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High enzyme concentration model for the kinetics
of hydrolysis of oils by lipase
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Abstract

A mathematical model to predict the hydrolysis rate of oils by lipase, from a proposed kinetic mechanism of the reaction is derived. The
model predicts interfacial saturation at high enzyme concentration. It is used to determine, under different operating conditions, the critical
enzyme concentration, i.e., the enzyme concentration at which the interface between the oil and the aqueous phase containing the enzyme is
saturated. To verify the model predictions, experimental results of the hydrolysis of palm oil and sunflower oil are used. The model predictions
closely agree with the experimental results for sun flower oil. The sensitivity of the model predictions to the values of the kinetic parameters
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. Introduction

The applications, importance and significance of lipase in
leochemical industry have been thoroughly demonstrated

n literature[1–8]. The most important among these appli-
ations is the use of lipase for the production of fatty acids
rom oils. It is recently attempted as an energy-saving method,
specially for producing high value-added products or heat
ensitive fatty acids[1,2].

Lipase catalysed reactions take place at the interface be-
ween the aqueous phase containing the enzyme and the oil
hase, where the enzyme has to penetrate the interface as a
rst step in the reaction[1,4,5]. In a stirred bioreactor, the in-
erfacial area is affected by agitation speed, substrate concen-
ration, and temperature[1,4,6]. At any particular operating
ondition, the total free interfacial area is limited. Although
n increase in the bulk enzyme concentration is assumed to

ncrease the rate of reaction, there would be a critical enzyme
oncentration at which the interfacial area would be saturated
ith the penetrated enzyme. Beyond this point, any increase

in the enzyme concentration in the bulk will not enhance
reaction rate. This phenomenon of interfacial area satur
with enzyme has been demonstrated experimentally b
Zuhair et al.[1] for the hydrolysis of palm oil and by Alba
et al. [6] for the hydrolysis of sunflower oil. To use the e
zyme effectively, the bulk enzyme used should not ex
the critical concentration.

In order to predict interfacial saturation, a mathema
model applicable at high enzyme concentration is neede
literature, several mathematical models have been deve
from hydrolysis reaction mechanism, but are mostly app
ble to low enzyme concentration region, where it is assu
that the area occupied by the enzyme is small compar
the available interfacial area[3–4]. Only the models deve
oped by Al-Zuhair et al.[1] and Tsai and Chang[2] avoided
this assumption. Although Al-Zuhair et al.[1] derived a gen
eral model to predict the behaviour of hydrolysis react
they later simplified the model equations to low enzyme
centration regions to compare the model predictions wit
experimental results. It can be seen from their study tha
simplified model predictions agreed with the experime
∗ Corresponding author. Tel.: +60 3 7967 5293; fax: +60 3 7967 5319.
E-mail address:kbram@um.edu.my (K.B. Ramachandran).

results at low enzyme concentrations but diverged at high
enzyme concentrations. It is clear that the simplified model
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Nomenclature

a specific free interfacial area (m−1)
at specific total interfacial area (m−1)
Am enzyme molar area (m2 mol−1)
(Am)m enzyme mass area (g mol−1)
C proportionality constant defined byEq. (8)
E free enzyme (mole/total reactor volume)

(mol m−3)
E∗ penetrated enzyme (mole/total interfacial area)

(mol m−2)
E∗S enzyme–substrate complex (mole/total interfa-

cial area) (mol m−2)
Et total active enzyme (mol m−3)
(Et)m total enzyme mass concentration (g m−3)
kcat catalytic rate constant (min−1)
kd desorption rate constant (min−1)
kp adsorption rate constant (m2 min−1)
k1 reaction rate constant (m3 mol−1 min−1)
k−1 reaction rate constant (min−1)
Ke equilibrium constant ofE∗S(mol m−3)
P∗ interface product concentration (mole/total in-

terfacial area) (mol m−2)
P bulk product concentration (mole/total reactor

volume) (mol m−3)
S bulk substrate concentration (mole/total reac-

tor volume) (mol m−3)
t time (min)
T temperature (K)
Wm molecular weight of the enzyme (g mol−1)

