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Abstract

A fast and effective enzymatic process was developed for preparing CLA C6—C22 alkyl esters using immobilized Candida antarctica lipase
B (Novozym 435). The reaction parameters (temperature, amount of starting materials and enzyme, effect of water removal during the reaction)
were optimized. The re-use study showed that the enzyme can be used at least ten times without significant loss in its activity. Reactions between
equimolar amounts of starting materials with 8.9% Novozym 435 (w/w¢pa) at 65 °C in vacuum (20 mbar) for 1.5 h resulted in almost quantitatively
(>95%) wax esters needing no further treatment. At room temperature, CLA esters with long chain (>18 °C) saturated alcohols are solids.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Conjugated linoleic acid is a collective term for positional and
geometrical isomers of linoleic acid. CLA is a physiologically
active lipid with wide range of health benefit, such as reduction
of the risk of developing cancer [1], reduction of the body fat
content and increasing the lean muscle mass [2,3]. In addition,
it was found that CLA could reduce the risk of developing coro-
nary heart disease [4]. Furthermore, CLA had positive effect on
the milk fat content and on the CLA content of milk in lactat-
ing cows compared to control group [5]. In vitro experiments
showed that the 80-90% of CLA decomposed due to the biohy-
drogenation under rumen conditions, therefore CLA should be
protected from this process [6]. The CLA can be protected from
the biohydrogenation by encapsulating in protein matrix or by
converting it to a solid derivative, which remains solid at rumen
temperature. CLA wax esters may cover this requirement.

Enzymatic preparations of CLA esters with long chain (C8 or
C12) alcohols were investigated predominantly for separation
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of the two most important biological active isomers (9Z,11E-
CLA and 10E,12Z-CLA). In these cases, however, the main
goal was to find the most selective enzymes for discrimination
between the two isomers [7-9]. The CLA-containing structured
lipids represent another class of CLA esters which were prepared
mostly by enzyme-catalyzed reactions [10-19].

Candida antarctica lipase B (Novozym 435) proved to be
an exceptionally versatile biocatalyst [20]. It is very efficient
in catalyzing different esterification reactions, such as direct
esterification of fatty acids and alcohols [21-24], transesterifica-
tion of fatty acid esters (alkyl esters or glycerides) and alcohols
[21,25-30]. Novozym 435 can be applied as catalyst in produc-
tion of biodiesel as fatty acid methyl esters from used frying
oil [31]. In addition to the usual carboxylic ester formation, this
enzyme proved to be effective catalyst in thioester formation
as well [32]. It can catalyze reactions between a wide range of
starting compounds resulting in various products, for example,
steryl esters [21], terpene esters [33] and wax esters [22,28].

Long chain wax esters have been obtained in high yield
using Novozym 435 as biocatalyst. In reactions starting from
stoichiometric amounts of starting compounds and performed
under vacuum, the highest conversion was observed in 4-6h
[22]. Similar conditions seemed to be optimal for direct
esterification of lauric acid with diglycerol [27]. Oleyl oleate
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was prepared applying Novozym 435 as biocatalyst in organic
solvent at 37 °C [23] or without solvent at higher temperature
[23].

Our aim was to develop and optimize an enzymatic esterifi-
cation process for producing solid alkyl esters of CLA and long
chain alcohols, where the product is pure, free from any residual
starting material or solvent.

2. Experimental
2.1. Materials and methods

Alcohols (1-hexanol (C6-OH), 1-octanol (C8-OH), 1-
decanol (C10-OH), 1-dodecanol (C12-OH), 1-tetradecanol
(C14-OH), 1-hexadecanol (C16-OH), 1-octadecanol (C18-OH),
1-eicosanol (C20-OH), 1-docosanol (C22-OH)) and solvents
(hexane, tetrahydrofurane) were purchased from Sigma—Aldrich
Co. (Steinheim, Germany). The CLA free fatty acid (CLA-FFA)
was a kind gift of Loders and Croklaan Lipid Nutrition Co.
(Wormerveer, Netherlands). It had a CLA content of 79.7% [the
two main isomers 9Z,11E (48.6%) and 10E,12Z (48.5%) along
with minor amounts of E, E-CLA isomers (2.1%) and Z,Z-CLA
isomers (0.8%), all normalized to the total CLA content. The
enzyme (immobilized Candida antarctica lipase A, Novozym
435) was a kind gift of Novozyme A/S (Bagsvaerd, Denmark).
Molecular sieve 0.4 nm was the product of Merck (Darmstadt,
Germany).

