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Application of an Optimization Algorithm
for Estimation of Substrate Mass Transfer
Parameters for Immobilized Enzyme Reactions

S.A. Mireshghi!, A. Kheirolomoom? and F. Khorasheh*

In this paper, a simple optimization methodology is applied for estimation of substrate
mass transfer parameters including the overall external mass transfer coefficient, k;, and the
effective diffusivity, D., using experimental data for irreversible unireactant immobilized enzyme
systems which follow Michaelis-Menten mechanism. The method utilizes a simple direct search
optimization algorithm along with the numerical solution of the governing differential equation.
The application of the method has been demonstrated through comparing the predicted values
of k; and D, using the proposed method with experimental values reported in the literature for
two different immobilized enzyme systems with irreversible reactions.

INTRODUCTION

Immobilization of enzymes on suitable support ma-
terials has resulted in their extended use in batch
and continuous bioreactors. For immobilized enzymes,
however, there are several factors which affect the
observed kinetics that could be significantly different
from the intrinsic kinetics of the free enzyme. These
factors include interparticle and intraparticle diffusion
limitations, steric and conformation effects, the par-
titioning of substrate between the support and bulk
of the solution, conformation and spatial effects due
to the immobilization mechanism which may cause
disfiguration of the enzyme and micro-environmental
effects due to the interactions of the support on the
enzyme-substrate reaction resulting in a change in the
enzymatic reaction mechanism. These effects depend
on the properties of the support, the substrate and its
concentration and on the immobilization procedure [1-
3]. The mass transfer limitation effects on the observed
reaction rates are due to external mass transfer resis-
tance of substrate from the bulk fluid phase to the
external surface of support pellets and internal mass
transfer resistances due to pore diffusion [4,5]. The
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extent of external mass transfer limitations depends
on the diffusivity of the substrate in the bulk fluid
phase, the velocity of the fluid phase over the support
pellets, density and viscosity of the fluid phase and
the substrate concentration [6,7]. The overall external
mass transfer coefficient is represented by k;. The
extent of internal diffusion limitations depends on the
shape and size of the support pellets, the external
substrate concentration and the effective diffusivity,
D, of the substrate within the support pellets. The
effective diffusivity depends on the molecular diffusivity
of the substrate in the support matrix and on the
porosity, €, and tortuosity, 7, of the pellets.

For the purpose of bioreactor design, modeling
and simulation and for process development, it is nec-
essary to investigate the intrinsic kinetics for enzymatic
reactions; i.e. reaction kinetics in the absence of mass
transfer limitations [8]. Michaelis-Menten equation is
the most common rate expression used for enzyme
reactions [9]. This equation can also be used for
immobilized enzymes. In the absence of mass transfer
limitations, the kinetic constants in Michaelis-Menten
equation, K,, and V,,,, are intrinsic kinetic parameters,
which due to the above mentioned factors, may not
necessarily be the same as those for the free enzyme
reactions [10-14).

There are different experimental methods to de-
termine the intrinsic kinetic parameters for immobi-
lized enzymes [8,15-19] which involve the measurement
of initial reaction rates at different initial substrate con-
centrations under conditions where the external mass
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transfer resistance is eliminated by the high velocities of
the fluid phase over the support pellets and the internal
diffusional limitations are eliminated |by reducing the
size of the support pellets. Intrinsic kinetic parameters
are, thus, obtained by Lineweaver-Burk plot. These
methods require extensive experimental effort with
pellets of different sizes.

