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Abstract

The invented mathematical model of ester synthesis in a biphasic system using the immobilised Mucor circinelloides
lipase, situated in organic phase, was experimentally verified by butyl oleate, oleyl oleate, sucrose oleate and sucrose
caprylate synthesis. The model took into consideration the fact revealed in experiments that water being a by-product of a

Ž .reaction, created a separate phase thus influencing a value of equilibrium constant in the organic phase K . The appliedO

mathematical model makes it possible to determine with high accuracy the yield of ester synthesis that can be obtained in the
reaction poststational state. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In ester enzymatic synthesis water is one of the
reaction mixture constituents and products of enzy-

w xmatic ester synthesis in organic solvents milieu 1,2 .
If esters are synthesised in apolar organic solvents,
saturated with water, its portion emerging from the
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reaction creates another phase whose volume may
markedly influence the final reaction yield.

2. Theory

The esterification reaction can be presented in the
form of a scheme:

AcqAlmEqW 1Ž .

According to the mathematical model presented in
w xprevious works 3–6 in enzymatic reaction milieu,
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in a biphasic system, reagents are separated between
water and organic phases, which is illustrated by the

following scheme:

Ž .2

where Al is alcohol, Ac acid, E ester, W water; K ,O

and K are reaction equilibrium constants in or-W

ganic and water phases, respectively; P , P , P ,Ac Al E

P are partition coefficients between organic andW

water phases for acid, alcohol, ester and water, re-
spectively.

Ž .Partition coefficients P of substrates and prod-
Ž .ucts reagents, R between immiscible phases are

expressed by the following relationship:

Sw xR O
P s 3Ž .ŽAc ,Al ,E ,W . Sw xR W

w xS w xSwhere R and R are the concentration of eachO W

reagent in organic and water phase respectively, in
w y3 xsaturation state, mol dm .

Equilibrium constant of esterification reaction in a
Ž .diphasic system, diphasic constant K , has theBI

w xfollowing form 3 :

w x w xE WT T
K s 4Ž .BI w x w xAc AlT T

w x w x w x w xwhere E , W , Ac , Al are total reagentT T T T
Žconcentration of ester, water, acid and alcohol, re-

. w y3 xspectively in biphasic system mol dm .
A biphasic reaction system is also characterised

Ž .by the coefficient of phase volume ratio A :

VO
As 5Ž .

VW

where V , V is the volume of organic and waterO W
w 3 xphase, dm .

The mass balancing equation of acid, alcohol,
w xester and water had the following form 5 .

w x w x w xR V s R V q R V 6Ž .T O WT O W

w xwhere R is the total concentration of a reagent inT
w x w xthe system, V the total system volume; R , RT O W

are concentrations of a reagent in organic and water
phase, respectively. Concentration is expressed in
w y3 xmol dm .

w xThe model given by Martinek 3 referred to a
system in which the enzyme was dissolved in water
phase and esterification reaction took place at phase
boundary. This model did not take into account
water increase in the system during the esterification.
It assumed that the value of equilibrium constant in

Ž .organic phase K is a parameter that is not ef-O
Ž .fected by the water phase volume V . A biphasicW

constant according to Martinek had the following
form:

P P 1qP A 1qP AŽ . Ž .Ac Al E W
K sK 7Ž .BI O P P 1qP A 1qP AŽ . Ž .E W Ac Al

It was stated that this model does not represent
the ester synthesis, catalysed by lipase Mucor in
biphasic system, well enough. The reason is that K BI

Ž .values, calculated according to formula formula 7 ,
differ significantly from the values empirically deter-
mined for different systems such as: in oleyl oleate
Ž .in naphthyl ether–water milieu and sucrose capry-

Ž .late in a di-n-pentyl ether–water synthesis. In our
investigations a lipase preparation in immobilised
form was situated in organic phase and water se-
creted during the esterification reaction diffused to a



( )T. Antczak et al.rJournal of Molecular Catalysis B: Enzymatic 11 2001 1043–1050 1045

model water phase increasing its volume. That is
why the model was modified as follows.