The conversion of the CLA esterification was measured
on Agilent 6890 GC equipped with FID detector and HP-1
column (25 m x 200 pwm i.d. x 0.11 wm film thickness, Agilent
Technologies) using Hj as carrier gas at a flow of 2.1 mL/min.
Oven temperature was programmed as follows: 50°C for
2 min, 50-300°C at 25 °C/min, 300 °C for 8 min. The injector
and detector were operated at 320°C. These GC conditions
allowed simultaneous determination of the starting materials
and the products without any derivatization prior to the
analysis. Conversions were calculated from the area of the
product and the residual CLA-FFA peaks using response
factors determined by calibration with standards containing
equimolar mixture of the CLA-FFA and the corresponding
CLA-ester.

The purity of the CLA esters were further checked by
NMR analysis using the most specific signals in the 'H-NMR
and '3C-NMR spectra. The NMR spectra were recorded in
CDCI3 on a Bruker DRX-500 spectrometer (at 500 MHz for
'H and 125MHz for 13C spectra) and are reported in ppm
on the & scale. The following 'H-NMR signals were used for
conversion analysis and purity check: the olefinic CH signals
at 5.3 (m), 5.6 (m), 5.9 (t) and 6.3 (t); the CO-O-CH, group
at 4.1 (t). In addition, signals for the residual acid [COOH
(>10ppm)] and alcohol [CH>-O at 3.6 (t) and -OH at ~2.3
(~t)] were also monitored. In the 13C-NMR spectrums the
following signals were characteristic for the CLA esters: eight
signals for the conjugated CH groups in the range 125-134 (s,
each) and the signals of the CO-O-CH; group at 173.6 (s) and
64.4 (s).
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Fig. 1. Effect of enzyme amount on the esterification of CLA-FFA and C18-OH.
Reaction conditions: CLA-FFA: 20 mmol; C18-OH: 20 mmol; shaking at 65 °C.
The different curves represent reactions with different amounts (W/wcra-rra %)
of Novozyme 435 catalyst.

2.2. Novozym 435-catalyzed esterification of CLA with long
chain alcohols

2.2.1. Preliminary test of Novozym 435-catalyzed
esterification of CLA

Different reaction conditions with and without solvents were
tested to find optimal conditions for Novozym 435-catalyzed
esterification of CLA with 1-eicosanol (C20-OH) as alcohol
component (Table 1). The reaction mixtures were shaken at
250 rpm in sealed glass vials for 24 h using horizontal water-
bath shaker (Memmert). At 1, 2, 4 and 24 h, samples (7.5 wL)
were taken from the reactions. For GC analysis, the samples
were dissolved in hexane (1 mL).

2.2.2. Effect of enzyme amount on enzymatic esterification
of CLA

The effect of enzyme dosage (1.8—17.9 w/wppa % Novozym
435) on the conversion was studied in the esterification reac-
tion between CLA-FFA (20 mmol) and 1-octadecanol (C18-OH,
20 mmol) (Fig. 1). The reaction mixtures were shaken at 250 rpm
in sealed glass vials for 4 h at 65 °C using horizontal waterbath
shaker (Memmert). At every fifteen minutes samples were taken
from the reactions. For GC analysis, the samples (7.5 pL) were
dissolved in hexane (1 mL).
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Fig. 2. Re-usability of Novozym 435 catalyst in esterification of CLA-FFA
and C18-OH. Reaction conditions: CLA-FFA: 20 mmol; C18-OH: 20 mmol;
Novozym 435: 500 mg; shaking at 65 °C. Conversions of subsequent reactions
catalyzed with the same portion of immobilized enzyme are shown at four
different times.



