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Summary

Oxidation of low-value chemical compounds to higher-value products is of interest in
many biocatalytic applications. Oxidases are used in biotransformations as a powerful
enzyme utilizing molecular oxygen, whose availability is limited by its low solubility in
gas-liquid multiphase systems. A continuous supply of oxygen to the reaction medium
during the course of the reaction is the common approach in many biotechnological
applications such as fermentation, animal breeding, and biocatalytic oxidation
reactions to overcome this bottleneck, which causes significant gas and energy
consumption.

This study extends the application of fine bubble aeration to a rotating packed bed
reactor. In addition to the improvement in the surface-to-volume ratio using fine bubble
aeration, biocatalyst reuse in a rotating packed bed reactor was enabled through
covalent immobilization of glucose oxidase on epoxy-functionalized supports. An
immobilization activity yield of 98% was achieved, and the volumetric mass transfer
coefficient is three times higher (67.3 h't) compared to macrobubble (22.5 h-!) aeration,
while the volume-specific aeration rate remains constant. This setup was shown to
reduce oxygen consumption by 87.5% while maintaining the comparable glucose
oxidase-specific activity at similar volumetric mass transfer coefficients. With the
advantage of an enhanced oxygen mass transfer rate and reduced gas consumption,
the performance of biocatalysts (activity and stability) was investigated in repetitive
batches in a rotating packed bed reactor. The glucose oxidase-specific activity
increased with higher substrate concentrations, and the stability of the biocatalyst was
maintained at lower substrate concentrations, whereas it decreased at higher substrate
concentrations. This finding raises the question of the severity of internal diffusion
limitations in the carriers, where the deactivation of glucose oxidase was caused by
the by-product hydrogen peroxide produced within the carriers during the reaction.

To mathematically express the influence of the diffusion limitation, kinetic parameters
were measured for free and immobilized glucose oxidase in a rotating packed bed
reactor. The maximum achievable glucose oxidase-specific activity was lower for the
coupled enzyme system (immobilized glucose oxidase-free catalase) than for the free
forms of the enzyme, thereby demonstrating the presence of internal diffusion
limitations. The glucose oxidase-specific activity was not influenced by catalase
co-immobilization. Considering the effect of biocatalyst deactivation and diffusion
limitations on the reaction rate, the reaction rate equation was modified and modeled
using the measured kinetic parameters to estimate the reactor performance.

The substrate concentration was identified as the key parameter for the reaction
rate. The glucose oxidase-specific activity was improved by a factor of 12.9 for the fine
bubble aeration compared to macrobubble aeration at the substrate concentration, at
which the maximum reaction rate was achieved under the given experimental
conditions. Compared to macrobubble aeration, productivity for glucose oxidase
increased by a factor of 3.5 for the equal operating time. With the identical established



productivity for glucose oxidase, the process time was reduced by 3.9-fold to produce
the same amount of product utilizing fine bubble aeration.

Validation of repetitive batches was accomplished by achieving a similar glucose
oxidase-specific activity for the subsequent series of batches (Batch 1 and Batch 2) at
reduced substrate concentrations, utilizing the same immobilized glucose oxidase. The
repetitive batches enabled the reuse of cost-driven biocatalyst (glucose oxidase), and
the product amount was doubled with fine bubble aeration at the identical process time
when compared to macrobubble aeration. Based on the results of the laboratory-scale
techno-economic performance for immobilized glucose oxidase using a rotating
packed bed reactor, the total cost was reduced by half when using repetitive batches
under fine bubble aeration. With the advantage of doubled production rate and
productivity for glucose oxidase, the fine bubble aeration resulted in a
7.8 techno-economic performance improvement of the rotating packed bed reactor.
The outcome of this thesis demonstrates the potential use of fine bubble technology
for the efficient utilization of oxygen-limited oxidases by addressing the sustainability
of biotransformation processes.
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1. Introduction

This chapter gives an overview of the role of biotechnology in biocatalysis, the use of
oxidases in biocatalytic applications, the limitations of oxidative biotransformation
processes, and alternative reactor concepts. The focus of the thesis as the application
of oxidases in a rotating packed bed reactor under fine bubble aeration is described at
the end of the next section.

1.1. Therole of biotechnology in biocatalysis

To understand the role of biotechnology in biocatalytic applications, the potential of
enzyme technology on the global market was recently reviewed in the Global
Opportunity Analysis and Industry Forecast report in 2022 [1], considering the enzyme
classes, the origin of enzymes, the application areas as well as the regions. The
enzyme market is estimated to be worth 10.2 billion Dollars by 2031 and the companies
(Novozymes A/S, Koninklijke DSM N.V., DuPont de Nemours, Inc., BASF SE,
Advanced Enzyme Technologies Ltd., AB Enzymes GmbH, Codexis, Inc., Amano
Enzyme, Inc., F. Hoffmann-La Roche Ltd., Thermo Fisher Scientific Inc.) are reported
as the major players [1].

More than 1000 reports have been written in the period 2012-2028 in the research
areas for industrial biocatalysis [2, 3], as the use of enzymes in industrial applications
is increasingly favored [4] due to the major advantages of chemo-regioselectivity, the
ability to carry out the reactions in mild conditions, reducing by-products, and their
origin from renewable resources [2,5,6]. They can catalyze a wide range of reactions
by being engineered for the specific reaction [5], overcoming the disadvantages of
being subject to inhibition by other compounds in the reaction medium. In view of these
benefits, biocatalysis is considered a worthwhile alternative as it has the potential to
provide solutions for minimizing energy use with alternative biocatalytic synthetic
routes and leading to cleaner products while offering the advantage of
regioselectivity [5,6].

The first application of biocatalysis in chemical synthesis was in the 1930s, when the
bacterium Acetobacter suboxydans was used in the Reichstein-Grussner synthesis for
the production of vitamin C (L-ascorbic acid) in 1934 [7,8]. In the 1950s, the use of
biocatalysis in the pharmaceutical industry was demonstrated for the synthesis of
cortisone [7]. The approach of immobilization was first described by Nelson and
Griffin [9] in 1916 to enable the technical use of enzymes. To improve enzyme half-life
and enzyme recovery, the approach of enzyme immobilization is used, and the first
application of immobilized enzymes was reported by (Grubhofer and Schleith) [10]
in 1953. An integrated approach of protein engineering and enzyme immobilization,
called immobilized biocatalyst engineering, has been reported as an alternative
strategy for integrating biocatalyst improvement strategies [11].

The immobilized enzymes are available on the world market for practical applications,
such as Novozym® 435 from Novozymes S/A for ester synthesis, Plexazyme® AC from



Rohm GmbH & Co. KG for the synthesis of chiral amino acids, Lentikats® - B-
Galactosidase from LentiKat's Biotechnologies for the synthesis of
galactooligosaccharides [7]. Immobilization is the scope of this thesis and is discussed
in sections 2, 3 and 4.

S. Wu [4] published in 2021 a review of various industrial enzymatic reactions, i.e. the
synthesis of chiral compounds for pharmaceuticals. The main sectors applying
industrial biocatalysis are reported to be food, chemicals, and pharmaceuticals, as
shown in Figure 1.
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Figure 1. The main sectors involved in the application of industrial biotechnology.
The pie chart was plotted using the data in the literature [2] summarizing the
percentage of the number of reports between the years 2016-2020.

S. P. France [12] in 2023 has reported an overview for the evaluation of biocatalysis,
including enzyme discovery, their use in pharmaceutical development, and the scale-
up of manufacturing processes. The use of enzymes in the asymmetric synthesis of
chiral intermediates is becoming more prominent, as reported in the work of S. P.
France, where the limitations of biocatalytic applications are listed and oxidases are
reported as one of the key enzymes catalyzing the synthesis of chiral
intermediates [12]. F. Gallou [13] reported in 2023 on a study summarizing the potential
for merging bio- and chemo-catalysis and concluded that there is potential for industrial
integration of bio- and chemo-catalysis, although there are concerns about the
strategic and technical areas.

According to the Global Opportunity Analysis and Industry Forecast report, the
enzymes derived from microorganisms have the largest market share when compared
to the ones derived from animals and plants [1]. Hydrolases and oxidoreductases are
the enzyme classes that generated the highest profit [1,14] in the global market in 2021
and are expected to continue to do so until 2031 [1]. Oxidases (E.C.1 class) are
reported as an emerging potential for sustainable chemistry [15], and the following
section summarizes biocatalytic oxidation reactions supported with practical



applications, highlighting the class of enzymes, which were the subject of investigation
in this thesis.

1.2. Application of biocatalytic oxidation reactions

Many oxidation reactions are used in synthetic chemistry, such as alcohol oxidases to
oxidize alcohols, amine oxidases to synthesize (chiral) a-substituted amines, and lytic
polysaccharide monooxygenases to cleave glycosidic bonds in polysaccharides [16].
The oxidoreductases are used in the asymmetric synthesis of amino acids, steroids,
and value-added compounds in the pharmaceutical industry [14].

From a process chemist's perspective, biocatalytic oxidation reactions are divided into
two categories: oxyfunctionalization and dehydrogenation reactions. In the
oxyfunctionalization reactions, the enzymes monooxygenases, peroxygenases,
halogenases and dioxygenases are biocatalysts for the biotransformation reaction by
means of electrophilic insertion of oxygen atoms in the substrate in the presence of
molecular oxygen as a second substrate. The dehydrogenation reactions are catalyzed
by four types of enzymes [16]:

e Laccases and peroxidases are used for the removal of the hydrogen atom from the
phenolic substrates.

e Dehydrogenases and oxidases are catalysts for the removal of hydride from
alcohols and amines, respectively [16].

In the case of laccases and oxidases, the molecular oxygen is used for the removal of
the hydrogen atom from the substrate [16]. Oxidases such as cytochrome
P450 monooxygenases (CYPs), xanthine oxidoreductases (XORs), and flavin
monooxygenases (FMOs) are involved in the biocatalytic synthesis of drug
metabolites [17]. NADH oxidases are used to generate cofactors during the synthesis
of an intermediate for inhibitor synthesis developed by researchers at
Merck & Co [12,18]. A further example from Merck & Co. is the biocatalytic synthesis
of an inhibitor used in the treatment of HIV, in which galactose oxidase catalyzes the
desymmetrizing oxidation to yield an aldehyde intermediate [12,19]. An engineered
pyruvate oxidase was used in the production of Molnupiravir as another
pharmaceutical application [12,20].

In many biotransformation reactions used in industry, oxidases require molecular
oxygen as a substrate to oxidize the low-value compound into a high-value compound
or an intermediate molecule. From a process-engineering perspective, however, the
use of oxygen is the limiting step in these biotransformation reactions, resulting from
the insufficient oxygen solubility (0.254 mM [21] in water at 1 atm and 25°C), in
comparison to the solubility of the second substrate for two-substrate enzymatic
systems. To enable the application of oxidases in biocatalytic applications, the
challenges and limitations of oxidative processes, as well as the identification of cost
drivers in biocatalysis with optimal reactor concepts, are discussed in the following
section.



1.3. Major challenges in oxidative biocatalytic reactions

The main limiting factors [22] in the oxidative biocatalytic reactions are the mass
transfer and solubility of oxygen, as well as the loss of enzyme stability in multiphase
systems when the biocatalyst is in contact with the hydrophobic gas-liquid
interface [23,24]. For an effective reactor design, it is not only necessary to consider
the approaches to overcome these limitations, but also the possible drawbacks in the
implementation of the biocatalyst [23].

For oxidative biocatalytic reactions using molecular oxygen as a second substrate, the
reaction rate is limited by the insufficient oxygen mass transfer rate and its solubility in
the reaction medium. The oxygen mass transfer rate can be enhanced by improving
the reactor design [25], as the oxygen mass transfer rate depends on the reactor
geometry.

1.4. Reactor concepts: Improving biocatalyst performance

A large number of studies have been carried out to improve biocatalytic processes
using a variety of engineering solutions, including reactor concepts enhanced with
continuous flow biocatalysis operating under atmospheric and high-pressure
conditions, where gas solubility has been increased [26-29]. The key factor in
intensifying oxygen-dependent biotransformation reactions is reactor selection, as
reactor geometry and process parameters affect its mass transfer performance.

A. Lorente-Arevalo [25] reported alternative approaches for oxygen-dependent
reactions that included stirred tank reactors, flow tube reactors, tube-in-tube
configurations, multi-injection microchannel reactors, and pressurized liquid phase
reactors. The conclusion is that the improvement in the productivity for immobilized
glucose oxidase, as well as stability and the space-time yield, are necessary to
increase the biocatalytic performance [25]. A. T. Pedersen [30] published an example
of the flow biocatalysis concept, where the performance of two reactor concepts, a
continuous agitated cell reactor, and a batch reactor, was compared at similar reaction
volumes for the oxidation of glucose to D-glucono-1,5-lactone by the enzyme glucose
oxidase. The oxidative biotransformation process was intensified with this continuous
reactor concept by improving the oxygen mass transfer rate from 104 ht to 344 h7,
however, the application is not optimal for upscaling.

A comprehensive review of flow biocatalysis in the years 2020-2022 was written by M.
Crotti [27], where it was reported that the widely used reactor configuration is the stirred
tank reactors in continuous and discontinuous mode and the packed bed reactors.
Mechanical agitation [31] in the stirred tank reactor applies shear forces through the
impeller, which causes the inactivation of biocatalysts [20]. The negative effect of shear
forces on the biocatalyst performance is solved by the packed bed reactors without the
need for mixing, where no impeller is used [32]. Compared to the stirred tank reactors,
the packed bed bioreactors showed a higher conversion as the reactor volume was
largely occupied by the enzymes immobilized on carriers [27].



Membrane reactors are another alternative reactor concept to efficiently separate the
product from the enzymes. The membrane biocatalytic reactor design is divided into
two groups [33]. The reaction is catalyzed by the enzyme in the stirred tank reactor,
and the product is removed by a membrane, or the biocatalytic reaction is performed
in the membrane module of the stirred tank reactor with immobilized biocatalyst.
Packed microreactors are the alternative reactor concept to intensify biocatalytic
reactions with immobilized biocatalysts [34]. The reactor selection decision depends
mainly on its mass transfer performance as well as kinetic studies to characterize
substrate/product inhibitions of the reaction system. When product inhibition is high,
the plug flow reactor model is the appropriate option because high product
concentrations are only found at the end of the PFR, where the immobilized enzyme
is exposed to that high concentration [35, 36]. The continuous stirred tank reactor, on
the other hand, is an option for reactions with strong substrate inhibition because the
substrate is diluted in the reaction volume. However, high conversions per unit volume
are not feasible in stirred tank reactors, where the biocatalyst occupies only 10% of the
reaction volume [27]. Packed bed bioreactors have the advantage of achieving a high
conversion to free volume ratio since the reactor volume is mostly filled with enzymes
immobilized on carriers.

A reactor concept, namely a rotating bed reactor (Figure 2), has been introduced to
the market by SpinChem AB of Sweden. It was developed as an inspiration of the
basket reactors and the annular spinning basket reactors, the first results of which were
published in 1964 and 1978, respectively [37-39].

Figure 2. The rotating bed basket from SpinChem AB. The predicted flow pattern
(top, left) around a SpinChem® rotating bed reactor S2 in vessel V2, simulated using
Ansys Fluent, SpinChem AB [44]. The inside of the rotating bed basket was filled
with solid particles (top, right, SpinChem AB [45]). The elements of the rotating
packed bed reactor S2 assembled to form a basket with a stainless steel (SS316L,
EN2348) filter inside (down, SpinChem AB [46]).



In a comprehensive review, it was reported that the SpinChem® rotating packed bed
reactor reduces the mechanical friction [40] on the solid catalysts and allows the
catalyst to be used again [40,41]. As of today, SpinChem® vessels with a rotating bed
reactor have been used in many biocatalytic applications [42,43], either with
immobilized enzymes or whole-cell biocatalysis, such as the asymmetric
hydrogenation of C=C bonds and the synthesis of perillyl alcohol.

This concept represents an alternative to conventional packed bed reactors. The
advantage is not only that the enzymes are immobilized on carriers and retained in the
packed bed basket, but also that the rotation introduces high convection forces into the
liguid medium, thereby facilitating efficient mixing performance. The SpinChem®
rotating packed bed reactor acts as an impeller (diameter 45 mm), and the reactants
are dispersed in the liquid medium. The reaction medium is circulated through the
rotating packed bed basket and is recirculated back to the vessel. The approach for
the application of oxidases is described in the following section.

1.5. The use of immobilized oxidases in arotating packed bed reactor

Enzyme retention/immobilization is a successful strategy to contribute to the reuse of
cost-intensive biocatalysts. The most common enzyme immobilization techniques are
reported as physical adsorption, entrapment, encapsulation, ionic bonding, and
cross-linking/covalent bonding. There is no standard immobilization method that can
be applied to all biocatalysts as immobilization methods depend on several parameters
such as temperature, pH, salt concentration, functional groups on the supports, and
the amino acids of the protein [47,48].

The advantage of the adsorption method, which is a cheap and rapid technique, is its
wide range of applicability to different enzymes, however, it has the disadvantage of
enzyme leakage and low enzyme stability [49]. The encapsulation method brings
strong diffusion limitations, and the cross-linking method requires a linker to promote
immobilization [48]. The technique of ionic bonding is reversible [48], and high levels
of charges can cause changes in the enzyme structure. The entrapment method is a
method of irreversible immobilization, but the technique is limited by the low loading
capacity of enzymes [48].

The approach of covalent bonding allows for the strong fixation of enzymes to the
carriers [50]. The functional group of the carrier forms a chemical bond with the amino
group of the protein, resulting in irreversible immobilization (Figure 3). Sepabeads®
EC-HFA carriers and Relizyme™ HFA M grade carriers improve enzyme reuse [41]
and do not require prior activation for covalent immobilization [41, 52], assuming
irreversible immobilization [53] and allowing multipoint attachment [54-56].
Sepabeads® EC-HFA carriers and ReliZzyme™ HFA M grade carriers have the identical
chemical structure with the same functional and epoxy groups [53] and are used in
many biocatalytic immobilization [41, 57-59].
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Figure 3. Relizyme™ HFA 403 M grade carrier (with a methacrylic polymer matrix)
with functional groups. A chemical bonding between the epoxy group of the carrier
and the amino group of the protein occurs, which results in irreversible
immobilization. The figure was drawn according to the product information
sheet [53] of Resindion S.r.I. with the online software Chemical Sketch Tool from

RCSB PDB Core Operations.

In a rotating packed bed reactor, the oxidative biotransformation of D-glucose to
D-glucono-1,5-lactone (Scheme 1) is catalyzed by covalently immobilized glucose
oxidase on epoxy-functionalized carriers in the presence of molecular oxygen and
catalase (free) [41]. The approach of covalent bonding is the favored method for the
enzyme glucose oxidase, according to M.Y. Arica [51].
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Scheme 1. Oxidation of D-glucose to D-glucono-1,5-lactone by covalently
immobilized glucose oxidase (GOx) on epoxy-functionalized carriers in the
presence of molecular oxygen and catalase [41]. A packed bed reactor with
immobilized glucose oxidase on carriers (left, down).



2. Process intensification applying fine bubble technology

An oxidative biotransformation process catalyzed by immobilized glucose oxidase
requires molecular oxygen. This was demonstrated (Scheme 1) in the previous
section. As explained by S. lliner, the increase in surface area to volume ratio
enhances the contact between the gas and liquid phases for the reaction catalyzed by
the glucose oxidase enzyme in free form, resulting in an increased space-time
yield [60]. Another example of increasing oxygen mass transfer is the use of fine bubble
technology, applying microbubbles and nanobubbles to increase the surface area per
volume of gas available for mass transfer at the gas-liquid interphase, as shown in our
previous studies [61-63].

2.1. Characteristics of fine bubbles

In accordance with ISO 20480, fine bubbles are subdivided into ultrafine bubbles
(dg < 1 pm) and microbubbles (1 ym < dz < 100 pm) [64] (Figure 4, top). A reduction in
the radius of the bubble results in an increase in internal pressure [37,62,65]
(Figure 4, down), which becomes greater than the surrounding pressure as surface
tension (o) becomes dominant (Young-Laplace Equation, Equation 1).

bubble
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fine bubbles
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f 1
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Figure 4. Redrawn from the scale diagram showing bubble diameters (top) [64].
Laplace pressure as a function of bubble diameter (down): The plot was generated
using the data published for a water-air system at 20°C by N.R. Pallas [66].



ap=27 1
- (1)
where AP in mN um-2 is the Laplace pressure, o in mN um-* denotes the surface tension
and dg in pm is the bubble diameter.

The elevation in the internal pressure of the bubble has the consequence of intensifying
the partial pressure of the gas components within the bubble and, consequently, the
saturation concentration. According to Henry's law (Equation 2), the concentration
gradient at the interphase rises as the bubble diameter decreases, resulting in locally
enhanced saturation concentrations [38,65], which contributes to high gas dissolution
(Equation 3) [67].

p.
= :‘

where H in atm m3 kmol! is the Henry’s constant and p; in atm denotes the partial

pressure of the component i in the bubble, ¢; in kmol m3 is the saturation concentration
of the gas molecule i in the liquid phase.

Nd:kL A(pl'pl*)/H (3)

where N, in mol s is the dissolution rate, 4 in m stis the liquid phase mass transfer
coefficient, 4 in m? is the bubble surface area, p* in atm is the partial pressure of the
gas component i in equilibrium with the dissolved gas molecule in the liquid phase.

Fine bubbles have a large volume-specific surface area as well as a large interfacial
area. As the diameter of the bubbles decreases, the effect of buoyancy becomes less
dominant and the rate, at which the bubbles rise (Equation 4), decreases [65], thus
increasing the residence time of the bubbles and the mass transfer into the reaction
medium.

pg-dy
Yy = —=—2 4
B 75 0 (4)
where 95 in m s is the bubble rising velocity, p in kg m3is the liquid density, g in m s
is the gravitational acceleration, dg in m is the bubble diameter, x in kg m™* s is the
liquid dynamic viscosity.

2.2. Generation of fine bubbles

In the previous studies, the oxygen mass transfer was significantly improved with the
use of fine bubbles (dz < 100 um) when compared to macrobubbles (100 ym < dg).
Two distinct approaches (static and dynamic aeration) for the generation of fine
bubbles have been reported [62,63,68].



2.2.1. Static aeration

Generation of fine bubbles via the static aeration approach is made achievable by
utilizing the advantage of low power consumption. The fundamental principle
underlying the static aeration approach is the use of spargers (Shirasu Porous Glass
(SPG) membrane spargers and sintered frit porous metal spargers), whose material
surface is composed of microscopic pores (Figure 5). The presence of these
micropores facilitates the transfer of gas molecules into the liquid medium, thereby
generating fine bubbles.

Figure 5. Porous spargers. Sintered frit sparger (left): pore size: 2 um, stainless
steel, TECHLAB GmbH, Braunschweig, Germany [69]. SPG membrane
sparger (right): pore size: 0.1 - 50 um, Al,Os.SiO glass, SPG Technology Co. Ltd,
Higashikaminaka Sadowaracho, Japan [69].

