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Abstract

The kinetic studies on air oxidation of glucose catalyzed by free and immobilized glucose oxidase were carried out in the gluconate
buffer solution prepared to develop an efficient production of calcium gluconate crystals. The optimal pH, temperature and gluconate
concentration as well as the kinetic parameters in the Michaelis–Menten rate expression were determined for the free enzyme reaction in
an airtight batch reactor. The fine manganese dioxide particles were entrapped together with glucose oxidase within the calcium alginate
gel beads to decompose hydrogen peroxide produced in the oxidation. The various gel beads containing different concentrations of the
enzyme and/or manganese dioxide particles were prepared. The intrinsic kinetics for the immobilized glucose oxidase with no peroxide
inhibition were assumed to be the same as those for the free enzyme. The liquid–solid mass transfer around the gel beads suspended in the
airtight reactor as well as the competitive inhibition effect of hydrogen peroxide were taken into account for the gel beads. A method to
determine the effectiveness factor α and hydrogen peroxide inhibition constant KI for the immobilized glucose oxidase was proposed based
on the observed time course of dissolved oxygen concentration. The values of the constant KI were found to be almost equal to those of the
Michaelis constant KM. The rate constant for hydrogen peroxide decomposition kP as well as the corresponding effectiveness factor α′ were
also determined from the time course of hydrogen peroxide concentration in a separate batch reactor. Both determinations proposed were
verified by comparing the observed prolonged time courses of the dissolved oxygen and hydrogen peroxide concentrations in the reactor
with those calculated by solving simultaneously the kinetic and mass transfer equations with the parameters obtained. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Gluconic acid and its derivatives have become important
chemicals in the pharmaceutical, food and general industrial
chemical fields since it became available in commercial
quantities in 1930s. The processes for the production of glu-
conic acid can be divided into three categories: the homo-
geneous catalytic, heterogeneous catalytic and biochemical
processes, among which the last one is the dominant com-
mercial process at present [1–4]. Calcium gluconate, one of
the most important derivatives of gluconic acid, occurs as
fine, white crystalline needles with low solubility in water
compared to alkaline gluconates. The present recovery of
calcium gluconate is through crystallization from a concen-
trated calcium gluconate aqueous solution which is prepared
by neutralization of the produced gluconic acid with calcium
carbonate followed by an evaporation operation. To reduce
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not only the environmental contamination such as wastew-
ater emission containing residual nutrients and byproducts
but also the technical complication involved in the fermen-
tation process, a new environment friendly process using
air oxidation of glucose catalyzed by immobilized glucose
oxidase (GO) has attracted much attention through research
and development of the various means of immobilization
and their use in the various bioreactors in the past two
decades [5–14].

The authors’ previous works on the air oxidation of glu-
cose catalyzed by GO immobilized in the calcium alginate
gel beads [12–14] have led to proposal of the following
new simultaneous reaction and product recovery process.
The process consists of the two external loop airlift bubble
columns in series. In the first airlift, the immobilized GO
gel beads are suspended in the reaction solution contain-
ing glucose and calcium gluconate under air sparging with
addition of calcium hydroxide aqueous slurry for an opti-
mal pH adjustment to produce calcium gluconate in a con-
centration high enough to recover it by crystallization. The
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Nomenclature

aS specific surface area of gel beads,
aS = 6/dP (1/m)

bO apparent first-order rate constant for
glucose oxidation in liquid phase without
decomposition of hydrogen peroxide (1/s)

b′
O apparent first-order rate constant for

glucose oxidation in liquid phase with
decomposition of hydrogen peroxide (1/s)

bP apparent first-order rate constant for
decomposition of hydrogen peroxide
in liquid phase (1/s)

CE glucose oxidase concentration (mol/m3)
CG,0 initial glucose concentration (mol/m3)
CM manganese dioxide particle

concentration (wt.)
CO dissolved oxygen concentration

in liquid bulk (mol/m3)
C∗

O dissolved oxygen concentration at gel
bead surface (mol/m3)

CO,0 initial dissolved oxygen concentration
in liquid bulk (mol/m3)

CP hydrogen peroxide concentration
in liquid bulk (mol/m3)

C∗
P hydrogen peroxide at gel bead

surface (mol/m3)
CP,0 initial hydrogen peroxide concentration

in liquid bulk (mol/m3)
dP average diameter of gel bead (m)
DO dissolved oxygen concentration (mol/m3)
DeO effective oxygen diffusion coefficient

in gel beads (m2/s)
DeP effective hydrogen peroxide diffusion

coefficient in gel beads (m2/s)
GO glucose oxidase
kCAT rate constant for free glucose oxidase (1/s)
kmG Michaelis constant with respect to

glucose for free glucose oxidase (mol/m3)
kmO Michaelis constant with respect to oxygen

for free glucose oxidase (mol/m3)
kO first-order rate constant of glucose

oxidation in gel beads (1/s)
kP first-order rate constant of hydrogen

peroxide decomposition in gel
beads (1/s)

kS liquid–solid mass transfer coefficient
around gel beads (m/s)

kSO oxygen liquid–solid transfer coefficient
around gel beads (m/s)

kSP hydrogen peroxide liquid–solid transfer
coefficient around gel beads (m/s)

