM
showed little activity (0.03% yield). When 200% enzyme load
was used for Candida sp. lipase, a 33.0% yield was obtained.
The high lipase load is justified because only a crude purifica-
tion of the lipase was performed prior to immobilization on the
textile, resulting in a lower activity compared with that of the
commercial lipases. The results are not surprising since
Novozym 435 previously was found to be superior in esterifi-
cation reactions (5,7,15).

Effect of water absorbents. In general, a low water activity
favors esterification in the presence of a lipase in an esterifica-
tion system (14). Water formed during the esterification reac-
tion between lactic acid and hexadecanol needs to be removed
in order to drive the reaction toward esterification. Addition of
molecular sieves to the reaction system could overcome this
problem (8). We therefore investigated the effect of adding
varying amounts of molecular sieves to the system (Fig. 3). The
presence of molecular sieves can have a dual effect on the ester
yield. Not only can it drive the reaction toward ester formation,
but also it can strip water from the enzyme. A balance between

TABLE 1
List of Solvents Screened and Their Ester Yields?

Log §" b.p. Ester yield
Solvent Log P (mol/L) (°C) (%)
Acetonitrile -0.33 82 27
Acetone -0.24 56 12
tert-Butanol 0.35 0.63 78.0-81.0 6
Benzene 2.0 -1.64 80 62
Toluene 2.5 -2.21 110 72
Petroleum ether =3 60-90 2
Cyclohexane 3.2 -3.10 81 79
n-Hexane 3.5 -3.84 68 1
n-Heptane 4.0 98 1

“Reaction conditions: 27 mg (30 mM) lactic acid, 72 mg (30 mM) hexade-
canol, 20 wt% (based on reactants) Novozym 435, 20 mg internal standard
(n-octadecane), 100 mg molecular sieves, 10 mL solvent, 24 h, 50°C, and
190 rpm.

bCalculated according to Reference 17.
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FIG. 3. Effect of adding molecular sieves to the reaction mixture. Reac-
tion conditions: 27 mg (30 mM) lactic acid; 36 mg (15 mM) hexade-
canol; 20 wt% (based on reactants) Novozym 435; 20 mg internal stan-
dard (n-octadecane); 10 mL cyclohexane; 24 h; 50°C; and 190 rpm.

the positive and negative effect was found at 100 mg where the
highest ester yield (72.4%) was observed for this reaction sys-
tem.

Effect of enzyme load. In terms of production cost, the im-
pact of lipase is crucial. We therefore investigated the effect of
enzyme load on the ester yield for Novozym 435 and the Can-
dida sp. lipase. The results are seen in Table 2. Novozym 435
clearly has the higher activity of the two lipases. For 50% en-
zyme load, the ester yield is 30.8% for Novozym 435 compared
with an ester yield of 2.9% for the Candida sp. lipase. How-
ever, when we increased the amount of Candida sp. lipase to
300%, an ester yield of 49.5% was obtained. For both lipases
an increase in ester yield was seen when the enzyme load was
increased. This is in agreement with results obtained by Wei et
al. (2), who used acetone or acetonitrile as the solvent but con-
tradicts the results of Kiran et al. (16), who found that in chlo-
roform the highest yield of lauroyl lactate was obtained at a low
enzyme-to-substrate ratio. The latter authors speculate that
more lactic acid will bind to the enzyme at higher enzyme con-
centrations thereby depleting the free lactic acid available for
the esterification (16). Solvent differences may be the reason
for this phenomenon.

Effect of temperature. The effect of temperature on the cat-
alytic activity of the two selected lipases was investigated at
four levels each (30 to 60°C). As seen from Figure. 4, the high-
est yield (79.2%) was obtained at 50°C by using Novozym 435,
whereas the Candida sp. lipase showed a temperature optimum

TABLE 2
Effect of Enzyme-to-Substrate Load on the Yield? of Hexadecyl Lactate

Ester yield (%) Ester yield (%)

Enzyme load Enzyme load

(%) Novozym 435 (%) Candida sp.
5 3.8 50 29
10 5.1 100 4.4
20 17.2 200 20.5
50 30.8 300 49.5

“Reaction conditions: 27 mg (30 mM) lactic acid, 36 mg (15,mM) hexade-
canol, 20 mg internal standard (n-octadecane), 10 mL cyclohexane, 24 h,
50°C, and 190 rpm.
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FIG. 4. Effect of temperature on ester yields obtained from Novozym
435 and Candida sp. lipase. Reaction conditions: 27 mg (30 mM) lactic
acid; 72 mg (30 mM) hexadecanol; 20 or 200 wt% (based on reactants)
of Novozym 435 or Candida sp. lipase, respectively; 20 mg internal
standard (n-octadecane); 100 mg molecular sieves, 10 mL cyclohex-
ane; 24 h; and 190 rpm.

at 40°C with a yield of 36.8%. Both lipases showed a very low
yield at a reaction temperature of 60°C, possibly due to inacti-
vation.

