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Abstract

The potential of butane and other short chain alkanes, as an abundant and cheap raw
material, is so far not fully exploited in the chemical industry. Instead of burning (e.g.
for heat and transportation) or utilising harsh reaction conditions biocatalysis offers
an alternative approach. Thereby, one of the dream reactions of organic chemistry, the
selective oxyfunctionalisation, can be realised. In this thesis the biocatalytic
oxyfunctionalisation of butane with three biocatalysts was investigated. For this
purpose, two whole cells systems and one soluble enzyme approach were employed in
a 0.2 L and 2 L bubble column reactor.

The first investigated biocatalytic system was a whole cell approach, in which a
modified E. coli W3110 strain heterologously expresses the membrane bound AIkKBGT
system. Utilizing these bacteria, the hydroxylation of butane to butanol and subsequent
oxidation to butyric acid was investigated as a model system. Besides the examination
of the biocatalysts activity, a process window was generated. For this, the impact of
different process parameters on the mass transport limited reaction were studied using
the Design of Experiment method. The analysed parameters were gassing rate,

overpressure, and butane content in the feed gas.

The second whole cell system combined the AIKBGT system with the Ato system, the
latter allowing the metabolism of butyric acid. Here the growth on butane and its

derivatives, butanol and butyric acid, as sole carbon source was examined.

Lastly the unspecific peroxygenase (UPO) was applied as free enzyme to catalyse the
hydroxylation of butane to 2-butanol in a 0.2 L. bubble column rector. Thereby
demonstrating the first utilisation of this reaction system outside the analytical scale.
Kinetic parameters for the hydroxylation of butane to 2-butanol were determined
under process relevant conditions. Additionally, kinetic parameters for the over
oxidation of 2-butanol to butanone were estimated. In the end, the process was scaled

up to the 2 L scale and an in situ product removal was integrated.
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Chapter 1 Introduction

1 Introduction

Short chain alkanes, like butane, are an abundant and cheap raw material whose
potential for the chemical industry is not yet fully exploited.[1] Instead, they are often
burned to generate heat or are used in transportation. In respect to the United Nations
sustainability goals this burning should be stopped and the utilisation must be
intensified. Not only for today’s waste streams of short chain alkanes but also for
sustainable produced alkanes, like biogas.

The use of butane and other alkanes in chemical synthesis is restrained by its saturated
aliphatic structure, making alkanes thermodynamically strong and kinetically inert.[2]
In petrochemistry the high chemical stability is overcome using harsh (temperatures
of up to 850°C) and unselective reaction conditions in (steam) cracking, primarily for
middle and long chain alkanes. These methods lead to unsaturated hydrocarbons
which, after purification, can finally be oxyfunctionalised, e.g. by unspecific oxidations
to the corresponding alcohols. In contrast a biocatalytic conversion offers the
advantage of a selective oxyfunctionalisation using mild reaction conditions, making
one of the dream reactions in organic chemistry [2] come true.

Biocatalysts, irrespective of whether isolated enzymes or microorganisms are used,
naturally perform reactions in an aqueous reaction media. One of the key points for a
successful process is therefore the mass transport of the rather hydrophobic alkanes to
the aqueous reaction media. In this regard bubble columns are a cost-effective reactor
type, as they offer a good mixing efficiency at low operating costs. [3] At the same time
the simple design offers a maximum of process safety when working with butane or

other burnable gases.

In the following subchapters a basic understanding of the theory for this topic is
established. First a general introduction into the (biocatalytic) oxyfunctionalisation of
alkanes is given. A more detailed introduction to the used biological systems is
prepared at the start of each chapter. Besides the (bio-)chemical knowledge, the
fundamental principles to mass transport and the impact of the chosen reactor

configuration are explained. Afterwards the process safety is discussed.
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1.1 (Oxy-)functionalisation of Alkanes

Chemical functionalisation describes the introduction of functional groups into a
molecule. A typical example in biocatalysis is the functionalisation of carrier surfaces.
In a subsequent reaction these newly formed functional groups can be used to
covalently bind enzymes and thereby to immobilise these to the carrier. This example
demonstrates the main reason for functionalisation: the possibility to perform directed
reactions with an otherwise inert compound. Further catalytic steps can then be used
to synthesise a desired compound.

A special case in organic chemistry is the functionalisation of unactivated C-H bonds,
as it remains one of the most challenging task in organic synthesis.[4—6] The particular
interest of this reaction arises from the insertion of an additional group. While other
catalytic steps normally (ex-)change a functional group the C-H functionalisation
generates new functional groups to work with.[7] Special interest can be placed on the
two extremes: The selective functionalisation of a C-H bond in a late stage of the
synthesis of a complex molecule, e.g. a drug candidate [5], or the initial activation of a
chemically inert compound, like alkanes [1].

Especially, in the first case, a three dimensionally structured catalysts is needed to
orient the substrate and reach high selectivity.[8] As the protein scaffold of enzymes
often offers these kinds of structure, some enzymes are capable of performing the C-H
activations. Thus have gained tremendous interests in the organic synthesis.[7] This is
especially true for the synthesis of biologically active compounds. Here the cost of the
catalysts are justified by the high value of the target compound.[9] Specifically the
research on the P450 enzyme family in recent years has to be mentioned in this
context.[5, 7]

Alkanes on the other hand constitute to one of the largest and cheapest carbon feed
stock for organic chemicals.[1, 10] Alkanes are aliphatic hydrocarbons that only consist
of C-C and C-H bonds. The high bond dissociation energies (BDE) of around
350 kJ mol! and 400-430 kJ mol?l, for C-C and C-H, respectively, results in their
chemically stability.[1] The latter is thereby influenced by the structure of the molecule
(linear, branched or cyclic) and the position of the bond. Generally, terminal bonds are
stronger by ~15 kJ mol-l.[11] For functionalisation these high BDEs have to be
overcome. While the aforementioned (steam) cracker offers an unselective process, a

“dream reaction” [2] is the selective single insertion of an oxygen molecule into an

2
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alkane yielding the corresponding alcohol. These alcohols are a particularly interesting
platform chemicals.[1] As further oxidation leads to desired intermediates, as
aldehydes, ketones, esters or carboxylic acid. At the same time a direct use as fuels,
solvents or preservatives is possible.