KI competitive inhibition constant due to
hydrogen peroxide (mol/m3)

KM apparent Michaelis constant with respect
to oxygen for free glucose oxidase,
KM = kmO/(1 + kmG/CG) (mol/m3)

MnO2 manganese dioxide
rP average radius of gel bead, rP = 1

2 dP (m)
t time (s)
VL liquid volume (m3)
VM apparent maximum reaction rate for

free glucose oxidase, VM = kCATCE/

(1 + kmG/CG) (mol/m3 s)
VS gel beads volume (m3)
wt. weight fraction

Greek letters
α effectiveness factor for immobilized

glucose oxidase
α′ effectiveness factor for immobilized

manganese dioxide
α′kP apparent rate constant of hydrogen peroxide

decomposition (1/s)
φS,O Thiele modulus for first-order rate glucose

oxidation, φS,O = 1
3 rP

√
kO/DeO

φS,P Thiele modulus for first-order rate
decomposition of hydrogen peroxide,
φS,P = 1

3 rP
√

kP/DeP

ρS gel beads density (kg/m3)

highly concentrated calcium gluconate solution produced in
the first airlift is fed into the second airlift in which the
product is crystallized for its recovery. The mother liquid in
the second airlift is recycled to the first bioreactor. Hence,
feed of solid glucose to the first airlift with simultaneous re-
moval of calcium gluconate crystals from the second airlift
realizes a continuous production of the crystals with negli-
gible wastewater emission as well as no need of energy to
concentrate the product solution for crystallization.

The present reaction kinetic study is an important part of
the proposed process since the reaction is required to take
place in the new calcium gluconate buffer solution contain-
ing calcium gluconate and gluconic acid under the optimal
pH, gluconate concentration and temperature as opposed
to the reaction in the sodium acetate buffer solution with
potassium hydroxide used to keep an optimal pH value in
the previous studies [12–14]. The previous system results in
the product solution including the different kinds of species
other than calcium gluconate desired and in difficulty in
crystallization of the mixed alkaline gluconates produced
due to their higher solubility in water compared to calcium
gluconate. The immobilized GO gel beads used in this work
are also improved by entrapping the more inexpensive and
active manganese dioxide particles instead of catalase or
palladium particles used in the previous works [12–14] to
decompose the byproduct hydrogen peroxide having an in-
hibitory effect on GO.
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The purpose of this study is (a) to determine the optimal
pH value, temperature and gluconate buffer concentration as
well as the kinetic parameters in Michaelis–Menten expres-
sion for air oxidation of glucose catalyzed by free GO in the
gluconate buffer solution, (b) to determine the liquid–solid
mass transfer coefficient around the gel beads suspended in
an airtight batch reactor for the kinetic analysis on the im-
mobilized GO gel beads, (c) to propose a simplified method
not only for determination of the effectiveness factor and
hydrogen peroxide inhibition constant in the immobilized
GO, but also for determination of the effectiveness factor
and hydrogen peroxide decomposition rate constant in the
immobilized manganese dioxide and (d) to verify the deter-
mined parameters by comparing the observed time courses
of the dissolved oxygen (DO) and hydrogen peroxide con-
centrations in the airtight reactor with those obtained by
solving numerically the simultaneous kinetic and mass
transfer equations.

2. Experimental

2.1. Materials and catalysts

The enzyme used is GO originated from Aspergillus
niger. The catalyst used for decomposing hydrogen perox-
ide (H2O2) is fine manganese dioxide particles (MnO2) of
a commercial reagent grade. The calcium alginate gel beads
entrapping GO and/or fine manganese dioxide particles
were prepared in the same way as in the previous studies
[12–14]. Several kinds of gel beads shown in Table 1 were
prepared and used as follows:

1. The gel beads A entrapping GO only were used for deter-
mination of the liquid–solid mass transfer coefficient kS
of the gel beads suspended in the airtight batch reactor.

2. The gel beads Bs entrapping fine MnO2 particles only
were used for determination of the effectiveness fac-
tor α′ and rate constant kP for hydrogen peroxide

Table 1
Physical properties and applications of various gel beads prepared by entrapping GO and/or MnO2 particles

Gel beads CE × 103 (mol/m3) CM (wt.) ρS (g/cm3) dP (cm) Applications

A 7.62 0 1.02 0.248 kS determination
B1 0 0.08 1.07 0.240 α′ and kP determination
B2 0 0.06 1.07 0.260
B3 0 0.04 1.05 0.260
B4 0 0.02 1.03 0.263
C1 4.06 0.08 1.07 0.260 α and KI determination under different GO concentrations
C2 1.73 0.08 1.07 0.279
C3 0.620 0.08 1.07 0.256
C4 0.478 0.08 1.07 0.261
C5 0.347 0.08 1.05 0.258
D 5.84 0.04 1.05 0.253 (1) α and KI determination under different pH values and
D 5.84 0.04 1.05 0.253 glucose concentrations; (2) verification of kinetic parameters
D 5.84 0.04 1.05 0.253

decomposition catalyzed by the immobilized MnO2
particles.