C. Diandczki et al. / Journal of Molecular Catalysis B: Enzymatic 45 (2007) 45—49 47

Table 1
Preliminary test of Novozym 435-catalyzed esterification of CLA
Entry Starting compounds (mmol) Enzyme (mg) Solvent® (mL) Temp. (°C) Time (h) Conv. (%)
FFA? C20-OH
1 2 2 50 5 25 24 30
2 2 2 100 5 25 24 30
3 10 2 100 10 25 24 28
4 2 2 50 65 2 98
5 20 20 500 - 65 2 91
2 FFA mixture containing CLA (77.9%).
b Hexane/THF 1:1 (v/v).
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ification with C18-OH. Reaction conditions: CLA-FFA: 20 mmol; C18-OH:
20 mmol; Novozym 435: 500 mg; shaking at 65 °C. Water removal by vacuum
(20 mbar) or with molecular sieve (0.4 nm, 500 mg) or without water removal.

2.2.3. Testing the enzyme reusability and effect of water
removal in enzymatic esterification of CLA

The re-use study of the Novozym 435 catalyst (500 mg)
was carried out by reacting CLA-FFA (20 mmol) and C18-OH
(20 mmol) as described in Section 2.2.2 (65 °C, 4 h) but using the
same portion of the enzyme in ten subsequent reactions (Fig. 2).
The immobilized lipase was recovered after each reactions, it
was washed with hexane (3 x 5 mL), dried at room temperature
(>6 h) and used for the next batch. Conversions in each reactions
were analyzed by GC as described in Section 2.2.2.

For study of the effect of water removal on the rate of conver-
sion, the reactions [CLA-FFA (20 mmol), C18-OH (20 mmol),
Novozym 435 (500 mg), shaking at 65 °C for 4 h] were carried
out in the presence of an effective drying agent (0.4 nm molec-
ular sieve, 500 mg), under vacuum (20 mbar) and without any
water removal (Fig. 3).

2.2.4. Novozym 435-catalyzed esterification of CLA with
long chain alcohols

Preparation of solid CLA wax esters (CLA-C6—-CLA-C22)
were performed by Novozym 435 (500 mg) catalyzed esterifi-
cation reactions between equimolar amounts (20 mmol, each)
CLA-FFA and alcohols having even-numbered carbon chains
between six (C6-OH) and twenty-two (C22-OH) at 65 °C under
solvent-free conditions for 2 h under vacuum (20 mbar). At the
end of the reactions, the catalyst was filtered off from the hot
reaction mixture to leave without any further treatment virtually
pure CLA alkyl esters in almost quantitative yield.

Fig. 4. GC chromatogram of equimolar mixture of CLA-C,, esters prepared
by the solvent-free enzymatic method from CLA-FFA with alcohols C6-OH to
C22-OH. GC was performed on a HP-1 column (25m x 200 pum x 0.11 pum,
Agilent Technologies). For more details see Section 2.1 in Experimental.

The CLA-C6—CLA-C16 esters are viscous oils. CLA-C18:
mp. 25-27 °C; CLA-C20: mp. 25-27 °C; CLA-C22: mp. 40 °C.
All CLA-C,, esters were fully characterized by GC (see Fig. 4)
and by 'H- and 3C-NMR spectra. As a typical example,
NMR data of the CLA hexyl ester [CLA-C6; as a mixture
of (9Z,11E)-hexyl octadeca-9,11-dienoate and (10E,12Z)-hexyl
octadeca-10,12-dienoate in about 1:1 ratio] is given below.