Greek letters
φ volume fraction of oil in the reaction mixture
υ reaction rate (mol m−3 min−1)
ω agitation speed (rpm)

equations are not applicable to high enzyme concentration
regions and hence could not predict the interfacial area satu-
ration with the enzyme. Recently, Straathof[9] had attempted
to model enzymatic reaction at any enzyme concentration
to predict the critical enzyme concentration. However, his
model was based on the assumption that the reaction rate fol-
lows Michaelis–Menten kinetics and the interfacial enzyme
concentration obeys Langmuir adsorption model. By adopt-
ing Michaelis–Menten model, Straathof[9] has assumed that
the apparent Michaelis–Menten constant is independent of
the interfacial area. This is not true as shown by the experi-
mental results of Mukataka et al.[3], Tsai et al.[4] and by the
model equations and results of Al-Zuhair et al.[1]. Further,
the model equations developed by Straathof[9] are not based
on the mechanism of the hydrolysis reaction.

The objective of this work is to develop a general mathe-
matical model, avoiding the assumption of low enzyme con-

centration in the bulk, to predict the hydrolysis rate of lipids
at different enzyme concentration and to analyse the model
sensitivity to variations in the values of rate constants. This
work also includes using the model to determine critical en-
zyme concentration at different operating conditions and to
verify it with the experimental results for the hydrolysis palm
oil and sunflower oil.

2. The kinetic model

The mathematical model proposed to describe the action
of lipase for the hydrolysis of oil is similar to the one pro-
posed by Tsai and Chang[2]. The first step is the reversible
adsorption of a water-soluble enzyme at the interface to pro-
duce a penetrated enzyme,E∗. In order to develop the model
equations, the adsorption rate is assumed to be proportional
to the free enzyme concentration,E, and the specific free
interfacial area,a [1,2]. The free substrate,S, then binds to
the adsorbed enzyme giving an interfacial enzyme–substrate
complex,E∗S[1,2,5]. This complex then generates the prod-
uct,P∗, at the interface, while regenerating the enzyme in the
form ofE∗. The product,P∗, then desorbs from the interface
in to the organic phase to give rise to the product,P. The steps
up to the production of the product,P∗, are illustrated inEqs.
(
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E∗ (1)

∗ + S
k1
�
kd

E∗S (2)

∗S kcat−→ E∗ + P∗ (3)

The concentration of the enzyme–substrate com
nd the adsorbed enzyme are both assumed co
quasi–steady state)[1,2,5] and the interfacial produ
oncentration,P∗, is assumed to be proportional to the f
roduct concentration,P [1,2]. It is also assumed that t

nterfacial productP∗ is rapidly desorbed from the interfa
n to the organic phase, and hence, it occupies negligible
ion of the total interfacial area. With the above mechan
nd assumptions, the model equations can be written a

pEa − (kd + k1S)(E∗) + (k−1 + kcat)(E
∗S) = 0 (4)

1(E∗)(S) − (k−1 + kcat)(E
∗S) = 0 (5)

t = a + Am[(E∗) + (E∗S)]at (6)

t = E + at[(E
∗) + (E∗S)] (7)

The penetrated product concentration,P∗, is assumed to b
roportional to the free product concentration,P, according

o Eq. (8)

∗ = CP

at
(8)
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The rate of product formation can now be expressed as:

υ = dP

dt
= at

C

dP∗

dt
= at

C
kcat(E

∗S) (9)

From the above equations, the rate of hydrolysis can be
expressed as,

υ = (k∗
catat/(Am)m)S

Ke + S
(G1 − G2) (10)

where,

Ke = kcat + k−1

k1
(11)

k∗
cat =

kcat

2CWm
(12)

G1 = (kd/kp)

a2
t

[
1 + (S/Ke)

] + 1 +
(

(Am)m
at

)
(Et)m (13)

and

G2 =
(

G2
1 − 4(Am)m(Et)m

at

)0.5

(14)

