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Abstract

A key element in the development of sustainable chemical products is the biotechnologization
of chemical synthesis processes. One approach to intensifying biotechnological processes
to make them competitive with established synthesis methods involves utilizing the process
parameter of pressure. This is particularly of interest for enzymatically catalyzed oxidation
reactions, which often face limitations due to low oxygen solubility, resulting in mass trans-
port limitations.

This work presents and characterizes an aerated high-pressure batch reactor designed
for the investigation of enzymatic systems at laboratory scale up to a pressure of 15.0 MPa.
The characterization is divided into three parts: Firstly, the use of optical sensors for online
measurement of dissolved oxygen concentration under pressure is considered. Showing that
the optical sensors used can reliably measure an oxygen concentration of up to 227 mg 1~
even under significant pressure fluctuations. The second section deals with the characteri-
zation of mass transfer in the used high-pressure bubble column. Through optical access
to the bubble column, the bubble size distribution is measured, and essential factors for
mass transport, such as gas hold-up and interfacial area for mass transfer, are determined,
highlighting in particular the influence of pressure on bubble diameter. The volumetric mass
transfer coefficient is also determined using optical sensors.

In the context of validation experiments, the results of the preceding sections are com-
bined, and the functionality of the setup with immobilized glucose oxidase is demonstrated.
It is shown that the reaction can be monitored using optical sensors and that process intensifi-
cation can be achieved through increased oxygen availability. It also becomes evident that
the mass transport performance of the used bubble column is not sufficient to circumvent
mass transport limitation. Based on these results, a scaled-up reactor concept of 2 liters is

finally presented, based on a compact and high-performance jet loop reactor.
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Zusammenfassung

Ein Schliisselelement in der Entwicklung nachhaltiger chemischer Produkte ist die Biotech-
nologisierung chemischer Syntheseprozesse. Ein Ansatz zur Intensivierung biotechnolo-
gischer Prozesse, um sie mit etablierten Synthesemethoden wettbewerbsfihig zu machen,
besteht darin, den Prozessparameter Druck zu nutzen. Dies ist besonders fiir enzymatisch
katalysierte Oxidationsreaktionen von Interesse, die hdufig aufgrund geringer Sauerstofflos-
lichkeit Einschriankungen unterliegen, was zu Stofftransportlimitationen fiihrt.

Diese Arbeit stellt einen begasten Hochdruck-Batchreaktor vor, der fiir die Untersuchung
von enzymatischen Systemen im Labormafstab bis zu einem Druck von 15,0 MPa konzipiert
wurde und charakterisiert diesen. Die Charakterisierung umfasst drei Teilbereiche: Zunéchst
wird der Einsatz von optischen Sensoren zur Online-Messung der gelosten Sauerstoffkonzen-
tration unter Druck betrachtet, wobei gezeigt wird, dass die eingesetzten optischen Sensoren
auch bei starken Druckwechselbelastungen eine Sauerstoffkonzentration von bis zu maximal
227 mg 17! zuverlissig erfassen konnen. Der zweite Abschnitt beschiftigt sich mit der
Charakterisierung des Stoffiibergangs in der verwendeten Hochdruckblasensédule. Durch
optische Zuginglichkeit zur Blasensdule wird die Blasengrofienverteilung gemessen und
fiir den Stofftransport wesentliche Faktoren wie der Gasgehalt und die Stoffaustauschfliche
bestimmt, wobei insbesondere der Einfluss des Drucks auf den Blasendurchmesser her-
vorgehoben wird. Mit Hilfe der optischen Sensoren wird ebenfalls der volumenspezifische
Stoffiibergangskoeffizient bestimmt.

Im Rahmen von Validierungsexperimenten werden die Ergebnisse der vorangegangenen
Abschnitte zusammengefiihrt und die Funktionalitit des Setups mit immobilisierter Glu-
coseoxidase dargelegt. Es wird gezeigt, dass die Reaktion iiber die optischen Sensoren
verfolgt und durch die hohere Sauerstoffverfiigbarkeit eine Prozessintensivierung erreicht wer-
den kann. Ebenso wird deutlich, dass die Stofftransportperformance der eingesetzten Blasen-
sdule nicht ausreicht, um eine Stofftransportlimitierung zu umgehen. Auf Grundlage dieser
Erkenntnisse wird abschlieSend ein auf 2 Liter hochskaliertes Reaktorkonzept vorgestellt,

das auf einem kompakten und leistungsstarken Treibstrahlschlaufenreaktor beruht.






Table of Contents

Nomenclature

1 Introduction
1.1 Scope . . . . .

2 State-of-the-Art
2.1 Fundamentals of Mass Transfer . . . . . .. ... ... ... ........
2.1.1 FlowRegimes . ... ... ... ... ... . . ...
2.1.2  Single Bubble Behaviour . . . . . ... ... ... . 000
2.1.3 Hydrodynamics and Mass Transfer in Pressurized Systems . . . . .
2.2 Fundamentals of Enzymatic Reactions . . . . . . .. ... .........
2.2.1 EnzymeKinetics . . . .. ... ... o
2.2.2  Enzyme Immobilisation . . . ... ... ... .. ... ..., ..
2.2.3 Enzymatic Reactions under Pressure . . . . . ... ... ... ...
2.3 Dissolved Oxygen Measurement Technologies . . . . . . . ... ... ...
2.3.1 Optical Measurement with Fluorescence Quenching . . . . .. ..
2.3.2 Time and Frequency Domain Fluorescence Spectroscopy . . . . . .
2.3.3 Effect of Pressure on Fluorescence Quenching . . .. ... .. ..

3 Experimental Setups
3.1 ReactorSetup . . . . . . .. .
3.2 Optical Measurement Technique . . . . . . ... ... ... ........
3.3 Model Reaction System . . . . . . ... ... L L
3.3.1 Reaction Conditions for the Enzymatic Reaction . . . ... .. ..
3.3.2 Enzyme Immobilisation . . ... ... ... ... ... ... ...

4 Experimental Methods
4.1 Examination of the Optical Oxygen Sensors . . . . . . .. ... ......
4.1.1 Alternating Compressive Stress on the Measurement Behaviour

vii

ix

DO

A O O W W

17
20
21
22
25
28
29

31
31
34
37
37
39

41
41
41



Table of Contents

4.1.2  Calibration Process of the Optical Oxygen Sensors . . . . . . . ..
4.2 Hydrodynamic Characterisation of the Aeration Unit . . . . ... ... ..
4.2.1 Analysis of the Bubble Regime and Bubble Size Distribution . . . .
4.2.2  Calculation of the Gas Hold-Up and Mass Transfer Area . . . . . .
4.2.3 Determination of Mass Transfer Coefficient . . . . . ... ... ..
4.3 Characterisation of Glucose Oxidase under Pressure . . . . . . ... .. ..
4.3.1 Experimental Procedure . . . ... ... ... ... .......
43.2 DataEvaluation. . . . .. ... ... ... oo oo

5 Experimental Results and Discussion

5.1 Behaviour of Oxygen Sensors under Pressure . . . . .. ... ... ....
5.1.1 Stability under High Pressure Conditions . . . . .. ... ... ..
5.1.2  Calibration under High Pressure Conditions . . . . . . . ... ...
5.1.3  Applicability of Optical Oxygen Sensors under Pressure . . . . . .

5.2 Characterisation of the Mass Transfer under Pressure . . . . . ... .. ..
5.2.1 Characterisation of the Bubble Regime . . .. .. ... ... ...
5.2.2 Measurement of the Bubble Size Distribution . . . . .. ... ...
5.2.3 Determination of the Gas Hold-Up and Mass Transfer Area
5.24 Measurement of the Volumetric Mass Transfer Coefficient . . . . .
5.2.5 Assessment of the High-Pressure Aeration Unit . . . . . . ... ..

5.3 Validation of the Reactor Concept with Glucose Oxidase . . . . .. .. ..
5.3.1 Evaluation of the Oxygen Measurement Data . . . . . . ... ...
5.3.2 Assessment of the Samples taken from the Reactor . . . . . . . ..
5.3.3 Modeling of the Enzymatic Reaction . . . .. .. ... ... ...

5.4 Assessmentof the Reactor Setup . . . . .. ... ... ... ... ...

6 Conclusion and Concept for a Reactor Scale-Up
References

Appendix

viii

53
54
54
59
63
63
64
65
72
76
79
79
80
&5
88
91

93

99

109



Nomenclature

Roman Symbols
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1 mV luminescence intensity
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k m-s—! mass transfer coefficient
L m length

M g/mol molar mass
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p kg-m!.s72 pressure

! s/min time

u m-s—! velocity

\% m3 volume
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X conversion
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Eo= % Eo6tvos number
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Mo = gp@% Morton number

Re = an# Reynolds number

We = p/wf‘g”” Weber number

Greek Symbols

B m-s~! mass transfer coefficient
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n kg-m~!.s7! dynamic viscosity
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Chapter 1
Introduction

Given the increasing scarcity of fossil raw materials and their impact on the global cli-
mate, renewable raw materials are becoming increasingly important in the chemical industry
[Clo17, Mar21]. One approach to creating sustainable production chains involves the em-
ployment of catalytically active proteins, commonly known as enzymes. Unlike traditional
chemical catalysis, biocatalysis typically occurs under mild reaction conditions (ambient
temperature, atmospheric pressure, and neutral pH). Moreover, biocatalysts are far more
sustainable than catalysts traditionally reliant on rare metals [Shel8, Bor12]. Consequently,
enzymes are particularly appealing for the production of large quantities of basic chemical
feedstocks. Notable examples include the production of high fructose corn syrup using
glucose isomerase [Jen87] and the utilisation of lipases in biodiesel production [Han20].

The high enantio-, regio-, and stereoselectivity exhibited by enzymes also holds signifi-
cant promise in the production of fine chemicals and intricate, high-value molecules. Due
to these attributes, conventional synthesis pathways can be streamlined, reducing the effort
required for product purification [Sch18b]. Noteworthy examples encompass the enzymatic
production of certain drugs for diabetes (saxagliptin and sitagliptin), central nervous system
disorders (pregabalin), and autoimmune diseases (atazanavir) [Pat18]. Ongoing research and
developments indicate that the full potential of enzymatically catalysed reactions has yet to
be fully realized. This future potential lies in protein engineering and in comprehending and
purposefully modifying the intricate protein structures. This could, for instance, enhance
enzyme stability under industrial conditions or achieve heightened activity across a broader
spectrum of substrates [Den15, Arnl18].

In addition to enzyme design, the consideration of optimal operating parameters also
plays a crucial role in an industrial integration. In this context, high pressure has emerged as a
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promising parameter for optimizing biocatalytic processes. While enzymes typically function
under mild conditions, controlled high pressure application presents new opportunities to
enhance their industrial utility. The impact of high pressure on proteins was initially observed
by Bridgman in 1914, who noted the denaturation of egg albumen under its influence [Bril4].
Since the early 2000s, this knowledge has found increasing application in the food industry.
High pressure is now frequently employed to denature unwanted enzymes. Unlike thermal
denaturation through pasteurization, deactivation via high pressure is a milder process that
does not adversely affect product properties [Che95, Lud03]. Further scientific inquiry re-
vealed that protein structure may shift before irreversible denaturation, potentially enhancing
stability [Mee06], increasing enzyme activity [Rei22], or altering selectivity [Ber10]. Never-
theless, due to the intricate nature of protein structure, precise predictions remain challenging
at present [Eis09, Czel7].

Furthermore, aside from its direct impact on the enzyme, the application of pressure can
also affect the properties of the substrate, including density, viscosity, and gas solubility.
This would be of particular interest for oxidation reactions. 60 % of conventionally catalysed
chemicals in 2001 are products or intermediates from oxidation reactions [Cen01]. While
oxidases present advantages over traditional catalysts, biocatalytic reactions under atmo-
spheric conditions face challenges related to mass transport. This is attributed to the limited
solubility of oxygen in aqueous media [Chal8].

1.1 Scope

Although the application of pressure in enzymatic reactions offers potential advantages, its
technical implementation remains limited. This is primarily due to the lack of suitable reactor
types and technologies for monitoring reactions under high-pressure conditions. The primary
objective of this research is the design and development of an aerated high-pressure reactor
specifically tailored for biocatalytic oxidations. This involves both the conceptual design of
the reactor and the identification of appropriate sensor technologies capable of monitoring
oxygen saturation under high pressure to ensure precise reactor control. A key feature of this
reactor is the deliberate separation of the aeration process from the enzymes to minimize
any adverse effects of aeration on enzyme activity. As part of the reactor’s characterization,
the behaviour of both the aeration process and the oxidase will be thoroughly investigated
across the full operational spectrum. The insights gained from these studies will ultimately

contribute to the development of a scalable reactor concept.



Chapter 2

State-of-the-Art

The following chapter introduces the chemical, physical, and biological principles employed
in designing and characterising the aerated high-pressure reactor outlined in this work. This
chapter is structured into three primary sections for clarity:

¢ Mass Transfer Dynamics: This section introduces various concepts of multiphase
reactors. It provides the fundamental principles of mass transfer between gaseous and
liquid phases and examines the influence of pressure on mass transfer.

 Biocatalysis: This section covers the fundamentals of enzymatically catalysed reac-
tions, including basic reactions kinetics, the concept of enzyme immobilization and
the impact of pressure on enzymatic activity.

* Dissolved Oxygen Measurement Techniques: The concluding section of this chapter
reviews established measurement techniques for dissolved oxygen. Specifically em-
phasising the method of optical oxygen measurement through fluorescence quenching,
applied as the main measurement technique within the aerated reactor.

2.1 Fundamentals of Mass Transfer

A crucial aspect of the envisioned reactor concept is to ensure an adequate supply of molecular
oxygen for the enzymatic reaction. To achieve efficient mass transport between the gaseous
and liquid phases, several multiphase reactors are available options. These include aerated
stirred tank reactors, bubble columns, airlift and jet loop reactors (Figure 2.1). This study
primarily focuses on bubble columns due to their simple design and their suitability for
high-pressure applications, which results from the absence of moving components [Dec85].
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Fig. 2.1 Comparative overview of reactor types for aerated reactions, including (A) Stirred
tank reactor, (B) Bubble column, (C) Jet loop reactor, and (D) Airlift reactor adapted from
Stolle [Sto20].

The gas-liquid mass transfer within these reactors can be quantitatively described using
theories like the penetration theory [Hig35], the surface renewal theory [Dan51] and two-film
theory. The two-film theory is the simplest and oldest mass transfer theory, attributed to
Lewis and Whitman [Lew?24]. This theory assumes the formation of two adjacent boundary
layers at the interface, characterized by a specific thickness 6 and mass transfer coefficients
B of each bubble.

interface
X .
Ci W

Ci,g

— physical
—— two film

8

=y

Fig. 2.2 Schematic representation of the two-film theory, illustrating mass transfer from a gas
bubble into the surrounding liquid, adapted from Brauer [Bra71].
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Thus, the equation for steady-state mass transport from the bulk phase to the phase
interface can be expressed as

Ni=PB-A-(ci—cij)=B-A-Acyy 2.1

as illustrated in Figure 2.2. The transported mass (1) can be described with the help of the
interfacial area A and the concentration gradient between the bulk phase ¢;° and the interface
c;. The mass transport within the boundary is assumed as equimolar diffusion and can thus
be described by Fick’s first law, as shown in Equation 2.2
Ni:fD.A.%' 2.2)
where D represents the diffusion coefficient, A the area, Ac; the concentration difference,
and A the thickness of the boundary layer [Fic55]. Combining Equations 2.1 and 2.2
allows for the derivation of an expression for the mass transfer coefficient. This derivation
underscores the direct relationship between the diffusion coefficient and the thickness of the
boundary layer according to
D
B= A5 (2.3)
To model mass transfer across the full phase boundary, an analogous mass transfer
equation is applicable for both the gas and liquid phases. At the phase boundary, a phase
equilibrium is established, allowing the difficult-to-measure concentration at the boundary
to be substituted with the equilibrium concentration. This equilibrium concentration can be
calculated using the Henry coefficient H as the distribution coefficient

c;=H-c 2.4)

with ¢} representing the equilibrium concentration in the liquid phase and c, denotes
the concentration in the gas phase [San15]. Hence, the individual mass transfer resistances
within the boundary layers can be concisely represented as

1_1_ 1
ki B H-Bg

where k; represents the overall mass transfer resistance, which results from the combined

(2.5)

effects of the mass transfer resistances f; and 3, in the liquid and gaseous phases [Kral2].
Considering Equation 2.5, the local mass transfer for both gas and liquid phases can be
deduced as follows
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Ni=ki-A-(c]—cf). (2.6)

To link local mass transfer and mass transfer in an entire multiphase reactor, the reactor
volume Vg and the volume-specific surface area a need to be integrated into Equation 2.6.
The specific surface area can be calculated for spherical bubbles with

6-¢
a=—2
d3

using the gas hold-up &, and the Sauter mean diameter d3;. By incorporating Equation

2.7)

2.7 into Equation 2.6, the change of concentration of the gaseous component within the
liquid phase of the reactor over time can be expressed as

E:kl-w(c;"fc;‘). (2.8)

The mass transfer coefficient can be directly calculated by modifying and integrating
Equation 2.8, resulting in Equation 2.9 which accounts for the logarithmic difference in
dissolved oxygen concentration.

1nc**_7"(’) = —kia- (t —10) 2.9)
c"—Cp

Equation 2.8 and 2.7 underscores the crucial factors for mass transfer in multiphase
reactors: the contact time between gas and liquid phases, bubble diameter d3,, and gas
hold-up &,. These factors are significantly influenced by the reactor’s fluid dynamics.

