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A method was developed for investigation of the influence of pore and film diffusional
resistances on the overall rate of glucose isomerization reaction subject to enzyme de-
activation in the immobilized cells reactor. Two kinds of effectiveness factor, 7p and
7ps, were used to illustrate the mass transfer aspects of the system. The actual reaction
rate can be expressed in terms of a product of the ideal reaction rate by a multiplier,
7p or ¥py. 7p is the multiplier for the ideal rate based on the surface concentration and
7ps is based on the bulk concentration. The constant of enzyme deactivation was
estimated by numerical analysis of the change in 7p with time obtained experimentally
in continuous stirred tank reactor. The surface concentration was estimated by iterative
calculation method. A calculation procedure of #p, from kinetic data and physical
constants determined by experiments was developed. The satisfactory agreement
between the calculated values and the experimental results supports the validity of this

theoretical analysis.

In  heterogeneous immobilized-enzyme
catalysis, diffusional resistances inside the
particles (pore diffusion resistance) and in
the liquid film surrounding the particles
(film diffusion resistance) are inevitable.
These diffusional effects may reduce the
overall reaction rate and make the analysis
of reaction kinetics complicated. The effect
of pore diffusion has been quantified through
the concept of an effectiveness factor.” For
simplicity, pore diffusion has often been
studied separately from film diffusion by
many authors.*® In practical reactor
performance, however, both the effects of
pore and film diffusion often exist simul-
taneously. In non-linear reaction kinetics
the film and pore resistances are too inter-
related for separation of these two effects.
A theoretical description of film diffusion
combined with pore diffusion was given by
Lee and Tsao.*” In their report, the film
factor, defined as the ratio of substrate
concentration at the particle surface to that
in the bulk, was used to account for film
diffusion.

Furthermore, a major obstacle to the
commercial use of immobilized enzymes is
the loss of enzyme activity due to deactivation.
From an economic standpoint it is important
to minimize this deactivation loss. For the
efficient design of an immobilized enzyme
reactor, it is essential to develop a model that
accounts for simultaneous reaction kinetics
and mass transfer. In addition, the effect
of deactivation must be considered. The
effects of mass transfer on fractional con-
version and operational stability of im-
mobilized invertase, B-galactosidase, trypsin
and hexokinase in a fixed bed reactor have
been studied by Kobayashi and co-
workers®”. In our previous report,” the
effect of diffusional restriction on the overall
reaction rate of immobilized cells in a plate-
type reactor under laminar flow operation
has been described. In this study, cells of
Streptomyces phaechromogenes, possessing glucose
isomerase activity, were immobilized by the
aggregation of chitosan. Besides the con-
ventional effectiveness factor which is used to
quantify the extent of pore diffusion resistance,
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an overall effectiveness factor was defined as
the ratio of actual reaction rate (with pore
and film resistances, and deactivation) to the
ideal rate without these influences. The
overall effectiveness factor can be used as an
important design parameter. It was the
purpose of this present work to analyse the
influence of diffusion on the change in the
effectiveness factor of immobilized cells subject
to deactivation and to demonstrate quanti-
tatively the correlation between the pore and
film resistances so as to provide a better
understanding in the design of an enzyme
reactor.

Experimental

Preparation of immobilized enzyme
Immobilized enzyme beads in which
Streptomyces  phaechromogenes cells containing
active glucose isomerase were prepared based
on the aggregation of chitosan (obtained
from the Toyobo Company). The specific
activity of glucose isomerase in the im-
mobilized cells was 350 IGIU/g. One Inter-
national Glucose Isomerase Unit (IGIU) is
defined as the amount of enzyme which
initially converts one micromole of glucose to
fructose per minute at pH 6.85 and 60°C.
The substrate solution contained 2 M glucose,
0.02 M MgSOq and 0.001 M CoCls in 0.2 M
maleate buffer. The sizes of the immobilized
enzyme beads were determined photo-
graphically after the beads were swollen in
distilled water for 24 hr.

