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Abstract

In our previous works, the immobilized glucose oxidase (GO) plus manganese dioxide (MnO2) were prepared and efficiently used at 30◦C
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or production of calcium gluconate (CaG) in an external loop airlift. In the gel beads occurred the three reactions: (1) the GO-ca
xidation of glucose to produce gluconic acid (GA) and hydrogen peroxide (P) which inactivated GO, (2) the MnO2-catalyzed decompositio
f P and (3) the neutralization of GA with calcium hydroxide added continuously resulting in accumulation of CaG at a constant p
ork, the stabilities of the immobilized GO and MnO2 activities to various operating conditions are observed and analyzed to deve
fficient prolonged use of GO plus MnO2 entrapped. The well-known first-order kinetics is assumed to analyze the deactivation o
O or MnO2 since its stability is affected by a complicated interaction among the operating variables. The first-order deactiva
onstant for GO,kd,E is determined from the progressive decrease in the apparent effectiveness factor for GO,αapp based on the initial GO
oncentrationCE,0 in the gel beads. This is because the decrease in the GO concentration,CE is too difficult to measure but approximate
irectly proportional toαapp. Thekd,E value under any set of operating conditions is determined from the two values ofαapp at the start an
nd of the 24 h reaction. To obtain thekd,E values for the prolonged times, the repeated 24 h reactions are carried out with the same g
xamining the data onkd,E obtained under the various operating conditions gives an empirical correlation ofkd,E with the pH value and the
oncentrationCP which is the time-averaged P concentration during every 24 h reaction. The other variables such as the glucose an
oncentrations and the superficial air velocity are found to exert almost no influence on thekd,E value. On the other hand, the deactivation
onstant for MnO2, kd,M is determined from the two values of the intrinsic P decomposition rate constant,kP in the same 24 h reaction as ab
ince thekP value, which is proportional to the MnO2 concentrationCM, can be calculated from its apparent value based on the effectiv
actor theory. Thekd,M values are empirically correlated with the pH value only. The above two deactivation kinetic models are co
ith our previous reaction and mass transfer model for the gel beads in the airlift to simulate the CaG production process in a
atch bioreactor operation. A fair agreement obtained between the observed and calculated time courses of the process sugges
f the deactivation models developed. An application of the simulation model also predicts an optimal ratio of the amounts of GO2

mmobilized in the gel beads.
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1. Introduction

Glucose oxidase (EC1.1.3.4) fromAspergillus nigercat-
alyzes the oxidation of glucose into glucono-�-lactone and
hydrogen peroxide. Glucono-�-lactone formed is spont
neously converted to gluconic acid by its hydrolysis. In
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Nomenclature

a slope of straight line inFig. 2(a)
aS specific surface area of gel beads (=6/dP)

(cm−1)
CCaG calcium gluconate concentration (g/l)
CE glucose oxidase concentration in gel bead

(mmol/l)
CG glucose concentration (mmol/l or g/l)
CM manganese dioxide particle concentration in

gel bead (mol/l or wt.%)
CO dissolved oxygen concentration in liquid bulk

(mmol/l)
COi dissolved oxygen concentration at gas–liquid

interface (mmol/l)
C∗

O dissolved oxygen concentration at gel bead sur-
face (mmol/l)

CP hydrogen peroxide concentration in liquid bulk
(mmol/l)

C∗
P hydrogen peroxide concentration at gel bead

surface (mmol/l)
dP diameter of gel bead (cm)
kCAT rate constant for free glucose oxidase (s−1)
kd,E first-order rate constant of immobilized glu-

cose oxidase deactivation (s−1)
kd,M first-order rate constant of immobilized man-

ganese dioxide deactivation (s−1)
kLa volumetric gas–liquid oxygen transfer coeffi-

cient (s−1)
kmG Michaelis constant with respect to glucose for

free glucose oxidase (mmol/l)
kmO Michaelis constant with respect to oxygen for

free glucose oxidase (mmol/l)
kP first-order rate constant for decomposition of

hydrogen peroxide (s−1)
kS liquid–solid mass transfer coefficient around

gel bead (m/s)
t time (s)
VL liquid volume (l)
VS gel beads volume (l)