2.1.1 Flow Regimes

A pivotal factor influencing fluid dynamics within bubble columns is the flow regime. The
rise of gas bubbles within liquids is classified into three categories, distinguished by the
apparatus diameter and the superficial gas velocity ug of the gaseous phase. The superficial
gas velocity is defined according to

o_ Ve

=5 (2.10)
& Abc

representing the velocity resulting from the gas volume flow rate Vg passing through
the empty cross-sectional area Ay, of the bubble column. Figure 2.3 below illustrates the
relationship between the bubble regime, superficial gas velocity, and bubble diameter. Across
the full range of bubble column diameters, it is apparent that a uniform bubble regime forms
at low superficial gas velocities, ranging from 3 to 8 cm s~!. This regime is characterized
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by a uniform velocity profile across the entire cross-section of the column, minimizing
cross-mixing and thus preventing bubble break-up or coalescence. As a result, a very narrow
bubble size distribution is achieved [Dec85]. With an increase in superficial gas velocity,
a heterogeneous bubble flow is observed. Increased turbulence leads to bubble break up
or coalescence, resulting in a wider bubble size distribution. This variation in bubble sizes
creates distinct flow zones across the column’s cross-section. In the central area, an upward
flow prevails with larger bubbles ascending, while in the peripheral areas, a counterflow
develops, where smaller bubbles either ascend slowly or are pulled downwards [Bes18]. In
bubble columns of laboratory scale with a diameter less than 15 cm, bubbles tend to stabilize
on the apparatus walls, allowing slug flow as gas velocity through the column increases
[KanO05]. Figure 2.3 illustrates that the transitions between these regions occur over a wide
range, influenced by various factors including the gas distributor type, the chosen liquid
system, and liquid loading.

heterogencus
bubbly flow

e
—

0.05

Superficial Gas Velocity u,% m s™

homogenous Herels
bubbly flow °O°%o%o
Qo
oL 1 I 1 L 1
0.025 0.05 0.1 0.2 0.5 1.0
Colum Diameter d,/ m _— >

Fig. 2.3 Flow regime in bubble columns shown in relation to the column diameter dj. and
the superficial gas velocity ug, adapted from Bothe [Bot16].
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Gas Hold-Up

Another factor influencing the flow regime and mass transfer performance is the gas hold-up,

denoted as &,. The gas hold-up, defined as
Ve Ve

& = =
Vi+Ve  Via

quantifies the volume of gas V, dispersed throughout the total fluid volume V;,;. A propor-
tional relationship between the superficial gas velocity and the gas hold-up can be expressed

@2.11)

as

£ ~ ul. 2.12)

In principle, the gas hold-up increases with increasing superficial gas velocity. The
factor n takes into account the influence of the flow regime. Thus n assumes a value of
approximately one for the homogeneous flow regime. However, in the heterogeneous bubble
regime, where larger bubbles are more prevalent, the value of n decreases. Consequently,
the rate at which gas hold-up increases with superficial gas velocity becomes significantly
reduced [Hik80, Kri91], as depicted in Figure 2.4.

' Homogenious " [ Transition Heterogenous
Regime | | Regime [ Regime |

Gas Hold-Up ¢/

Superficial Gas Velocity u,% m s

Fig. 2.4 Relationship between gas hold-up, superficial gas velocity, and flow regime adapted
from Manjrekar [Man19]
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2.1.2 Single Bubble Behaviour

In the previous sections, comprehensive understanding of bubble flows was developed through
the examination of bubble regime and gas hold-up. Clearly, factors such as rise velocity,
and consequently, residence time, mass transfer area, and boundary layer thickness at the
interface, are significantly influenced by the behaviour of individual bubbles [Fan90]. An
approach to analyse the rising velocity of a single bubble, 1, is to examine the equilibrium
of forces acting on the bubble. This equilibrium is considered when the bubble reaches its
terminal rising velocity [Bra72]. At this point, the buoyancy force Fp and the drag force Fp
acting on the bubble are in balance. The buoyancy force is given by

T
Fy=dj g (P1—py) (2.13)
where d}, is the bubble diameter, g is the gravitational acceleration, p; is the liquid density,

and p, is the gas density. Besides the buoyancy force, the drag force can be expressed as

2

T Pr-uy
Fr=cpn-d*-Z.

D=y

where cp represents the drag coefficient, and u, refers to the rising velocity of the gas
bubble. By equating Fp (2.13) and Fp (2.14), the terminal rising velocity of the bubble can

[4 dp-g-Ap
=4/ ——. 2.15
up 3 ep (2.15)

Equation 2.15 underscores the role of the drag coefficient ¢, in determining the rising

(2.14)

be calculated as

velocity. The drag coefficient encompasses effects on the dynamic boundary layer between
gas and liquid, as well as influences from the bubble’s shape [C1i92]. To accurately determine
the drag coefficient, the surrounding flow conditions must be taken into account. These
interactions are characterized by the dimensionless Reynolds number, which represents the
balance between inertial and viscous forces.

_wpdp up-dy-py
Vi N

Figure 2.5 depicts the relationship between the Reynolds number and the drag coefficient,

Re

(2.16)

which applies to solid particles, droplets, and bubbles. This diagram categorizes the general
behaviour into four distinct categories, following the criteria established by Peebles and
Garber [Pee53].
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Bubble

Drag Coefficient Cp/ -

Droplet
Solid Particle

Reynolds Number Re/ - —_—

Fig. 2.5 Drag coefficient Cp as a function of Reynolds number Re for drops, bubbles, and
solid particles based on Riquarts [Riq89].

In category A, bubble and droplets behave similar to rigid particles. However, in category
B, this behaviour deviates from that of rigid particles, as the moving interphase induces inter-
nal circulation, which reduces the drag coefficient compared to solid particles. In category
C, the forces of flow surpass the opposing internal forces, culminating in the creation of
an ellipsoidal bubble shape that undergoes a tumbling movement during its ascent. This
consequently results in a higher drag coefficient. Finally, category D illustrates the formation
of an umbrella-shaped bubble (Davis Taylor Cap) characterized by a stable drag coefficient.
For detailed insights and correlations to determine the drag coefficient, readers are referred
to the work of Schliiter [Sch18a].

The dynamics of bubble motion and deformation have received considerable attention in
the realm of fluid dynamic research. The so called Clift diagram, presented in Figure 2.6,
offers an insightful summary of critical findings. This diagram successfully integrates key
aspects of fluid mechanics and properties, such as density, viscosity, and surface tension,
through the application of three dimensionless parameters, effectively demonstrating their
influence on the shape and rising velocity of bubbles.

10
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Fig. 2.6 Behaviour of bubbles and droplets in unhindered gravitational motion in the context
of dimensionless properties, adapted from [C1i92].

In addition to the previously introduced Reynolds number in Equation 2.16, the diagram
also incorporates the Morton number Mo, which delineates the interplay between viscous
forces and surface tension, as given by

_sntap

Mo

2.17)

where 1 is the dynamic viscosity, Ap is the density difference between the gaseous and
liquid phase and o is the surface tension. The diagram further includes the E6tvos number

Eo, which correlates volume forces to surface tension, expressed as

_ 8 Ap-dj
-&%

Eo (2.18)
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Bubble Size

A factor influencing both the rising velocity and the mass transfer area is the bubble diam-
eter [KulO5]. Depending on the flow regime, the bubble size distribution in turbulent and
coalescing systems is primarily determined by the local energy dissipation. Conversely, in
coalescence-inhibited and laminar systems, the bubble diameter generated at the aeration
element dictates the bubble size distribution throughout the reactor’s entire height. The
Sauter mean diameter d3, [Sau26] is used as an important parameter for characterising the
phase interface for transfer processes. As Equation 2.19 demonstrates, it represents the

volume-to-surface area ratio.

_Lnmp-d
 Xnp-d}

To determine the bubble diameter formed at the aeration element, which predominates in

32 (2.19)

the laminar flow regime, a quasi-stationary force equilibrium can be applied, as illustrated in
Figure 2.7.

dp

Fig. 2.7 Force equilibrium during periodic bubble formation [Sch18a].

This equilibrium, applicable to Newtonian bubbles and droplets, involves the buoyancy
force Fp (Equation 2.13), the viscous force Fy, the inertia force Fr, and the surface tension
force F5. The viscous force is defined as

V,
Fy=15-1;- df (2.20)

where 1); represents the dynamic viscosity of the liquid, Vg is the gas flow rate. The

inertia force is given by

12
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v\’
Fr=13-p;- 4 (2.21)

with p; corresponds to the liquid density. As last part of the equilibrium at the bubble the
surface tension force can be expressed as

Fs=m-d, 0 (2.22)

including o which represents the surface tension and dj, referring to the bubble diameter.
The following relationship can be derived from the equilibrium for the generated bubble
diameter

1/3

dy— [(FWFT*FU) 6 (2.23)

Ap-g T

In addition to primary bubble formation at the aeration element, an increased gas volume

flow resulting in a higher exit velocity leads to jet gassing and bubble fragmentation above the
sparger, resulting in the creation of smaller secondary bubbles. To accurately determine the
jet gassing region, either the dimensionless Weber We or Froude number Fr can be employed.
The choice between the Weber and Froude numbers hinges on the sparger opening diameter
dy,. For smaller hole diameters, the Weber number is applied, as it compares the inertia force
to the stabilizing surface force, and buoyancy forces become negligible when surface tension
is predominant [Bla88, Sch18a].

2.d -
We, = - @n'Pe - Pe fiir

: 5/8
dny P8 g-<Ap> <232
o \pg

For larger hole diameters, buoyancy forces gain significance, prompting the use of the

(2.24)

Froude number. The Froude number describes the ratio of inertial forces to gravitational
forces, providing a more relevant parameter under these conditions:

2 5/4
_ . Pg
Frn.’Ap - dn g <Ap> fOr

- 5/8
d. /P58 (Ap) 523
c Pg

13

(2.25)
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The correlation between bubble gassing and jet gassing, as dictated by the Weber number,
is depicted in the Figure 2.8 below:
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Fig. 2.8 Primary and secondary bubble formation at an open tube sparger in relation to the
Weber number We based on Klug [Klu83].

2.1.3 Hydrodynamics and Mass Transfer in Pressurized Systems

The preceding sections have established an understanding of mass transfer and the various
factors affecting them. It is widely recognised that chemical reactions often occur under
conditions of elevated temperature and/or pressure to align with the optimal requirements
for reaction kinetics and equilibrium states. This leading to a substantial body of literature
regarding high pressure bubble columns [Jor02, Let99, Rol15, Wil94]. An insightful review
of this topic is provided by Leonardo [Leol5]. Notably, a significant portion of investigations

focuses on the pressure range between 0.1 and 3 MPa.

The impact of applying pressure is profound, altering both the physical and chemical
properties of the phases involved in gas-liquid interactions. These modifications include
changes in density, viscosity [Sch05], surface tension [Mas74], and gas solubility within
the continuous phase, which showcases the intricate interplay between pressure and fluid
properties. The most recognized method for describing solubility is Henry’s Law (Equation
2.4). However, Henry’s Law incorporates several simplifications, limiting its suitability in

14
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high-pressure settings [San15]. These simplifications are as follows:

* Ideal mixture: Utilisation of the fugacity coefficient of pure substances instead of
mixtures (¢o; = ¢; = const.)

* Ideal gas behaviour: The fugacity coefficient is considered constant and therefore
negligible (¢o; = ¢i=1)

* Ideal liquid phase: The liquid phase is assumed ideal, and hence the activity
coefficients are considered constant and negligible (y; = ;= 1)

* Neglecting the Poynting correction at moderate pressures

These points reveal that deviations mainly arise from molecular interactions. Nevertheless,
studies by Battino [Bat82], Geng [GEN10], and Zheng [Zhe19] indicate that for the pressure
range up to 15.0 MPa considered in this study, an approximately ideal or linear behaviour
can be assumed. This is attributed to the relatively low solubility of oxygen and nitrogen.
For precise calculations of the maximum oxygen solubility in this work, the thermodynamic
equation proposed by Tromans is employed, accounting for the effects of pressure and
temperature [Tro00].

0.046T2%+203.35T - In(T /298) — (299.378 + 0.0927)(T — 298) —20.591 - 103
€O, = P0, €Xp R-T

(2.26)

Subsequently, the impact of these factors on the hydrodynamics and mass transfer within
a high-pressure bubble column will be reviewed based on literature.

Flow Regime and Bubble Diameter

Various studies have investigated the impact of pressure on bubble regimes, particularly the
transition between homogeneous and heterogeneous bubble flows. An increase in pressure
leads to a delayed transition between these regimes, occurring at higher superficial gas
velocities. This shift is linked to alterations in bubble coalescence and break up behaviours,
with rising gas density fostering instabilities that promote increased bubble break-up and
diminished coalescence [Kri91, Let97, Rei94, Rol16]. Consequently, the bubble size distri-
bution narrows, reducing the average bubble diameter. Numerous studies also indicate the
formation of a plateau at specific pressure levels, beyond which further pressure increase
does not significantly decrease bubble diameter [Chil0, Wil92].
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Rising Velocity and Gas Hold-Up

As highlighted by Equation 2.13, the contrast in density between the liquid and gaseous
phases plays a pivotal role in determining the buoyancy forces of bubbles. The compressibility
of the gaseous phase diminishes this differential, resulting in reduced buoyancy forces and
rising velocity. Moreover, pressure affects not just the gas density p but also the surface
tension o and viscosity 1), which in turn influence the bubble’s shape and the drag coefficient
Cp. Clift’s methodology, which employs the Eotvos, Morton, and Reynolds numbers to
characterize bubble shape and movement (see Section 2.1.2), accounts for variations in these
physical properties. Lin’s experimental data [Lin98] corroborates the accuracy of the Clift
diagram, as depicted in Figure 2.9, in reflecting bubble behaviour in good precision even
under varied pressure conditions.

10000 -
1000 A OT =27°C; p=0.1 MPa;
M = 3.53 x 10*-4
100 A
AT =27°C; p=19.4 MPa;
- M =3.85x 10"-3
° 10
13
*T=78°C; p=0.1 MPa;
1. M = 3.39 x 10"-7
OT =78°C; p=0.1 MPa;
0,1 4 M = 9.87 x 10A-7
0,01 T
0,01 1 100

Eo []

Fig. 2.9 Validation of the clift diagram for elevated pressures and temperatures, through
comparison of measured and calculated Reynolds numbers (Re) for rising single bubbles in
Paratherm NF adapted from Lin [Lin98].

The decrease in rising velocity and, consequently, the residence time results in an elevated
gas hold-up &,. Itis crucial to differentiate between the bubble regimes in this context. The
increase in gas hold-up within the homogeneous bubble regime is modest, whereas it becomes
markedly more pronounced in the heterogeneous bubble regime [Leo19].
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Mass Transfer Coefficient

Numerous studies have demonstrated that pressure influences the volume-specific mass
transfer coefficient k;a. The key factor is the change in bubble diameter, which in turn affects
residence time, gas hold-up, and mass transfer area. However, determining the k; value
is significantly more complex because it requires a comprehensive understanding of the
mass transfer area under pressure conditions. The few studies that have addressed this issue

indicate that the k; value, is slightly reduced or remains constant [Chil0, Dew97].

2.2 Fundamentals of Enzymatic Reactions

In addition to fluid dynamics and mass transfer, biotechnology plays a crucial role in the
reactor concept discussed in this study. To deepen the understanding of this concept and
the associated research findings, the following sections will elucidate the fundamentals of
enzyme kinetics, enzyme immobilization, and the contemporary understanding of enzymatic
reactions under pressure.

2.2.1 Enzyme Kinetics

Enzymes, typically proteins, are large biological molecules capable of reducing the activation
energy required for reactions by forming enzyme-substrate complexes. Their intricate
structure adheres to the lock-and-key principle, ensuring that complexes form only with
specific substrates, thus achieving markedly higher specificity than other catalysts. Enzymes
are classified by their Enzyme Commission (EC) number, with the first digit indicating
the type of reaction they catalyse. The Enzyme Commission has defined six main classes
(oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases). Membership
of a main class is also a good indicator of the stoichiometry of the catalysed reaction
[Chm18]. This research primarily focuses on reactions catalysed by the first main class, the

oxy-reductases, offering an in-depth analysis of their mechanisms.

One Substrate Kinetics

The foundational framework for enzyme kinetics was established by Leonor Michaelis
and Maud Menten [Bri25]. The basic Michaelis-Menten equation can be derived using
irreversible one-substrate (S) one-product (P) kinetics (uni-uni reaction, see reaction equation
2.27). In this context, an enzyme-substrate complex (ES) is formed during the reaction from
substrate to product.
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k
E+SkﬁlESk—2>E+P (2.27)
—1

This model operates under the steady-state assumption, where the formation rate of the
enzyme-substrate complex equals its dissociation rate plus the rate of product formation,
leading to the derivation of the Michaelis-Menten equation:

= Ymax Cs (2.28)
cs+ KM

The reaction rate, denoted as v, is a function of the substrate concentration cy,the
Michaelis-Menten constant K, and the maximum reaction rate v,,,,. The Michaelis-Menten
constant K), indicates the enzyme’s substrate affinity, defined as the substrate concentration
at which the reaction rate is half of v,,,,. The maximum rate v,y is further defined by the
total enzyme concentration cg and the turnover number k.4, which quantifies the number of
substrate molecules an enzyme’s active site can convert per second.

Vimax = Kear * CE (2.29)

The reaction rate, including the binding of substrate and enzyme, is influenced by factors
such as temperature and pH value. Like chemical reactions, the influence of temperature
follows the Arrhenius equation, which quantifies its impact on activation energy and reaction
kinetics. The equation incorporates the activation energy E,, the universal gas constant R,
the pre-exponential factor a, and the absolute temperature 7.

k=a-e Ea/RT (2.30)

As temperature increases, a notable difference in enzyme behaviour is observed. Enzymes
experience a sharp drop in reactivity upon reaching a certain maximum temperature, a
phenomenon attributed to heat-induced denaturation, which leads to irreversible changes in
the enzyme’s structure. A similar situation is observed with pH values, where each enzyme
has an optimum pH. Deviation from this optimum can also cause irreversible alterations to
the enzyme’s complex structure. The interplay between an enzyme’s stability and its activity
is crucial and must be taken into account in bioreactor design. Besides temperature and pH,
enzyme stability is affected by various factors, including salts, solvents, detergents, radicals,
radiation, and oxidants [Buc12]. The mathematical representation of enzyme inactivation
utilizes the half-life time #; /, and the inactivation constant kjy.

In(2)

in

fy = 2.31)

18



2.2 Fundamentals of Enzymatic Reactions

A viable strategy to enhance enzyme stability is through the immobilization onto a carrier

material. This technique is discussed in more detail in Section 2.2.2.

Multi-Substrate Kinetics

The uni-uni reaction kinetics, as mentioned in the previous section, are rare in practical
applications. More commonly, reactions involve multiple substrates, necessitating the con-
sideration of multi-substrate kinetics. Delving into multi-substrate kinetics introduces a level
of complexity beyond the scope of this work. Therefore, the focus is placed on identifying
the appropriate reaction mechanism for the oxidation reactions under study, which falls into
the categories of Bi-Bi or Ter-Bi reaction kinetics.

In the context of multi-substrate kinetics, it is essential to differentiate between the
sequence in which substrates bind to the enzyme and the rate-limiting step. The binding se-
quence can be organized as either a defined sequence (ordered), a random sequence (random),
or a ping-pong mechanism, where one product is released before all substrates have attached
to the enzyme’s active site. Regarding the rate-limiting step, distinctions are drawn between
rapid equilibrium and the steady-state mechanism. In the steady-state approach, the formation
and breakup of covalent bonds become rate-limiting, with binding and dissociation steps
proceeding rapidly and in equilibrium. The distribution of enzyme forms in this mechanism
depends on the rate constants of all subprocesses [Bis17].

This study utilizes a steady-state ping-pong Bi-Bi reaction mechanism to analyse the

enzymatic reaction of interest. The reaction mechanism is depicted in the form of a Cleland
diagram, as shown in Figure 2.10.

k| ks K | K k| K, Kk, | k.