2.2.2. Dynamic aeration - pressurised dissolution method

An alternative method for the generation of fine bubbles is facilitated through the
utilization of the pressurised dissolution method, which employs high-density bubble
flows, necessitating the introduction of an additional liquid flow [71]. The liquid and
gaseous phases are mixed and pressurized in the venture tube releaser to increase
the concentration of dissolved gas. The liquid is pumped and transferred from the liquid
inlet through to the venture tube releaser. The gas is sucked through the venture tube
releaser, where the pressure is reduced and becomes less than atmospheric pressure.
The liquid within the venture tube releaser is subjected to a process whereby the liquid
becomes over-saturated with gas due to a pressure drop [71,72] (Figure 6). It is
necessary to create a cavitation at the decompression nozzle to generate fine bubbles.
The liquid volumetric flux at the nozzle throat affects the number density of cavitation
fine bubbles, which are generated continuously [73]. The liquid, which contains fine
bubbles, is pumped to the reactor, where a biotransformation reaction occurs.
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Figure 6. Generation of fine bubbles with a pressurized dissolution method. The
figure was redrawn using the information provided in the referenced literature [71, 72].

Conclusion

To improve the performance of immobilized glucose oxidase in oxidative
biotransformation reactors, it is necessary to increase the interfacial area using fine
bubbles, thus enabling a high mass transfer rate of oxygen molecules through a given
liquid medium at the same volume-specific aeration rate. This has been demonstrated
in previous studies [62,63,68]. The novel aspect of this work is the implementation of
fine bubble technology in a modified SpinChem® vessel V2 with a rotating packed bed
basket S2, which is discussed in detail in section 2.4.

2.3. Utilization of molecular oxygen transferred from fine bubbles by
oxidases

The underlying principle of oxygen transfer through a bulk medium via the two-film
model is integrated with the oxygen demand of the enzyme glucose oxidase. The
two-film theory assumes a one-dimensional mass transfer (Figure 7) of gas molecules
in bubbles by diffusion at the boundary layer into the liquid medium under consideration
of Fick's law.

. dco
=.D- —= S
No, 2 (5)

where N, in mol m?2 s is the molar flow density, D in m? st is the diffusion coefficient,
and ¢ in mol m-3is the concentration of oxygen.
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Figure 7. Two-film theory: Mass transfer of oxygen in the bulk gas phase through
the bulk liquid medium [74]. The two-film theory is represented schematically, with
the consumption of oxygen by the enzyme located in the bulk medium.

Well-mixed conditions are assumed in both bulk phases, where CcB>2,G and c(B)Z,L are the
concentrations of oxygen in the bulk gas and liquid phases, respectively. At the fluidic
interface, the saturation concentration difference is observed and described by
Henry's Law (Equation 2 in section 2.1), where cgz,G and cgsz are described as the

saturation concentration of oxygen in the gas phase and liquid phase. The oxygen
molecules in the gas phase are transported and diffused at the boundary layer, where
mass transfer occurs at the interface. The molar flow density NO2 depends on the

concentration difference at each interface, where cgz,G - CSZ,G and cgz,L - ng,L are the
concentration differences at the gas phase and liquid phase interface, respectively.

. o B 3
N02 - ﬁG’o2 ’ (COZ,G - COZ,G) ( 6 )

No, = ﬂL,OZ ' (C<*)2,L - CCB)2,L) (7)

The mass transfer coefficients s , and g, in m s* depend on the concentration
Al b

boundary layer thickness in the gas J. in m and liquid phase J.;, in m, assuming that
there is no back mixing into the bubbles and that the internal resistance of the bubbles
is insignificant [75].

Po, = 3 (8)

The oxygen mass transfer coefficient g, 02for the gas phase is higher than the oxygen
mass transfer coefficient for the liquid phase 3, 0, resulting in a lower boundary layer
thickness in the gas phase (. < d.1) [71].

The dissolved oxygen and glucose in the bulk liquid medium are further consumed by

the immobilized enzyme glucose oxidase [76]. The mass balance for the accumulated
substrate layer within the carriers is defined by Equation 9.
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dmsubstrate .
T - V.CSP_ ('Bsubstrate'Ac'r) (9)

where my,qate 1IN MQ IS the accumulated substrate on the layer of the carriers at time ¢,

V in mL min't is the volume flow rate through the carriers, cgp IN MY mL1is the mass

concentration of the substrate at the accumulation layer of the carriers, g inmis

the constant of the substrate on the layer, » in mg mL*min is the reaction rate on the
layer of carriers, 4, in m? is the surface area of the carriers.

The oxygen consumption rate OCR in mM min-! is modeled as the design equation [77]
of the batch operation by multiplying the reaction rate vz in pmol min-t mgcox* with the
enzyme concentration cg,yme I Mgcox ML, The oxygen concentration measured by

the immersed sensor indicates the concentration of oxygen molecules c(B)z,L present in

the bulk liquid phase at time ¢, which is the total sum (Equation 10) of the oxygen
transfer rate (OTR), oxygen consumption rate (OCR), and oxygen production
rate (OPR).

dc
702=OTR-OCR+0PR (10)
dCO
OCR = dtz = VR "Cenzyme (11)

Vmax " Cglucose * €O, ( 12 )
VR &
Km,glucose " Co, + Km,02 " Cglucose + Cglucose * €0,

where v« in umol min' mgeox! is the maximum glucose oxidase mass-specific
reaction rate, cgjycose IN MM and cq, in MM are the glucose and oxygen concentrations

and K, in mM is the Michaelis-Menten constant.

The OPR is the reaction rate of hydrogen peroxide decomposition catalyzed by
catalase in Scheme 1, producing %2 mole of oxygen as a by-product, which is reused
in the reaction system by the enzyme glucose oxidase. The OCR is related to the
reaction rate equation (12) and is directly proportional to the dissolved substrate
concentrations. The mass balance of gaseous species, where the OTR in mmol min-t Lt
is given by the time-dependent change in oxygen concentration in the circumstance of
oxygen consumption being equal to zero, is demonstrated in Equation 13.

OTR = — = —=-—— (13)

where ng in mmol is the moles of gas transferred from the bubbles into the liquid, 77 is
the liquid volume in L, and c is the concentration of oxygen in mmol L.

The value of the locally defined OTR is dependent upon the concentration gradient at
the bubble interface ¢*- c(r), where ¢* in mmol L? is the saturation concentration of
dissolved molecular oxygen, and c(¢) in mmol L is the dissolved oxygen concentration
in the bulk medium at time ¢ according to Equation 14. The liquid-side volumetric mass
transfer coefficient 4 ain h' is defined as the multiplication of the mass transfer
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coefficient k; and the specific interfacial area a in m. In Equation 13, the OTR is
replaced with Equation 14, in which the differential is solved to yield the parameter 4 a
in Equation 15 [41].

OTR =kya - (c*- c(t)) (14)

The mass transfer performance is characterized by the liquid-side volumetric mass
transfer coefficient 4 a applying the dynamic method [78,79].

*
C -¢C

ba=ln (=) /- 1o) (15)

c -

where ¢, - t, in his the time interval.

2.4. The focus of the thesis: Application of immobilized oxidases in
a modified SpinChem® vessel with a rotating packed bed basket

The focus of this work is the application of fine bubble aeration within the immobilized
glucose oxidase in a rotating packed bed reactor as an efficient innovative reactor
design for process intensification. The principal objective of this thesis is to develop
solutions to the issue of mass transfer limitations:

1. Low solubility (0.254 mM at 1 atm and 25°C in water [21]) of oxygen in the reaction
medium as a second substrate: The reaction is continuously supplied with oxygen to
overcome this limiting factor, which results in a notable increase in gas consumption.
The application of fine bubble aeration enables the surface area per unit volume of
added oxygen in compressed air to be increased, thus facilitating a higher overall mass
transfer rate of oxygen to the specified reaction volume.

2. Diffusion limitation in the rotating packed bed reactor: The solution to withstand the
harsh process conditions is the immobilization of the biocatalysts [5] on a solid support,
where a heterogeneous immobilized system is created. By immobilizing the enzyme
on a solid support, the enzyme conformation is stabilized, making it more stable and
resistant to changes under process conditions [80]. A higher level of stability and
enzyme recycling is required to reduce the cost fraction of the biocatalyst, particularly
for low-cost products [81]. Immobilizing enzymes on carriers provides a high
biocatalyst concentration in the reactor, resulting in higher productivity for glucose
oxidase [82]. Thus, the immobilization technique is an approach for implementing
biocatalysis in practical applications, such as in flow biocatalysis [81]. To estimate the
optimum operating time and reaction conditions, enzyme stability and kinetic studies
under the targeted reaction conditions are required, which is the subject of this study.

The following investigations are the subject of this research to overcome mass transfer
limitations and to enhance the performance of immobilized glucose oxidase in a
rotating rotating packed bed reactor integrated with the fine bubble technology:
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Design of system allowing improvement of reaction efficiency

Design of liquid model system and characterization of immobilized oxidases
Characterization of the rotating bed reactor focusing on hydrodynamics and mass
transfer performance with inline oxygen measurements

Investigation of the stability of the immobilized oxidases with diffusion limitations
Characterization of system productivity based on reaction kinetics and kinetic
modeling of the reaction rate equation

Demonstration of the applicability of fine bubble aeration by investigating the
technological and economic performance of the innovative reactor concept
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3. Materials and methods
3.1. Biocatalysts

Glucose oxidase (Enzyme Commission Number: 1.1.3.4) GOx type VI
(G2133, 248878 units/mg solid, purity factor: 0.816) lyophilized powder from
Aspergillus niger and peroxidase (Enzyme Commission Number: 1.11.1.7) type |
(P8125, =50 units/mg solid) lyophilized powder from horseradish were purchased from
Sigma-Aldrich/Merck KGaA (Darmstadt, Germany). Catalase (Enzyme Commission
Number: 1.11.1.6) (C0052, ~2000 units/mg protein) solid powder from bovine liver was
purchased from TCI Deutschland GmbH (Eschborn, Germany).

3.2. Chemicals

The substrate D-(+)-glucose (p.a., anhydrous), sodium acetate (> 100.1%, p.a.,
anhydrous), acetic acid 100% (= 99.8%, p.a.), acetic acid (25%, pure), dipotassium
hydrogen phosphate (K2HPO4, 99.5%, anhydrous), and potassium-dihydrogen
phosphate (KH2PO4, 99.8%) were purchased from Carl Roth GmbH (Karlsruhe,
Germany) for the preparation of substrate and buffer solutions. Sodium hydroxide
(NaOH, 99.5%, pellets) for inline titration as well as pH adjustment of solutions,
o-dianisidine peroxidase substrate for the enzymatic assay of glucose oxidase, and
antifoam 204 (A6426) as a surfactant (mixture of organic non-silicone polypropylene
polyether dispersions) were purchased from Sigma-Aldrich/Merck (Darmstadt,
Germany). For the Bradford protein assay, Coomassie Protein Assay Reagent (Blue
G-250) was purchased from Themo Fisher Scientific GmbH (Rockford IL, USA).
Sepabeads® EC-HFA and Relizyme™ HFA 403 M grade carriers were purchased from
Resindion S.r.l (Rome, lItaly). Oxirane acrylic (1014 F) carriers were purchased
from ROhl GmbH (Waldbdttelbrunn, Germany).

3.3. Carrier screening

0.1 g carriers supplied in wet form (Oxirane acrylic beads (1014F), Sepabeads®
EC-HFA, Sepabeads® EC-EP 503/S and Lifetech ECR 8285b) were washed with
10 mL deionized water. Carriers remaining on the filter (diameter of 125 mm,
Fisherbrand QL115, Fisher Scientific Schwerte, Germany) were left for 2 h in a vacuum
drier.

Each type of dried epoxy functionalized carriers (0.05 g of Sepabeads® EC-HFA as
well as Sepabeads® EC-EP 503/S, 0.05 g of Oxirane acrylic 1014F and 0.02 g of
Lifetech ECR 8285b) was incubated separately with 1.4 mL of glucose oxidase solution
(85.0 £ 2.4 pgeox mL1) at 4 + 1°C and 40 rpm with the tube revolver Thermoscientific
(USA) and for five days to establish the equilibrium between the carriers and enzyme
at the end of immobilization. The enzyme glucose oxidase solution was prepared in
50 mM potassium phosphate buffer [83] at pH 7.0.
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3.4. Buffer selection

0.07 g of Relizyme™ HFA 403 M grade carriers were incubated with 1.4 mL of glucose
oxidase solution (100 pgecox mL1) at 20 rpm with the tube revolver Thermoscientific
(USA) and 4 + 1°C for 20 h. The enzyme glucose oxidase solution was prepared in
100 mM potassium phosphate buffer at pH 7.0 and 10 mM sodium acetate buffer at
pH 5.3 to study the buffers.

The term "unit definition of activity" U mL™* (umol mint mL1) represents the rate of
oxidation of 1.0 ymol of B-D-glucose to D-glucono-1,5-lactone and H202 per minute.
The reaction solution, prepared with 0.19 mM o-dianisidine, 8.84 mM D-(+)-glucose,
and 1.93 U POD in a non-UV spectrophotometer cuvette, was saturated with
compressed air for 20 minutes to ensure oxygen saturation of the reaction solution for
a high glucose oxidase activity. The enzyme peroxidase facilitates the oxidation of
o-dianisidine in the presence of hydrogen peroxide, which is a by-product
of the oxidation of glucose by the enzyme glucose oxidase in the supernatant. The
photometric investigations were performed under controlled temperature conditions
using the UV/VIS photometer Uvikon XL, manufactured by Goebel Instrumentelle
Analytik GmbH (Au in der Hallertau, Germany).

3.5. Preparation of carriers for the rotating packed bed basket

The amount of Relizyme™ HFA 403 M grade carriers (25 g) supplied in wet form was
washed with 500 mL deionized water. The carriers on the filter (Munktell Ahlstrom
Folded Grade 3 Filters, d = 270 mm, Ahlstrom, Finland) were subjected to an overnight
storage period at 52°C. To set up a SpinChem® rotating packed bed basket S2
(diameter = 45 mm), 8.2 g of Relizyme™ HFA 403 M grade dried carriers was incubated
with 90 mL of glucose oxidase solution (98 pg mL* and 685 pg mL1, which correspond to
1.07 mgcox Qearrier t and 7.52 mgcox gearier 2, respectively). The glucose oxidase solution was
prepared in 10 mM sodium acetate buffer at pH 5.3. The immobilization experiments were
carried out for 22 h at 4 £ 1°C and 300 rpm with the shaker Edmund Buhler GmbH
(Bodelshausen, Germany). The supernatant was removed with a syringe needle. To
remove unbound glucose oxidase from the carriers, they were washed three times with
20 mL of 10 mM sodium acetate buffer at pH 5.3 until no change in activity values of the
washing solution was detected. Once the model reaction was run in the modified
SpinChem® vessel V2 with a rotating packed bed basket S2 under fine bubble aeration,
the rotating packed bed basket was washed three times with 100 mL of 10 mM sodium
acetate buffer at pH 5.3, with the objective of eliminating any residual components.
Following this process, the rotating packed bed basket was integrated into the experimental
setup, where it was utilized to conduct a repetitive batch.

3.6. Reactor set-up

The generation of fine bubbles was achieved through the utilization of an AMB3 fine
bubble generator and a sintered frit porous sparger. Consequently, two different
reactor configurations were established in this study.
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3.6.1. Reactor set-up 1. Generation of fine bubbles with an AMB3
nanobubble generator

Fine bubbles are generated by the pressurized dissolution method, as previously
discussed in section 2.2.2, utilizing the AMB3 fine bubble generator in Figure 8
(HACK UFB Co., Ltd., Yamanashi, Japan). The ambient air is sucked (2), and the
reaction medium is pumped from the liquid inlet (4) through to the mixing vessel (1). In
the mixing vessel, the liquid is subjected to over-saturation, resulting in the generation
of ultrafine bubbles, which are then pumped to the reactor from the liquid discharge
point (5).

Figure 8. AMB3 fine bubble generator: 1 - mixing vessel: air with water, 2 - air suction,
3 - air control valve, 4 — liquid inlet, 5 — liquid discharge with fine bubbles [84].

The reactor setup (Figure 9) consists of a SpinChem® rotating packed bed basket S2
and a SpinChem® vessel V2 purchased from SpinChem AB (Sweden). To prevent
carrier leaching, a stainless steel (SS316L, EN2348) filter (pore size 104 um) was
placed in the SpinChem® rotating bed basket S2 (Figure 2). The rotating packed bed
basket was placed 19 mm from the bottom of the vessel. The shaft of the rotating
packed bed basket was connected to the digital overhead stirring motor
IKA RW 20 Digital from IKA-Werke GmbH & Co. KG (Staufen, Germany). The
thermostat Thermohaake B5 Thermoscientific (USA) was connected to the SpinChem®
vessel to maintain a constant temperature of 35°C during the reaction.
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Figure 9. Experimental set-up 1. 1. Motor, 2. SpinChem® vessel V2 with a rotating
packed bed S2 basket, 3. SP-PSt3-NAU-D10-YOP oxygen sensor spot, 4. Fiber
optic oxygen meter Fibox 4, 5. AMB3 fine bubble generator, 6. Thermostat.

3.6.2. Reactor set-up 2: Generation of fine bubbles with 2 um sintered frit
sparger

The reactor setup consists of (Figure 10 and Figure 11) of a SpinChem® rotating
packed bed basket S2 and a SpinChem® vessel V2 purchased from
SpinChem AB (Sweden). To prevent carrier leaching, a stainless steel
(SS316L, EN2348) filter (pore size 104 um) was placed in the SpinChem®rotating bed
basket S2 (Figure 2), which was filled with 8.2 g dried ReliZzyme™ HFA 403 M grade
carriers with immobilized glucose oxidase (Scheme 1). The shaft of the rotating packed
bed basket was connected to the digital overhead stirring motor IKA RW 20 Digital
from IKA-Werke GmbH & Co. KG (Staufen, Germany). The thermostat
Thermohaake B5 Thermoscientific (USA) was connected to the SpinChem® vessel to
maintain a constant temperature of 35°C during the course of the reaction.

The compressed air flow rate, which was regulated with a gas mass flow meter from
Bronkhorst Deutschland Nord GmbH (Kamen, Germany), was supplied to the reaction
medium using a sintered frit sparger from TECHLAB GmbH (Braunschweig, Germany)
with a pore size of 2 um (length 25.4 mm, diameter 12.7 mm) and an open tube sparger
(opening diameter of 2 mm). At the bottom of the reactor, both spargers were placed
vertically. The distance between the top of the sintered frit sparger and the bottom of
the vessel was 26 mm. The rotating packed bed basket was positioned 41 mm from
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the bottom of the vessel, with a distance of 15 mm between the top of the sintered frit
sparger and the lower end of the rotating packed bed basket.

Figure 10. Experimental set-up 2. 1. Motor, 2. Bronkhorst gas flow meter,
3. SP-PSt3-NAU-D5-YOP oxygen sensor spot, 4. SpinChem® vessel V2 with a
rotating packed bed reactor S2, 5. Sintered frit sparger with a pore size of 2 um, 6.
Thermostat, 7. Fiber optic oxygen meter Fibox 4, 8. Automated titrator

Titrinoplus 848 Metrohm.
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Figure 11. The Piping and Instrumentation Diagram (PID) of the experimental
set-up (down, HiTech Zang RI-CAD software version 2.2).
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3.7. Analytics

3.7.1. HPLC analysis

An offline HPLC analysis was established according to the literature [30] to detect the

substrate D-glucose and gluconic acid (Figure 12).
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Figure 12. HPLC chromatograms. A) Blank: 50 mM potassium phosphate buffer
with 20.8 mM NaOH (2.6 min), B) 20 mM D-glucose (3.4 min) in 50 mM potassium
phosphate buffer with 20.8 mM NaOH, C) Gluconic acid (5.0 min) in 50 mM
potassium phosphate buffer with 20.8 mM NaOH. HPLC column: Luna 5 pm NH-
100 A LC column 250 x 3.0 mm from Phenomenex Ltd, (Aschaffenburg, Germany),
mobile phase flow rate: 0.5 mL min of 20 mM of HzPQOy, in deionized water, injection
volume 10 L, 30°C.

The analytes were identified using a refractive index detector and quantified with the
peak areas of the calibration samples using the software OpenLab CDS ChemStation

Edition (Figure 13).
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Figure 13. Calibration curves of D-glucose and gluconic acid. HPLC column: Luna
5 um NH2 100 A LC column 250 x 3.0 mm from Phenomenex Ltd, (Aschaffenburg,
Germany), mobile phase flow rate: 0.5 mL min* of 20 mM of H3PO, in deionized
water, injection volume 10 pL. Samples were prepared in 50 mM potassium
phosphate buffer at pH 7 together with 20.8 mM NaOH, 30°C.

30

When the HPLC vials containing the samples taken from a reaction system were
reinjected, an increase in the peak area of the product gluconic acid and a decrease
in the peak area of glucose were observed (Figure 14).
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Figure 14. Re-analysis of the HPLC vials to control the change in peak area
(20.8 mM NaOH was used to quench the reaction), circles: initial data point for
glucose and gluconic acid, triangles for glucose after 1h and 4h, diamonds for
gluconic acid of the same HPLC vial. Luna 5 pm NH2 100 A LC column 250 x 3.0 mm
from Phenomenex Ltd, (Aschaffenburg, Germany), mobile phase: 0.5 mL min? of
20 mM of HzPO4 in deionized water, injection volume 10 pL. Samples were prepared
in 50 mM potassium phosphate buffer at pH 7 together with 20.8 mM NaOH, 30°C.



In accordance with the literature [30], the sodium hydroxide concentration was
increased to 480 mM in the HPLC vials to quench the reaction. However, the ability to
separate the peaks was limited for a glucose concentration of 93 mM, as illustrated in
Figure 15. Therefore, the inline automated titration analysis was established as
described in section 3.7.1.
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Figure 15. HPLC chromatogram of a reaction sample at 1 h. 93 mM D-glucose
(3.4 min) and 7 mM gluconic acid (5.0 min) in 50 mM potassium phosphate buffer
with 480 mM NaOH (3.1 min). HPLC column: Luna 5 um NH; 100 A LC column
250 x 3.0 mm from Phenomenex Ltd, (Aschaffenburg, Germany), mobile phase:
0.5 mL min‘t of 20 mM of H3PO4 in deionized water, injection volume 10 pL. Samples
were prepared in 50 mM potassium phosphate buffer at pH 7 together with 20.8 mM
NaOH, 30°C.

3.7.2. Development of an automated inline analysis

Before starting the experiments, the automated titrator from Titrinoplus 848 Metrohm
(Switzerland) was calibrated each time with the calibration solutions at pH 4.00 = 0.02
as well as pH 7.00 + 0.02 from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). To
avoid overtitration during the titration, the pumping rate of 1 M NaOH was adjusted for
each substrate concentration, ranging from 8.8 - 1000 mM. For macrobubble aeration,
the reaction rate was much slower than during fine bubble aeration. Thus the pumping
rate of NaOH was kept at a lower level compared to the reactions performed for fine
bubble aeration.

Table 1. Adjustment of titration parameters: Reagent 1 M NaOH, 35°C, pH sensor,
time interval 120 s. The lag phase was explained in sections 3.7.1.2 and 4.8.