Geek letters
α effectiveness factor for immobilized glucose

oxidase (–)
αapp apparent effectiveness factor for immobilized

glucose oxidase (–)
α′ effectiveness factor for immobilized man-

ganese dioxide (–)
α′kP apparent first-order rate constant for immobi-

lized manganese dioxide (s−1)

Subscript
0 initial value

previous reports, we proposed a novel environment-friendly
bioprocess for the continuous production of calcium glu-
conate crystals catalyzed by glucose oxidase (GO) plus man-
ganese dioxide (MnO2) immobilized in the calcium alginate
gel beads[1–7]. For developing a prolonged and scaled-up
bioprocess, the knowledge on deactivation property of the
biocatalyst used is essentially required.

With the recent development of genetic engineering on
industrial enzyme modification, on the other hand, many ge-
netically modified enzymes have been applied to the various
bioprocesses in their immobilized forms[8,9]. For example,
the different kinds of glucose oxidase from the genetically
modifiedA. nigerandPenicillium variabilemutant strains
were studied[10–13]. It is important to evaluate their deac-
tivation property since the genetically modified enzymes are
usually less stable than the natural enzymes. At present, the
quantitative deactivation model for the immobilized GO has
not yet been established because of the difficulties in deter-
mining the enzyme concentration without damaging the im-
mobilized enzyme. The deactivation rate of the immobilized
GO was indicated by the change of the substrate consumption
rate in the previous studies[14–17]. However, the substrate
consumption rate and the enzyme deactivation rate vary dif-
ferently with the system and operating conditions. Such an
intrinsic deactivation property of an enzyme as determined as
a n be
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hat is applicable to any specific operating conditions has
een available to the best of our knowledge.

It has been found that the irreversible deactivation of
s due to the attack of hydrogen peroxide produced in th
dation of glucose[14–17]. Many ways were tried to redu
he hydrogen peroxide accumulated. Catalase was imm
ized together with GO to decompose hydrogen peroxide
t was found to be more rapidly deactivated by hydrogen
xide than GO[17]. Nakao et al.[1–6]developed a few kind
f the GO plus catalyst systems in which the inorganic c

ysts such as palladium and manganese dioxide (MnO2) fine
articles were immobilized together with GO in the calc
lginate gel beads. These fine particles catalytically de
ose hydrogen peroxide to water and oxygen. The fine M2
articles were selected for their highest catalytic activit
ecompose hydrogen peroxide under the appropriate b
ctor operating conditions[4–6].

In this work, the kinetics on deactivation of the imm
ilized GO plus MnO2 biocatalyst used in an external lo
irlift bioreactor were studied for a prolonged productio
alcium gluconate through air oxidation of glucose. The
ose of this work is (a) to propose a practical analys
haracterize uniquely the deactivation rate of either im
ilized GO or MnO2, (b) to develop the deactivation kine
odel in terms of the first-order deactivation rate consta
function of the major operating variables for either cata
nd (c) to verify both models by simulating a prolonged b
ioreactor operations at a high initial glucose concentra
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Table 1
Biocatalyst properties and operating conditions for deactivation kinetics and prolonged bioreactor operation

Parameters Deactivation kinetics Prolonged bioreactor operation
Biocatalyst properties

Temperature (◦C) 30 30 30 30
pH (–) 5.0 6.0 7.0 7.0
kCAT (s−1) 4.32× 103 3.59× 103 2.58× 103 2.58× 103

kmO (mmol/l) 2.21 2.76 2.72 2.72
kmG (mmol/l) 2.48× 102 2.25× 102 2.19× 102 2.19× 102

kP (s−1) 0.199 0.596
CE,0 (mmol/l) 3.20× 10−3 2.46× 10−3

CM,0 (mol/l) 0.507 1.01
dP (cm) 0.23 0.22
α0 (–) 0.082 0.119
α′

0 (–) 0.282 0.155

Operating conditions
Temperature (◦C) 30 30
pH (–) 5.0, 6.0, and 7.0 7.0
UG (m/s) 0.01–0.04 0.04
VS/VL (–) 0.01 0.66
CG,0 (g/l) 2, 4, 10, and 20 38.8
CO,0 (mg/l) 7.54 7.54
C∗

O,0 (mg/l) 7.54 7.54
CP,0 (mg/l) 0 0
C∗

P,0 (mg/l) 0 0

using our previous reaction and mass transfer process model
combined with the deactivation models developed.