Over the years many catalysts have been investigated, homogeneous as well as
heterogeneous ones.[2, 10, 12] While higher alkanes remain a challenge, improvements
are made at the oxidation of methane. Still quite harsh reaction conditions are
needed.[11] Generally, powerful chemocatalysts suffer especially from the drawback
that the oxygenated products are more reactive than the starting alkanes. This causes
over oxidation up to the total oxidation of the hydrocarbon to CO2 and H20.[1] In a
process the oxidation and over oxidation needs to be balanced, which leads to a non-
ideal conversion and selectivity. Additionally, chemo catalysts offer no three-
dimensional structure, which leads to reactions directed only by the BDE, possibly
further decreasing selectivity. Inspired from biological systems, chemo catalysts with

three-dimensional structures are under development for the C-H functionalisation.[11]

On the other hand, many microorganisms have been found, that developed enzymes to
selectively activate alkanes. As the original aim of these enzymes was to make the
activated hydrocarbons accessible for further metabolism, total oxidation is ruled out
for these catalysts. Enzymes that catalyse the insertion of single oxygen atoms in an
alkane molecule, effectively performing mono-oxygenation reactions, are alkane
hydroxylases.[1] Of these, three major subgroups are differentiated: (1) the
monooxygenases (MO), including the soluble and membrane bound/particulate the
methane-monooxygenases (SMMO and pMMO) as well as the butane monooxygenases
(BMO), (2) membrane bound non-heme diiron alkane-1-hydroxylases (alkB), and (3)
the previously mentioned P450 enzymes.[1, 11] In recent years the unspecific
peroxygenase (UPO) has gained rising attention as well. A comprehensive overview of
these enzymes is given by Bordeaux et al. [11], Soussan et al. [1] and Borrmann et al.
[13]. The biocatalysts used for the hydroxylation of butane in this work will be

described in detail in the corresponding chapters.

Given the comparable low value of the targeted products Bordeaux et al. [11] defined
criteria for an ideal catalyst that can be summarised as follows. To be economically
feasible the catalyst needs to be produced cheaply and easily, preferable by renewable

resources. To further reduce costs, a high stability of the catalyst is needed. At the same
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time the C-H functionalisation should be performed selectively at high reaction rates
and mild reaction conditions. Which includes avoiding toxic and/or expensive reagents
and solvents. Lastly, an atom-economical process with minimal (non-toxic) waste
production is desired. For this, molecular oxygen or hydrogen peroxide are the

preferred oxidants.

While analysis of the catalysts is often performed in analytical scale, the worth of a
catalyst must be demonstrated under process relevant conditions. Therefore, this work

aims on the application of the biocatalyst in a preparative reactor scale.

1.2 Mass Transport and Mass Balance

Under normal conditions (normal temperature and pressure (NTP): 20°C and ambient
pressure) butane is in a gaseous state. The desired oxyfunctionalisation is performed
in the liquid reaction media inside a bioreactor. Therefore, the alkane and, as described
above, often oxygen must be transported from the gaseous phase into the aqueous
phase. To describe these gas to liquid mass transport phenomena several theories [14]
were published. Well known theories are the “two-film” theory by Lewis and Whitman
[15], the “penetration” theory by Higbie [16] and the “surface renewal” theory by
Danckwerts [17]. While these theories might not perfectly describe all mass transport
phenomena, the first vividly illustrates the involved steps, see also Figure 1.1. In the
two-film theory a double boundary layer at the interface between gas and liquid is
assumed. The gas diffuses from the gas bulk over the boundary layer to the gas liquid
interface. At the interface the gas dissolves in the liquid and a concentration (¢ [mmol])
equal to maximum solubility (¢*) is assumed. Further diffusion brings the dissolved gas

into the liquid bulk.

As normally the mass transport resistance is significantly higher in the liquid phase
(kz [m h-1]) than in the gas phase (kg [m h-1]), the boundary layer of the gas is usually
neglected. For a substance i the mass transfer rate per reactor volume

(TR [mmol L1h-1]) can be mathematically described as follows:

TR = kia-(c; —c;) 1
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In this a [m2 m-3] describes the interfacial area between gas and liquid per volume
liquid. As a separate measurement of the k. and a value is impractical, normally a

combined value, the kza [h], is determined for bioreactors [18].
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Figure 1.1: Schematic illustration of the two-film theory and further mass transport
to the biocatalyst (here a whole cell). Boundary layers indicated by --; TR: transfer
rate; UR: uptake rate; r: reaction rate.

The maximum solubility of a gas in a liquid can be approximated by the law of Henry
[19]. For this the Henry constant (H [mmol L bar]) and the partial pressure of the

substance in the gas phase are used (p: [bar]), see eq. 2.
¢ =piH 2

By measuring the amount of dissolved substance, e.g., oxygen, the transfer rate can be
calculated. When the concentration of the substance cannot be measured, the transfer

rates can be determined by mass balance around the bioreactor.

Mass Balance
The general structure of a mass balance equation is given in eq. 3. For simplification a
system in steady state is assumed, the change is therefore zero.

dn;  dV - ¢) . .
dt = dt =+ni,in_ni,outir'vz0

e

change input output reaction
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Depending on the placement of the system boundaries, the transfer rate can be
determined by different means. E.g., by balancing around the gas phase inside the
reactor. In this case only the feed gas (V;,, [L h-1]) enters the system boundaries. The off
gas (V,,, [Lh1]) and the gas that dissolves into the liquid (TR) leave the system. By
measuring the amount of gas and composition in the feed and off-gas the TR can be
calculated, see eq. 4 & 5. As the TR is a volume specific rate, the working volume of the

reactor (Viz[L]) is needed.

dni . .
E =0= Ciin " Vin — (Ci,out “Vour + TR - VR) +0 4

Ciin" Vin — Ciout " Vout 5

TR - =
VR

At the same time these measurements allow the determination of the conversion (X

[%]) of the gas, see eq. 6.

Ciout " Vout

Xi = 1 - 0
Ciin " Vi

The liquid media inside the bioreactor can be used as system boundary as well. In this
case the gas (the substrate) that enters the system (the TR) is converted by the
biocatalyst. When utilising a free enzyme this conversion is described by the reaction
rate (r). In whole cell biocatalysis the conversion is often more complex. In many cases
the substrate is metabolised and only parts of the mass of the substrate end up in the
product. For a clear mass balance, an uptake rate (UR) is defined. The metabolism of
butane will be addressed later in this work. For now, no metabolism but a simple
conversion of the substrate inside the cell, followed by secretion, is assumed. With this
assumption the whole cell and free enzyme can be described together. Therefore, the
volumetric productivity (Qp[mmol L1 h-1]) will be used. The Q» describes the formation
rate of the product (P), eq. 7.
% = QP 7

For the previously mentioned steady state assumption the mass balance (eq. 3) for the

liquid phase inside the bioreactor can be described as follows:
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0=TR-0-0Qp 8
TR = Qp 9

Using this dependency, the Qp could be used for the calculation of the conversion of
the gaseous substrate. But as not necessarily all reactions are detected, the yield is used.
The yield (Y; [%]) describes the amount of product per supplied substrate. In the semi-
continuous bubble column reactor this is the molar product formation rate

(np [mol h1]) divided by the molar gassing rate of the substrate (1g [mol h-1]).

