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Abstract−A kinetic model of mixed immobilized lipase (MIL) and co-immobilized lipase (CIL) systems was investi-

gated by calculating the kinetic parameters based on the reaction mechanisms for lipase-catalyzed transesterification

of soybean oil and methyl alcohol. The kinetic parameters were assessed under atmospheric and supercritical fluid con-

ditions. Although the CIL system had a higher initial reaction rate, the effect of substrate inhibition by methanol was

higher than that in the MIL system. The initial reaction rate of MIL and CIL decreased under atmospheric conditions

as the methanol concentration increased. However, the initial reaction rate of MIL and CIL increased until methanol

concentration increased to twice that of oil under the supercritical fluid condition. As a result, the inhibition effect by

methanol was identified through a kinetic analysis. A simulated model can be used to predict the optimal conditions

for biodiesel production under atmospheric and supercritical conditions.
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INTRODUCTION

Lipase application for hydrolysis or esterification reactions has

been studied for many years. Various esters are produced from a

variety of alcohols and acids by lipases. In particular, non-aqueous

media lipases catalyze a wide range of reactions such as alcoholy-

sis, transesterification, ester synthesis, and asymmetric and regiospeci-

ficity acylation reactions [1-4]. Transesterification is a reaction in

which triglycerides are reacted with short-chain alcohols such as

methanol and ethanol. The reaction is composed of three stepwise

reactions with intermediate formation of diglycerides and monoglyc-

erides, resulting in the production of fatty acid methyl ester and glyc-

erol (Fig. 1) [5,6].

The alkaline or acid catalysts form a well known method for bio-

diesel production. However, they are energy intensive, glycerol recov-

ery is difficult, and the catalyst could be eliminated from the product.

Additionally, transesterification using alkaline catalysts has low selec-

tivity, leading to undesirable side reactions [7-10]. Therefore, many

investigators have intensively studied enzymatic processes to solve

these problems for biodiesel production. Actually, transesterification

using lipases can overcome chemical processing problems [7-17].

However, transesterification using lipases has a fatal disadvantage of a

slow reaction rate due to the acyl migration step and mass transfer

limitation. Our previous studies investigated various systems to over-

come the slow reaction such as mixed immobilized lipase (MIL)

and co-immobilized lipase (CIL) systems under various conditions.

However, despite these studies, no reports have considered the kinet-

ics and mechanisms of MIL and CIL systems under various condi-

Fig. 1. Graphical representation of reaction mechanism steps of transesterification.
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tions. Therefore, we investigated kinetic parameters and modeling

of the MIL and CIL systems under atmospheric and supercritical

conditions in this study. Moreover, the kinetics model was verified

with experimental results of transesterification by the MIL and CIL

systems under various conditions.

 

MATERIALS AND METHODS

1.Materials

3-Aminopropyltriethoxysilane (3-APTES) and 3-(N-morpholino)

propane-1-sulfonic acid (MOPs) were purchased from Sigma (St.

Louis, MO, USA). Glutaraldehyde was obtained from Fluka (Sch-

weiz, Switzerland), and the silica gel was purchased from Grace

Davison (Deerfield, IL, USA). Candida rugosa and Rhizopus oryzae

lipases were purchased from Sigma and Fluka, respectively. All

other chemicals were of reagent grade.

2. Lipase Preparation

C. rugosa and R. oryzae lipases (1 g) were suspended in 100ml

of a 0.25M mixture of MOPs-sodium phosphate buffer (pH 6.5).

The lipase solutions were centrifuged at 4,000 rpm for 15min at

4 oC, and the supernatants were stored at 4 oC prior to immobiliza-

tion [11-13].

3. Lipase Immobilization

One gram of dry silica gel was mixed with 10% 3-APTES in 20

ml acetone and incubated at 50 oC for 2 hr with constant mixing.

The silica gel was then washed with water and dried at 60 oC for

2hr. The dried silica gel was then suspended in 20ml of 1mM phos-

phate buffer solution (pH 7). A 25% (w/v) solution of glutaralde-

hyde (2ml) was added to the mixture and incubated at 20 oC for

2 hr to activate the silica gel. The activated gel was then washed

with water and dried at 60 oC for 2 hr. Prior to immobilization, C.

rugosa and R. oryzae lipases were pretreated with 0.1% soybean

oil at 40 oC with stirring at 150 rpm for 45min. Activated silica gel

(500mg) was mixed with 10ml of pretreated lipase solution and

then incubated at 20 oC to immobilize the lipase. In the MIL sys-

tem, 0.5 g of immobilized C. rugosa lipase on silica gel and 0.5 g

of immobilized R. oryzae lipase were uniformly mixed. For co-im-

mobilization, 1 g of activated silica gel was mixed with 10ml of

pretreated C. rugosa and 10ml of pretreated R. oryzae lipase solu-

tions simultaneously. The immobilized lipase was recovered by filtra-

tion, washed with water, and then dried overnight at room tempera-

ture [11-16].