2. Experimental

2.1. Biocatalysts and bioreactor

The immobilized GO gel beads containing MnO2 were
prepared in the same way as in the previous works[2–6].
The properties of the gel beads and the operating conditions
of the deactivation kinetic experiments are shown inTable 1.
The conditions for the prolonged batch bioreactor operation
(see below) are also shown in the table.

The external loop airlift bioreactor was 2.5 l in volume,
0.5 m in liquid height, 0.05 and 0.03 m in the diameters of
the riser and down comer, respectively, and had eight orifices
of 0.5 mm in diameter on the wall near the riser column bot-
tom. The density and viscosity of 0.01 M gluconate buffer
solution were 1000.4 kg/m3 and 8.344× 10−4 Pa s, respec-
tively. The superficial gas velocityUG was in the range of
0.01–0.04 m/s. The reaction temperature was kept at 30◦C,
which was previously determined as an optimal temperature
for free GO-catalyzed air oxidation of glucose[4]. The pH
value was maintained at a constant throughout reaction with
addition of calcium hydroxide aqueous slurry using a pH
c

2
a

gel
b re-

actor was only 1 vol.% of the reaction slurry and 1 cm/s, re-
spectively, in order to keep the overall reaction rate too low
enough. Then the concentrations of both substrates (glucose
and dissolved oxygen) and products (calcium gluconate and
hydrogen peroxide) were regarded as approximately con-
stant during a reaction. The kinetic operation was carried
out at the different initial glucose concentrations to gen-
erate the different concentration levels of hydrogen perox-
ide. The batch operation at each initial glucose concentra-
tion was lasted for 24 h. During the reaction, the concentra-
tions of glucose, dissolved oxygen, and hydrogen peroxide
were measured periodically using the methods in our previ-
ous studies[2–6]. The hydrogen peroxide concentration was
determined by the titanium sulfate method because of the
existence of glucose in the solution[4]. After the 24 h reac-
tion, the gel beads were totally taken from the airlift column.
The residual glucose and hydrogen peroxide inside the gel
beads were removed by washing them in fresh 0.01 M glu-
conate buffer for 2 h. Thereafter using a sample of the gel
beads, the apparent effectiveness factorαapp for GO and ap-
parent hydrogen peroxide decomposition rate constantα′kP
for MnO2 were determined following the same respective
methods as in the previous works[2–6]. Then the total gel
beads above were recharged into the airlift column contain-
ing fresh 0.01 M gluconate buffer solution of the same ini-
t reac-
t above
w the
c e to-
t tra-
t d gel
b and
M

ontroller to neutralize gluconic acid produced.

.2. Determination of apparent effectiveness factorαapp

nd apparent first-order rate constant experimentα′kP

In most of the deactivation kinetic experiment, the
eads loading and superficial air velocity in the airlift bio
ial glucose concentration as above. The second 24 h
ion was restarted and all the same measurements as
ere repeated. The third and fourth 24 h reactions with
orresponding measurements were carried out for th
al reaction time of 96 h at each initial glucose concen
ion. Through the repeated reactions, the initially charge
eads might be subjected to the deactivations of their GO
nO2.
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2.3. Prolonged bioreactor operation

The prolonged batch bioreactor operation was performed
for 20 h with the initial glucose concentration of 38.8 g/l
to produce calcium gluconate at a high concentration.
The gel beads were charged at 40 vol.% of the reaction
slurry. The details on the operating conditions are shown in
Table 1. The concentrations of glucose, dissolved oxygen,
and hydrogen peroxide were measured periodically using
the same analytical methods as in the deactivation kinetic
experiments described above. The apparent effectiveness
factor for GO, αapp and the apparent rate constant for
MnO2, α′kP were also determined before and after the 20 h
operation.

