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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 i
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
is also investigated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in the enzyme concentration in the bulk will not enhance the
reaction rate. This phenomenon of interfacial area saturation
The applications, importance and significance of lipase in with enzyme has been demonstrated experimentally by Al-
oleochemical industry have been thoroughly demonstratedZuhair et al[1] for the hydrolysis of palm oil and by Albasi
in literature[1-8]. The most important among these appli- et al.[6] for the hydrolysis of sunflower oil. To use the en-
cations is the use of lipase for the production of fatty acids zyme effectively, the bulk enzyme used should not exceed
fromails. Itis recently attempted as an energy-saving method, the critical concentration.
especially for producing high value-added products or heat In order to predict interfacial saturation, a mathematical
sensitive fatty acidfl,2]. model applicable at high enzyme concentration is needed. In
Lipase catalysed reactions take place at the interface bediterature, several mathematical models have been developed
tween the agueous phase containing the enzyme and the oifrom hydrolysis reaction mechanism, but are mostly applica-
phase, where the enzyme has to penetrate the interface as ble to low enzyme concentration region, where it is assumed
first step in the reactiofi,4,5]. In a stirred bioreactor, the in-  that the area occupied by the enzyme is small compared to
terfacial area is affected by agitation speed, substrate concenthe available interfacial ar§8—4]. Only the models devel-
tration, and temperatuié,4,6]. At any particular operating  oped by Al-Zuhair et alf1] and Tsai and Chan@] avoided
condition, the total free interfacial area is limited. Although this assumption. Although Al-Zuhair et §1] derived a gen-
an increase in the bulk enzyme concentration is assumed tceral model to predict the behaviour of hydrolysis reaction;
increase the rate of reaction, there would be a critical enzymethey later simplified the model equations to low enzyme con-
concentration at which the interfacial area would be saturatedcentration regions to compare the model predictions with the
with the penetrated enzyme. Beyond this point, any increaseexperimental results. It can be seen from their study that the
simplified model predictions agreed with the experimental
* Corresponding author. Tel.: +60 3 7967 5293; fax: +60 3 7967 5319. results at low enzyme concentrations but diverged at high
E-mail addresskbram@um.edu.my (K.B. Ramachandran). enzyme concentrations. It is clear that the simplified model

1385-8947/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2004.07.001



8 S. Al-Zuhair et al. / Chemical Engineering Journal 103 (2004) 7-11

centration in the bulk, to predict the hydrolysis rate of lipids

Nomenclature at different enzyme concentration and to analyse the model
sensitivity to variations in the values of rate constants. This
a specific free interfacial area (M) work also includes using the model to determine critical en-
a specific total interfacial area (M) zyme concentration at different operating conditions and to
Am enzyme molar area (fmol~1) verify it with the experimental results for the hydrolysis palm
(Am)m enzyme mass area (g mo) oil and sunflower oil.
proportionality constant defined lBq. (8)
E free enzyme (mole/total reactor volume)
(molm~3) 2. The kinetic model
E* penetrated enzyme (mole/total interfacial areg)
(molm~2) The mathematical model proposed to describe the action
E*S enzyme—substrate complex (mole/total interfa-  of lipase for the hydrolysis of oil is similar to the one pro-
cial area) (mol m?) posed by Tsai and Chaifig]. The first step is the reversible
Et total active enzyme (mol i?) adsorption of a water-soluble enzyme at the interface to pro-
(Epm total enzyme mass concentration (g duce a penetrated enzynt, In order to develop the model
Keat catalytic rate constant (mit) equations, the adsorption rate is assumed to be proportional
kg desorption rate constant (mif) to the free enzyme concentratiof, and the specific free
kp adsorption rate constant gmin—1) interfacial areaa [1,2]. The free substrat& then binds to
ki reaction rate constant fmol~1 min—1) the adsorbed enzyme giving an interfacial enzyme—substrate
k 1 reaction rate constant (min) complex,E*S[1,2,5]. This complex then generates the prod-
Ke equilibrium constant oE*S (mol m—3) uct,P*, at the interface, while regenerating the enzyme in the
pP* interface product concentration (mole/total in- form of E*. The productP*, then desorbs from the interface
terfacial area) (mol m?) in to the organic phase to give rise to the prodBcT he steps
P bulk product concentration (mole/total reactgr ~ up to the production of the produét;, are illustrated irfEgs.
volume) (mol n3) (1)—(3).
S bulk substrate concentration (mole/total reag- ko
tor volume) (mol n3) E+ac E* )
t time (min) ky
T temperature (K) .
W molecular weight of the enzyme (g madl) E*+ S = E*S 2)
kd
Greek letters ‘
¢ volume fraction of 02 in the1 reaction mixture E*S =5 E* + P* )
Z) ;Z?g;%r;]r:; ér;c()rlg?n)mm ) The concentration of the enzyme—substrate complex
and the adsorbed enzyme are both assumed constant
(quasi—steady state]1,2,5] and the interfacial product

