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Abstract

Enzymatic synthesis of partial glycerol caprate from capric acid and glycerol was investigated by using lip&3arfdicta
antarctica(CAL) in a solvent-free microaqueous media. In a closed reactor, equilibrium conversion reached 65.6% in 9h
under optimal reaction conditions which were: temperature,B0nitial water content in glycerol, 12% (w/w); lipase
dosage, 100 U/g of capric acid; molar ratio of glycerol:capric acid, 1:1. Initial reaction mixture phase states were investigated
by using a flat plate cooling-quenching method with a micrograph system. Regional capric acid concentration surrounding
the immobilized lipase surface is higher than that in the bulk phase. CAL did not express 1,3-position specificity in the final
product. Mechanical fray partly denatured CAL in batch reactor. Capric acid conversion as high as 96.9% was obtained in 6 h
with several modified reaction procedures in a batch reactor.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction steam refining, filtration, deodorization, decoloration
and even molecular distillation. Recently, enzymatic
Partial glycerol caprates are functional additives in synthesis of glycerol caprates or medium chain glyc-
medicine, cosmetics and fodtl,2]. Glycerol caprates  erides has been reporté¢tt-7]. The most economi-
are produced industrially by reacting extra glycerol cal enzymatic synthesis technique is the reaction in
with capric acid or capric/caprylic acid mixture at Solvent-free media, but until now only several kinds of
150°C catalyzed by an inorganic acid. This is followed lipase have been investigated. Little attention has been
by phase separation, rinsing with alkaline solution, paid to optimizing reaction parameters or to reaction
phase state. Most of reported results were based on a
- large lipase amount and long reaction tifie4]. To
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lized lipase and size of lipase granule on the reaction 2.4. Initial reaction phase state
were investigated with a commercial lipase CAL.
A flat plate cooling-quenching method was de-
signed to observe the initial phase state of reaction

2. Experimental systems. One or two drops of reaction mixture were
spread well on a clean, dry, and cold (10=C3 mi-
2.1. Chemicals croslide in 2-3s, thus the reaction and phase state
were fixed as if they were “quenched” quickly as
Lipase fromCandida antarctica(CAL) with olive soon as the mixture contacted the cold glass surface.

oil hydrolysis activity 7000 U/g, was a gift from Novo  The capric acid and lipase phases were opaque and
Nordisk Co. Capric acid (containing 0.1%@) and flat-like while the glycerol phase was transparent so
glycerol (containing 1.14% $0D) were purchased that each phase could be easy to identify through im-
from Shanghai Chemicals Co., China. Monocaprin ages. The slides were observed under a microscope,
and caprin were purchased from Sigma. All other reag- which was connected with a homemade skin surface
ents are of analytical grade. Reactants unless otherwisescanner. Images of the slides were then scanned and
stated were dehydrated with 4A zeolite before use.  processed on the connecting computer.

2.2. Analysis 2.5. Stability of CAL

Water content was determined by Karl Fischer  The esterification was carried out for 10 h at optimal
titration. Conversion of capric acid was defined as the reaction conditions. After each batch, the |ipase was
percentage of consumed capric acid. Initial rate was filtrated out from the mixture. The lipase was washed
defined as the millimoles of monoglycerides produced with 4 ml x 4 ml of cold acetone and dried under vac-
from 1g of capric acid in 1 min, but calculated based yum for 2 h before being used in next batch.
on the amount of consumed capric acid in the first
5min. A lower lipase amount was applied as 20 U/g
capric acid where initial rate was investigated. HPLC 3. Results and discussion
proved that under the reaction conditions, only mono-
glyceride was produced and the reaction rates are 3.1. Effect of temperature
linear in the first 5 min (data not shown). After remov-
ing unreacted glycerol from samples, the composition  As shown inFig. 1, the initial reaction rate increased
of caprate was determined by HPLC. The conditions with increasing reaction temperature from 55 to°'65
for the HPLC were as follows: {g column, column while the equilibrium conversion reached an optimal
temperature was 4@, mobile phase was methanol at 60°C. During the first 2h the highest conversion
with flow rate 1.0 ml/min, and UV detector detecting reached at 65C, but at 10 h the highest conversion

at 215nm. was obtained at 6ZC. It might be thermo-denaturing
that the equilibrium conversion decreased when the
2.3. Enzymatic esterification temperature was higher than 82.