2.4. Simulation tool

The software Mathematica (Version 5.0) was used to solve
the ordinary differential equations (see below) showing the
kinetic models for the prolonged batch bioreactor operation
taking into account the deactivation kinetics of the immobi-
lized GO plus MnO2.

3. Results and discussion
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peroxide[4]:

dCO

dt
= − α0CE,0kCATC∗

O

kmO + (C∗
O + C∗

P)(1 + kmG/CG)

1

1 + VL/VS
(4)

When the gel bead undergoes an activity decay, the immo-
bilized GO concentration is reduced toCE = CE,0−	CE.
The oxygen consumption rate equation for the deactivated
gel beads can be expressed in the same form of equation as
Eq. (4)except that the termα0CE,0 is replaced by the term
αCE. α denotes the effectiveness factor of the deactivated gel
bead. Since the value ofCE is usually difficult to determine,
no value ofα can be determined in the same way as the value
of α0. Therefore, the apparent effectiveness factorαappis de-
fined based on the value ofCE0 as shown in the following
equation (Eq. (5)) in order that it can be determined in the
same manner as described above:

dCO

dt
= − αappCE,0kCATC∗

O

kmO + (C∗
O + C∗

P)(1 + kmG/CG)

1

1 + VL/VS
(5)

The definition leads to the following equation (Eq. (6)) since
αCE = αappCE0:

CE

CE,0
= αapp

α
(6)
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.1. Determination of deactivation rate for immobilized
lucose oxidase

The air oxidation of glucose catalyzed by GO is show
q. (1). The decomposition of hydrogen peroxide cataly
y MnO2 is represented byEq. (2). The neutralization o
luconic acid by calcium hydroxide to produce calcium
onate is shown inEq. (3):

lucose+ O2 + H2O
GO−→ Gluconic acid+ H2O2 (1)

2O2
MnO2−→ H2O + 1

2O2 (2)

luconic acid+ 1
2Ca(OH)2 → 1

2Calcium gluconate+ H2O

(3)

n this study, a new method of determining the specific de
ation rate for immobilized GO was proposed by introduc
new parameter, the apparent effectiveness factorαapp. The
easurement of the progressive change ofαappgives a more
ractical method to determine the specific deactivation
f immobilized enzyme than that of the concentration of
ctive GO immobilized in the gel beads as rationalized be

The initial effectiveness factorα0 corresponding to th
nitial immobilized GO concentrationCE0 can be determine
y measuring the oxygen consumption rate in an air-tig
ask reactor[2–6] based on the following rate equation (Eq.
4)) in the case of no decomposition of the produced hydr
he initial immobilized GO concentrationCE,0 for the unuse
el beads prepared. The effectiveness factor theory pred

hatα is increased by less than 5% of its initial value w
E is decreased by 50% of its initial value in the presen
ction [4]. The fractional decrease in the immobilized
oncentration was found to be far below 50% in each de
ation measurement. Thus theα value can be approximat
y theα0 value under the present experimental conditi
pplying α ≈ α0 to Eq. (6)givesEq. (7):

CE

CE,0
= αapp

α
≈ αapp

α0
(7)

q. (7)indicates that the change in the immobilized GO
ivity can be represented by that in the apparent effective
actorαapp.

It is critically difficult to observe an intrinsic effect
ny one operating variable on the stability of either gluc
xidase activity under a complicated interaction among
perating variables. Thus, in this work the well-known
idely applicable first-order kinetics was assumed to ana

he deactivation of GO. Then, the deactivation rate con
or GO,kd,E was empirically correlated with the relevant o
rating variables, mainly the pH value and the concentr
f hydrogen peroxide with an approximation inherent in
resent experimental procedure. The validity of the appr
as finally shown by the applicability of the deactivation
etics developed to simulation of the time courses in a pr
al batch bioreactor operation for relatively high produc
ate of calcium gluconate. The operating conditions for
rocess were very different from those for the experim
n deactivation kinetics.
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Fig. 1. Time courses of apparent effectiveness factor of GO,αapp under
various initial glucose concentrations,CG,0 and pH values: 30◦C, fractional
volume of gel beads: 0.01, superficial air velocity: 1 cm/s. (�) pH 5.0,CG,0