It was assumed that the total volume of biphasic
Ž .system V is a sum of volume fractions of individ-T

ual phases and amounts to 1 dm3, which can be
expressed:

V sV qV s1 dm3 8Ž .T O W

Ž .Substituting the phase volume ratio A it can be
calculated:

A
V s 9Ž .O 1qA

and

1
V s 10Ž .W 1qA

The assumptions were as follows:

Ž .1. The total system volume V does not changeT

during the reaction.
2. Because the organic phase is saturated with

water, water secreted during the reaction dif-
fuses into water phase, thus increasing its vol-
ume, which results in a decrease of organic
phase volume.

Ž .The volumes of the organic phase V and waterO
Ž .phase V in an equilibrium state of reaction are asW

follows:

V sV 0 yV 11Ž .O O S

V sV 0 qV 12Ž .W W S

where V 0, V 0 are volumes of organic and waterO W

phases respectively, at the beginning of reaction, VS

the volume of water secreted in ester synthesis reac-
tion.

Ž .Total water content in biphasic system W ,T

expressed in moles is presented in a form of material
balance equation:

w x w x w xW sV W qV W qV WO W WT O W S

w x w xqV W sV W 13Ž .N TN T

where the individual sum components designate:
w x w x w xV W , water in organic phase, mol ; V W ,O O W W

w x w xwater in water layer, mol ; V W , water secretedS W
w xduring the reaction, mol ; V , volume of essentialN

w 3 x w xenzyme bound water layer, dm ; W , water con-N

centration in essential enzyme bound water layer
w y3 xmol dm .

For the model ester synthesis catalysed by M.
circinelloides in biphasisc systems of different phase

Ž .volume coefficients A , it was empirically revealed
that the value of equilibrium constant in organic

Ž . Ž .phase K depends on the phase volume ratio A ,O

applied in the reaction. Then, the relationships K sO
Ž .f A for the investigated different ester synthesis

systems were presented in form of mathematical
equations. Some of them are presented in Fig. 1. It is
supposed that experimentally determined coefficients
of these equations describe the influence of the

w xreaction milieu on a lipase molecule 7 . Taking into
consideration that K is a function of A and substi-O

Ž . Ž . Ž . Ž . Ž . Ž .tuting the relationships 3 , 5 , 6 , 8 , 9 and 13 ,
Ž .to Eq. 4 we get the following equation:

P PAc Al
K s f AŽ .BI w xP P W OE W

=
w x w x1qP AqV 1yP 1qA 1qP A W qP 1qA V qV WŽ . Ž . Ž . Ž . Ž .O NE S E W W S N

14Ž .
1qP AqV 1yP 1qA 1qP AqV 1yP 1qAŽ . Ž . Ž . Ž .Ac S Ac Al S Al

On the other hand taking into consideration the
Ž .overreacting of substrates acid and alcohol , Eq.

Ž .13 presenting water content in the system as well

as assuming that the number of water moles resulting
Ž w x .from the reaction V W is equal to the numberS W

Ž .of ester moles E , the equation of esterificationT
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Ž . Ž . Ž . Ž .Fig. 1. Effect of phase volume ratio A on the equilibrium constant in organic phase K , for synthesis of: A butyl oleate, B oleylO
Ž . Ž . Ž .oleate, C sucrose caprylate, D sucrose oleate Section 3.2 . Experimental values are presented as points, and the continuous line

Ž .corresponds to values calculated according to the determined function K s f A .O

Ž .equilibrium constant K in biphasic system 4 canBI
Ž .be expressed by the equation form 15 . It is as-

sumed in the formula that the total volume of the
system is not changed and amounts to 1 dm3.

w x w x w xE V W qV W qE qV WŽ .O W NT O W T N
K sBI 0 0Ac yE Al yEŽ . Ž .T T T T

15Ž .

where: E is the number of ester moles in theT

system, Ac0 , Al0 , total amount of acid and alcoholT T

moles respectively, used in the reaction.
Taking into consideration that the same numbers

of substrate moles were used in the reaction and
Ž w x0 w x0designating them with symbol S i.e. Ac s AlT T

w x. Ž . Ž .s S and applying relationships 9 and 10 , Eq.