_np  Qp-Vp

h=f= = 10
Ng _Vin
Xs,in W

Here the 7, is the product of the Qp and the reactor volume (Vz [L]). The g can be
described using the gassing rate (V;,, [Lh-1]), the substrate content in the gas (xs ;,) and

the molar volume (V,, = 22.4 L. mol! at 0 °C).

Mass Transport - and Biological Limitation
Besides others factors, the Qp is depending on the substrate concentration and the
amount of biocatalyst (cells or enzymes, ccatalyst) present in the system. When this is

combined with the definition of the TR in eq. 1, eq. 9 can be converted as follows:
kia - (CL* - Ci) = f(cy Ccatalyst» ) 11

Assuming all other parameters were kept constant, a steady state substrate
concentration is reached, which is depending on the amount of applied catalyst. With
increasing catalyst concentration, the Q, increases, and the steady state substrate
concentration decreases. Until reaching a substrate concentration of zero, the system
can be defined as biologically limited. At a substrate concentration of zero, the TR
reaches its maximum. A further addition of catalyst does not increase the Qp. The

system is mass transport limited.

1.2.1 Influencing Mass Transfer
As stated above, the maximum transfer rate (TRmax) is reached when the concentration

of the substance in the liquid bulk equals zero, eq. 12.
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TRypax = kra-cf 12

To further increase the mass transfer either the kra or the solubility of the substance
need to be increased. The possibilities for this can generally be categorized in three
types: (1) the reactor design and configuration, (2) the reaction conditions or (3)

additives.

Reactor Design

As stated before, the kia is usually determined specifically for every bioreactor. This is
done, as it is strongly influenced by the type of reactor and additional instalments. The
main factor is the gassing and dispersion of the gaseous phase. In a stirred tank reactor,
the gas is dispersed by the stirrer, while in a bubble column reactor the gas might enter
through a perforated plate without additional dispersion. Besides the main features of
areactor, additional instalments, like flow breakers or riser and down-comer, influence
the overall kra of a reactor. For a detailed description of the different reactor types see
also [20]. In this work a bubble column reactor is used, as it offers good kia values

while keeping experiments very safe, see next chapter.

Reaction conditions

Besides the reactor design, the reaction conditions have a huge impact on the TR. A
change in reaction conditions can impact the kra as well as the maximum solubility or
both at the same time. For example, a change in gassing rate influences the kra by
changing the interfacial area. Pressure, or rather partial pressure, on the other hand
impacts the maximum solubility, as shown by the law of Henry in eq. 2. The impact of
pressure on the kra on the other hand is neglectable under usually applied pressures
[21]. Temperature can, depending on the system impact the kia as well as the
maximum solubility. Generally, the former is increasing, while the latter is decreasing
at increasing temperatures. These effects can cancel each other as shown by Vogelaar
et al. [22].

The reaction media has an impact as well. Changing viscosity or buffer salt

concentrations impact the hydrodynamics or gas solubility, respectively.

Additives & Mass Transfer Vectors
While buffer salts or special reaction media are often needed for the biocatalyst to

function properly, further components can be added to the reactor that are not
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necessary for the reaction. This includes additives like anti-foam agents or mass
transfer vectors.

Anti-foam agents are used to decrease foam formation and prevent over foaming of a
reactor. This is generally done by reducing the surface tension of the reaction media.
While this reduces also the bubble size, thereby increasing the interfacial area,
excessive amounts can decrease the TR.[23, 24]

In general, all substances which positively influence mass transport can be called mass
transfer vectors. Their physical properties and working principles differ significantly.
The vectors can be liquid (with no or low solubility in water), solid or even soluble in
the aqueous phase [25, 26]. The possible involved mechanisms, e.g. “shuttle effect”,
“permeability effect” and “bubble covering”, are subject of current research [27-30]

and differ between the separate vectors.

1.3 Burnable Gases and Safety

Butane, as all small chain alkane, is a burnable gas. Additionally, it can form explosive
mixtures with air, or more precise, with oxygen. Figure 1.2 shows the ternary plot for
the possible mixtures of butane, oxygen, and nitrogen. The mixtures of pure butane
with air are described by the airline. As shown in Figure 1.2 the airline crosses the
explosive region. The intersections of these are called the explosive limits. For butane
the lower explosive limit (LEL) is at 1.4 vol.% butane, while the upper explosive limit
(UEL) is at 9.4 vol.%. [31]
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Figure 1.2: Ternary plot of butane, nitrogen, and oxygen. Explosive mixtures
indicated by green area. Mixtures between air and pure butane are indicated by
the airline (--).

While it is possible to perform experiments with explosive mixtures, special
requirements are to be met, see ATEX directives (ATmospheres EXplosives) [32, 33].
Generally, when performing experiments with butane, the formation of explosive
mixtures should be prevented. To assure a safe working environment, different layers
of protection are installed. In the following the distinct layers of protection used in the
experimental setup of this work are presented. The setup itself was installed during the
work of Sluyter [34, 35] and is described in detail in chapter 3.2.

First: no explosive mixtures are used as feed gas in the experiments and a safety
distance to the UEL is maintained. For this thesis the lowest applied butane content is
14 vol.%. The performed reaction converts butane and oxygen in a stoichiometric
amount. Additional oxygen is consumed by the maintenance metabolism of the
bacteria. The applied gas mixture is therefore getting richer in nitrogen, leading away
from the explosive region.

Second: a gas-tight reactor is used. As a bubble column reactor is used, no bearings

for the drive shaft needs to be sealed. Furthermore, the absence of moving parts

10
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prevents the creation of sparks. Before and during an experiment the tightness of the
reactor is checked by the operator.

Third: in the case of an undetected leakage, the reactor is placed in a fume hood at a
ventilation of 650 m3 h-1 (> 10500 L min). A stream of pure butane at ~150 L min-!
would be needed to reach the LEL at this dilution. The usually applied gas feed rates
are between 0.75 and 2.5 L. min and 14 to 40 vol.%.

Fourth: a gas sensor, ExSens(-I)/ExTox/Germany, is installed in the fume hood. This
sensor measures the butane content inside the fume hood. At a value of 20% of the LEL
(0.28 vol.% Butane) a visual warning starts. At 40% of the LEL (0.56 vol.% butane) an
acoustical signal starts, and the butane feed gas is stopped by closing a magnetic valve.
As a normally closed magnetic valve is applied, the valve closes in the case of a power

shortage.