4 g/l; (�) pH 6.0,CG,0 4 g/l; (�) pH 7.0,CG,0 2 g/l; (
) pH 7.0,CG,0 4 g/l;
(♦) pH 7.0,CG,0 10 g/l; (©) pH 7.0,CG,0 20 g/l.

According to the above approach, the rate of decrease in
GO activity can be expressed as the first-order with respect
to the immobilized GO concentrationCE as shown inEq. (8)
[16]:

−dCE

dt
= kd,ECE (8)

wherekd,E is the first-order rate constant of GO deactivation.
Substitution ofEq. (7) into Eq. (8) gives Eq. (9a)for the
determination ofkd,E from measuring the progressive change
in αapp:

−dαapp

dt
= kd,Eαapp (9a)

or

αapp = α
app
0 exp(−kd,Et) = α0 exp(−kd,Et) (9b)

Based onEq. (9b), thekd,E value under any set of operating
conditions was determined from the two values ofαappat the
start and end of every 24 h reaction.Fig. 1 shows the time
courses ofαapp in the form of a semi-log plot. In the figure,
the slope of straight line for every 24 h reaction gives the re-
spectivekd,E value under the corresponding set of operating
conditions such as the glucose and hydrogen peroxide con-
centration, gel beads loading, pH and superficial air velocity
d

o at a
c
v d by
t of hy-
d ore,
F lmost
n ct of
t
r
F ge

Fig. 2. Effects of hydrogen peroxide concentrationCP and pH value on
deactivition rate constant of GO,kd,E: 30◦C, fractional volume of gel beads:
0.01, superficial air velocity: 1 cm/s. (a) Effect ofCP on kd,E: (�) pH 5.0,
CG,0 4 g/l; (�) pH 6.0,CG,0 4 g/l; (�) pH 7.0,CG,0 2 g/l; (
) pH 7.0,CG,0

4 g/l; (♦) pH 7.0,CG,0 10 g/l; (©) pH 7.0,CG,0 20 g/l. (b) Effect of pH on
kd,E/CP.

of its observed values during every 24 h reaction. In the fig-
ure, the range of variation in the observedCP values is shown
like the error bar. An effect of pH on thekd,E value is then
represented by correlating the slopea of linear relationship
betweenkd,E andCP in Fig. 2(a) in the form of lna versus
pH as shown inFig. 2(b). Finally, the correlation ofkd,E with
CP and pH can be expressed as inEq. (10). Substitution of
Eq. (10)into Eq. (8)gives the deactivation rate expression of
the immobilized GO as shown inEq. (11):

kd,E = 1.13× 10−6 exp(0.657 pH)CP (10)

−dCE

dt
= kd,ECE = 1.13× 10−6 exp(0.657 pH)CPCE (11)

The other gel beads loadings (fractional volume: 0.16 and
0.30) and superficial air velocity (4 cm/s) were found to give
thekd,E values represented byEq. (10).

3.2. Determination of deactivation rate for immobilized
manganese dioxide

The hydrogen peroxide decomposition is catalyzed by the
immobilized MnO2 as shown inEq. (2). It was found in our
uring the reaction.
An almost constant value of slope, that is,kd,E can be

btained from the data for a whole reaction time of 96 h
onstant pH according toEq. (9b). This suggests that thekd,E
alue is mainly governed by the pH value and less affecte
he other operating variables such as the concentration
rogen peroxide which is known to inactivate GO. Theref
ig. 1 suggests that the glucose concentration exerts a
o effect on the GO deactivation rate constant. An effe

he hydrogen peroxide concentrationCP on thekd,E value was
epresented by correlatingkd,E linearly withCP as shown in
ig. 2(a). The value ofCP was obtained as the time-avera
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previous work[4] that the intrinsic reaction rate is the first-
order with respect to hydrogen peroxide and the overall re-
action rate expressed byEq. (12):

