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Abstract

Lauroyl saccharides were synthesized at 508C through condensation in acetonitrile, acetone and tert-butanol with various
water contents using the immobilized lipase Novozymw435. Saccharides used were glucose, galactose, mannose and
fructose. The equilibrium yields of the monoesters in acetonitrile were significantly different among the saccharides tested.
The apparent equilibrium constants based on the concentrations of substrates and products in acetonitrile could be correlated
to the dynamic hydration numbers of the saccharides, indicating that the water activity played an important role during the
condensation in the microaqueous water-miscible solvent. However, a significant correlation between the equilibrium
constant for lauroyl fructose formation and parameters characterizing the solvent property could not be found. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Saccharide–fatty acid esters are surfactants
w xwith good emulsifying properties 1–3 , and

have been of much interest for use in food,
w xcosmetics, and pharmaceutical industries 4 .

Compared to the conventional chemical synthe-
sis, enzymatic synthesis using lipase has some
benefits: the direct use of unmodified substrates,
moderate reaction conditions, and high re-
giospecificity of the enzyme.

) Corresponding author. Fax: q81-75-753-6285.
Ž .E-mail address: adachi@kais.kyoto-u.ac.jp S. Adachi .

The lipase-catalyzed synthesis of the esters
w xthrough both transesterification 5 and reverse

Ž . w xhydrolysis condensation reaction 3,5–10 has
been reported. Since the lipase-catalyzed reac-
tion in conventional aqueous system thermody-
namically favors the hydrolysis, organic medium

w xwith a low water content 6–10 or solvent-free
w xsystem 5,11 is usually used to shift the reac-

tion toward synthesis. Furthermore, the reaction
under reduced pressure andror in the presence

w xof a desiccant 3,6,10 has been adopted to
remove water, one of the condensation products,
from the reaction system.

The equilibrium constant, which is an impor-
tant parameter to predict the equilibrium yield
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under any condition, has scarcely been reported
for the synthesis of saccharide–fatty acid esters
in the organic solvents with low water contents.

w xWe have previously reported 12 that the equi-
librium yield for lauroyl erythritol in the lipase-
catalyzed synthesis in acetonitrile depended on
the water content of the solvent with maximum

Ž .yield at about 1% vrv water. The apparent
equilibrium constant K also depended on theC

water content.
In this paper, we estimated the K values forC

the lipase-catalyzed synthesis of some lauroyl
Ž .saccharides hexoses in acetonitrile with differ-

ent water contents. The constants for lauroyl
fructose in some water-miscible solvents with
various water contents were also evaluated.

2. Materials and methods

2.1. Materials

Immobilized lipase from Candida antarctica,
Novozymw 435, was a gift from Novo Nordisk

Ž .Bioindustry Japan, Chiba, Japan. D q -Galac-
Ž . Ž . Ž .tose, D q -glucose, D y -fructose, D q -man-

nose, tert-butanol, and 5A molecular sieves were
purchased from Wako Pure Chemical Indus-
tries, Osaka, Japan. Lauric acid, acetonitrile,

Žacetone, and silica gel 60 spherical, 70–230
.mesh were purchased from Nacalai Tesque,

Kyoto, Japan. The chemicals were of analytical
grade. n-Octyl and n-decyl b-D-glucosides with
purity of more than 98%, either of which was
used as an internal standard for the HPLC anal-
ysis, were obtained from Sigma, St. Louis, MO.

2.2. Lipase-catalyzed condensation

The condensation reaction was carried out
almost similarly to that described in our previ-

w xous studies 12,13 . A solvent was dehydrated
over the 5A molecular sieves. A specified
amount of water was added to the dehydrated
solvent to adjust the water content of the solvent
to the desired level, which was determined by
Karl Fischer titration using a Kyoto Electronics

ŽMKS-1s. A hexose fructose, galactose, glucose

. Žor mannose; 0.25 mmol and lauric acid 1.25
.mmol were put in a vial, and 5 ml of the

solvent was then added there to dissolve or
disperse the hexose and the fatty acid. The

Ž .immobilized lipase 100 mg was added to the
vial. The vial was tightly screw-capped, and
then immersed into a thermoregulated water
bath at 508C. In some cases, the amounts of
hexose and lauric acid were doubled with 250
mg of the enzyme for the solvent volume of 5
ml.

The transient changes in yield were observed
for some condensations. A portion of the reac-
tion mixture was removed and mixed with the
same volume of either 10 mmolrl decyl b-D-
glucoside or 20 mmolrl octyl b-D-glucoside,
which was used as the internal standard in the
HPLC analysis. The concentration of the prod-
uct was then determined. All the observed con-
densations reached equilibrium within 3 days as
shown later. Therefore, the yield after four or
more days was regarded as equilibrium when
the transient changes were not measured. The
equilibrium water content in the solvent was
also measured by Karl Fischer titration.