; i F o E

Fig. 2.10 Cleland Diagram illustrating the steady-state Ping-Pong Bi-Bi reaction kinetics,
reprinted from [Chm18].

The enzymatic reaction involving two substrates (A and B) and two products (P and Q).
The mechanism is characterized by the sequential interaction of the enzyme (E) with the
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substrates and products, without forming a ternary complex. Initially, the enzyme (E) binds
substrate (A) to form the enzyme-substrate complex [EA], which is then converted to the first
product (P), leaving the enzyme in a modified state (FP). Subsequently, substrate (B) binds
to the modified enzyme [FP], forming the complex [FB]. This leads to the conversion of (B)
into the second product (Q), regenerating the enzyme in its original state (E).The reaction is
governed by rate constants, which define the forward (K to K4) and reverse reactions (K_1
to K_4) at each step of the mechanism.

Under steady-state conditions, the concentrations of intermediate complexes ([EA], [FP],
and [FB]) remain constant, allowing for a simplified mathematical analysis of the reaction
mechanism.

2.2.2 Enzyme Immobilisation

A pivotal component of the reactor design is the spatial segregation of the aeration unit from
the enzymes. The technique of immobilization is key to achieving this separation by spatially
fixing the enzyme, either on the walls of a Reactor or within a packed bed reactor (PBR)
[Bol20]. Immobilization offers several advantages and disadvantages concerning reaction
engineering. Advantages include improved enzyme stability, the possibility of enzyme
reuse—which is significant considering the costs associated with enzyme purification—and
easier separation of enzyme from product. Nonetheless, these benefits are offset by higher
costs, increased preparation time, and potential disadvantages such as diffusion barriers due
to the carrier’s structure and decreased enzyme activity. Although attachment to a carrier
material might limit enzyme activity, it can also affect the substrate’s access to the enzyme’s
active site [Liel3].

Selecting a suitable carrier material is an integral part of the immobilization process. The
ideal carrier should exhibit mechanical robustness and chemical inertness, combined with low
cost. Macroporous polyacrylic particles are particularly noted for their utility in industrial
settings. Beyond material selection, choosing an optimal immobilization technique is crucial
[Brel3]. The last few decades have seen the development of numerous immobilization
methods, with Figure 2.11 offering a comprehensive overview.
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ENZYME IMMOBILIZATION METHODS
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Fig. 2.11 Schematic overview of various enzyme immobilization methods as presented in
Brena [Brel3].

Immobilization techniques are divided into reversible and irreversible methods. Re-
versible methods facilitate the straightforward removal of enzymes from the carrier in the
event of complete denaturation, permitting the substitution of denatured enzymes with active
ones. However, a potential drawback of these methods is the relatively weak binding of the
enzyme to the carrier, which may result in enzyme leaching during operation. In contrast,
irreversible immobilization methods, such as covalent bonding, entrapment, or cross-linking,
are chosen to ensure that enzyme detachment is minimized under operational conditions.
While covalent immobilisation effectively prevents enzyme loss, it leads to significant activity
reduction and poses challenges for mass transfer [Dat13].

2.2.3 Enzymatic Reactions under Pressure

As outlined in the introduction, pressure can influence enzyme activity, selectivity, and
stability. Predicting behaviour is challenging due to the complex structures of enzymes.
Identifying factors and molecular structures that are affected either negatively or positively
by pressure is still an ongoing area of research [Lei23].

Potential impacts on stability and activity can be partially deduced as follows: The
catalytic activity of enzymes is attributed to their spatial conformation. Alterations to this
conformation result in the loss of catalytic activity. The primary structure of enzymes is
formed by the linkage of amino acids through peptide bonds. The secondary and tertiary
structures are established through inter- and intramolecular noncovalent bindings, such as
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hydrogen bonding, disulfide bridges, van der Waals forces, electrostatic, and hydrophobic
interactions [Iye08, Leil7]. Pressure can also influence molecular and atomic bonds within
an enzyme, thus affecting the enzyme’s stability. For instance, hydrogen bonds are often
strengthened under pressure, while ionic and hydrophobic interactions may be disrupted
in aqueous solutions [Czel7]. The hydration shell of an enzyme can also be impacted
by pressure, possibly becoming more ordered at higher pressures. This reordering could
contribute to enhanced thermal stability of the enzyme under pressure [Eis09]. Another
effect that could impact enzyme activity is the Le Chatelier principle. A driving effect can be
achieved through pressure if the volume of the product is smaller than that of the substrate
[Chal4].

2.3 Dissolved Oxygen Measurement Technologies

As underscored in earlier chapters, the concentration of dissolved oxygen in the solution is
critical for analysing mass transfer and enzyme kinetics. Therefore, reliable and accurate
measurement of this parameter becomes imperative. This section provides a comprehensive
review of established measurement techniques, including iodometric determination, elec-
trochemical determination, and optical oxygen determination. Given its application in the
reactor setup under investigation, the operational principles of optical oxygen measurement
technology are discussed in greater detail.

Iodometric Oxygen determination

The iodometric determination of dissolved oxygen, often known as the Winkler method, is
renowned as a global standard for its accuracy [Win88, Int09]. This technique involves the
addition of manganese sulfate and alkaline potassium iodide to the sample solution, resulting

in the formation of unstable manganese hydroxide, as depicted by the reaction equation
4MnSO4 + 8NaOH — 4Mn(OH);, | +4NA,SOs. (2.32)
Manganese hydroxide then reacts with dissolved oxygen to form manganic acid, as shown

in the following equation 2.33

2Mn(OH); + O — 2H,MnO:s. (2.33)

which subsequently transforms into manganese(Ill) oxide and water, as detailed in
Equation 2.34
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2H,MnO3 +2Mn(OH)3 — 2MnMnOs3 | +4H,O. (2.34)

The addition of sulfuric acid initiates two reactions. First, sulfuric acid reacts with
potassium iodide to produce hydrogen iodide and potassium sulfate, as shown in Equation
2.35

4KI+2H,SO4 —— 4HI+2K5S04. (2.35)

Subsequently, the manganese(III) oxide reacts with sulfuric acid and hydrogen iodide,
resulting in the formation of manganese sulfate, iodine, and water, as captured in Equation
2.36

2MnMnOs3 | +4H;SO4 + HI —— 4MnSOy4 + 21, + 6 H,0. (2.36)

The oxygen content is then quantified through titration with sodium thiosulfate, as shown
in the following reaction equation

I, +2NayS>,03 — 4Nal 4+ NaS40¢. 2.37)

Despite its reliability, the iodometric method is particularly labour-intensive and time-
consuming [Weil9]. Consequently, its application for continuous in-situ measurements,
especially in high-pressure environments, is considered impractical and is not the focus of
this research.

Electrochemical Oxygen Determination

An alternative method for measuring dissolved oxygen concentrations is electrochemical
determination, with polarography being a widely used approach. This technique involves
measuring the current potential (or potential-time) of a polarized electrode during electrolysis
and correlating it with the dissolved oxygen concentration. The Clark electrode, depicted in
Figure 2.12, serves as a prime example:
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Fig. 2.12 Schematic structure of a Clark electrode for polarographic determination of dis-
solved oxygen concentrations pp, [0’C17].

The Clark Electrode consists of a working electrode, an auxiliary electrode, an air-
permeable membrane, and an electrolyte solution. This setup prevents the electrodes and
the measuring solution from direct contamination. Upon applying a voltage between the
electrodes, oxygen molecules are reduced at the working electrode, as shown in

0, +2H,0 —— 4e” +40H . (2.38)
Simultaneously, at the auxiliary electrode, silver reacts with chloride ions, as described
in the following equation

4Ag+2Cl —> 4AgCl+4e. (2.39)

This mechanism ensures a steady diffusion of oxygen molecules through the membrane,
maintaining a consistent diffusion flux. While this method is a promising approach for
continuous oxygen concentration measurements, it faces several limitations. The accuracy
depends on the oxygen’s diffusion through the membrane to the electrodes. Factors such as
membrane contamination, low liquid flow velocities, or significant varying flow condition
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changes at the measurement site can affect accuracy and measuring speed [Fra98]. Addition-
ally, oxygen depletion (as indicated in Equation 2.39) poses a challenge in small volumes or
low oxygen concentrations. Furthermore, additional factors such as electrical interference
and potential electrode poisoning by H»S, proteins, or other organic components must be
considered [Woll5].

Optical Oxygen Determination

Since the early 1980s, fluorescence quenching has emerged as a notable method for measuring
oxygen concentration. This technique involves embedding a luminophore within an oxygen-
permeable polymer. Suitable luminophores span from polycyclic aromatic carbon com-
pounds (e.g., pyrene or its derivatives) to complex transition metals (e.g., Ru?*, Os?*, Ir), or
fullerenes [Qual2]. The measurement process begins with the excitation of the luminophore
by an external light source, which triggers fluorescence. Oxygen present in the solution then
quenches/reduces this fluorescence. This principle offers a robust solution to circumvent
the drawbacks associated with previously mentioned methods. Fluorescence quenching
is reversible and does not deplete the oxygen content of the sample. By anchoring the
fluorophore in an oxygen-diffusive polymer, the measurement becomes independent of the
sample’s quality and unaffected by potential interfering agents [Dem99, Wol15]. Compared
to iodometric and electrochemical techniques, fluorescence quenching provides faster mea-
surements, making it suitable for continuous oxygen monitoring.

Therefore, fluorescence quenching has been chosen as the preferred method for measuring
oxygen under pressure. The following sections provide an in-depth examination of this
measurement technique and highlight the current understanding of its efficacy when applied
in pressurized conditions.

2.3.1 Optical Measurement with Fluorescence Quenching

The principle of fluorescence quenching is based on quantum-physical processes result-
ing during the interaction between light and matter. As depicted in Figure 2.13, when a
luminophore is excited by light at a specific wavelength, electrons transition from their
ground state to higher energy levels. These electrons then seek to return to their original
state, dissipating the excess energy through the emission of heat and light. Notably, the light
emitted during this process has a longer wavelength than the excitation light, a phenomenon
known as the Stokes shift, which is a characteristic of photoluminescence [AIb07].
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Fig. 2.13 Illustration of fluorescence and phosphorescence processes in the Jablonski diagram
based on Amao [Ama03].

Photoluminescence encompasses both fluorescence and phosphorescence, which differ
based on the excited state’s characteristics. Fluorescence occurs when an electron transitions
back from an excited singlet state to the singlet ground state. This process is spin-allowed,
making it highly probable and resulting in a rapid decay time of about 10~ — 10~ seconds.
Conversely, phosphorescence involves a change in the electron’s spin, permitting a transi-
tion from the lowest excited triplet state back to the singlet ground state, although with a
much lower probability. This process yields a longer light emission duration, ranging from
1075 — 10 seconds. The extended emission duration of phosphorescence makes it more
sensitive to quenching by external molecular interactions [Lew44, Lot74].

Beyond emitting light, luminescence may also undergo dynamic quenching by a quencher,
such as oxygen, through a process involving the collision between the quencher and the
luminophore. In this interaction, the quencher absorbs the excited luminophore’s energy,
leading the luminophore to revert to its ground state without emitting light. This effect can
be quantitatively related to the oxygen concentration using the Stern-Volmer relationship,
shown in Equation 2.40 [Ste19]. This equation correlates the luminescence intensity ratio of
the unquenched state I to the quenched state / with the quencher concentration [co] and the
Stern-Volmer constant Kgy, as shown in Equation

I
7“: 1+ky- 70 [co) = 1+ Kgy - [col- (2.40)
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The Stern-Volmer constant Ky is determined by the product of the luminescence lifetime
in the unquenched state 7y and the bimolecular quenching constant k;. As Equation 2.41 high-
lights, this constant incorporates both the collision frequency fj and the collision efficiency
ko between the quencher and the luminophore

ky = fo-ko. 2.41)

The bimolecular rate coefficient, denoted as kg, governs the rate-determining diffusion in
the process. This coefficient can be determined using the Smoluchowski equation, under-
scoring the intricate nature of the diffusion process and its implications for measurement
techniques. In an ideal scenario, luminophores in a homogeneous solution with the quencher
adhere to the linear Stern-Volmer Equation 2.40. However, in fluorescence quenching mea-
surements, the luminophore is embedded within a polymer matrix to isolate it from direct
interactions with potentially luminescence-affecting agents, such as proteins, surfactants,
solvents, and metal ions. This embedding can introduce heterogeneities, resulting in non-
linear, downward-curved Stern-Volmer plots, particularly noticeable at elevated oxygen levels.
Consequently, the selection of the polymer and its effect on the luminophore’s quenching
behaviour have been the focus of extensive research [Dem95].

Figure 2.14 illustrates the Stern-Volmer plot, which shows the relationship between
oxygen saturation and luminescence quenching based on Equation 2.40. The x-axis repre-
sents oxygen saturation in percent, while the left y-axis shows the normalized luminescence
intensity (I/Ip) or lifetime (7/7p), and the right y-axis displays the phase angle (g) used in

phase-modulated luminescence measurements.

The dashed line in the figure represents the idealized Stern-Volmer relationship, which
predicts a linear correlation between oxygen concentration and luminescence quenching. The
solid line shows the actual quenching behaviour of the fluorophore, with Region A marking
the range of low oxygen saturation where quenching dynamics are dominated by efficient
quencher-luminophore interactions. Region B, in contrast, corresponds to higher oxygen
saturation levels, where the quenching efficiency decreases, leading to deviations from the
ideal Stern-Volmer relationship. Additionally, the phase angle (¢) decreases with increasing
oxygen concentration, reflecting the dynamic quenching process.
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Fig. 2.14 Quenching behaviour of a fluorophore as a function of oxygen saturation under
atmospheric conditions and its linearization by the Stern-Volmer equation.

2.3.2 Time and Frequency Domain Fluorescence Spectroscopy

As the Stern-Volmer equation demonstrates, both the intensity and lifetime of luminescence
are parameters usable for determining the dissolved oxygen concentration. In intensity-based
measurements, a light pulse activates the luminophore, and the resulting decrease in lumi-
nescence intensity is quantified. Although this approach provides repeatable responses and
a favourable signal-to-noise ratio, it is significantly affected by external variables. These
include sensitivity to variations in LED light emission, changes due to sensor spot posi-
tioning, and the gradual degradation of both light source and dye. To mitigate these issues,
time-domain-dependent methods that utilize fluorescence lifetime, an intrinsic property of
the luminophore, are employed. In this approach, the luminophore is excited by an LED
emitting a sinusoidally modulated light, with the luminescence intensity responding in a
phase-delayed sinusoidal manner, as depicted in Figure 2.15 [Lak06].
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However, this is balanced by considering the lifetime or phase angle. The relationship
between the lifetime 7 and the phase angle ¢ can be expressed as follows for a single
exponential decay.

B tan(Q)
T onr

Selecting the modulation frequency f of the excitation signal involves a trade-off between

(2.42)

the signal-to-noise ratio and phase sensitivity. While the signal-to-noise ratio may decline
with an increase in frequency, phase sensitivity tends to improve [Bam94].

2.3.3 Effect of Pressure on Fluorescence Quenching

The deployment of optical oxygen sensors in high-pressure environments holds considerable
importance, particularly within the fields of limnology and oceanography. Research in these
domains examines the performance and precision of optical oxygen sensors in deep-sea con-
ditions. Through this research, three primary factors have been pinpointed as determinants of
sensor performance under pressure: the excited state stability of the luminophore, variations
in quenching efficiency, and the solubility equilibrium between the polymer membrane and
the surrounding medium [Bit18, Ten06].
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High pressure can destabilize the luminophore’s excited state, leading to oxygen-independent
quenching. This phenomenon shortens the luminescence lifetime and induces a positive
shift in O detection. Despite the assumption that luminescence quenching is predominantly
diffusion-driven, as shown in Equation 2.41, the effect of increased pressure on quenching
efficiency is found to be minimal. The diffusion of oxygen within the polymer, governed
by the chemical potential gradient and impeded by frictional resistance, remains relatively
unaffected by pressure. This is because, although pressure elevates the chemical potential
across the polymer, the essential gradient driving quenching efficiency does not change
significantly [Bit18].

A pivotal factor under pressure is the solubility balance between the measurement medium
and the polymer membrane, primarily due to differential pressure impacts on their solubil-
ities [Dal22]. Dalfen’s findings underscore that the sensor’s response to pressure changes
depend on this balance. Notably, with rising pressure, a consistent discrepancy in oxygen
concentration measurement between the polymer and the medium is observed, which can
be linearly related to the prevailing pressure. The slope of this linear relationship is directly
linked to the material selected for the sensor’s support structure.

Importantly, most studies on the use of oxygen sensors under high-pressure conditions
focus on oxygen concentrations below atmospheric saturation (8.8 mg 1=!). This research,
seeks to extend the exploration of sensor capabilities beyond this limit, aiming to thoroughly
understand sensor behaviour in scenarios far exceeding the typical operational range.
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Chapter 3
Experimental Setups

This thesis focuses on the design and investigation of an aerated high-pressure reactor
for enzymatic catalysed oxidation reactions. This section comprehensively presents the
individual components, measurements, and control technologies used within this reactor.
Special attention is given to the oxygen measurement technology used, and the setup for
examining optical probes is detailed. Utilizing this setup and the oxygen measurement
technology, the study aims to investigate the effects of pressure on an enzymatic oxidation
reaction. This model reaction is elaborated within the framework of an enzyme assay, from
which the operational parameters for the reactor setup are systematically derived.

3.1 Reactor Setup

A key identification point of the reactor is the separation of aeration from the enzymes,
addressing the direct aeration as a potential cause of enzyme deactivation. As research has
shown, direct aeration might lead to enzyme deactivation, primarily due to shear forces and
interactions between enzymes and gas bubbles [Thol1]. By maintaining this separation, the
design not only addresses these concerns but also facilitates the independent optimization
of operational conditions within the aeration unit and the bioreactor itself. The piping and
instrumentation diagram of this reactor concept is depicted in Figure 3.1.

The aeration unit and the bioreactor are linked to create a continuous circulation loop.
Additional peripheral equipment is integrated into this circulation loop. Liquid flow be-
tween these units is monitored with a mass flow meter (CORI-FLOW, M14, Bronkhorst,
Ruurlo, Netherlands) and regulated using a gear pump (GA 180, Micropumps, Vancouver,
USA), achieving a volumetric flow rate of V; = 0.15 to 1.5 ml s~!. To ensure a uniform
temperature throughout operation, the system is thoroughly insulated and features a spiral
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Fig. 3.1 Piping and instrumentation diagram of the developed aerated high-pressure reactor
concept.

heat exchanger, maintaining the reaction medium’s temperature between 7 = 10 to 40 = 1 °C.