The Eqs. (10)–(14)are applicable for predicting the hy-
drolysis rate of oils by lipase at any enzyme concentration.

ons
t

υ

3

3

f are
u zyme
u
r ea-
s rate
o ted.
T frac-
t -
t m).
O
v l spe-
c
t sing
M
(
w the
t
c con-
c il

Table 1
Reaction rate constants and an expression of the total specific interfacial area
reported by Al-Zuhair et al.[1]

Parameter Value/expression

k∗
cat 1.8× 10−3 min−1

Ke 5.65 mol m−3

kd/kp 7.7× 107 m−2

at 0.024ω0.6T1.7φ/(1 + 3φ)

Fig. 1. Comparison between high enzyme and low enzyme model predic-
tions (ω = 800 rpm,T = 318 K andS= 660.7 mol m−3).

volume fraction of 0.2, temperature of 318 K and two agita-
tion speeds, namely, 800 and 1000 rpm. The results are shown
in Figs. 1 and 2for an rpm of 800 and 1000, respectively. It
can be seen that the high enzyme concentration model has in-
deed followed the trend of the experimental data and showed
the effect of interfacial area saturation. The relative standard
deviation between the high enzyme model prediction and the
experimental results is±0.354. The low enzyme model curve
deviates from the experimental data at high enzyme concen-
trations and also did not predict the interfacial area saturation.

F redic-
t

Eq. (10)can be simplified at low enzyme concentrati
o

= k∗
cat(Et)mS

Ke[(kd/kpa
2
t ) + 1] + S

(15)

. Results and discussions

.1. Model verification

First, the experimental results from our previous work[1]
or the hydrolysis of palm oil in well-agitated bioreactor
sed to validate the proposed model equations. The en
sed was a solid powder of lipase Type VII fromCandida
ugosa, obtained from Sigma Chemical Co., Japan. M
urements of the total specific interfacial area and initial
f palm oil hydrolysis in aqueous solution were repor
he measurements were done at different oil volume

ions (0.05–0.5), temperatures (35–65◦C), enzyme concen
rations (25–250 g m−3) and stirrer speeds (500–1300 rp
ther experimental details can be found else were[1]. The

alues of the rate constants and the expression for tota
ific interfacial area, listed inTable 1, were obtained from
he experimental results by multiple regression method u
ATLAB. The high-enzyme concentration equations (Eqs.

10)–(14)) and low enzyme concentration model (Eq. (15))
ere solved by MATLAB, using the rate constants and

otal interfacial area equation given inTable 1. The specific
onditions used for the model validation were substrate
entration of 660.7 mol m−3, which is equivalent to an o
ig. 2. Comparison between high enzyme and low enzyme model p
ions (ω = 1000 rpm,T = 318 K andS= 660.7 mol m−3).
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Fig. 3. Comparison between the model prediction and the experimental re-
sults of Albasi et al.[6] for sunflower oil. (—) High enzyme model; (- - -)
low enzyme model; experimental results at: (�) = 200 rpm; (�) = 400 rpm;
(�) = 600 rpm.

The experimental results of Albasi et al.[6] for the hydrol-
ysis of sunflower oil in well-agitated bioreactor are also used
to further validate the proposed model equations. The enzyme
used by them wasCandida cylindracealipase obtained from
Meito Sangyo, France. The simulation studies were done
using MATLAB. Fig. 3 shows the initial rate of sunflower
oil hydrolysis as predicted by the low enzyme concentration
model and the proposed high enzyme concentration model
at 310 K and at a substrate concentration of 1578 mol m−3.
The kinetic parameters used in the simulation werekd/kp =
2 × 1010 m−2, Ke = 10 mol m−3 andk∗

cat = 110 min−1. The
comparison is made at three different agitation speeds of 200,
400 and 600. Again, it can be seen that the high enzyme con-
centration model closely agrees with the experimental results
and indeed predicts interfacial saturation. The relative stan-
dard deviation between the experimental results and the high
enzyme model prediction is±0.210. The low enzyme model
again deviates considerably from the experimental results.