2.3. Solubility of hexose in organic solÕent with
Õarious water contents

Five hundred milligrams of a hexose was put
into a vial together with 5 ml of solvent with a
known water content, then the vial was tightly
screwed shut. The vial was held at 508C with
occasional stirring for about 3–4 days. A por-
tion of solvent was carefully sampled so as not
to include the undissolved hexose, and was
diluted twice by adding the same volume of
eluent used for the HPLC analysis as quickly as
possible. The concentration of the dissolved
hexose was determined.

2.4. Estimation of apparent equilibrium con-
stant

The equilibrium constant is an important pa-
rameter for predicting the equilibrium yield of
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the desired product under any conditions. The
apparent equilibrium constant, K , is definedC

Ž .by Eq. 1 , based on the concentrations of the
substrates and products:

K sC C rC C 1Ž .C Pe We Se Fe

where C is the concentration in units of moles
per liter, and the subscripts S, F, P, W represent

Ž . Ž .saccharide hexose , fatty acid lauric acid ,
Ž .product lauroyl saccharide and water, respec-

tively. The subscript e indicates equilibrium.
The concentrations of product and water at

equilibrium, C and C , were experimentallyPe We

observed. The water content in units of percent
Ž .vrv was converted to the concentration in
units of moles per liter, assuming roughly the
volume additivity among substrates, products

Žand solvent. The molar volumes used were in
. w xlrmol : 0.114 for all hexoses 14 , 0.231 for

lauric acid, 0.0182 for water, 0.0548 for aceto-
nitrile, 0.0740 for acetone, and 0.0942 for tert-
butanol. The molar volumes expect for the hex-
oses were calculated from the density and
molecular mass of each compound. The molar
volume of lauroyl hexose was assumed to be
0.326 lrmol, which was obtained by Õ qÕ yS F

Ž .Õ Õ: molar volume . The concentration ofW

lauric acid at equilibrium, C , was estimatedFe

by C yC , where C is the initial concen-F0 Pe F0

tration of lauric acid. In the present reaction
system, hexose was not fully dissolved in the
solvent, and only the hexose dissolved in the
solvent would be effective as a substrate for the
condensation. The smaller of either the solubil-

Žity C at C or C yC C : the overallS We S0 Pe S0
.initial concentration of hexose was regarded as

the concentration of hexose at equilibrium C .Se
Ž .By substituting into Eq. 1 the concentrations

of substrates and products at equilibrium esti-
mated above, the K value was determined.C

2.5. Adsorption of water onto immobilized li-
pase

Novozymw435 particles were packed in a
cylindrical glass column with a 1.0 cm I.D. and

15 cm height. The bed was washed with aceto-
nitrile dehydrated with molecular sieves, the
water content of which was about 0.04 molrl
Ž .C . The acetonitrile of a given water concen-0

tration C was fed to the bed at a flow rate ofWf

0.5 mlrmin. The effluent was fractionated at
appropriate intervals, and the water concentra-
tion in the effluent was determined. Thus, the
breakthrough curve of water was obtained. The
amount of water adsorbed on the immobilized
enzyme q was estimated by the following equa-
tion:

1y´ V qyqŽ . Ž .b t 0

tE
sQC t y´ V C yC yQ Cd tŽ . HWf E b t Wf 0

0

2Ž .
where C is the concentration of water in the
effluent, Q is the volumetric flow rate, V is thet

total volume of the bed, t is the elution time, tE

is the time at the end point, and ´ is the bedb

voidage. q is the amount of water adsorbed at0

C . Since we could not directly measure q , the0 0

value of qyq was obtained. The integration0
Ž .of Eq. 2 was numerically carried out. The bed

voidage ´ was estimated to be 0.406 by divid-b

ing the volume of solvent withdrawn from the
void of the bed by the total bed volume, al-
though such an estimation was somewhat rough.
All measurements were carried out at room

Ž .temperature ca. 258C .
The apparent density of the wet immobilized

enzyme was pycnometrically determined to be
1.044 grml. A rough estimation of the immobi-
lized-enzyme particle porosity was made from
the difference in weight between the wet and
dry immobilized-enzyme particles, and the
porosity was 0.588.

2.6. Analysis

A produced lauroyl hexose was analyzed us-
Žing HPLC LC-10AS, Shimadzu Seisakusho,

.Kyoto with an octadecyl-bonded silica gel
Ž . ŽODS column 4.6 mm B=300 mm, Chemco

.Scientific, Osaka and the YRU-880 refractome-
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ter. The eluent used was a mixture of aceto-
Ž Ž ..nitrile and water 80r20 vrv for lauroyl

Žhexoses synthesized in acetonitrile the flow
.rate: 0.8 mlrmin , or of acetonitrile and water

Ž Ž ..70r30 vrv for lauroyl fructose synthesized
Žin acetone and tert-butanol flow rate: 1.0

.mlrmin . The calibration curves were prepared
using the products isolated from the reaction

w xmixtures according to the reported methods 6
with a slight modification.