Fine bubble aeration Macrobubble aeration
(2 pm sintered frit) (Open tube: 2 mm orifice diameter)
Before After Before After
D-glucose
[mM] lag phase lag phase - lag phase - lag phase
1 M NaOH pumping rate [mL min-]
8.8 0.05-0.1 0.2-0.3 - -
25 0.05-0.1 0.2-0.3 0.03 30
50 0-05-0.1 0.2-0.3 - -
100 0.1 0.2-0.3 - -
300 0.1 0.45-0.5 0.03 30
600 0.1 0.55-0.6 0.03 30
1000 0.1 0.55-0.6 - -
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3.7.2.1. Validation of the inline titration method

The chemical transformation is not limited, and the acid dissociation constant of
gluconic acid pKa of 3.5 was calculated with Equation 16 at 35°C using the value
of pKa 3.6 of gluconic acid at 25°C published by the European Chemical Agency [85].

= 16
nK T ( )

where K is the equilibrium constant, R in J Kt mol?is the molar gas constant, AG in
J mol? is the Gibbs free energy.

The acid dissociation constant of gluconic acid pKa of 3.5 is lower than the value of
pH 5.3 of the reaction causing deprotonation of the carboxylic acid group of gluconic
acid. The quantitative product determination for the biotransformation of
D-glucono-1,5-lactone to gluconic acid was validated on a mole basis, as one mole of
NaOH consumed corresponds to one mole of gluconic acid produced. The ratio of the
total mole of product r,,.q, at the end of the reaction to the initial mole of D-glucose

Ngiucose,0 9iVEN to the system, shown in Equation 17, corresponds to the reaction yield.

Nproduct

Yield [%] = - 100 (17)

Nglucose,0

A representative calculation is described for a glucose concentration of 300 mM,
corresponding to 60.000 pumole of glucose to be oxidized by the enzyme glucose
oxidase in 200 mL of reaction medium. Continuous titration of the product
D-glucono-1,5-lactone shifted the reaction to the product side, allowing a yield of
96.2 + 2.5%. Based on this finding, as presented in section 4.9, if all the glucose
molecules in the reaction medium are oxidized, 60.000 umole of gluconic acid would
be produced, corresponding to the need for 60 moles of 1 M NaOH, resulting in a total
volume of 60 mL of 1 M NaOH pumped into the system as shown in Figure 16. The
titration method was well established for inline analysis and ensured a fixed pH value
of pH 5.5 + 0.2, which is required for maximum activity of glucose oxidase.
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Figure 16. Inline determination of gluconic acid during the course of the reaction.
1000 rpm, 35 £ 1°C, 8.2 g carriers, initial volume 200 mL, 1 vvm, pH 5.5 + 0.2.
300 mM glucose solution was prepared in 10 mM sodium acetate buffer at pH 5.3.
Calculated activity of catalase (free) / calculated activity of glucose oxidase
(immobilized):1.70. The experiment was performed in duplicate. Error bars show
the standard deviation obtained from duplicate measurements.

3.7.2.2. Determination of the glucose oxidase-specific activity of immobilized
and free oxidases in a rotating packed bed reactor

The amount of product was quantified using inline titration analysis. The slope of the
progress curve between 10-25% of yield (10% yield is the start of the linear region after
the lag phase) yielded the amount of product produced in micromoles per minute (U).
The slope was quantified using linear data fitting in the Origin2023a software. The
amount of product determined is correlated to the amount of substrate consumed in a
1:1 stoichiometric ratio without side product production as described in section 3.2.2.
The glucose oxidase-specific activity in U mg* is defined as the amount of substrate

consumed in micromoles per minute per mg of enzyme.
3.8. Investigation of mass transfer in a gas-liquid multiphase flow

The mass transfer performance for the rotating packed bed reactor used as an impeller
was measured with 8.2 g of dry Relizyme™ HFA 403 M grade carriers without
immobilized enzymes in 200 mL of the liquid model solution (10 mM sodium acetate
buffer at pH 5.3 at 35°C) using compressed air and nitrogen as the stripping gas. The
concentration of oxygen was monitored inline with an immersed oxygen sensor
spot SP-PSt3-NAU-D5-YOP connected to the Fiber Optic Oxygen Meter Fibox 4 from
PreSens Precision Sensing GmbH (Regensburg, Germany). The position of the sensor
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spot was fixed for all experiments at 2 mm near the rotating packed bed basket and
4 mm above the bottom of the rotating packed bed basket.

The oxygen was provided through the utilization of compressed air, which was
regulated by the Bronkhorst gas flow meter and connected to a 2 um sintered frit in the
SpinChem® vessel V2. The accuracy of the air flow rate given by the Bronkhorst gas
flow meter was investigated through a series of experiments. In each experiment, a
measuring cylinder was filled to capacity with deionized water, and a thin tube was
placed under the measuring cylinder. As the air flow rate was initiated, the gas was
introduced into the measuring cylinder, resulting in the water being removed from the
measuring cylinder. The measurement time was set at one minute, after which the
remaining water volume in the cylinder was quantified. The difference between the
initial water volume and the remaining water volume represents the volume of air (ml)
placed with water, indicating the air flow rate (mL) per minute (Figure 17).
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Figure 17. Calibration test of the Bronkhorst gas flow meter at 23 + 1°C,
deionized water.
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4. Results and discussion

In the following section, the applicability of the fine bubble technology in the modified
SpinChem® vessel with a rotating packed bed basket is demonstrated by:

e Investigation of the mass transfer and biocatalytic performance for a SpinChem®
vessel with a rotating packed bed basket (SpinChem® rotating packed bed reactor)

e Investigation of process parameters for efficient use of the SpinChem® rotating
packed bed reactor under fine bubble aeration

e Approaches to overcome mass transfer limitations: internal diffusion limitations and
mass transfer in the gas-liquid multiphase system

e Stability and reuse of immobilized glucose oxidase in the rotating packed bed
reactor

e Kinetic studies and reaction rate modeling

e Comparison of simulated and experimental reaction rates

e Lab-scale techno-economic performance of the immobilized glucose oxidase

At the end of this chapter, the reader will find the answers to the following questions:
How can the use of fine bubble technology in the innovative SpinChem® rotating
packed bed reactor concept be applied:

e in a cost-efficient manner compared to the conventional aeration method?
e while contributing to more environmentally friendly biotransformations?

4.1. Establishment of an enzyme-carrier system

The choice of immobilization strategy is critical for the reaction system (Scheme 1),
utilizing two enzymes: either both enzymes are used in immobilized form, or the
cost-driving enzyme is immobilized, and the other enzyme is used in its free form. The
enzyme glucose oxidase is the cost driver in immobilization when its price
(624 Euro per gram solid for 250,000 Units per gram solid [86]) is compared with the
price of the carriers (780 Euro per kg Relizyme™ HFA 403 M grade carrier [87]) and
the second enzyme catalase (91 Euro per gram solid for 2200 Units per mg solid [88]).
Therefore, carrier screening tests were carried out with the enzyme glucose oxidase
to achieve a reasonable catalyst loading on the carriers in the rotating packed bed
reactor.

The qualitative analysis of the purity of the enzyme glucose oxidase (GOx) was
conducted via SDS-PAGE analysis. The stock glucose oxidase solution was diluted in
series, injected into the gel and gel-electrophoresis was started.

Table 2. A serial dilution of the stock glucose oxidase (0.816 mg mL™) for the
SDS-PAGE analysis.

Glucose oxidase solution in the gel bands [mg mLY]
1 2 3 4 5 6 7 8 9
0.816 | 0.272 | 0.091 | 0.071 | 0.052 | 0.043 | 0.034 | 0.017 | 0.008
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Three bands appeared in Figure 18 for each glucose concentration. Glucose oxidase
is a dimer protein (80 kDa) with a molecular weight of 160 kDa according to Sigma
Aldrich/Merck (Darmstadt, Germany) [86] and an impurity factor of 0.816 [89]. The
bands in Figure 18 between 75 and 100 kDa are the glucose oxidase dimers. The
bands close to 150 kDa are glucose oxidase protein (160 kDa).

Ceo, [Mmg mLY
Ladder 1 2 3 4 5 6 7 8 9 Blank
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Figure 18. SDS-Page analysis of the enzyme glucose oxidase performed by the
technician Maren Breuer.

The immobilization yield was quantified with the Bradford protein assay by determining
the absorbance ratio (590 nm / 450 nm) detected at 35°C, according to T. Zor [90].
Glucose oxidase at various concentrations was used for the preparation of the
calibration curve of the Bradford assay (Figure 19). Equation 18 defines the
mass-specific yield depending on the protein loss in the supernatant, which is the ratio
of the amount of enzyme immobilized on carriers to the amount of enzyme in the initial
solution [91].

cs V.

S
)10 (18)

Immobilization yield = (1 -

where ¢, in pg mL* and ¢, in ug mL* denote the initial enzyme concentration and the
enzyme concentration in the supernatant at the end of immobilization, ¥, in mL and V
in mL describe the volume of the initial enzyme solution and the volume of the
supernatant at the end of the immobilization process.
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Figure 19. Bradford assay calibration curve. Enzyme solutions were prepared in
1.4 mL of 50 mM potassium phosphate buffer at pH 7.0. Experiments were
performed in duplicate at 37 + 1°C.

The enzyme loadings on different epoxy-functionalized carriers were compared in
terms of immobilization yield. The screening tests (Table 3) were first performed with
50 mM potassium phosphate buffer at pH 7 as described in the literature [83]. The
carriers applied show differences in particle size, pore diameter, and oxirane active
group content. Therefore, a concrete comparison between the carriers could not be
described, even though the carriers have epoxy functional groups, and the same
immobilization procedure was applied. However, the aim of this investigation is not
only to find a cost-optimized carrier, but also to find a carrier type that is commercially
available on the market, since the use of a rotating packed bed reactor requires a
relatively higher amount of carriers.

Table 3. Particle screening and buffer selection for glucose oxidase immobilization.
Measurement conditions: 4 £ 1 °C, 40 rpm, 10 mM sodium acetate buffer pH = 5.3,
volume of immobilization: 1.4 mL, initial glucose oxidase concentration 85 pg mL?,
carriers were incubated for 5 days, experiments were performed in duplicate.

Carrier screening
Carrier type Functional Oxirane Buffer Immobilization
group content yield [%]
Sepabeads®
EC-EP 503/S? Epoxy [53] NA 85+1.7
Lifetech 50 mM of
+
ECR 8285b Epoxy [92] NA potassium 13.6 £ 0.8
Oxirane acrylic minimum phosphate
+
beads (1014F)° Epoxy [93] 0.4% buffer at pH 38.5+4.7
. minimum 7.0
Sepabeads® Amino-
+
EC-HFA® | epoxy[53] | - S”Jv‘ztper 68.3+43
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a.0.05 g carriers, b. 0.02 g carriers. Sepabeads® EC S grade carriers have a smaller
particle size (100 - 300 ym) and pore diameter (10 - 20 nm) [53].

b. Lifetech ECR 8285 (methacrylate type resin) have a particle size of 250 - 1000 ym
(pore diameter: 40 to 60 nm [92]).

c. Oxirane acrylic beads (1014F, copolymer of methacrylamide) carriers have a
particle size of 205 pym [93].

The carriers Lifetech ECR 8285 and Oxirane acrylic beads (1014F) resulted in a lower
immobilization yield than the Sepabeads® EC carriers. An immobilization yield
(68.3 + 4.3%) was achieved with Sepabeads® EC-HFA resin and Resindion S.r.l.
reported that their product Sepabeads® EC provides irreversible (covalent)
immobilization [53]. Further investigations were described in section 4.2 to increase
the amount of immobilized glucose oxidase per gram of carriers to improve the catalyst
concentration in a given volume of the rotating packed bed reactor.

4.2. Characterization of enzyme-carrier system

4.2.1. Effect of buffer concentration, pH and immobilization volume

The carrier giving a high immobilization yield was studied in different buffers [83] with
the Relizyme™ HFA 403 M grade carrier instead of Sepabeads® EC carriers due to
the discontinuity in the Sepabeads® production line. Resindion S.r.l. is offering the
Relizyme™ HFA 403 M grade carrier as an improved carrier type of the Sepabeads®
EC HFA resin, according to their own description, with a larger carrier size, which is
the advantage to avoid possible diffusion limitations in the rotating packed bed reactor.
Sepabeads® EC S grade carriers have a smaller particle size (100-300 ym), and pore
diameter (10-20 nm) compared to ReliZzyme™ HFA 403 M grade carriers (patrticle size:
200-500 pum, pore diameter: 40-60 nm; [83]). Relizyme™ HFA M grade carriers are
used in many biocatalytic immobilizations [58,59,94].

The activity yield of immobilization was determined using Equation 19 [91], which is
the ratio of the remaining activityin U after 22 h to the initial activity in the
supernatantin U by the initial rate measurements in the presence of peroxidase at
520 nm according to the glucose oxidase (GOx)/peroxidase (POD) photometric
assay [24,95] from Sigma-Aldrich / Merck (Darmstadt, Germany) at pH 5.3 and 35°C.
The activity on the carriers in U mgcarier* (Equation 20) is the ratio of the calculated
activity on the carriers after immobilization with enzymes per milligram of carriers.

vo Vo -vs Vs
Activity yield = (—> )- 100 (19)
Vo * VO
. vo Vo -vs Vs
Activity on carriers = ———————— (20)
Mcarrier

G. Ozyilmaz [83] reported that the concentration of the buffer has no effect on the
activity of immobilized glucose oxidase, whereas it has a considerable effect on the
activity of the free form of the enzyme, where the similar activity of glucose oxidase for
its free and immobilized forms was obtained in the literature with 100 mM potassium
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phosphate buffer [83]. The experiments with the free form of glucose oxidase were
carried out in further investigations of this study. Therefore, the buffer concentration
was increased to 100 mM, and the activity yield of RelizymeTM HFA 403 M grade
carrier was measured as 51.9 £ 0.6% at this buffer concentration, as shown in Table 4.

Table 4. Effect of pH and immobilization volume on the activity yield.

Buffer Activity | Immobilization
type yield volume
(%] [mL]
100 mM of potassium phosphate buffer at pH 7.0 | 51.9 £ 0.6 1.42
10 mM of sodium acetate buffer at pH 5.3 > 99 1.42
10 mM of sodium acetate buffer at pH 5.3 > 98 Q0P

30.07 g carriers, initial glucose oxidase concentration 100 ug mL*%, 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.
8.2 g carriers, initial glucose oxidase concentration 97.9 ug mL*, 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.

An activity yield of 51.9 + 0.6% was achieved with 100 mM of potassium phosphate
buffer at pH 7.0 and further investigation was required to improve the activity yield. The
Relizyme™ HFA 403 M grade carrier interacts with the amino group of the enzyme
and irreversible covalent bonding occurs between the oxyrane (epoxy) group of the
carrier and the amino group of the enzyme as shown in Figure 3 without the need for
a prior activation step with a functional agent such as glutaraldehyde [53]. During this
interaction, the pH of the immobilization solution is a key factor as it affects the charge
of the proteins in solution. As reported by B. Saha [96], at pH above the isoelectric
point of the protein, where the net charge of a protein is zero, the protein is
deprotonated and becomes negatively charged. The isoelectric point of glucose
oxidase is reported as 4.2 and the highest activity yield was obtained at pH 5.5 for the
immobilized glucose oxidase, which was adjusted with sodium acetate buffer [83]. The
enzyme glucose oxidase is deprotonated at pH 5.3, which could increase the
interaction between the carriers and the protein, resulting in immobilization of all
defined amounts of enzyme on the carriers, depending on the available carrier surface
area. Over 98% of the activity yield was achieved with 10 mM sodium acetate buffer at
pH 5.3, indicating that almost all the enzymes incubated with Relizyme™ HFA 403 M
grade supports were immobilized.

For the investigations with fine bubbles, the salt concentration of the buffer influences
the electrostatic interaction, resulting in the formation of less stable bubbles [97]. The
bubble exit diameter from the porous sparger is indirectly proportional to the electrolyte
concentration [98]. To minimize the bubble exit diameter from the porous sparger, the
concentration of the sodium acetate buffer was adjusted to 10 mM according to the
previous study [68]. Furthermore, to operate the biocatalytic reactions at the highest
glucose oxidase activity, both in free and immobilized form, a reaction at 35°C with
10 mM sodium acetate buffer was sufficient to maintain the optimal pH of 5.5 [63,83].
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4.2.2. Enzyme loading capacity on carriers

Relizyme™ HFA 403 carriers were incubated with five different concentrated glucose
oxidase solutions (Table 5) to determine the highest achievable enzyme loading on the
carriers and to utlize the available carrier surface area for glucose oxidase
immobilization.

Table 5. Enzyme loadings corresponding to the measured initial activity.
Immobilization solution

1 | 2 | 3 | 4 | 5
Enzyme |OadlngS [mgGOx gcarrier_l]
167 | 33 | 671 | 127 | 255

Initial activity [U mgcarrier™!]
0.08+0.01 | 0.15+0.02 | 0.34+0.05 | 040+0.02 | 1.11+0.16

As summarised in Table 5, the measured initial activity prior to immobilization
increased with increasing enzyme concentration. The initial glucose oxidase-specific
activity for the enzyme glucose oxidase was measured by the method of initial rate as
shown on the x-axis of Figure 20. The y-axis (left) of Figure 20 represents the activity
measured after the end of immobilization. The y-axis (right) represents the activity
yield, which was calculated for each enzyme concentration using Equation 20.
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Figure 20. Investigation of the maximum achievable activity yield. Measured activity
on 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.

At data points in Figure 20, where the activity yield is greater than 98%, the saturation
capacity of the carriers was not reached even at an enzyme loading of
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25.5 mgcox gearrier L. This finding agrees with L. Hilterhaus [94] that the saturation point
for Sepabeads® EC carriers is above 100 mQgenzyme Jearier: (i.e., Cal B and
endoglucanase, Table 6). Table 6 gives an overview of the glucose oxidase
immobilization with three different enzyme loadings on carriers. The enzyme loadings
1.07 mgcox Qearriert and 7.52 mgcox Jeariert Were used to determine the influence of
enzyme concentration on the glucose oxidase-specific activity measured with a
rotating packed bed reactor and 25 mgcox Jearier’ was used for the literature
comparison with L. Hilterhaus [94].

Table 6. Overview of glucose oxidase (GOx) immobilization on the carriers
Relizyme™ with two different enzyme loadings and literature comparison.

Validation batch %
g O —
2 G c c = e T o
o gél—' = 2 q‘>'), —>‘I~§ ESE
2y | ELE 28T BT |Zg| E5% | s¢s
32 X o 3 S E =S E s = £35 g 3o S
8 sz =) <35> = & = = S o
n = g — s = < = QT £
£ £ <3~
1 3.0+£01 0.04 £ 0.01 > 08
982 2 3501 0.02+0 > 99 0.04+£0 1.07
Relizvme™ 3 3701 0.01+0
H3F’A 1 33709 0.03 +0.01
403/GOX 6852 2 299+1.2 0.06 £ 0.01 > 99 0.34 £0.03 7.52
3 2874 0.06 £ 0.01
1 62.2+49 1.08 £ 0.76
b > A1+0. .
1272 2 48.8 £ 0.9 0.83+£0.01 98 1.11+0.16 25.5
Sepabeads - 100 20
EC/CALB
[94] 69000 85 139
Sepabeads - -
EC/endo- 2400 94 20
glucanase
[94]

28.2 g 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.
0.28 + 0.06 mg mL?! antifoam 204 was used for the enzyme loading of

7.52 mgGOx gcarrier_l-
®0.07 g 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.

With the initial rate measurements (Table 6) prior to the biocatalytic oxidation in a
rotating packed bed reactor, over 98% of the immobilization activity yield was
measured for all enzyme loadings, as the residual activity in the supernatant after 22 h
was less than 0.07 U mL! and the activity of glucose oxidase in the washing solutions
for each applied enzyme loading on carriers (1.07 mgcox Jeariert and
7.52 mgcox Jearier ') wWas determined as 0.018 + 0.003 U mL* and 0.04 + 0.02 U mL,
respectively). There was no significant enzyme leaching after each washing process.
No washing procedure was performed for 25 mgcox gearier* enzyme loading. Triplicates
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were used for all assays and sample measurements. Due to the high enzyme
concentration required, the experiment to determine the enzyme loading of
25.5 mgcox geariert was carried out in duplicate. According to the findings of L.
Hilterhaus [94], where 85% of the bound enzyme was reported at the enzyme loading
of 139 mgenzyme Jearier, an increased glucose oxidase loading on carriers could be
applied on Relizyme™ HFA 403 carriers, however, during the biocatalytic oxidation in
a SpinChem® vessel with a rotating packed bed basket, no enzyme loading higher than
7.52 mgcox geariiert Was used to investigate the effect of the enzyme concentration on
the reaction rate. A detailed explanation is given in section 4.4.3.

4.3. Generation of fine bubbles in a modified SpinChem® vessel

The mass transfer performance of sintered frit spargers (porosities of 0.5 pm, 5 um and
10 um) as well as Shirasu Porous Glass (SPG) membrane sparger were compared by
B. Thomas [68] with the bubbles generated by the AMB3 fine bubble generator in a
stirred tank reactor in the same designed liquid medium as used in this study (10 mM
sodium acetate buffer at pH 5.3). It could be shown that the measured volumetric mass
transfer coefficient 4 a of nanobubbles generated with an AMB3 fine bubble generator
is similar to the parameter k; a obtained with 0.5 um and 2 um sintered frit metal porous
sparger and 1 um membrane sparger under identical measurement conditions [68].

To generate fine bubbles in the SpinChem® vessel V2 with the rotating packed bed
basket S2, an AMB3 fine bubble generator was integrated into the setup of a
SpinChem® vessel V2 with the rotating packed bed basket S2, as illustrated in the
reactor set-up 1. Generating a high number of fine bubbles resulted in a milky
appearance when compared with macrobubble aeration by an open tube sparger
with a 2 mm orifice diameter (Figure 21).
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Figure 21. The SpinChem® vessel V2 equipped with two different aerators. Aeration

by the open tube sparger (orifice diameter: 2 mm) with macrobubbles (left), milky with
fine bubbles generated (right) by the AMB3 fine bubble generator.
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The time-resolved oxygen concentration profile (Figure 22) was measured with an
AMB3 fine bubble generator, whose operational principle is described in section 2.2.
The time-resolved oxygen concentration profile reveals an increase in oxygen
saturation concentration (in air) from 21% measured with an open tube (orifice
diameter: 2 mm) to 30% measured with an AMB3 fine bubble generator, however
further investigation is required to confirm the results.
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Figure 22. Dynamic measurement of the time-resolved concentration profile. An
open tube (orifice diameter: 2 mm) and AMB3 fine bubble generator were
implemented in the SpinChem® vessel V2 with the empty rotating bed basket S2.
500 rpm, 35 + 3°C, 400 mL, deionized water. The internal pressure in the mixing
chamber is 0.2-0.4 mPa.

4.3.1. Mass transfer performance

An alternative fine bubble generation was enabled with the 2 um sintered frit porous
sparger, which has a non-complex design and is easy to implement compared to the
AMB3 nanobubble generator system. In addition, sintered frit spargers are currently
available on the market with different pore sizes. The microbubbles that are of interest
in this study are generated by the integration of a 2 um sintered frit porous sparger into
the modified SpinChem® vessel V2 with a rotating packed bed basket S2 (Figure 23).
The SpinChem® vessel V2 is baffled to improve the mixing of the reaction medium.
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Figure 23. Sintered frit porous spargers in the SpinChem® vessel V2. A) 2 um
sintered frit implemented into the SpinChem® vessel V2 without air flow and
rotation. B) Start of air flow without rotation of the rotating packed bed reactor (10 um
sintered frit, source: Lotta Kursula). C) The microbubbles are dispersed in the liquid
with air flow and rotation of the rotating packed bed reactor (2 um sintered frit, right).
D) The inner structure of the baffled vessel.