Experimental reactor Figure 1 shows
a schematic diagram of the column reactor
employed in this study. The immobilized

Preheater —;I_

ﬁ

Reservoir
Thermocouple

Collector
Immobilized cells

Fig. 1. Schematic diagram of a differential type
reactor.
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enzyme beads were packed in a glass column
(1.5 cm internal diameter, 20 cm height)
with a jacket for temperature control. The
temperature of the bed was monitored by
means of a thermocouple. Three different
particle sizes—8-12 mesh, 20-30 mesh and
40-48 mesh (average radii 0.125 cm, 0.046 cm
and 0.018 cm, respectively)—were used in
the experiments. The flow reactor ran in a
temperature range of 60-80°C and at a feed
flow rate of 30-120 ml/hr. The substrate
solution was pumped via a preheater into
the bed by a peristaltic pump.

An Amicon ultrafilter (Model 52, working
volume 25 ml) was used as a stirred type

reactor to yield conditions where the film

diffusional effect is small enough to be
neglected. The fructose content was assayed
at appropriate time intervals.

Substrate solution The substrate solu-
tion contained 0.5-5.15 M glucose, and
4x10* M MgSO+7HsO in 0.1 M Tris-
buffer. The pH was adjusted to 8.3.

Analytical methods Fructose and
glucose were assayed by the cystine-carbazole
method and Glucostat method (Worthington
Biochemical), respectively.

Theoretical

Kinetics It is well known that glucose
isomerase catalyzes the glucose 2 fructose
reaction in a reversible manner.” According
to Peller and Alberty,* the rate equation for
this mechanism in the steady state, considering
enzyme deactivation, can be given as follows,
+__dCa —¢ (Va'|Ka)Ca—(Va'|Ks)Cs

d¢ 14+Ca/Ka+Cs/Ks

ra

(1)
where C4 and Cr are the concentrations of
glucose and fructose, respectively, Vi’ and
K4 are the maximum reaction rate and the
Michaelis-Menten constant of the forward
reaction respectively, and Vz' and Kz are the
same constants for the reverse reaction. The
activity coefficient, ¢, is the ratio of the
reaction rate with deactivating enzyme to
that with fresh enzyme. The equilibrium
concentration of glucose and fructose is
correlated by the following equation:
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Ca0=C4+Cs=Cuc+Cse (2) ddCs —0  at r=0
where Cic and Cs. are the concentration r
of glucose and fructose at equilibrium, re- Cs=Csz at r=R (8)
spectively. Cuo is the inlet glucose concen- ¢=1  at =0 '

tration.- The reduced concentration of
glucose, Cs, is defined as
Cs=C4s—Cu4e (3)

After rearranging Egs. (1)-(3), the rate
equation is rewritten in an ordinary Michaelis-
Menten form following the method described
by Lee et al.”

Vm ICS

74l2¢m (4‘)
where
 1+(1/K) /
Va'=1—% —(Ka/Kz) Va
Ko 1H(Cas/ (K D)Y(1/Ka) 4 (K[K3)) g,
1 —(K4/Ke
_ Va'|Ka (5)
K_*V——Bfflcg

and K is the equilibrium constant. The
deactivation of enzyme was assumed to be a
first order reaction to yield

d¢ _
—3¢ —k(T) (6)

where ks is the rate constant of deactivation.

Mass transfer aspects subject to deac-
tivation
Pore diffusion The immobilized cells ag-
gregated by chitosan is looked upon as a
porous and spherical particle within which
enzymes are uniformly distributed. Con-
sidering a situation where a liquid film does
not exist outside the particle and the surface
concentration is identical to the bulk concen-
tration, a mass balance of the steady state on
glucose inside the particles gives the following
equation in terms of the reduced concen-
tration.
DA(d’Gs 2 dCs) —¢

VaC
a7 dr C

Kn—+Cs =0

where

Vo Vi! X entrapped cell mass (g)
volume of gel (ml)

The boundary condition and the initial
condition are

Since the immobilized cells were prepared
by aggregating the preheated cells with
chitosan, the kinetic parameters of the
immobilized cells were considered to be the
same as that of the preheated cells. Thus,
the maximum reaction rate based on the
volume of immobilized cells can be evaluated
by multiplying the maximum rate based on
the weight of the preheated cells by a factor
which represents the weight of preheated cells
contained in the unit volume of gel.