concentrationP*, is assumed to be proportional to the free
product concentratiorR [1,2]. It is also assumed that the
interfacial producP* is rapidly desorbed from the interface

in to the organic phase, and hence, it occupies negligible frac-
tion of the total interfacial area. With the above mechanism
and assumptions, the model equations can be written as:

equations are not applicable to high enzyme concentration
regions and hence could not predict the interfacial area satu-
ration with the enzyme. Recently, Straatf@jfhad 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 fol7< Ea — (kg + k1S)(E*) + (k_1 + kead (E*S) = O (4)
lows Michaelis—Menten kinetics and the interfacial enzyme
concentration obeys Langmuir adsorption model. By adopt- k1(E*)(S) — (k—1 + kca)(E*S) =0 (5)
ing Michaelis—Menten model, StraatH{8f has assumed that . .
the apparent Michaelis—Menten constant is independent of = ¢ + Am[(E”) + (E*S)]at (6)
the interfacial area. This is not true as shown by the experi- g _ g a(E*) + (E*S)] @)
mental results of Mukataka et 8], Tsai et al[4] and by the
model equations and results of Al-Zuhair et[al. Further, The penetrated product concentratiBh,is assumed to be
the model equations developed by StraafBipére notbased  proportional to the free product concentratiéh according
on the mechanism of the hydrolysis reaction. to Eq. (8)

The objective of this work is to develop a general mathe- cp
matical model, avoiding the assumption of low enzyme con- P* = — (8)

at
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The rate of product formation can now be expressed as:
dar a; dP* at
vV=—=——— = —
d C d Cc

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

kea E*S) )

U= W(Gl - G2) (10)
where,
kcat+ k—1

o=t (12)

« _ keat
kcat - 2CWm (12)

= bk ((nin)

1= 2T /K] i G (E)m (13)

and
0.5

G2 = <G% - %) ()

The Egs. (10)—(14)@re applicable for predicting the hy-
drolysis rate of oils by lipase at any enzyme concentration.

Eqg. (10)can be simplified at low enzyme concentrations
to

U= kéat(Et)mS
Kel(ka/kpaf) + 1]+ S

(15)

3. Results and discussions
3.1. Model verification

First, the experimental results from our previous widrk
for the hydrolysis of palm oil in well-agitated bioreactor are

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

Parameter Value/expression
Kot 1.8x 103 min~!
e 5.65 mol nT3
ka/kp 7.7 x 10" m?
a 0.0240°8TL7/(1 + 3p)
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Fig. 1. Comparison between high enzyme and low enzyme model predic-
tions ( = 800 rpm,T = 318 K andS= 660.7 mol nT3).