'H-NMR (8, integrals are normalized to the 1’-CH,-O
as 2H): 0.87 (m, 6H, 18-CH3 and 6-CH3); 1.24-1.40 (m,
~28H, 11 x CH, for CLA-C6 ester and ~6H for saturated
ester impurities); 1.60 (m, 4H, 3-CH, and 2'-CH3); 2.07 (m,
2H, 9-CH; (10E,12Z) and 14-CH; (9Z,11E)); 2.14 (m, 2H, 9-
CH; (9Z,11E) and 14-CH; (10E,1227)); 2.30 (z, 2H, 2-CH»);
4.04 (s, 2H, 1’-CH»-0); 5.29 (m, ~0.9H, 9-CH (9Z,11E) and
13-CH (10E,127)); 5.65 (m, ~0.9H, 10-CH (10E,12Z) and
12-CH (9Z,11E)); 5.94 (¢, ~0.9H, 10-CH (9Z,11E) and 12-
CH (10E,122)); 6.29 (¢, ~0.9H, 11-CH (9Z,11F) and 11-CH
(10E,12Z)). The '"H-NMR spectra of the other CLA-C, esters
differ in the integral of the 1.24—1.40 signals (m, ~(16 +2n)H,
(n+5) x CH; for CLA-C,, and ~6—8H for saturated ester impu-
rities).

I3C-NMR (5¢c): 14.20 and 14.24 (18-C for (9Z,11E) and
(10E,122)); 14.26 (6'-C); 22.7-34.5 (multiple signals, aliphatic
C’s); 64.39 (1'-C); 125.41 (11-C (9Z,11E)); 125.50 (11-C
(10E,127)); 128.41 (12-C (10E,122)); 128.52 (10-C (9Z,11E));
129.68 (9-C (9Z,11E)); 129.89 (13-C (10E,122)); 134.33 (10-
C (10E,122)); 134.51 (12-C (9Z,11E)); 174.75 (1-C). The
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I3C-NMR spectra of the other CLA-C,, esters differ in the num-
ber of the 22.7-34.5 signals.

3. Results and discussion

3.1. Preliminary test of Novozym 435-catalyzed
esterification of CLA

Esterification reactions between CLA-FFA and 1-eicosanol
(C20-OH) as alcohol performed at room temperature in organic
solvent (hexane—tetrahydrofurane 1:1) did not result in good
conversions (Table 1). Increasing the amount of enzyme (Entry
2, Table 1) or applying excess free acid (Entry 3, Table 1) did not
improved the conversion under these conditions. On the other
hand, esterification between stoichiometric amounts of starting
materials at 65 °C under solvent free conditions resulted in high
(>90%) conversion (Entries 4 and 5, Table 1.). This temperature
is required not only to enhance the rate of the enzymatic reaction
but also for melting the solid long-chain alcohols.

3.2. Effect of the enzyme amount on the esterification of
CLA

The effect of enzyme loading on the rate and conversion was
studied in esterification reactions between equimolar amount of
CLA-FFA and 1-octadecanol (C18-OH) (Fig. 1). In this reac-
tion series our aim was to find the lowest enzyme amount of
which can provide the maximum conversion within 2 h. Most
of the reactions with variable doses of enzyme reached the
same degree of conversion (91-92% which seems to be the
equilibrium conversion of this enzyme-catalyzed esterification
under this conditions) but in different reaction times (Fig. 1).
Our results indicated that reactions with enzyme loadings lower
than 5 w/wcpa-Fra % did not reach the equilibrium conversion
within 2h, whereas enzyme loadings over 8.9 w/wcr.a-Fra %
could achieve the maximum conversion within 60 min. Due to
the solvent free conditions, proper mixing became more difficult
at higher amounts of enzyme (>10 w/wcpa-Fra %). Taking these
aspects into consideration, 8.9 w/wcra-Fra% enzyme loading
has been chosen for the further applications.

3.3. Testing the enzyme reusability in enzymatic
esterification of CLA

The stability and reusability of the enzyme was studied in ten
repeated esterification reactions between equimolar amount of
CLA-FFA and 1-octadecanol (C18-OH) at 65 °C for 2 h using
8.9 w/wcra-FrA % Novozym 435 catalyst (Fig. 2). In spite of the
relatively long reaction time at elevated temperature, the enzyme
retained its high activity even after repeating the esterification
reaction ten times. In all repeated reactions, the equilibrium con-
version was reached within 60 min. This is due to the known heat
stability of this immobilized lipase [20]. Only small differences
in the initial conversion values were observed which did not
significantly influenced the final conversion rate (Fig. 2). These
differences in the initial rate might be due to mechanical damage
of the immobilized biocatalyst resulting in different (decreasing)

particle size distribution. The effect of enzyme amount and the
reusability of Novozym 435 in the esterification of oleic acid
with oleyl alcohol at lower temperature (37 °C) have also been
studied [23]. In these studies about five times more enzyme was
used as in our reactions at elevated temperature. The Novozyme
435 catalyst was found to be very stable but in contrast with our
results they observed a slight decrease in the enzyme activity
after ten times use [23].