D, is the effective diffusivity of glucose and
r is the radial distance of the particle. In
the case of negligible film diffusion, the
effectiveness factor, denoted by 7, was
defined as

Actual reaction rate (without film
__diffusion resistance)

 Ideal reaction rate (without en-
zyme deactivation and diffusion

7o

resistance)
dCs
_3 D, s 9
R\ lpm 9)
Cs=CsRr
where
_ VmCS
"= Rt Cs

ra represents the reaction rate based on the
volume of immobilized cells. By normalizing
the differential equation, Eq. (7), it can be
seen that 7» depends on two dimensionless

parameters, ¢=%«/ Vm/KnD4 and az=Kn|

Cse. ¢ is conventionally referred to as the
Thiele modulus. Since the reaction is non-
linear, analytical solution for #» cannot be
readily obtained from Egs. (7)—(9). Although
the concentration profile can be obtained by
solving Eq. (7) numerically, an approximate
estimation method for 7%» proposed by
Kobayashi!® taking into account enzyme
deactivation was applied to this work.
According to this method, #» was represented
by the following equation in terms of the
effectiveness factors for zero and first order
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kinetics, denoted by E. and Fi, respectively.

. E+aE1
ma= Evkab (10)
where
1 mv/ ¢ <1[v/'3
Ev= 1-—~<~é~—{—costy_*:;"m)a mv ¢>1/a/3
'}';——cos"(gmiz‘/}——l> (11)
Ve 1 1
E=—0 (tanh vl 3m¢$)
e p— ¢ S
& 2 (1 +ar)v/ (1jar) —In{1+(1]/azr)}
¢,=e-kft ’

a=2.6 atﬂo'a

Pore diffusion combined with film diffusion
Usually the film resistance is not negligible in
the enzyme particles packed in a column
reactor. In an attempt to illustrate the
influence of both the pore and film diffusion,
the overall effectiveness factor, denoted as
7oy, is defined as follows:

Actual reaction rate (with deacti-
vation of the enzyme and effects
of diffusion resistances)

Ideal reaction rate (without deac-
tivation of the enzyme and effects
of diffusion resistances)

7 VmCSR

T Ka-+Cse

= VnCss (12)
Kan+Css

Ppr=

where

CSS:—CAS—CAC
Csz=Caz—Cue (13)

Cas and Caz represent the bulk concentration
and the surface concentration, respectively.
When the film resistance cannot be neglected,
a concentration difference between the
particle surface and the bulk is significant.
As mentioned before, the actual reaction rate
is expressed in terms of a product of #» by
the ideal reaction rate based on the surface
concentration. But in the case where the
surface concentration is smaller than the bulk
concentration due to the film resistance, the
overall mass transfer process cannot
sufficiently be illustrated by 7o alone. The
correlation between pore diffusion and film
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diffusion can be interpreted as follows. A
material balance at the solid-liquid interface
gives:

(Css— Csg)—=7p- B . VnCse
kr-(Css—Csz)=%p 3 KntCon .

Combining Eq. (12) and Eq. (14), a
dimensionless equation for 7»s is obtained as

(14)

v»;:vp-ﬁ-%_%z— (15)
where |
R
+\/[1—as(m’3mf —{—1)]2—{»—4(1.9}
mf=II(/T"‘£:; as=—c% (16)

my, referred to as the film modulus, is regarded
as a parameter to express the effect of film
resistance. f, the so-called film factor,® is
an index for the film resistance. Equation
(16) shows that the relation between the film
and pore resistance is implicit because 7»
depends on Cse. This situation occurs in
non-first order reactions such as Michaelis-
Menten kinetics. From the above description,
7ps can illustrate the overall effects of diffusion
and enzyme deactivation in the immobilized
cell system.