Situated in a bypass behind the bioreactor, a HPLC valve (6 Port 2 Pos, VICI Valco
Instruments, Houston, USA) is integrated for sample extraction. This valve channels fluid
through a sampling loop (V = 250 pl), and, by altering the valve’s position and employing a
programmable syringe pump (LA 100, Landgraf Laborsysteme HLL. GmbH, Langenhagen,
Germany), samples from the loop can be transferred into an HPLC vial for analysis. Ad-
ditionally, the system is designed for the in-operation infusion of liquids into the reaction
medium, using a pressure-resistant syringe pump (D500, Teledyne ISCO, Lincoln, USA)
to adjust the pH value of the reactor. A control cabinet and a computer equipped with the
WinErs process control system (Ingenieurbiiro Dr.-Ing. Schoop GmbH, Hamburg, Germany)
complement the control of the reactor. This system gathers and logs sensor data, managing
time-dependent processes, and upholds critical operational parameters via control loops
throughout the experimental phase.
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The aeration unit saturates the liquid with oxygen for the enzymatic reaction. The
aeration unit is a bubble column (V},, = 38 ml) operated in counter-current flow (Figure
3.2). It features an observation window for optical analysis under pressure, enhancing the
capability to monitor the aeration process directly. The liquid enters from the top of the
cell and exits at the bottom. The gas phase is injected through a capillary (d, = 1.8 mm)
situated at the base of the viewing cell. The capillary is precisely aligned within the aeration
unit using a centering ring. For oxygen saturation of the liquid phase, technical compressed
air (79 % Nj, 21 % O,, oil-free, Westfalen AG, Miinster, Germany) is utilised. Conversely,
nitrogen (purity 5.0, Westfalen AG, Miinster, Germany) can be used to strip oxygen from the
liquid phase.

-3
N

N ARRRRR
RRRR

2 15.8 mm

Fig. 3.2 a) Isometric view of the aeration unit with observation window b) Sectional view
through the aeration unit.

Gas flow through the capillary is precisely regulated by a mass flow meter (EL-FLOW
F111B, Bronkhorst, Ruurlo, Netherlands), ensuring a consistent volume flow rate between
Vg =3.51t085.0 ml s~!. To accommodate varying temperature and pressure conditions,
a mass flow meter is employed instead of a volume flow meter due to its higher accuracy,
which is essential for reproducible measurements in dynamic environments.

System pressure is regulated by the gas supply, with pressure adjustments made in the
headspace of the bubble column. The column’s top is outfitted with instruments for continu-
ous pressure management, including a pressure transmitter (A-10, WIKA, Klingenberg am
Main, Germany) for ongoing monitoring, a rupture disc for emergency pressure release, and
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a back pressure regulator (Pressure Control Solutions, Veenendaal, The Netherlands) for
controlling the system pressure. The regulator, utilizing a membrane, adjusts the pressure
within a range of p = 0.3 to 15 + 0.01 MPa with the back pressure on the membrane set by a
process pressure regulator (P-822 CV, Bronkhorst, Ruurlo, Netherlands).

The benefits of using immobilized enzymes were highlighted in Chapter 2.2.2, leading to
the selection of a packed bed reactor as the cornerstone of the bioreactor design. The reactor
consists of a cylindrical vessel measuring dp,, = 41 mm inner diameter and 4, = 115 mm in
height, as shown in Figure 3.3. The reactor’s lid plugs are engineered with centered holes,
each equipped with a continuous thread, enhancing the bioreactor’s versatility for testing
innovative carrier structures. This includes both periodic open cell structures (POCS) and
traditional particulate porous carrier materials, facilitated through the use of sintered stones.

(a)

NN Particles with
N Immobilized Enzyme

Sintered Stone Plates

65.0 mm

& 41.0 mm

Fig. 3.3 a) Isometric view of the bioreactor b) Sectional view through the bioreactor with
particle retention.

3.2 Optical Measurement Technique

The measurement points QR 1, 2, 4, and 5 in the P&ID (Figure 3.1) are equipped with
oxygen probes (DP-PST3, PreSens Precision Sensing GmbH, Regensburg, Germany) and
PT 100 temperature sensors, housed within crosspieces. These conical dipping probes are
specifically designed for integration into cutting ring fittings (Figure 3.4 A), commonly used
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in high pressure technology. The probes feature a window resistant to pressures up to 120
MPa, allow optical access into the reactor. The sensor, featuring a luminophore embedded
within an adhesive polyester spot (Figure 3.4 B), is affixed to the pressurized side of the
window. Conversely, on the window’s opposite side, a fibre optic cable is securely attached,
serving as a conduit to the transmitter.

A)

Fig. 3.4 Key components of optical oxygen measurement technology. A) Conical dipping
probe B) Sensor spot, shown next to a 1-cent coin for scale C) Single-channel transmitter
Oxy SMA 1 D) Electro-optical module EOM-O,-mini E) Multi-channel transmitter Oxy
SMA 4.

For the analyses conducted in this study, three devices from PreSens Precision Sensing
GmbH (Regensburg, Germany) are employed: a single-channel oxygen measurement device
(OXY-1, Figure 3.4 C), a single-channel electro-optical module (EOM-0O2-mini, Figure 3.4
D), and a multichannel measurement device (OXY-4 SMA G2, Figure 3.4 E). These devices
utilize LEDs to excite the luminophore in the sensor spots and capturing the fluorescence
response. The EOM is designed for direct integration to the process control system, while
the other measurement devices are connected to a computer running PreSens Measurement
Studio 2 (version 3.0.0.1353) for data analysis. This software translates the phase shift into
relative or absolute oxygen concentrations using a modified Stern-Volmer relationship, which
adjusts for temperature and pressure conditions at the sensor, analogous to the representation
shown in Figure 2.14

A similar method is adopted for monitoring the pH value at measuring point QR 3. In this
case, a pH-sensitive luminophore is utilised, which also varies in the excitation wavelength.
Consequently, a specific pH-sensitive sensor spot (DP-HP5, PreSens Precision Sensing
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GmbH, Regensburg, Germany) and a pH-specific electro-optical module (EOM-pH-mini,
PreSens Precision Sensing GmbH, Regensburg, Germany) is employed.

A separate experimental setup was used for the calibration of the oxygen sensors to ensure
precise characterization of their response to varying pressures. This setup, developed in
collaboration with Eurotechnica GmbH (Bargteheide, Germany), enabled the preparation of
measurement solutions with accurately defined dissolved oxygen concentrations at different
pressures, facilitating a detailed evaluation of the optical oxygen sensor’s performance under
high pressure conditions. The piping and instrumentation flow diagram of this configuration
is presented in Figure 3.5.

V7

B1

— P1 Vo

H:0 + O; Inlet H;0

ve

OQutlet

Fig. 3.5 Piping and instrumentation diagram of the laboratory setup used for analysing the
optical oxygen sensors under varying pressure conditions.

The setup includes three main components: a syringe pump (D260, Teledyne ISCO,
Lincoln, USA) for precise fluid supply, a swiveling piston accumulator (300cc, Proserve
Engineering GmbH, Liineburg, Germany) for solution mixing, and a measuring section
for data acquisition. After achieving thermodynamic equilibrium, the prepared solution is
passed through the measuring section, which houses a pressure sensor (PA-23, KELLER
Druckmesstechnik AG, Winterthur, Switzerland), a thermocouple, and the previously shown
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optical oxygen sensor model DP-PST3. Signal processing is conducted using the OXY-1
SMA single-channel measuring device (PreSens Precision Sensing GmbH, Regensburg,
Germany).

3.3 Model Reaction System

As highlighted in the objectives of this thesis, a primary aim is to demonstrate the functional-
ity of the developed setup by exploring the process intensification of an enzymatic reaction
facilitated by increased gas solubility under pressure. Thus, the reactor’s effectiveness is
corroborated through an enzymatic model reaction. The selected reaction should be trans-
ferable to other gas-liquid biotransformations, underscoring the broad potential for process
intensification via the application of high pressure. Oxidation reactions, especially involv-
ing oxygenases and oxidases, are of particular interest due to their industrial significance.
Oxygenases can incorporate one or two oxygen molecules into a substrate with the aid of
nicotinamide (NADH or NADPH) co-factors. However, the relatively high cost of these
co-factors and the need for their intricate regeneration through secondary reactions challenge
their economic viability. On the other hand, oxidases can directly utilize molecular oxygen as
an electron acceptor, producing water or hydrogen peroxide as by-products without requiring
expensive co-factors. Analysis from the Braunschweiger Enzym Datenbank (BRENDA)
indicates that the oxygen affinity constant Kj;o for many oxidases surpasses the maximum
oxygen solubility of 0.26 mM (T = 25 °C, p = 0.1 MPa), suggesting that their activity is
limited by the available oxygen.

Besides these prerequisites, factors like high enzyme activity, stability, and a thorough
understanding of enzyme kinetics are vital for an exhaustive evaluation of enzyme behavior.
A model reaction that adheres to these standards is the oxidation of glucose to D-gluconic
acid by glucose oxidase. This process, illustrated in Figure 3.6, entails the enzymatic ox-
idation of glucose by molecular oxygen into D-glucono-d-lactone, which then undergoes
non-enzymatic hydrolysis to form D-gluconic acid.

3.3.1 Reaction Conditions for the Enzymatic Reaction

Alongside kinetic data, factors such as pH, temperature, and their respective deactivation
effects are crucial in designing and interpreting the enzymatic experiments. Thomas provided
a detailed characterization of glucose oxidase obtained from Aspergillus Niger [Tho21].
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Fig. 3.6 Scheme of the chemoenzymatic synthesis of D-gluconic acid from D-glucose and
molecular O, by glucose oxidase and H,O, depletion by catalase.

The enzyme’s activity and deactivation, influenced by pH and temperature, are displayed in
Figure 3.7.
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Fig. 3.7 Characterization of glucose oxidase (GOx) for pH sensitivity, oxygen consumption,
and temperature stability. Reaction conditions: 0.021 mM o-dianisidine, 10 mM Na-acetate
buffer at pH 5.3, 1 wt.% D-glucose, measurement at 520 nm, 7' = 35 °C for pH investigation,
with concentrations of 20 U ml~! for both GOx and catalase.

This information enables the identification of an optimal operating point for the exper-
iments. Balancing enzyme stability and activity, a temperature of 35 °C and a pH of 5.4
emerge as the ideal conditions. To mitigate enzyme inhibition by the produced hydrogen
peroxide, an sufficient quantity of catalase is added to the reaction mixture. Catalase effec-
tively decomposes hydrogen peroxide into oxygen and water. This addition not only alters
the overall reaction equation (as shown in Figure 3.5) but also effectively halves the oxygen
requirement of glucose oxidase.

38



3.3 Model Reaction System

3.3.2 Enzyme Immobilisation

For the reactor design, the enzymes are introduced into the bioreactor in an immobilized
state. This was achieved in close collaboration with the Institute of Technical Biocatalysis
at TUHH. The institute provided expertise in enzyme immobilization techniques and con-
tributed to the development and optimization of the methodology used in this study. The
established immobilization protocol ensured a consistent supply of immobilized enzyme
material for all experiments. To circumvent enzyme leaching under the specified conditions,
a covalent immobilization method was chosen. The method uses commercially available
porous polymethacrylate carrier particles with an epoxy-functionalised surface (ReliZyme™
HFA-403 from Resindion) as the immobilization medium. This technique, originally estab-
lished by [Bol19], has been adapted and refined. It employs multi-point covalent bonding
between the amino groups of the enzyme and the epoxy groups on the carrier particles’
surface. To achieve immobilization, a solution containing 0.25 g 1-! glucose oxidase in a
100 mM sodium acetate buffer (pH 5.4) is prepared. Then, 10 g of the dry carrier particles
are introduced into this enzyme solution. The mixture is agitated at 4 °C for 20 hours to
ensure thorough immobilization. The immobilization yield, which ranges from 95 % to
99 % depending on the batch, proves to be consistently reproducible. Yield determination is
carried out photometrically using a UV-Vis photometer, measuring the protein content in the
enzyme solutions at 280 nm.
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Chapter 4
Experimental Methods

This chapter outlines the methodology employed to explore the phenomena under study and
the approach for data analysis. The investigation is divided into three principal sections.
Initially, the focus is on evaluating the behaviour of optical oxygen sensors under pressure,
which lays the groundwork for utilizing these sensors in experimental procedures. The
subsequent section is dedicated to characterising the hydrodynamics and mass transfer
efficiency of the aeration unit. In the final section, active oxidase is incorporated into the
reactor to analyse its performance under various operational pressures.

4.1 Examination of the Optical Oxygen Sensors

The aim of studying the optical oxygen sensors was to verify their operational integrity
under pressure, ascertain the accuracy of their measurements, and evaluate their suitability
for experiments to be performed in the developed reactor. This involved testing the sensor’
response to pressure variations and performing calibration measurements under different

operating pressures.

4.1.1 Alternating Compressive Stress on the Measurement Behaviour

The examination of pressure fluctuation effects was conducted using the reactor setup de-
scribed in Chapter 3.1. Prior to each experiment, the setup was outfitted with new sensor
spots and filled with demineralized water. During the experiments, technical compressed
air was used to vary and maintain the pressure within the reactor. A total of 24 alternating
pressure cycles were conducted, with pressures oscillating between 0.5 and 5.0 MPa. An
example of the sequence of two cycles is shown in Figure 4.1. Each cycle consists of a
60-minute phase at 0.5 MPa, followed by another 60-minute phase at 5.0 MPa. The pressure
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profile in the reactor system is represented by a dashed line. The interval between pressure
changes was carefully selected to ensure complete oxygen saturation in the medium and
equilibrium between the polymer matrix of the sensor spot and the measurement medium.
This is also evident in the displayed data from the oxygen sensor, represented by a solid line.
In comparison to the pressure profile, the oxygen sensor data indicate that a significantly
longer period is required to reach a steady state.

9 T T T 20

———— Pressure
Phase Angle | 1 18

Cycle 1
Cycle 2

116

Operating Pressure p / MPa
Phase angle ¢/ °

Time t/ min

Fig. 4.1 Course of pressure in the test setup during a cyclic pressure load ranging from 0.5
to 5.0 MPa, alongside the corresponding phase angle measurements obtained by the optical
oxygen sensor.

This study examines the compression phases, as they may induce structural modifications
in the polymer matrix. Additionally, the decompression phases are analysed, since the
rapid outgassing of oxygen could compromise the integrity of the polymer. To simulate
these conditions, two distinct pressure gradients of 0.5 and 2.0 MPa min—!, are applied. To
guarantee precision and reliability of the results, each measurement point was replicated with
three new sensor spots.

Throughout the measurement process, both the phase angle shift and its luminescence
intensity were consistently recorded. To evaluate variations in the steady-state signals,
the data were averaged over the final 10 minutes of each cycle. The start of this interval
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is indicated in Figure 4.1 by a red dashed line, while the end corresponds to the cycle’s
conclusion, marked by a solid line. This approach enabled a detailed comparison of the
signals and their temporal evolution. To further complement the analysis of the measurement
signals, the surfaces of the sensor spots were examined both before and after the experiments
using a 3D Confocal Laser Scanning Microscope (VK-X160K, Keyence, Osaka, Japan).

4.1.2 Calibration Process of the Optical Oxygen Sensors

The calibration of oxygen sensors was conducted using the setup detailed in Section 3.2.
The process began with the preparation of a measurement solution in the piston accumulator.
Initially, the accumulator was completely emptied, followed by the precise addition of 200
ml of solution through a syringe pump directly connected to it. The pump was then switched
to actuate the hydraulic piston of the accumulator. The pressure was adjusted using the
regulator on the oxygen cylinder, and the valve leading to the accumulator was opened. A
defined volume of oxygen was then drawn into the accumulator via the syringe pump and
the piston’s movement, after which the system was sealed. To accelerate the dissolution
process, the accumulator was periodically agitated while being monitored with a pressure
sensor. Oxygen dissolution was considered nearly complete only when no further changes
in pressure were detected. For the highest oxygen concentrations, a dissolution period of
approximately 15 hours was required. This approach enabled the creation of measurement
solutions with oxygen concentrations ranging from 9.68 to 3332.81 mg 1~

Prior to the measurement, the measuring line is flushed with gaseous nitrogen to guar-
antee a complete absence of oxygen. Subsequently, the syringe pump is connected to the
hydraulic section of the piston accumulator. The solution from the piston reservoir is then
consistently fed, under constant pressure, through the measuring section towards the outlet.
This procedure is maintained until the oxygen sensor indicates a stable reading. Ten distinct
oxygen concentration levels were evaluated under pressure settings of 0.3, 2.5, 5.0, 7.5, 10.0,
12.5, and 15.0 MPa. To ensure the reliability of the test, the temperature was kept constant
at 20 °C throughout the experiment. Each concentration level was measured three times at
every pressure setting to confirm the accuracy and repeatability of the results.
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4.2 Hydrodynamic Characterisation of the Aeration Unit

As part of the hydrodynamic characterization, the study includes the behaviour of the aeration
unit under varying pressures. This examination seeks to elucidate the dynamics within the
high pressure system, identifying key factors affecting aeration efficiency. The characteriza-
tion process encompasses analyses of bubble size distribution and bubble flow regimes, which
are pivotal in determining gas hold-up and the mass transfer area. Lastly, the volume-specific
mass transfer coefficient is measured.

This study analyses the results from two complementary perspectives. First, the outcomes
are examined in the context of the supplied mass flow, enabling an understanding within the
framework of a mass balance. This approach clarifies the extent to which the introduced
oxygen dissolves in the aqueous phase and is subsequently utilised by the enzyme. Second,
by applying the ideal gas law, the effects of compression on the supplied gas flow under
increased pressure are accounted for. The ideal gas law is expressed as

pV=Z-n-R-T “4.1)

where p is the pressure, V is the volume, # is the amount of substance in moles, R is
the universal gas constant, and 7 is the temperature. The compressibility factor Z accounts
for deviations from ideal gas behaviour, which become significant under high-pressure
conditions. This adjustment ensures a more precise calculation of the gas flow and its
compression effects in non-ideal conditions. This adjustment facilitates the examination of
operating points within comparable flow regimes, thereby identifying effects that manifest
independently of gas compression.

4.2.1 Analysis of the Bubble Regime and Bubble Size Distribution

To investigate the bubble flow dynamics, the setup was filled with demineralized water and
kept at a stable temperature of 20 °C. Technical compressed air was supplied via a capillary,
regulated by a mass flow controller. During the experiment, the mass flow was varied from
4 to 35 mg s~!, while the pressure was methodically altered to specific values of 0.3, 2.5,
5.0,7.5,10.0, 12.5, and 15.0 MPa. A digital camera (D90, Nikon, Minota, Japan), equipped
with a macro Nikkor lens (focal length 105 mm), captured 10 images per measurement point
at 8 Hz. A high-power LED panel positioned behind the viewing cell enhanced contrast
at the bubble interface, facilitating bubble identification. The observed bubble regime was
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classified according to the flow regime characteristics detailed in Section 2.1.1.

