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A B S T R A C T   

The utilization of oxidases suffers from insufficient oxygen availability due to its low solubility in gas-liquid 
multiphase systems. To overcome this limitation, oxygen is continuously supplied to the reaction medium 
during the course of the reaction, however, it causes significant gas consumption. In this study, a novel exper
imental set-up was established by installing a sintered frit porous sparger in the SpinChem® rotating bed reactor. 
Covalently immobilized glucose oxidase on epoxy-functionalized carriers was used in the rotating bed reactor 
with an activity yield of the immobilization of over 98%. For fine bubble aeration, the volumetric mass transfer 
coefficient kLa (67.3 h− 1) tripled compared to macrobubble aeration (22.5 h− 1), while the volume-specific 
aeration rate remained constant. A maximum reaction yield of 96.5% was reached. The reaction rate was 
improved by a factor of 12.9 for the fine bubble aeration compared to macrobubble aeration under identical 
conditions. With fine bubble aeration, the oxygen consumption was reduced by 87.5% over macrobubble 
aeration, establishing the same enzyme-specific reaction rates at a comparable kLa. Validation was carried out in 
repetitive batches, achieving the same glucose oxidase specific activity. This study demonstrates the advantages 
of fine bubble aeration and presents promising results for addressing the sustainable biotransformation processes.   

1. Introduction 

The production of chemicals using biocatalytic reactions, which 
utilize gaseous substrates is of increasing importance [1,2]. One of the 
major challenges in biocatalytic oxidative processes catalyzed by oxi
dases is the low oxygen solubility (0.254 mM at 1 atm and 25 ◦C in water 
[3]) in gas–liquid multiphase systems [4,5]. Therefore, a high mass 
transfer of molecular oxygen into the bulk medium is necessary to 
oxidize high substrate concentrations in a reasonable process time. 
Many studies have been conducted to optimize biocatalytic processes 
with different approaches, including reactor concepts intensified with 
flow biocatalysis operating under atmospheric and high pressure con
ditions [6–9]. 

To overcome the limitation of inadequate availability of a gaseous 
substrate, well-mixed conditions are ensured to minimize in
homogeneities and achieve efficient gas-liquid mass transfer. The mass 
transfer performance was improved by either increasing the pressure [9] 
or by increasing the surface area per volume of gas available for mass 

transfer at the gas-liquid interphase, as shown in our previous studies 
[10–12], where the sintered frit porous spargers were used to generate 
fine bubbles. In accordance with ISO 20480, fine bubbles are subdivided 
into ultrafine bubbles (d < 1 µm) and microbubbles (1 µm ≤ d <
100 µm) [13], with microbubbles being of interest in this study. For fine 
bubbles, the effect of buoyancy becomes less dominant, and the rising 
velocity of the bubbles decreases with a smaller diameter [14]. This 
results in a longer residence time of the bubbles and thus a higher mass 
transfer into the reaction medium. Furthermore, for fine bubbles, the 
Laplace pressure increases significantly leading to a higher partial 
pressure inside the bubble [11,14,15]. Therefore, the concentration 
gradient at the interphase is increased with a lower bubble diameter in 
accordance with Henry’s law leading to locally increased saturation 
concentrations [14,16]. 

In this study, molecular oxygen dissolved in the reaction medium is 
used as a second substrate in the biocatalytic oxidation of glucose by the 
immobilized enzyme glucose oxidase (GOx). Fine bubbles containing 
oxygen provide a larger volume-specific surface area, resulting in a 
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higher volumetric mass transfer coefficient [10–12]. According to S. 
Illner, the increase in surface area to volume ratio improves the contact 
between the gas and liquid phases for the reaction catalyzed by the 
enzyme GOx in solubilized form, thus achieving a higher space-time 
yield [17]. In this work, the SpinChem® rotating bed reactor (RBR) 
integrated with a sintered frit porous sparger with a pore diameter of 2 
μm was used as an alternative to conventional packed bed reactors. The 
SpinChem® RBR S2 acts as an impeller in the form of a rotating basket 
(diameter 45 mm) inserted into the SpinChem® vessel V2. The re
actants, together with air bubbles containing oxygen, are distributed in 
the liquid medium [18]. The reaction medium, including oxygen within 
fine bubbles, is partially passed through the RBR, where the model re
action is catalyzed by covalently immobilized GOx on 
epoxy-functionalized carriers, and is discharged back to the vessel 
(depicted in Fig. 1). The hydrodynamic characterization of the resulting 
radial flow pattern is under investigation. In addition, the reusability of 
enzymes is considered for an economical process and enzyme 

immobilization is a useful method to enable the reuse of biocatalysts 
[19]. The RBR is fully packed with carriers, on which enzymes are 
covalently immobilized to carry out the model reaction (shown in  
Scheme 1). Our study demonstrates the applicability of fine bubble 
aeration in the RBR filled with immobilized catalyst as an efficient novel 
reactor design for process intensification. 