Iterative calculation of the surface concentration
From Eqgs. (10) and (15), 7os depends on the
bulk concentration as well as the surface
concentration, on which 7» depends. There-
fore, calculation of the effectiveness factors,
7ps and 7o, needs the value of the surface
concentration. Since #» depends on Cse,
the surface concentration cannot be explicitly
expressed from Eq. (15). Thus, an iterative
calculation method for the surface concen-
tration using Eqgs. (10) and (15) was proposed.
First, the surface concentration was assumed
to be a reasonable value, say, Cszi. The
values of az and as was calculated from their
definitions, respectively. The degree of
activity ¢ was calculated from Eq. (6). The
value of 7» was obtained from Eq. (10) for a
given ¢ value. When 7» was obtained,
another surface concentration referred to as
Csz: was computed for a given ms value from
Eq. (16). Then a comparison between Cszi

NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

Vol. 58, 1980}

and Csz: was made to determine whether the
assumed value was adequate. If a good
agreement was seen upon comparison, the
assumed value Csei offered a good estimate
for the surface concentration; otherwise, a
new value for Cszi was assumed and the
computation was repeated untll Csas agrced
with Cse: satisfactorily.

Results and Discussion’

Theoretical analysis for effectiveness
factor  Consider. a special case where
enzyme deactivation does not take place.
In such a situation, the effectiveness factor,
7po, is used to characterize a pore diffusion
process without film resistance, and the
effectiveness factor, ¥pss, can be used to
quantify the overall transfer process including
the pore and film diffusion resistances simul-
taneously.

Effect of ¢ and az on pe  %pe was calculated
from Eq. (10) for various ¢ and ar under the
condition ¢=1. In Fig. 2, 7»0 was plotted
against ¢ with ar as a parameter. The
enzyme particles having high activity tend
to have low 7»s, while ones with low activity
tend to have high 7»..

Effect of ¢ and ms on ¥pse Estimating
surface concentration, %50 was calculated
from Eq. (15) in which 7» was replaced by
7po. With varying ¢ and my, the calculation
of 7pse was carried out. In Fig. 3, #ose was
plotted against m, with various values of ¢
as a parameter. Obviously, in the large ¢
region, 7pse changes little as m, varies; while

70

2 1 21 a1l .1 a2 t 123
oY) 0507 1.0 5070 100

95’ \/"—','3:—

Fig. 2. Effectiveness factor 7pe as function of Thiele
modulus and dimensionless Michaelis constant.
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Fig. 3. Overall effectiveness factor 7pys as function
of moduli ¢ and m,.

in the small ¢ region, #pse decreases with
increasing ms. It is suggested that film
diffusion resistance plays an important role
in the overall transfer process as pore
resistance is weak. In the case of strong pore
resistance (large particle), the change of
7pse Was not very noticeable even at large m,.

Commonly as an enzyme is deactivated
with time in a continuous process, 7» and
7ps decrease. The behavior of 7» and 7oy
during the process time will be elucidated
below.

Variation of 7o with process time Figure 4
represents the effect of particle radius on the
variation of #p against process time. Here,
the process time 1is represented by a
dimensionless term, kst. For a large particle

1.0

00 .0 20
ket

Fig. 4. Effect of the modulus ¢ on the change in the
effectiveness factor 7p.

Ca0=5.15M, kr=2.58x10"% 1/hr.
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(large ¢), ¥» shows a low value and changes
little with time, while for'a small particle, 7»
has a high value and decreases rapidly with
time. Hence, for .a large particle, the
decrease of reaction rate due to deactivation
is partly compensated for by a relatively
slow decrease of 7». Thus, it is apparent
why the overall reaction rate changes slowly
in this case. For a small particle, since 7»
was initially near 1.0 because of a small ¢
(0.1-0.5), even a small decrease in mv/ ¢
causes a big decrease of 7p. Thus, the
overall reaction rate decreases substantially
as the enzyme is deactivated.

Variation of %os with the process time  The
flow chart shown in Fig. 5 is a procedure for
calculating 7ps during the process time.
The parameters, K=, Vm, ¢ and ms were
calculated using the kinetic constants deter-
mined from the experimental data. By
means of the previously described method
for estimation of the surface concentration, a
proper surface concentration was attained.
Then the value of 7oy was calculated from Eq.
(15) at small time intervals until the required

Data 'required

ke Va, KaVe.Ka, Oa. Ki.

Calculate Km.vamf'¢
Give bulk comc.. C.is
Calculate
, —y(t) —T
Assume conc. at surface CSRI
‘L .
Calculate GR
{
Calculate 770
Calculate .CSR
NO
Compare @)
YES
Calculate 70f
t=t-af
NO
YES
END
Fig. 5. Estimation of the value of 7oy during the

process time.