Capric acid (0.15moal), glycerol (0.15mol), water 3.2. Effect of molar ratio of capric acid to glycerol
(12% in glycerol (w/w)) and lipase (100 U/g of capric
acid, note as 100U/g capric acid as abbreviation) The equilibrium conversion increased with increas-
unless otherwise stated were mixed with a magnetic ing glycerol amount as ifrig. 2 There is no evident
stirrer at 400 mint in a 50 ml closed glass reactor relationship between initial reaction rate and the re-
submerged in a water bath. The reaction temperatureactants molar ratio. A possible explanation is that the
was 60°C unless otherwise stated. The reactor was molar ratio at the interface, where reaction is carried
opened or vacuum was applied to enhance dehydra-out, was not changed while the molar ratio in the
tion after the esterification equilibrium was reached. heterogeneous phases system was changed within a
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Fig. 1. Effect of reaction temperature on esterification. Conditions: closed reactor, 409 @ih5 mol capric acid, 0.15mol glycerol, 12%

of water in glycerol (w/w), 100 U/g capric acid of lipase.

range. To confirm this and to learn how it was in-

phase Fig. 3d. This implies that the extra capric acid

fluenced, we designed a flat plate cooling-quenching may allow a pseudo-inhabitation to the reaction. This
method to observe the phase state of reaction systemhas been confirmed in a further stuidj.

The dispersing states in reaction systems at differ-

ent molar ratios can be summarized mainly as three 3.3. Effect of lipase dosage

distinct types as irfrig. 3.

(a) Glycerol is dispersed in capric acid when glyc-
erol:capric acid< 1:3 (mol:mol).

(b) Larger nonuniform capric acid droplets are dis-
persed in glycerol when the molar ratios are
1:3 (mol:mol) > glycerol:capric acid > 1:0.2
(mol:mol).

(c) Small uniform capric acid droplets are dispersed in
glycerol phase when glycerol:capric acid > 1:0.2
(mol:mol). This agrees with the explanation men-
tioned above.

Thus the mass transfer between phases is related
to the reactants dispersal states. Additionally, the re-

gional capric acid concentration surrounding the im-
mobilized lipase surface is higher than that in bulk
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Fig. 2. Effect of molar ratio (glycerol:capric acid) on the ester-
ification. Conditions: closed reactor, 400 miy 60°C, 0.15 mol
capric acid, 12% of water in glycerol (w/w).

Catalyst amount does not affect equilibrium conver-
sion but affects the reaction rate. Relative initial rates
and equilibrium conversion at different lipase dosages
are shown irFig. 4. The dosage of 20 U/g capric acid
was taken as the control. A dosage of 100 U/g capric
acid was proved to be the optimal lipase dosage based
on relative initial rate.

3.4. Effect of water and initial water dosage

It is well known that water is essential in enzymatic
synthesis. Most researchers have investigated the

@ (©

(b)

(d)

Fig. 3. Initial reaction system phase states image @500) (a)
glycerol:capric acid< 1:3 (mol:mol); (b) 1:3 (mol:mol) > glyc-
erol:capric acid > 1:0.2 (mol:mol); (c) glycerol:capric acid > 1:0.2
(mol:mol); (d) lipase granule in system c.
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Fig. 5. Effect of initial water content in glycerol on the esterifica-
tion. Conditions: closed reactor, 400 mi 60°C, 0.15 mol capric
acid, 0.15mol glycerol, 100 U/g capric acid of lipase.