Ž . Ž .15 was transformed to a quadratic equation 16 .
One of the solutions of this equation enables fore-
casting of ester synthesis yield in poststational state.
For this equation value K is calculated from theBI

Ž .relationship 14 .

w xW P Aq1Ž .W W2w x w xE K y1 y EŽ .Ž .T TBI ½ Aq1

2w x w x w xq W V q2 S K qK S s0 16Ž .N N BI BI5
The introduced model was verified in investiga-

tions on the synthesis of different esters in biphasic
system. Some of them are presented below.
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3. Materials and methods

3.1. Biological material

The M. circinelloides lipase in a form of dehy-
drated mycelium was prepared as described in works
w x8,9 .

3.2. Determination of relationship K in function ofO

A

Ester synthesis was executed in minireactors
placed on a shaker. Each minireactor contained 1

Žmmol of acid, 1 mmol of alcohol and solvent previ-
.ously saturated with water and water in proportions

Ž .according to the determined phase volume ratio A .
Then, 50 mg of lipase preparation in polyethylene
basket, which ensured good mass transfer and pre-
vented lipase penetration into water phase, was placed
in each minireactor. Total volume of the reaction
mixture was equal to 5 cm3. Aliphatic alcohols ester
synthesis was carried out in naphtyl ether milieu.
Esters of sucrose — in di-n-pentyl ether, in the
milieu where acid and sucrose react at mole relation

Ž .1:1 sucrose:esters , for 144 h at 508C and 250 rpm.
The efficiency of ester synthesis was determined

w xby titration 9 and the values of equilibrium constant
in K solvent milieu were calculated.O

3.3. Determination of partition coefficients, PAc, Al ., E,

Coefficients of reagent partition were determined
by measurement of their concentration, in the satu-
rated state, in organic solvents and water at 508C.
Concentration of dissolved acids was determined by

w xtitration 9 . The concentration of alcohol and oleic
Žacid esters was determined by GC Carlo-Erba col-

umn 30 m, stationary phase DB-17, film thickness
.0.25 mm, temperature 60–3008C . The concentration

of sucrose and sucrose esters was determined using
ŽHPLC Gold Beckman column ODS: 250=5.6 mm,

Ž .elution with mixture: acetonitrile–water 8:2 , refrac-
.tometric detector . Water concentration was deter-

Žmined according to Karl Fischer method Mettler
.DL18 .

Modelling was done using the Mathematica 3.0.
program.

4. Results and discussion

Ester synthesis in a non-water system always runs
at a water–solvent phase boundary. Water phase
includes water introduced into organic solvent, water
secreted during the reaction or water present in
enzyme preparation as essential enzyme-bound wa-
ter. The synthesis of higher fatty acid esters of
alcohols at high initial and final reagent concentra-

Ž .tions from 2 M to 3 M is a source of water secreted
in an apolar phase, which creates the biphasic sys-
tem. The phase volume ratio amounts to Af20–40.