[J. Ferment. Technol.,

1.0

70f

ket

Fig. 6. Effect of the moduli ¢ and ms on the change
in overall effectiveness factor 7py.
Ca0=5.15 M, ks=2.58 x1073/hr.

$=0.3, ---- ¢=1.0.

time range is covered. The computed results
are presented in Fig. 6, which shows how
the moduli ¢ and m, exerted an effect on %»;
as the process time elapsed. In the small ms
region where the film resistance was small, ¢
has a strong influence on the variation of 7»;;
in contrast, in the large ms region, the
difference between the 7o, value for a large ¢
and that for a small ¢ was negligible. In
addition, the change of 7o, with time became
gradual. It is indicated that in such a
situation, the film diffusion resistance is
dominant in the overall transport process.

Analysis of experimental data De-
termination of the kinetic and physical
constants of glucose isomerization with im-
mobilized cells is now described.

Estimation  of  kinetic  constants ~ 'The
maximum rate of forward and reverse
reactions and their Michaelis-Menten
constants for various temperatures were
estimated from Lineweaver-Burk plots of the
data obtained with preheated cells. The
results are listed in Table 1. The temper-
ature dependence of the maximum reaction
rate and the Michaelis-Menten constants are
shown by Arrhenius-type plots in Figs. 7
and 8. The glucose concentration was varied
over the range of 0.50 M to 5.15 M and no
marked change in the values of these con-
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Table 1. Kinetic constants of glucose isomerization by preheated cells at various temperatures.

Kinetic constants 60°C 65°C 70°C 75°C 80°C

Va’ (mol/hr-g cell) 4.07x10-2 5.56 x 10" 7.53x10"% 1.01 x 107! 1.34x 10!
Vs’ (mol/hr-g cell) 3.71 x10% 4.85 %107 6.29x 10" 8.09x10-* 1.03 x10"?

Ka (mol/ml) 1.73x 103 1.61 x10-3 1.50x 1073 1.41x 1073 1.33x 102
Kp (mol/ml) 1.80x10-% 1.70 < 10-3 1.62x 102 1.53x 10" 1.45x 102
K (— ) 1.15 1.22 1.29 1.36 1.43
Va' (mol/hr-g cell) 1.65 1.81 2.04 2.33 2.73
Ku (mol/ml) 1.47x 107! 1.18x 10t 9.91x10-% 8.52x 1072 7.48x10-%

& stants were observed. In the experimental
2 S conditions the magnitude of K= is much
=1aof greater than Css, thus, 7 depends slightly on
8 70k 7N Css.

' _.;: 50k A - Estimati:?n qf effective diffusivity Da .A
S 0 simple estimation method to get an effective
E T diffusion coefficient for the immobilized
‘o [ enzyme was devised as follows. The effect
AN g e .

< of film diffusion was eliminated by using a
>0 L 1 1 . . mixing type reactor in the experiment. The

28 29 3.0

value of #pe was calculated from the ratio of
the actual reaction rate obtained using the
Fig. 7. Temperature dependence of the imum unmo?nhz.cd célls to the ideal rate based on

reaction rates. the kinetics of the preheated cells. Then,
from the profile presented in Fig. 2, a value

+ (°K-1){x103)

— = of ¢ which corresponds to the experimental
?210.0: value of 7»e was obtained. After Va and
Z 2ol Kn, defined by Egs. (7) and (5), were
€ 50k calculated from the kinetic data, and
% i estimated value of D4 was obtained from the
E definition of ¢. The estimation results for
& Ko the cases of high and low substrate concen-
< W trations are shown in Table 2. The effective
x E Ka diffusion coefficient, D., measured at low
L%.B ) 2'9 ' 3'0 concentrations of glucose, was about 409, of
I 'o 1165103 ) the molecular diffusivity of glucose and about
: 7 (°K )_ (x103) - 609%, for the high concentration value. The
Fig. 8. Temperature dependence of the Michaelis low value of Dy in Fhe case of the high con-
constants. centration is considered to result from
© Table 2. Estimation of effective diffusion coefficient.
Concentration . Concentration 5 D (ernd

of glucose (M) R (cm) 7p0 ¢ Di (cm?/hr) of glucose (M) R (cm) 7po ¢  Da (cm?/hr)