A number of calculational methods have been
proposed to determine the intrinsic kinetic parame-
ters for immobilized enzymes with irreversible [2,20-
23] and reversible reactions [8,24]. |In one method
[22}, the system is so complex mathematically that
creates difficulties when applied. In other methods
(21], the maximum rate must be found by raising
the bulk substrate concentration to levels sufficiently
high that diffusion limitations are removed, however,
as demonstrated in the article, this is not always
possible. Another technique [2] can|only be used if
straight lines are obtained when experimental data are
plotted by standard graphical methods. As indicated
in this article [2], these plots often deviate from
straight line behavior. Other methods [20,21] require
a number of experimental points at low substrate
concentrations (high extent of diffusipnal limitations)
which may lead to experimental difficulties due to the
low observed rates caused by low enzyme saturation.
In another technique [23], the maxi
determined only if the intrinsic Michaelis constant is
known a priori. In another method [25], the reac-
tion conditions are such that external mass transfer
limitations are absent and initial reaction rates at
low and high substrate concentrations and an effective
diffusivity, D., are used along with reference plots for
the effectiveness factors, Ef, and thepretical relation-
ships utilizing Bischoff [26] and Aris|[27] modulus to
determine the intrinsic kinetic parameters. At low
substrate concentration, the film diffusion can affect
the observed activity, thus, leading to| results with low
accuracy.

Once the intrinsic kinetic para
determined, it is necessary to specify
parameters, k; and D., to include the
and internal mass transfer limitatio
design calculations. There are diffe
estimate the substrate mass transfer
following relationships have been pro
tion of D.:

eters have been
he mass transfer
ffect of external
s in bioreactor

Petersen [28]: D, = 5?,/2D,
Wakao and Smith [29]: D, =¢2D,
Satterfield [30]: D, = 22

f the substrate.
sed to estimate

where D is the molecular diffusivity
Colburn correlations have also been
k; in a liquid phase fixed bed reactor:
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Wilson and Geankopolis [31]:

0.0016 < Re, < 55 ki = 1'?3“1»6;2/3
55 < Re, < 1500 k; = 0’35)“]?6;0'3150*2/3,
McCune and Wilhelm [32]:
8 < Re, <20 k; = % RE0T 50213
0.687u

120 < Re, < 1300 &, = Re, 03275 72/3,

€b

Rowe et al. [33]:
R 90 ki = 252 4+ 0.765c1/3 Re0H
ep < ;= 7( + 0. c € ),

where the dimensionless numbers are defined as:

_

= Pe, = Re,, SC_D.

7

Re, o Sc oD,
u is the fluid apparent velocity, d is the diameter of the
pellets, p is the fluid density, p is the fluid viscosity,
D, is the substrate diffusivity in the fluid phase and
gp 1s the bed porosity. The above correlations provide
reasonable estimates of mass transfer parameters pro-
vided that the properties of the substrate, the fluid
phase and the support pellets are known. Some of the
pellets properties including porosity and tortuosity can
only be obtained experimentally.

Experimental techniques are often employed to
evaluate D.. Effective diffusivity can be obtained by
performing transient diffusion and equilibrium adsorp-
tion experiments using dilute solutions of the substrate
and support pellets free of enzymes. From the measure-
ment of the substrate concentration as a function of
time, effective diffusivity of the substrate in the pellet
can be obtained [7,34-36]. Transient diffusion experi-
ments are often conducted with a high enough mixer
speed so that the external mass transfer resistances
can be neglected. Other experimental techniques
for determination of D, involve pulse and response
analysis in tracer studies using support particles free
of enzymes [37].

In this study, a simple direct search optimization
algorithm utilizing random numbers is applied along
with the numerical solution of the governing differ-
ential equations for the estimation of mass transfer
parameters, D, and k;, for immobilized enzymes with
irreversible reactions when intrinsic kinetic constants
for the free enzyme reactions and experimental initial
rate data for different initial substrate concentrations
are available. The kinetic model for immobilized
enzymes is described and the method for parameter
estimation is illustrated with reference to experimental
data from the literature.
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KINETIC MODELING FOR IMMOBILIZED
ENZYMES

The following assumptions are made in the develop-

ment of the kinetic model for immobilized enzymes
[38,39}]:

1. Kinetics of the free enzyme is described by
Michaelis-Menten equation:

VS (1)
V= —
Kn+S’
where v is reaction rate, V,, is maximum reaction

rate, K, is Michaelis constant and S is substrate
concentration.

o

The enzyme is uniformly distributed over the sup-
port material.