2. Material and methods 

2.1. Biocatalysis 

Glucose oxidase (Enzyme Commission Number: 1.1.3.4) GOx type 
VII (G2133) lyophilized powder from Aspergillus niger and peroxidase 
(Enzyme Commission Number: 1.11.1.7) type I (P8125) lyophilized 
powder from horseradish were purchased from Sigma-Aldrich/Merck 
KGaA (Germany). Catalase (Enzyme Commission Number: 1.11.1.6) 
(C0052) solid powder from bovine liver was purchased from TCI 

Fig. 1. A) Experimental set-up of an RBR integrated with 2 µm sintered frit porous sparger. The Piping and Instrumentation Diagram (PID) was drawn using HiTech 
Zang RI-CAD software version 2.2. B) The predicted flow pattern. 
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Deutschland GmbH. 

2.2. Chemicals 

The substrate D-(+)-glucose, sodium acetate, acetic acid, dipotas
sium hydrogen phosphate (K2HPO4), and potassium-dihydrogen phos
phate (KH2PO4) were purchased from Carl Roth GmbH (Germany) for 
the preparation of substrate and buffer solutions. Sodium hydroxide 
(NaOH) for inline titration and pH adjustment of solutions, o-diasidine 
for the enzymatic assay of GOx, and Antifoam 204 (A6426) as a sur
factant (mixture of organic non-silicone polypropylene polyether dis
persions) were purchased from Sigma-Aldrich/Merck (Germany). For 
the Bradford protein assay, Coomassie Brilliant Blue G-250 was pur
chased from Thermo Fisher Scientific Inc. (Germany). Sepabeads® EC- 
HFA and ReliZyme™ HFA 403 M grade carriers were purchased from 
Resindion S.r.l (Italy). 

2.3. Establishment of repetitive batches with a rotating bed reactor 

The SpinChem® RBR S2 and SpinChem® Vessel V2 were purchased 
from SpinChem AB (Sweden). The SpinChem® RBR S2 was filled with 
8.2 g dried ReliZyme™ HFA 403 carriers (M grade) with immobilized 
GOx, using a filter (pore size 104 µm) to prevent carrier leaching. The 
shaft of RBR was connected to the digital overhead stirring motor IKA 
RW 20 Digital (Germany), which was run at 1000 rpm (see Fig. 1). The 
vessel V2 was connected to the thermostat Thermohaake B5 Thermo
scientific (USA) to maintain a temperature of 35 ◦C during the course of 
the reaction. The compressed air was supplied to the reaction medium 
through the sintered frit sparger Techlab (Germany) with a pore size of 
2 µm (length 2.54 cm, diameter of 1.27 cm) and an open tube sparger 
with an opening diameter of 2 mm. Both spargers were placed vertically 
at the bottom of the reactor. The distance from the top of the sintered frit 
sparger to the bottom of the vessel is 2.6 cm. The RBR is placed 4.1 cm 
from the bottom of the vessel, with a distance of 1.5 cm between the top 
of the sintered frit sparger and the lower end of the RBR. The compressed 
air flow rate was adjusted with the gas mass flow meter from Bronkhorst 
High-Tech B.V. (Germany). 

D-glucose is oxidized to D-glucono-1,5-lactone catalyzed by the 
immobilized GOx in the RBR in the presence of molecular oxygen 

(shown in Scheme 1). Catalase (Cat) was used in its free form (the ratio 
of the calculated glucose oxidase activity to the calculated catalase ac
tivity was maintained above one) in solution to remove H2O2, which 
deactivates the enzyme GOx [20]. The product D-glucono-1,5-lactone 
dissociates to D-gluconic acid, which was titrated with 1 M NaOH by the 
automated titrator Titrinoplus 848 Metrohm (Switzerland) to maintain a 
constant pH in the reaction solution and to achieve a complete con
version by in-situ transformation of gluconic acid to sodium gluconate. 

The chemical transformation of D-glucono-1,5-lactone to gluconic 
acid is not limited and is performed quantitatively, since the acid 
dissociation constant of gluconic acid (pKa of 3.5, as calculated in the 
Supplementary Material) at 35 ◦C is lower than the value of pH 5.3 of the 
reaction causing deprotonation of the carboxylic acid group of gluconic 
acid. The titration calculation is validated on a mole basis, as one mole of 
NaOH consumed corresponds to one mole of gluconic acid produced. 
The reaction yield is determined by the ratio of a total mole of product 
nproduct at the end of the reaction to the initial mole of D-glucose 
nglucose,0 given to the system, shown in Eq. (1). 