5.15 0.018 082 0.62 1.47x10- 0.50 0.018 097 0.18 1.72x10°

5.15 0.046 0.50 1.55 1.54x10-% 0.50 0.046 086 050 1.50x10-2

average 1.50x10-3 average 1.62x10-%
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increased viscosity. The viscosities of glucose
at 0.5 M and 5.15 M were found to be 0.5 cp
and 26.1 cp at 70°C, respectively. Con-
sequently, the glucose solution of a high
concentration tends to have a low value of
7po because of the high value of ¢.
Estimation of film mass transfer coefficient, ki
A simple method of estimating k: is shown
in Fig. 9. After 7ps0 was calculated  from
the ratio of the actual reaction rate of the
immobilized- cells in-a column reactor to
the ideal rate based on the kinetics of the
preheated cells, a value of m; corresponding to
7ps0 and ¢ was obtained from Fig. 3. The
estimated value of kz was obtained from the
definition of my as illustrated in Fig. 10. The
estimation of k£ for R=0.018 cm and
R=0.046 cm led to values of 0.33 cm/hr and
0.27 cmj/hr, respectively. The value of k:
estimated by this method was compared with
that obtained by following the McCune type
correlation'® for a packed bed.

O4.R. Vm,/ﬁn

R[] Vm

i.BL_/Onad_

L’7Dfo= fimg) HVDK)‘] (experimental)

L2
Fig. 9. Estimation of the external mass transfer
coefficient.

[ AR

al T :
5070 100

0.1 0.5.07 10

_VmR
Of = Km kg,

Fig. 10. Estimation of kz.
¢ R (cm) npre
(A) 062 0018 0.67
(B) 1.55 0.046 0.35

my ki (cmfhr)
0.85 0.33
2.68 0.27

[J. Ferment. Technol.,
Jp=1.625 (Ni.)~*-5 (16)
where ‘
kz, po\Ve
( 0D 4 )
Nm:p;“d 5 Nee<120 (17)

From Eq. (17), k. was calculated to be
0.48 cm/hr for a small particle and 0.30 cm/hr
for a large particle. These values of 4z
obtained from Eq. (17) agree well with the
value predicted from the theoretical analysis
of the effectiveness factor. - -
Estimation of deactivation constant, k! A
continuous stirred tank reactor. “of immobilized
cells was employéd for the determination of
the deactivation constant, since for a Iong—
time experlment the preheated cells were
adsorb,_cd to the membrane of the Amicon
redactor. The effectiveness factor' 7p -was
calculated from the ratio of the experimental
reaction.rate to.the ideal rate-obtained using
the kinetics of the preheated cells. Figure 11
shows the éffect of particle size on the change
of effectiveness factor with process time. It
can be observed that the reaction rate of
small particles decreases more rapidly than
that of large particles. Now, refer back to
Fig. 4, where 7» is plotted against ks with ‘the

1.0

0 ‘ 5.0
Time (days)

Fig. 11. Effect of particle size on enzyme deactivation.
Temperature=70°C, flow rate=27.8 ml/hr,
weight of enzyme=0.3 g, glucose concentration=
0.5 M. ‘

(A) R=0.018 cm, (B) R=0.046 cm, (C) R=0.125

cn.
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Reaction rate (mol/hr-g cell) (x102)

5.0 100 150
Time {days)

oo
o

Fig. 12. Effect of temperature on the overall reaction
rate of immobilized enzyme subject to deactivation.
Weight of enzyme=0.3 g, R=0.046 cm, flow rate
=27.8 ml/hr, glucose concentration=0.5 M.
Numbers in figure indicates temperature (°C).

radius as a parameter; the deactivation
constant, ky, could be estimated by fitting
the curve of 7» corresponding to the experi-
mental reaction rate (Fig. 11) to the theore-
tical #» curve for the specified particle radius
(Fig. 4) by means of the least square method.
Figure 12 shows the effect of temperature on
the deactivation of the immobilized enzyme.
A high temperature gives a high reaction rate
initially, however, it also gives a high de-
activation rate of the enzyme. Similarly,
the deactivation constant at various temper-
atures was estimated. The temperature
dependence of the deactivation constant is
shown in Fig. 13 as an Arrhenius type plot.