3. The partition effect between the support and bulk
fluid phase is neglected.

4. Temperature and effective diffusivity are constant
within the support.

5. Steady-state conditions are developed.
6. Enzyme deactivation is neglected.
The following differential equation and associated

boundary conditions express the dimensionless sub-
strate concentration, C, in the pellet [10]:

dZC_I_g—lﬁ_(b2 C

dX? X dX 7 1+ 5C
dcC

t X =0: — =

a Ix 0

at X =1:

C =1 (without external mass transfer resistance)

dC .
—— = Bi{1—C) (with external mass transfer resistance)

19,4 (2)

where X is the dimensionless distance to the center or
the surface of symmetry of the pellet and g is the pellet
shape factor which for slab, cylindrical and spkherical
pellets is 1, 2 and 3, respectively. The dimensionless
parameters are defined as follows:

S

x
C=—= X ==
Sy’ R’

¢ = R/ KV"E) (Theile Modulus),

Bi= R-I];-l— (Biot number).

In the above expressions, z is distance to the
center, R is half-thickness of the pellet, S} is substrate
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concentration in the bulk fluid phase, k; is external
mass transfer coefficient and D, is effective diffusivity
of the substrate in the pellet. Under steady-state
conditions, the reaction rate can be evaluated from
the concentration profile obtained from the solution of
Equation 2 by either of the following methods:

1. From the rate of substrate diffusion at the pellet
surface,

2. From the rate of mass transfer from bulk fluid phase
to the external pellet surface,

3. From integration of reaction rate from the pellet
surface to the center.

The corresponding equations for the above methods are
given by Equations 3 to 5:

D.d
’U‘—‘g 5

R dz r=R, (3)

gk
= — S = = s 4
v R( b = Sle=r) (4)

R
Vi S

— __m- g-—1 4
v--g/0 [Km_l_s}x dz. (5)

To describe the mass transfer limitation effect on the
overall reaction rate, the following definition for the
overall effectiveness factor, Ef, is used [40]:

reaction rate
reaction rate in the absence of
internal and external resistances

Ef = (6)

where the numerator is one of the relationships given
by Equations 3 to 5 and the denominator is the reaction
rate per unit volume of the pellet if the substrate
concentration is taken as that in the bulk fluid phase.
By employing Equation 5, the following expression for
Ef is obtained [10]:

1
Ef =g(1 +5b)/0 T XX (7)

NUMERICAL SOLUTION AND
VERIFICATION OF THE KINETIC MODEL

Equation 2 was solved numerically using a finite dif-
ference formulation for a boundary value problem.
The resulting non-linear system of algebraic equations
was solved using Gauss-Seidel iterative algorithm with
relaxation to obtain the dimensionless concentrations
inside the pellet. The grid size for dimensionless
distance to the center of the pellet was taken as 0.05.
The dimensionless concentration profile can be used to
obtain the effectiveness factor by numerical integration
of Equation 7. Predicted values of initial reaction rates,
vo, could be obtained for different initial substrate
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concentrations, Sy,, from which Lin¢
Hanes-Woolf plot could be construct
of irreversible reactions, for example,

Vm Sbo

o= Ef m2bo
Y me+Sbo

Alternatively, the initial reaction raf
sponding initial substrate concentrat
tained by numerical differentiation u
and the concentration profile withi
obtained by the solution of Equation ]

To test the validity of the mod
the model predictions are compared
experimental data from the literature.
the summary of the immobilized enzyn

>weaver-Burk or
ed. In the case
Vo is given by:

(8)

e for the corre-
ion can be ob-
sing Equation 3
n the pellet as
)

lel assumptions,

with available
Table 1 provides
1e systems which

were investigated in this study. Figure 1 represents a

comparison of the model predictions w

ith experimental

results for case 1. The solid line is Hanes-Woolf plot

in the absence of mass transfer limit

ation (Ef = 1)

which shows significant deviations from experimental

data. When internal diffusional limit

ations are taken

into consideration, the agreement between predicted

and experimental initial rate is reas

onable over the

entire range of initial substrate concentration. Figure 2

represents a comparison of the model

predictions with

experimental results for case 2. The dashed line in this

figure represents model predictions usi
fective diffusivity of 5.3 x 10711 m?/s.
between predicted and experimental in

observed at low initial substrate concentrations.