3.2. Effect of model parameters

The adsorption and desorption of the enzyme at the in-
terface are the most important steps that affect the interface
saturation with the enzyme.Fig. 4shows the effect of the ra-
tio of desorption to adsorption constants (kd/kp) on the initial
r sed
h ed of
8 ation
o ses
( nstan
d auses
s e ex-
p , the
a ces as
t con-
s in the
b area.

Fig. 4. Effect ofkd/kp on the initial rate of hydrolysis of palm oil at different
enzyme concentrations (ω = 800 rpm,T = 310 K andS= 660.7 mol m−3).

Fig. 5shows the effect of model parameterKe on the initial
rate of palm oil hydrolysis at different bulk enzyme concen-
trations. The parameterKe is the equilibrium constant ofE∗S
and it can be seen from the figure that the enzyme concentra-
tion at which the interface gets saturated is dependant on it.
As the numerical value ofKe is increased, the bulk enzyme
concentration needed to saturate the interface also increases.
Ke represents the ratio of rate constants involved in the break
down ofE∗S to that involved in its formation. High value of
Ke means that the enzyme exists mostly asE∗ rather than as
E∗S. E∗ molecule is smaller thanE∗Smolecule, and hence,
it covers less area of the interface. Further,E∗ may desorb
from the interface, whereas,E∗Scan only transform into an-
other adsorbed form. Therefore, the bulk enzyme concen-
tration needed to saturate the interface increases when the
enzyme exists asE∗ rather than asE∗S, which is the case
whenKe has higher values, as shown inFig. 5.

Fig. 6 shows the effect ofk∗
cat on the initial rate of palm

oil hydrolysis at different bulk enzyme concentrations. It can
be seen from the figure, the model predicts the initial rate

F nt
e

ate of palm oil hydrolysis as determined by the propo
igh enzyme concentration model at the agitation spe
00 rpm, temperature of 318 K and substrate concentr
f 660.7 mol m−3. It can be seen that as the ratio increa
i.e., desorption constant increases and/or adsorption co
ecreases), the critical enzyme concentration, which c
aturation of the interfacial area, increases. This can b
lained by realising that, at certain enzyme concentration
mount of enzyme that can penetrate the interface redu

he desorption constant increases and/or the adsorption
tant decreases. Hence, higher enzyme concentration
ulk is needed to totally saturate the available interfacial
t

ig. 5. Effect ofKe on the initial rate of hydrolysis of palm oil at differe
nzyme concentrations (ω = 800 rpm,T = 318 K andS= 660.7 mol m−3).
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Fig. 6. Effect ofk∗
cat on the initial rate of hydrolysis of palm oil at different

enzyme concentrations (ω = 800 rpm,T = 318 K andS= 660.7 mol m−3).

of reaction to increase with increasingk∗
cat, but the enzyme

concentration at which the interface is saturated is indepen-
dent on it. This result is expected as the value ofk∗

cat does not
influence the equilibrium concentrations of the penetrated
molecules,E∗ andE∗S.

4. Conclusion

The interfacial area saturation with lipase enzyme
molecules has been investigated. This phenomenon has bee
observed in experimental results at high lipase enzyme con-
centrations. From the viewpoint of efficient usage of lipase,
the maximum amount of enzyme used should not exceed the
critical concentration, since, the added enzyme, beyond the
critical concentration does not enhance the reaction rate. A
kinetic model has been developed to predict the behaviour of
hydrolysis reaction at high enzyme concentration regions and

it is used to determine the critical enzyme concentration. The
model predicts interfacial saturation at high enzyme concen-
tration. The validate the model, the experimental results of
palm oil and sunflower oil hydrolysis are compared with the
model predictions. For sunflower oil, the model predictions
closely agreed with the experimental results. Model simula-
tions also showed that as the ratio of desorption to adsorption
constants increases, the bulk concentration of the enzyme
required to saturate the interface increases. It is also found
that the critical enzyme concentration is sensitive to the equi-
librium constant forE∗S, i.e. onKe of the enzyme and not
sensitive to the catalytic rate constant,k∗

cat.
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