The mass transfer performance was characterized by the volumetric mass transfer
coefficient k; a (Equation 15) for an open tube (macrobubbles) and the 2 um sintered
frit applying the dynamic measurement method [78,79] with compressed air and
nitrogen as stripping gas. During the dynamic measurement of the time-resolved
oxygen concentration profile, nitrogen was used to degas the oxygen from the reaction
medium, where a decrease in the percentage of oxygen was observed. Subsequently,
the nitrogen gas was turned off and oxygen was supplied as compressed air by a 2 um
sintered frit sparger. An increase in the dynamic measurement of the time-resolved
oxygen concentration profile was monitored. This step was performed five times as
shown in Figure 24. To evaluate the liquid-side volumetric mass transfer coefficient
(kL a), a data range of 20% to 80% of the O2 saturation profile was selected.
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Figure 24. Dynamic measurement of the time-resolved concentration profile: 2 um
sintered frit sparger. 8.2 g carriers without biocatalyst, 1000 rpm, 35 £+ 1°C, 200 mL,
1 vwm, 10 mM sodium acetate buffer at pH 5.3.

Many studies typically report process parameters as a function of stirring rate [99-101]
for mechanically agitated reactors. For efficient mixing in the turbulent flow regime, it
is necessary to define the Reynolds number Equation 21 [102,103]. To calculate the
impeller Reynolds number, the density (994 kg m=) and dynamic viscosity
(0.720 mPa s) of water are used due to the negligible difference in density and dynamic
viscosity for 10 mM sodium acetate buffer.

Reimpeller:p N 'DZ 'lu_I ( 21 )

where p in kg m3is the density of the liquid, Nin sis the rotational rate, D in m is the
diameter of the rotating packed bed basket, and x in Pa s is the dynamic viscosity.

The impeller Reynolds number was chosen for the SpinChem® rotating bed
basket S221 (diameter 45.5 mm) used as an impeller for mixing in the single-phase
liquid reaction medium in the investigations by H. K. Larsson [104]. Further
investigation is necessary to characterize the Reynolds number of the rotating bed
basket for biphasic flow [105], since the formulation of the Reynolds number depends
on physical parameters [104], including the design of the rotating bed basket and the
viscosity as well as density of the continuous phase. Turbulent flow is typically used
for efficient mass transfer performance and to minimize inhomogeneities. To ensure
efficient mixing in the SpinChem® vessel using the rotating bed basket as the impeller,
the impeller Reynolds number for a rotating packed bed reactor with macrobubble
aeration (open tube with a 2 mm orifice diameter) under two stirring rates (500 rpm,
Reimpeiter = 2.3x10° and 1000 rpm, Re;pperrer = 4.7x10°) was calculated using Equation 21,
which ensures a fully turbulent regime according to H. K. Larsson [104].
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The mass transfer performance was first measured under macrobubble aeration at two
stirring rates 500 rpm and 1000 rpm. As described by D. Wenzel [106] for liquid-liquid
extraction in a rotating bed reactor, the concentration boundary layer becomes thinner
with increasing stirring rate. Other studies carried out with rotating bed reactors in
various configurations have reported an increasing trend in the volumetric mass
transfer coefficient with increasing stirring rate [107,108]. Applying the same principle
to the gas-liquid system, the higher the stirring rate, the higher the rate of mass transfer
of the gas molecules into the bulk medium should be. The measurements with
macrobubble aeration confirm this principle as shown in Figure 25.
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Figure 25. Influence of stirring rate and aerator type on the mass transfer
performance. An open tube (orifice diameter: 2 mm) and a 2 um sintered frit have
been integrated under the rotating packed bed basket S2, where macro and fine
bubbles are generated. 35 + 1°C, 1000 rpm, 8.2 g carriers without biocatalyst,
200 mL, 1 vvm, 10 mM sodium acetate buffer at pH 5.3, error bars show the
standard deviation obtained from five measurements.

The volumetric mass transfer coefficient &, a under macrobubble aeration was doubled,
as shown in Figure 25, by increasing the stirring rate from 500 rpm (13.1 + 0.5 h1) to
1000 rpm (22.5 + 0.3 h'Y). The volumetric mass transfer coefficient k;a = 67.3 + 3.7 h'!
obtained with the 2 um sintered frit was tripled compared to macrobubble aeration
kra = 22.5 £ 0.3 h't under identical measurement conditions at 1000 rpm and 1 vvm.
This improvement is due to the increased interfacial area available for efficient mass
transfer of molecular oxygen through the reaction medium at the identical volume-
specific aeration rate, which has been demonstrated in previous studies [61-63].

The effect of the position of the sintered frit sparger 2 pm in the SpinChem® vessel V2
on the volumetric mass transfer coefficient k& a was investigated. In position 1, the
sintered frit sparger 2 um was placed under the rotating packed bed reactor. In
position 2, the position of the 2 um sintered frit sparger was raised and placed inside
the rotating bed packed reactor (Figure 26).
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Figure 26. Influence of the position of the aerator on the mass transfer performance:
2 um sintered frit in the SpinChem® vessel V2. 8.2 g carriers without biocatalyst,
1000 rpm, 35 = 1°C, 200 mL, 1 vvm, 10 mM sodium acetate buffer at pH 5.3, error
bars show the standard deviation obtained from five measurements.

The mass transfer performance for the rotating packed bed reactor was measured for
each condition, where the parameter & a was determined to be 67.5 + 3.7 h™! for the
position 1 and 61.8 + 1.6 h'! for the position 2. To ascertain the effect of the position
of the 2 um sintered frit sparger, a larger distance between the rotating packed bed
basket and the 2 um sintered frit would be required, which is not technically possible
for this SpinChem® vessel V2. Consequently, the subsequent experiments were
performed utilizing the 2 pm sintered frit in position 1.

Investigation of the influence of the aeration rate on the mass transfer performance for
both types of aeration is critical in this study to establish similar reaction rates for
biocatalytic oxidation as described in section 4.5. To determine the similar mass
volumetric transfer coefficient k; a achieved for both types of aeration, the effect of the
aeration rate in the range of 0.125 - 1 vvm on the parameter &; a values for fine bubble
aeration were determined and compared with the macrobubble aeration in the
following section.
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4.3.2. Aeration rate: Comparison of macrobubble and fine bubble aeration

According to A. T. Pedersen [30], the stirring rate of 1000 rpm, which created the
turbulent conditions with efficient mixing as shown at the beginning of the section 4.3,
was chosen to investigate the effect of volume specific-aeration rate (Equation 22) for
both macrobubble and fine bubble aeration.

(22)

where vvm is the volume-specific aeration rate as the ratio of the air flow rate
Vair IN ML min-t to the volume of the liquid volume ¥ in mL.

To determine the liquid-side volumetric mass transfer coefficient ki a for each
measurement condition, the dynamic measurement of the time-resolved concentration
curve was plotted in Figure 27A. The . a values were determined using the data from
the dynamic measurement of the time-resolved concentration curve and calculated
with Equation 15 as shown in Figure 27B.
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Figure 27. Comparison of mass transfer performances: Fine bubble aeration with
2 um sintered frit and macrobubble aeration with open tube (orifice diameter: 2 mm).
A) The dynamic measurement of the time-resolved concentration curve.
B) Comparison of the volumetric mass transfer coefficients 4; a for macrobubble and
fine bubble aeration. 8.2 g carriers without biocatalyst, 1000 rpm, 200 mL, 1 vvm,
35 £+ 1°C, 10 mM sodium acetate buffer at pH 5.3, error bars show the standard
deviation obtained from five measurements.

The iy a was dependent on the aeration rate and increased with increasing the volume-
specific aeration rate, as observed in other studies. [24, 63,109-111]. The dynamic
measurement of the time-resolved concentration curve shows the same saturation
point for all measurements.
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Conclusion

e the higher the stirring rate, the higher the mass transfer rate

e the smaller the bubbles, the higher the mass transfer rate and the enhanced
local oxygen concentration, however, no oversaturation was achieved with fine
bubbles generated with the 2 um sintered frit sparger

e the higher the aeration rates, the higher the mass transfer rate for each aerator

e the comparable volumetric mass transfer coefficient was observed for
macrobubble aeration &k a = 22.5 + 0.3 h't at 1 vwm and fine bubble aeration
kia=18.9+1.2h'at0.125 vwm.

4.4. Biocatalyst performance in a rotating packed bed reactor

The performance of immobilized glucose oxidase was measured by evaluating the
productivity for glucose oxidase and the product concentration as the performance
metrics [112]. These parameters depend on the operational process parameters, the
selectivity [113] as well as the activity of the enzyme glucose oxidase, and whether it
is applied in free or immobilized form [114]. The solubility of the substrate is a crucial
factor in the increase of glucose oxidase-specific activity, as a greater amount of
substrate allows the enzyme glucose oxidase to become more saturated with it [115].
The performance of oxidases is in principle proportional to:

e the available oxygen concentration in the reaction medium
¢ in-depth understanding of optimal operating conditions
e immobilized enzyme stability

In the previous section, the improvement in local oxygen concentration was described
by mass transfer measurements using fine bubble aeration without the utilization of
glucose oxidase. The following section focuses on the:

e mass transfer limitation observed under macrobubble aeration for different
substrate (glucose) concentrations

o effect of fine bubble aeration on the enhanced performance of immobilized glucose
oxidase

e investigation of process parameters (enzyme loading and substrate concentration)
for efficient use of a rotating packed bed reactor

e improvement in gas utilization through fine bubble aeration

e biocatalyst stability in a rotating packed bed basket

e approaches to overcome internal diffusion limitations with kinetic parameter
estimation

e reaction rate modeling with comparison to experimental results
4.4.1. Investigation of mass transfer limitation

To investigate the mass transfer limitation on the performance of immobilized glucose
oxidase, it is necessary to saturate the enzyme with its substrate. For this purpose, the
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substrate concentration is maintained at a level exceeding its characteristic
constant [114], namely the affinity constant as the Michaelis-Menten constant K,,,,
which represents the substrate concentration at which half of the maximum reaction is
achieved [116].

The model reaction shown in section 1.3 (Scheme 1) uses two substrates (glucose and
oxygen), whose concentrations in the bulk medium affect the glucose oxidase-specific
activity. The first substrate, glucose, has a solubility of 57.3 g glucose per 100 g water
at 1 atm and 35°C (corresponding to 3.2 M at 1 atm and 35°C and 2.8 M at 1 atm and
25°C as calculated from Figure 28). However, the solubility of oxygen is reported to be
0.254 mM at 1 atm and 25°C in water [21], which is considerably lower than the
solubility of glucose. Thus, the insufficient oxygen solubility limits the performance of
glucose oxidase.
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Figure 28. Solubility of glucose in water as a function of temperature at 1 atm. The
graph was plotted using the solubility data from the literature [117].

The rate of mass transfer of molecular oxygen through the reaction medium is thus a
crucial parameter, since the glucose oxidase-specific activity depends on the
availability of dissolved oxygen in the reaction medium as shown in the reaction rate
equation (Equation 12). The amount of oxygen available in the reaction medium is
based on the oxygen mass transfer rate, which is characterized by the volumetric mass
transfer coefficient iy a. Higher volume-specific aeration rates resulted in a reduced
saturation time for oxygen and an increased volumetric mass transfer coefficient 4; a
values as previously demonstrated in Figure 27.

The volume-specific aeration rate was chosen to be 1 vvm according to T.
Pedersen [30] and the experiment was performed under macrobubble aeration, where
the reaction rate was measured as 24.2 + 0.6 umol min'l. Subsequently, the enzyme
loading and substrate concentration were increased by a factor of 12 and 7,
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respectively, to avoid the limitations of insufficient substrate or enzyme concentration

(Table 7).

Table 7. Overview of the effect of the aeration rate, enzyme loading and substrate
concentration on the reaction rate under macrobubble aeration. 8.2 g carriers,
35 £ 1°C, 1000 rpm, initial volume 200 mL, 1 vvm, pH 5.5 + 0.2. Glucose solutions

were prepared in 10 mM sodium acetate buffer at pH 5.3.

Aeration rate
[vvm]

Enzyme loading
[mgGOx gcarrier-l]

Glucose
[mM]

Reaction rate (measured)
[umol min7]

Macrobubble aeration with

open tube (orifice diameter: 2 mm)

1.07
7.52
7.52

25
300°
600

24.2 + 0.6 R’ = 0.9962
33.8 +5.4° R*= 0.9999
28.5 + 2.4° R° = 0.9999

a. Calculated activity of catalase (free) / calculated activity of glucose oxidase
(immobilized):1.38. The experiment was performed in duplicate. Error bars

show the standard deviation obtained from duplicate measurements.

b. Calculated activity of catalase (free) / calculated activity of glucose oxidase
(immobilized):1.70. The experiment was performed in duplicate. Error bars
show the standard deviation obtained from duplicate measurements.
0.28 + 0.06 mg mL?! antifoam 204 was used for the enzyme loading of

7.52 mgGOx gcarrier_l-

c. The data points for 300 mM are evaluated including the data point from the

supervised B.Sc. thesis [118].

A 1.2-fold of increase in the reaction

rate (24.2 + 0.6 pmol mint

to

33.8 £ 5.4 umol min-t) was observed. At the identical aeration rate and enzyme loading,
when the substrate concentration was doubled from 300 mM to 600 mM, similar
reaction rates were measured, within the range of variation. Table 7 shows that no
significant enhancement in the reaction rate values under macrobubble aeration was
obtained when substrate concentration, aeration rate, and enzyme concentrations
were increased in subsequent experiments. To explain this observation of no
enhancement in the reaction rate, the oxygen saturation of the molecular oxygen
during the course of the reaction was measured inline under macrobubble aeration at
the substrate concentration of 25 mM and compared with the oxygen saturation profile
during the course of the reaction at the substrate concentration of 300 mM (Figure 29).
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Figure 29. Effect of dissolved substrate (glucose) on the measured oxygen
concentration in the bulk liguid medium. Macrobubble aeration (open tube: orifice
diameter: 2 mm - dash line: 25 mM glucose, line: 300 mM glucose). The
measurement conditions are detailed in Table 7.

In Figure 29, the oxygen concentration per time dropped at the beginning of the
reaction for both substrate glucose concentrations (25 mM and 300 mM), when the
reaction was started. For the glucose concentration of 25 mM, the oxygen
concentration reached its lowest value of 0.025 mM at 0.055 h, instantly started to
increase again during the reaction, and nearly reached the saturation point before the
end of the reaction. This measurement implies that the oxygen transfer rate was higher
than the reaction rate under the given experimental conditions and no strong mass
transfer limitation was observed during the reaction. A logarithmic increase in the yield
curve was observed instead of a linear increase (Figure 30, square), which is another
indication that the reaction rate is not limited by oxygen mass transfer. When the
substrate glucose concentration was increased to 300 mM, the oxygen level decreased
at the beginning of the reaction, however, it did not reach the saturation point during
the course of the reaction.

The reaction at 300 mM glucose concentration was strongly limited by oxygen mass
transfer, since the concentration of oxygen stays at 0.016 mM for 31 h during the
reaction (Figure 29, line) and was far below its saturation concentration under
continuous oxygen supply. It started to increase again at the 31t h and reached the
saturation level at the end of the reaction. At the 315t h, the yield value was measured
as 96.6% and the final yield value was measured as 97.2%, confirming that the reaction
(Figure 30, circle) was almost complete.
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Figure 30. Oxidation of substrate glucose under macrobubble aeration (open tube
with an orifice diameter of 2 mm). 8.2 g carriers, 1000 rpm, 35 + 1°C, initial volume
200 mL, pH 5.5 + 0.2, 1 vwm. Glucose solutions were prepared in 10 mM sodium
acetate buffer at pH 5.3. Squares: 25 mM glucose, enzyme loading on carriers:
1.07 mMQcox Jearier’, catalase (free) / calculated activity of glucose oxidase
(immobilized):1.38, and circles: 300 mM glucose, enzyme loading on carriers:
7.52 MQcox Jearrier 1, antifoam 204: 0.28 + 0.06 mg mL™*?, catalase (free) / calculated
activity of glucose oxidase (immobilized):1.70. The data at 300 mM were included
from the supervised B.Sc. thesis [118].

The reaction rate for the substrate glucose concentration of 300 mM was linearly
dependent on only one reactant concentration, the available oxygen concentration in
the reaction medium, resulting in a linear increase in the progress curve rather than a
logarithmic increase (Figure 30, square). The reason for observing a lag phase at the
beginning of progress curves (up to 1 h) is explained in section 4.8.

To understand the relationship between the substrate concentration and the oxygen
consumption rate, the fundamental knowledge of oxygen transfer through the bulk
medium via the two-film model is considered with the oxygen demand of the enzyme
glucose oxidase as described in section 2.3 (Figure 7). As the reaction rate, i.e. the
oxygen consumption rate, increases at high glucose concentrations, less oxygen is
available in the bulk medium per time due to the higher oxygen consumption rate of
the enzyme glucose oxidase, which was observed in Figure 29. Using the same
principle, but with the opposite effect, increasing the oxygen mass transfer rate at the
identical substrate concentration will bring the measured oxygen concentration closer
to the saturation point, thus contributing to overcoming the mass transfer limitation.
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4.4.2. Overcoming the mass transfer limitation by fine bubble aeration

The advantage of fine bubble aeration is that it increases the surface-to-volume ratio
at the same volume-specific aeration rate, providing a higher overall mass transfer rate
of oxygen molecules in the same given liquid volume compared to macrobubble
aeration. The volumetric mass transfer rate was tripled by fine bubble aeration
ki a = 67.3 = 3.7 hwhen compared to macrobubble aeration &k a = 22.5 + 0.3 h'l at the
equal volume-specific aeration rate (as described in Figure 27). Using this advantage,
the measured oxygen concentration and the yield progression curve at the substrate
glucose concentration of 300 mM under fine bubble and macrobubble aeration are
compared in Figure 31 and Figure 32.

T T T T T T T
0.257 fine bubble T
0.20 ]
=
é0.15 -
c
5]
o)
<
O 0.10 -
!
0.05 i -
* macrobubble /
- v
0.00 T T T T T T T T T
0 10 20 30 40 50
Time [h]

Figure 31. Effect of aeration method on the measured oxygen concentrations in the
bulk liqguid medium: Macrobubble aeration with open tube: orifice diameter: 2 mm,
fine bubble aeration with 2 um sintered frit. 8.2 g carriers, 1000 rpm, 35 £ 1°C, initial
volume 200 mL, 1 vwm, pH 5.5 + 0.2. Glucose solution (300 Mm) was prepared in
10 mM sodium acetate buffer at pH 5.3. enzyme loading on carriers:
7.52 mgcox Qearier:, catalase (free) / calculated activity of glucose oxidase
(immobilized):1.70, antifoam 204: 0.28 + 0.06 mg mL™.

In Figure 31, a higher concentration of oxygen was measured at all times for fine
bubble aeration compared to macrobubble aeration at the substrate concentration of
300 mM. As described in the previous section, the reaction at 300 mM substrate
glucose concentration under macrobubble aeration was strongly inhibited by oxygen
mass transfer. With fine bubble aeration, it was still limited by oxygen mass transfer as
the measured oxygen concentration was not reaching to the saturation point during the
course of the reaction Figure 31 and a linear increase in the yield progression curve
was observed (Figure 32, circle).
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Figure 32. Effect of aeration method on the oxidation of the substrate glucose.
Macrobubble aeration with open tube: orifice diameter: 2 mm, fine bubble aeration
with 2 um sintered frit. 8.2 g carriers, enzyme loading on carriers: 7.52 mgcox Jearrier 1,
catalase (free) / calculated activity of glucose oxidase (immobilized): 1.70, 35 £ 1°C,
1000 rpm, initial volume 200 mL, 1 vwm, pH 5.5 + 0.2. Glucose solution (300 mM)
in 10 mM sodium acetate buffer at pH 5.3. Antifoam 204: 0.28 + 0.06 mg mL™. The
yield data were taken from the supervised B.Sc. thesis [118].

The focus of this section was to prove that fine bubble aeration contributes to
overcoming the mass transfer limitation of oxygen during the reaction. The reaction
rate was significantly enhanced under fine bubble aeration (237 + 50 pumol min-t), when
compared to macrobubble aeration (33.8 + 5.4 pmol min, Figure 32, square). The
effect of process parameters (enzyme loading on carriers, substrate concentration,
aeration rate, stirring rate, biocatalyst activity, and stability) on the reaction rate was
investigated and discussed in detail in the following sections for the understanding of
the process of biocatalytic oxidation in the rotating packed bed reactor using
immobilized glucose oxidase.

4.4.3. Characterization of process parameters under fine bubble aeration
4.4.3.1. Enzyme loading on carriers

The enzyme glucose oxidase is the cost driver in this two-enzyme (glucose oxidase
and catalase) reaction. In this study, two different enzyme loadings (1.07 mgcox Qgcarrier

and 7.52 mgceox Jearier!) at a substrate glucose concentration of 25 mM were
investigated under identical reaction conditions with fine bubble aeration (Table 8).
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Table 8. Effect of enzyme loading on the reaction rate. 8.2 g carriers, 1000 rpm,
35 % 1°C, initial volume 200 mL, 1 vwm, pH 5.5 + 0.2. Glucose solution 25 mM
in 10 mM sodium acetate buffer at pH 5.3.

Stirring Aeration Enzyme Glucose Reaction rate
rate rate loading (measured)
[rpm] [vvm] [Mgcox Gearrier™] | [MM] [umol min-]
Fine bubble aeration with 2 um sintered frit
389+9.1
o7 R*=0.9997
1000 1 25 43.7+7.8
7.52° 2
R =0.9999

a. Enzyme loading on carriers: 1.07 mgcox Jearier 1, Catalase (free) / calculated
activity of glucose oxidase (immobilized):1.38. The standard deviation value
was obtained from triplicate measurements.

b. Enzyme loading on carriers: 7.52 mgcox Jearrier -, Catalase (free) / calculated
activity of glucose oxidase (immobilized):1.70, antifoam  204:
0.28 + 0.06 mg mL™. The standard deviation value was obtained from duplicate
measurements.

At 25 mM glucose concentration, the reaction rate was increased 1.12-fold even
though the enzyme loading was increased 7-fold. The difference in reaction rate was
not significant when compared to the increase in enzyme loading, as the reaction rate
was shown to be substrate-dependent and a substrate concentration (c,, >K ) is

required to see a significant change in reaction rate. To determine the substrate
glucose concentration required for sufficient enzyme-substrate saturation, the kinetic
studies were performed and described in section 4.8.2. On the other hand, the result
of the previous section indicates that 300 mM substrate concentration is sufficient to
investigate the performance of immobilized glucose oxidase in a rotating packed bed
reactor. For this reason, the effect of the aeration rate and stirring rate on the reaction
rate was investigated at two substrate concentrations (25 mM and 300 mM) and shown
in the following section.