dotted line represents the model predi
centration dependent diffusivities [25]

ng a constant ef-
Good agreement
itial rates is only
The
ctions using con-
(Table 2) which

shows a good agreement with experimental data over
the entire range of initial substrate concentration. The
correlation for concentration dependent diffusivities in
Table 2 was developed using the effeqtive diffusivities

Table 1. Summarized description of the|immobilized
enzyme systems investigated.
Case # 1 2
Enzyme Amiloglucocidase Amiloglucocidase
Honeycomb Porous spherical
Support .
ceramic slab glass beads
R (m) 1.6 x 10™4 1/65 x 104
Substrate Soluble starch Dextrin
Product Glucose Glucose
Reactor Stirred batch Recycling differential
reactor batch reactor
De (m?/s) 3.67 x 10712 5.30 x 1011
ki (m/s) Negligible Negligible
Reference [11) {25]
K 0.251 1.2521
" (kg/m?) (pmol fem?)
v 2.4 x 1072 147.63
m (kg/s/m3 cat) (pmol/min/cm? cat)
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Figure 2. Sy, /v, versus S, for case 2.

for different substrate concentrations as reported by
Lee et al. [25].

OPTIMIZATION ALGORITHM FOR
ESTIMATION OF INTRINSIC KINETIC
PARAMETERS

The optimization method for parameter estimation is
based on a direct search algorithm with systematic
reduction of the search region [41]. The flowchart
of the algorithm is presented in Figure 3. The
input data for the program include the pellet size
and shape, Michaelis-Menten constants, K,, and V,,,



Egtimation ol Zubstrate Mass Transfer Parameters

Table 2. Variation of the experimental effective
diffusivity with dextrin concentration for case 2,

D, = 6.025 x 107! exp(—5.94 x 10733).

S(pmol/cm?) D.(m?/s)
0 5.8 x 10—11

43.48 4.7 x 10-11
86.96 3.8 x 10711
173.91 23 x 10711
260.87 1.3 x 10~ 11

and experimental initial reaction rates, v,, at different
initial substrate concentrations, S,,. The parameters
to be optimized are the effective diffusivity, D,, and
the external mass transfer coefficient, k;. Initially, an
upper and lower bound for each parameter is specified.
The lower bound for non-negative rate constants is
taken as a small positive number. The upper bound
can be specified by an arbitrary high value that covers
the range of values typically reported in the literature.
The mid point for each parameter range is taken as
the initial estimate of the optimum parameter values.
Determination of the optimum parameters within the
specified search region proceeds by selecting a param-
eter value from each range using random numbers.
The governing differential equations are, then, solved
numerically using the randomly selected parameters
to obtain the initial reaction rates for a given set of
initial substrate concentrations. The predicted initial
rates are used to evaluate an objective function for
optimization which is formulated as follows:

L
OF = Z['Uo,experimental - UOYPred‘lCted]2’ (9)

=1

where Vo,experimental and Vo,predicted aIe€ the experimen-
tal and predicted initial rates, respectively, and L is the
number of experimental measurements. The optimum
parameter values are those which minimize the above
objective function. The algorithm proceeds by another
random selection of parameters from the search regions
and subsequent evaluation of the objective function.
The procedure is repeated N1 times for parameter
values that are selected within the search region and
the set of parameters which results in the least value for
the objective function is stored as the optimum set for
the search region. The proposed value for the number
of times the parameters are randomly selected from the
search region is between 100 and 500 [41] and in this
study, 100 is used. The above procedure is repeated
after a reduction of the search region; the range for
each parameter is reduced by a factor of (1 —¢). The
proposed value for ¢ is between 0.005 and 0.05 [41] and
in this study a value of 0.05 is used. The number of
reductions of the search region, N2, used in this study
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Assign a large value for
objective function, OF

Set iteration counter i = 1
Set iteration counter j =1

Specify initial search region
and parameter estimates

Generate random numbers
to select parameter values
in the search region

Solve Equations 2 and 7 to obtain initial rates
for different initial substrate concentrations

!