3. The gel beads Cs entrapping the constant MnO2 concen-
tration and different GO concentrations were used for
determination of the effectiveness factor α and competi-
tive hydrogen peroxide inhibition constant KI as well as
α′ and kP.

4. The gel beads D entrapping the constant concentra-
tions of both GO and MnO2 particles were used for
determination of α and KI under the different glucose
concentrations and pH values. The gel beads D was also
used to obtain the time courses of the DO and hydrogen
peroxide concentrations for a prolonged reaction time
to verify the kinetic parameters determined under the
different operating conditions.

2.2. Determination of kinetic parameters for
glucose oxidation catalyzed by free GO

The gluconate buffer solution with a constant pH value
and gluconate concentration was prepared by appropriately
mixing two standard aqueous solutions of gluconic acid
and calcium gluconate having the same gluconate anion
concentration. Fig. 1 shows how to prepare the calcium
gluconate buffer solution with a constant pH value at the
gluconate concentrations of 0.001, 0.01 or 0.1 M. The stan-
dard gluconic acid and calcium gluconate solutions were
prepared from 50% gluconic acid aqueous solution (com-
mercial reagent grade) and calcium gluconate monohydrate
crystals (commercial reagent grade), respectively.

The glucose oxidation catalyzed by free GO was kineti-
cally carried out in a 100 ml airtight Erlenmeyer flask reac-
tor by measuring the time course of DO concentration with
a polarographic DO sensor under the various temperatures,
pH values, glucose and gluconate concentrations. After 1 ml
GO solution with a known concentration was added, the DO
concentration was followed every 10 s until it was lower than
0.5 mg/l.
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Fig. 1. Preparation of calcium gluconate buffer solution with different pH
values and gluconate concentrations.

2.3. Determination of liquid–solid mass transfer
coefficient kS of gel beads

The kinetic experiment using the same airtight Erlen-
meyer flask fitted with DO sensor as in the free GO reaction
above was carried out to determine the liquid–solid mass
transfer coefficient kS around the gel beads using the gel
beads A entrapping with GO only. An effect of the stirring
speed on the time course of the DO concentration was exam-
ined to determine the critical stirring speed over which there
was no increase in the oxygen consumption rate. All the fol-
lowing experiments were carried out at the critical stirring
speed. The experimental procedure was shown below.

2.4. Determination of kinetic parameters for glucose
oxidation catalyzed by immobilized GO gel beads

The same airtight Erlenmeyer flask fitted with DO sensor
as above was used to determine the effectiveness factor α

Fig. 2. Applicability of titanium sulfate method for analysis of hydrogen peroxide in presence of glucose.

and hydrogen peroxide inhibition constant KI for the im-
mobilized GO plus MnO2 particles gel beads (Cs and D).
Almost the same experimental procedure as in the free GO
reaction was followed to measure the time courses of DO
concentrations using 5 g of gel beads instead of 1 ml of free
GO solution. The reaction time was limited to the initial
3 min for a simplified initial rate analysis.

2.5. Determination of kinetic parameters for H2O2
decomposition catalyzed by immobilized MnO2 gel beads

The experiment for determination of the kinetic para-
meters for hydrogen peroxide decomposition was carried
out by adding a known amount of hydrogen peroxide
into the gluconate buffer solution in the same Erlenmeyer
flask reactor as above. The reactor was not airtight and
no glucose was added. The samples were taken every
2 min during the reaction for 10 min. The concentration of
hydrogen peroxide was measured by using enzymatic
method described in [12–14]. The values of apparent rate
constant α′kP were obtained for the gel beads Bs, Cs and
D. The gel beads Bs containing the different MnO2 concen-
trations were used to determine their effect on α′ and kP.

2.6. Overall time course of glucose oxidation catalyzed by
immobilized GO plus MnO2 gel beads in airtight reactor

The same kinetic experiment as in the determination of α

and KI described above was carried out using the gel beads
D for about 15 min until the DO concentration decreased
below 1

10 of the initial value. The concentration of glucose
was determined by the enzymatic method. The hydrogen
peroxide concentration was determined by using the tita-
nium sulfate method cited from [15] due to the presence of
glucose in the reaction solution. The method involved react-
ing a sample which contains low hydrogen peroxide concen-
tration (1–15 mg/l) with 0.6 wt.% titanium sulfate aqueous
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solution to produce a yellow peroxo-complex. The colored
sample was then analyzed by spectrophotometer at 405 nm.
The absorbance was correlated with the hydrogen peroxide
concentration in the sample, which was determined in the
absence of glucose by the enzymatic method. The determi-
nation was found not to be influenced by the presence of
glucose as shown in Fig. 2.