4.4.3.2. Aeration rate, stirring rate and substrate concentration

As shown in the reaction rate equation (Equation 12), the mass transfer rate of
molecular oxygen through the reaction medium is a critical parameter because the
glucose oxidase-specific activity depends on the availability of dissolved oxygen in the
reaction medium. By increasing the volume-specific aeration rate, a higher local
oxygen concentration with a higher volumetric mass transfer rate was reached
(Figure 27B).

To investigate the effect of aeration rate on the glucose oxidase-specific activity, three
different volume-specific aeration rates were studied at 0.125 vwm (k a =18.9 +1.2 h'%,
Figure 27B), 0.75 vwm (k a = 57.7 + 6.8 h'! calculated from Figure 27B), and 1 vvm
(kpa =67.3 3.7 h! Figure 27B). The parameter k,_a values were determined in 200 mL
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of 10 mM sodium acetate buffer at pH 5.3 using 8.2 g carriers without glucose oxidase
at 35 + 1°C and 1000 rpm. The resulting reaction rates are listed in Table 9.

Table 9. Effect of aeration rate and substrate concentration on the reaction rate.
1000 rpm, 35 £ 1°C, 8.2 g carriers, initial volume 200 mL, 1 vvm, pH 5.5 + 0.2.
Glucose solutions were prepared in 10 mM sodium acetate buffer at pH 5.3.

Stirring Aeration Enzyme Glucose Reaction rate
rate rate loading (measured)
[rpm] [va] [mgGOx gcarrier-l] [mM] [leOl min'l]
Fine bubble aeration with 2 um sintered frit
23.5+4.4
0.125 1.072 2
R =0.9994
+
1000 1 1.072 25 328'9 £9.1
R =0.9997
43.7+7.8
b
1 7.52 R? = 0.9999
164+1
075 R’=0.9987
b - .
1000 ) 7.52 300 237 + 50
R = 0.9987

a.Enzyme loading on carriers: 1.07 mgcox Jearrier -, Catalase (free) / calculated activity
of glucose oxidase (immobilized):1.38. The experiment was performed in duplicate.
The standard deviation value was obtained from duplicate measurements.

b. Enzyme loading on carriers: 7.52 mgcoxJearier 1, Catalase (free) / calculated activity
of glucose oxidase (immobilized):1.70, antifoam 204: 0.28 + 0.06 mg mL™. The
experiment was performed in duplicate. The standard deviation value was obtained
from duplicate measurements, additionally including the data from the supervised
B.Sc. thesis [118] for 300 mM substrate concentration.

At the substrate glucose concentration of 25 mM the effect of volume-specific aeration
rates of 0.125 vvm and 1 vvm were compared. A 1.66-fold improvement in the reaction
rate can be achieved with a 3-fold increase in the volumetric mass transfer coefficient
ki a under conditions of an 8-fold increase in the volume-specific aeration rates. Since
eight times more gas must be supplied to the system to increase the reaction rate by
only 1.66 times, the enhancement is not significant. This result leads to the analysis of
the oxygen consumption during the reaction (shown in Figure 33) at 1 vvm.
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Figure 33. Biocatalytic oxidation of glucose under fine bubble aeration: 2 pm
sintered frit. 8.2 g carriers, 1000 rpm, 35 = 1°C, catalase (free) / calculated activity
of glucose oxidase (immobilized):1.38, enzyme loading on carriers:
1.07 mgcox Jearrier 1, 25 MM glucose solution in 10 mM sodium acetate buffer at a pH
of 5.5 + 0.2, initial volume 200 mL, 1 vvm, experimental results.

In Figure 33, the oxygen concentration decreased per time at the beginning of the
reaction due to the oxygen consumption by the enzyme glucose oxidase. However,
the oxygen concentration rapidly increased again and reached almost the saturation
point under continuous oxygen supply during the reaction, which means that the
oxygen transfer rate is above the reaction rate under the given experimental conditions
at 1 vwvm and 25 mM substrate concentration.

The following approach investigated the effect of aeration at higher substrate
concentrations. At 300 mM substrate glucose concentration, the volume-specific
aeration rate of 0.75 vwm, k; a = 57.7 £ 6.8 h*! calculated from Figure 27B, and 1 vvm,
kia = 67.3 £ 3.7 h'l, measured in Figure 27B, was investigated. When the volume-
specific aeration rate was increased 1.3-fold (from 0.75 vvm to 1 vvm), the parameter
kra increased by 1.2 fold, and the reaction rate was enhanced by 1.4 fold (Table 9). A
further increase in the reaction rate could be observed when the system is aerated with
more than 1 vvm. During the preliminary tests, a higher aeration rate was investigated,
and leakage was observed in 0.5 um sintered frit sparger at 14.1 vvm. All experiments
were repeated with a new 2 um sintered frit sparger at relatively lower aeration rates
based on the literature [30].

The potential of the rotating bed basket as an impeller for providing a sufficient energy
input to facilitate biotransformation reactions was evaluated by conducting experiments
with solubilized glucose oxidase and catalase without the use of carriers in the rotating
bed basket. The oxidation reaction was completed in one hour with a full conversion
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under fine bubble aeration (Figure 34), thereby demonstrating that the rotating bed
basket provides sufficient mixing performance as an impeller.
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Figure 34. Application of free glucose oxidase and catalase in the SpinChem®
vessel V2 with a rotating bed basket S2 without carriers. 500 rpm, 37 + 1°C, initial
volume 256 mL, 14.1 vvm, 78.1 mM glucose solution in 50 mM potassium
phosphate buffer at pH 7, calculated activity of catalase / calculated activity of
glucose oxidase: 0.52. Enzymes are used in their free form in the SpinChem®
vessel V2 with a rotating bed basket S2 integrated with a 0.5 um sintered frit sparger
and perforated tube (2 mm). The experiment under macrobubble aeration was
measured with manual titration and the yield values of both experiments were

correlated to full conversion.

The effect of the stirring rate was investigated at 500 rpm and 1000 rpm on the reaction
rate under fine bubble aeration with immobilized glucose oxidase in the rotating packed
bed reactor, ensuring that both stirring rates provide turbulent flow conditions as
determined in section 4.3. Subsequently, the substrate glucose concentration was
investigated, and the findings are summarised in Table 10.
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Table 10. Influence of the stirring on the reaction rate. 1000 rpm, 35 = 1°C, 1 vvm,
initial volume 200 mL, pH 5.5 + 0.2. Glucose solutions were prepared in 10 mM
sodium acetate buffer at pH 5.3.

Stirring | Volume-specific Enzyme Glucose Reaction rate
rate aeration rate loading (measured)
[rpm] [vvm] [Mgcox Gearer™] | [MM] [umol min-]
Fine bubble aeration with 2 um sintered frit
10.5+ 0.6
a
500 0.67 1.07 8.8 R? = 0.9925
244+ 05
a
500 0.67 1.07 25 R? = 0.9924
19.4+5.1
b
1000 1 7.52 8.8 (calculated)®
43.7+7.8
b
1000 1 7.52 25 R? = 0.9999
237 £ 50
b
1000 1 7.52 300 R? = 0.9987
368 + 14
b
1000 1 7.52 600 R? = 0.9739

a. Enzyme loading on carriers: 1.07 mgcox Jearier, Catalase (free) / calculated
activity of glucose oxidase (immobilized), pH = 6. The experiment was performed
once for each single batch. The standard deviation was obtained from repetitive
batches (batch 1 and batch 2) by data fitting using the Origin 2023b software.

b. Enzyme loading on carriers: 7.52 mgcoxJcarier 1, catalase (free) / calculated activity
of glucose oxidase (immobilized):1.70, antifoam 204: 0.28 + 0.06 mg mL™?, pH =5.5.
The standard deviation was calculated from duplicate experiments by data fitting
using the Origin 2019b and 2023b software.

c. The reaction rate was calculated using the Michaelis-Menten function in
Equation 12, which is derived from the kinetic measurements in section 4.8.2 at the
same aeration rate 1 vvm, stirring rate 1000 rpm and enzyme loading
7.52 mgGOx gcarrier-l-

A comparison of the results obtained at 8.8 mM substrate glucose concentration at
500 rpm and 1000 rpm revealed that an increase in the stirring rate resulted in a
doubling of the reaction rate (10.5 + 0.6 umol min-tto 19.4 + 5.1 umol mint, Table 10).
This is due to overcoming external diffusion limitations by reducing the gas-liquid
boundary layer for mass transfer and increasing the convective flow in the reaction
vessel. At the same stirring rate of 500 rpm, the reaction rate under fine bubble aeration
was measured for two different substrate concentrations (8.8 mM and 25 mM) as
10.5 + 0.6 umol min't and 24.4 £ 0.5 pumol min, respectively). The result supports the
theory of the dominance of the substrate concentration over the reaction rate, since a
2.3-fold increase was observed when the substrate concentration was increased by a
factor of 2.8.

During the kinetic studies presented in Section 4.8, the dependence of the reaction
rate on the substrate concentration at 1000 rpm was investigated. It was observed that
the reaction exhibited a Michaelis-Menten behaviour, with the highest reaction rate
measured at 600 mM substrate glucose concentration. The detailed discussion for the
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kinetic parameters is given in section 4.8.2 with the investigation of internal diffusion
limitation. The performance of the immobilized glucose oxidase in a rotating packed
bed reactor under macrobubble and fine bubble aeration was compared at 600 mM
glucose concentration in the following section.

4.4.3.3. Reaction rate comparison: Macrobubble and fine bubble aeration

The rotating packed bed reactor was operated at its highest efficiency at 600 mM, as
no further increase in the reaction rate was observed at 1000 mM (section 4.8.2,
Figure 43). Therefore, the performance of the 2 um sintered frit was compared to the
open tube sparger (orifice diameter: 2 mm) at a substrate concentration of 600 mM
(Figure 35). For 600 mM substrate concentration, three times the catalase (free)
activity (90200 U) was used in the duplicate experiment, and a ratio of the calculated
catalase (free) activity to the calculated glucose oxidase (immobilized) activity was
calculated as 4.79. The final yield value obtained at 600 mM glucose substrate
concentration with the higher catalase concentration is the same as the result obtained
with the ratio of the calculated catalase (free) activity to the calculated glucose oxidase
(immobilized) activity of 1.70. The catalase activity in its free form over 32000 U did
not influence the reaction rate.

100 T

80 -

60

Yield [%]

40 -

20 4

O Macrobubble aeration
] b ] b ]

0 5 ' 10 15 20

Time [h]
Figure 35. The effect of the aerator type on the reaction rate. Macrobubble aeration
with open tube - orifice diameter: 2 mm; fine bubble aeration with 2 pum sintered frit.
8.2 g carriers, 35 + 1°C, 1000 rpm, 7.52 mgcox Jearrier 5, 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* antifoam 204.

The higher liquid-side volumetric mass transfer coefficient (k; a = 67.3 + 3.7 h') with the
2 um sintered frit was utilized to increase the reaction rate by 12.9 + 1.6 times, and the
reaction was completed in 8 h under fine bubble aeration (Table 11). The reason for
observing a lag phase at the beginning of progress curves is explained in section 4.8.
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Table 11. Summary of the reaction rates for fine bubble and macrobubble aeration?.

Aeration Enzyme Glucose Reaction rate GOx-specific
rate amount on measured activity
carriers measured
[vvm] [Mgcox Gearrier '] [mM] [pmol min-] [U mgcox]
Macrobubble aeration with open tube (orifice diameter: 2 mm)
285+24
1 7.52 600 R?=0.9999 0.46 £ 0.04

kpa=225+0.3h?
Fine bubble aeration with 2 um sintered frit

368 £ 14
1 7.52 600 R?=0.9739 5.82+£0.23
kpa=67.3+3.7h?
a8.2 g carriers, 35 £ 1°C, catalase (free) / calculated activity of glucose oxidase
(immobilized): 1.70, antifoam 204: 0.28 + 0.06 mg mL™, 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. The standard deviation
was obtained from duplicate measurements.

4.5. Gas utilization

In the previous section, the benefit of fine bubbles in biocatalytic oxidation reactions
was shown as an increase in reaction rate and a reduction in process time. In the
previous study [63], the gas consumption for the same model reaction catalyzed by the
free form of glucose oxidase has been shown to be increased by a factor of 25 under
microbubble aeration in a stirred tank reactor by performing the reaction at the equal
liquid-side volumetric mass transfer coefficient k; a at 160 h2.

An identical mass transfer rate of molecular oxygen enables the same local oxygen
concentration to be provided to the reaction medium, resulting in a comparable reaction
rate with fine bubble and macrobubble aeration. In this study, the reaction was run at
the comparable mass transfer rate of molecular oxygen (macrobubble aeration
kia=22.5+0.3 htat1vvm and fine bubble aeration k;a =18.9 + 1.2 h"* at 0.125 vvm)
as described in the end of section 4.3. Using this outcome, the comparable GOx-
specific reaction rates for macrobubble aeration (2.81 + 0.07 U mgcox*, open tube with
a 2 mm orifice diameter, 1 vwm, ka = 22.5 + 0.3 h'') and fine bubble aeration
(2.74 £ 0.5 U mgcox?t, 2um sintered frit, 0.125 vwm, k; a = 18.9 + 1.2 h't) at similar mass
transfer rates were achieved, where the gas consumption was reduced 8 times at the
substrate concentration of 25 mM. The experiments were performed in duplicate.
Further investigations are necessary in order to gain a more comprehensive
understanding of the matter.
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4.6. Stability of the immobilized biocatalyst in a rotating packed
bed reactor

The SpinChem® vessels with rotating packed bed reactors are designed as an
alternative reactor concept to conventional fixed bed reactors, allowing convective
flows in the reaction medium through the fixed bed, where the immobilized catalysts
are packed. At this point, the stability of the immobilized biocatalyst within the substrate
scope is the key consideration for the operational parameters to determine the half-life
of enzymes [119]. Investigation of biocatalyst stability and an understanding of the
factors that reduce the half-life of enzymes are essential to enable biocatalyst reuse in
the rotating packed bed reactor. The main reason for the deactivation of the glucose
oxidase used in this study is the accumulation of hydrogen peroxide [120] within the
carriers, where the oxidative biotransformation reaction takes place.

In this section, the results of the effect of substrate concentration on the activity as well
as the stability of immobilized glucose are presented and the optimum substrate
concentration for the operation of a rotating packed bed reactor was determined.

4.6.1. Influence of the substrate concentration

With a higher concentration of substrate, a higher amount of hydrogen peroxide is
produced as a by-product within the carriers. To prevent the deactivation effect of
hydrogen peroxide, the second enzyme catalase is used as shown in previous
studies [30,121,122].

In this study, the first choice is to immobilize the biocatalyst glucose oxidase and use
catalase in its free form, whose cost is considerably lower than that of glucose oxidase
as mentioned in section 4.1. The effect of substrate glucose concentration on the
stability of immobilized glucose oxidase in a rotating packed bed reactor was
investigated at three different glucose concentrations, in conditions above
(300 MM > Ky jucose) @nd below (8.8 MM < K, gjycose @Nd 25 MM < Kij, jucose) the

Michaelis-Menten constant (section 4.8.2) of immobilized glucose oxidase for its
substrate glucose. The glucose oxidase mass-specific activities obtained for the
repetitive batches are listed in Table 12.
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Table 12. Overview of immobilized glucose oxidase (GOx) stability in rotating
packed bed reactor under fine bubble aeration with 2 pum sintered frit. 8.2 g carriers,
35 £ 1°C, 1000 rpm, initial volume 200 mL, 1 vvm, pH 5.5 + 0.2. Glucose solutions
were prepared in 10 mM sodium acetate buffer at pH 5.3.

Repetitive batches | 1 \ 2 \ 3 4
Substrate glucose: 8.8 [mM]?
Time [h] 0.5 17.4

Glucose oxidase-specific | 4 34,404 | 1.21+0.08 )
activity [U mgcox™]

Yield [%] 94.6 98.7
Substrate glucose: 25 [mM]?
Time [h] 0.8 23

Glucose oxidase-specific |, 5,04 | 3.68+0.02 )
activity [U mgeox™]

Yield [%)] 94.7 98.9
Substrate glucose: 300 [mM]P
Time [h] 1.19+0.66 | 24.27+3.27 | 49.33+7.87 | 71.1

Glucose oxidase-specific
activity [U mgcox]

a. Enzyme loading on carriers: 1.07 mgcox Jearier }, Catalase (free) / calculated
activity of glucose oxidase (immobilized):1.38 The experiment was performed
once for each single batch. The standard deviation was obtained from data
fitting using the Origin 2023b software.

b. Enzyme loading on carriers: 7.52 mgcox Qearier -, Catalase (free) / calculated

activity of glucose oxidase (immobilized):1.70, antifoam  204:

0.28 + 0.06 mg mL™. The experiment was performed in duplicate. Data fitting

was applied by the Origin 2023b software for linear regression. The standard

deviation was obtained from duplicate measurements. (Supervised B.Sc.

thesis [118]).

4.25%1.15 2.28+0.27 0.62+0.88 0

The repetitive batches were performed for each substrate concentration. The time
required for the substrate concentrations of 8.8 mM and 25 mM was measured to be
17 h and 23 h, respectively, to lose 5% and 9% of its glucose oxidase-specific activity
indicating that the immobilized glucose oxidase is stable enough to maintain its activity
for the subsequent batch under the given experimental conditions (Figure 36). The
comparable final yield results of each batch at each substrate glucose concentration
were achieved (repetitive batches for 8.8 mM glucose concentration - batch 1: 94.6%
and batch 2: 98.7%; repetitive batches for 25 mM glucose concentration - batch 1:
94.7% and batch 2: 98.9%). The statistical analysis of the final yield values is described
in section 4.9.
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Figure 36. Validation of repetitive batches under fine bubble aeration: 2 um sintered
frit. 35 £ 1°C, 1000 rpm, 8.2 g carriers, initial volume 200 mL, 1 vvm, pH 5.5 + 0.2.
25 mM glucose solution was prepared in 10 mM sodium acetate buffer at pH 5.3,
enzyme loading on carriers: 1.07 mgcox Jearier 1, Catalase (free) / calculated activity
of glucose oxidase (immobilized):1.38.

A representative yield progress curve for the substrate concentration of 25 mM was
shown in Figure 36, where the glucose oxidase mass-specific reaction rates for the
validation batch 1 (4.05 U mgcox?) and batch 2 (3.68 U mgcox™') were achieved. No
carrier leaching from the rotating packed bed reactor as well as enzyme leaching from
the carriers into the reaction medium could be quantified by glucose oxidase activity
measurements, allowing the validation of the repetitive batches with the reuse of
biocatalysts. 98.5% of the carriers were found to be in the range of 200 - 500 um

(Figure 37).
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Figure 37. Particle size distribution of Relizyme™ HFA 403 M grade carriers. The
software (version 6.0.3.1008, 0249) of the Camsizer XT particle size analyser from
Retsch GmbH (Haan, Germany).
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To validate the repetitive batches under fine bubble aeration, subsequent batches were
conducted at a higher substrate glucose concentration (300 mM). A strong deactivation
was observed at the substrate concentration of 300 MM > K., ,j,c0sc (Tables 12). The

time required for the substrate concentration of 300 mM to lose 46% of its activity in
the subsequent batch (repetitive batches: batch 1: 4.25 + 1.15 U mgcox* and
batch 2: 2.28 + 0.27 U mgcox?) was determined as 24 h, although the ratio of the
calculated catalase (free) activity to the calculated glucose oxidase activity as 1.70 was
higher than the conditions for the substrate concentration of 8.8 mM and 25 mM (1.38).
This outcome could raise the question of whether the provided catalase (free) amount
is enough to decompose the hydrogen peroxide produced within the carriers.

In section 4.4.3.3, the ratio of the calculated catalase (free) activity to the calculated
glucose oxidase (immobilized) activity on the glucose oxidase-specific activity at the
substrate concentration of 600 mM was investigated. No difference in glucose oxidase-
specific activity was observed for each batch when the ratio of calculated catalase
(free) activity to calculated glucose oxidase (immobilized) activity of 1.70 and 4.79 was
used separately. The finding of no difference in the glucose oxidase-specific activity
with a higher ratio of catalase activity indicates that the catalase (free) can get through
the pores and decompose hydrogen peroxide. To confirm this information, the mean
pore diameter of ReliZzyme™ HFA 403 M grade carriers (40-60 nm [53]) was compared
with the Stokes radius of catalase. The molecular weights of Aspergillus niger glucose
oxidase and bovine liver catalase are reported to be 160 kDa [86] and 250 kDa [88],
respectively. The Stokes radius of each protein was calculated (glucose oxidase:
3.97 nm, catalase: 4.31 nm, R? = 0.9196) using the hyperbolic function (shown
in Figure 38) fitted to the Stokes radius of proteins of different masses as reported by
H. P. Erickson [123].
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Figure 38. The fitted function of the Stokes radius of proteins with different masses.
The graph was plotted from the data published by H. P. Erickson [123].
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The mobility of the enzyme conformation is achieved by selecting carriers with a pore
size larger than the size of the enzymes [124]. The pore size of ReliZzyme™HFA 403 M
grade carriers is larger than the Stokes diameter of both enzymes, thus avoiding a
reduction in immobilized glucose oxidase conformational mobility and allowing the free
form of catalase to penetrate through the pores. However, when highly concentrated
substrates are used, large amounts of inhibitor (hydrogen peroxide with a mean pore
diameter: 0.25 nm and mean length: 0.28 nm [125]) are produced as a by-product.

The batch 2 of repetitive batches exhibited a loss of glucose oxidase-specific activity
at the substrate concentration of 300 mM, which could indicate that the production rate
of hydrogen peroxide is higher than the diffusion rate of catalase through the pores
and the diffusion rate of hydrogen peroxide out of the pores. The hydrogen peroxide
could precipitate within the carriers, where the reaction occurs, resulting in enzyme
deactivation as well as a lag phase in the beginning of the reaction as always observed
for each substrate concentration. Therefore, the stability of the enzyme in the second
batch at a higher substrate concentration was decreased due to the severe internal
diffusion limitation. The half-life of the immobilized glucose oxidase and the approach
to overcome the internal diffusion limitation are described in the following sections.

4.6.2. Effect of substrate concentration on the biocatalyst half-life

To express the degree of activity loss mathematically, the measured glucose oxidase-
specific activity was plotted (Figure 39) over time. An exponential decay function
(Equation 23) was fitted to the measured data points shown using the Origin 2023b
software. The data at 300 mM were taken from the supervised B.Sc. thesis [118]. The
vertical error bars reflect the deviation in glucose oxidase-specific activity for
the duplicate and the horizontal error bars reflect the time difference due to the
measurement time and start of the experiments.

vy =V e'kdeac' (tn - 10) ( 23 )

where v, is the glucose oxidase-specific activity in U mgenzyme™® at time ¢, in h, v is the
glucose oxidase-specific activity in U mgenzyme™® at time ¢ in h, k4, iS the deactivation
constant in h, ¢, - ¢, is the time interval.
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Figure 39. Stability of immobilized glucose oxidase under fine bubble aeration:
2 um sintered frit sparger. 8.2 g carriers, 35 + 1°C, 1000 rpm, initial volume 200 mL,
pH 5.5 + 0.2. Glucose solutions were prepared in 10 mM sodium acetate buffer at
pH 5.3.

a. 300 mM - 1 vwm: enzyme loading on carriers: 7.52 mgcox Jearier !, Catalase

(free) / calculated activity of glucose oxidase (immobilized):1.70, antifoam 204:
0.28 + 0.06 mg mL™2.

b. 25 mM - 1 vwm: enzyme loading on carriers: 1.07 mgcox Jearrier 1, Catalase (free)
/ calculated activity of glucose oxidase (immobilized):1.38.

c. 8.8 mM - 0.67 vwm: enzyme loading on carriers: 1.07 Mgcox Jearrier -, Catalase
(free) / calculated activity of glucose oxidase (immobilized):1.38.