4.Biodiesel Production by Mixed C. rugosa and R. oryzae Lip-

ase and Co-immobilized Lipases under Two Conditions

Biodiesel was produced by using a mixture of immobilized C.

rugosa and R. oryzae lipases and a co-immobilized system under

various conditions. Under the atmospheric condition, 2-60mmol

of soybean oil and 20% immobilized and co-immobilized lipases

were used for biodiesel production, and 2-180mmol of methanol

was initially added to the reaction medium. The reaction was car-

ried out under optimal conditions (temperature, 45 oC; agitation speed,

300 rpm; and water content, 10%). Under supercritical fluid condi-

tions, the reactants, which included 10-60mmol of soybean oil with

methanol, were loaded into the reactor and mixed with 20% im-

mobilized lipases, and the reactor temperature was increased to 45 oC,

which also increased the pressure to 130 bar. After the reaction was

completed, the reactor was depressurized, and the products were

eluted in hexane. Next, the enzyme was removed by centrifugation

and the samples were analyzed by gas chromatography (GC) [11-16].

5. Analytical Method

Biodiesel was analyzed by using a GC M600D (Younglin. Co.

Ltd., Seoul, Korea) with an HP-Innowax 1909IN-133 column (30m×

25µm, Agilent Technologies, Santa Clara, CA, USA). Samples were

collected from the reaction mixture and then centrifuged to obtain

the upper layer. One micro liter of the treated sample was injected

into the GC, and the column temperature was raised from 150-180 oC

at a rate of 15 oC min−1, and then from 180-240 oC by increasing

the temperature at a rate of 5 oC min−1, after which the temperature

was maintained at 240 oC for 1min. The injector and the detector

temperature were both set at 260 oC [11-16].

6. Kinetic Modeling

Most previous studies on lipase-catalyzed transesterification of

triglycerides have been described by the Ping Pong Bi Bi and Michae-

lis-Menten kinetic models with competitive inhibition by the alco-

hol [9,17-20]. Moreover, as mentioned by Al-Zuhair, all steps except

deacylation of the lipase were assumed to be in a quasi-steady state

[1]. Based on these reaction mechanisms, the transesterification reac-

tion rate can be written as Eq. (1):

(1)

where V is the initial reaction, Vmax is the maximum initial reaction

rate, KS and KA are the binding constants for the oil and alcohol,

respectively, and KiS and KiA are the dissociation constants for i from

the specific enzyme form-inhibitor complex. KS, KA, KiS, KiA, and

Vmax values were calculated by measuring the initial reaction rate

of the MIL and CIL systems under atmospheric and supercritical

conditions.

RESULTS AND DISCUSSION

1. Determination of Kinetic Parameters

One of the most important characteristics of an enzyme is sub-

strate affinity, usually assessed as apparent KS, KA, KiS, and KiA with

respect to specific substrates. When an enzyme is immobilized or

co-immobilized, variations in kinetic parameters such as KS, KA,

KiS, KiA, and Vmax are observed because of the short mass transfer

distance. Moreover, the kinetic parameters can fluctuate markedly

due to high steric hindrance and diffusional effects under the super-

critical fluid condition [21-24]. Therefore, we studied the kinetic

parameters to confirm the optimum conditions. When the values

of these kinetic parameters were substituted in Eq. (1), the maxi-

mum reaction rate was estimated under the two conditions. Table 1

shows the numerical values of the kinetic parameters in the MIL

and CIL systems under the two conditions.

Vmax of the CIL system was generally higher than that of the MIL

system under atmospheric and supercritical conditions, indicating

that the CIL system had higher transesterification activity than that

of MIL system under the same conditions. Moreover, the KiA value

of the MIL system was higher than that of the CIL system, whereas

the KA value of the MIL system was lower than that of the CIL sys-

tem. These results show that the inhibitory effect of the alcohol in

the MIL system was lower than that of the CIL system. However,

V = k6 E Bd⋅[ ] = 

Vmax S[ ]

1+ KiS S[ ] + 

KS

S[ ]
------- 1+ 

A[ ]
KiA

--------
⎝ ⎠
⎛ ⎞

 + 

KA

A[ ]
--------

----------------------------------------------------------------------
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because co-immobilized lipases are proximally located, high activity

and maintenance occurred. As expected, the CIL system activity

was about five-times higher and maintenance of the CIL system

increased 1.6 times compared to those in the MIL system. The KA

value under the supercritical condition was much higher than that

under the atmospheric condition. Moreover, the KiA value under the

supercritical condition also decreased markedly. These results sug-

gest that lipase activity and the inhibitory effect depend on mass

transfer. Despite the increased inhibition effect by the improved mass

transfer, activity can be increased much higher than the inhibitory

effect [13,20-24].