n
O
o]

N O
o o

kg (he=1) (x103)
(6]
o)

"02.8 29 30

L (ok-
-+ (°K 1)(x103)

Fig. 13. Arrhenius type plot of the deactivation
constant of enzymes.
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1.0

1 [l ' 3

0 1000 3000
~ Time (hr)

Fig. 14. Time course of yps in a differential type
reactor.
Vw'=2.04 (mol/hrg cell), Ku=0.099 (mol/ml),
- ‘enzyme weight=1.28 g, glucose concentration=
5.15 M, flow rate==118.6 ml/hr, temperature=
65°C, R=0.018 cm, R=0.046 cm.

5000

7D Yoy 95 . mm
(A) (B) 062 0.85
(C) (B) 1.55  2.68
Simulation

The influence of the pore and film re-
sistances on the overall reaction rate during
the operating period was verified by experi-
ments with a high substrate concentration
of 5.15 M in a differential type reactor.
The variation of 7»s calculated from experi-
mental data was in good agreement with the
theoretically calculated values, as shown in
Fig. 14. %o, calculated based on the surface
concentration, is expressed by ‘the broken
line. 7»s of the small particles decreases with
time more rapidly compared to that of the
large particles. A significant difference
between 7» and #»s was observed in both
cases according to the strong film resistance.

Nomenclature

a : constant defined in Eq. (10), —

C4 : glucose concentration, mol/ml

Cs : fructose concentration, mol/ml

Cao : initial glucose concentration, mol/ml
Czo : initial fructose concentration, mol/ml
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Cae

CBc ’:

Cas :

Car

Cs

Css :

Csz

D4
Dae

E;

Jr

Ks

Kn
kr
kz

my
N Re

Vs’

Va'

CHEN, Suca, and TAcucH1

: glucose concentration at equilibrium,

mol/ml

fructose conccntratlon at equlhbnum,
mol/ml R
glucose concentratlon in bulk mol/ml

: glucose concentration at particle sur-

face, mol/ml

: reduced glucose conccntratlon Cs=Ca

—Cae, mol/ml .

reduced bulk concentration, CSS-—CAS
—C4e, mol/ml

reduced surface concentration, Csz=
CAR—CAe, mol/ml

: effective diffusivity, cm?/hr

: diffusivity, cm?/hr |

: particle diameter, cm

: effectiveness factor for zero-order reac-

tion, —

: effectiveness factor for first-order reac-

tion, —

v (kifu)(#2]pDac)?®, —
: equilibrium constant, —
: Michaelis constant for forward reaction,

mol/ml

: Michaelis constant for backward reac-

tion, mol/ml
constant defined in Eq. (5), mol/ml

: deactivation constant of enzyme, 1/hr
: mass transfer coefficient in the liquid

film, cm/hr

: constant defined in Eq. (11), —

: film modulus, VaR/Kmkz, —

: particle Reynolds number, pud/#, —

: particle radius, cm

: reaction rate based on the weight of

preheated cells, mol/hr-g cell

: reaction rate based on the volume of

immobilized cells, mol/hr-ml gel

: radial direction distance, cm
: time
: maximum reaction rate for forward

reaction based on the weight of pre-
heated cells, mol/hr-g cell

: maximum reaction rate for backward

reaction based on the weight of pre-
heated cells, mol/hr'g cell

: constant defined in Eq. (5), mol/hrg

cell

Vn : constant defined in Eq. (7), mol/hr-ml
gel | -‘

u . : superficial velocity (flow rate/reactor

' cross-sectional area), cm [hr-

Greek symbols

az : constant, Kn/Cse, —

as : constant, Kn[Css, —

B  : film factor, defined by Eq. (16), —

9 i constant defined in:Eq. (11), — |

7p : effectiveness factor defined by Eq. (10),

7ps : overall effectiveness factor defined by
Eq. (12), —

#  : viscosity, gfcm-hr

p  : density, g/cm?

¢  : Thiele modulus, —

¢ : activity coefficient, —
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