3. Results and discussion

3.1. Kinetics for oxidation of glucose catalyzed by free GO

The glucose oxidation catalyzed by free GO is as follows:

Glucose + O2 + H2O
GO→ Gluconic acid + H2O2 (1)

Fig. 3 shows the effects of pH, buffer solution concen-
tration and temperature on the time courses of the free
GO-catalyzed reaction. Fig. 3(a) shows that the pH range
from 5 to 6 is the optimal one while both the higher and lower
pH lead to the slower reaction rates. Fig. 3(b) indicates that
the higher buffer concentration is more favorable due to its
greater capacity to keep pH value constant. Fig. 3(c) suggests
that the optimal temperature is chosen to be 303 K taking ac-
count of enzyme activity decay. Thus, the optimal reaction
conditions for the free GO-catalyzed reaction are pH value of
5, 0.1 M gluconate buffer solution and temperature of 303 K.

The oxygen consumption rate in reaction (1) is rep-
resented by the Michaelis–Menten equation as shown in
Eq. (2) [12–14]:

−dCO

dt
= VMCO

CO + KM
(2)

where the apparent Michaelis constant KM = kmO/

(1 + kmG/CG) and maximum reaction rate VM =
kCATCE/(1 + kmG/CG) for the oxygen consumption were
determined from the linear plot based on the integrated form
of Eq. (2) with constant values of both CE and CG. The
kinetic parameters kCAT and kmG were determined from the
linear plot of CE/VM vs. 1/CG based on the rearranged
form of VM expression as shown in Eq. (3):

CE

VM
= 1

kCAT
+ kmG

kCAT

1

CG
(3)

Hence, the parameter kmO was determined from the rela-
tionship kmO = (KMCE/VM)kCAT. Figs. 4(a) and (b) show
the linear plots for determination of Michaelis parameters
kCAT and kmG under different pH values and temperature,
respectively. The parameter values obtained are summa-
rized in Table 2. The Michaelis–Menten parameters in the
acetate buffer solution [12] were also listed in Table 2 for
comparison with those in the gluconate buffer solutions.

Fig. 3. Effect of operating conditions on time courses of free GO-catalyzed
reaction (CG,0 = 4 kg/m3 and CE = 1.35 × 10−5 mol/m3).

3.2. Determination of liquid–solid mass transfer
coefficient kS around gel beads

The mass transfer effect with respect to the sparingly sol-
uble substrate should be taken into account in the most im-
mobilized enzyme systems [8]. Therefore, the liquid–solid
mass transfer coefficient kS of the gel beads in the airtight
reactor was determined under the critical stirring speed us-
ing the gel beads A. Since the concentration of hydrogen
peroxide produced in reaction (1) increases to a harmful
level in their prolonged and repeated use, the gel beads A
has a limited stability of GO activity and can be used in a
short time for determination of the kS value. The simultane-
ous mass transfer and reaction model for the immobilized
GO-catalyzed reaction with no decomposition of hydrogen
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Fig. 4. Linear plots of Eq. (3) for determination of Michaelis parameters for free GO-catalyzed reaction under different pH values and temperatures.
Intercept and slope correspond to 1/kCAT and kmG/kCAT, respectively.

Table 2
Kinetic parameters for oxidation of glucose catalyzed by free GO

pH Temperature (K) Buffer solution (–) kCAT × 10−3 (1/s) kmO × 103 (kmol/m3) kmG × 10 (kmol/m3)

Effect of pH
5.0 303 0.1 M gluconate 4.32 2.21 2.48
6.0 303 0.1 M gluconate 3.59 2.76 2.25
7.0 303 0.1 M gluconate 2.58 2.72 2.19
Effect of temperature
5.0 293 0.1 M gluconate 2.04 1.40 1.98
5.0 298 0.1 M gluconate 2.92 1.72 2.21
5.0 303 0.1 M gluconate 4.32 2.21 2.48
Effect of buffer solution
6.0 303 0.1 M gluconate 3.59 2.76 2.25
6.0 303 0.1 M acetate 1.28 1.11 2.28
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Fig. 5. Simultaneous reaction and mass transfer model for immobilized
GO gel beads without MnO2 particles.

peroxide is shown in Fig. 5. The pseudo-steady-state oxy-
gen and hydrogen peroxide balances between the liquid
bulk and the gel beads are shown in Eqs. (4) and (5):

−dCO

dt
= kSOaS(CO − C∗

O)
VS

VL
= αVMC∗

O

C∗
O + KM

VS

VL
(4)

dCP

dt
= kSPaS(C∗

P − CP)
VS

VL
= αVMC∗

O

C∗
O + KM

VS

VL
(5)

where α is the effectiveness factor for the immobilized GO,
C∗

O and C∗
P are the DO and hydrogen peroxide concentrations

at the gel beads surface, respectively, and kSO and kSP are the
oxygen and hydrogen peroxide mass transfer coefficients,
respectively.