To maintain consistent operation of the setup for prolonged periods, achieving a uni-
form bubble regime within the aeration cell was essential. Therefore, the mass flow levels
connected to a homogeneous bubble regime were systematically scanned. The bubble size
distribution was measured incrementally, with mass flow increments of 4.3 mg s~!. At each
measuring point, 300 images were captured, and the determination process was conducted
in triplicate for accuracy. The bubble size distribution was derived from the images using
the SOPAT evaluation software (v2.1.17.1623), which features a trainable algorithm for
automatic recognition of spherical bubbles. An illustrative presentation of a raw image and
its corresponding evaluation can be found in Figure 4.2.
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Fig. 4.2 a) Raw Image of the bubbly flow within the aeration unit b) Image processed by the
SOPAT bubble recognition software. Detected and analysed bubbles are marked with a green
circle.

The evaluation software determine the bubble diameter in pixels. To convert this data
into millimetres, it’s necessary to establish the ratio between pixels and millimetres on the
focused plane. The known diameter of the capillary in focus is used as the reference for
this conversion. As a result, a spatial resolution of 9.12 um per pixel is determined for the
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camera setup in use. Utilizing the derived bubble size distribution and the conversion factor,

the Sauter mean diameter can be calculated using Equation 2.18.

4.2.2 Calculation of the Gas Hold-Up and Mass Transfer Area

Considering the narrow depth of the viewing cell (1 cm) and assuming that the bubbles are
nearly spherical, it is feasible to estimate the gas hold-up &, effectively using the bubble size
distribution identified earlier. This estimation involves multiplying the quantity of bubbles by
their respective volumes, calculated based on their diameters. Performing this calculation
across the entire size spectrum enables the determination of the gas volume, which is then
compared to the known liquid volume in the bubble column, as described by

Z”i ) (g ’ dg,i)

£ = 4.2)

Ve - Nimages

Here, n; is the number of bubbles of diameter dj, ;, V). is the volume of the bubble column,
and 7jy,4¢es denotes the total number of images analysed. It’s essential to note that the
accuracy of determining the gas hold-up is heavily reliant on the quality of bubble detection
and the resulting bubble size distributions. This method of gas hold-up determination has
limitations, particularly in regions with non-spherical bubbles or areas with a very high
bubble density, leading to overlapping. The volume-specific phase boundary area can be
determined with precision using the established gas hold-up and Sauter diameter, as per
Equation 2.7.

4.2.3 Determination of Mass Transfer Coefficient

Before each experiment, dissolved oxygen is removed from the liquid phase by purging with
nitrogen until the oxygen saturation level falls below 1 mg 1~!. Subsequently, the system
is aerated using technical compressed air until maximum oxygen saturation is achieved.
The dissolved oxygen concentration is continuously monitored at a frequency of 0.33 Hz
employing the optical oxygen measurement technology detailed in Section 3.2. To ensure
consistency in the analysis of the mass transfer coefficient with hydrodynamic data, the same
measurement points previously discussed are examined.

By monitoring the temporal evolution of oxygen concentration in relation to the satu-

ration concentration (Section 2.1.3), the logarithm of the dissolved oxygen concentration
can be plotted against time. This relationship, described by Equation 2.9, allows for the
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determination of the mass transfer coefficient k;a through linear regression. For optimal
accuracy, the linear regression is typically applied to the range between 20 % and 80 %
saturation. At elevated pressures, this range may be limited due to the limited resolution of
the optical sensors used.

4.3 Characterisation of Glucose Oxidase under Pressure

The oxidation of glucose into glucono-§-lactone by glucose oxidase was studied in a batch
process. These experiments were designed to examine the performance of the reactor setup
and glucose oxidase under elevated pressure while ensuring consistent reaction conditions.
This approach facilitated a comparison of enzyme behaviour across different pressure levels.

4.3.1 Experimental Procedure

Prior to conducting the experiments, glucose oxidase was added to the bioreactor, as detailed
in Chapter 3.1. After incorporating the bioreactor into the experimental setup, the entire
system was evacuated using a vacuum pump (E1MS, Edwards Vacuum, Burgess Hill, UK).
To protect the porous particles from potential damage caused by evacuation, the pump’s
suction volume was regulated via a bypass. Once evacuated, the systemwas filled with a
substrate solution containing 100 mM D-glucose dissolved in 100 mM sodium acetate buffer
and adjusted to a pH of 5.4. To mitigate potential inhibition of glucose oxidase by hydrogen
peroxide, catalase from Corynebacterium glutamicum was added to the substrate solution.
Due to the high specific activity of the catalase stock solution (613.9 U mL~!), the addition
of only 2 pL to 250 mL of substrate solution was sufficient, corresponding to a total free
catalase activity of < 1 kU per experiment.

As preparations for the experiment were completed, the process control system was
engaged to start the setup preparation and execution of the experiment. The initial step
involved setting the desired process parameters within the setup. In this preparatory phase,
the substrate solution was circulated through the reactor at a flow rate of 1.33 ml s~! aiming
to reach the targeted process temperature and pressure. Simultaneously, to inhibit any prior
reaction between the substrate and glucose oxidase, gaseous nitrogen was continuously added
into the substrate mixture. The oxygen concentration was tracked utilizing the installed
optical oxygen sensors. Upon attaining the experimental conditions, the operational phase of
the experiment commenced. At this juncture, all data points were logged by both the process
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control system and the gas supply was switched from nitrogen to technical compressed air.

The introduction of oxygen into the system initiates the conversion of glucose into
glucono-d-lactone, which further hydrolyses into gluconic acid, leading to a decrease in
the pH value. The employed buffer system mitigates this pH change. Once the buffer’s
capacity is exceeded, the pH starts to drop, adversely affecting enzyme activity. To neutralize
the acidity and stabilize the pH, a 2 molar NaOH solution is injected into the bioreactor’s
outlet via a syringe pump. Recirculation through the aeration cell ensures thorough mixing
and prevents potential deactivation of the immobilized enzymes due to the concentrated
base. All chemicals used were of analytical grade, sourced from Roth (Karlsruhe, Germany)
or Sigma-Aldrich (Vienna, Austria). Details of the substances and operational parameters
utilised in the experiment are provided in table 4.1 below:

Table 4.1 Comprehensive Listing of Operational Parameters for Validation Experiments with
Glucose Oxidase.

Parameter Value Unit
Operating Temperature T’ 3501 °C
Operating Pressure p 0.3-15.0£0.01 MPa
Liquid Volume Flow V; 1.3 4+0.03 mls~!
Gas Mass Flow V, 6.49 & 0.04 mg s~
100 mM D-glucose
Substrate
100 mM sodium acetate buffer
glucose oxidase from Aspergillus Niger
Enzyme
Catalase from Corynebacterium glutamicum
pH value 54

4.3.2 Data Evaluation

For the analysis of these experiments, two distinct measurement techniques were employed.
The first involves data from optical oxygen sensors, which facilitate the monitoring of oxygen
mass flows as outlined in the balance shown in Figure 4.3.
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Po, brout * v, = Po,,be,in Vi Mgbeout

l
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Po,.br,in ° VL = Po,.bcout * VL mg,bc,in

Fig. 4.3 Defined system boundaries for the calculation of oxygen mass flows in the reactor
setup.

Within the context of the mass balance, three specific oxygen mass flows — or their
ratios — are of particular interest. These include the oxygen mass flow introduced into the
aeration unit 7itg pc i, Calculated as

mg.bc,in = Mgjy - wo, (4.3)

where ri1,;, represents the total air mass flow and wo, is the oxygen mass fraction in the
air. The second is the oxygen mass flow transitioning from the gas phase to the liquid phase
within the aeration unit 11 ;rqns, given by

Mpe trans = (pOZ,bc,in - pOz,bc,out) Vl (4.4)

Lastly, the oxygen mass flow utilised within the bioreactor #,..4, is determined by

mbr,trans = (pOz,br,in - pOQ,berul) Vl (45)

where po, prin and Po, prou are the oxygen concentrations at the inlet and outlet of the
bioreactor, respectively. The oxygen generated from hydrogen peroxide decomposition by
catalase is not accounted for as a separate mass flow in this balance. In the examination of
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mass flows, the mass flow within the bioreactor 11, ;rqns, is of primary interest. This flow
metric serves as an indicator of oxygen utilization and, by extension, enzyme activity. A
pivotal point in this analysis is reached when oxygen concentrations at the reactor’s inlet
and outlet align, leading to a reduction in the oxygen mass flow. This indicates the cessation
of oxygen uptake by the immobilised enzyme bed and suggests a decline in enzymatic activity.

Furthermore, beyond analysing instantaneous mass flows and pinpointing potential
process bottlenecks, it is possible to quantify the total oxygen mass supplied, mg,;p, by
integrating the instantaneous mass flow mg_bcym(t) over the duration of the experiment, as
shown in the following equation

t
Mgupp = /t tig pen(7) di. (4.6)

Similarly, the total oxygen mass consumed within the bioreactor, 71.4,,, can be determined
by integrating the instantaneous oxygen mass flow #itp;.;rqns(f) over the same time period,
expressed in the following equation

!
Meony = . mbr,trans (t) dr. 4.7)

The converted mass flow, m..,,, allows for a direct comparison with the stoichiometric
oxygen demand required for the reaction. By evaluating m,,, alongside the supplied
oxygen mass flow my,,,, it’s feasible to establish an efficiency factor, 1p, that reflects the
effectiveness of oxygen utilization within the system. This factor quantifies the effectiveness
of oxygen utilization within the system and is calculated as

m
No, = —pr. (4.8)
Mcony

This provides a quantitative measure of how efficiently the oxygen supplied to the reac-
tor setup is being consumed in the enzymatic reactions. Within the scope of a secondary
measurement approach, liquid samples are collected at 2.5-minute intervals throughout the
experiment for analysis. These samples are extracted from the setup via a bypass incorporat-
ing an HPLC valve (6 Port 2 Pos, VICI Valco Instruments, Houston, USA) equipped with a
sampling loop. A programmable syringe pump displaces the sampling loop’s volume (250 ul)
with 1.5 ml of sodium acetate buffer (100 mM, pH 5.4), which is then transferred into an
HPLC vial.
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The samples undergo HPLC analysis using a NUCLEODUR® column (3 pm, 110 A,RP
C18, Macherey-Nagel, Diiren, DE) to track the formation of D-gluconic acid. The process
is conducted at a constant temperature of 25 °C, utilizing an aqueous mobile phase with
20 mM phosphoric acid (pH 2.0). The flow rate is maintained at 1.0 ml min~!, and gluconic
acid’s retention time is observed to be approximately 0.8 min, detected by a DAD detector at
210 nm. The concentration of glucose, pgy is inferred from the peak area integration using
prior calibration. The conversion rate of glucose, Xgr, is subsequently calculated using the
initial glucose concentration, pgL o, as outlined in

_ Paro—pai(t)

Xoi
PaGio

4.9)
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Chapter 5
Experimental Results and Discussion

In this chapter, the experimental results are presented and analysed in detail. The structure of
this chapter reflects the interconnected nature of the findings, which progressively build upon
each other. It encompasses the investigation of oxygen sensors, the study of mass transport
within the aeration unit, and the impact of increased oxygen concentration in the substrate on

the enzymatic reaction.

The first part evaluates the suitability of oxygen sensors under pressure. Key questions
addressed include the stability of the sensors under varying pressure conditions, the maximum
measurable oxygen concentration, and the sensitivity and accuracy of the sensors when
exposed to elevated pressures. Building on these findings, the second part examines mass
transfer under pressure. This analysis includes changes in critical parameters (Section 2.1)
such as the Sauter mean diameter, gas hold-up, and mass transfer coefficient as a function of
pressure. The third part investigates the enzymatic reaction using glucose oxidase as a model
system (Section 3.3). Here, the different oxygen mass flows in the reactor are analysed to
determine whether increased oxygen availability intensifies the reaction process. Finally, the
experimental results are contextualized through modelling, which evaluates whether further
increases in oxygen concentration can lead to an additional enhancement of the reaction
rate. This holistic approach ensures that the findings are systematically linked and provide a
comprehensive understanding of the studied processes.
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5.1 Behaviour of Oxygen Sensors under Pressure

This subsection examines the system for optical measurement of dissolved oxygen con-
centration, as introduced in Section 3.2, under pressures of up to 15.0 MPa. This analysis
aims to systematically evaluate the sensor’s performance and limitations in high-pressure
applications. This section addresses the following key aspects:

* The impact of compression and decompression cycles on the structural integrity of the
sensor spot or polymer matrix, potentially affecting precision and accuracy.

* The maximum measurable dissolved oxygen concentration, considering the limitations
imposed by the sensor’s optical components and the solubility of oxygen in the medium
under high-pressure conditions.

* The sensitivity and accuracy of the sensor under high-pressure conditions, focusing on
the influence of pressure-induced changes in the sensor spot when operating at elevated
pressures.

* The validity of the linear correlation between the measured phase angle, ¢, and the
calculated dissolved oxygen concentration, cp,, as previously demonstrated in Section
2.3.1, in pressurized environments.

5.1.1 Stability under High Pressure Conditions

The assessment of pressure stability was conducted as described in Chapter 4.1.1. Figure 5.1
below displays the evolution of the phase angle throughout the cyclic testing. This figure
highlights the response of two sensors, each subjected to distinct regular pressure change
rates of 0.5 and 2.0 MPa min—!, respectively. The representation includes the progression of
the first cycle, overlaid with the 8/, 16", and the final 24" cycles. The dashed line marks the
commencement of the pressure reduction from 5.0 to 0.5 MPa. The graph demonstrates that
the course of the phase angles ¢ remains nearly identical, regardless of whether the pressure

change rate is 0.5 or 2.0 MPa min—!.
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Fig. 5.1 Comparative representation of the results from alternating pressure loading tests
with a pressure gradient of (top) 0.5 MPa min~! and (bottom) 2.0 MPa min—".

Throughout the cycles, no notable variations of the sensor behaviour are observed, either
in the dynamic shifts or in the steady states.
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Additionally, the graph highlights that pressure alterations, visible starting at t = 0 and
t = 60 min (marked with a red dashed line), promptly influence the measured values. A
quasi-steady state, characterized by only minimal changes in the phase angle, is typically
reached at # = 20 min and ¢ = 80 min. This observation is supported by an analysis of the
average phase angle across all sensors and cycles, as illustrated in Figure 5.2.

EEXXE R LR R R R AR

Phase Angle ¢/°
Y
[4)]

11 F p=0.5-5MPa |
T=20+1°C
105 | Medium = Water/ Pressurised Air ¢ osMPamin |
n =3 Sensorspots 4 20MPamin’
10 : ‘ ‘ : :
0 4 8 12 16 20 24

Cycle n/ -

Fig. 5.2 Evolution of the quasi-stationary phase angle ¢ during cyclic alternating pressure
load testing at rates of 0.5 MPa min—! and 2.0 MPa min~!.
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The phase angle ¢ is an intrinsic parameter, predominantly influenced by the diffusion of
oxygen into the polymer. Thus, relying solely on this parameter makes it difficult to derive
detailed insights into the sensor spot’s condition. However, fluorescence intensity / can
also be leveraged in this context. Similarly, according to Equation 2.39, it can be used to
determine the oxygen concentration. Nonetheless, fluorescence intensity is influenced by
several factors, such as the LED’s excitation intensity, temperature, and the even distribution
of the fluorescent dye within the polymer structure.

The fluorescence intensity’s dynamic behaviour generally aligns with that of the phase
angle, as depicted in Figure 5.1, and is therefore not presented separately in this context.
While the overall behaviour is similar, notable deviations become apparent, particularly in
the quasi-steady states. This observation is supported by an analysis of the mean fluorescence
intensity across all sensors and cycles as shown in Figure 5.3.
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Fig. 5.3 Evolution of the quasi-stationary fluorescence intensity / during cyclic alternating

pressure load testing at rates of 0.5 MPa min~! and 2.0 MPa min—".

Analysis of Figure 5.3 reveals variations in measurements, as indicated by larger error bars
for fluorescence intensity. This variance is attributed to the diverse behaviour of individual

sensor spots. A detailed analysis reveals that the measured fluorescence intensity changes
1

s

with increasing pressure change rate and cycling. At a pressure change rate of 0.5 MPa min™
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the average fluorescence intensity remains relatively stable. However, closer examination
of the data indicates a slight, near-linear decrease in fluorescence intensity, ranging from
10,500 pV to just under 9,860 uV. In contrast, at a pressure change rate of 2.0 MPa min—!, the
changes in measurement behaviour become more pronounced, with significant fluctuations in
fluorescence intensity observed. The laser scanning microscope images shown in Figure (5.4)
captured before and after the measurement provide additional insights and offer a potential
explanation for the observed changes in fluorescence intensity.

Before Stress Test

»

Fig. 5.4 Laser scanning microscope images of the sensor spot before and after cyclic pressure
loading. Images are presented for two loading rates: A) and B) at 0.5 MPa min~!; C) and D)
at 2.0 MPa min~!.

While the images captured at a pressure gradient of 0.5 MPa min~' show only minor
changes after the experiment, a significant alteration is evident at a pressure gradient of
2.0 MPa min~'. Across the entire image area, a pronounced grey discolouration is visible,
which, upon closer inspection, can be identified as cracks and pores in the surface. This
provides a plausible explanation for the observations in Figure 5.3, where a significant change
in fluorescence intensity is observed at higher pressure gradients. At 0.5 MPa min~', the
polymer’s surface structure remains largely intact. In contrast, at 2.0 MPa min~!, the sensor
surface undergoes substantial changes, potentially resulting in the direct exposure and loss of
fluorescent dye.
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5.1.2 Calibration under High Pressure Conditions

In the previous section, it was determined that the sensor spots deliver stable and reproducible
outcomes under the influence of repeated pressure changes. To further investigate the
precision of the oxygen sensor and examine the relationship between the phase angle and
oxygen concentration beyond 8 mg 1~!, the method described in section 4.1.2 was utilised.
Figure 5.5 presents the results of this exploration across different measuring solutions and
pressures ranging from 0.3 to 10.0 MPa.
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Fig. 5.5 Investigation of different measurement solutions with oxygen concentrations po,
ranging from 9.68 mg 17! to 196.98 mg 1~ Using the Optical oxygen sensor at pressures
between 0.3 MPa and 10 MPa.