Determine the objective function,OFN

OFN < OF
No Yes

Store parameter values as
optimum and set OF = OFN

Yes

1< N1
No

Reduce the search region

No
P ey -

Yes

Stop

Figure 3. Flowchart for the optimization algorithm for
parameter estimation.

was 200. The above optimization algorithm is quite
simple to implement but requires a large computation
effort; 20000 combinations of parameters are tested.

RESULTS AND DISCUSSION

Table 3 presents the experimental initial reaction rates
at different initial substrate concentrations [11] for
case 1. The mass transfer parameters, D, and ki,
were obtained by the optimization algorithm using
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Table 3. Experimental initial reaction rates at different

were in reasonable agreement with the experimental
initial substrate concentrations for case 1.

values. The optimized values for k; were 4 order of

Experiment # | vo (kg/s/m?® Cat.) | S, (kg/m?) magnitude smaller than those for case 1, however, they
1 1.942 x 1072 0.684 are sufficiently large enough (Biot numbers over 100)
2 3.072 x 1072 1.709 that external mass transfer limitations can be assumed
3 4.414 x 1073 3.419 to be negligible. When all the experimental points
4 6.859 x 10-3 5.555
5 9.102 x 10~3 11.025
6 1.103 x 102 18.803 500 I ' '
7 1.349 x 10~2 29.914 S brcted al
8 1.716 x 10~2 41.453 400 |
9 2.184 x 10™2 63.657

each of the experimental data points (L = 1 in the 300

objective function) and are reported along with the
optimum values of the objective function, Pui,, in
Table 4. In all cases, the optimized values of D,
were in good agreement with the reported value of
3.67 x 1072 m?2/s. Furthermore, the relatively large
values for k; (order of 107! m/s) indicate that external
mass transfer limitations are negligible. When all the
experimental points were considered in the formulation
of the objective function (L = 9), the obtained value
of D, was also in very good agreement with the
experimentally reported values. The initial reaction
rates at different initial substrate concentrations for
case 1 were predicted using the optimized mass transfer
parameters (last row of Table 4) and are compared with
experimental values in Figure 4 whjch show a good
agreement between predicted and experimental values.

Table 5 presents the experimental initial reaction

200

1/vo (mol/s/1 cat)_1

100

0 1 L i !

0.4 0.6 0.8 1.0

1/So (kg/m3)~1

Figure 4. 1/v, (mol/s/L Cat.)"! versus 1/S, (kg/m®)™"'

for case 1.

Table 5. Experimental initial reaction rates at different
initial substrate concentrations for case 2.

rates at different initial substrate concentrations [25] Experiment #|vo(pmol/min/cm3Cat.)|So(pmol/cm®)
for case 2. The mass transfer parameters, D. and 1 108.34 238.72
k, were obtained by the optimization algorithm using 9 94 64 161.67
each of the experimental data points (L = 1 in 3 8541 32,99
the objective function) and are repprted along with 4 67.70 17.93
experimental effective diffusivities in Table 6. The 5 5417 13.67
experimental effective diffusivities for this case were ’ ]
dependent on the substrate concentration as reported 6 44.94 9.17
in Table 2. In all cases, the optimized values of D, 7 26.66 457

8 14.62 1.83

Table 4. Optimized mass transfer parameters for case 1

and the corresponding objective function values. Table 6. Optimized mass transfer parameters and

Experimental D. k; P experimental effective diffusivity for case 2.