Yield [%] =
nfproduct

nglucose,0
• 100 (1)  

2.4. Buffer selection for covalent GOx immobilization 

0.07 g ReliZyme™ HFA 403 M grade carriers was incubated with 
1.4 ml GOx solution (100 µgGOx ml− 1) prepared in 100 mM potassium 
phosphate buffer [21] at pH 7.0 and 10 mM sodium acetate buffer at pH 
5.3. The experiments were carried out at 20 rpm with the tube revolver 
Thermoscientific (USA) and 4 ± 1 ◦C for 20 h. The activity yield of 
immobilization was investigated by the initial rate measurements in the 
presence of peroxidase at 520 nm according to the glucose oxidase 
(GOx)/peroxidase (POD) photometric assay [23,24] from Sigma-Aldrich 
/ Merck (Germany) at pH 5.3 and 35 ◦C. The unit definition of activity U 
ml− 1 (μmol min− 1 ml− 1) is the rate of oxidation of 1.0 μmol of 
β-D-glucose to D-glucono-1,5-lactone and H2O2 per minute. The reaction 
solution consisting of 0.19 mM o-diasidine, 8.84 mM D(+)-glucose and 
1.93 U POD in the spectrophotometer cuvette (non-UV) was saturated 
with compressed air for 20 minutes to ensure oxygen saturation of the 
reaction solution for high GOx activity. The enzyme peroxidase oxidizes 
o-diasidine in the presence of hydrogen peroxide, which is a by-product 

Scheme 1. Oxidation of D-glucose in D-glucono-1,5-lactone by covalently immobilized GOx on epoxy-functionalized carriers in the presence of molecular oxygen 
and catalase (cat). 
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of the oxidation of glucose by the enzyme glucose oxidase in the su
pernatant. The photometric investigations were carried out under 
controlled temperature using the UV/VIS photometer Uvikon XL from 
Goebel Instrumentelle Analytik GmbH (Germany). 

The experimental procedures for carrier drying and the equation 
[22] used to calculate the immobilization activity yield are shown in the 
Supplementary Material. 

2.5. Investigation of mass transfer in a gas-liquid multiphase system 

The mass transfer performance of the RBR was characterized by 
measuring the liquid-side volumetric mass transfer coefficient kLa (Eq. 
(2)) for an open tube (macrobubbles) and the 2 µm sintered frit applying 
the dynamic method [25,26] using compressed air and nitrogen as the 
stripping gas. with nitrogen as stripping gas. (The derivation of Eq. (2) is 
shown in the Supplementary Material.) The investigations were carried 
out with the RBR filled with 8.2 g dry ReliZyme™ HFA 403 M grade 
carriers without immobilized enzymes in 200 ml the liquid model so
lution (10 mM sodium acetate buffer at pH 5.3 at 35 ◦C). The concen
tration of oxygen was monitored inline with an immersed 
SP-PSt3-NAU-D5-YOP oxygen sensor spot connected to the Fiber Optic 
Oxygen Meter Fibox 4 (PreSens, Germany). The position of the sensor 
spot was fixed 2 mm close to the RBR and positioned 4 mm above the 
bottom of it for all experiments. 

− kLa = ln (
c ∗ − cn

c∗ − c0
)

/

(tn − t0) (2)  

where the time interval tn − t0 in h is chosen in the range of 20–80% 
of the O2 saturation profile to evaluate the liquid-side volumetric mass 
transfer coefficient kLa values 

3. Results 

3.1. Enzyme-carrier system 

In literature [21], the buffer concentration has no effect on the ac
tivity of immobilized GOx, but it has a significant effect on the activity of 
free GOx. The similar activity of GOx in its free and immobilized form 
was achieved with 100 mM potassium phosphate buffer [21]. However, 
the pH of the buffer affects the activity of the immobilized GOx and the 
maximum value was obtained at pH 5.5 [21], which was adjusted with 
sodium acetate buffer. The concentration of the sodium acetate buffer 
was adjusted to 10 mM to avoid the effect of the salt concentration 
leading to the formation of less stable bubbles [27] and to minimize the 
bubble initial diameter, which is inversely proportional to the electro
lyte concentration [28]. Furthermore, 10 mM sodium acetate buffer was 
sufficient to maintain the optimal pH 5.3 for performing the biocatalytic 
reactions at the maximum GOx activity at 35 ◦C in free and immobilized 
form [12,21]. Over 99% of the activity yield of immobilization was 
achieved with ReliZyme™ HFA 403 M grade carriers with 10 mM so
dium acetate buffer at pH 5.3, while 51.9 ± 0.6% of the activity yield of 
immobilization was obtained with 100 mM potassium phosphate buffer 
pH 7. 

3.2. Repetitive batches 

ReliZyme™ HFA-type carriers are the improved form of Sepabeads 
as described by Resindion S.r.l. and used in many biocatalytic immo
bilization [29–31], on the assumption of an irreversible immobilization 
according to the information sheet with chemical structure and func
tional groups published by Resindion S.r.l. [32]. Sepabeads allow mul
tipoint attachments according to R. Torres [33], which enhances the 
reuse of the biocatalyst [33–35] and no prior activation was required for 
covalent immobilization for Sepabeads [36]. 8.2 g dried ReliZyme™ 
HFA 403 M grade carriers was incubated with 90 ml of GOx solution 

(98 µg ml− 1 and 685 µg ml− 1 corresponding to the enzyme loadings of 
1.07 mgGOx gcarrier

− 1 and 7.52 mgGOx gcarrier
− 1 , respectively) prepared in 

10 mM sodium acetate buffer at pH 5.3. The immobilization experi
ments were carried out at 4 ± 1 ◦C and 300 rpm with the shaker Edmund 
Bühler GmbH (Germany) for 22 hours. The supernatant was removed, 
and the carriers were washed with 20 ml of 10 mM sodium acetate 
buffer at pH 5.3 three times to wash out the unbound GOx on carriers 
until no change in the activity values of the wash solution was observed. 
After running the model reaction in the RBR under fine bubble aeration 
once, the RBR was washed three times with 100 ml of 10 mM sodium 
acetate buffer at pH 5.3 to remove any residual components, and 
assembled into the experimental set-up to carry out a repetitive batch. 