The analysis of measurement data indicating that the phase angle @ reliably corresponds
to a specific oxygen concentration cp,, regardless of pressure. This analysis confirms
that higher phase angles correspond to lower oxygen concentrations. For example, at a
concentration of 9.68 mg 17!, the phase angle is approximately 23.4° and decreases as the
oxygen concentration increases. Therefore at 196.98 mg 1-!, the phase angle is reduced
to 6.29°. The phase angle reduction does not follow a linear trend with increasing oxygen
concentration. This observation suggests that the resolution, and consequently the precision
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of the sensor, diminishes with rising oxygen concentration. To refine this observation,
additional measurement solutions were prepared, and their respective phase angles evaluated.
In these further experiments, a total of 22 additional test solutions were examined, spanning
concentrations from 9.68 mg 17! to 3332.81 mg 1~!. Figure 5.6 displays the relationship
between phase angle and oxygen concentration for a range extending up to 400 mg 1=,
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Fig. 5.6 Relationship Between Phase Angle and Absolute Oxygen Concentration pp, Ranging
from 0 to 400 mg 1!

Analysing the relationship between the phase angle and oxygen concentration, the
data can be divided into three distinct intervals. In the initial interval, ranging from 0
to 9.68 mg 1!, a linear decrease is observed, consistent with the Stern-Volmer equation.
This interval represents the sensor’s highest resolution capability. Within this range, the
relationship between the phase angle ¢ and the absolute oxygen concentration pg, can be
expressed as:

9 —60.43

PO, =""3%19 -1
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5.1 Behaviour of Oxygen Sensors under Pressure

Beyond 9.68 mg 17!, the behaviour of the phase angle is characterized by an exponential
decrease, resulting in a continuous decline in resolution within this exponential range. Exper-
iments have demonstrated that the optical oxygen sensor consistently provides reproducible
and distinguishable results up to a phase angle ¢ of 5.3° this corresponds to an oxygen
concentration of approximately 227 mg ~!. This concentration is reached at an oxygen
partial pressure of approximately 5.8 MPa. Within this range, the relationship between the
phase angle ¢ and the absolute oxygen concentration pg, can be expressed as:

_ @ 2359

Beyond this value, Equation 5.2 can still be applied; however, the graph flattens and
becomes nearly horizontal. Past the concentration pp, of approximately 227 mg ~1, the
sensor’s capacity to resolve the oxygen concentration diminishes significantly. Slight varia-
tions in the phase angle, attributable to the accuracy limits of the transmitter hardware, lead
to substantial discrepancies in the oxygen concentration readings. Table 5.1 provides an
overview of the sensor’s overall measurement behaviour, outlining these intervals, their mean

resolution, and the corresponding equations.

Table 5.1 Tabular overview of the measuring ranges, resolution, and approximation approach
of the optical oxygen sensor.

Concentration/ Phase Angle/ Average Resolution

Approximation
mg/1 ° mg/°
[0, 9.68] [60.43,27.17] 3.436 Equation 5.1
[9.68, 227.0] [27.17,5.3] 0.099 Equation 5.2
> 255 <53 < 0.00085 -

The approximations outlined in Table 5.1 serve as a benchmark for assessing the accuracy
of the firmware algorithm that converts phase angle readings into absolute oxygen concen-
trations. The evaluation was conducted by using demineralised water, initially purged with
nitrogen, then aerated with compressed air at a pressure of 2.5 MPa and 20 °C to achieve full
saturation. For the highest accuracy of the oxygen sensors, a two-point calibration (0 % a.s.;
100 % a.s.) was executed under these specific conditions. The resulting graph 5.7 displays
the absolute oxygen concentration as calculated by the firmware and the data generated with
the approximation curve. Moreover, the graph incorporates the maximum oxygen solubility,
computed based on Equation 2.25 for the given experimental conditions.
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Fig. 5.7 Comparative analysis of PreSens firmware algorithm and the calibration-derived ap-
proximation for calculating absolute oxygen concentration. Reaction conditions: Saturation
of distilled water with air at 7 = 20°C and p = 2.5 MPa.

The graph indicates that the approximation aligns well with concentrations up to 15 mg1~!.
Beyond this point, discrepancies between the firmware’s output and the approximation be-
come evident, with precision decreasing as oxygen concentration increases. The divergence
between the curves raises questions about the measurement results’ reliability. The firmware’s
algorithm matches the calculated maximum saturation for the set conditions quite closely,
suggesting a better degree of accuracy. This observation may be attributed to the uniformity
of the polymer and fluorescent dye within the sensor spots, as previously discussed. Varia-
tions in the phase angle of up to £ 0.4° within a batch can significantly affect measurements,
especially at high oxygen concentrations where the exponential approximation leads to
substantial deviations in the reported absolute oxygen concentration. Therefore, despite
calibration efforts shedding light on sensor behaviour, a sensor-specific calibration at elevated
pressures becomes essential for achieving the highest accuracy in oxygen concentration

measurements.
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5.1.3 Applicability of Optical Oxygen Sensors under Pressure

Based upon the knowledge gained within the preceding sections, it can be demonstrated that
the sensor can be utilised with certain limitations under conditions exceeding atmospheric
pressures and saturation concentrations. Consequently, it is suitable for measurements in
the reactor setup. The stability study affirms that the repetitive cycles of compression and
decompression do not permanently alter the phase angle ¢ (Figure 5.2, the primary measure-
ment variable. Notably, despite structural changes in the polymer due to rapid decompression
and oxygen release (Figures 5.3 and 5.4), no significant impact on the phase angle is observed.

Calibration under pressure conditions demonstrates that the phase angle accurately re-
flects an absolute oxygen concentration, irrespective of pressure (Figure 5.5). Nonetheless,
the sensor’s resolution declines with increasing oxygen concentration (Figure 5.6). Beyond
a phase angle of 5.3°, corresponding to approximately 227 mg 17!, distinguishing between
absolute oxygen concentrations pp, accurately becomes difficult. Past this point, the mix of

diminished resolution and measurement variance makes clear differentiation unfeasible.

The implemented PreSens firmware effectively replicates the absolute oxygen concentra-
tion up to a oxygen concentration of 227 mg 1~!. Yet, for high-precision oxygen measure-
ments, calibration tailored to specific measuring conditions is essential (Figure 5.7). Minor
shifts in the phase angle at elevated oxygen concentrations lead to notable discrepancies in
the measured values, underscoring the need for precise calibration.

5.2 Characterisation of the Mass Transfer under Pressure

To understand the behaviour of glucose oxidase and further improve the process, oxygen
availability and its mass transfer within the reactor setup are critically important. Analysing
the bubble regime is essential for spotting potential constraints and establishing an optimal
range of operation for the aeration unit. The mass transfer process is characterized through
the optical measurement of bubble diameters, which allows for the determination of gas hold-
up & and the area available for mass transfer a. Subsequently, the mass transfer coefficient
for the aeration unit is measured, employing previously characterized optical oxygen sensors.
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5.2.1 Characterisation of the Bubble Regime

Figure 5.8 below presents the bubble regimes observed within a column of 15.8 mm in
diameter, under varying superficial gas velocities. This visualization captures the dynamic
behaviour of bubbles across different flow rates and pressures, providing insights into the
operational characteristics of the aeration unit.
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Fig. 5.8 Analysis of the bubble regime across the operational range of the bubble column
(d;. = 15.8 mm) used in the reactor setup.

As outlined in Section 2.1.1 and depicted in 5.8, the bubble regime in small-scale lab-
oratory bubble columns can be divided into two distinct phases: a homogeneous bubble
regime and slug flow. The homogeneous bubble regime is identified by a uniform bubble
pattern with a nearly monodisperse bubble size distribution. Conversely, slug flow is defined
by bubbles that span the full cross-section of the bubble column. The shift between these
regimes is smooth and continuous, marked by a broadening in bubble size distribution due to

coalescence.
The observed range of superficial gas velocities ug between 1.8 and 2.3 cm s~! at 0.3 MPa

for the transition between homogeneous bubbly and slug flow is slightly lower than the 3.0 to
4.0 cm s~ ! observed under atmospheric pressure. Additionally, it’s noted that the transition
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from homogeneous to heterogeneous bubble regimes occurs at lower superficial gas velocities
with increasing pressure, stabilizing at a nearly constant transition range between 0.4 and
0.65 cm s~! around 5.0 MPa.

It is important to note that the determination of the superficial gas velocity ug accounts
for the compressibility of the gas. For this purpose, the standard volumetric flow rate was
first converted into a molar flow rate using the ideal gas law (Equation 4.1). Subsequently,
the molar flow rate was reconverted into the actual volumetric flow rate under process condi-
tions, again applying the ideal gas law. Finally, the superficial gas velocity was calculated
considering the reactor cross-sectional area Aj. using Equation 2.9. Without accounting for
gas compressibility, it might falsely appear that the transition occurs at higher superficial gas

velocities.

In terms of process technology, operating close to the transition boundary would be
optimal to achieve a high specific exchange area, along with maximum turbulence and mixing.
However, for a stable long-term operation of the aeration unit, the homogeneous regime
has proven to be the optimal operating range. Prolonged operation in the transition regime
leads to liquid accumulation inside the pressure control valve and resulting in significant
fluctuations in pressure regulation. In the slug flow regime, increased gas velocities directly
expel liquid through the pressure control valve, destabilizing the reactor setup.

5.2.2 Measurement of the Bubble Size Distribution

A key factor in characterising mass transfer is determining the available surface area for mass
transfer. This is achieved by optically determining the bubble size distribution, following
the methodology described in Section 4.2.1. To analyse the impact of pressure, an operating
point with a constant mass flow rate (iz;,) of 12.92 mg s~! at operating pressures of 0.3,
7.5, and 15.0 MPa was selected. This specific operating point effectively illustrates how the
bubble size distribution changes with increasing pressure.

The normalized volumetric flow rate of air supplied to the system during the investigation
of the bubble size distribution is controlled and regulated using flow controller FC 1 (Figure
3.1). This normalized volumetric flow rate is first converted into a molar flow rate using the
ideal gas law (Equation 4.1), which relates the gas volume at standard conditions (273.15 K
and 101.3 kPa) to the number of moles. Subsequently, the molar flow rate is converted
into a mass flow rate by applying the molar mass of dry air (Ag;) of 28.96 g/mol. The
superficial gas velocity ug used was determined analogously to the procedure described in
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the previous chapter. The starting point of the analysis is Figure 5.9, which shows the bubble
size distribution at 0.3 MPa.
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Fig. 5.9 A) Image of the aeration unit, and B) the corresponding Probability Density Function
(g0) and Cumulative Size Function (Qg) of the measured bubbles at an operating pressure of
0.3 MPa.

The Probability Density Function (PDF) and the Cumulative Size Function (CSF) of the
bubble size distribution show a wide span from 0.3 to approximately 2.5 mm, leading to a
Sauter mean diameter d3; of 1.64 mm. A significant peak distinguishing the segment between
0.3 and 0.5 mm from the rest of the distribution is observed. At a superficial gas velocity
ug of 1.85 cm s™!, the system operates within the transition region of the flow regime, as
indicated in Figure 5.8. This velocity places the system in a range where the flow regime
transitions towards slug flow. The prevalent bubble regime promotes extensive coalescence,
broadening the size range of the bubbles size distribution. At 7.5 MPa, depicted in Figure
5.10, the bubble size distribution markedly shifts.
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Fig. 5.10 A) Image of the aeration unit, and B) the corresponding Probability Density
Function (go) and Cumulative Size Function (Qp) of the measured bubbles at an operating
pressure of 7.5 MPa.

This shift reveals a bimodal distribution between 0.25 and 1.5 mm, demonstrating a
decrease in bubble diameters compared to an operating pressure of 0.3 MPa. Consequently,
the Sauter diameter d3, also decreases to 0.77 mm. When considering the superficial gas
velocity ug, itis at 0.07 cm s~ !, clearly within the homogeneous bubble regime. This regime
is less influenced by bubble coalescence and breakage but rather by the bubble generation at
the sparger. Visual observations and the bubble size distribution indicate that bubbles are
generated through jet gassing, forming both primary and secondary bubbles shortly above the
aerator. The following figure shows the bubble size distribution at 15.0 MPa in Figure 5.11.
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Fig. 5.11 A) Image of the aeration unit, and B) the corresponding Probability Density
Function (go) and Cumulative Size Function (Qg) of the measured bubbles at an operating
pressure of 15.0 MPa.

At 15 MPa, the bubble size distribution closely resembles that observed at 7.5 MPa, with
sizes ranging from 0.2 to 1.25 mm and a Sauter mean diameter d3; of 0.81 mm. The distribu-
tion shows a smaller peak around 0.2 mm and a Gaussian distribution peak at 0.79 mm. At
this pressure level, with a superficial gas velocity ug of 0.04 cm s~ !, the system remains in
the homogeneous bubble regime, signifying that bubble dynamics are mainly influenced by
the sparger. Despite a consistent mass flow rate, the increased pressure compresses the gas,
enhancing its density, reducing its volume, and decreasing the exit velocity from the capillary.
This alteration shifts the aeration mechanism from jet gassing to bubble gassing, leading
to a predominantly mono-modal bubble size distribution. The additional peak at 0.25 mm
could be attributed to another phenomenon that becomes pronounced at higher pressures.
An analysis of force equilibrium outlined in Section 2.1.2 indicates the role of the density
difference between the gas and liquid phases in the rising behaviour of gas bubbles. As
the pressure increases, the density difference decreases, leading to a reduction in the rising
velocity of the gas bubbles. Coupled with vortex formation at the capillary, this dynamic
encourages the accumulation of smaller bubbles within the bubble column. The following
Figure 5.12 gives an overview of the complete analysis of the bubble size analysis, mapping
the relationship between Sauter mean diameter d3,, operating pressure p, and the air mass

flow 1, supplied to bubble column.
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Fig. 5.12 Sauter mean diameter d3; as a function of the supplied air mass flow 71, and the
operating pressure p.

From the analysis, several insights emerge regarding the bubble size distribution. Notably,

at a constant mass flow rate of 5 mg s~

across all examined pressure levels, the Sauter
diameter remains within a confined range of 1.2 to 1.58 mm, due to a homogeneous bubble
regime across these conditions. As the mass flow rate increases, this range quickly widens.
At 0.3 MPa, a homogeneous bubble regime with jet gassing is observed, an increase in mass
flow rate leads to increased coalescence, enlarging the bubble diameter up to 1.7 mm and
transitioning towards slug flow. Conversely, at higher pressure levels, the same mass flow
rate initially fosters the formation and detachment of individual bubbles. With increasing
mass flow rates, both the detachment frequency and bubble diameter reduce, until a further

increase in mass flow prompts a shift from bubble gassing to jet gassing.

The analysis indicates that the variation in the Sauter diameter is significantly affected
by the prevailing bubble regime and the compressibility of the gas. In the mass flow range
of 12 to 22 mg s~ ! where a similar bubble regime is observed between pressures of 5 and
15.0 MPa the Sauter diameter demonstrates relative stability without significant fluctuations.
Importantly, there is a notable trend for the Sauter diameter to diminish with increasing
pressure. For example, at 5 MPa, the average Sauter diameter is 1.07 mm, decreases to 0.86
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mm, and reaches a minimum of 0.76 mm at 15.0 MPa. The reduction in Sauter diameter is

more pronounced up to 5.0 MPa than at higher pressures. This relationship becomes more

evident taking gas compression into account, as shown in Figure 5.13, where the ideal gas

law (Equation 4.1) is applied to calculate the superficial gas velocity,
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Fig. 5.13 Sauter mean diameter d3; as a function of the superficial gas velocity ug and the
operating pressure p.

The Clift diagram serves as a valuable tool for analysing the rise behaviour and shape of

bubbles through the use of the dimensionless Morton and E6tvds numbers. This analysis re-

quires the use of pressure-dependent densities and surface tensions for both the gas and liquid

phases. While the densities were primarily obtained from reference tables [UDoC23, Gre97],

the surface tension values were calculated based on the methodology described by Massoudi

[Mas74]. Additionally, the Sauter diameter, determined earlier, is taken into account for

computing these key figures. Figure 5.14 displays a portion of the Clift diagram, featuring

the specific measurement points included.
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Fig. 5.14 Classification of the measurement points within the Clift diagram.

The data points in the diagram suggest that the bubbles primarily reside within the
spherical category. Notably, while the Etvos number—which factors in the bubble diame-
ter—experiences considerable variations across all pressures, the Morton number remains
almost unchanged within the investigated range. Further investigation reveals that the reduc-
tion in the E6tvos number with an increase in pressure can be attributed to two main factors:
the diminishment of bubble diameter and the decrease in the driving density difference due to
gas compression. Examining the data at varying pressures indicates that at 0.3 MPa, bubbles
begin tending towards the wobbling regime as the mass flow increases. On the other hand, at
higher pressures, there is a clear trend towards spherical bubbles. The identification of bubble
regimes based on the Clift diagram is supported by visual evidence from optical images.

Using the Clift diagram, the associated Reynolds number (Re) can be determined along-

side bubble morphology, enabling the calculation of the terminal rising velocity (up) of
bubbles. To achieve this, the E6tvos number (Eo) is first calculated based on the bubble’s
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size and fluid properties. This value is then used to extract the corresponding Reynolds
number (Re) from the Clift diagram. Finally, by applying the Sauter mean diameter (d3;)
and the kinematic viscosity (v) of the liquid, the terminal rising velocity (u;) is determined
using the Reynolds Equation 2.16. For a mass flow rate ri,;, of 12.92 mg s~ at a pressure of
0.3 MPa, the terminal rising velocity is calculated to 29.9 cm s~!. This velocity decreases
progressively with increasing pressure: it drops to 17.0 cm s~! at 5.0 MPa, further declines to
11.9 cm s~ at 10.0 MPa, and ultimately reaches 9.9 cm s~ ! at 15.0 MPa. Such a reduction in
velocity should lead to a longer residence time of the bubbles within the column, increasing
the gas hold-up. The extent and confirmation of this effect will be further analysed in the
subsequent section.

5.2.3 Determination of the Gas Hold-Up and Mass Transfer Area

Based on the determined bubble size distribution and the methodology presented in Section
4.2.2, the gas hold-up can be effectively approximated. This approximation is performed
using Equation 4.2. Figure 5.15 illustrates the relationship between the gas hold-up &,, the
supplied gas mass flow 7, and operating pressure p:
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Fig. 5.15 Gas hold-up &, as a function of the supplied air mass flow 7, and the operating
pressure p.
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The graph shows that the gas hold-up reaches a maximum value of 2.2 %, which is
relatively low considering bubble columns than can achieve gas hold-ups of up to 30 % and
more. The trend in data generally aligns with the theoretical expectations depicted in Figure
2.4. Specifically, in a homogeneous bubble regime, a nearly linear increase in gas hold-up
is observed. However, as it approaches the transition zone, there is a noticeable stagnation
or decrease in gas hold-up, especially evident at p = 5.0 MPa. Regarding the influence of
pressure, it’s observed that the gas hold-up decreases, which can be directly linked to the
bubble diameter. The reduction in gas hold-up up to p = 5.0 MPa is more pronounced than
at higher pressures. This effect is primarily due to the reduction in volume caused by gas
compression. Consequently, the next Figure, 5.16, illustrates the gas hold-up &, as a function
of pressure p and superficial gas velocity ug, take compressibility into account.