Data Used (m?/s) (m/s) o Experimental De,opt De,exp Ki,opt
1 4.839 x 1072 | 8.314 x 10-2 | 9.3 x 10718 Data Used (m2/s) (m?/s) (m/s)

2 3.011 x 10~12 [ 5678 x 101 [ 2.7 x 10~16 1 1.542 x 10731 [1.530 x 10711 [6.143 x 1073

3 3.847 x 10712 [ 7525 x 10~ [ 1.1 x 1016 2 1.537 x 10~ 11 [2.382 x 10~11{9.480 x 1073

4 5.258 x 10712 | 2.510 x 10~ | 2.0 x 10~18 3 7.403 x 1011 ]5.005 x 101 |5.210 x 1073

5 4.006 x 10712 | 2.057 x 10~1 | 6.8 x 10716 4 9.702 x 10~11 | 5.437 x 10711 [4.389 x 1075

6 3.545 x 10712 | 4937 x 10~ | 7.8 x 10~16 5 3.767 x 107115570 x 10~11|1.281 x 10™*

7 3.284 x 10712 [ 3.344 x 107! | 2.2 x 1017 6 4713 x 10711 [5.717 x 10~11}7.663 x 1075

8 3.794 x 10712 [ 1.209 x 10~! | 5.0 x 1016 7 5.707 x 10711 [5.868 x 10~ 11|4.540 x 10~5

9 3.965 x 10712 1 9.395 x 10~ | 5.6 x 10~17 8 8.375 x 10~ 11 [5.962 x 10~ 11 [6.552 x 1075

1to9 3.825 x 10712 | 1.240 x [10~1 | 4.6 x 10~6 1to8 4.683 x 1011 - 2.395 x 10~°
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Figure 5. 1/v, (pmol/min/cm® Cat.)™! versus 1/S,
(pmol/cm®) ™! for case 2.

were considered in the formulation of the objective
function (L = 8 and D, independent of substrate
concentration), the obtained value of D, was in good
agreement with the experimentally reported values in
the low substrate concentration range. Alternatively,
one could propose a model for D, as a function of
substrate concentration (similar to that proposed in
Table 2) and proceed to obtain the optimized model
parameters. The initial reaction rates at different ini-
tial substrate concentrations for case 2 were predicted
using the optimized mass transfer parameters (last row
of Table 6) and are compared with experimental values
in Figure 5 which illustrate a good agreement between
predicted and experimental values.

CONCLUSIONS

The methodology outlined in the paper provides a new
approach for estimation of mass transfer parameters
in immobilized enzyme systems. The knowledge of the
intrinsic kinetic parameters is pre-requisite information
for the optimization scheme. This information can be
obtained experimentally under conditions where exter-
nal and internal mass transfer limitations are absent.
It should be emphasized, however, that the intrinsic
kinetic parameters for immobilized enzymes might in
many instances be different from those of the enzyme
in its free state due to conformational, electrostatic,
and steric effects caused by immobilization.

In this study, a simple optimization algorithm
was applied for estimation of mass transfer parameters
using initial rate data for irreversible unireactant im-
mobilized enzymes provided that the intrinsic kinetic
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parameters for the Michaelis-Menten rate expression
are known a priori. The optimized parameters were in
good agreement with experimentally reported values.

ACKNOWLEDGMENTS

The financial support for this work was provided by
the research administration of Sharif University of
Technology, Tehran, Iran.

REFERENCES

1. Goldstein, L. “Kinetic behavior of immobilized enzyme
systems”, Methods in Enzymology, 44, pp 397-412
(1976).

2. Kobayashi, T. and Laidler, K.J. “Kinetic analysis for
solid-supported enzymes”, Biochim. Biophys. Acta.,
302, pp 1-12 (1973).

3. Kheirolomoom, A., Katoh, S., Sada, E. and Yoshida, K.
“Reaction characteristics and stability of a membrane-
bound enzyme reconstituted in bilayers of liposomes”,
Biotechnol. Bioeng., 37, pp 809-813 (1991).

4. Gondo, S., Isayama, S. and Kusunoki, K. “Effects
of internal diffusion on the Lineweaver-Burk plots for
immobilized enzymes”, Biotechnol. Bioeng., 17, pp
423-431 (1975).