The observed time courses of the logarithmic-DO con-
centration are shown in Fig. 6 for the gel beads A under the
constant glucose concentration and pH value. The good lin-
earity in the plots of ln(CO/CO,0) vs. t indicates that the

Fig. 6. Time courses of logarithmic-DO concentration for the gel beads A.

first-order kinetics in the liquid bulk apparently holds for
the immobilized GO-catalyzed reaction, i.e., −dCO/dt =
bOCO, where bO is the apparent first-order rate constant. This
suggests that the intrinsic reaction in the gel beads phase is
also the first-order as shown in Eq. (6):

−dCO

dt
= bOCO = αkOC∗

O
VS

VL
= kSOaS(CO − C∗

O)
VS

VL

= VS/VL

(1/kSOaS) + (1/αkO)
CO,

bO = VS/VL

(1/kSOaS) + (1/αkO)
(6)

where kO is the intrinsic first-order rate constant in the gel
beads phase. Apparently, the intrinsic first-order rate expres-
sion in Eq. (6) is inconsistent with the Michaelis–Menten
rate equation for the immobilized GO reaction as shown in
Eqs. (4) and (5). Thus, the competitive inhibition effect due
to hydrogen peroxide was taken into consideration as shown
in Eq. (7):

−dCO

dt
= αVMC∗

O

C∗
O + KM(1 + C∗

P/KI)

VS

VL
(7)

where KI is the competitive inhibition constant of hydrogen
peroxide to immobilized GO. As the reaction proceeds, an
increase in the interfacial hydrogen peroxide concentration
C∗

P in the inhibition term (1 + C∗
P/KI) is assumed to com-

pensate a decrease in the interfacial oxygen concentration
C∗

O so as to keep the value of the denominator in Eq. (7) a
constant. As a result, Eq. (7) is considered to be consistent
with the intrinsic first-order rate expression as shown in
Eq. (6). Rearranging the mass transfer equations in Eqs. (4)
and (5) gives the relationship between the interfacial and
liquid bulk concentrations C∗

P − CP = CO − C∗
O assum-

ing that the kSP value is almost equal to the kSO value.
Both kSP and kSO values are denoted by kS below. Com-
bining the equation with the overall mass balance equation
CP = CO,0 − CO in reaction (1) gives the relationship
C∗

P = CO,0 − C∗
O. Inserting this into Eq. (7) gives

−dCO

dt
= αVMC∗

O

C∗
O + KM[1 + (CO,0 − C∗

O)/KI]

VS

VL

= αVMC∗
O

(1 − KM/KI)C
∗
O + KM(1 + CO,0/KI)

VS

VL

= αVMC∗
O

KM + CO,0

VS

VL
= αkOC∗

O
VS

VL
,

kO = VM

KM + CO,0
(8)

where the term 1−KM/KI is eliminated to meet the intrinsic
first-order kinetics in the gel beads shown in Eq. (6). This
leads to the relationship of KI = KM. It physically means
that the affinity of hydrogen peroxide to the immobilized
GO is equal to that of oxygen. Thus, the effectiveness factor
for the intrinsic first-order reaction α can be calculated as
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Table 3
Determination of kS for immobilized GO gel beads A suspended in airtight reactor

CE × 103 (mol/m3) Temperature (K) pH (–) DeO × 109 (m2/s) φS,O (–) VM (mol/m3 s) KM (mol/m3) α (–) kS × 104 (m/s)

7.62 303 7.0 2.38 16.4 1.81 0.251 0.060 1.09

shown in Eq. (9):

α = 1

φS,O

[
1

tanh(3φS,O)
− 1

3φS,O

]
= 3/rP√

kO/DeO

×
[

1

tanh(rP
√

kO/DeO
− 1

rP
√

kO/DeO

]
(9)

where φS,O = 1
3 rP

√
kO/DeO is the first-order Thiele mod-

ulus and DeO the effective oxygen diffusion coefficient in
the gel beads. The value of DeO was assumed to be equal
to that in water and was cited from Ref. [19].

On the other hand, combining Eq. (8) with Eq. (6) gives
the following equation:

C∗
O = bOCO(CO,0 + KM)

αVM(VS/VL)
(10)

Rearranging Eqs. (4), (6) and (10) yields the expression for
calculation of kS as follows:

kS = −dCO/dt

aS(CO − C∗
O)(VS/VL)

= bO

aS(VS/VL) − aSbO(CO,0 + KM)/αVM
(11)

The value of bO of the gel beads A was determined from
the slope of the linear plot of ln(CO/CO,0) vs. t as shown
in Fig. 6. The values of kS and α determined are shown in
Table 3 together with those of DeO, VM, KM and φS,O.