Fig. 4. Effect of lipase dosage on the esterification. Conditions:
closed reactor, 400 mit, 60°C, 0.15mol capric acid, 0.15 mol
glycerol, 12% of water in glycerol (w/w).

beginning without increasing reaction time or de-
effect of water activity @ on enzymatic esterification  creasing yield, it will be of benefit to the subsequent
by using different hydrated salts to get differept[@]. dehydration step. Zakd 1] reported that some com-
Unfortunately, they often overlooked the salt effect on pounds like DMF and DMSO, which can easily form
lipase activity. Most investigators think that the salts hydrogen bonds with water, could be used as mimics
are not in ionic status in nonaqueous media, so the of water in the organic phase. So if glycerol could
salts would not affect the lipase activity. But in fact, be used as mimic water in a solvent-free system, that
the salts do affect the lipase activity even in nonaque- means if applying commercial capric acid (contain-
ous media (like hexane) while these salts were useding 0.1% HO) and extra glycerol (containing 1.14%
to control g, of the reaction mixturg9]. A possible  H,0) without pre-dehydration, we may avoid either
explanation to this effect is, although the reaction was the required initial water amount or the usage of a
applied in nonaqueous media, there was always a mi- zeolite. As illustrated irFigs. 6 and 7excess glycerol
croaqueous phase or micro w/o interface, where the resulted in high reaction rates although the optimal
enzymatic reaction occurred and allowed the salt being water dosages were same in spite of the different mo-
ionized. Because of this reason it is better to consider |ar ratios. Additionally, the two curves iRig. 6 are
this kind of solvent-free system as a microaqueous almost parallel so this implies that the net donation
instead of nonaqueous. On the other hand, our pre-tg initial rate contributed by extra glycerol is almost
vious works on synthesis of some glycerides showed independent of the initial water content. Similar ini-
that if the reaction systems were exactly the same, tjal reaction rate were observed at 0% initial water
except the lipase, the optimal initial water content in content (at 10:1 molar ratio) and at 2.7% initial water
hydrophilic phase would be almost same for different
lipased8]. Thus, in this paper, we chose to investigate 800

initial water content in glycerol instead of,a Eﬂ 700 F 104 (G
Fig. 5 shows that the initial reaction rate increased g 600 -
with increasing initial water content when the content E’ Zgg i
was below 12%, probably the hydrolysis effect was F 300 11 (mol:mol)
started then, since the water produced at reaction equi- £ 559 |
=
8

librium (the conversion was around 65.5%) was about 100
13% in glycerol. 0 S
As mentioned above, the optimal initial water 0 2 4 6 8 10 12 14 16 18

dosage was 12% in glycerol. This is a large amount Water dosage(%)

compared to other cases of gly(_:e”des SyntheSIS, Fig. 6. The role of water in the esterification at different molar
where the water dosage was4% in solvent-free ratio (glycerol:capric acid). Conditions: closed reactor, 400Thin
system[10]. If less water can be used at the reaction 60°C, 0.15mol capric acid, 100 U/g capric acid of lipase.



Y.M. Xia et al./Journal of Molecular Catalysis B: Enzymatic 23 (2003) 3-8 7

100 conditions in other experiments (data not shown) so
. gg I that based on the conversions, we can decide the time
§ 70 to switch reaction status from closing to opening or
3 gg [ vacuuming.

S awf As curve 1, feeding capric acid dropwisely to glyc-
8 30y erol in a closed reactor within the first 1 h, the reaction

%8 r rate was similar as in curve 2, where total capric acid,

0 _ glycerol containing 12% of water were fed together
0 4 8 12 16 20 24 to a closed reactor, the molar ratio were same in both

Hma(h) cases. This means extra “dry” glycerol could be used
Fig. 7. Esterification at different initial water content when glyc- tf) replac? initial exogenous Wat_er' In curve 4, the reac-
erol:capric acid= 10:1 (mol:mol). Conditions: closed reactor, 400 tion was in a closed reactor at first, and then when re-
min~1, 60°C, 0.15mol capric acid, 100 U/g capric acid of lipase. ~action equilibrium reached (4 h), the reaction mixture
was switched to an opened reactor. After 4 h the reac-
] ) tion rate in curve 4 was less than that of curve 3, and
content (at 1:1 molar ratio), this means that glycerol e equilibrium time in curve 4 is much longer than
can be mimic water here. that in curve 3. This implies that large extra amounts

Thus several procedures were designedias 8, of glycerol might partly denature the lipase. The same
an opened reactor or dehydration under vacuum Was nhenomenon did not show in curve 1 and 2. Since

applied to enhance dehydration in some procedures. hare the highest conversions were not as high as that
Glycerol (containing 1.14% $0) and capric acid 5 cyrve 3 and 4, so even if the lipase was partly de-
(containing 0.1% HO) were used in these procedures 5red in case of curve 1 and 2, the rest of lipase
without pre-dehydration; lipase dosage was 100U/g 4tivity might be enough to allow the low conversion.
capric acid. For ea}Ch stgp, equilibrium time and CON- Hoq [12] also reported that when the glycerol con-
version was pre-investigated under same reaction cenration was 97%, some kinds of lipase denatured
quickly when glycerol was reacted with oleic acid at

100 40°C, and the yields were very low.