5. Fink, D.J., Na, T.Y. and Schultz, J.S. “Effectiveness
factor calculations for immobilized enzyme catalysts”,
Biotechnol. Bioeng., 15, pp 879-888 (1973).

6. Illanes, A., Zuuiga, M.E., Contreras, S. and Guerrero,
A. “Reactor design for enzymatic isomerization of
glucose to fructose”, Bioprocess Engineering, 7, pp 199-
204 (1992).

7. Tanaka, M., Matsumura, M. and Veliky, I.A. “Diffusion
characteristics of substrates in Ca-alginate gel beads”,
Biotechnol. Bioeng., 26, pp 53-58 (1984).

8. Benaiges, M.D., Sola, C. and de Mas, C. “Intrinsic
kinetic constants of an immobilized glucose isomerase”,
J. Chem. Technol. Biotechnol., 36, pp 480-486 (1986).

9. Kheirolomoom, A., Mano, J., Nagai, A., Ogawa, A.,
Iwasaki, G. and Ohta, D. “Steady-state kinetics of
cabbage histidinol dehydrogenase”, Arch. Biochem.
Biophys., 312, pp 493-500 (1994).

10. Shiraishi, F. “Substrate concentration dependence of
the apparent maximum reaction rate and Michaelis-
Menten constant in immobilized enzyme reactions”,
International Chemical Engineering, 32, pp 140-147
(1992).

11. Shiraishi, F. “Experimental evaluation of the usefulness
of equations describing the apparent maximum reaction
rate and apparent Michaelis constant for an immobi-
lized enzyme reaction”, Enzyme Microb. Technol., 15,
pp 150-154 (1993).

12. Shiraishi, F., Hasegawa, T., Kasai, S., Makishita,
N. and Miyakawa, H. “Characteristics of apparent
kinetic parameters in a packed bed immobilized enzyme
reactor”, Chem. Eng. Sci., 51, pp 2847-2852 (1996).



196G

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Patwardham, V.S. and Karanth, N.G|

“Film diffusional

influences on the kinetic parametdrs in packed-bed

immobilized enzyme reactors”, Biote
pp 763-780 (1982).

Lortie, R. and Andre, G. “On the

hnol. Bioeng., 24,

use of apparent

kinetic parameters for enzyme bearing particles with

internal mass transfer limitations”,
45, pp 1133-1136 (1990).

Chen, K.C. and Wu, J.Y. “Substy

Chem. Eng. Sci.,

ate protection of

immobilized glucose isomerase”, Biptechnol. Bioeng.,

30, pp 817-824 (1987).
Lee, Y.Y., Fratzke, A.R., Wun, K

and Tsao, G.T.

“Glucose isomerase immobilized on porous glass”,

Biotechnol. Bioeng., 18, pp 389-413

1976).

Lioyd, N.E. and Khaleeluddin, K. “A kinetic compar-
ison of streptomyces glucose isomerage in free solution

and adsorbed on DEAE-cellulose”,
pp 270-282 (1976).

Ghose, T.K. and Chand, S. “Kinetic

studies on isomerization of cellulose

Cereal Chem., 53,

and mass transfer

hydrolyzate using

immobilized streptomyces cells”, Ferment. Technol.,

56, pp 315-322 (1978).

Oliver, S.P. and du Toit, P.J. “Sugad
possible source for fermentable carbag

r cane bagasse as
hydrates, II. opti-

mization of the xylose isomerase reaction for isomeriza-

tion of xylose as well as sugar cane ba
to xylulose in laboratory-scale units”

eng., 28, pp 684-699 (1986).

gasse hydrolyzate
, Biotechnol. Bio-

Hamilton, B.K., Gardner, C.R. apd Colton, CK.

“Effect of diffusional limitations on

Lineweaver-Burk

plots for immobilized enzymes”, AICRE J., 20, pp 503-

509 (1974).

Engasser, J.M. and Horvath, C. “Effect of internal
diffusion in heterogeneous enzyme systems: Evaluation
of true kinetic parameters and substrate diffusivity”, J.