−dCP

dt
= α′kPCP (12)

wherekP is the intrinsic first-order rate constant being propor-
tional to the MnO2 concentration,CM andα′ the effectiveness
factor for the immobilized MnO2. The apparent first-order
rate constantα′kP can be determined from the observed time
course ofCP in the reaction solution suspending the immo-
bilized GO plus MnO2 gel beads. The effectiveness factor
α′ can be calculated based on the effectiveness factor the-
ory with the Thiele modulus[4]. Thus, thekP value can be
obtained from the ratio of the correspondingα′kP toα′ values.

The activity change of the immobilized MnO2 is known
to be caused by the reduction of MnO2 to manganese oxide
(MnO) or manganese ion (Mn2+) in an acidic condition[4]
as shown inEq. (13):

MnO2
2H+
−→ MnO + H2O

2H+

−→ Mn2+ + 2H2O (13)

The rate of reaction (13) was assumed to be the first-order
reaction with respect to the MnO2 concentrationCM at a
constant pH as shown inEq. (14):

−

w
t
C

−
o

k

T -
t the
a e of
k

on
a with
t alysis
o
e ions.
F
p ., the
k t for
t
M
v r-
r
a
T

Fig. 3. Time courses of hydrogen peroxide decomposition rate constant,kP

under different initial glucose concentration,CG,0 and pH values: 30◦C,
fractional volume of gel beads: 0.01, superficial air velocity: 1 cm/s. (�) pH
5.0,CG,0 4 g/l; (�) pH 6.0,CG,0 4 g/l; (�) pH 7.0,CG,0 2 g/l; (
) pH 7.0,
CG,0 4 g/l; (♦) pH 7.0,CG,0 10 g/l; (©) pH 7.0,CG,0 20 g/l.

Eq. (17)in terms ofkP:

kd,M = 5.26× 10−4 exp(−0.811 pH) (16)

−dkP

dt
= kd,MkP = 5.26× 10−4 exp(−0.811 pH)kP (17)

3.3. Simulation of prolonged batch operation in airlift
bioreactor

The kinetic models for the immobilized GO and MnO2
deactivations, which are shown inEqs. (11) and (17), were
applied to the simulation of a 20 h batch operation at a
high initial glucose concentration in an external loop airlift
bioreactor. The operating conditions and the initial values
of the related kinetic parameters in the operation are shown
in Table 1. The simulation model equations are shown in
Eqs. (18)–(26), including the reaction kinetics[2,4,6], the
gas–liquid and liquid–solid oxygen transfer[3,5], and the

F
f

dCM

dt
= kd,MCM (14)

herekd,M is the first-order rate constant of the MnO2 deac-
ivation. SincekP is proportional to the MnO2 concentration
M [4], Eq. (14)can be reduced to the following (Eq. (15a)):

dkP

dt
= kd,MkP (15a)

r

P = kP,0 exp(−kd,M t) (15b)

hus, the MnO2 deactivation rate constantkd,M can be de
ermined by measuring its variation with reaction time in
irlift bioreactor operation in the same way as in the cas
d,E.

In Fig. 3, the values ofkP measured for every 24 h reacti
re shown as a function of the operation time up to 48 h

he various operating conditions as parameters. The an
f the data based onEq. (15b)gives the values ofkd,M for
very 24 h reaction under the various operating condit
ig. 3 indicates that the activity change of MnO2 is inde-
endent of the glucose concentration and the slope, i.e
d,M value for the first 24 h reaction is nearly equal to tha
he second one, suggesting almost no influence ofCP on the
nO2 deactivation.Fig. 4 shows the logarithm of thekd,M

alues as a function of pH. Thekd,M value is found to be co
elated with the pH value only irrespective of theCP value
s shown inEq. (16). The range ofCP is seen inFig. 2(a).
hen the deactivation rate expression for MnO2 is given by
ig. 4. Effect of pH value on deactivition rate constant of MnO2,kd,M: 30◦C,
ractional volume of gel beads: 0.01, superficial air velocity: 1 cm/s.
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deactivation kinetics obtained above

dCG

dt
= − αCEkCATC∗

O

kmO + (C∗
O + C∗

P)(1 + kmG/CG)