These independent layers of protection allow for a safe execution of experiments.

11
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2 Aim and Objective

The aim of this study is the independent investigation of three biocatalytic approaches
for the oxyfunctionalisation of butane in bubble column reactors. Subsequently, these
systems are to be compared and their potential for industrial applications are to be
discussed, see chapter 8. For the independent investigation this work is divided into

the following topics:

“Construction of a Gas Mixing Station”

Previous works at the Institute of Technical Biocatalysis [34, 35] on the
oxyfunctionalisation of butane were performed using premixed gas bottles. These
butane air mixtures limit the range of possible reaction conditions. To perform
experiments at conditions not reachable so far, the construction of a gas mixing station
(GMS) is described in chapter 4.

“Whole Cell Catalysed Oxidation of Butane to Butyric Acid”

Using the newly constructed GMS the aforementioned previous works on the whole
cell catalysed butane oxidation is continued. The optimised usage of the biocatalysts
and the multivariable investigation of the system to define a process window are

described in chapter 5.

“Utilisation of Butane as Energy- and Carbon-Source”

The whole cell catalysed oxidation of butane to butyric acids requires glucose for the
cell’s maintenance and cofactor recycling. An enhanced strain, which can metabolise
the oxidation products of butane, butanol and butyric acid, is investigated in respect to
its growth rate on butane and its derivatives. The feasibility of this glucose free butane

oxidation is examined in Chapter 6.

“Butane Hydroxylation by Unspecific Peroxygenase”

The unspecific peroxygenases (UPO) are a recently emerging family of enzymes. They
are capable of the oxyfunctionalisation of various organic compounds, requiring only
hydrogen peroxide as co-substrate. The first application of the UPO for the
hydroxylation of butane outside of analytical scale, kinetic measurements and a scale

up to preparative scale are described in chapter 7.

12
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3 Materials, Reactors and Methods

3.1 Materials

If not otherwise stated, all used chemicals had a purity greater than 99%. Salts mixtures
and stock solutions were prepared in advance according to the recipes given in the
Appendix 11.1.

3.1.1 Biocatalysts
In this work three different biocatalysts were used: Two whole cell systems, expressed

in Escherichia coli, and one free enzyme.

Whole Cell Systems
The Evonik Creavis GmbH supplied the strains for the whole cell systems. Both strains
are deviates of E. coli W3110:

E. coli W3110 pBT10

This strain contains the pBT10 plasmid, which holds the genetic information for the
alkBGT-operon. Dicyclopropyl ketone (DCPK) in a concentration of 0.025% (v/v) is
used for induction. Additionally, the plasmid provides an antibiotic resistance against

50 mg/mL Kanamycin.

E. coli W3110 pBT10 pJ294

This strain contains the pBT10 (described above) and pJ294-plasmid. On pJ294 the
genetic information for the ato-operon is encoded, which is induced by isopropyl -d-
1-thiogalactopyranoside (IPTG) in a concentration of 1 mM. Additionally, the plasmid

provides an antibiotic resistance against 100 mg/mL Ampicillin.

Free Enzyme
The enzyme, unspecific peroxygenase, was kindly supplied by Prof. F. Hollman, TU
Delft/The Netherlands. The concentration and purification were performed by S.

Bormann, DECHEMA-Forschungsinstitut/Frankfurt am Main/Germany. The

13
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methods have been published in Perz et al. [36] and are reproduced below, according
to the Wiley-VCH Article Sharing Policy [37].

Enzyme production
For the fermentative production of the recombinant evolved unspecific peroxygenase

mutant from Agrocybe aegerita (rAaeUPO) recombinant expression in Pichia pastoris
was used, following a previously reported protocol.[38, 39] In short: 800 mL of a pre-
culture of recombinant P. pastoris (overnight cultivation in BMGY medium containing
Zeocin (25 ug mL1) at 140 rpm and 30 °C) were used to inoculate 6 L fermentation
medium (basal salts medium, pH 5 with PTM1 trace salts (4.35 mL L-1) and antifoam
C 0.2 mL L1). The fermentation was run at 30 °C and 600 rpm. During the first 48 h,
glycerol was fed to the cultivation broth at rates to maintain the dissolved oxygen
around 30-40 % saturation. After 48 h, glycerol feed was stopped and 0.5 % (v/v) of
methanol were fed to the fermentation to induce the overexpression of rAaeUPO.
Again, great care was taken to adjust the methanol feed rate such that the dissolved
oxygen remained at approx. 30 % saturation. The feed rates were adjusted to until a
rapid increase of the dissolved oxygen concentration was observed. Using this
procedure, the cell density reached 165 g L1 after 160 h and the fermentation was
stopped. At this point, the volumetric peroxidase activity (determined using the ABTS
assay, Chapter 3.4.3) [38, 39] was 170 U mL-L

The culture broth containing P. pastoris cells and rAaeUPO was clarified by
centrifugation (8000 rpm, 2 h and 4 °C). The rAaeUPO-containing supernatant was

stored at -80 °C for further use.

Enzyme purification
For the experiments reported in this work, about 700 mL of crude rAaeUPO (approx.

90 uM) were concentrated twice by crossflow ultrafiltration (10 kDa cut off, PES,
Vivaflow 200, Sartorius) and diluted with 300 mL 100 mM potassium phosphate
buffer pH 7. The washed, crude enzyme was then concentrated to a final volume of
450 ml. The concentration of the enzyme preparation, as determined from three
independent dilution series using the ABTS assay, was 127 + 3 uM (3566 + 88 U mL1).

The enzyme solution was stored in falcons at 4 °C or, for longer storage at -80 °C.

14



Chapter 3 Materials, Reactors and Methods

3.2 Experimental Setup

In the following the experimental setups used in this work are described. This includes
the gas mixing station and the used reactors: A stirred tank reactor/fermenter for the
cultivation of the bacteria and two independent bubble column reactors (0.2 and 2 L).

Additionally, special configurations of the bubble column reactors are described.

3.2.1 Gas Mixing Station

The design and construction of the GMS will be described in more detail in chapter 4.
In the following the final design is described:

The piping and instrumentation diagram (P&ID) and a picture of the gas mixing station

are shown in Figure 3.1 a) and b), respectively.

a)

air/nitrogen 1

butane/alkane ;:|

Figure 3.1: a) P&ID and b) picture of the gas mixing station. Used components:
1 magnetic valve, 2 MFC, 3 MFM, 4 check valve, 5 mixing chamber, 6 oxygen
sensor, 7 pressure indicator, 8 relief valve, 9 PLC.