Theo. Biol., 42, pp 137-155 (1973).

Engasser, J.M. and Horvath, C. “Diffi
with immobilized enzymes”, Applied
Bioengineering, Wingard, L.B. Jr., |
E. and Goldstein, L., Eds., 1, Acad
York, pp 127-220 (1976).

Engasser, J.M. “A fast evaluation o
on bound enzyme activity”, Biochim
526, pp 301-310 (1978).

Ishikawa, H., Tanaka, T., Kuro, K.

“Evaluation of true kinetic paramet
immobilized enzyme reactions”, Big
29, pp 924-933 (1987).

Lee, G.K., Lesch, R.A. and Reilly,

of intrinsic kinetic constants for pore

usion and kinetics
Biochemistry and
Katchalski-Katzir,
lemic Press, New

f diffusion effects
. Biophys. Acta.,

and Hikita, H.
ers for reversible
technol. Bioeng.,

P.G. “Estimation
diffusion-limited

S.A. Mireshghi, A. Kheirolomoom and F. Khorasheh

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

immobilized enzyme reaction”, Biotechnol. Bioeng., 23,
pp 487-497 (1981).

Bischoff, K.B. “Effectiveness factors for generalized
reaction rate forms”, AICRE J., 11, pp 351-355 (1965).

Aris, R. “A normalization for the Thiele modulus”, Ind.
Eng. Chem. Fundam., 4, pp 227-229 (1965).
Petersen, E.E., Chemical Engineering Kinetics,
Prentice-Hall, Englewood Cliffs, NJ (1965).

Wakao, N. and Smith, J.M. “Diffusion in catalyst
pellets”, Chem. Eng. Sci., 17, pp 825-834 (1962).

Satterfield, C.N., Mass
Catalysis, Massacheusetts Institute of Technology
Press, Cambridge, Mass. (1970).

Wilson, E.J., and Geankopolis, C.J. “Liquid mass
transfer at very low Reynolds numbers in packed beds”,
Ind. Eng. Chem. Fundam., 5(1), pp 9-14 (1966).

McCune, L.K. and Wilhelm R.H. “Mass and momen-
tum transfer in solid-liquid system; fixed and fluidized
beds”, Ind. Eng. Chem., 41, pp 1124-34 (1949).

Rowe, P.N., Claxton, K.T. and Lewis, J.B. “Heat and
mass transfer from a single sphere in an extensive
flowing liquid”, Trans. Inst. Chem. Engrs., 43(1), pp
14-31, (1965).

Satterfield, C.N., Colton, C.K. and Pitcher, W. H.
“Restricted diffusion of liquids within fine pores”,
AICRE J., 19, pp 628-635 (1973).

Prasher, B.D., Gabriel, G.A. and Ma, Y. “Restricted
diffusion of liquids in microporous catalysts”, AIChE
J., 24, pp 1118-1122 (1978).

Chantong, A. and Massoth, F.E. “Restrictive diffusion
in aluminas”, AIChE J., 29, pp 725-731 (1983).

Sirotti, D.A. and Emery, A. “Mass transfer param-
eters in an immobilized Glucoamylase by pulse re-
sponse analysis”, Biotechnol. Bioeng., 25, pp 1773-1779
(1983).

Houng, J.Y., Yu., H., Chen, K.C. and Tiu, C. “Anal-
ysis of substrate protection of an immobilized glucose
isomerase reactor”, Biotechnol. Bioeng., 41, pp 451-458
(1993).

Segel, LH, Enzyme Kinetics, Wiley, New York (1993).
Chen, K.C. and Chang, C.M. “Operational stability of

immobilized D-glucose isomerase in a continuous feed
stirred tank reactor”, Enzyme Microb. Technol., 6, pp
359-364 (1984).

Luus, R. and Jaackola, T.H.I. “Optimization by direct
search and systematic reduction of the size search
region”, AIChE J., 19, pp 760-766 (1973).

Transfer in Heterogeneous