1

1 + VL/VS
(18)

dCO

dt
= kLa(COi − CO) − kSaS(CO − C∗

O)
VS

VL
(19)

dCP

dt
= kSaS(C∗

P − CP)
VS

VL
(20)

dC∗
O

dt
= kSaS(CO − C∗

O)

α
+ α′kPC∗

P

2α

− CEkCATC∗
O

kmO + (C∗
O + C∗

P)(1 + kmG/CG)
(21)

dC∗
P

dt
= α

α′
CEkCATC∗

O

kmO + (C∗
O + C∗

P)(1 + kmG/CG)

− kSaS(C∗
P − CP)

α′ − kPC∗
P (22)

−dCE −6

−

k

k

E a-
t
k ed.
T
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w r the
b to
r ribed
e files
o and
c n
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o and
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o e
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t n the
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Fig. 5. Comparison of observed and calculated time courses of calcium glu-
conate production in 20 h prolonged bioreactor operation under operating
condition shown inTable 1. Keys indicate observed results and lines calcu-
lated ones. (a) Time courses of substrates and products concentrations; (b)
time courses of GO and MnO2 activities.

operation as shown in the simulated time course inFig. 5(a).
The reason might be the existence of the brown manganese
ion (Mn2+) formed from MnO2 due to reaction (13) in the
reaction solution. The brown color caused by the Mn2+ ac-
cumulated in the later stage of the operation increased the
absorbance of the sampled solution for the hydrogen perox-
ide analysis using titanium sulfate method[4], resulting in an
inaccuracy of the determination ofCP.

For the time course of dissolved oxygen concentration,
the simulated result shows the higher concentrations than the
observed one until the reaction is close to completion (from
16 to 20 h). The measured hydrogen peroxide concentrations
are supposed to be correct during the first 12 h operation from
a good agreement between their observed and simulated val-
ues. Therefore, the measured dissolved oxygen concentration
should have shown a higher level at least for this period be-
cause of the mass balance of oxygen. In our previous study,
the simulated dissolved oxygen concentrations well agreed
the observed data at a low initial glucose concentration (4 g/l)
during a limited period (15 min)[4]. In the present prolonged
operation, the reaction was carried out at about 10-fold higher
initial glucose concentration (38.8 g/l). The high glucose con-
centration might generate an osmotic pressure and/or more
dt
= 1.13× 10 exp(0.657 pH)CPCE (23)

dkP

dt
= 5.26× 10−4 exp(−0.811 pH)kP (24)

La = 1.026U1.208
G (25)

S = 0.0180U0.276
G (26)

qs. (18)–(26)contain nine differential or algebraic equ
ions and nine unknown parametersCG,CO,CP, C∗

O, C∗
P,CE,

P, kLa, andkS. Thus the converged solutions are obtain
he time-dependent parameters inEqs. (18)–(24)were
olved using Mathematica. The initial effectiveness fac
0 andα0

′ for the immobilized GO and MnO2, respectively
ere determined before the gel beads were used fo
ioreactor operation. The values ofα andα′ were assumed
emain constant during the prolonged operation as desc
arlier. The observed and simulated concentration pro
f glucose, dissolved oxygen and hydrogen peroxide
alcium gluconate are shown inFig. 5(a). The deactivatio
rofiles of the immobilized GO and MnO2 are shown in
ig. 5(b). Fig. 5(a) shows that the simulated time cour
f the glucose, dissolved oxygen, hydrogen peroxide
alcium gluconate concentrations fairly agree with
bserved one.Fig. 5(b) indicates that the simulated tim
ourses of the deactivations rates of both immobilized
nd MnO2 also fairly agree with the observed ones.