= 80 Based on the results from curve 1-4, procedure

X . .

s as in curve 5 was designed. To a closed reactor the

g 60 following was added: lipase, 0.3 mol of glycerol, 1/5

%’ 40 of total capric acid (glycerol:capric acig= 2 : 1

3 2 (mol:mol)), and the rest of the 4/5 capric acid was
fed dropwisely within the first 1 h. The conversion

0 reached equilibrium after the first 1 h, according to

a pre-measurement based on same closed reaction
system (data not shown); after 1h the system was
Fig. 8. Different esterification procedures (400 min 60°C, switched to an opened system to dehydrate until a
0.15mol capric acid, 100 U/g capric acid of lipase, glycerol:capric second equilibrium was reached, and then reacted
acid (mol:mol)= 1:1 in curve 1-4, 2:1 in curve 5). (1) Feeding  ynder vacuum or applying less vacuum since the first
capric acid dropwisely_ within the first 1h,_closed r_eactc_>r; initial equilibrium, but should maintain enough water con-
water content 1.14% in glycerol; (2) feeding capric acid at be- tent to get high reaction rate. For this system, the final
ginning, closed reactor; initial water content 12% in glycerol; (3) 4 . !

feeding capric acid at beginning, opened reactor; initial water con- COnversion reached 96.9% in 6 h. The excess glycerol

tent 12% in glycerol; (4) feeding capric acid dropwisely within the  can be easily removed after reaction.

first 1 h, closed reactor; after 3h switched to an opened reactor;

initial water content 1.14% in glycerol; (5) feeding 4/5 of capric 3.5. Stability of CAL

acid dropwisely within the first 1 h to a closed reactor containing

1/5 of capric acid, then switched to an opened reactor for 2h; . L . )
followed by reaction at 5mmHg, 2 h; initial water content 1.14% Reusing CAL in five batches of reaction. With

in glycerol. the first batch as a control, the relative esterification

0 2 4 6 8 1012 14 16 18 20 22 24
Time(h)
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activity after reacting 10 h for each batch was: 100, 4. Conclusion
100.87, 94.93, 92.88 and 91.24% in order of testing.
After each batch the size of CAL was decreased. So  Based on investigation results about the optimal re-
the denaturation may be related to the mechanical action conditions as well as the effect of the substrates
fray or caused by the size of lipase under the reaction on the enzymatic activity, by a lipase dosage as lower
conditions. as 100 U/g of capric acid, a final capric acid conver-
Then the effect of particle size and mechanical sta- sion of 96.9% was obtained in 6 h in a batch reactor.
bility of CAL were investigated. Reaction conditions So by optimizing the reactor parameters, choosing
were same as described in experimental procedures.a larger lipase dosage, if we apply the reaction in a
The lipase was sieved to different particle size ranges continuous packed bed reactor system, and connect
before use. The six sizes were 20, 60, 80, 100, 120 the reactor to a molecular sieve column to dehydrate
and 200 meshes. With the case of 20 meshes as a conwith an in situ water content analysis, a high yield
trol, the relative esterification activity of the lipases can be expected in a short time. Furthermore, com-
after reacting 10h was: 100, 107, 121, 106, 99 and pared to chemical synthesis, because the enzymatic
82% in order of the increasing meshes. synthesis produces higher content of monoglycerides,
So we tried to decrease the fray as described below.it provides the possibility that a considerable high
When the system was homogenized, lowering the stir- content of monoglycerides product can be obtained
ring speed from 400 to 100 mint could reduce the  without expensive molecular distillation.
fray, and 96.4% of catalyst activity was recovered after
five batches. Also, applying the reaction in a column
reactor could reduce the fray mdi&.
Another method was applied to reduce the mechan-
ical fray by lowering the stirring speed and adding an
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