For a further concrete comparison, the half-life ¢,, of immobilized glucose oxidase was
calculated as 19.6 h for the substrate glucose concentration of 300 mM using the

Equation 24, with the glucose oxidase-specific activity reduced by half (v, = % “Vp)-

In2

kdeac

ty2 = (24)

To compare the stability of the immobilized glucose oxidase at the substrate glucose
concentration of 25 mM, where 9% loss of the activity was observed in 23 h, the time
required to lose 9% of the glucose oxidase-specific activity of 300 mM substrate
concentration was calculated as 2.7 h using Equation 24 with the deactivation constant
kseac- TO achieve a high productivity for glucose oxidase in batch operation, a substrate
concentration (¢, > K ) is necessary to operate the rotating packed bed reactor

efficiently. However, a severe internal diffusion limitation was observed at 300 mM
substrate concentration.
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4.7. Interim summary

In the first part of the thesis the following main results were achieved:

A suitable enzyme-carrier system in the designed liquid medium (10 mM sodium
acetate at pH 5.3) was established with an immobilization activity yield of over 98%.

The established enzyme-carrier system was utilized in the SpinChem® rotating
packed bed reactor and the oxidative biotransformation reaction was catalyzed by
the immobilized glucose oxidase with a reaction yield of 96.2 + 2.5%.

The mass transfer performance for the SpinChem® vessel with rotating packed bed
basket under fine bubble and macrobubble aeration was compared:

- Atthe equal volume-specific aeration rate, the volumetric mass transfer coefficient
for fine bubble aeration (67.3 h') was three times that of macrobubble aeration
(22.5 h'Y),

- A comparable volumetric mass transfer coefficient for fine bubble aeration
(0.125 vvm) was achieved at a reduced aeration rate compared to macrobubble
aeration (1 vvm).

The mass transfer limitations during the biocatalytic oxidation have been studied
under two different conditions, when the enzyme glucose oxidase is unsaturated
and when it is saturated with its substrate glucose:

- When the enzyme glucose oxidase was not saturated at 25 mM glucose, no
oxygen mass transfer limitation was observed.

- When the enzyme glucose oxidase was oversaturated with substrate glucose
(300 mM and 600 mM), severe mass transfer limitations were observed. The
mass transfer limitation was overcome by fine bubble aeration using the
advantage of a higher volumetric mass transfer coefficient at a substrate
concentration (¢, > K ).

The stability of the immobilized biocatalyst in the rotating packed bed reactor was

investigated:

- When the enzyme glucose oxidase was not saturated with glucose at 25 mM,
the stability of the immobilized glucose oxidase was longer than when the
enzyme glucose oxidase is oversaturated with its substrate glucose (300 mM
and 600 mM).

In the following section, the reason for the loss of enzyme stability in conjunction with
the diffusion limitations and the approaches to overcome the internal diffusion limitation
are reported.
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4.8. Approaches to overcome internal diffusion limitation

In the previous section, severe internal diffusion limitation was observed at a substrate
glucose concentration (300 mM) for the case where the immobilized enzyme glucose
oxidase was used, and the second enzyme catalase was used in its free form
(Figure 40). To overcome the diffusion limitation the co-immobilization approach [126]
was applied to improve the reaction rate. In addition, the free form of both enzymes in
the SpinChem® vessel, in which the rotating packed bed basket was filled with the
carriers but without enzymes, was used as a reference point to determine the
maximum achievable reaction rate, reflecting the case where there is no internal
diffusion limitation.
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Figure 40. Application of biocatalysts in the SpinChem® vessel V2 with the rotating
packed bed basket S2. A) Free form of glucose oxidase (solid) and catalase (dash),
B) Immobilized glucose oxidase (GOx) within the carriers and free catalase in the
bulk medium, C) Co-immobilization of glucose oxidase with catalase.

For the reaction to take place, two substrates (glucose and oxygen) are required to
enter the pores of the carriers placed in the rotating bed basket. A lag phase (until
reaching 10% yield) was observed for each substrate concentration (25 mM, 300 mM,
and 600 mM, Figure 41).
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Figure 41. Lag phase observed for each substrate concentration under fine bubble
aeration: 2 um sintered frit. 8.2 g carriers, 1000 rpm, 35 £ 1°C, initial volume 200 mL,
1 vvm, pH 5.5+ 0.2. Enzyme loading on carriers: 7.52 mgcox Jearrier 1, catalase (free) /
calculated activity of glucose oxidase (immobilized): 1.70, antifoam 204:
0.28 + 0.06 mg mL. Glucose solutions were prepared in 10 mM sodium acetate
buffer at pH 5.3, For the duplicate experiment at 600 mM substrate glucose was
performed with the ratio of catalase (free) to the calculated activity of glucose
oxidase (immobilized) is 4.79. Error bars show the standard deviation obtained from
duplicate measurements. The graph is generated by additionally integrating the
results of the supervised B.Sc. thesis [118] and the project work [127].

At a low substrate glucose concentration of 25 mM, the duration of the lag phase was
found to be relatively short, in contrast to the lag phase obtained with a 300 mM and
600 mM substrate concentration. A longer lag phase was observed at a higher
substrate concentration and was attributed to diffusion limitations. To properly interpret
the lag phase exhibited by each yield progress curve, it is essential to consider the
underlying reaction kinetics (section 4.8.1), and it is reasonable to consider that
the diffusion limitation could be associated with the second enzyme, catalase, which is
utilized for the decomposition of hydrogen peroxide accumulated in the pores of
carriers [128]. To improve the reaction rate and reduce the lag phase, the
co-immobilization approach [126] was used and the results are presented in Figure 42
for comparison.
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Figure 42. Application of immobilized glucose oxidase in the SpinChem® vessel V2
with the rotating packed bed basket S2 under fine bubble aeration with 2 um sintered
frit. 8.2 g carriers, 1000 rpm, initial volume 200 mL, 35 + 1°C, 1 vwm, pH 5.5 + 0.2.
Glucose solutions in 10 mM sodium acetate buffer at pH 5.3, enzyme loading on
carriers: 7.52 mgcox Jearrier -, antifoam 204: 0.28 + 0.06 mg mL™*, Cat/GOx: the ratio
of calculated activity of catalase (Cat) / calculated activity of glucose oxidase (GOXx).
The experiments were performed in duplicate. Error bars show the standard
deviation obtained from duplicate measurements. For 600 mM (GOx: immobilized,
Cat: free): The error bar represents the deviation between the experiments for the
ratio of calculated activity of catalase / calculated activity of glucose oxidase 1.70
and 4.79, where no significant difference was observed. The experiment at the
volume-specific aeration rate of 0.75 vvm was performed once. Error bars show
the standard deviation obtained from data fitting using the Origin 2023b software.
The graph is generated by additionally integrating the results of the supervised B.Sc.
thesis [118] and the supervised project work [127].

In Figure 42, the first result was measured with a lower (0.75 vvm) volume-specific
aeration rate to illustrate the oxygen dependency of the biocatalytic reaction. A lower
volume-specific aeration rate (0.75 vvm) results in a lower glucose oxidase-specific
activity compared to the glucose oxidase-specific activity measured at 1 vwm. The
effect of the aeration rate on mass transfer performance and reaction rate was
discussed in sections 4.3.2 and 4.4.3.

According to M. Nouaimi-Bachmann [129], it is required to optimize the ratio of the
amount of two enzymes for the co-immobilization approach, as competition between
enzymes (glucose oxidase and catalase) for the binding site is potential. The results in
Figure 42 demonstrate that there was no significant change in the glucose oxidase-
specific activity for any of the three approaches at a ratio of calculated activity of
catalase to the calculated activity of glucose oxidase: 1.70 at a substrate concentration
of 300 mM, indicating that there could be no competition between the two enzymes.
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The pore diameter of the carriers (40-60 nm) is larger than the size of both proteins
(Stokes radius: glucose oxidase: 3.97 nm, catalase:4.31 nm), i.e., the pores are not
closed by one of the proteins.

The size of the substrate glucose (0.84-0.86 nm [130] for ring molecule and 1.5 nm for
open structure [131]) and the by-product hydrogen peroxide (0.25 nm [132]) are
relatively smaller than the pore size of ReliZzyme™ HFA 403 M grade carriers
(40-60 nm) as well as the Stokes radius of the enzymes glucose oxidase (3.97 nm)
and catalase (4.31 nm) [123]. The substrate glucose can pass through the pores, reach
the immobilized glucose oxidase and is oxidized to D-glucono-1,5-lactone,
producing the by-product hydrogen peroxide. Ideally, the by-product hydrogen
peroxide should interact with the co-immobilized catalase, as in the case of free
catalase in the bulk reaction medium. Therefore, no improvement in the glucose
oxidase-specific activity was observed with the co-immobilization approach
(Figure 42).

The further approach was to increase the ratio of calculated activity of catalase to
calculated activity of glucose oxidase by using both enzymes in their free form
to enhance the reaction rate for the oxidative biotransformation. When the ratio of
calculated activity of catalase to calculated activity of glucose oxidase was increased
from 1.70 to 4.79, the glucose oxidase-specific activity was increased by 1.3-fold at the
substrate concentration of 300 mM. Increasing the amount of catalase in its free form
would increase the glucose oxidase mass-specific reaction rate by increasing the
decomposition rate of hydrogen peroxide, thus decreasing its deactivation effect.

At a higher substrate concentration (600 mM), the use of the free form of both enzymes
improved the glucose oxidase-specific activity by 29% (Figure 42) at the equal ratio of
the calculated activity of catalase (free) to the calculated activity of glucose oxidase
(immobilized), indicating that immobilization caused a reduction in the enzyme activity
of glucose oxidase [133] at the higher substrate concentration, where a higher
amount of by-product hydrogen peroxidase was produced within the carriers. Thus,
the function of catalase was hindered due to its lower diffusion rate, when compared
to the production rate of the by-product hydrogen peroxidase. Kinetic parameters of
the immobilized and free forms of glucose oxidase were investigated to determine the
relevant enhancement of the glucose oxidase-specific activity for each substrate
concentration and to further explain the internal diffusion limitation.

4.8.1. Kinetic parameter determination for free and immobilized glucose
oxidase

Carrying out biocatalytic oxidation in a porous structure of a carrier could reduce the
measured reaction rate compared to the application of enzymes in their free form,
floating in the medium buffer. This phenomenon can be attributed to the limited mobility
of enzymes and solutes [134]. The potential decrease in the reaction rate is
mathematically explained by the effectiveness factor » (Equation 25), which is the
ratio of the maximum glucose oxidase-specific activity v,,,, in U mg? achieved for
immobilized and free forms of biocatalysts [133].
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_ Vmax,immobilized glucose oxidase
n= (25)

Vmax, free glucose oxidases

The maximum achievable reaction rates for immobilized and free form of biocatalysts
were determined by measuring the glucose oxidase-specific activity in U mg? over a
wide range of substrate concentrations (Figure 43). The kinetic investigations were
carried out in the substrate concentration range of 25 mM - 1000 mM.
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Figure 43. Kinetic parameter estimation for free and immobilized forms of enzymes
in the SpinChem® vessel V2 with the rotating packed bed basket S2 under fine
bubble aeration with 2 um sintered frit: 8.2 g carriers, enzyme loading on carriers:
7.52 mgcox Jearrer 1, 35 + 1°C, 1000 rpm, 1 vvm, initial volume 200 mL, pH 5.5 + 0.2,
antifoam 204: 0.28 + 0.06 mg mL™. Glucose solutions were prepared in 10 mM
sodium acetate buffer at pH 5.3. Error bars show the standard deviation obtained
from duplicate measurements. The experiment at 100 mM glucose concentration
with free enzyme was performed once. Error bars show the standard deviation
obtained from data fitting using the Origin 2023b software. The graph is generated
by additionally integrating the results of the supervised B.Sc. thesis [118] and the
project work [127].

In the context of kinetic investigations with both enzymes in their free form, an increase
in catalase concentration resulted in an enhancement of the glucose oxidase-specific
activity for the biocatalytic oxidation (the data point triangle and circle at the substrate
concentration of 300 mM). When the ratio of the given activity of catalase to the given
activity of Gox was tripled (from 1.70 to 4.79), the glucose oxidase-specific activity
increased by a factor of 2.8. It was measured as 5.04 + 0.27 U mgcox? at a ratio of
4.79 for the free form of the enzymes in comparison to the glucose oxidase-specific
activity of 3.90 + 0.6 U mgcox* at a ratio of 1.70 for the free form of the enzymes.
Therefore, to ensure that the measured reaction rates are not limited by the
decomposition of hydrogen peroxide by the catalase enzyme, the calculated catalase
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activity was tripled to obtain the highest glucose oxidase-specific activity for the free
form of both enzymes, which is the denominator of the effectiveness factor
(Equation 25).

In both cases of enzyme application (free and immobilized forms), the reaction rate is
found to be proportional to the substrate concentration. This is explained by the fact
that an increase in substrate concentration results in a higher reaction rate
(Equation 12). The glucose oxidase-specific activity (2.27 + 0.33 U mgcox?) was
measured with immobilized glucose oxidase and free catalase, whereas it
was measured as 2.47 U mgcox* with the free form of both enzymes at the identical
substrate concentration of 100 mM. The difference in both values is in the experimental
range.

The rate of substrate consumption within the carriers (in the pores and/or on the
surface) is comparable to the reaction rate in the bulk phase with free forms of
biocatalysts for both biocatalyst applications at the substrate concentration of 2100 mM,
resulting in an immobilization with an effectiveness factor (Equation 25) of 0.92
(¢ <K,). The enzyme activity is expected to be similar for both applications at a
substrate concentration lower than 100 mM, as the enzyme glucose oxidase is not
saturated with its substrate (¢, < K,,, see Table 13). The effect of diffusion limitation on
the reaction rate is expected to be reduced and the system behaves as if free enzymes
are used. Accordingly, kinetic investigations with free-form glucose oxidase were
initiated at a substrate concentration of 100 mM, and the resulting kinetic parameters
are presented in Table 13 for comparison.

Table 13. Comparison of kinetic parameters using the SpinChem® vessel V2 with
the rotating packed bed basket S2 under fine bubble aeration: 2 um sintered frit.
8.2 g carriers, 35 = 1°C, 1000 rpm, 10 mM sodium acetate buffer at pH 5.5 £ 0.2,
7.52 MmQgcox Jearier}, initial volume before titration 200 mL, antifoam 204:
0.28 + 0.06 mg mL™1. Data fitting was applied by the Origin 2023b software.

Glucose oxidase Glucose oxidase
Parameter b . .
free immobilized®
Vmax [U Mg 8.08+0 6.65 + 0.62
Km’g]ucose [m M] 164 i 34 187 i 54
R?[-] 0.956 0.964
K0, [MM]? 0.010 + 0.002 0.084 + 0.019
Effectwenass factor n 0.82

Km0, for free glucose oxidase was determined under the experimental conditions:
250 mM glucose, 30°C, 100 mM phosphate buffer at pH 7, 1 mL. K, o, for

immobilized glucose oxidase was determined under the experimental conditions:
250 mM glucose, 30°C, 100 mM phosphate buffer at pH 7, 2 mL [135].

bcalculated activity of catalase (free) / calculated activity of glucose oxidase: 4.79
calculated activity of catalase (free) / calculated activity of glucose oxidase: 1.70

The measured Michaelis-Menten constant 187 = 54 mM of immobilized glucose
oxidase for its substrate glucose is higher than the free form of glucose oxidase
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164 + 34 mM. In the presence of mass transport limitation, a lower affinity to the
substrate could be observed, resulting in a higher Michaelis-Menten constant [136],
which was observed in this study for immobilized glucose oxidase. A substrate
concentration exceeding 164 mM is necessary for the generation of a sufficient driving
force within the carriers to overcome the diffusion limitation.

At 300 mM glucose the glucose oxidase-specific activity for the immobilized glucose
oxidase and free catalase and for free form of both enzymes are comparable
(3.74 + 0.63 U mgeox® and 3.9 + 0.6 U mgcox?, respectively) at the identical
experimental conditions, where the ratio of calculated catalase activity to the calculated
glucose oxidase activity was used as 1.70. However, when the ratio of calculated
catalase activity to the calculated glucose oxidase activity was tripled for the free form
of enzymes, 5.04 + 0.27 U mgcox* glucose oxidase-specific activity was obtained. This
indicates that a catalase activity above 90200 U is necessary to avoid the deactivation
effect of hydrogen peroxide on the enzyme glucose oxidase.

At higher substrate concentrations (600 mM and 1000 mM), the effect of glucose
oxidase immobilization on the glucose oxidase-specific activity can be clearly seen, as
the difference of the glucose oxidase-specific activity for two systems (immobilized
glucose oxidase-free catalase and free form of the enzymes) is increased. The
application of the free form of the enzymes indicates no diffusion limitation. Therefore,
the higher substrate concentration can accelerate the reaction rate more than under
immobilization conditions (Figure 43).

The highest glucose oxidase-specific activity for the solubilized form of the enzymes
was calculated to be 8.08 = 0 U mgcox, while 6.65 + 0.62 U mgcox™* was determined
for the immobilized glucose oxidase with the free form of catalase at a substrate
glucose concentration of 600 mM, confirming that the immobilization approach limits
the reaction rate. The effectiveness factor was calculated as 0.82 for the system
(¢ > K,,), indicating the presence of internal (substrate) diffusion limitation, which is
confirmed by the evaluation of the kinetic parameters of glucose oxidase for its
substrate glucose in the immobilized and free form.

4.8.2. Modelling of the reaction rate

The kinetic parameters in Table 13 are implemented in Equation 12 with considering
the deactivation constant k4., = 0.035 £ 0.07 h* and the effectiveness factor = 0.82
to reflect the effect of diffusion limitation in the reaction rate equation
v in umol min't mgcox?, yielding Equation 26. The reaction rate was modelled using
Equation 26 for the substrate concentration at 25 mM and 300 mM considering the
glucose oxidase concentration cgo, i Mgeox ML?, with the differential equations
(Equation 27 and 28) for the substrate glucose consumption and gluconic acid
production. The experimental results were compared with the simulation results
(Figure 44).

. . ohkdeac "t .
Vmax ° Cglucose = €0,'€ deac n

V= (26)
Km,glucose T Co, + Km,02 " Cglucose + Cglucose ~ €O,
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where v, in umol mint mgcox? is the glucose oxidase mass-specific reaction rate,
Calucose IN MM and ¢q, in MM are the glucose and oxygen concentrations, K., in mM is

the Michaelis-Menten constant, k4.,. in min? is the deactivation constant, # is the
effectiveness factor.

dcglucose ( 27 ) dcgluc;;lic acid ( 28 )

= _-yp-C :+V'C
dt GOx GOx

30

25 E 'i.

mmmm D-(+)-glucose (simulation)

== Gl|uconic acid (simulation)
O D-(+)-glucose (experimental)

Gluconic acid (experimental)

Concentration [mM]
=
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Figure 44. Comparison of the simulation results (dashed lines) with the
experimental results (symbols). Biocatalytic oxidation of glucose in the rotating bed
reactor under fine bubble aeration with 2 um sintered frit. Measurement conditions:
8.2 g carriers, 1000 rpm, 35 * 1°C, enzyme loading on carriers: 1.07 mgcox Jearrier -
catalase (free) / calculated activity of glucose oxidase (immobilized): 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 vwwm, k a = 67.3 = 3.7 h'l. Simulations were performed using the Matlab
R2024a software.

The reaction volume was considered as the volume reactor (28 mL) of the rotating
packed bed in the simulation results, where the rotating bed reactor was fully packed
with carriers and the volume of void-space is negligible (see Scheme 1). The simulation
was run for the conditions under fine bubble and macrobubble aeration at the substrate
concentration of 300 mM to verify the effect of the volumetric mass transfer coefficient
kia (Figure 45) on the reaction rate with simulation results.
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Figure 45. Validation of simulation results with experimental results. Top: Investigation
of the influence of the volumetric mass transfer coefficient & @ on the reaction rate with
simulation results. Down: Experimental results for fine bubble (2 um sintered frit) and
macrobubble aeration open tube (orifice diameter: 2 mm). Measurement conditions:
8.2 g carriers, 1000 rpm, 35 + 1°C, catalase (free) / calculated activity of glucose oxidase
(immobilized):1.70, enzyme loading on carriers: 7.52 mgcox Jearrier -, iNitial volume 200 mL,
1 vvm, 300 mM glucose solution in 10 mM sodium acetate buffer at a pH of 5.5 £ 0.2,
0.28 + 0.06 mg mL* antifoam 204. Simulations were performed using the Matlab R2024a
software.

In Figure 45 (top), the effect of the volumetric mass transfer coefficient 4 a for fine
bubble aeration 67.3 £ 3.7 h"t and macrobubble aeration 22.5 + 3.7 h-1 on the simulated
reaction rate was compared. The simulation results demonstrate a higher value of the
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ki a coefficient resulted in a higher reaction rate. The outcome is confirmed by the
experimental results in Figure 45 (down), which were obtained for fine bubble and
macrobubble aeration at the substrate concentration (300 mM) and volume-specific
aeration rate (1 vvm). A comparison of the simulation results with the experimental
results was based on the final yield value achieved during the experiments and the
corresponding process time in the simulations (Table 14).

Table 14. Comparison of simulation results with experimental results. 1000 rpm,
35 + 1°C, 8.2 g carriers, 7.52 mgcox Qearrier 5, 300 MM glucose solution in 10 mM
sodium acetate buffer pH 5.5 + 0.2, catalase (free) / calculated activity of glucose
oxidase (immobilized): 1.70, initial volume before titration 200 mL,
0.28 + 0.06 mg mL? antifoam 204. Simulations were performed using the Matlab

R2023a software.
Parameter Yield Process Yield Process Yield Process
time time time
[%0] [min] (%] [min] [%0] [min]
Macrobubble aeration with open tube (orifice diameter: 2 mm)
Simulation 1572 1749 100 3062
: 90 97.3
Experiment 1642 2146 - -
Fine bubble aeration with 2 um sintered frit
Simulation 668 809 100 2142
'md : I 90 96.8
Experiment 311 910 - -

The modelled reaction rate (Equation 26) using the kinetic parameters in Table 13
estimates the reactor performance for the biocatalytic oxidation in an agreement with
the experimental results in respect to process time. A prediction of the reactor
performance for the condition under the macrobubble aeration gives a close fit with
experimental results, thus the modelled reaction rate is verified for macrobubble
aeration (Figure 45, down). For the fine bubble aeration condition, the final process
time was estimated with a reasonable agreement, however, the experimental reaction
rate is higher than the simulated results (Figure 45, down). The predicted model
considers the improvement of the volumetric mass transfer coefficient for fine bubble
and macrobubble aeration, however, it could not estimate the advantage of smaller
bubbles if they enter the rotating packed bed reactor and bring the additional
advantage for the reaction rate acceleration during the experimental studies. Further
investigation is needed to verify the condition under fine bubble aeration. To determine
the optimal substrate concentration for the highest reactor performance, the
effectiveness factor and operational effectiveness factor were calculated for each
substrate concentration in the following section.
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4.8.3. Effectiveness and operational effectiveness factor

The optimal substrate concentration for efficient operation of a rotating packed bed
reactor was determined using the dimensionless operational effectiveness factor 7,

(Equation 29), where 90% yield was achieved in both conditions:

e immobilized: immobilized glucose oxidase together with free-form catalase.
o free: free forms of glucose oxidase and catalase
190%immobilized
Mo = (29)
190%free
where t is the operational process time in h.