Effect of molar ratio of lactic acid to alcohol. In this series
of experiments, the ratio between the two reactants, lactic acid
and hexadecanol, was varied while the other parameters were
held constant. A substrate concentration of 30 mM for both
substrates was used for a ratio of 1:1. The alcohol concentra-
tion was then held constant while increasing the lactic acid con-
centration to obtain a ratio of 10:1, and vice versa, to obtain a
ratio of 1:10. An enzyme load of 20 wt% was used for all ex-
periments. The results, shown in Figure 5, indicate that the
most favorable acid to alcohol ratio was 1, yielding 60.4% of
ester. In the presence of excess lactic acid, the ester yields were
very low, decreasing steeply from 4.0 to 0.3% for ratios of 2
and 10, respectively. This effect can best be explained by the
change in enzyme-to-substrate ratio. The yield also decreased
in the presence of excess alcohol, but not quite so drastically,
the lowest yield being 4.6% at a ratio of 1:10.

Influence of the substrate concentration. The goal of this se-
ries of experiments was to find the substrate concentration that
gave the highest ester yield. Using a lactic acid-to-alcohol ratio
of 2, we successively increased the lactic acid concentration
from 30 to 360 mM. Torres and Otero (5) identified the impor-
tance of water content for the reaction yield and the use of an
increasing amount of molecular sieves to maintain a high yield.
The content of molecular sieves was thus increased from 100
to 350 mg from the first to the last experiment. As seen from
Figure 6, the highest yield (78.9%) of hexadecyl lactate was
obtained by using a lactic acid concentration of 120 mM. A fur-
ther increase to 360 mM gave rise to only a relatively small re-
duction in the yield (65.6%), but at a concentration of 480 mM
lactic acid, the yield became considerably lower (20%). In sim-
ilar reactions, acetic acid has been shown to have an inhibitory
effect on the lipase (15). Lactic acid may give rise to the same
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FIG. 5. Effect of the molar ratio of reactants in the enzymatic synthesis
of hexadecyl lactate. Reaction conditions: 27 mg (30 mM) lactic acid
and 72 mg (30 mM) hexadecanol; (molar ratio 1:1); 20 wt% (based on
reactants) Novozym 435; 30 mg internal standard (n-octadecane); 100
mg molecular sieves; 10 mL cyclohexane; 24 h; 50°C; and 190 rpm.

effect, since lactic acid is easily dissolved in water, and will
make the micro-aqueous environment around the enzyme more
acidic as the acid concentration is increased. This modification
could lead to partial denaturation of the enzyme. On the other
hand, the yields were significantly reduced as the substrate con-
centration was decreased from 120 to 60 mM (21.3%) and fur-
ther to 30 mM (12.5%). The reason for this is unknown, but
two points are worth mentioning. First, it may depend on the
acid-to-alcohol ratio used in the experiments. As previously
demonstrated in Figure 5, the ester yield was drastically lower
for a ratio of 2 compared with that for a ratio of 1. This effect
seems to be removed when the substrate concentration is in-
creased. Second, perhaps it was due to a very dilute solution,
where the enzyme does not come into contact with sufficient
substrate.

Effect of alcohol chain length. Since esters other than hexa-
decyl lactate are of interest to the cosmetic, pharmaceutical,
and food industries, we produced esters with other straight-
chain alcohols. In this series of experiments, 30 mM each of

Ester yield [%)]

30 60
Lactic acid conc. [mM]

120 240 360 480

FIG. 6. Influence of the substrate concentration on the hexadecyl lac-
tate yield. Reaction conditions: lactic acid to hexadecanol ratio of 2:1;
20 wt% (based on reactants) Novozym 435; 20, 40, 60, 80, 120, 150
mg internal standard (n-octadecane), respectively; 100 to 350 mg mo-
lecular sieves; 10 mL cyclohexane; 24 h; 50°C; and 190 rpm.
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FIG. 7. Effect of alcohol chain length on ester yields. Reaction condi-
tions: 30 mM lactic acid; 30 mM alcohol (either C;, C,, Cq, C,(, Cy, OF
C,g); 20 mg internal standard (n-octadecane); 20 wt% Novozym 435
(based on reactants); 100 mg molecular sieves; 10 mL cyclohexane; 24
h; 50°C; and 190 rpm.

alcohol and lactic acid were used with 20 wt% Novozym 435.
All tested alcohols except for 1-octanol gave rise to ester yields
in the range of 70.8 to 81.7% (Fig. 7). The ester yield using 1-
octanol was only 12.3%, and further investigation of this is
needed. Apart from the low ester yield for 1-octanol, Novozym
435 showed no apparent alcohol specificity and catalyzed the
esterification with lactic acid with both short- and long-chain
alcohols equally well. This is in accordance with the general
view that Novozym 435 is a nonspecific lipase as well as the
results obtained by Torres and Otero (8). However, it contra-
dicts previous reports by From et al. (7), where high yields of
butyl lactate were achieved, but low yields of octyl and decyl
lactates. In general, our method has proven its overall applica-
bility for preparing lactic acid ester having both short and long
chain lengths.