The GMS has two inputs for the gases to be mixed and a separate input for an inert or
purge gas, nitrogen by default. These inputs are barred by “normally closed” magnetic
valves. The feed lines for the gases to be mixed have the same structure: a mass flow
controller (MFC), EL-FLOW® Select with valve/Bronkhorst®/The Netherlands,
followed by a mass flow meter (MFM), EL-FLOW® Select/Bronkhorst®/The
Netherlands, and in the end a check valve, SS-4C-1/3/Swagelok®/USA , to prevent
back mixing. The maximum flow rate for air or nitrogen is 24.9 Ly min-. The maximum
flow rate for butane depends on the setting of the mass flow meter/controller, either
1.7 or 5.7 Lx min'l. The gases passes a self-build mixing chamber, made of a double
nipple (DN 10, 10 cm length LN 38100-ES /Riegler Druckluft und Pneumatik/
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Germany) and a stationary flow breaker. Before ending in a distribution station the
mixed gas passes a sensor for oxygen partial pressure, OXYPro® Wide-
Range/PreSens®/Germany,. Here the total over pressure is measured, dual display
digital pressure sensor (DP-102A-E-P)/ Panasonic Corporatiom/Japan, and the mixed
gas can be taken off, the outlets are sealed via ball valves, 377.01-ES/Riegler Druckluft
und Pneumatik/Germany. The outlet pressure is regulated by a relief valve, SS-
RL3S4/Swagelok/USA. All tubing inside the GMS is from stainless steel, 1/4 in. outer
diameter. All inlets and outlets of the GMS can be connected via quick connector, 6
mm outer diameter. All connectors and fittings inside the GMS, except for the quick
connectors, are from Swagelok/USA. The GMS is controlled by a programmable logic
computer (PLC), ProfiMessage and the program ProfiSignal (Version 4.2.0.45) from
Delphin Technology AG/Germany.

3.2.2 Reactors

In this work mainly three different reactors were used. As these reactors, one stirred
tank reactor (STR) as well as a small and big bubble column reactor (BC), are placed in
the same fume hood (see Figure 3.2), they share the available utilities that will be
described further below. The main features of the three reactors are summarized in
Table 3.1.

Figure 3.2: Experimental setup with the STR/Fermenter (left), the 2 L (middle)
and 0.2 L (right) bubble column reactor inside the fume hood.

All reactors are additionally equipped with ports for an oxygen sensor with integrated

temperature measurement, Mettler Toledo InPro 6800, and pH-sensors, Mettler Toledo
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405-DPAS-SC-K8S, a sampling port and different septa for, possible sterile, addition of
liquids. All connections of the STR are on the top side. The big BC has additional septa
on the bottom side. The small bubble column has an additional port, for 6 mm tubes,
at the bottom as well as septa at the side, at the height of the gassing adapter and
symmetrically at the upper end of the column. The engineering drawing of the top and
bottom plates of the 2 L. bubble column reactor can be found in G. Slyuters dissertation
[35], the drawing for the plates of the 0.2 L reactor are shown in the appendix (Figure
A.6).

Table 3.1: Main features of the three applied reactors.

Reactor STR Big BC Small BC
Working volume Upto2.5L ~2L 0.2-03L
Helght ~20 cm ~ 40 cm ~ 20 cm
(working volume)
Inner diameter 12 cm 8 cm 4 cm
H/D ratio 1.6 5 5
Gassing adapter: 2 um sinterstone 2 um sinterstone 2 um sinterstone

height h, diameter d h=4cm;d=22cm h=4cm;d=22cm h=4cm;d=22cm
2x Rushton turbine

Stirrer and 1x pitched blade i i
Max. overpressure - 500 mbar 500 mbar
producer Medorex/Germany [35] self-constructed

All reactors are controlled via ProfiMessage/Delphin Technology AG/Germany. The
PLC to control these reactors are described in detail in the thesis of G. Sluyter [35].

The temperature and the pressure have to be adjusted manually.

Figure 3.3 shows the universal valid P&ID for the three reactor systems and their
utilities exemplified for a bubble column reactor setup. For the addition of liquids a
number of pumps are available. For the titration of base or acid in each reactor a
separated peristaltic pump, Watson Marlow SCI Q 400/Watson-Marlow Fluid
Technology Group/Great Britain, is used. The pumps are controlled through a digital
signal by the PLC and the flow rate can be adjusted manually. An additional peristaltic
pump, meredos SP-GLV/Meredos GmbH/Germany, is used for feed solutions, mainly
for glucose feed during fermentation. The pump is controlled by an analogue signal
and the flow rate is regulated by the PLC, a timed feed rate as well as different feed
strategies can be implemented. Smaller amounts of liquids, e.g. antifoam, can be fed

by syringe pumps, Aladdin Single Syringe Pump/World Precision Instruments/USA.
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For all liquids silicone hoses are used for tubing and Luer-Lock fittings are used as

connectors.

(oHISY (PR

g N
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O O
Ammonia- Feed- 5 p
solution solution . o) \/ 0,
feed gas I;L sampling port

Figure 3.3: General P&ID for the three reactor systems with all available utilities,
here shown for a bubble column setup.

Air and nitrogen, for the calibration of the oxygen sensors, are provided for all reactors
via manually adjustable flowmeters, Honsberg Instruments GmbH/Germany. During
experiments gassing is controlled for each reactor individually by a MFC, EL-FLOW®
Select with valve/Bronkhorst®/The Netherlands, which are connected with the PLC.
The MFC of the STR is usually connected to the in-house compressed air line. The
MFCs of the BCs can be connected to the GMS or directly to the supply line of the gas
cylinder cabinet. Additionally, all MFCs can be bypassed and the GMS can be directly

connected to one or more reactors.

For temperature control a cooling circulator, Thermo Haake Phoenix II P2-C35P/
Thermo Haake/Germany, is used. The reactors can be connected separately to its

supply pipe. For this the BCs are equipped with a double jacket and the STR with an
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internal rod. The temperature is manually set for the receiver tank or an external

temperature probe (only STR) is used.

The off-gases can be washed in washing bottles, which are also used for pressure
generation in the head spaces of the BCs. For an increased pressure generation, the gas
enters the wash bottle through a sinterstone (2 or 10 um pore size). Additionally, the
pressure is adjusted via a ball and or needle valve. With a combination of these the
pressure can be adjusted between 0 and 500 mbar(g) independent of the applied

gassing rate.