The effectiveness factor and the operational effectiveness factor for each substrate
concentration (100 mM, 300 mM and 600 mM) were determined for the
substrate concentration below and above the Michaelis-Menten constant of
187 £ 54 mM of the immobilized glucose oxidase (Figure 46).

1.6 T T T T T T T T T T T 1.6
' o)
144 90% conversion% - 14 -g
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Figure 46. Comparison of effectiveness and operational effectiveness factors. Fine
bubble aeration (2 um sintered frit). 8.2 g carriers, 1000 rpm, 35 + 1°C, initial volume
200 mL, 1 vwm, pH 5.5 + 0.2. Glucose solutions were prepared in 10 mM sodium
acetate buffer at pH 5.3, enzyme loading on carriers: 7.52 mgcox Qcarrier >,
antifoam 204: 0.28 + 0.06 mg mL™?, calculated activity of catalase (free) / calculated
activity of glucose oxidase at immobilization and free enzyme: 1.70 and 4.79,
respectively. Error bars show the standard deviation obtained from duplicate
measurements. The graph is generated by additionally integrating the results of the
supervised B.Sc. thesis [118] and the project work [127].

For the substrate concentration 100 mM below the Michaelis-Menten constant of
immobilized glucose oxidase K., i, 187 £ 54 mM, the operational effectiveness factor
n, was far below one (0.36 + 0.02) for 90% yield, since the reaction took longer to reach
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90% due to the presence of less substrate in the reaction medium. Therefore, the value
of n, for reaching 85% yield was calculated as 0.67 + 0.04 that the reaction was almost

complete and the residual substrate in the bulk phase was quite low, resulting in a
longer time to increase the reaction yield for 5%.

The effectiveness factor was calculated as close to 1 (0.92 £ 0.09) at 100 mM substrate
concentration, indicating that 8% loss of activity occurs in the case of immobilization,
confirming that no significant difference was observed between the reaction rate
determined for immobilized glucose oxidase with free catalase and the free form of
both enzymes. As more hydrogen peroxide was generated within the carriers at a
higher glucose concentration, a decrease in the effectiveness factor (0.78) was
observed and the time to reach 90% vyield became longer (Figure 47). Although the
equal effectiveness factor was obtained at 300 mM (0.78 £ 0.14) and 600 mM
(0.78 + 0.07) substrate concentration, the operational effectiveness factor 7,
(1.37 + 0.09) was increased by 63% at 600 mM glucose compared to the conditions
using 300 mM (0.84 = 0.07). This result confirms the severe deactivation of the
immobilized glucose oxidase by the accumulated hydrogen peroxide, which causes a
decrease in the conversion rate and an increase in the process time, as shown in
Figure 47.
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Figure 47. Comparison of conversion rate at different substrate concentrations
under fine bubble aeration: 2 um sintered frit sparger. 8.2 g carriers, 1000 rpm,
35 + 1°C, 1 vwm, pH 5.5 £ 0.2, initial volume 200 mL. Glucose solutions were
prepared in 10 mM sodium acetate buffer at pH 5.3, enzyme loading on carriers:
7.52 mgcox Qearier:, catalase (free) / calculated activity of glucose oxidase
(immobilized): 1.70, antifoam 204: 0.28 + 0.06 mg mL™. For 600 mM the duplicate
experiment was performed with the ratio of catalase (free) to the calculated activity
of glucose oxidase (immobilized) is 4.79, not obtaining an enhancement in the
conversion rate. Error bars show the standard deviation obtained from duplicate
measurements. The graph is generated by additionally integrating the results of the
supervised B.Sc. thesis [118] and the project work [127].
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To determine the optimal operating substrate concentration, productivity for glucose
oxidase, yield, and process time were calculated at three different substrate
concentrations and are listed in Table 15. For a 300 mM substrate concentration, the
same immobilized glucose oxidase was employed for batch 2 of the repetitive batches
following the completion of the first batch. In the case of substrate concentrations of
100 mM and 600 mM, the use of fresh immobilisates was applied during duplicated
experiments, and no repetitive batches were conducted.

Table 15. Comparison of the performance of fine bubble aeration at different
substrate concentrations. 8.2 g carriers, 35 + 1°C, 1000 rpm, 7.52 mgcox Qearrier -
glucose solutions 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* antifoam 204. The experiments were
conducted in duplicate.

Catalyst Yield Product Process Glucose oxidase-
productivity time specific activity
[gproductgimmobilizedGOx_l] [%0] [g] [h] [U mgGOx_l]

Fine bubble aeration with 2 um sintered frit
100 mM Glucose in a single batch

Batch1:58+0 | 90.1 | 35+0.0 | 43+03 | 247013
300 mM Glucose used in repetitive batches
Batch 1: 173+ 0 90 10.6 £ 0.0 45%0.9 425+ 1.15
Batch 2: 174+ 0 10.6 £ 0.0 8.8+0.9 2.28+0.27
Sum of repetitive batches
| 90 | 212 | 133 |

600 mM Glucose in a single batch
Batch 1:347.0+02 | 90 [212:00| 6.020.0 |

When comparing productivity for glucose oxidase and process time for all three
glucose concentrations, the productivity for glucose oxidase is lower at 100 mM
substrate concentration. It was optimal to run the reactor at 600 mM substrate
concentration, since the process time reduced by a factor of 2.2 when compared to the
sum of operation time for repetitive batches at 300 mM substrate concentration to
reach the equal amount of product (Table 15).

4.9. Statistical analysis using the ANOVA method

In this section, the differences in the yield values for the biocatalytic oxidation of
glucose were investigated by the method analysis of variance ANOVA (F-test). Itis a
one-way analysis of variance method used to examine the intergroup and the
intragroup for more than two groups [137]. The significance probability value (P) of
0.05 was considered, while investigating the differences in the final yield values of
biocatalytic oxidation. T. K. Kim [138] reported the relationship between the
significance probability value (P) and the F distribution, which is the ratio of the
intergroup variance to the intragroup variance, as shown in Equation 30. The maximum
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conversion that is possible was determined by the thermodynamics of the process and
the final yield values for all experiments are listed in Table 16.

_ Zmi - (Y-Y)/(G-D)

iy - (Y-Y)/ (4, - G)
where G is the number of groups, n is the number of observations of the group i, Y is
the overall mean, Yj; is the /™ observational value of a group i, 4, is the total number of
measurements

F

(30)

Table 16. Summary of the final yield values. 8.2 g carriers, 35 + 1°C, 10 mM sodium
acetate buffer at pH 5.5 = 0.2, initial volume before titration 200 mL. One-way Anova
analysis was performed in Microsoft Excel 2016. Further details regarding group
numbers are provided in the Appendix A.2.2.

Group

n 1 2 3 4 5 6 7 8
1| 936 94.7 92.8 99.4 96.0 98.3 97.3 91.7
2| 91.3 98.8 97.6 98.7 97.7 96.6 96.3
3 99.5
n 9 10 11 12 13 14 15 16
1| 96.1 95.6 96.9 95.0 94.6 99.3 97.9 90.1
2 | 96.1 95.3 97.5 98.7
Source of Sum of Degree of Mean sum of F p
variation squares freedom squares
Intergroup 121.9 15.0 8.1 20|01
variance G G

DoAY | 6-1 | Y ow (BTG

i=/ i=/
Intragroup 50.0 12.0 4.2
variance u = _

no (G- | a—g¢ ni - (Yy-%)'/ (4, - G)
=1 ij=1
Total 171.8 27.0
A

The F value was calculated as 2.0 as the ratio of the mean sum of squares of the
intergroup to the intragroup. Based on the F distribution graph published by
T. K. Kim [138], the significance probability value (P) was calculated as 0.1. The
F-distribution having values above the significance level of 0.05 means that the null
hypothesis stated above can be rejected. This result indicates that there was no
significant variation between the final values of yield for all biotransformation reactions
(average yield: 96.2 + 2.5%) at the 95% (p = 0.1 > 0.05) confidence level.
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4.10. Interim summary

In this section, an overview of the approaches to overcome the internal diffusion
limitations is given. To describe the effect of immobilization on the glucose oxidase
mass-specific reaction rate, the kinetic parameters for immobilized and free enzymes
were determined.
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Comparable glucose oxidase mass-specific reaction rates were obtained for
immobilized 2.27 + 0.33 U mgcox™* and free glucose oxidase 2.47 U mgcox* when
the enzyme was not saturated with its substrate glucose (100 mM).

The use of enzymes in their free form increased the glucose oxidase-specific
activity when the substrate glucose concentration (300 mM, 600 mM and 1000 mM)
was higher than the Michaelis-Menten constants of free and immobilized glucose
oxidase for the substrate glucose (164 + 34 mM and 187 + 54 mM, respectively).
Consequently, a higher glucose oxidase-specific activity of 8.08 U mgcox?* was
obtained with free glucose oxidase compared to immobilized glucose oxidase of
6.65 + 0.62 U mgcox™.

The reaction rate equation was modified to account for the deactivation of glucose
oxidase and the effectiveness factor. The reaction model was used to estimate the
reaction performance.

However, at a higher substrate concentration, a higher amount of by-product
hydrogen peroxide was produced within the carriers. The application of threefold
the amount of co-immobilized catalase at 300 mM and the tripled amount of free
catalase at 600 mM glucose concentration, separately, did not increase the glucose
oxidase mass-specific reaction rate, which is one of the major limitations of this
study.

The optimal substrate concentration was investigated within the investigations of
the diffusion limitations and the effectiveness factor for the application of the
immobilized glucose oxidase in a rotating packed bed reactor was determined.

The stability of the immobilized glucose oxidase was higher at the substrate
concentration of 25 mM. However, the productivity for the enzyme glucose oxidase
was lower at 25 mM and 100 mM substrate concentration. To achieve enhanced
productivity for glucose oxidase, the reactor should be operated at a substrate
glucose concentration of 600 mM. This approach resulted in a process time that
was 2.2 times shorter than the sum of the running times of repetitive batches
operated at a substrate concentration of 300 mM, which yielded an equivalent
amount of product.

For all biotransformation reactions, there was no significant difference between the
final yield values.



5. Discussion and outlook: A process engineering
perspective

In oxidative biocatalytic reactions, in which molecular oxygen is utilized as a secondary
substrate, the reaction rate is constrained by the inadequate oxygen mass transfer rate
and its solubility in the reaction medium. During the course of project development, the
issue was addressed by implementing a higher volume-specific surface area, which
enabled a higher mass transfer rate of molecular oxygen as well as increased local
oxygen concentrations in the liquid medium through the use of fine bubble technology.
The use of fine bubble technology in previous studies has demonstrated its potential
benefit in enhancing mass transfer rates and maintaining enzyme stability in
conventional stirred tank and bubble column reactors [24, 61-63, 139-140].
Nevertheless, the question of the applicability of fine bubbles in practical applications
remained unanswered.

The objective of the second phase of the project was to conduct studies with the aim
of providing answers to the question of the applicability of the fine bubble technology
in different reactor concepts, thereby expanding the scope of fine bubbles. Packed bed
bioreactors offer several advantages, including the ability to achieve a high conversion
to volume ratio. This is due to the fact that the reactor volume is mostly filled with
enzymes, immobilized on carriers. This advantage was utilized in the second phase of
the study, where a rotating packed bed reactor was employed. The SpinChem®
vessel V2 with a rotating packed bed basket S2 was selected for this study due to its
promising intensification potential in biocatalytic reactions. A cooperation with the
stakeholder SpinChem AB was established to effectively explore the research gaps in
this project in collaboration of the Institute of Technical Biocatalysis and the Institute of
Multiphase Flows [41,141].

The limitations of mass transfer (oxygen mass transfer and diffusion limitations in the
rotating packed bed reactor) and the associated challenges were addressed through
the presentation of experimental results, which were supported by reaction rate
modeling (Equation 26) and simulations (Figure 44 and Figure 45). This research
demonstrates exemplary the efficient utilization of oxidases that suffer from limited
oxygen availability, which represents a significant challenge in oxidative biocatalytic
processes. The next section will present the techno-economic performance of
immobilized glucose oxidase packed in a rotating bed basket in the modified
SpinChem® vessel to clearly state the benefit of the fine bubble technology in the
innovative SpinChem® rotating bed reactor.

5.1. Process considerations

To evaluate the performance of the SpinChem® vessel V2 with a rotating packed bed
basket S2, which was aerated with fine bubbles, the success factors listed by
P. Tufvesson [112] were considered for this study. Table 17 presents a comparison of
the success factors calculated from the outcome of Figure 35 for fine bubble aeration
and macrobubble aeration.
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mass of product

Productivity [g L"'h'] = (31)

reaction volume - process time

mass of product

. . -1 _
PrOdMCZZVlly OfGOx [ gpmduct gGOximmobilized o mass Ofglucose OdeaSe

(32)

Table 17. Process considerations. 8.2 g carriers, 35 = 1°C, 1000 rpm,
7.52 Mgcox Jearrier -, 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"* antifoam 204.

Catalyst Yield Product | Process Product
productivity time concentration
[gproductgimmobilizedGOx-l] [%] [g] [h] [g Ll]
Macrobubble aeration with open tube (orifice diameter: 2 mm)
107 £ 8 278+23 | 6.6+0.3 21 28.2%0
49.6 + 35 129+09 | 3.0£0.1 10 14.1+0.9
Fine bubble aeration with 2 um sintered frit
3735 96.8+1.2 | 22.8+0.3 21 71.7+0.0
3716 96.2+16 | 22.7+0.4 10 71.4+0.2
Factors for economically acceptable biocatalytic processes applying
immobilized biocatalysts [112]
50-100 | >90 | - | -] > 50

A final yield of 96.8 £ 1.2% was measured after 21 h for fine bubble aeration (2 pum
sintered frit), while the yield measured for macrobubble aeration (open tube: 2mm
orifice diameter) at the equal process time was 27.8 + 2.3%. For the process under
fine bubble aeration the operating time was determined to be 10 h, as no significant
increase in product concentration was observed for the remaining 11 h. 22.7 + 0.4 gram
(calculated) of product was produced after 10 h and the final product amount at 21 h
was calculated to be 22.8 + 0.3 g of product. For the process under macrobubble
aeration, a yield of 27.8 £ 2.3% (6.55 + 0.27 g product calculated) was measured at
the identical operation time of 21 h. The enhanced reaction rate achieved through the
utilization of fine bubble aeration led to a significant increase in productivity for glucose
oxidase (373 £ 5 Qproduct gimmobilisedcox*), with a 3.5-fold improvement observed at an
identical operational duration of 21 hours in comparison to macrobubble aeration,
where a productivity of 107 + 8 gproduct Qimmobilisedcox ™ was obtained.

The determined success factors are within the range of the parameters determined for
economically feasible biocatalytic processes. The established biocatalytic oxidation
process under fine bubble aeration with the SpinChem® vessel V2 with a rotating
packed bed basket S2 meets the industrial process requirements in terms of
productivity for glucose oxidase, yield and product concentration.
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5.2. Techno-economic analysis

The focus of this section is to evaluate the techno-economic analysis of a lab-scale
SpinChem® vessel V2 with a rotating packed bed basket S2 with immobilized glucose
oxidase. Its performance under fine bubble aeration (2 um sintered frit) was compared
to macrobubble aeration (open tube with a 2 mm orifice diameter) at 300 mM substrate
concentration, where the stability of the immobilized glucose oxidase was investigated
in section 4.6. The results of two repetitive batches under fine bubble aeration were
compared to a single batch under macrobubble aeration, as shown in Figure 48.
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Figure 48. Comparison of the performance immobilized glucose oxidase with
repetitive batches. Fine bubble (2 um sintered frit) and macrobubble aeration (open
tube: orifice diameter: 2 mm) in SpinChem® vessel V2 with a rotating packed bed
basket S2. 8.2 g carriers, 1000 rpm, 35 + 1°C, 1 vvm, initial volume 200 mL,
pH 5.5 + 0.2, 300 mM glucose solution in 10 mM sodium acetate buffer at pH 5.3,
enzyme loading on carriers: 7.52 mgcox Jearrier 1, Catalase (free) / calculated activity
of glucose oxidase (immobilized): 1.70, antifoam 204: 0.28 + 0.06 mg mL™. The
graph is generated by integrating the results of the supervised B.Sc. thesis [118].

For the process under fine bubble aeration, 7.5 h are required to reach 95.0% yield
and to produce 11.2 g (calculated) product for batch 1, while the process time was
increased by a factor of 3.9 for macrobubble aeration to produce the equal amount of
product under identical operating conditions (Table 18). Since the final yield value
of 96.8% was achieved in the first batch under fine bubble aeration, the second batch
was carried out using the same carriers with immobilized glucose oxidase. The
immobilized glucose oxidase showed the performance of the final yield value of 97.4%
for batch 2 of the repetitive batches under fine bubble aeration.
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Table 18. Performance of the immobilized glucose oxidase in a rotating packed bed
reactor. 8.2 g carriers, 1000 rpm, 35 + 1°C, initial volume 200 mL, 1 vwm, pH 5.5
0.2. Glucose solution 300 mM was prepared in 10 mM sodium acetate buffer at pH
5.3, enzyme loading on carriers: 7.52 mgcox Qearier -, Catalase (free) / calculated
activity of glucose oxidase (immobilized): 1.70, antifoam 204: 0.28 + 0.06 mg mL™.
The graph is generated by integrating the results of the supervised B.Sc. thesis

[118].
Batch Productivity for Yield Product Process
glucose oxidase time
[9product [%0] [9] [h]
QimmobilizedGOx ]
Macrobubble aeration with open tube
(orifice diameter: 2 mm)
1 183.1 95.0 11.2 29.2
1 187.4 97.3 11.4 35.7
Repetitive Fine bubble aeration with 2 um sintered frit
batches
1 183.0 95.0 11.2 7.5
1 186.5 96.8 11.4 15.1
2 184.9 95.0 11.2 10.7
2 189.6 97.4 11.5 20.6
Sum of repetitive batches under fine bubble aeration
(186.5+189.6) (11.4+11.5) | (15.1+20.6)
376.1 22.9 35.7

The total amount of product from the repetitive batches (batch 1 and batch 2) was
calculated as 22.9 g at 35.7 h, while for macrobubble aeration, the amount of product
produced was calculated to be 11.4 g at 35.7 h, demonstrating the enhanced
performance of the immobilized glucose oxidase under fine bubble aeration, where the
product amount was doubled using the advantage of biocatalyst reuse. The results
obtained with fine bubble aeration are promising for further biocatalytic reactions
utilizing oxygen, and therefore, the approach of the economic evaluation of the
innovative reactor concept SpinChem® vessel V2 with a rotating packed bed basket S2
under fine bubble aeration with immobilized glucose oxidase is described by the
following parameters [142,143]:

e Capital expenditure (CapEx) was determined for the cost drivers of the process,
which are determined as the enzymes (glucose oxidase and catalase) and the
Relizyme™ HFA 403 M-grade carrier for this study (Figure 49).

CapEx T MGox " Pricego, + Meatalase ™ PTICE o 105e * mcarriers ' prlcecarriers, GOx ( 33 )

where mgoy , Meatalase @Nd Meamicrs @re the masses of the enzymes glucose oxidase,
catalase and carriers in g, price denotes the unit price of the component in
Euro per gram.

Operating expenditure (OpEx) was calculated for the components added to the
reaction medium without incorporating the cost of deionized water and oxygen supplied
as compressed air.
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OPEx = E m; - price, (34)
i=1

where m; is the mass of component i in g and price denotes the unit price of the
component i.

The unit price of the enzymes, carriers and feed components in the reaction medium
are summarized in Table 19. A graphical representation of the cost-percent distribution
of the components required for the biocatalytic oxidation of glucose is presented in
Figure 49, where the glucose oxidase was determined to be the cost-driven
biocatalysis.

Table 19. Cost of the components used for the biocatalytic oxidation of glucose.

Unit Consumed Price Price
[Euro per [Euro]
unit]
CapEx
Glucose oxidase, GOx g 0.08 624.001¢ 47.17
(EC Number: 1.1.3.4)
ReliZzyme™ HFA 403 g 8.20 0.78187 6.40
M grade carriers
Catalase g 0.01 91.0018! 1.16
(EC Number: 1.11.1.6)
OpEx
D-(+)-glucose g 10.81 0.031144 0.36
Sodium acetate g 0.13 0.1104% 0.01
Acetic acid L 0.00 33.50014¢l 0.001
1 M NaOH Sodium hydroxide g 2.3 0.020247] 0.05
Oxygen as compressed air mL min? 200 0 0
Deionized water in reaction mL 200 0 0
volume
A

B2 Glucose oxidase - 85.5%

4 ReliZymeTM HFA 403 M grade carriers - 11.6%

A\ Catalase - 2.1%

L& D-(+)-glucose - 0.7%

i 1M NaOH, sodium acetate, acetic acid - 0.1%
Figure 49. A cost-percent distribution of the components utilized in the
biocatalytic oxidation of glucose.
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Total expenditure (TotEx) was calculated as the ratio of the sum of capital and
operating expenditure per gram of product.

) CapEx + OpEx
Total expenditure = (35)
mass of product

Techno-economic performance (TEP) was calculated to evaluate the performance
of the SpinChem® vessel V2 with a rotating packed bed basket S2 with a focus on
the production rate, productivity for glucose oxidase, and the total expenditure
costs.

TEP - mass of product - productivity of glucose oxidase

(36)

process time - total expenditure

Relative techno-economic performance (TEP....) indicates the enhancement
factor by the ratio of techno-economic performance (TEP) obtained under fine
bubble (2 um sintered frit) and macrobubble aeration (open tube with a 2 mm orifice
diameter). The techno-economic performance (TEP) of the immobilized glucose
oxidase under fine bubble aeration was compared with the reference condition:
macrobubble aeration (Table 20).