For determination of hexose solubilized in a
Žsolvent, a Cosmosil 5NH column 4.6 mm2

.B=250 mm was used. The eluent used was a
mixture of acetonitrile, methanol, and water
Ž Ž ..70r15r15 vrvrv for fructose, glucose and
galactose in acetonitrile, of acetonitrile and wa-

Ž Ž ..ter 80r20 vrv for fructose in acetone and
Žtert-butanol, or of acetonitrile and water 60r40

Ž ..vrv for mannose in acetonitrile.

3. Results and discussion

3.1. Dependence of equilibrium yield on the
water content of solÕent

Fig. 1 shows the transient changes in the
Žyield of lauroyl glucose or galactose monoes-

.ter in acetonitrile with various water contents.
Di and higher esters were not detected for galac-
tose, glucose and mannose under the analytical
conditions. HPLC chromatograms of the prod-

Fig. 1. Transient changes in yield of lauroyl glucose and galactose
in acetonitrile with different initial water contents. The initial

Ž . Ž . Ž .water contents were 0.32% vrv v and 0.50% ' for synthe-
Ž . Ž .sis of lauroyl glucose, and were 0.059% I and 0.32% ` for

synthesis of lauroyl galactose. The curves were empirically drawn.

Fig. 2. Effect of initial water content on the equilibrium yield of
Ž . Ž . Ž .lauroyl glucose ` , galactose e , mannose I , and fructose

Ž . Ž . Ž . Ž .^ in a acetonitrile, and b lauroyl fructose in acetone d and
Ž .tert-butanol \ .

uct from fructose and lauric acid, observed un-
der various conditions, revealed that it consisted
of at least three components. Judging from their
retention times, they seemed to be positional or
conformational isomers of monoesters, although
the possibility of formation of di- or higher
esters still remained. In this study, the yield in
the condensation was calculated under the as-

Ž .sumption that only monoester s was formed.
The yield of each ester reached equilibrium

within 3 days. The equilibrium yield was higher
with lower water content for the synthesis of
both lauroyl glucose and galactose. It also de-
pended on the kind of hexose used as a sub-
strate even if the initial water content of aceto-

Ž Ž ..nitrile was the same 0.32% vrv .
Ž .Fig. 2 a shows the effect of initial water

content on the equilibrium yield of lauroyl glu-
cose, galactose, mannose and fructose. Except
for lauroyl fructose, the equilibrium yields were
higher at the lower initial water content. The
synthesis of lauroyl fructose showed a peculiar
dependence on the water content, and a maxi-

Ž .mum yield appeared at about 0.3% vrv water
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content. A similar dependence had been ob-
served during the synthesis of the lauroyl ery-
thritol, and it was suggested that the activity
coefficients of the substrates and products de-

w xpended on the water content 12 . Fructose and
erythritol have two primary hydroxyl groups,
while other hexoses have only a primary hy-

w xdroxyl group. Although Acros et al. 9 reported
that fructose was quantitatively converted into

Ž .its diester at a low temperature 58C in aceto-
nitrile, a significant amount of the diester could
not be observed under our experimental and
analytical conditions. Therefore, further study is
required to clarify the reason why only fructose
showed a different dependence.

Ž .Fig. 2 b shows the equilibrium yields of
lauroyl fructose in acetone and tert-butanol with
various initial water contents. The yields were
higher at lower water contents. At the higher
water contents, the yield was the highest in
acetonitrile among the solvents tested, while the
yield in acetone became the highest at lower
water contents.

3.2. Solubility of hexoses in organic solÕents

Fig. 3 shows the solubilities of the hexoses at
508C in the solvents with different water con-
tents. The solubility depended on both the kind

Ž . Ž . Ž .Fig. 3. Solubility at 508C of ` glucose, e galactose, I

Ž . Ž .mannose and ^ fructose in acetonitrile, and of fructose in d
Ž .acetone and in \ tert-butanol.

Table 1
Ž .Parameter in Eq. 3 for solubility of hexoses in organic solvents

Ž .508C
y1w x w Ž . xHexose Solvent a molrl b % vrv

y4Galactose Acetonitrile 2.11=10 0.415
y5Glucose Acetonitrile 9.27=10 0.398
y3Mannose Acetonitrile 5.46=10 0.251
y4Fructose Acetonitrile 9.78=10 0.353
y2Fructose Acetone 3.17=10 0.233
y1Fructose tert-Butanol 1.67=10 0.238

of hexose and solvent, and it could empirically
be expressed as an exponential function of the
water content w for all the cases:

C saexp b w 3Ž . Ž .S

where a and b are the constants, and the
values are listed in Table 1. This indicated that
a certain amount of hexose could be solubili-
zed even in a completely dehydrated solvent.
Mannose was the most soluble in acetonitrile,
followed by fructose, galactose and glucose.
tert-Butanol possessed the highest ability to sol-
ubilize fructose among the solvents tested.