It has been noticed that water phase volume in the
system affects considerably the final efficiency of
the reaction catalysed by immobilised in situ intra-
cellular M. circinelloides lipase. In order to investi-
gate this effect the models of selected ester synthesis
were made in biphasic systems with different initial

Ž .volume of water phase Section 3.2 .
The results in the form of relationship between

the equilibrium constant K and the value of phaseO
Ž .volume ratio A in the reaction poststational state

Ž .are shown in Fig. 1 A–D . It was stated that in the
case of ester synthesis of fatty acids and aliphatic

Table 1
Values of the mathematical model factors, applied for calculations

Ž .in Eq. 16

Model factor Butyl Oleyl Sucrose Sucrose
oleate oleate caprylate oleate

aP 5800 5800 961 3000Ac
aP 11.68 5000 0.00021 0.00021Al
aP 0.0001 0.0001 0.00437 0.00437W
aP 7500 16000 0.0015 0.0023E
aA 28 29 40 40
aV 0.0357 0.0346 0.0244 0.0242S

aw xW 0.0232 0.0232 0.24289 0.24289O
bw xW 55.55 55.55 55.55 55.55W
bw xW 55.55 55.55 55.55 55.55N

b y8 y8 y8 y8V 1=10 1=10 1=10 1=10N
aw xS 2 2 2 2

aŽ .K s f A Fig. 1A Fig. 1B Fig. 1C Fig. 1DO

a Experimental values.
bArbitrary values.
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Table 2
ŽYield of ester synthesis in biphasic system substrate concentra-

w x y3 .tion S s2 mol=dm

Ž .Ester A Ester synthesis yield, E %
a bTheoretical Experimental

Buthyl oleate 28 99.3 96.2
Oleyl oleate 29 94.6 94.0
Sucrose caprylate 40 67.4 67.8
Sucrose oleate 40 61.4 67.4

a Ž .Calculated according to model 16 .
bE% values determined experimentally were used for calcula-

tion of water volume secreted during the reaction, which was
Ž . w xapplied in Eq. 16 , e.g. for E%s96.2 and S s2 M, value of

w x 3V s S E% 0.018r100%s0.0357 dm .S

Ž . Ž .alcohols, Fig. 1 A,B , function K s f A i sO

monotonously growing, which suggests a need of
water removal during the reaction to maintain high

Ž .degree of substrates conversion. In function K AO

obtained for sucrose ester synthesis there is a maxi-
mum within the range of limit values of coefficient
A, which suggests the need of controlling this param-
eter during the reaction.

Ž .Determination of a function K s f A describ-O

ing the influence of a biphasic system on synthetic
activity of Mucor lipase enabled the application of a

Ž .mathematical model 16 for theoretically forecasting
the yield of esterification reaction. Coefficient values
applied for model calculations are included in Table

1. The calculations of forecasted yields of ester
synthesis confirmed the experimental results. Some
examples are given in Table 2.

Figs. 2 and 3 show examples of computer simula-
tion illustrating the simultaneous effect of two model
components on the yield of sucrose caprylate synthe-
sis reaction. The ranges of numbers of investigated
model component variables are shown under the
diagrams.

On the basis of the analysis of the effect of all
model components it was stated that the yield of this
ester synthesis depends on coefficients values: phase

Ž . Ž .volume ratio A , partition of products P , P ,E W
Ž .alcohol partition P and water concentration inAl.

Žw x .water phase W .W

The partition coefficients of products P and PE W

affect ester synthesis yield if their value is <1. If
their value is decreased ester synthesis yield is higher
Ž .Fig. 2 .

The decrease of water concentration in water
Žw x .phase W , which can be achieved by, e.g. mak-W

ing a mixture of water and well soluble substances,
slightly increases the forecasted yield of sucrose

Ž .caprylate synthesis Fig. 3a . The decrease of water
concentration by 10 times, which is difficult to get,
results in 10% rise in ester synthesis yield.