3.3. Determination of effectiveness factor α and H2O2
inhibition constant KI for immobilized GO plus MnO2
gel beads taking account of H2O2 decomposition

The catalysts to decompose hydrogen peroxide-like cata-
lase, palladium or manganese dioxide particles have been
entrapped into the gel beads together with GO [12–14]
since the hydrogen peroxide produced in the reaction (1)
deactivates GO as described in the previous studies [16–18].
As listed in Table 1, the MnO2 concentration in the gel
beads was in the range 0.02–0.08 in weight fraction and the
GO concentration was 1–2 orders of magnitude higher than
those in the free GO reaction solution. The reaction scheme
for the immobilized GO plus MnO2 gel beads is represented
by the oxidation reaction (1) catalyzed by the immobilized
GO followed by the decomposition of hydrogen peroxide
catalyzed by the immobilized MnO2 as shown in Eq. (12):

H2O2
MnO2→ H2O + 1

2 O2 (12)

The observed time courses of the logarithmic-DO concen-
tration for the gel beads Cs and D are shown in Figs. 7

and 8, respectively. Fig. 7 indicates that the reaction rate
increases with increasing GO concentration under the con-
stant glucose concentration and pH value. Fig. 8 reveals that
the reaction rate increases with increasing glucose concen-
tration at the constant pH values as in the case of the free
GO reaction and also reveals that the effect of pH value on
the reaction rate catalyzed by the immobilized GO is differ-
ent from that on the rate of the free GO-catalyzed reaction.
The order of the reaction rate catalyzed by the immobilized
GO is seen to be pH 6 > pH 7 > pH 5, while the order by
the free GO was found to be pH 5 ≈ pH 6 > pH 4 > pH 7
as described earlier. In other words, the optimal pH value is
shifted from a pH range 5–6 for the free GO reaction to a
fixed pH value of 6 for the immobilized GO reaction. The
reason may be due to the difference in an effect of hydro-
gen peroxide on the GO-catalyzed reaction rate between
the free GO and immobilized GO reactions. The difference
may arise from that in the mass transfer effect and/or from
that in the level of GO concentration.

The good linearity in the plots of ln(CO/CO,0) vs. t

shown in Figs. 7 and 8 indicates that the apparent first-order
rate equation in the liquid phase also holds for the reaction
catalyzed by the immobilized GO together with the decom-
position of hydrogen peroxide, as shown by Eq. (13):

−dCO

dt
= b′

OCO (13)

where b′
O is the apparent first-order rate constant in the

liquid phase for the glucose oxidation together with the
decomposition of hydrogen peroxide.

A determination of the effectiveness factor α and compet-
itive inhibition constant due to hydrogen peroxide KI for the

Fig. 7. Time courses of logarithmic-DO concentration for the gel beads
Cs.
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Fig. 8. Time courses of logarithmic-DO concentration for gel beads D
under various pH values and glucose concentrations at 303 K.

Fig. 9. Simultaneous reaction and mass transfer model for immobilized GO plus MnO2 gel beads.

immobilized GO gel beads entrapping MnO2 particles was
proposed by using the observed time courses of DO concen-
trations. The simultaneous reaction and mass transfer model
for the immobilized GO-catalyzed reaction together with the
decomposition of hydrogen peroxide catalyzed by the im-
mobilized MnO2 is shown in Fig. 9. The pseudo-steady-state
mass balance equations for the DO and hydrogen peroxide
are expressed as shown in Eqs. (14) and (15), respectively.

−dCO

dt
= kSaS(CO − C∗

O)
VS

VL

= αVMC∗
O

C∗
O + KM(1 + C∗

P/KI)

VS

VL
− 1

2
α′kPC∗

P
VS

VL
(14)

dCP

dt
= kSaS(C∗

P − CP)
VS

VL

= αVMC∗
O

C∗
O + KM(1 + C∗

P/KI)

VS

VL
− α′kPC∗

P
VS

VL
(15)

Rearranging Eqs. (14) and (15) using Eq. (13) with the elimi-
nation of C∗

O and C∗
P gives the following ordinary differential

equation (16), where the value of the first-order rate constant
b′

O for each condition is determined from the slope of the
linear plots of ln(CO/CO,0) vs. t as shown in Figs. 7 and 8.(

1 + α′kP

2kSaS

)
dCP

dt
+ 1

2
α′kP

VS

VL
CP = b′

OCO,0 exp(−b′
Ot)

(16)

The time course of CP value can be obtained by solving
Eq. (16) analytically in the presence of the decomposition of
hydrogen peroxide whose rate constant α′kP is determined
as described below. Then, the time courses of C∗