The similar GOx specific reaction rates (4.05 U mgGOx
− 1 and 

3.68 U mgGOx
− 1 for the validation batch 1 and batch 2, respectively, Fig. 2) 

were observed in the repetitive batches for the biocatalytic oxidation 
catalyzed by immobilized GOx and no enzyme leaching from the carriers 
into the reaction medium was quantified by the GOx activity measure
ment. This result indicates that the covalent immobilization of GOx was 
carried out successfully that the enzyme is not leached out, allowing the 
validation of the repetitive batches with the reuse of biocatalysts. In 
addition, the particle size range was quantified with 98.5% of carriers 
being in the range of 200–500 µm (shown in Fig. S2 in the Supple
mentary Material). No carrier leaching was detected throughout the 
RBR. 

3.3. Enzyme loading on carriers and enzyme leaching 

Immobilization allows a higher catalyst concentration in the specific 
reaction volume. To determine the maximum achievable enzyme 
loading on the ReliZyme™ HFA 403 carriers, the carriers were incu
bated with five different concentrated enzyme solutions (1.67, 3.35, 
6.71, 12.7 and 25.5 mgenzyme gcarrier

− 1 ) and the initial enzyme-specific 
activity (0.08 ± 0.01, 0.15 ± 0.02, 0.34 ± 0.05, 0.40 ± 0.02 and 1.11 
± 0.16 U mgcarrier

− 1) was measured with the initial rate measurements as 
shown on the x-axis of Fig. 3. The residual activity in the supernatant at 
the end of the immobilisation was then measured and shown on the y- 
axis of Fig. 3. It was shown that even with a high enzyme loading of 
25.5 mgenzyme gcarrier

− 1 on carriers, 98% of the activity yield was achieved 
(Fig. 3). 

This result is consistent with the findings of L. Hilterhaus [37], that 
the saturation enzyme loading capacity for Sepabeads® EC carriers for 
Cal B and endoglucanase is above 100 mgenzyme gcarrier

− 1 that a higher GOx 

Fig. 2. Validation of repetitive batches under fine bubble aeration. 8.2 g 
immobilized carriers, 1000 rpm, 35 ± 1 ◦C, enzyme loading on carriers: 
1.07 mgGOx gcarrier

− 1 , calculated activity of catalase/calculated activity of 
GOx:1.38, 25 mM glucose solution in 10 mM sodium acetate buffer at a pH of 
5.5 ± 0.2, initial volume 200 ml, 1 vvm. Catalase is used in its free form. 
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loading could be applied on the carriers, since the saturation capacity of 
the carriers was not reached until the enzyme loading of 25.5 mgenzyme 
gcarrier
− 1 . 

To determine the effect of enzyme concentration on the enzyme- 
specific reaction rate measured with the rotating bed reactor, two 
different enzyme loadings on carriers as 1.07 mgGOx gcarrier

− 1 and 
7.52 mgGOx gcarrier

− 1 were prepared. 
Over 98% of the activity yield of immobilization was measured for 

both enzyme loadings with the initial rate measurements (shown in  
Table 1) before carrying out the biocatalytic oxidation in the rotating 
bed reactor. The residual activity in the supernatant after 22 h is less 
than 0.07 U ml− 1 and the activity of GOx in the washing solutions for 
both enzyme loadings was determined to be 0.018 ± 0.003 U ml− 1 and 
0.04 ± 0.02 U ml− 1, respectively). No significant enzyme leaching was 
detected at two various enzyme loadings after each washing process. 

A GOx loading greater than 7.52 mgenzyme gcarrier
− 1 was not used dur

ing the biocatalytic oxidation to investigate the effect of enzyme con
centration on the reaction rate, as a 7-fold increase in enzyme 
concentration does not significantly improve the reaction rate at the 
substrate concentration of 25 mM, because a 1.1-fold increase in reac
tion rate was observed (see Table 2). 

3.4. Comparison of the mass transfer performance of 2 µm sintered frit 
and open tube sparger 

Since the process engineering parameters are often presented as a 
function of stirring rate in many studies [38–40], the first approach is to 
determine the influence of the stirring rate on the mass transfer per
formance under macrobubble aeration to ensure efficient mixing and the 
turbulent flow regime (Re > 4000) by means of the Reynolds Number 
[41,42]. H. K. Larsson [43] states that it is critical to define the Reynolds 
number in Equation S7 for SpinChem® RBR S221 (diameter 45.5 mm) 
due to its complex geometry and has chosen the impeller Reynolds 
number as it is used as an impeller to provide mixing in the liquid re
action medium as a single phase. 