For the time course of hydrogen peroxide concentra
he observed result shows the higher concentrations tha
imulated one during the final 4 h period. The hydrogen
xide concentration should be close to zero near the end
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Fig. 6. Effects of initial GO and MnO2 concentrations on deactivation rates:
(a) initial GO concentration effect on deactivation rates; (b) initial MnO2

concentration effect on deactivation rates.	CE and	kP indicate the de-
creases inCE andkP after 20 h operation, respectively. Operating conditions
are the same as in 20 h prolonged bioreactor operation. The present deac-
tivation kinetics is assumed to hold within the ranges ofCE,0 andCM,0

examined.

viscous flow on the membrane of the polarographic DO sen-
sor. Such phenomena retarding the oxygen transport to the
membrane might be responsible for the measured low oxygen
concentrations. This hypothesis will be tested in the future
prolonged operations at the higher glucose concentrations.

3.4. Effect of GO and MnO2 concentrations on
deactivation rate

The effects of the concentrations of GO and MnO2 immo-
bilized in the gel beads on the deactivation rates were eval-
uated for the prolonged operation. The deactivation rates of
immobilized GO and MnO2 after 20 h operation were simu-
lated using the model equations (Eqs. (18)–(26)) with varying
initial immobilized concentrations of GO and MnO2 under
the same operating condition as shown inTable 1. Fig. 6(a)
shows that the deactivation rate of GO increases with increas-
ing initial GO concentration while the deactivation rate of
MnO2 is almost independent of the concentration.Fig. 6(b)

shows that the deactivation rate of GO significantly decreases
with increasing initial MnO2 concentration. In more detail,
the rate more rapidly decreases when the MnO2 concentration
increases from 0 to 3 wt.%, and then it decreases in a moderate
way with increasing MnO2 from 3 to 7 wt.%. After the MnO2
concentration is over 7 wt.% only a limited effect on the de-
activation rate of GO is observed. The deactivation of GO is
caused by the attack of hydrogen peroxide and the purpose
of immobilizing MnO2 is to decompose hydrogen peroxide
and to decrease the deactivation rate of GO. The initial con-
centration of MnO2 immobilized in the gel beads (8 wt.%)
used in the present prolonged batch operation seems to be in
an excess of the catalyst loading. Since the deactivation rate
of MnO2 steadily increases with the MnO2 concentration as
shown inFig. 6(b), an excessive MnO2 concentration leads
to a higher deactivation rate of MnO2 without any more pos-
itive action on reducing the hydrogen peroxide level. Thus,
to efficiently utilize the immobilized MnO2, its concentra-
tion should be such a range as exerts the moderate enhance-
ment effect on GO deactivation, i.e., around 3–7 wt.%, for
the initial GO concentration (2.46× 10−3 mmol/l) used in
the present prolonged batch reaction. Thus, it is shown that
the bioreactor simulation model given byEqs. (18)–(26)com-
bining the deactivation models with the previous reaction and
mass transfer models can be used to choose an appropriate
r r
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. Conclusion

1) The deactivation kinetics of the immobilized GO w
clarified for the calcium gluconate production in an
ternal loop airlift bioreactor. A new parameter, the
parent effectiveness factorαapp, was proposed to chara
terize uniquely the deactivation rate of the immobili
GO. The effects of the pH value and hydrogen pero
concentration on the GO deactivation rate constant
empirically correlated to develop the deactivation mo

2) The deactivation kinetics of the immobilized MnO2 was
also analyzed by determining the progressive chan
the first-order rate constant for hydrogen peroxide
compositionkP. The MnO2 deactivation rate consta
was correlated with the pH value in the developed mo

3) The 20 h prolonged operation at high initial glucose c
centration was simulated using the previous mass tra
and reaction model taking into account the deactiva
models developed. A fair agreement was obtained
tween the simulated and observed time courses o
substrates and products concentrations. An optimal
of the amounts of MnO2 and GO in the gel bead w
obtained by applying the simulation model.

4) It is therefore demonstrated that the deactivation m
developed in this work can be applied to the prac
design and optimization of the proposed bioreaction
cess, or to the evaluation of the deactivation properti
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the immobilized oxidative or other genetically modified
enzymes.
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