For safety measurements the fume hood, containing the experimental setup, and the
gas cylinder cabinet are equipped with a butane sensor each,
ExSens (-I)/Extox/Germany. When a sensor measures 0.28 vol.% butane in the
atmosphere, corresponding to 20% of the lower explosive limit, a flashing light is
triggered. At 40% of the or the lower explosive limit (0.56 vol.%) the gas supply is
stopped by a magnetic valve. A normally closed magnetic valve is installed, during a

power shortage the valve would closed automatically.
Additional information can be found in the dissertation of G. Sluyter [35].

Special Reactor Configurations
For the two bubble column reactors additional configurations were used in specific

studies. In the following the changes to the above-described system are explained.

Bubble column with external liquid loop
During the cultivation of E. coli in the 0.2 L. bubble column reactor formation of

singular big foam bubbles was observed. Bursting of these foam bubbles lead to an
accumulation of biomass on the reactor walls. As the anti-foam agent had no effect on
these bubbles a sprinkling with its own liquid was applied. [40] For this a liquid pump
cycle was installed. A steady amount of medium was withdrawn from the bottom of the
BC. Pumped, at 0.15 L. min’l, by a peristaltic pump, Watson-Marlow 323/Watson-
Marlow Fluid Technology Group/USA, with a silicone tubing (inner diameter 5 mm)
and entered the BC at the upper side port. This prevented foam formation and washed

biomass from the reactor wall.
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Chapter 3

off gas
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Figure 3.4: P&ID for the 0.2 L bubble column reactor with external pumping loop.

Bubble column reactor with external extraction column
In the scale up experiment of the rAaeUPO system (chapter 7.5.2) an additional liquid-

liquid extraction was applied. For this the two bubble column reactors were connected
as shown in Figure 3.5. Aqueous reaction media was withdrawn at the bottom of the
2 L. bubble column reactor. Pumped by a peristaltic pump, to the top of the 0.2 L
column which was used as an extraction column. After passing the organic phase,
n-decanol, the aqueous media was pumped backed into the 2 L. bubble column reactor.

To ensure a constant volume flow in and out of the extraction column a dual channel

peristaltic pump, REGLO/Ismatec®/ Germany, is used.

off gas

H,0,
solution

00500000
&
2

l
P

Figure 3.5: 2 L bubble column reactor setup with external extraction column
(0.2L)
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3.3 Experimental Procedure

In this chapter the experimental procedures, which were used in this work, are
described.

3.3.1 Bacteria Cultivation
In the following the general workflow for bacteria cultivations in shaking flask and

stirred tank reactor are described.

Shaking Flasks

Cultivations in shaking flask were performed as a pre-culture for the high cell density
(HCD) fermentation (see next subchapter) and the cultivation on butane derivatives
(see chapter 6.2). The protocols and standard operation procedure (SOP) are attached
in Appendix 11.4.1 and Appendix 11.4.3. The general procedure for both experiments is
the same and is therefore described in a general manner. System specific information
are listed in Table 3.2. A list of contents and the procedure for the preparation of all

stock solutions is attached in Appendix 11.1.

All work is performed in a clean bench. The autoclaved stock solution is measured and
transferred to a sterile flask. Either directly into a shaking flask with baffles or, when
several shaking flaks are to be prepared, in an appropriate sized reagent bottle. Further
compounds are directly pipetted into the flask, according to the concentration depicted
in Table 3.2.

Table 3.2: System specific information for the bacteria cultivation in shaking

flasks.
HCD Butane derivatives
Volume of shaking flask 1L 03L
Filling volume 0.1L 0.05L
Salt stock-solution HCD M9
HCD-Feed 30 mL L1 -
NH4Fe-Citrate-Stock 17 mL L1 -
MgS04-Stock - 2.45 mL L1
NH4Cl-Stock - 9.09 mL L1
US3 Trace Element-Stock 3mL L1 15 mL L
Kanamycin 50 pg mL1! 50 mg L1
Ampicillin - 100 mg L1
DCPK - 250 pL L1
IPTG - 1 mmol L!
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If a reagent bottle was used, the cultivation media is distributed to the shaking flasks.
For the cultivations on butane derivatives the desired amount of butanol or butyric acid

is then added to the shaking flask according to planned experiments.

The E. coli W3110 pBT10 strain, containing only the alkBGT system, is inoculated with
two beads from long term cryo-conservation. The shaking flask is placed in a shaking
incubator at 37°C and 180 rpm. After 9 h of cultivation the culture is used for the

inoculation of the STR Fermenter, see next section: high cell density fermentation.

The E. coli W3110 pBT10 pJ294 strain, containing the alkBGT and ato system, is
inoculated with 1 to 5 mL of active culture (see chapter 6.2), depending on the OD of
the active culture and desired starting OD of the new culture. When an active culture
with low OD had to be used the E. coli were centrifuged (10 min at 5000 rpm,
UNIVERSAL 320R/Hettich/Germany) and resuspended in a smaller volume puffer.
The shaking flasks were then placed in a shaking incubator at 30°C and 180 rpm.

High Cell Density Fermentation

The high cell density (HCD) fermentation was only used for the E. coli W3110 pBT10
strain to generate cell mass for further bubble column experiments. The protocols for
laboratory usage are attached in Appendix 11.4.1. A list of contents and the procedure

for the preparation of all stock solutions is attached in Appendix 11.1.

The HCD fermentation is performed over the course of three days. On the first day the
fermenter is prepared. On the second day the preculture is started, the preparation of
the fermenter finalized, and the main culture started. Harvest and cleaning are

performed on the third day. In the following the procedure is described in detail.

First day
On the first day the in advanced prepared HCD salt stock (see appendix, Table A.1) is

dissolved in 2 L. Millipore water. 1.88 L. of this salt solution are transferred to the
fermenter and the residual in a reagent bottle. The pH probe is calibrated using
calibration solutions with pH values of 4 and 7. After calibration the pH probe as well
as the dissolved oxygen probe are placed into the corresponding ports at the top of the
STR and screwed tightly. The connectors for the cables of the probes are covered.

Afterwards the filling level of the culture medium is marked. The fermenter, the
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reagent bottle with media, a reagent bottle with deionized water (>200 mL) and

necessary tubing are autoclaved overnight.

Second day
On the second day the reactor is taken from the autoclave, placed in the fume hood,

and the power supply for the dissolved oxygen sensor is connected for polarisation.
Afterwards the HCD medium, which was autoclaved in a reagent bottle, is used to start

the preculture (see above).