The stirring rate of 500 rpm Re = 2.3 × 105) and 1000 rpm Re =
4.7 × 105) ensure efficient mixing with a fully turbulent regime ac
cording to H. K. Larsson [43]. However, the Reynolds number 

Fig. 3. Investigation of the maximum achievable immobilization capacity for 
ReliZyme™ HFA 403 M grade carriers (square) and the activity yield for each 
data point (triangle). 0.07 g carriers, 20 rpm, 4 ± 1 ◦C, 10 mM sodium acetate 
buffer pH 5.3, volume of immobilization: 1.4 ml. Carriers were incubated 
for 20 h. 

Table 1 
Overview of GOx immobilization on the carriers Resindion ReliZyme™ and literature comparison.  

Carrier type GOx in the 
supernatant µgGOx 

ml¡1 

Batch Prior to After Theoretical 
activity yield % 

Theoretical initial 
activity measured U 
mgcarrier
¡1 

Applied enzyme 
loading on carriers 
mgGOx gcarrier

¡1 
Immobiliza- 
tion U ml¡1 

Immobiliza- 
tion U ml¡1 

ReliZymeTM HFA 403/ 
GOx 

98a 1 3.02 ± 0.13 0.035 ± 0.008 > 98 0.038 ± 0.004  1.07 
2 3.51 ± 0.13 0.018 ± 0.001 > 99 
3 3.74 ± 0.05 0.007 ± 0.001 

685a 1 33.7 ± 0.9 0.03 ± 0.01 > 99 0.34 ± 0.03  7.52 
2 29.9 ± 1.2 0.06 ± 0.01 
3 28.7 ± 4 0.061 ± 0.006 

1272b 1 62.2 ± 4.9 1.08 ± 0.76 > 98 1.11 ± 0.16  25.5 
2 48.8 ± 0.9 0.83 ± 0.01  

Bound enzyme %  
Sepabeads EC/CALB  

[37] 
- - 100 - 20 
69000 85 139 

Sepabeads EC/ 
endoglucanase [37] 

2400 94 20  

a 8.2 g immobilized carriers, 300 rpm, 4 ± 1 ◦C, 10 mM sodium acetate buffer pH = 5.3, volume of immobilization: 90 ml, 22 h, experiments were performed in 
triplicate, all investigations and the measurement of the samples were performed in triplicate. 

b 0.07 g immobilized carriers, 20 rpm, 4 ± 1 ◦C, 10 mM sodium acetate buffer pH = 5.3, volume of immobilization: 1.4 ml, 20 h, experiments were performed in 
duplicate due to the need for high enzyme concentration. 

Table 2 
Summary of the reaction rates for fine bubble and macrobubble aerationa.  

Aeration 
rate vvm 

Enzyme 
amount on 
carriers 
mgGOx 

gcarrier
¡1 

Glucose 
concentration 
mM 

Reaction 
rate 
measured 
µmol min¡1 

GOx-specific 
activity 
measured U 
mgGOx
¡1 

Macrobubble aeration 
1  1.07  25 24.2 ± 0.6 R2 

= 0.9962 
2.81 ± 0.07 

1  7.52  600 28.5 ± 2.4 R2 

= 0.9999 
0.46 ± 0.04 

Fine bubble aeration 
0.125  1.07  25 23.5 ± 4.4 R2 

= 0.9994 
2.74 ± 0.50 

1  1.07  25 38.9 ± 9.1 R2 

= 0.9997 
4.45 ± 1.04 

1  7.52  25 43.7 ± 7.8 R2 

= 0.9999 
0.72 ± 0.13 

1  7.52  300 237 ± 50 R2 

= 0.9987 
3.88 ± 0.82 

1  7.52  600 368 ± 14 R2 

= 0.9739 
5.82 ± 0.23  

a 8.2 g immobilized carriers, 35 ◦C ± 1 ◦C, calculated activity of catalase/ 
calculated activity of GOx: 1.38 for the enzyme loading of 1.07 mgGOx gcarrier

− 1 , 
calculated activity of catalase/ calculated activity of GOx: 1.70 for the enzyme 
loading of 7.52 mgGOx gcarrier

− 1 (0.28 ± 0.06 mg ml− 1. Antifoam 204 was used for 
higher enzyme concentration), 1000 rpm, 10 mM sodium acetate buffer at pH 
5.5 ± 0.2, initial volume before titration 200 ml. Data fitting was applied by the 
Origin 2019b software for linear regression. 
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characterization of the RBR for two-phase flow is subject to further 
investigation due to its complex design. In addition, the formulation of 
the Reynolds number depends on the physical parameters [43] such as 
viscosity and density of the continuous phase, as shown in Equation S7 
in the Supplementary Material, as well as whether it is single-phase or 
biphasic [44]. The value of the liquid-side volumetric mass transfer 
coefficient kLa was doubled by increasing the stirring rate from 500 rpm 
(13.1 ± 0.5 h− 1) to 1000 rpm (22.5 ± 0.3 h− 1) for the open tube sparger 
and the increasing trend with the stirring rate was observed in other 
studies performed with rotating bed reactors in different configurations 
[45,46]. The concentration boundary layer becomes thinner while 
increasing the rotational rate, as described by D. Wenzel [18] for 
liquid-liquid extraction in an RBR. Using the same consideration for the 
gas-liquid system, the higher the rotational rate, the higher the mass 
transfer rate of gas molecules into the bulk medium. 