3.4. Shifting the equilibrium conversion by water removal
in enzymatic esterification of CLA

Our previous results indicated that the solvent free direct
esterification of CLA-FFA with long chain alcohols catalyzed
by Novozym 435 has an equilibrium conversion of around
91%. Similar degree of equilibrium conversion has been found
in Novozym 435-catalyzed solvent free direct esterification
between stoichiometric amounts of oleic acid and oleyl alco-
hol [23]. Because our aim was to develop a high yield — low cost
process, separation of the CLA wax from the starting compound
would be too costly. Our next step was, therefore, to shift the
equilibrium conversion of the esterification to completeness by
water removal. Two possible solutions were tried: in situ dry-
ing with molecular sieve and reaction conducted under vacuum
(Fig. 3). Application of molecular sieve did not significantly shift
the equilibrium conversion compared to the reaction without any
water removal. The method for synthesis of long chain wax esters
using Novozym 435 as biocatalyst showed that high yield could
be achieved in reactions starting from stoichiometric amounts
of substances under vacuum at ambient temperature in 4-6h
[22]. However, this water removal method which is efficient
for shifting the equilibrium conversion to completeness was not
combined with the benefit of the high temperature stability of
the catalyst. Our results indicated that the reaction performed at
65 °C under vacuum (20 mbar) can result in practically complete
reaction (conversion >98%) within 2 h (Fig. 3). After a relatively
short reaction time (2h) and simple filtration of the Novozym
435 catalyst, this method provided the virtually pure CLA wax
product without further treatment.

3.5. Novozym 435-catalyzed esterification of CLA with
long-chain alcohols

As biohydrogenation of accessible CLA in the rumen can
diminish the beneficial biological effects of these compounds,
our primary goal was to find CLA derivatives which are solid at
the rumen temperature and thus less accessible for biodegrada-
tion. To find CLA waxes which are solid at room temperature,
CLA-FFA was esterified with various alcohols having chain
length of six to twenty-two carbon atoms under the opti-
mized conditions [equimolar amounts of starting compounds,
8.9 w/wcra-FrA % Novozym 435, 65 °C, 20 mbar, 2 h]. The final
purities of the CLA esters were checked by GC (Fig. 3) and
NMR. In the 'H-NMR spectra of the products the characteristic
CO-0O-CH; signal at 4.1 (t) was always indicative for the
ester moiety, whereas no traces of COOH signals (>10 ppm)
were observed. In several cases small amounts (<2%) of
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alcohols [CH»-O at 3.6 (t) and -OH at ~2.3 (~t)] could also be
detected.

We have found that CLA-octadecyl ester is semi-solid (mp.
25-27°C), whereas CLA-C20 and CLA-C22 alkyl esters are
real solids at room temperature (mp.’s are 34 °C and 40°C,
respectively). Taking the rumen temperature into account, the
CLA-C22 wax ester could be a potential rumen protected CLA
derivative.

4. Conclusions

An effective and fast enzymatic reaction was developed for
preparing CLA alkyl esters, especially preparation of solid CLA
wax esters. Under the optimized solvent free reaction conditions
[equimolar amounts of starting materials, 8.9 w/WcrLA-Fra %
Novozym 435 catalyst, 65°C, 2h, under vacuum (20 mbar)]
the catalyst retained its full activity even after ten times reuse.
After a simple catalyst filtration, the CLA wax products prepared
by this method were virtually pure (>95%) without any further
treatment or purification. CLA wax esters of alcohols having
carbon chain length of above 18 are solid at room temperature.
As the melting point of CLA C22 wax ester is above the rumen
temperature it can have further application in animal feeding.
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