Ž .According to model calculations Fig. 3b , a con-
siderable rise in ester synthesis yield can be achieved
by increasing sucrose solubility in organic milieu
Ž . w xincreased P . In the work of Klibanov 1 it wasAl

Ž . Ž . ŽFig. 2. Modelling of the effect of coefficients A and P a as well as A and P b on sucrose caprylate synthesis yield initialE W
w x y3 . Ž . Ž .concentration of substrates S s2 mol dm . Ranges of coefficient values in model investigations: A 25–300 , P 0.0001–0.01 , PE W

Ž .0.00001–0.1 . Arrows indicate points confirmed experimentally.
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w x Ž . Ž . ŽFig. 3. Modelling of the effect of coefficients A and W a as well as A and P b on sucrose caprylate synthesis yield initialW Al
w x y3 . Ž . w x Ž .concentration of substrates S s2 mol dm . Ranges of coefficient values in model investigations: A 10–300 , W 5.55–55.55 , PW Al

Ž . Ž .0.00021–0.021 . Arrows indicate points confirmed experimentally Table 2 .

stated that the energy of binding between an enzyme
and a substrate is the main source of energy for
enzymatic catalysis as well as a source of huge rate
enhancement afforded by enzyme. The substrate must
first undergo desolvation to enable its binding in an
enzyme active centre. The more energetically pre-
ferred is such dissolving the more net binding energy
appears in the systems a result of catalysis. In other
words during the sucrose ester synthesis low solubil-
ity of sucrose substrates in an apolar milieu limits
the progress of lipase-catalysed synthesis, which is
confirmed by forecasted synthesis yield calculated
by means of the mathematical model suggested in
this work. This problem is solved in present investi-
gations by the application of sucrose derivatives as
substrates for more water-soluble lipases in apolar

w xmilieu 10 .

5. Summary

The applied mathematical model was verified ex-
perimentally for the synthesis of many esters catal-
ysed by M. circinelloides lipase. Apart from the
esters mentioned in the work, they were stearates: of
propyl, butyl, and oleyl as well as sucrose myristate
and glucose caprylate, myristate and oleate. In all
cases the applied model enabled theoretical calcula-
tion of ester synthesis yield with high accuracy. It
can be used for forecasting of synthesis yield in

biphasic systems. All model components have real
physical dimensions and only the coefficients of the

Ž .equation K s f A should be defined experimen-O

tally for a given reaction system. The presented
mathematical model makes it possible to identify the
reaction parameters that limit the yield of ester syn-
thesis in a biphasic system, thus indicating the direc-
tions to increase its yield.

List of symbols
ET w xamount of generated ester mol
Ac0

T w xnumber of acid moles used in reaction mol
Al0

T number of alcohol moles used in reaction
w xmol

WT total amount of water in a biphasic system
w xmol

K BI Žapparent equilibrium constant in biphasic
. w xsystem –

KO w xequilibrium constant in organic phase –
K W w xequilibrium constant in water phase –
PAc partition coefficients between organic and

w xwater phases for acid –
PAl partition coefficients between organic and

w xwater phases for alcohol –
PE partition coefficients between organic and

w xwater phases for ester –
PW partition coefficients between organic and

w xwater phases for water –
A w xphase volume ratio –
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V 0
O organic phase volume at the beginning of

w 3 xreaction dm
V 0

W water phase volume in biphasic system in
w 3 xthe beginning of reaction dm

VO organic phase volume during the reaction
w 3 xdm

VW water phase volume at the beginning of
w 3 xreaction dm

VN an essential lipase-bound water layer vol-
w 3 xume dm

VT w 3 xtotal system volume dm
VS water volume secreted during the reaction

w 3 xdm
w xW O wconcentration of water in organic phase mol

y3 xdm
w xW W wconcentration of water in water phase mol

y3 xdm
w xW N concentration of water in an essential li-

w y3 xpase-bound water layer mol dm
w xW T wtotal water concentration in the system mol

y3 xdm
w xS Žconcentration of substrates acid concentra-

. w y3 xtion equal to alcohol conc. mol dm
w xE T wtotal ester concentration in the system mol

y3 xdm
w xAc T wtotal acid concentration in the system mol

y3 xdm
w xAl T total alcohol concentration in the system

w y3 xmol dm

w x0Al T total, initial concentration of alcohol in the
w y3 xsystem mol dm

w x0Ac T total, initial concentration of acid in the
w y3 xsystem mol dm
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