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 Zor 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 i50.354. The low enzyme model curve
deviates from the experimental data at high enzyme concen-
trations and also did not predict the interfacial area saturation.

used to validate the proposed model equations. The enzyme

used was a solid powder of lipase Type VIl fraddandida
rugosa obtained from Sigma Chemical Co., Japan. Mea-
surements of the total specific interfacial area and initial rate
of palm oil hydrolysis in agqueous solution were reported.
The measurements were done at different oil volume frac-
tions (0.05-0.5), temperatures (3565, enzyme concen-
trations (25-250 g m®) and stirrer speeds (500—1300 rpm).
Other experimental details can be found else WgfeThe

values of the rate constants and the expression for total spe-

cific interfacial area, listed ifable 1 were obtained from
the experimental results by multiple regression method using
MATLAB. The high-enzyme concentration equatiofsyé.
(10)—(14) and low enzyme concentration mod&lq, (15)
were solved by MATLAB, using the rate constants and the
total interfacial area equation givenTiable 1 The specific
conditions used for the model validation were substrate con-
centration of 660.7 mol m?, which is equivalent to an oil
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Fig. 2. Comparison between high enzyme and low enzyme model predic-
tions ( = 1000 rppm,T = 318 K andS = 660.7 mol nT3).
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Fig. 3. Comparison between the model prediction and the experimental re- Fig_ 4. Effect ofi/k, on the initial rate of hydrolysis of palm oil at different
sults of Albasi et al[6] for sunflower oil. (—) High enzyme model; (- - -) enzyme concentrations & 800 rpm,T = 310K andS= 660.7 mol nr3).
low enzyme model; experimental results at) € 200 rpm; @) = 400 rpm;

(®) =600rpm.
Fig. 5shows the effect of model paramelgron the initial
The experimental results of Albasi et ] for the hydrol- rate of palm oil hydrolysis at different bulk enzyme concen-

ysis of sunflower oil in well-agitated bioreactor are also used trations. The paramet& is the equilibrium constant &*S
to further validate the proposed model equations. The enzymeand it can be seen from the figure that the enzyme concentra-
used by them waSandida cylindracedipase obtained from  tion at which the interface gets saturated is dependant on it.
Meito Sangyo, France. The simulation studies were done As the numerical value df is increased, the bulk enzyme
using MATLAB. Fig. 3 shows the initial rate of sunflower concentration needed to saturate the interface also increases.
oil hydrolysis as predicted by the low enzyme concentration Ke represents the ratio of rate constants involved in the break
model and the proposed high enzyme concentration modeldown of E*Sto that involved in its formation. High value of
at 310K and at a substrate concentration of 1578 molm  Ke means that the enzyme exists mosthEzsather than as
The kinetic parameters used in the simulation wew, = E*S. B molecule is smaller thaB*S molecule, and hence,
2 x 1019m~2, K¢ = 10molnt3 andk?, = 110mirr®. The it covers less area of the interface. Furttir,may desorb
comparison is made at three different agitation speeds of 200,from the interface, whereag}S can only transform into an-
400 and 600. Again, it can be seen that the high enzyme con-other adsorbed form. Therefore, the bulk enzyme concen-
centration model closely agrees with the experimental resultstration needed to saturate the interface increases when the
and indeed predicts interfacial saturation. The relative stan-enzyme exists ag* rather than a&*S which is the case
dard deviation between the experimental results and the highwhenKe has higher values, as shownHig. 5.
enzyme model prediction #80.210. The low enzyme model Fig. 6 shows the effect ok, on the initial rate of palm
again deviates considerably from the experimental results. oil hydrolysis at different bulk enzyme concentrations. It can