2.Comparison of Simulation Results and Experimental Data

on Biodiesel Production under Atmospheric and Supercriti-

cal Conditions

The simulation results and experimental data were compared to

investigate the suitability of the kinetic parameters. Fig. 2 shows the

derivation of the simulation results and experimental values for estab-

lishing the MIL and CIL systems under the two conditions. The

Table 1. Numerical values of the kinetic parameters on MIL and CIL systems under atmospheric and supercritical conditions

Parameter
Atmospheric condition Supercritical condition

MIL system CIL system MIL system CIL system

Vmax (mmol/s)

KS (mmol/L)

KiS (mmol/L)

KA (mmol/L)

KiA (mmol/L)

0.00299

0.35000

1.00002

0.05000

0.03144

0.00317

0.10000

0.99998

0.08000

0.00927

0.06900

0.09800

1.00180

0.27500

0.00453

0.12630

0.06930

0.99967

0.70559

0.00211

MIL: mixed immobilized lipases

CIL: co-immobilized lipases

Fig. 2. Comparison of simulation results and experimental data on initial reaction rate by MIL and CIL systems under atmospheric and
supercritical condition: (a) MIL system under atmospheric condition, (b) MIL system under supercritical condition, (c) CIL system
under atmospheric condition, (d) CIL system under supercritical condition.
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results showed that the CIL system had a higher initial reaction rate

than that of the MIL system under the same conditions, and the su-

percritical condition had a higher initial reaction rate. The experi-

mental values were applied to a computer curve-fitting simulation

model. The relative error of this model was 3.83%, which was ac-

ceptable for a kinetic study in these systems. Therefore, these models

will be applicable to experimental substrate concentration for this

kind of transesterification catalyzed by the MIL and CIL systems

[20-24].

Fig. 3 shows the effect of methanol concentration. Under atmo-

spheric conditions, the initial reaction rate of the MIL and CIL sys-

tems decreased as the methanol concentration increased. However,

under the supercritical condition, the initial reaction rate increased

as the methanol concentration increased to two times that of oil.

When methanol concentration was increased more than two times,

initial reaction rate decreased markedly. The diffusional effect was

more effective than that of the inhibitory effect as mass transfer in-

creased. However, the inhibitory effect was increased at high meth-

anol concentrations. These results suggest that the lipases can be

deactivated markedly during biodiesel production at high methanol

concentrations. In particular, a stepwise reaction was applied in our

previous studies to prevent deactivation of the MIL and CIL sys-

tems under the two conditions, because of their deactivation by meth-

anol [11-16]. Finally, the inhibitory effect caused by alcohol was

identified through the kinetic analysis and the simulated model and

could be used to predict the optimal condition for biodiesel produc-

tion under various conditions.

CONCLUSIONS

We found good agreement between the experimental results of

the initial reaction rate and the expected simulated model results.

Consequently, the powerful simulated models were identified and

are applicable to experimental substrate concentrations for this kind

of transesterification catalyzed by MIL and CIL systems. Compared

with the Vmax and kinetic parameters (KS, KA, KiS and KiA) of the MIL

and CIL systems, the diffusional effect was more effective than that

of inhibitory effect. Moreover, the initial reaction rate was associ-

ated with alcohol concentration to produce biodiesel under each

condition. As the methanol concentration increased, the initial reac-

tion rate of the MIL and CIL systems decreased under the atmo-

spheric condition. However, the initial reaction rate of the MIL and

CIL systems increased as methanol concentration increased to two

times that of oil under the supercritical fluid condition. As a result,

Fig. 3. Effect of methanol concentration on initial reaction rate by MIL and CIL systems under atmospheric and supercritical condition:
(a) MIL system under atmospheric condition, (b) MIL system under supercritical condition, (c) CIL system under atmospheric
condition, (d) CIL system under supercritical condition.
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the inhibitory effect by alcohol was identified through the kinetic

analysis, and the simulated model can be used to predict the optimal

condition for biodiesel production under the two conditions.
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