P and C∗
O can

be obtained by solving simultaneously Eqs. (14) and (15)
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Table 4
Kinetic parameters for oxidation of glucose catalyzed by immobilized GO gel beads at 303 K

Gel beads CE × 103 (mol/m3) CG,0 (kg/m3) α (–) KI (mol/m3)

pH 5 pH 6 pH 7 pH 5 pH 6 pH 7

C1 4.06 4.0 0.0371 0.121
C2 1.73 4.0 0.0410 0.105
C3 0.620 4.0 0.0544 0.149
C4 0.478 4.0 0.0598 0.134
C5 0.347 4.0 0.0748 0.111
D 5.84 1.0 0.0532 0.104 0.118 0.0745 0.0952 0.0874
D 5.84 2.0 0.0404 0.0869 0.0985 0.169 0.199 0.185
D 5.84 4.0 0.0355 0.0684 0.0774 0.337 0.477 0.485
D 5.84 6.0 0.0276 0.0538 0.0622 0.340 0.470 0.253
D 5.84 10.0 0.0213 0.0404 0.0458 0.512 0.511 0.557

without the −dCO/dt and dCP/dt terms, respectively.
Rearranging Eq. (14) with Eq. (13) gives Eqs. (17a) and
(17b):

C∗
O + KM

KMC∗
P

= α
(VMC∗

O/KMC∗
P)(VS/VL)

b′
OCO + 1

2α′kPC∗
P(VS/VL)

− 1

KI
(17a)

Y = αX − 1

KI
(17b)

Then the linear plot of Y vs. X yields the α and KI values as
its slope and intercept, respectively. The α and KI values for
the gel beads Cs and D under the various pH values, glucose
and GO concentrations at 303 K are shown in Table 4. The
results indicate that (a) the α values decrease with increas-
ing glucose concentration at the constant pH values, (b) the
α values decrease with increasing immobilized GO concen-
tration at the constant pH and glucose concentration, and
(c) the α values increase with increasing pH values at the
constant glucose concentration. These finding are consistent
with the theory for effectiveness factor of catalytic particles.

The equality of KI to KM assumed for the reaction with-
out decomposition of hydrogen peroxide is verified by plot-
ting the KI values determined as a function of the KM values
as shown in Fig. 10. A good agreement between KI and KM
indicates the validity of KI = KM for the immobilized GO
plus MnO2 gel beads under the various pH values, glucose
concentrations, immobilized GO and MnO2 concentrations.
Even for the free GO-catalyzed reaction, this equality of KI
to KM should be available because the reaction rate is ex-
pressed in the same Michaelis–Menten form. However, the
first-order expression could not be applied to the observed
time courses in the free GO reaction as mentioned above.
This may be due to some difference in the competitive
inhibition of hydrogen peroxide between the free GO and
immobilized GO. Although the reason is not clear, it may be
due to the much higher GO concentration in the gel beads
compared to that in the free GO reaction and/or due to the
mass transfer effect in the gel beads. The experiments on
the competitive inhibition of hydrogen peroxide for the free

Fig. 10. Comparisons of KI and KM for the gel beads Cs and D under
various pH values and glucose concentrations at 303 K.

GO is under way and the results may give some answers to
the problem.

3.4. Determination of effectiveness factor α′ and rate
constant kP for H2O2 decomposition catalyzed by
immobilized MnO2 particles

The pseudo-steady-state rate process of decomposition of
hydrogen peroxide catalyzed by the immobilized MnO2 par-
ticles is expressed by the liquid–solid mass transfer followed
by the decomposition in the gel beads as shown in Eqs. (18)
and (19):

−dCP

dt
= kSaS(CP − C∗

P)
VS

VL
(18)

−dCP

dt
= α′kPC∗

P
VS

VL
(19)

where the intrinsic decomposition rate in the gel beads was
assumed to be the first-order with respect to the hydrogen
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peroxide with the rate constant of kP, α′ the effectiveness
factor for the immobilized MnO2 and C∗

P the hydrogen per-
oxide concentration at the gel beads surface. Rearranging
Eqs. (18) and (19) to eliminate C∗

P gives Eq. (20):

−dCP

dt
= VS/VL

(1/kSaS) + (1/α′kP)
CP = bPCP,

bP = VS/VL

(1/kSaS) + (1α′kP)
(20)

where the apparent first-order rate constant bP in the liquid
phase can be determined from the slope of the linear plot
of ln(CP/CP,0) vs. t . Thus, the apparent rate constant α′kP
is obtained by rearranging the expression of bP using the kS
value in Table 3.