15r
T=20+1°C T p=03MPa
Sparger Type = Open Tube ¥ p=5MPa
125 d =1.8mm [] p=10MPa
" & p=15MPa
Medium = Water/
Pressurised Air
21
:tm
=]
o 075
©
T
[2]
©
O 05¢ A % é E _ig
025r o %
A B
0 . . . . . )
0 0.02 0.04 0.06 0.08 0.1 0.12

Superficial Gas Velocity ug/ cm s’

Fig. 5.16 Gas hold-up &, as a function of the superficial gas velocity ug and the operating
pressure p.

Direct examination of the graph reinforces the observation of a linear increase in gas
hold-up within the homogeneous bubble regime. Additionally, it is noticeable that pressure
does not significantly alter the trend of the curves, aligning with the results from literature
[Lin98]. Despite the reduction in rising velocities with increasing pressure, the limited height
of the bubble column, which is only 4. = 19.4 cm, may not contribute to an increase in
gas hold-up either. This restricted height results in only a brief contact time from bubble
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formation to their emergence at the liquid surface, insufficient to achieve a notable difference
in gas hold-up.

As demonstrated by Equation 2.8, the gas hold-up € and the Sauter diameter d3; is not
directly considered in the calculation of the mass flow rate between the liquid and gaseous
phases. Rather, these parameters influence the specific mass transfer area a. For spherical
bubbles, this area can be calculated using Equation 2.7. The following figure displays how
the specific mass transfer area a varies with the supplied air mass flow r,;, and operating

pressure p.
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Fig. 5.17 Specific mass transfer area a as a function of the supplied air mass flow r,;- and
the operating pressure p.

The graph shows that the highest specific mass transfer area a achieved ranges from 55
to 80 m> m > at a pressure level of 0.3 MPa. As pressure increases, the specific transfer area
gradually diminishes. The gas hold-up &, is a critical factor for the mass transfer area. Despite
achieving a smaller bubble diameter at higher pressures, this does not fully compensate for
the volume reduction and the consequent decrease in gas hold-up. Therefore, Figure 5.18
provides an alternative view of the specific mass transfer area by accounting for the actual
volume supplied, represented through the superficial gas velocity.
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Fig. 5.18 Specific mass transfer area a s a function of superficial gas velocity ug and the
Operating Pressure p.

The figure distinctly illustrates that the specific exchange area follows an almost linear
correlation up to a superficial gas velocity of 0.075 cm™', unaffected by the operating
pressure. Yet, past this velocity, a divergence from the trend observed at 5.0 MPa becomes
apparent. While the interfacial area decreases at 10.0 and 15.0 MPa, it experiences a notable
increase at 5.0 MPa. This phenomenon may be attributed to the dynamics of bubble formation.
As delineated in Chapter 2.1.2, the formation of bubbles is influenced by not just the volume
flow supplied but also by various material properties that are dependent on pressure, such as
surface tension o and viscosity 1. According to Schmelzer [Sch05], viscosity exhibits only
a minimal change from 1 to 0.99 mPa s across the pressure range considered. Conversely,
surface tension demonstrates a significant reduction, from 71.7 to 63.5 mN m~ following
an exponential trend within the same pressure range, as reported by Massoudi [Mas74].

75



Experimental Results and Discussion

5.2.4 Measurement of the Volumetric Mass Transfer Coefficient

In addition to the optical examination of the bubble regime and bubble size distribution, the
optical oxygen sensors discussed in Section 5.1 were utilised for characterising the aeration
unit. The mass transfer coefficient k;a was determined using the dynamic method detailed in
Section 4.2.3. This method involves plotting the logarithm of the concentration difference
over time, where the slope of the resulting line, representing k;a, is calculated through linear
regression. The evaluation of k;a posed several challenges, notably the oxygen solubility
limits. Oxygen solubility, calculated according to Formula 2.25, reaches 234.23 mg 17! at
2.5 MPa and 20°C, surpassing the sensor’s maximum resolution limit of 227 mg 17!, Thus,
attempts to analyse solubility levels beyond this threshold do not provide further insights.
When plotting the logarithmic concentration difference up to 227 mg 17! at 2.5 MPa, as
depicted in Figure 5.19, additional complications emerge.
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Fig. 5.19 Plot of logarithmic concentration difference over aeration duration for determining
the volume-specific mass transfer coefficient k;a at 2.5 MPa.

Although a linear trend is anticipated, only a portion of the data displays a linear increase
yet this range narrows as pressure p rises. Upon detailed analysis, the transition from a linear
to a limited growth curve, commonly associated with saturation effects, is observed within
an absolute dissolved oxygen concentration range of 90 to 100 mg 1! This change in curve
behaviour may be linked to the performance characteristics of the optical oxygen sensor,
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as suggested by Figure 5.6. For the analysis, only the linear section (Reliable Zone) of the
trend is considered for evaluation. Additionally, the evaluation is limited to pressures up to
7.5 MPa. Beyond this pressure, the number of measurement points that fall within the range
up to 90 mg 1! diminishes, rendering a precise assessment of the mass transfer coefficient,
kja, challenging. Figure 5.20 below illustrates the volume specific transfer coefficients k;a as
a function of the supplied air mass flow ri1,;,- and operating pressure p.
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Fig. 5.20 volume-specific mass transfer coefficient k;a as a function of the supplied air mass
flow i1, and the operating pressure p.

The graph clearly demonstrates a plausible behaviour of the mass transfer coefficient
within the aeration unit, aligning with observations from the study of the volume specific sur-
face area. The data consistently shows that the volumetric mass transfer coefficient k;a tends
to increase alongside the mass flow. Notably, the maximum k;a value of 69 h~! occurs at a
pressure of 0.3 MPa diminishes as pressure elevates. This trend has been previously linked
to the compressibility of the gas phase. Therefore, examining k;a against the superficial gas
velocity ug is of special interest. This relationship is depicted in Figure 5.21.
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Fig. 5.21 Volume-specific mass transfer coefficient k;a as a function of the compression-
corrected superficial gas velocity ug and the operating pressure p.

The graph shows that, when accounting for the compressibility of the gas, the volumetric
mass transfer coefficient k;a follows a consistent trend relative to the superficial gas velocity
across the examined range of the homogeneous bubble regime. This trend remains valid
across all pressure levels. At lower pressures, the correlation with the available volume
specific surface area a, as depicted in Figure 5.18, is distinctly observable. However, one area
of interest that remains unexplored due to the limitations of optical measurement techniques
is the behaviour of k;a at pressures beyond 7.5 MPa. Particularly, beyond a superficial gas

1

velocity of 0.08 cm s, a noticeable decrease in the volume specific surface area a has been

observed.
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5.2.5 Assessment of the High-Pressure Aeration Unit

After investigating various facets of mass transport, the final step involves an overall assess-
ment of the mass transfer performance in the aeration unit and identifying core parameters.
A significant consideration in this context is the compressibility of the gases under pressure.
Although the liquid phase is largely incompressible, the gas phase undergoes considerable
compression. Introducing a constant mass flow at the gas inlet precipitates a volume reduc-
tion, which consequently leads to a diminished volume specific surface area (Figure 5.17)
and, by extension, a reduced mass transfer rate (Figure 5.18). This finding underscores the
necessity of maintaining a constant volumetric flow to ensure a comparable bubble regime,
thereby spotlighting a constraint within the existing aeration setup. Specifically, the research
reveals that an optimal operation point, marked by an adequate volumetric mass transfer
coefficient k;a, is achieved at p = 0.3 MPa with a mass flow of m,;, = 13 mg s~'. To replicate
a comparable volumetric flow at p = 15.0 MPa, about mg;, = 646 mg s~! would be required.

During characterisation, it was also demonstrated that increasing pressure leads to a
reduction in bubble diameter, extending beyond the influence of compressibility alone. This
finding aligns with observations reported in similar studies in the literature [Kri91, Rei94].
Moreover, consistent with the literature is the observation that the influence on gas hold-up
is minimal within the homogeneous bubble regime [Leol9]. While a decrease in rising
velocity with increasing pressure is expected, potentially leading to an increase in gas
hold-up, this effect could not be observed significantly. This may be due to the limited
height of the employed bubble column. Although some effects were quantified that could
potentially enhance mass transport, it appears that these do not significantly improve the
overall volume-specific mass transfer coefficient in a laboratory-scale aeration unit.

5.3 Validation of the Reactor Concept with Glucose Oxi-

dase

In the validation phase, the task is to integrate the findings from previous sections and
assess their interplay within the reactor system. For this purpose, glucose oxidase in its
immobilized form as discussed in section 4.3, is introduced into the high-pressure reactor.
Given its rapid reaction rate and the limited oxygen saturation concentration in the substrate
at atmospheric pressure, glucose oxidase is prone to mass transfer limitations. Thus, the

batch experiments aim to elevate oxygen concentration in the aqueous substrate solution,
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surpassing these limitations. The following key points will be addressed in the context of the
batch experiments:

* Investigation into how pressure conditions affect the fundamental reactivity of glucose

oxidase.

* Employing optical oxygen sensors for real-time monitoring of the reaction’s progres-

sion under varying pressure conditions.
* Balancing the oxygen mass flows using the data from the optical oxygen sensors.

» Examination of the relationship between increased dissolved oxygen concentration
and glucose oxidase activity.

* Assessing the performance and efficiency of the aeration unit.

5.3.1 Evaluation of the Oxygen Measurement Data

In this section, we analyze and present data gathered from oxygen sensors during experi-
ments involving glucose. Figure 5.22 showcases the time-dependent variation of oxygen
concentration at both the inlet and outlet of the reactor, operating at a pressure of p = 0.3 MPa.

At the onset of aeration (# = 0), a noticeable rise in the oxygen concentration is observed
at the reactor’s inlet. Under conditions without oxygen consumption, it would be expected,
that the oxygen concentration at the outlet would follow a similar pattern as the inlet, with a
slight delay due to the reactor’s hydrodynamic residence time. Ideally, after several passes
through the reactor system, the liquid phase would reach oxygen saturation concentration
around 22.2 mg 1~ ! However, the observed behaviour at the bioreactor outlet deviates from
this expectation. Following a start period, oxygen concentrations at both the inlet po2 jn star
and the outlet stabilize, maintaining consistent levels from minute 10 to approximately minute
200. The inlet concentration stabilizes at 12.7 mg 1~!, while the outlet concentration drops
to 0 mg 17!, indicating complete oxygen depletion within the bioreactor. This indicates a
complete depletion of oxygen within the bioreactor. From time #; onwards, a significant
increase in oxygen concentration can be observed. Starting from time 7,4, there is a marked
rise in oxygen concentration, with both inlet and outlet concentrations increasing and slowly
aligning. This pattern suggests a reduction of the oxygen consumption within the bioreactor.
Figure 5.23 further illustrates the behaviour of inlet and outlet oxygen concentrations at an
operating pressure of 10.0 MPa.
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Fig. 5.22 Time course of oxygen concentration co, at the Inlet and Outlet of the Bioreactor
at p = 0.3 MPa. Reaction conditions: T = 35 °C, filling volume: 170 ml, 100 mM D-glucose

substrate in sodium acetate buffer (100 mM, pH 5.4), enzyme loading of glucose oxidase:

2.9 mg /gcarriers Vi = 80 ml min~!, ritg;r = 6.46 mg s~

A comparison of the experiments conducted at pressures of 0.3 MPa and 10.0 MPa
reveals similar patterns. In both cases, there is an initial adjustment period of 10 to 15
minutes, after which a steady state is achieved. As observed at 0.3 MPa, the outlet oxygen
concentration at 10.0 MPa also approaches nearly 0 mg 1!, indicating complete oxygen
consumption within the bioreactor. The steady-state inlet oxygen concentration ppo i srar at
10.0 MPa is approximately 30.75 mg 1!, reflecting a tendency for this value to increase with
pressure. This does not fully exploit the potential for higher saturation concentrations. For
example, at 0.3 MPa, the concentration of 12.7 mg 1-! achieves 57.2 % of relative saturation.
In contrast, at 10.0 MPa, the system has the potential to achieve saturation levels up to
740.2 mg 1. However, with an inlet concentration of 30.8 mg 1~/ at this higher pressure, the
relative saturation is only about 4.15 %, which is significantly below the maximum saturation
potential. This discrepancy arises from the mass transfer performance of the aeration unit in
steady-state operation (Section 5.2.5).
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Fig. 5.23 Time course of oxygen concentration at the inlet and outlet of the bioreactor at 10.0

MPa. Reaction conditions: 7" = 35 °C, filling volume: 170 ml, 100 mM D-glucose substrate

in sodium acetate buffer (100 mM, pH 5.4), enzyme loading of glucose oxidase: 2.9 mg g~ !,

V; = 80 ml min~!, rity;r = 6.46 mg s~ .

Additionally, the time point #; at which the outlet concentration begins to rise sharply
is noteworthy. At 0.3 MPa, this point is set at around 207 minutes, but at 10.0 MPa, it’s
significantly reduced to about 79.5 minutes. This quicker shift and the increase in steady-state
oxygen concentration both show a clear correlation with rising operating pressures. The
upcoming Figure 5.24 visually illustrates the relationship between the steady-state oxygen
concentration Po2 in star>» SUpplied to the bioreactor and averaged over the reaction time, and

the time point #; under varying pressure conditions.

The graph distinctly illustrates that the moment #; —when a notable increase in oxygen
concentration is observed— is linearly associated with the average oxygen concentration
supplied at the bioreactor inlet. This relationship indicates that as oxygen concentration
at the inlet rises, the time until #; shortens. Such a trend implies that enhancing oxygen
concentration could lead to process intensification within the bioreactor, a hypothesis that
will be further explored and confirmed in the subsequent chapter through analysis of collected
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Fig. 5.24 Dependence of duration of the reaction #; on the average oxygen concentration
supplied Po2 in st to the bioreactor. Reaction conditions: T = 35 °C, filling volume: 170 ml,

100 mM D-glucose substrate in sodium acetate buffer (100 mM, pH 5.4), enzyme loading of
glucose oxidase: 2.9 mg g~!, V; = 80 ml min~!, rirz;, = 6.46 mg s~

samples and glucose conversion.

Based on Section 4.3.2, the recorded oxygen concentrations were used in conjunction
with Equations 4.3 to 4.9 to calculate the individual mass flows: the oxygen mass flow
entering the setup (ritg e in), transferred into the liquid phase (itpc rans), and consumed by
the enzyme (71 q,5). Additionally, the total oxygen mass supplied (imy,,,) and converted
(Meony) during the experiment were determined. Table 5.2 summarizes these mass flows as
well as the resulting oxygen efficiency for experiments conducted at 0.3 MPa and 10.0 MPa.
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Table 5.2 Tabular listing of determined mass flows in steady state, total supplied and con-
sumed oxygen masses, and oxygen utilization efficiency during experimentation.

Operating Pressure p/ MPa 0.3 10 Unit
supplied oxygen mass flow 7itg pc in 1.357 1.357 mg-s~!
transferred oxygen mass flow 7t trans 16.8 40.9 ug- s7!
converted oxygen mass flow 71,45 18.8 43.6 ug- g1
total oxygen mass supplied my, ), 22.77 7.65 g
total oxygen mass converted mcony 0.240 0.235 g
Degree of oxygen utilisation 7o, 1.05 3.07 %

A comparison of these data points includes some interesting aspects. The oxygen fully
utilised in the bioreactor (#1,1r4n5) corresponds to all the oxygen dissolved in the liquid
phase (7itpe 1rqns), With instances where the amount of oxygen converted within the bioreactor
slightly exceeds the mass of oxygen transferred within the bubble column. This anomaly
could result from two factors: potential measurement signal fluctuations due to the sensor
spot variability or the decomposition of hydrogen peroxide (Figure 3.6). Contrary to initial
mass balance assumptions, the presence of catalase in the aqueous phase allows for hydrogen
peroxide decomposition en route from the gas supply unit to the bioreactor, potentially
increasing the oxygen concentration.

At the conclusion of the experiment, the enzyme in bioreactor utilised an oxygen mass
(meony) of approximately 0.240 g, a figure closely aligned with the 0.235 g used at p =
10.0 MPa. Remarkably, the mass flow transferred () between the gaseous and liquid
phases within the aeration unit at 10.0 MPa is 2.4 times higher than at 0.3 MPa, measuring
40.9 ug s~'. This results in a reduced time to dissolve 0.235 g of oxygen, and with a total
oxygen supply of 7.65 g, the utilization efficiency 7o, of the introduced oxygen improves
from 1 % to 3 % significantly.

A far more interesting aspect is the exploration of the extent to which these numbers
can be optimized. A key consideration in optimizing process parameters is the impact of
insights gained from the characterisation of mass transfer on overall performance. A pivotal
factor is the maximum oxygen solubility observed. At 0.3 MPa, the system reaches a relative
saturation of 57.2 % a.s, indicating a high degree of dissolved oxygen. As the mass transfer
is driven by the concentration gradient between the liquid bulk phase and the saturation
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concentration, achieving full saturation of the aqueous phase may not be the most effective
approach. Moreover, operating near the liquid phase’s saturation limit poses a risk of oxygen
outgassing due to pressure drops, such as those that might occur in the pump or in the
packed bed of the bioreactor. One aspect that can be considered for optimization in relation
to maximum saturation is increasing the partial pressure of oxygen in the supplied air or
using pure oxygen. This approach can reduce the overall pressure in the system while still
achieving high saturation levels. However, this consideration must include the increased
effort related to safety measures.

Another aspect to consider is the specific surface area for mass transfer. Figure 5.17 shows
that, at a constant mass flow, the surface area for mass transfer decreases with increasing

1, a mass transfer

pressure. For the case examined, with an total air flow of riz,;- = 6.461 mg s~
area of around ¢ = 60 m?> m~? is achieved at 0.3 MPa. This figure drops to approximately
a =12 m? m—3 at 10.0 MPa. Although the mass transfer area is significantly reduced at
higher pressures, the aeration unit can still achieve a better mass transfer performance due to
the enhanced concentration gradient driving the process. Therefore, future work should focus
on identifying an optimal operation point based on operating pressure—which influences
maximum saturation—and the volumetric inlet flow of the bubble column, which correlates
with the volume-specific mass transfer coefficient. This balance is crucial to avoid limited
glucose conversion in the bioreactor due to insufficient dissolved oxygen and to ensure an

efficient mass transfer in the bubble column.

5.3.2 Assessment of the Samples taken from the Reactor

After in-depth examination of the oxygen data and the demonstrated oxygen consumption
within the bioreactor, attention now turns to validating how these findings correlate with
data acquired from offline HPLC analytics. The subsequent Figure 5.25 shows the glucose
conversion Xz, over time at various pressure levels under study.