3.3. Equilibrium constant at Õarious water con-
tents of solÕent

Fig. 4 shows the apparent equilibrium con-
stant, K , for lauroyl hexoses at various equi-C

Fig. 4. Dependence of equilibrium constants for lauroyl hexose
synthesis on equilibrium water concentration. Symbols are lauroyl

Ž . Ž . Ž . Ž .glucose ` , galactose e , mannose I , and fructose ^ in
Ž . Ž .acetonitrile, and lauroyl fructose in d acetone and \ tert-

butanol. The curves were empirically drawn.
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Fig. 5. Relationship between the apparent equilibrium constant
K for lauroyl hexose formation in acetonitrile and the dynamicC

hydration number n of hexoses. Symbols represent mean"DH N

standard deviation.

librium water concentrations. The K valueC

largely depended on the kind of hexose. Except
for lauroyl fructose, there was a tendency that
the K was slightly higher at the lower C .C We

The kind of solvent also significantly affected
the K value. The K values were different byC C

two orders of magnitude among the solvents.

3.4. Relationship between apparent equilibrium
constant and dynamic hydration number of sac-
charide

As shown above, the apparent equilibrium
constants, K , significantly depended on theC

kind of hexose and the solvent. The equilibrium
constant, K , should, in principle, be defineda

based on activities, a, of the substrates and
products, and is truly constant. Unfortunately, it
is impossible or very difficult to evaluate all the

Ž .a values or activity coefficients g of the
substrates and products in the present reaction
system. When a saccharide hydrates, the water
activity decreases. Therefore, it would be sup-
posed that a hexose with stronger binding of
water gives a larger K value although theC

activities of other components would also be
affected by the presence of the hexose. We
chose the dynamic hydration number, n , ofDHN

hexose as a measure of the extent of hydration,
and examined the relationship between the KC

values observed in acetonitrile and the n ofDHN
w x Ž .hexoses 15,16 used as substrates Fig. 5 . Since

the K value depended on the C , the KC We C

value averaged over all the C values for eachWe

product is plotted in the figure. As expected,
there was a positive correlation between ln KC

and n . This indicates that the water activityDHN

plays an important role for the condensation in
microaqueous organic solvents.

The K value for the formation of lauroylC

fructose also depended on the kind of solvent.
Although the correlation between the K valueC

Žand the solvent parameter such as log P P:
partition coefficient between 1-octanol and wa-

.ter phases and the Dimroth–Reichardt parame-
Ž . w xter for polarity of solvents E 30 17 wasT

examined, no significant correlation was found.
Further efforts are required to elucidate the
effect of the kind of organic solvent on the KC

value.

3.5. Adsorption isotherm of water onto immobi-
lized enzyme

The K value was evaluated based on theC

concentrations of substrates and products in the
bulk phase. However, the condensation pro-
ceeds in the immobilized-enzyme particle.
Therefore, the concentrations in the immobi-
lized-enzyme phase would be desirable to esti-
mate the K value. In this study, the concentra-C

Fig. 6. Breakthrough curves of water in the bed packed with
immobilized-lipase particles at room temperature. The water con-

Ž . Ž .centrations in feed were ^ 0.552 and ` 1.61 molrl.
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Fig. 7. Adsorption isotherms of water onto immobilized-lipase
particle observed at room temperature.

tion of water in the phase was estimated be-
cause water played an important role in the
condensation.

Fig. 6 shows examples of the breakthrough
curves of water observed at different concentra-
tions of water in the feed C using acetonitrileWf

as a solvent. The curves were numerically inte-
grated, and the qyq values were calculated0

Ž .according to Eq. 2 . Fig. 7 shows the adsorp-
tion isotherms of water onto the immobilized-
enzyme. Although the condensation was con-
ducted at 508C, the isotherm was obtained at
room temperature because of the experimental
ease and to rough estimate of the extent of
water adsorbability. The isotherm was almost
linear. The slope of the line, which corresponds
to the distribution coefficient of water onto the
immobilized-enzyme phase, was 1.31. Since the
porosity of the immobilized-enzyme was 0.588,
the concentration of water in the pore was higher
than that in the bulk phase by a factor of about
2. Thus, the possibility that the concentrations
of substrates and products would be different
from those in the bulk phase has been sug-
gested. To more precisely discuss the K value,C

we need information about the adsorption
isotherms of all the components. The isotherms
should be observed in a multicomponent system

because at least four components participate in
the condensation.
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