α′kP = 1

(VS/VL)/bP − (1/kSaS)
(21)

The Thiele modulus φS,P and effectiveness factor α′ for the
first-order decomposition reaction are expressed as follows:

φS,P =
( rP

3

) √
kP

DeP
=

( rP

3

) √
α′kP

α′DeP
(22)

α′ = 1

φS,P

[
1

tanh(3φS,P)
− 1

3φS,P

]
= 3/rP√

α′kP/α′DeP

×
[

1

tanh rP
√

α′kP/α′DeP
− 1

rP
√

α′kP/α′DeP

]
(23)

where the effective diffusion coefficient of hydrogen per-
oxide in the gel beads DeP is assumed to be equal to that
in water and estimated as 2.55 × 10−9 m2/s according to
Ref. [19]. Thus, the value of α′ can be obtained by solving
Eq. (23) numerically for the only unknown parameter α′.

Table 5 shows the values of α′kP, α′ and kP determined
for the gel beads Bs, Cs and D under the various GO and
MnO2 concentrations as well as pH values. Fig. 11 shows
the kP values as a function of MnO2 concentration in the
gel beads. The results shown in Table 5 and Fig. 11 indicate
that (a) the α′kP and kP values increase with the MnO2

Table 5
Kinetic parameters for hydrogen peroxide decomposition catalyzed by immobilized MnO2

Gel beads CE × 103 (mol/m2) CM (wt.) pH (–) α′kP (1/s) α′ (–) kP (1/s)

B1 0 0.08 5.0 0.0834 0.169 0.494
B2 0 0.06 5.0 0.0700 0.171 0.409
B3 0 0.04 5.0 0.0575 0.203 0.283
B4 0 0.02 5.0 0.0400 0.269 0.149
C1 4.06 0.08 5.0 0.0885 0.160 0.553
C2 1.73 0.08 5.0 0.0812 0.173 0.470
C3 0.620 0.08 5.0 0.0916 0.156 0.587
C4 0.478 0.08 5.0 0.0883 0.161 0.549
C5 0.347 0.08 5.0 0.0924 0.155 0.596
D 5.84 0.04 5.0 0.0606 0.193 0.312
D 5.84 0.04 6.0 0.0412 0.252 0.164
D 5.84 0.04 7.0 0.0390 0.263 0.148

Fig. 11. Effect of MnO2 concentration CM on kP values for gel beads
Bs, Cs and D.

concentration and are independent of the GO concentration,
(b) the α′ value decreases with the MnO2 concentration and
are independent of the GO concentration, (c) the α′kP value
increases with decreasing pH value under the constant MnO2
concentration, and (d) the kP value decreases with increasing
pH value while the α′ value increases with increasing pH
value.

3.5. Verification of kinetic parameters by simulating
time course of oxygen and hydrogen peroxide
concentrations in airtight reactor

The prolonged operations were carried out for 15 min in
the same airtight reactor using the gel beads D until the DO
concentration decreased to 1

10 of the initial concentration
at the different pH values. The time courses of the DO and
hydrogen peroxide concentrations in the airtight reactor
were simulated by solving a group of the differential equa-
tions (14) and (15) simultaneously using the Runge–Kutta
method. The results shown in Fig. 12 revealed that the cal-
culated time courses of the DO and hydrogen peroxide con-
centrations are in good agreement with the observed ones
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Fig. 12. Comparison of simulated time courses of DO and hydrogen
peroxide concentrations with observed time courses under various pH
values.

at each pH value, indicating the kinetic parameters deter-
mined at the earlier stage of the reaction are valid in the
prolonged operations.

4. Conclusion

The kinetic studies on air oxidation of glucose catalyzed
by the free and immobilized GO in the gluconate buffer
solution were carried out for efficient production of calcium
gluconate crystals. The results obtained are summarized as
follows:

1. The optimal pH value, temperature and gluconate con-
centration were obtained for free GO in the gluconate
buffer solution prepared by mixing calcium gluconate and
gluconic acid aqueous solutions. The kinetic parameters
in Michaelis–Menten expression were determined under
the optimal reaction conditions.

2. The liquid–solid mass transfer coefficient kS of the im-
mobilized GO gel beads suspended in the airtight reactor
was determined to obtain the intrinsic kinetic parameters
of the gel beads entrapping GO and MnO2 particles.

3. The determination of the effectiveness factor α for GO
and competitive inhibition constant for hydrogen perox-
ide KI was proposed based on the time courses of the
DO for a few kinds of the gel beads entrapping differ-
ent concentrations of GO and MnO2 particles. The KI
values obtained for the immobilized GO gel beads under
the different pH values as well as various glucose and
GO concentrations were found to be almost equal to the
apparent Michaelis constant KM values for the free GO.

4. The rate constant kP and effectiveness factor α′ for hydro-
gen peroxide decomposition were separately determined
using the immobilized MnO2 gel beads.

5. The kinetic analysis proposed was verified by a good
agreement of the observed time courses of the DO and
hydrogen peroxide concentrations in the airtight reac-
tor with those calculated by solving simultaneously the
kinetic and mass transfer equations using the parameters
obtained.
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