In the previous studies [10–12], the mass transfer performance of the 
2 µm sintered frit was compared to the 10 µm sintered frit and open tube 
sparger. Due to the higher volume-specific interfacial area, higher 
liquid-side volumetric mass transfer coefficients were achieved with the 
2 µm sintered frit. Therefore, in this study, the mass transfer perfor
mance (see Fig. 4) of an open tube sparger was compared to the 2 µm 
sintered frit at 1000 rpm at the aeration rates ranging from 0.125 to 1 
vvm. The given results are in good agreement with literature as the 
liquid-side volumetric mass transfer coefficient kLa is increased about 
3-fold when using the 2 µm sintered frit as an aerator at a volume- 
specific aeration rate of 1 vvm. Furthermore, as expected, the liquid-side 
volumetric mass transfer coefficient depends on the aeration rate and 
increases with higher aeration rates [12,20,23,47,48]. All measure
ments were performed five times. 

For the best mass transfer performance and according to T. Pedersen 
[49], the stirring rate 1000 rpm and the volume-specific aeration rate of 
1 vvm are chosen for the investigation of the biocatalytic oxidation 
process. The investigation of the liquid-side volumetric mass transfer 
coefficient kLa is a key factor to explain the reason for achieving higher 
reaction rates with fine bubble aeration in the RBR at the same aeration 
rate and to establish similar reaction rates when using both aerators. 
However, it is necessary to determine first the required enzyme and 
substrate concentrations to carry out the reaction at the maximum 
achievable reaction rate at the zero-order kinetics. 

3.5. Investigation of the effect of enzyme and substrate concentrations on 
the enzyme-specific reaction rate 

The enzyme-specific reaction rate depends on the availability of 

dissolved oxygen in the reaction medium, which is the limiting step for 
biocatalytic oxidation reactions [8]. Oxygen is consumed as the second 
substrate (Scheme 1) in the rate Eq. (3) [50], and its availability depends 
on the oxygen transfer rate characterized by the parameter kLa, Eq. (2), 
depending on the volume-specific aeration rate. 

νR =
vmax • cglucose • cO2

Km,glucose • cO2 + Km,O2 • cglucose + cglucose • cO2

(3)  

where vmax in µmol min− 1 mgenzyme
− 1 is the enzyme-specific reaction rate, 

cglucose in mM and cO2 in mM are the glucose and oxygen concentrations 
and Km in mM is the Michaelis-Menten constant. 

OCR =
dc
dt

= νR • cenzyme (4)  

where oxygen consumption rate (OCR in mM min− 1) is modeled as the 
design equation of the batch operation [51] by the multiplication of νR 
with the enzyme concentration cenzyme in mgenzyme ml− 1. 

Eq. 3 indicates that the reaction rate depends on the reactant con
centrations, and that the enzyme concentration is the key parameter 
affecting the oxygen consumption rate (Eq. 4). To understand which 
parameter has the highest influence on the reaction rate, the effect of the 
aeration rate, enzyme concentration and substrate concentration was 
investigated by running the model reaction in the RBR with the 2 µm 
sintered frit. 

The effect of the aeration rate was investigated at two different 
aeration rates (0.125 vvm and 1 vvm). The enzyme-specific reaction rate 
was measured as 23.5 ± 4.4 µmol min− 1 (kLa = 18.9 ± 1.2 h− 1) at 
0.125 vvm, whereas 38.9 ± 9.1 µmol min− 1 (kLa = 67.3 ± 3.7 h− 1) 
was achieved at 1 vvm. The reaction rate is improved by 1.66 times 
when the volumetric mass transfer coefficient kLa was tripled under 
conditions where the aeration rate is increased by 8 times. The volu
metric mass transfer coefficients kLa were measured in the designed 
liquid medium of 10 mM sodium acetate buffer at pH 5.3 (shown in 
Fig. 4). The improvement is not significant, since 8 times more gas has to 
be introduced into the system to increase the reaction rate by only 1.66 
times. This finding leads to the investigation of oxygen consumption 
during the course of the reaction (shown in Fig. 5) at 1 vvm. It was 
observed that the change in oxygen concentration per time decreased at 
the beginning of the reaction, however, the oxygen concentration 
immediately increased and reached nearly the saturation point during 
the course of the reaction, indicating that the oxygen transfer rate is 
higher than the reaction rate under the given experimental conditions at 
1 vvm and 25 mM substrate concentration. 