To compensate evaporated water during autoclaving of the reactor, autoclaved water
is added sterile to the fermenter, using the a peristaltic pump and sterile tubing. After
the previously marked filling level is reached the regent bottle is exchanged with a
reagent bottle containing further nutrients (see Table 3.3). Preparation of this
nutrients, in a sterile reagent bottle, and exchanges of the tubing is performed under a

clean bench.

Table 3.3: Nutrients for the HCD fermentation. Added after autoclaving.

Final concentration

Compound )
1n reactor
HCD-Feed 30 mL L1
NH4Fe-Citrate-Stock (10 g L'1) 17 mL L1
US3 Trace Element-Stock 15 mL L1
Kanamycin 50 pg mL!

While the nutrients solution is added to the reactor, all utilities are connected. This
includes: the engine for the stirrer, the connection to the cooling circulator, the
external temperature sensor of the circulator, the feed for ammonia solution, the cable
to the pH-sensor, the cooling water for the exhaust gas cooler, the antifoam feed and
the air inlet. After the complete nutrients solution is added to the reactor, the tubing is
sterilely switched to a bottle containing the HCD-feed (see appendix, Table A. 3). The
pH-value is adjusted to pH 6.8 and this value is set into the PLC.

Approximately 7 hours after the preculture was put in the incubator, the reactor
temperature is set to 37°C and a low stirring rate is applied. When the reactor reaches
37°C, the DO-sensor is calibrated.

After 9 hours of preculture ~ 50 mL of preculture are sterilely transferred to a syringe
and added to the reactor in steps. After each addition the ODsoo is measured. Addition

of preculture is stopped when an OD of 0.1 is reached. The fermentation is started by
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setting the starting time for the glucose feed, 8 hours after induction at a dilution rate
of 0.004 h-1 and an increase in dilution rate by 0.001 h-! every 1.25 hours. The cooling
circulator is set to cool the reactor after 7 hours to 30°C, at a cooling speed of 7°C h-!
and the antifoam (Delamex 180, Bussetti & Co GesmbH/Austria) feed is started at
50 pL h-.

Third day

During the fermentation the ODsoo and glucose concentration are measured regularly.
At a DO level of ~ 40, or 3 hours before the DO level is expected to reach 10-20 %, the
induction is started by the addition of 250 pL. L' DCPK. Three hours later the
fermentation is stopped, and the cells are harvested. For this all utilities are
disconnected, with the second last being the engine for the stirrer and the last the air
supply. The culture medium is transferred to centrifugation bottles, which are balanced
and put into the centrifuge, Avanti J-25 with J-10 rotor/Beckman Coulter/USA, at
5000 rpm for 15 minutes and 4°C. After centrifugation, the supernatant is discarded
and the cell pellets aliquoted into 50 mL falcons. The falcons are weighted, labelled,
and stored at -80°C. To be able to distinguish between different fermentations and be
able to compare bacterial activity between these, each fermentation was labelled with
a running number (HCD#). It is assumed that the maximum activity for each cell

aliquot of the same fermentation is constant.

Lastly, the reactor is filled with water and autoclaved. Subsequent to autoclaving, the

reactor is cleaned and assembled for the next use.

3.3.2 Bubble Column Experiments

The general procedure for all bubble column experiments is the same and is therefore
described in a general manner. The system specific information are listed in Table 3.4.
Additionally, the method for the addition of the biocatalyst to the bubble column is
described separately. The protocols for laboratory usage are attached in Appendix 11.4.
Alist of contents and the procedure for the preparation of all stock solutions is attached

in Appendix 11.1.
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Table 3.4: Overview over the applied conditions for the different reaction systems.

Biological System alkBGT alkBGT/ato rAaeUPO
. potassium phosphate
Medium M9 M9+ 0.1 M pH 7
O2-Sensor Yes Yes Yes
pH-Sensor Yes Yes No
o .
Titration with 25% am.m oma - -
solution
Gassing butane-air butane-air butane-nitrogen
Feed of glucose - H202
e . Kanamycin
Antibiotic Kanamycin and Ampicillin -

The day before the experiment, the DO-sensor is mounted in the reactor and attached
to power supply for polarisation. On the day of the experiment the bubble column is
filled with the corresponding medium and the antibiotic is added, if necessary (see
Table 3.4). The temperature is set and a low air gassing is applied for mixing. The pH-
sensor is calibrate (pH 4 and 7) and mounted in the reactor. Then the utilities are
connected as needed: glucose feed, anti-foam feed, base feed and/or H202 feed. A drop
of antifoam is added in the 0.2 L bubble column reactor or 3 drops in the 2 L bubble
column.

When the temperature reached the set point, the DO-sensor is calibrated. For this pure
nitrogen and air at an absolute pressure of 1 atm is used. After the calibration the

bubble column is checked for air-tightness.

The addition of the biocatalyst is depending on the reaction system and is therefore

explained separately:

AlKkBGT-System

A falcon with E. coli biomass is taken from -80°C storage and placed in a container
with warm water. When the biomass at the wall is visibly liquefied, the falcon is taken
out and the content is shaken and squeezed into a syringe. For a 50 mL falcon a 50 mL
syringe is used. Using the sampling port, the biomass is resuspended in the bubble
column. The OD is measured until consecutively measurements are constant,
difference less than 0.5 OD. The glucose feed rate (F; 005 [mL h-1]) is calculated using
eq. 13 and the feed rate set.
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500 Yglucose " kg_l

Wapplied

13

Ferucose = fGlucose Vg -OD -

ferucose [MLGlucose-solution h1 L'l OD-1] is the glucose factor (see 5.2.3), Vx[L] the reactor
volume, and wyp,,1:04[g kg1] the glucose concentration in the stock solution. Normally
in the 0.2 L bubble column reactor 50 gglucose kg and in the 2 L bubble column reactor
250 gglucose kg solutions were used. At very high ODs (> OD 20) 500 gglucose kg could be
used in the 2 L bubble column reactor.

The experiment starts with the supply of butane.

AlkBGT/Ato-System

The OD of the preculture is measured and the required volume to reach the desired
starting OD is calculated. This volume of starting culture is then transferred to a 50 mL
falcon, centrifuged (5000 rpm, 10 minutes, 4°C). The supernatant is discarded and the
cells are resuspended with medium from the bubble column. Using a syringe the cells
are transferred via the sampling port into the bubble column. When the reactor with
external loop is used (see chapter 3.2.2), the pump is started right after addition of the
bacteria.