be seen from the figure, the model predicts the initial rate

3.2. Effect of model parameters
0.06

The adsorption and desorption of the enzyme at the in-
terface are the most important steps that affect the interface
saturation with the enzymeig. 4 shows the effect of the ra-
tio of desorption to adsorption constarktg/kp) on the initial
rate of palm oil hydrolysis as determined by the proposed
high enzyme concentration model at the agitation speed of
800 rpm, temperature of 318K and substrate concentration
of 660.7 molnT3. It can be seen that as the ratio increases
(i.e., desorption constantincreases and/or adsorption constant
decreases), the critical enzyme concentration, which causes
saturation of the interfacial area, increases. This can be ex- . . . . .
plained by realising that, at certain enzyme concentration, the 0 10 20 30 40 50 60
amount of enzyme that can penetrate the interface reduces as
the desorption constant increases and/or the adsorption con-
stant decreases. Hence, higher enzyme concentration in theig. 5. Effect ofk. on the initial rate of hydrolysis of palm oil at different
bulkis needed to totally saturate the available interfacial area.enzyme concentrations (= 800 rpm,T = 318 K andS= 660.7 mol nT3).
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01 it is used to determine the critical enzyme concentration. The
T‘E T a2x10” i merI predicts ?nterfacial saturation at high enzyme concen-
o 0.08 - e tration. The validate the model, the experimental results of
é palm oil and sunflower oil hydrolysis are compared with the
% 006 | model predictions. For sunflower oil, the model predictions
g closely agreed with the experimental results. Model simula-
£ — tions also showed that as the ratio of desorption to adsorption
g 004 F 1.8x10°" min constants increases, the bulk concentration of the enzyme
E required to saturate the interface increases. It is also found
§ 0.02 - 0.9x10" min™" that the critical enzyme concentration is sensitive to the equi-
2 librium constant folE*S, i.e. onKe of the enzyme and not
=y . . . . . sensitive to the catalytic rate constaiij,.
0 10 20 30 40 50
Enzyme concentration, (E(), (g m'3)
References

Fig. 6. Effect ofk:,, on the initial rate of hydrolysis of palm oil at different

enzyme concentrations (= 800 rpm,T = 318 K andS= 660.7 mol n73). . L .
[1] S. Al-Zuhair, M. Hasan, K.B. Ramachandran, Kinetic hydrolysis of

palm oil using lipase, Proc. Biochem. 38 (2003) 1155-1163.

. . L. . [2] S.W. Tsai, C.S. Chang, Kinetics of lipase-catalysed hydrolysis of
of reaction to increase with increasikg, but the enzyme lipids in biphasic organic-aqueous systems, J. Chem. Tech. Biotech-

concentration at which the interface is saturated is indepen-  nol. 57 (1993) 147-154.
dent on it. This result is expected as the valugigfdoes not [3] S. Mukataka, K. Tetsuo, T. Joji, Kinetics of enzymatic hydrolysis of
influence the equilibrium concentrations of the penetrated lipids in biphasic organic—aqueous systems, J. Ferment. Technol. 63

* * (5) (1985) 461-466.
moleculesE* andE*S [4] S.W. Tsai, G.H. Wu, C.L. Chiang, Kinetics of enzymatic hydrolysis

of olive ail in biphasic organic—aqueous systems, Biotechol. Bioeng.
38 (7) (1991) 761-766.

4. Conclusion [5] R. Verger, C.E.M. Maria, H.D. Gerard, Action of phospholipase A at
interfaces, J. Biol. Chem. 248 (11) (1973) 4023-4034.

. . . . . [6] C. Albasi, N. Bertrand, J.P. Riba, Enzymatic hydrolysis of sunflower
The interfacial area saturation with Ilpase enzyme oil in a standardized agitated tank reactor, Bioprocess. Eng. 20 (1999)

molecules has been investigated. This phenomenon has been ;;_g;

observed in experimental results at high lipase enzyme con-7] z.p. Knezevic, S.S. Siler-Marinkovic, L.V. Mojovic, Kinetics of

centrations. From the viewpoint of efficient usage of lipase, lipase-catalysed hydrolysis of palm oil in lecithin/isooctane reversed

the maximum amount of enzyme used should not exceed the  micelles, Appl. M'ﬁmb'o'- Biotechnol. 49 é1998)_ 267‘271-| -

critical concentration, since, the added enzyme, beyond thel®l Y- Wang, J.Y. Sheu, FF. Wang, J.F. Shaw, Lipase catalyse oil hy-
.. . . drolysis in the absence of added emulsifier, Biotechnol. Bioeng. 31

critical concentration does not enhance the reaction rate. A (19gg) 628,

kinetic model has been developed to predict the behaviour of[9] A.J.J. Straathof, Enzymatic catalysis via liquid-liquid interfaces,

hydrolysis reaction at high enzyme concentrationregionsand  Biotechnol. Bioeng. 83 (2003) 371-375.



	High enzyme concentration model for the kinetics of hydrolysis of oils by lipase
	Introduction
	The kinetic model
	Results and discussions
	Model verification
	Effect of model parameters

	Conclusion
	References