TEPfine bubble
TEP, yive = —— 37
relative TEP macrobubble ( )

Table 20. Comparison of the techno-economic performance (TEP) of the
immobilized glucose oxidase (GOXx) in a rotating packed bed reactor. 8.2 g carriers,
enzyme loading on carriers: 7.52 mgGOX gearrier 2, catalase (free) / calculated activity
of glucose oxidase (immobilized): 1.70, antifoam 204: 0.28 + 0.06 mg mL™,
1000 rpm, 35 = 1°C, 1 vvm, initial volume 200 mL, pH 5.5 = 0.2. Glucose solution
(300 mM) was prepared in 10 mM sodium acetate buffer at pH 5.3. The graph is
generated by integrating the results of the supervised B.Sc. thesis [118].
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Batch 1: Macrobubble aeration with open tube (orifice diameter: 2 mm)
55 0.4 4.8 0.3 443 1.2 187.4 12.5 1
Repetitive batches: Fine bubble aeration with 2 um sintered frit

Batch 1

55 0.4 4.8 0.8 441 29 186.5 29

Batch 2

1.2 0.4 0.1 0.6 444 2.2 189.6 760.6
Overall: Fine bubble aeration with repetitive batches

56 0.8 2.5 0.6 376.1 96.9 7.8




The capital and operating costs of the oxidative biocatalytic process under
macrobubble (open tube with a 2 mm orifice diameter) aeration were calculated as
55 Euro and 0.4 Euro for one batch, respectively, and the values are identical for
batch 1 under fine bubble aeration (2 um sintered frit), since the equal amount of
enzymes, carriers and buffers were used. However, due to the enhanced reaction rate
(Figure 48), the production rate (Table 20) was increased by a factor of 2.7 for fine
bubble aeration (0.3 g h'': macrobubble, 0.8 g h'': fine bubble) as demonstrated in

Figure 50.
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Figure 50. Comparison of performance indicators and the relative TEP for
macrobubble (open tube) and fine bubble (2 pum sintered frit) aeration.
Performance indicators: (production rate, productivity and total expenditure).

All reactions in Figure 50 reach a final yield value above 96% with the same amount
of immobilized glucose oxidase. The comparable productivities for glucose oxidase
were measured for the single batch reaction under macrobubble aeration (open tube
with 2mm orifice diameter:187.4 gproduct gimmobiizedcox 1) and for each batch of repetitive
batches under fine bubble aeration (2 pm sintered frit sparger - batch 1:
186.5 gproduct gimmobilizedGOx'l and batch 2: 189.6 OJproduct gimmobilizedGOx'l).

The total expenditure was diminished by 48% with the application of the second batch
under fine bubble aeration because the immobilized glucose oxidase was reused,
which is the cost driver of the process (see Figure 49). The techno-economic
performance of immobilized glucose oxidase with a rotating packed bed reactor under
fine bubble aeration was calculated using Equation 36 and compared with
macrobubble aeration with Equation 37. Taking advantage of the doubled production
rate and productivity for glucose oxidase, the fine bubble aeration led to a
7.8 TEP - improvement of the SpinChem® vessel V2 with a rotating packed bed
basket S2.
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5.3. Challenges of the application of the SpinChem® rotating packed
bed reactor

In the field of oxidative biocatalysis, oxidases function by oxidizing low-value
compounds into high-value or intermediate molecules, a process that requires
molecular oxygen as a substrate. The most significant constraints are related to the
mass transfer and solubility of oxygen, as well as the potential for enzyme deactivation
in multiphase systems when the biocatalyst interacts with the hydrophobic gas-liquid
interface [23, 24]. To achieve an effective reactor design, it is essential to consider the
approaches that can be applied to overcome the limitations, as well as the potential
drawbacks associated with the implementation of these approaches [23].

The novelty of this work is the use of fine bubble aeration for a biocatalytic reaction in
the SpinChem® vessel with a rotating packed bed basket, where the mass transfer of
oxygen was improved. The biocatalytic oxidation process as well as the productivity
for glucose oxidase were significantly intensified. The findings of this study contribute
to the sustainability of biotransformation processes by reducing the required aeration
rate and enhancing the techno-economic performance of immobilized glucose oxidase
packed in a rotating bed basket in a SpinChem® vessel, where the enzyme glucose
oxidase was effectively reused.

One of the key challenges in this research was to overcome diffusion limitations in the
rotating packed bed reactor. The kinetic investigations were conducted using the
enzyme glucose oxidase in both its free and immobilized forms to determine the affinity
of the enzyme glucose oxidase for its substrate glucose. The Michaelis-Menten
constant for free glucose oxidase in SpinChem® reactor was determined to be
164 = 34 mM, which is higher than 73.1 = 6.87 mM in a standard configuration of a
batch reactor [122]. The affinity of glucose oxidase for its immobilized form in the
SpinChem® rotating packed bed reactor was found to be close to that of its free form,
with a value of 187 + 54 mM. Given that the Michaelis-Menten constants for free and
immobilized glucose oxidase are similar in value and fall within the standard deviation
range, the question arises as to whether the observed reaction was limited by the
oxygen provided to the reaction medium. This could restrict the achievement of a
higher substrate affinity. As illustrated in Figure 33, the reaction rate is not oxygen-
limited at a lower substrate concentration of 25 mM, and similar reaction rates for the
substrate concentration of 25 mM were achieved for immobilized and free glucose
oxidase application (Figure 36). It was demonstrated that the reaction rate was limited
by oxygen availability at higher substrate concentrations of 300 mM (Figure 31).

Another challenge is to maintain the biocatalytic performance in the rotating packed
bed reactor for repetitive batches. Severe deactivation ky,. = 0.035 + 0.07 h! of
immobilized glucose oxidase was observed at a substrate concentration of 300 mM.
The deactivation of the immobilized glucose oxidase was determined to be caused by
the by-product hydrogen peroxide, as the deactivation of the enzyme glucose oxidase
was lower at a lower substrate concentration (Table 12). It was unexpected that the
co-immobilization of catalase, which decomposes the by-product hydrogen peroxide
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within the carriers, did not improve the reaction rate. The reaction rate was observed
to be enhanced when both enzymes were used in their free form, with a tripled catalase
concentration.

Visualization of the interior of the stainless-steel rotating packed bed basket was
challenging, which could enable to investigate the internal fluid flow. The answer to the
guestion of whether fine bubbles can enter the rotating packed bed reactor, and the
pores of the carriers is open. The outcome of this investigation would help to
understand the mechanism of biocatalytic intensification. Since the polymer optical
fiber is very sensitive to bending, further investigation of the oxygen concentration in a
rotating packed bed reactor could not be performed. The relative flow in the packed
bed reactor could be increased by using carriers with larger diameters. To increase the
relative flow, alginate beads were prepared as shown in Figure 51.

ReliZzyme™ HFA 403 M Grade carriers Alginate beads

small particle size

large particle size

Figure 51. Qualitative investigation of the alginate beads with a larger carrier
diameter in a rotating packed bed reactor.

The alginate beads were melted at 37°C after 2 h. Therefore, no further quantitative
investigations were performed. Furthermore, carriers with larger diameters than the
Relizyme™ HFA 403 M grade carriers are not available on the market. Stable carriers
with larger diameters and appropriate functional groups could be manufactured in
cooperation with commercial suppliers for further investigations.
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5.4. Further works

This thesis presents an analysis and characterization of an innovative reactor concept:
a SpinChem® vessel V2 with a rotating packed bed basket S2 through the use of a
sintered frit sparger with a pore size of 2 um. The superiority of fine bubble aeration
(2 um sintered frit) over macrobubble aeration (open tube with a 2 mm orifice diameter)
in this novel reactor setup was demonstrated. Further investigations are necessary to
characterize the superficial velocity through the rotating packed bed reactor for the
characterization of the pressure drop according to the Ergun Equation [148]. The
pressure drop inside the packed bed depends on the carrier diameter. As the carrier
diameter decreases, the pressure drop increases, resulting in lower conversion at
time t. By increasing the superficial velocity inside the rotating packed bed reactor, the
pressure drop could be minimized, allowing a higher conversion at time t [149].

Magnetic resonance imaging (MRI) is a promising alternative for the characterization
of the superficial velocity inside the packed bed reactor and is applied at the Technical
University of Hamburg, where process imaging techniques are used for the
determination of the local phase distributions in multiphase flows [150]. The technique
could be applied to the study of the oxygen concentration profile and the flow field of
fine bubbles in the rotating packed bed reactor, which is the challenge in this work due
to the limitations in the technical applicability of the visualization of the stainless-steel
rotating packed bed basket. In addition to the oxygen concentration profile in the
rotating packed bed reactor, it is critical to investigate the local oxygen transfer rate as
well as fields around fine bubbles and the oxygen consumption by the immobilized
glucose oxidase, considering the boundary layer conditions. An alternative oxidase
could be used in a rotating bed reactor to facilitate the application of fine bubble
technology and to extend the use of oxidases in a rotating bed reactor.

5.5. Most important advances

The intensification of bioprocesses in multiphase systems, particularly gas-liquid ones,
is a highly desirable objective, not only in aerobic fermentation, but also in
oxygen-dependent biocatalytic transformation reactions. Previously published studies
have demonstrated the performance of fine bubble technology for the intensification of
biocatalytic processes in a stirred tank reactor. This approach involves the use of fine
bubbles, which increases the surface area per volume of gas, available for mass
transfer at the gas-liquid interphase [24, 61-63].

The primary objective of this work is the integration of fine bubble technology with
2 um sintered frit sparger into a modified SpinChem® vessel. The subject of the work
is of significant practical relevance, and the findings have the potential for practical
application in biotechnology. The most significant advancements are presented as
follows:

e The results of this study demonstrate, for the first time, the successful
implementation of fine bubble technology in conjunction with immobilized glucose
oxidase in a modified SpinChem® vessel V2 with a rotating packed bed basket S2.
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The oxygen concentration was monitored in real-time using an immersed Presens
oxygen sensor from PreSens Precision Sensing GmbH (Regensburg, Germany) in
a modified SpinChem® vessel throughout the course of the oxygen-dependent
biocatalytic oxidation reaction. The data was subjected to analysis with the
objective of identifying the limitations in the mass transfer of oxygen, while the
molecular oxygen was consumed by the immobilized glucose oxidase.

The application of repetitive batches using the immobilized glucose oxidase in the
rotating packed bed reactor was demonstrated under fine bubble aeration.

The kinetic parameters were determined in the laboratory-scale reactor, with a
volume of 200 mL, rather than in a smaller volume, such as that in a 1.5 mL plastic
Eppendorf (Safe-Lock) tube. This approach was applied to reflect the real process
conditions, with the understanding that kinetic parameters are specific to the reactor
geometry.

Matlab simulations were conducted for the biocatalytic oxidation process in the
novel reactor set-up. The lab-scale techno-economic performance for immobilized
glucose oxidase packed in a rotating bed reactor under fine bubble aeration was
investigated.
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6. Conclusion

The focus of this study is to demonstrate the applicability of fine bubble technology in
a novel reactor design: SpinChem® vessel V2 with a rotating packed bed basket S2
integrated with fine bubble aeration. The following findings indicate that fine bubble
aeration enabled an efficient biotransformation process, where the techno-economic
performance of immobilized glucose oxidase was improved in this modified reactor
concept:

e Covalently immobilized glucose oxidase on epoxy-functionalized carriers was
utilized in the rotating packed bed reactor with an activity yield of the immobilization
of over 98%.

e At the equal volume-specific aeration rate, the volumetric mass transfer was
increased by a factor of 3 by changing from macrobubble (22.5 h1) aeration to fine
bubble (67.3 h') aeration.

e The oxidative biotransformation reaction was catalyzed by the immobilized glucose
oxidase with a yield of 96.2 + 2.5% using an established enzyme carrier system in
the SpinChem® rotating packed bed reactor.

e The highest achievable glucose oxidase-specific activity under fine bubble aeration
was found to be 5.82 + 0.23 U mgcox*. The reaction rate was improved by a factor
of 12.9 compared to macrobubble aeration under identical conditions at 600 mM
substrate concentration, taking advantage of the higher volumetric mass transfer
coefficient of fine bubble aeration at 1 vvm. The productivity for immobilized glucose
oxidase increased by a factor of 3.5 at the identical operating time of 21 h
(373 £ 5 (Qproduct QJimmobiizedcoxX) compared to macrobubble aeration
(107 + 8 g product gimmobilizedcox™).

e At comparable volumetric mass transfer coefficients, fine bubble aeration (1 vvm)
reduced the oxygen consumption by 87.5% compared to macrobubble aeration
(0.125 vvm), while maintaining similar glucose oxidase mass-specific reaction
rates.

e Validation of the reactor design (SpinChem® vessel V2 with a rotating packed bed
basket S2 and integrated fine bubble aeration) was carried out in repetitive batches.
The process time was reduced by half as a result of the increased reaction rate
observed under fine bubble aeration.

e The stability of the immobilized glucose oxidase was longer at the substrate
concentration (8.8 MM <K inmop, @and 25 MM <K, inmen) than in the presence of

excess substrate saturation (300 MM > K, ;meb @nd 600 MM > K, i01)- The cause

of the decrease in enzyme stability was investigated in relation to diffusion
limitations.

¢ Kinetic parameters for free and immobilized glucose oxidase were measured and
used in the reaction rate modeling. The Michaelis-Menten constants of the free and
immobilized glucose oxidase were determined to be 164 + 34 mM and
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187 + 54 mM, respectively. The use of the free form of the enzymes increased the
reaction rate when the substrate glucose concentration was higher than the
Michaelis-Menten constant. Compared to the mass-specific activity of immobilized
glucose oxidase of 6.65 + 0.62 U mgcox?, the free form of glucose oxidase yielded
a higher glucose oxidase mass-specific activity of 8.08 U mgcox?, indicating the
presence of diffusion limitations.

e The reaction rate equation was modified by implementing the biocatalyst
deactivation constant as well as the effectiveness factor and used to estimate the
reaction performance. The reaction rate catalyzed by immobilized glucose oxidase
using fine bubbles and macrobubbles was modeled using Matlab simulations. The
findings of the simulation were found to be comparable with the experimental
results obtained with fine bubbles and demonstrated a satisfactory level of
agreement with the experimental results achieved under macrobubble aeration.

e The main challenge in this study was the production of the by-product hydrogen
peroxide within the carriers. A tripled amount of co-immobilized catalase at 300 mM
and a tripled amount of free form at 600 mM glucose concentration did not increase
the glucose oxidase-specific activity to degrade this by-product.

e Compared to macrobubble aeration (187.4 Qproduct Jimmobilizedcox*), productivity for
glucose oxidase (376.1 gproduct @immobilizedcoxt) was doubled by applying one batch
under fine bubble aeration at 300 mM substrate concentration.

e To increase the productivity for glucose oxidase, it would be ideal to run the reactor
at a substrate concentration of 600 mM, as this reduced the process time by a factor
of 2.2 compared to repetitive batches at 300 mM substrate concentration for the
equal amount of product.

e According to the results of the lab-scale techno-economic performance for
immobilized glucose oxidase with a rotating packed bed reactor under fine bubble
aeration, glucose oxidase was identified as the cost driver of the process. By using
repetitive batches under fine bubble aeration, the total cost was reduced by half.
Fine bubble aeration improved the TEP-performance for the SpinChem® rotating
packed bed reactor by 7.8 times by doubling the production rate and productivity
for glucose oxidase.

This research is an exemplary application of efficient utilization of oxidases that suffer
from limited oxygen availability, which is a major challenge in oxidative biocatalytic
processes. The biocatalytic oxidation was intensified, the productivity for immobilized
glucose oxidase was enhanced, the required aeration rate was reduced, and the
techno-economic performance for the immobilized glucose oxidase packed in a
rotating bed reactor in the modified SpinChem® vessel was improved, thus addressing
the sustainability of biotransformation processes.
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Appendix
A.1l. Matlab codes

Code 1

function [dc] = rate_exp(t,c)

dc=zeros(size(c));

V_max=6.65; %U/mg
K_oxygen=0.084; %mM
K_glucose=187; %mM
C_gox=0.308448; %mg/ml, %volume of rotating bed reactor = 28 ml)
%for a 1.07 gGOX per gram carrier load, 98% immob yield
Csat=0.24042; %mM @35°C
kla=67.3/60; %min~-1 @35°C
n=0.82 %effectiveness factor
kdeac= 0.035/60 %min”-1

vforward=(v_max*c(1)*c(2)*(exp(kdeac))/(K_oxygen*c(1)+K_glucose*c(2)+c(1)*c(2)))*n

OTR=kla*(Csat-c(2));
dc(1)=-vforward*c_gox;
dc(2)=(-1/2)*vforward*c_gox+0TR;
dc(3)=+vforward*c_gox;

end

Code 2

inicond=[25, 0.24042, 9] %mM
t=[0 1000]; %min
[t_solution,C]=ode45(@rate_exp,t,inicond);
hold on

ylim([e 38]);

plot(t_solution,C(:,1),'-.","Color',[@ @ @], 'LineWidth',3);
plot(t_solution,C(:,3),'-", 'Color',[@ @ O], 'LineWidth',3);

legend

xlabel('\fontname{Arial} Time [min]', 'FontSize',12, 'FontWeight', 'bold', 'Color',[0©
@ 0])

ylabel('\fontname{Arial} Concentration

[mM]", "FontSize',12, 'FontWeight', 'bold’', 'Color',[@ © 0])

Csat=0.24042; %saturationconcinwater @ 35 °C

hold on

meas_time=[]; %enter the sampling times

glucoseconc=[]; %enter the substrate concentration measured
hold on

plot (meas_time, glucoseconc, 'diamondk’, 'LineWidth',0.5);

gluconicacidconc=[]; %enter the product concentration measured
hold on

plot (meas_time, gluconicacidconc, 'squarek','LineWidth',0.5);
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Code 3

inicond=[300, 0.24042, 0] L %mM

t=[0 2500]; %min
[t_solution,C]=ode45(@rate_exp,t,inicond);
hold on

yield=(C(:,3)/300)*100
plot(t_solution,yield,'-.","'Color',[@ @ @], 'LineWidth',3);

xlabel('\fontname{Arial} Time [min]', 'FontSize', 12, 'FontWeight', 'bold', 'Color',[0@

0 0])

ylabel('\fontname{Arial} Yield [%]', 'FontSize',12, 'FontWeight', 'bold', 'Color',[0 ©
e])

Csat=0.24042; %saturationconcinwater @35°C

hold on

M = readmatrix('datayieldsimulation.xlsx');

fbtime= M(1:221,5);

fbyield= M(1:221,6);

plot(fbtime,fbyield, 'o','Color',[0 @ @], 'LineWidth',0.5);
hold on

Code 4

inicond=[300, 0.24042, 0] %mM

t=[0 2500]; %min
[t_solution,C]=ode45(@rate_exp,t,inicond);
hold on

yield=(C(:,3)/300)*100
plot(t_solution,yield,'-",'Color',[0 0 @], 'LineWidth',3);

xlabel('\fontname{Arial} Time [min]', 'FontSize',12, 'FontWeight', 'bold', 'Color',[0©

0 0])

ylabel('\fontname{Arial} Yield [%]', 'FontSize',12, 'FontWeight', 'bold', 'Color',[0 ©
e])

Csat=0.24042; %saturationconcinwater @35°C

hold on

M = readmatrix('datayieldsimulation.xlsx');
macrobubbletime= M(1:418,2);
macrobubbleyield= M(1:418,3);

plot(macrobubbletime,macrobubbleyield, 'square', 'Color',[0 © 0], 'MarkerSize',3);

hold on
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A.2. Experimental details

A.2.2. Group numbers in Table 16

1. Fine bubble aeration: 1000 rpm, 0.125 vvm, 25 mM substrate glucose, applied enzyme loading on
carriers: 1.07 mgGOchamer, calculated activity of catalase / calculated activity of glucose oxidase:1.38.
Catalase: free, GOx: immobilized

2. Fine bubble aeration: 1000 rpm, 1 vwm, 25 mM substrate glucose, applied enzyme loading on
carriers: 1.07 mgGOchamer, calculated activity of catalase / calculated activity of glucose oxidase:1.38.
Catalase: free, GOx: immobilized

3. Fine bubble aeration' 1000 rpm, 1 vwm, 25 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mgGOXg calculated activity of catalase / calculated activity of glucose oxidase:1.70,

carrier’
antifoam 204: 0.28 + 0.06 mg mL™. Catalase: free, GOx: immobilized

4. Fine bubble aeration' 1000 rpm, 1 vvm, 300 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mgGOXg calculated activity of catalase / calculated activity of glucose oxidase:1.70,
antifoam 204: 0.28 = 0.06 mg mL™". Catalase: free, GOx: immobilized

5. Fine bubble aeration' 1000 rpm, 1 vvm, 600 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mgGOXg calculated activity of catalase / calculated activity of glucose oxidase:1.70,

carrier’

carrier’
antifoam 204: 0.28 + 0.06 mg mL™. Catalase: free, GOx: immobilized

6.: Macrobubble aeration: 1000 rpm, 1 vvm, 25 mM substrate glucose, applied enzyme loading on
carriers: 1.07 mgGOchamer, calculated activity of catalase / calculated activity of glucose oxidase:1.38.
Catalase: free, GOx: immobilized

7. Macrobubble aeration: 1000 rpm, 1 vvm, 300 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mgGOchamer, calculated activity of catalase / calculated activity of glucose oxidase:1.70,
antifoam 204: 0.28 + 0.06 m. Catalase: free, glucose oxidase: immobilized

8. Fine bubble aeration' 1000 rpm, 1 vvm, 300 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mgGOXg calculated activity of catalase / calculated activity of glucose oxidase:4.79,

carrier’
antifoam 204: 0.28 + 0.06 mg mL™". Catalase: free, glucose oxidase: free

9. Fine bubble aeration' 1000 rpm, 1 vvm, 600 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mgGOXg calculated activity of catalase / calculated activity of glucose oxidase:4.79,

carrier’
antifoam 204: 0.28 + 0.06 mg mL™". Catalase: free, glucose oxidase: free

10. Fine bubble aeration' 1000 rpm, 1 vvm, 1000 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mgGOXg calculated activity of catalase / calculated activity of glucose oxidase:4.79,

carrier’
antifoam 204: 0.28 + 0.06 mg mL™". Catalase: free, glucose oxidase: free

11. Fine bubble aeration' 1000 rpm, 1 vvm, 300 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mgGOXg calculated activity of catalase / calculated activity of glucose oxidase:1.70,

carrier’
antifoam 204: 0.28 + 0.06 mg mL™". Catalase: immobilized, glucose oxidase: immobilized

12. Macrobubble aeration: 500 rpm, 0.5 vvm, 125 mM substrate glucose, applied enzyme loading on
carriers: 7.33 mgGOchamer, calculated activity of catalase / calculated activity of glucose oxidase:1.38.
Catalase: free, glucose oxidase: immobilized

13. Fine bubble aeration: 500 rpm, 0.67 vvm, 8.8 mM substrate glucose, applied enzyme loading on
carriers: 1.07 mgGOXgCLmer, calculated activity of catalase / calculated activity of glucose oxidase:1.38.
Catalase: free, glucose oxidase: immobilized

14. Fine bubble aeration: 500 rpm, 0.67 vvm, 25 mM substrate glucose, applied enzyme loading on
carriers: 1.07 mgGOchamer, calculated activity of catalase / calculated activity of glucose oxidase:1.38.
Catalase: free, glucose oxidase: immobilized

15. Fine bubble aeration 1000 rpm, 0.75 vvm, 300 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mgGOXg calculated activity of catalase / calculated activity of glucose oxidase:1.70,

carrier’
antifoam 204: 0.28 + 0.06 mg mL™". Catalase: free, glucose oxidase: immobilized

16. Fine bubble aeration: 1000 rpm, 1 vvm, 100 mM substrate glucose, applied enzyme loading on
carriers: 7.52 mg,. g -1 calculated activity of catalase / calculated activity of glucose oxidase:4.79,

carrier’

antifoam 204: 0.28 + 0.06 mg mL™". Catalase: free, glucose oxidase: free
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