The figure indicates that the conversion rate increases with reaction duration across all
pressures, thus confirming the hypothesis that the enzyme is active. Initially, the reaction
shows a linear segment where the reaction rate remains constant. This is followed by a
phase where the reaction rate diminishes until it finally halts. The data distinctly show that
supplementary oxygen supply accelerate the reaction across pressure levels. For instance,
while a linear progression of the conversion up to approximately 70 % is observed after 270
minutes at 0.3 MPa, this level is reached after just about 120 minutes at 10.0 MPa, and after
only 30 minutes at 15.0 MPa. For all pressures, the identified time point #; precisely indicates
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Fig. 5.25 Conversion of glucose Xy, over time at 0.3 MPa, 10.0 MPa and 15.0 MPa. Reaction
conditions: T = 35 °C, filling volume: 170 ml, 100 mM D-glucose substrate in sodium

acetate buffer (100 mM, pH 5.4), enzyme loading of glucose oxidase: 2.9 mg g=!, V; =

80 ml min—!, i, = 6.46 mg s L

when the conversion significantly slows down and nearly reaches a standstill. Further
conclusions can be drawn from the conversion data. By considering the stoichiometry, the
oxygen demand for the conversion can be determined and compared with the measurement
data from the oxygen sensors. For both 0.3 MPa and 10.0 MPa, a conversion rate of 70 %
was achieved by the end of the experiment. Since one mole of oxygen is required for the
conversion of one mole of D-glucose, the required mass of oxygen can be calculated using
the following equation, based on the initial concentration of glucose cg 0, the reactor’s fill

volume Vg, and the total glucose conversion Xy, as follows:

mo, = cG1,0*Xg1 - Mo, * Vie (5.3)

This results in a maximum theoretical oxygen demand of mg, = 0.38 g. By accounting
for the oxygen released from hydrogen peroxide decomposition, the theoretical oxygen de-
mand per mole of glucose reduces to 0.5 mole of oxygen, thus lowering the minimal oxygen
requirement to mgp, = 0.19 g. Comparing this with the data from the oxygen sensors, the
observed oxygen conversion at the bioreactor at m,,, = 0.24 g is within an acceptable range,
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trending towards the minimal demand. Pinpointing the exact reason for the discrepancy
between the measured oxygen consumption and the minimal theoretical demand is complex.
Catalase is added in excess to the substrate solution of each experiment. Determining its de-
gree of deactivation due to circulation and aeration from the existing data proves challenging.
Beyond oxygen demand, the data also permits preliminary insights into reaction kinetics.
Analysing the conversion data from 0 to 40 % or 40 mM of gluconic acid, as illustrated in
Figure 5.26, enables the estimation of the reaction rate.
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Fig. 5.26 Determination of the reaction rate Vgox in dependence of pressure based on the
experimental data. Reaction conditions: T = 35 °C, filling volume: 170 ml, 100 mM D-
glucose substrate in sodium acetate buffer (100 mM, pH 5.4), enzyme loading of glucose
oxidase: 2.9 mg g~ !, V; = 80 mL min~', ritg = 6.46 mg s

Regression analysis enables the calculation of the initial reaction rate. At p = 0.3 MPa, a
rate of Vgox = 24.07 mmol h—! 17! is observed, increasing significantly to 115.15 mmol h—!' 17!
at 10.0 MPa, and further to 191.47 mmol h—! 1=! at 15.0 MPa. This upward trend in the
reaction rate of glucose oxidase, prompted by increased oxygen availability, correlates with
findings documented by Lindeque [Lin20].
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5.3.3 Modeling of the Enzymatic Reaction

After analyzing the oxygen concentration and reaction conversions, kinetic models from the
literature can be utilised to contextualize the results and verify the previous findings. These
models also help assess the extent to which the potential of increased oxygen availability has
been exploited.

The reaction kinetics of the described reaction adheres to the ping-pong bi-bi mechanism
as detailed in Section 2.2.1. Initially, the free enzyme binds with glucose and subsequently
releases it as oxidized glucono-J-lactone into the solution. In the following step, the enzyme
in its reduced state facilitates a reaction between water and oxygen, producing hydrogen
peroxide. This sequence regenerates the enzyme for the following reaction cycle. The
Cleland diagram that illustrates this mechanism is shown in Figure 5.27.

Glucose (S) Glucono-lactone (P) 0, H,0;

E ES =<+— FP F FO; =+— EH>O: E

Fig. 5.27 Representation of the Ping-Pong Bi-Bi reaction mechanism of glucose oxidase
illustrated in a Cleland diagram.

Based on the reaction mechanism, the reaction rate vg,, can be calculated using the
enzyme concentration cgoy, the substrate concentration cgr, and the oxygen concentration
co,, as described in following equation

kear, Gox* €Gox* CGL " €0,

. 5.4
¢cGL co, +Ku,0, coL+KuGL co,

VGox =

The affinity constants of glucose oxidase for glucose and oxygen, crucial for Equation
5.4, were identified by Ringborg using a specified pressurised tube-in-tube flow reactor with
a reactor volume of Vg = 155 pl [Rin17]. These obtain kinetic values are listed in Table 5.3.
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Table 5.3 Kinetic parameters for glucose oxidase [Rin17].

Kinetic Parameter Value Unit
Turnover Number GOX/ kc4t,Gox 17.8 £1.39 umol -min~! -mgalox
Affinity Coefficient Glucose/ ky g1 75.2 £9.38 mM
Affinity Coefficient Oxygen/ ky o, 0.51 +0.09 mM

Using Equation 5.3 and the parameters provided by Ringborg (Table 5.3), the reaction
dynamics are evaluated by taking into account the concentrations of glucose oxidase, glucose,
and oxygen. The following graph depicts the calculated reaction rates Vg, as a function of
the glucose oxidase concentration pgo, and oxygen concentration pg, .
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Fig. 5.28 Reaction rate of glucose oxidase (vgp,) determined through Ping-Pong Bi-Bi
multi-Substrate Kinetics at a glucose concentration (cgr) of 100 mM.
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In the context of oxygen supply, the generated contour plot offers key insights: Horizontal
lines indicate a reaction rate limited by available oxygen, while vertical lines suggest that
glucose oxidase activity is the limiting factor.

The results from the previous experiments can also be contextualized using the contour
plot. Based on the total weight of the carrier material (10 g), its enzyme loading (2.9 mg
enzyme/g carrier), and the total reactor volume (170 ml), the resulting glucose oxidase
concentration pgoy is 0.1705 g 17!, For oxygen concentrations in the range of atmospheric
saturation (0o, arm = 8.8 mg 171, a horizontal progression of the contour lines can be
observed. Consequently, by increasing the oxygen concentration to pp, = 12.7 mg -1,
achieved under the experimental conditions at 0.3 MPa, an increase in the reaction rate from
Veoxr = 50.52 mmol h—! 17! to vgo, = 59.99 mmol h—! 17! can be predicted. However,
the experimentally determined reaction rate is only Vgox = 24.07 mmol h~!' 17!, This
discrepancy can be explained by further examining the work of Lindeque and Ringborg
[Lin20, Rin17]. In their studies, reactor types such as the Continuous Stirred Tank Reactor
(CSTR) were employed, where glucose is homogeneously distributed within the substrate.
This configuration allows for higher enzymatic activity compared to the Packed Bed Reactor
(PBR) used in this study.

An interesting aspect arises when considering a further increase in oxygen concentration.
At 10 MPa, a steady-state oxygen saturation of pp, = 30.75 mg 1! was achieved. According
to the model, this results in a reaction rate of vgo, = 79,82 mmol it approaching a
range where the contour lines begin to align vertically. This showing an independence of
the oxygen concentration to further increase the reaction rate beyond approximately vgo, =
100 mmol h~! 17!, In contrast, the experimentally determined reaction rate at this condition
was significantly higher, reaching vgo, = 115.15 mmol h~' 17" at 10 MPa and reaching
Veox = 191.47 mmol h—!' 171 at 15 MPa.

Generally, the experimental results align with the model predictions, indicating that an
increase in oxygen concentration indeed enhances the reaction rate. However, the measured
values at higher pressures significantly exceed the calculated values. A possible explanation
for this discrepancy might be that Ringborg determined the kinetic data only up to p =
0.6 MPa. Consequently, the model may not fully account for pressure effects occurring at
pressures up to 15 MPa. This highlights the necessity of re-evaluating the kinetic data for
pressures beyond this range, emphasizing the importance of extending kinetic studies to
higher pressure conditions for a more comprehensive understanding.

90



5.4 Assessment of the Reactor Setup

5.4 Assessment of the Reactor Setup

In this concluding section, the aim is to compile and evaluate the results of the studies
along with the experiences gained in handling the setup. This encompasses a comprehensive
consideration of biotechnological, measurement, and mass transport aspects. Beyond the
experiments involving glucose oxidase, the reactor’s applicability as a versatile platform for
exploring various enzymatic systems is also discussed.

In terms of biotechnological assessment, the investigated setup provided a fundamental
proof of principle. The batch experiments conducted in the bioreactor with immobilized
glucose oxidase demonstrated enzyme reactivity up to the maximum pressure of 15.0 MPa.
Moreover, it was established that mass transfer limitations observed under atmospheric
conditions could be mitigated by enhancing dissolved oxygen concentration, leading to
process intensification. However, several critical factors for the economical scaling of biore-
actor operations remain unexplored. This limitation is partly due to the primary focus on
the properties of the bioreactor’s inflow and outflow streams, leaving the reactor’s internal
dynamics a black box when operated under pressure. The activity, stability, and specificity
of glucose oxidase have been examined only superficially, despite the possibility that these
could be influenced by applying high pressure. Similarly, the potential negative influence of
substantially higher oxygen concentrations on the enzyme’s activity has not been investigated.

Regarding the aim to establish the reactor as an effective biotechnological testing plat-
form, there’s a distinct need for developing a quick and easily adaptable immobilization
method for various enzymes, as well as choosing suitable carrier materials and structures.
The processes of enzyme immobilization and bioreactor loading were not only time-intensive
but also subject to variability and inaccuracies, complicating the conduct of systematic
screening experiments.

Within the realm of measurement technology, optical oxygen measurement techniques
have been established as reliable online monitoring tools. The investigation demonstrated
that the sensors could provide accurate measurements under pressure and resolve oxygen
concentrations up to approximately 227 mg 1=!. It was also shown that the results from
the optical sensors align with those obtained from offline analytics. In addition to optical
oxygen sensors, optical pH sensors were successfully integrated into the setup to monitor
the pH level of the aqueous phase. Through an integrated control loop, acidification of the
medium by the produced gluconic acid could be prevented, maintaining maximum enzyme
activity. Regulating the pH value posed a challenge due to the reactor’s small volume,
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necessitating the use of a relatively high concentration of sodium hydroxide. Alongside the
online measurement of oxygen concentration, a controllable HPLC valve with a sampling
loop was also incorporated via a bypass. By connecting to the process control system and
utilizing a sample carousel, the sampling process could be automated. The arrangement
enabled the consistent and frequent collection of high-quality samples from the pressurized
environment, demonstrating the system’s effectiveness in gathering precise data for analysis.

In the examination of mass transport and hydrodynamics within the setup, the com-
pressibility of the supplied gas emerged as one of the significant challenges. As a result,
the supplied volume, the mass transfer area, and consequently, the specific mass transfer
coefficient were reduced. In the range where a volume-dependent perspective was possible,
it was demonstrated that a reduction in bubble diameter and a decrease in rise velocity with
increasing pressure could be achieved. However, due to the low height of the bubble column
used, these effects could not be fully exploited. Despite the significantly reduced mass
transfer area, an increase in the oxygen concentration in the liquid phase could be achieved
due to the driving concentration difference between the bulk and saturation concentrations.
Nonetheless, the achieved dissolved oxygen concentration remains significantly below the
saturation concentrations. This discrepancy can be attributed to the mass transfer perfor-
mance of the aeration unit, is not optimized for achieving maximum saturation levels under
the pressures investigated. Therefore, a primary focus in the scale-up process is accordingly
on optimizing the aeration unit of the reactor concept.
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Chapter 6

Conclusion and Concept for a Reactor
Scale-Up

In this study, a reactor was successfully designed, manufactured, and erected for aerated
high-pressure applications in biotechnology. During the operation of this facility, aspects
such as online oxygen measurement technology, mass transfer in the aeration unit under in-
creasing operating pressures, and a reduction of mass transport limitations through enhanced

oxygen solubility were examined.

The investigation of the optical measurement technique revealed that oxygen probes
based on fluorescence quenching can withstand varying pressure loads and that, even under
pressure, the measurements can be clearly attributed to specific oxygen concentrations. It was
also shown that with increasing oxygen concentration, the relationship between the measured
variable and oxygen concentration is no longer linear, and the resolution decreases. As a re-
sult, this method is only applicable up to an absolute oxygen concentration of approximately
po, =227 mg 17"

The hydrodynamic characterization covered the distribution of bubble sizes, gas hold-up,
volume specific surface area, and the volumetric mass transfer coefficient. This study con-
firmed literature claims about the reduction in bubble diameter under pressure. An increase
in gas hold-up due to reduced ascent velocity could not be confirmed. Possibly due to the
given height of the bubble column. It was also demonstrated that the primary improvement
in mass transfer within the bubble column used is not due to an increase in exchange area
but to a significant increase in the driving concentration gradient due to higher saturation

concentrations.
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Validation experiments with glucose oxidase demonstrated that the core idea of the reactor
concept works. Firstly, the progress of the reaction could be monitored through the integrated
oxygen sensors. Secondly a higher oxygen input achieved a significant intensification of the
reaction process. However, it was also shown that the full potential of increased maximum
oxygen solubility was not fully utilised due to the limited performance of the employed

aeration unit.

This study highlights the potential benefits of utilising pressure as a key process parameter
and provides the necessary tools with the reactor concept and the investigation of oxygen
sensors to easily study the activity, selectivity, and stability of enzymes in the future. This
allows the feasibility in an industrial environment to be assessed.

Based on these findings, a scale-up concept utilizing a Jet Loop Reactor was developed
and will be implemented and tested in future studies. A key identification point that is also
preserved in the scale-up process is the spatial separation of the enzyme from the aeration.
The bubble column previously employed should be replaced with a more effective aeration
unit that offers a better surface area and a higher residence time for mass transfer in a compact
design. An initially considered approach was the Airlift Reactor depicted in Figure 2.1 D.
This reactor is characterized by an external loop. The circulation through the external loop
is created without mechanical components, due to the density difference with the aerated
medium. Another consideration in utilizing this reactor concept was to directly integrate
the Packed Bed Reactor into the downcomer. However, design analyses based on insights
from Chisti [Chi87] and Guieysse [Guill] indicated that the essential density difference
for effective circulation might be inadequate, primarily due to pressure drops across the
packed bed reactor. Consequently, a jet loop reactor was chosen as the central aeration unit.
The flow diagram of a reactor concept based on a jet loop reactor is presented in the Figure 6.1.

The concept is distinguished by two circulating liquid loops. The bioreactors are inte-
grated within the inner circulation loop. The inner circulation loop consists of four bioreactors
arranged in a star shape around the jet loop reactor. The circulation can be adjusted or com-
pletely halted via control and shut-off valves. This allows for a greater operational flexibility,
enabling the removal or exchange of bioreactors during operation under pressure. Likewise,
different types of enzymes can be introduced to carry out sequential reactions. The bioreac-
tors are dimensioned similarly to the bioreactor used at the laboratory scale. Compared to
the laboratory scale, the reactors have, in addition to oxygen measurement at the inlet and
outlet, three additional ports to insert optical sensors, thus enabling the resolution of the axial
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Fig. 6.1 Piping and instrumentation diagram of the scaling concept based on a jet loop reactor

concentration gradient across the reactor.

The outer circulation loop consists of the jet loop reactor, the integrated two-phase
nozzle, and a pulse-free gear pump. The scale-up uses a loop reactor designed according
to Maly [Mal22], based on Blenke’s [Ble71] design rules. In the concept, the liquid flow
is drawn from the top of the jet loop reactor, conveyed through an external loop with the
pump, and reintroduced at the bottom through a two-phase nozzle. In the outer loop, es-
tablished peripheral elements such as sampling, pH control, and the main heat exchanger
are integrated. In accordance with the design specifications, the reactor accommodates
a liquid flow rate ranging from V; 1 to 1.7 1 min~! and a specific energy dissipation rate
from E/P =1 to 4 kW m~>. The gas volume flow is set within V, 0 to 0.3 1 min~!. To
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counteract the effects of gas compressibility under elevated pressures and to maintain a
consistent flow rate across all pressure levels, two mass flow controllers are employed.
Based on the P&ID flow diagram and the calculated sizing of the jet loop reactor, a mobile

reaction system was designed. A rendered representation of the design is shown in Figure 6.2.

Fig. 6.2 Rendered Representation of the Construction Model of the Upscaled Aerated High-
Pressure Reactor.

A key identification point of the reactor concept and in its design is the interconnection

of two separate circulation loops without the need for additional pumps. For this purpose, the
free jet of the two-phase nozzle is utilized. As depicted in Figure 6.3, the effect is exploited
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whereby the jet velocity decreases with increasing distance, and the widening of the jet.

Outlet Inner Loop

Core Length Jet Boundary

Gas Inlet

Outlet Inner Loop

Fig. 6.3 Schematic drawing of the two-phase nozzle of the jet loop reactor including suction
from the internal circulation loop via the generated jet.

This expansion is due to the frictional effect at the edge of the jet, which draws in
stationary fluid from the surrounding area and moves it within the jet. The overall volume
flow rate can thus be proportionally described by the ratio of the core jet length L to the jet
length L as follows [Surl7]:

V=2V L 6.1)
Lo

The suction volume flow rate from the inner circulation loop can thus be influenced by
two parameters. Firstly, the volume flow rate carried by the external circulation loop can
be increased to enhance the exit velocity of the nozzle. Secondly, the positioning of the
nozzle in relation to the inlet of the internal circulation can potentially be used to control
the suction volume flow rate. During the design phase, the feasibility of axial positioning
during operation was assessed. However, due to cost considerations, the nozzle was designed
modularly, allowing at least for adjustments to its position outside of active operation.
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Appendix

Note on Linguistic Assistance

In the preparation of this dissertation, Al-powered language processing tools were used to
assist with translations and to enhance linguistic quality. Specifically, the services ChatGPT
40 and 30 (a Large Language Model) and DeepL (a neural machine translation network)
were employed.

All substantive, scientific, and argumentative statements in this dissertation were inde-
pendently authored, reviewed, and verified by the author. The aforementioned tools were

used solely for linguistic support and did not influence the content or scientific substance of
this work.

Data Availability Statement

All data, scripts, and figures used in this dissertation are stored in a repository of TUHH
Open Research (TORE) and are publicly accessible.

Access to the data is provided via the following DOI:https://doi.org/10.15480/882.14608
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