Fig. 4. Mass transfer performance for fine bubble and macrobubble aeration. A) Comparison of the volumetric mass transfer coefficients kLa for macrobubble and 
fine bubble aeration. B) The dynamic measurement of the time-resolved concentration curve. 8.2 g carriers, 1000 rpm, 35 ± 1◦C, 10 mM sodium acetate buffer pH 
5.3, volume of liquid 200 ml. 
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This raises the question of other limiting factors that could poten
tially affect biocatalytic performance in the rotating bed reactor. As the 
enzyme concentration is the key parameter influencing the oxygen 
consumption rate by the enzyme glucose oxidase, the biocatalytic re
action was performed with two enzyme loadings at 1 vvm at 25 mM 
substrate concentration. 

It was shown that the reaction rate is not limited by the enzyme 
concentration at a substrate concentration of 25 mM (38.9 ± 9.1 µmol 
min− 1 for 1.07 mgGOx gcarrier

− 1 and 43.7 ± 7.8 µmol min− 1 for 7.52 mgGOx 
gcarrier
− 1 ) The improvement is not significant when the enzyme loading is 

increased by a factor of 7, as the reaction rate was shown to be substrate- 
dependent. 

A 12- and 24-fold increase in the substrate concentration leads to a 
5.42- (237 ± 50 µmol min− 1) and 8.42-fold (368 ± 14 µmol min− 1) 
enhancement in the reaction rate (Table 2). Therefore, the substrate 
concentration was depicted as the dominant parameter on the enzyme- 
specific reaction rate. Consequently, the performance of 2 µm sintered 
frit was compared with the open tube sparger under identical reaction 
conditions (shown in Fig. 6). The enzyme-specific reaction rate was 

measured as 5.82 ± 0.23 U mgGOx
− 1 , (kLa = 67.3 ± 3.7 h− 1 shown in 

Fig. 4) by the oxidation of 600 mM D-glucose under fine bubble aeration 
at 1 vvm, whereas 0.46 ± 0.04 U mgGOx

− 1 (kLa = 22.5 ± 0.3 h− 1 shown 
in Fig. 4) was achieved by macrobubble aeration under identical con
ditions (Fig. 6 and Table 2). Taking advantage of the higher liquid-side 
volumetric mass-transfer coefficient kLa with the 2 µm sintered frit, the 
reaction rate was increased by 12.9 ± 1.6 times, and the reaction was 
completed in 8 hours under fine bubble aeration. In all experiments, the 
final yield value is above 95%, which is consistent with the results of T. 
Pedersen [49], who investigated the oxidation process of D-glucose by 
the enzyme GOx in its free form. 

The experiments were performed as duplicate. The experiments were 
performed in triplicate for the 2 μm sintered frit at the substrate con
centration of 25 mM at 1 vvm. The duplicate experiment for the sub
strate concentration of 600 mM was performed with the tripled catalase 
activity (90,200 U), where the ratio of the calculated catalase activity to 
the calculated GOx activity was determined to be equivalent to 4.79. The 
final yield value obtained with the higher catalase concentration is the 
same as the result obtained with the ratio of the calculated catalase 
activity to the calculated GOx activity of 1.70. The similar enzyme- 
specific reaction rates (5.98 U mgGOx

− 1 for 32,000 U and 5.66 U mgGOx
− 1 

for 92,000 U) were observed in the experiment, indicating that the 
calculated catalase activity in its free form above 32,000 U does not 
affect the reaction rate. 

In the previous study [12], it was revealed that the gas utility for the 
same model reaction catalyzed by the free-form of GOx was enhanced by 
a factor of 25 under fine bubble aeration in a stirred tank reactor by 
performing the reaction at the same liquid-side volumetric mass transfer 
coefficient kLa at 160 h− 1. A similar approach was applied to demon
strate the applicability of fine bubble aeration for immobilized GOx in 
the RBR by establishing comparable GOx-specific-reaction rates (open 
tube sparger: 2.81 ± 0.07 U mgGOx

− 1 , kLa = 22.5 ± 0.3 h− 1 and 2 µm 
sintered frit: 2.74 ± 0.5 U mgGOx

− 1 , kLa = 18.9 ± 1.2 h− 1 at the similar 
mass transfer rates, where the gas consumption was reduced 8 times (1 
vvm for open tube and 0.125 vvm for 2 µm sintered frit) at the substrate 
concentration of 25 mM. The experiments were performed as duplicate. 
On the basis of the statistical analysis using the ANOVA method we did 
not find any significant variation between the final values of the yield for 
all biotransformation reactions with a confidence level of 95% (p = 0.13 
> 0.05). 

3.6. Process considerations 

For an economically acceptable biocatalytic process, the success 
factors (product concentration, catalyst productivity, and yield) were 
published by P. Tufvesson [52,53] and are calculated for this study 
(Table 3). After 21 hours, the final yield of 96.8 ± 1.2% (shown in Fig. 6) 

Fig. 5. Progress curve analysis of the biocatalytic oxidation of glucose in the 
rotating bed reactor under fine bubble aeration. 8.2 g immobilized carriers, 
1000 rpm, 35 ± 1 ◦C, enzyme loading on carriers: 1.07 mgGOx gcarrier

− 1 , calcu
lated activity of catalase/calculated activity of GOx:1.38, 25 mM glucose so
lution in 10 mM sodium acetate buffer at a pH of 5.5 ± 0.2, initial volume 
200 ml, 1 vvm. Catalase is used in its free form. 