ACKNOWLEDGEMENTS

The authors are grateful for support from the 973 Project
(2003CB716002), National Natural Science Foundation of China
(20136020, 20325622, 20576013), and Beijing Natural Science
(2032013).

REFERENCES

1. Greaves, W., Topical a-Hydroxy Acid Derivative for Relieving
Dry Itching Skin, Cosmet. Toilet. 105:61-64 (1990).

885

2. Wei, D., C. Gu, Q. Song, and W. Su, Enzymatic Esterification
for Glycoside Lactate Synthesis in Organic Solvent, Enzyme Mi-
crob. Technol. 33:508-512 (2003).

3. Datta, R., S.-P. Tsai, P. Bonsignore, S.-H. Moon, and J.R. Frank,
Technological and Economic Potential of Poly(lactic acid) and
Lactic Acid Derivatives, FEMS Microbiol. Rev. 16:221-231
(1995).

4. Kiran, K., and S. Divakar, Lipase Catalyzed Synthesis of Or-
ganic Esters of Lactic Acid in Non-aqueous Media, J. Biotech-
nol. 87:109-121 (2001).

5. Torres, C., and C. Otero, Part III. Direct Enzymatic Esterifica-
tion of Lactic Acid with Fatty Acids, Enzyme Microb. Technol.
29:3-12 (2001).

6. Gorman, L.S., and J.S. Dordick, Organic Solvents Strip Water
of Enzymes, Biotechnol. Bioeng. 38:75-81 (1992).

7. From, M., P. Adlercreutz, and B. Mattiasson, Lipase Catalyzed
Esterification of Lactic Acid, Biotechnol. Lett. 19:315-317
(1997).

8. Torres, C., and C. Otero, Enzymatic Synthesis of Lactate and
Glycolate Esters of Fatty Alcohols, Enzyme Microb. Technol.
25:745-752 (1999).

9. Tan, T.W., M. Zhang, B.W. Wang, C.A. Yin, and L. Deng,
Screening of High Lipase Producing Candida sp. and Produc-
tion of Lipase by Fermentation, Process Biochem. 39:459-465
(2003).

10. Watanabe, N., O. Yasuhide, and M. Yasuji, Isolation and Identi-
fication of Alkaline Lipase Producing Microorganisms, Cultural
Conditions and Some Properties of Crude Enzyme, Agric. Biol.
Chem. 4:1353-1358 (1997).

11. Liu, S.-Q., R. Holland, and V.L. Crow, Esters and Their Biosyn-
thesis in Fermented Dairy Products: A Review, Int. Dairy J.
14:923-945 (2004).

12. Hari Krishna, S., S. Divakar, S.G. Prapulla, and N.G. Karanth,
Enzymatic Synthesis of Isoamyl Acetate Using Immobilized Li-
pase from Rhizomucor miehei, J. Biotechnol. 87:193-201
(2001).

13. Claon, P.A., and C.C. Akoh, Enzymatic Synthesis of Geranyl
Acetate in n-Hexane with Candida antarctica Lipase, J. Am. Oil
Chem. Soc. 71:575-578 (1994).

14. Jorgensen, W.L., and E.M. Dufty, Prediction of Drug Solubility
from Monte Carlo Simulations, Bioorg. Med. Chem. Lett.
10:1155-1158 (2000).

15. Bourg-Garros, S., N. Razafindramboa, and A.A. Pavia, Opti-
mization of Lipase-Catalyzed Synthesis of (Z)-3-Hexen-1-yl
Acetate by Direct Esterification in Hexane and a Solvent-free
Medium, Enzyme Microb. Technol. 22:240-245 (1998).

16. Kiran, K.R., B. Manohar, and S. Divakar, A Central Composite
Rotatable Design Analysis of Lipase Catalyzed Synthesis of
Lauroyl Lactic Acid at Bench-scale Level, Enzyme Microb.
Technol. 29:122—-128 (2001).

17. Chen, J.-P., Polyvinyl Formal Resin Plates Impregnated with Li-
pase-Entrapped Sol-Gel Polymer for Flavor Ester Synthesis,
Enzyme Microb. Technol. 33:513-519 (2003).

[Received May 26, 2005; accepted October 20, 2005]

JAOCS, Vol. 82, no. 12 (2005)