Fig. 6. The effect of the aerator type on the enzyme-specific reaction rate. 8.2 g 
immobilized carriers, 1000 rpm, 35 ± 1 ◦C, 7.52 mgGOx gcarrier

− 1 , 600 mM 
glucose in 10 mM sodium acetate buffer pH 5.5 ± 0.2, initial volume before 
titration 200 ml, 1 vvm, 0.28 ± 0.06 mg ml− 1 Antifoam 204. 

Table 3 
Process considerations for the biocatalytic synthesis of D-glucono-1,5-lactone by 
immobilized GOx in the RBR at 1 vvm and 600 mM substrate concentration.  

Catalyst 
Productivity gproduct 

gimmobilizedGOx
¡1 

Yield 
% 

Product 
g 

Process 
time h 

Product 
concentration g 
L¡1 

Macrobubble aeration 
107 ± 8 27.8 ±

2.3 
6.55 ±
0.27 

21 28.1 ± 2 

49.6 ± 3.5 12.9 ±
0.9 

3.03 ±
0.11 

10 14.1 ± 0.9 

Fine bubble aeration 
373 ± 5 96.8 ±

1.2 
22.8 ±
0.3 

21 71.7 ± 0.0 

371 ± 6 96.2 ±
1.6 

22.7 ±
0.4 

10 71.4 ± 0.2 

Factors for economically acceptable biocatalytic processes applying 
immobilized biocatalysts [52,53] 

50–100 >90 - - > 50  
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was achieved with fine bubble aeration with 22.8 ± 0.3 g product 
(calculated), while with macrobubble aeration a yield of 27.8 ± 2.3% 
was achieved with 6.55 ± 0.27 g product (calculated). To have 100 g 
product as a basis, the reactor must be operated under macrobubble 
aeration for 13.8 days, assuming there is no loss of the activity of 
immobilized GOx. 

In comparison, for the process under fine bubble aeration only 
10 hours are required, and 22.7 ± 0.4 g (calculated) of product was 
produced. In addition to the increase in the reaction rate, the catalyst 
productivity is improved by a factor of 3.49 ± 0.25 when comparing the 
values obtained at the 21st hour for fine bubble aeration and macro
bubble aeration based on the amount of calculated product produced 
with the same amount of enzyme glucose oxidase immobilized on car
riers. Consequently, our study proves that the biocatalytic oxidation 
process under fine bubble aeration with SpinChem® RBR meets the 
industrial process requirements in terms of catalyst productivity/yield/ 
product concentration, and the results are promising for further bio
catalytic reactions. 

4. Conclusion 

This study focuses on proving the applicability of the fine bubble 
technology integrated into SpinChem® RBR. Compared to macrobubble 
aeration, the biocatalytic oxidation was significantly intensified, taking 
the advantage of the larger volume-specific interfacial area by fine 
bubbles. For the utilization of the RBR, covalent binding was applied for 
GOx immobilization on epoxy-functionalized carriers achieving over 
98% of the theoretical activity yield of the immobilization. Repetitive 
batches were established and validated achieving the same GOx-specific 
reaction rate at 25 mM substrate concentration. The mass transfer per
formance tripled with fine bubble aeration by increasing the surface-to- 
volume ratio at the same volume-specific reaction rates. Substrate 
concentration was found to be the dominant parameter on the reaction 
rate and it was found that the enzyme concentration does not limit the 
reaction rate under the given conditions. Using the advantages of fine 
bubble aeration in combination with this novel reactor configuration, a 
glucose concentration of 600 mM was oxidized in 10 hours. The reaction 
rate is 12.9 ± 1.6 times higher with fine bubble aeration compared to 
macrobubble aeration resulting in 3.49 ± 0.25 times higher catalyst 
productivity with effective energy utilization due to the reduced process 
time. Gas consumption was reduced by 87.5% to produce the same 
amount of product. Therefore, this study is an example for the efficient 
utilization of oxidases suffering from the limitation of oxygen avail
ability. Strategies to intensify the catalytic oxidations include increasing 
the surface-to-volume ratio through tubular reactors, which are limited 
by the scale-up of the process. In addition, operating the bioreactor 
under high pressure raises the oxygen solubility, allowing for higher 
reaction rates, however, there are challenges in establishing the process 
on a laboratory and larger scale. With the superiority of fine bubbles 
over macrobubble aeration and the advantage of using a novel reactor 
concept, the biocatalytic oxidation is intensified, addressing the bio
process sustainability and bringing the fundamental knowledge [10–12, 
23] of fine bubbles into practice by overcoming the limitations 
described. 

CRediT authorship contribution statement 

Zeynep Perçin: Writing – original draft & editing, Visualization, 
Validation, Methodology, Investigation, Data curation, Conceptualiza
tion. Lotta Kursula: Writing – review & editing. Erik Löfgren: Writing – 
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