If needed, liquid substrate (butyric acid and or 1-butanol) is added to the bubble
column via the sampling port. After ~30 seconds a to sample is taken. For dual
substrate cultivations (chapter 6.3) 50 mL of the medium, including cells and liquid
substrate, are withdrawn and transferred to a 300 mL shaking flask. This flask is placed

in a shaking incubator at 120 rpm and the same temperature as the bubble column.
The experiment starts with the supply of butane.

UPO-System

Using the APTS assay the UPO concentration of the stock solution (see chapter 3.1.1)
is measured in triplicates. From this result the required volume of the stock solution is
calculated. The corresponding amount is transferred into a syringe and added to the
bubble column via the sampling port. A to sample is taken and the UPO concentration

is directly measured.

The butane feed is started, as described in the following subchapter for all bubble
column experiments in a general matter. After the pressure is adjusted to the desired

value the experiment starts with the feed of hydrogen peroxide.
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Start of the Experiments

Except for the experiments with the UPO system, the experiments start with the
gassing of butane, pure or in mixtures. To prevent explosive mixtures in the bubble
column reactor, the system is flushed with pure nitrogen until the DO-value decreases
significantly. The nitrogen flow is then stopped and the gas supply pipe is connected to
the outlet of the mass flow controller or directly to the mixing station. The gas flow is
set to the desired value and the back pressure is manually adjusted. The adjustment of
the pressure is performed in steps to give the mass flow controller time to adapt to the
pressure changes. When the pressure reaches the desired value the to sample is taken.
Samples are withdrawn regularly and directly measured. Depending on the experiment
the ODeoo or active enzyme concentration is determined. The substrate/product
concentrations are determined via GC, after extraction (see chapter 3.4.1). Over the

course of the experiments pressure and temperature are regularly manually adjusted.

At the end of the experiment the butane flow and all additional feeds (anti-foam, H202,
glucose) are stopped. After flushing the system with nitrogen, a low gassing with air is
applied to prevent clogging of the sinter stone. The reaction media is withdrawn, if
necessary autoclaved and discarded. The gassing with air is stopped. The pH- and DO-
sensors are cleaned with 70 vol.% ethanol solution and stored for later use. Lastly the
bubble column is filled with a 2 vol.% Korsolex (Korsolex®basic/PAUL HARTMANN
AG/Germany) solution. On the next day the Korsolex solution is transferred back into
a storage container and the bubble column is flushed with water while being gassed

with air until no foam formation visible.

3.3.3 Thermovessel Experiments: UPO Process Curve Analysis

Subsequent reactions of the UPO were investigated with process curve analysis (see
chapter 7.3.2). For this thermovessels with a working volume of 50 mL (100 mM KP;
pH 7) were placed on a magnetic stirrer. The vessel was connected to the refrigerated
circulator and the temperature set to 25 °C. Using the APTS assay the UPO
concentration of the stock solution (see chapter 3.1.1) is measured in triplicates. From
this result the required volume of the stock solution is calculated. The corresponding
amount is transferred to the vessel and the substrate, 2-butanol, is added. For H202
feed (100 mM) a syringe pump is used. After starting the pump a to sample is taken and

directly analysed, active enzyme concentration and extraction for GC. The experiment
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is continued, while regularly sampled, until no more enzyme activity is measured or 1.5

times the amount of H2O2 was added (mol/mol).

3.4 Analytics

3.4.1 GC Analytics

Aqueous product and substrate concentrations were determined via gas
chromatography. For the analysis 500 uL of aqueous sample are mixed with 500 uL of
organic solvent. Depending on the reaction system the extraction mixture was acidified
with 50 pL of 3 M HCl-solution. For solvent selection refer to Table 3.5.

Table 3.5: Overview of the extraction system depending on the reaction system and
products and/or substrates.

Reaction System alkBGT alkBGT+ato rAaeUPO
Organic solvent ethyl acetate MTBE MTBE
Measured 1-butanol & 1-butanol, butyric 2-butanol &
compounds butyric acid acid, acetic acid butanone
Acidulation yes yes no

All samples were vortexed for 2 min and centrifuged for 3 min at 13000 rpm for phase
separation. The upper organic phase was transferred into GC-vials with inlets and
analysed in a gas chromatography set-up (HP 6890 GC, Agilent). The inlet temperature
was 250 °C and a split of 50:1 (1-butanol and butyric acid) or 30:1 (2-butanol,
butanone) was applied. A hydrogen flow rate of 1.5 mL min-! was used as the carrier
gas and a FFAPplus column (Macherey-Nagel, 30 m x 250 um x 25 um) was installed.
A FID detector operating at 250°C analysed the samples. The initial oven temperature
was set to 45°C and was held for 4 min. Afterwards, the oven temperature increases at
20 °C min'! to 200 °C.

Changes to the above-described procedure were performed for some experiments. In
the beginning of the UPO experiments ethyl acetate (for 2-butanol) and heptane (for
butanone) was used as organic solvent. The solvent was changed to MTBE to measure
both concentrations in parallel. In the scale-up of the UPO decanol (chapter 7.5.2) was
used as extractant. For direct measurement the same methods was used but with a

temperature ramp up to 220°C.
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The retention times are 1.3, 2.0, 3.8 and 8.6 min for butanone, 2-butanol, 1-butanol

and butyric acid, respectively. Exemplary chromatograms are given in appendix 11.5.

3.4.2 Glucose

The glucose concentration during fermentation of the E. coli was determined by a
blood sugar analyser ,ACCU-CHEK", F. Hoffmann-La Roche AG/Switzerland. The
system employs single use measuring strips, which are dipped into the sample. High cell
concentrations can interfere with the measurement leading to measurement failure. In
these cases, the measurement is repeated with a centrifuged sample. A measuring result of

“LOW?” corresponds to a glucose concentration below 10 mg L1 (0.6 mmol L1).

3.4.3 ABTS Assay

The amount of active UPO inside the reaction media can be determined via the 2,2’-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) assay. For this an initial
reaction rate measurement with a defined reaction system is performed. In a 1 mL
poly(methyl metharcrylate) (PMMA) cuvette (d=1 cm) the reactants are mixed. Final
concentration of 0.3 mM ABTS (casrs), 2 mM H202 in a 100 mM Na>HPOa4/citrate
buffer (pH 4.4) are applied, see Table 3.6. The reaction starts by the addition of 100 pL
sample. The sample is diluted beforehand to achieve an adsorption increase (dA)
between 0.1 and 1 cm-1 min-!at 420 nm. The extinction coefficient for ABTS (eaBTs,420nm)

is 36 mM-1 em-L.

Table 3.6: Pipetting scheme for the ABTS assay. Reactants are prepared in buffer.

Liquid Volume [uL]
Na2HPO4/citrate buffer 750
H>02 (40 mM) 50
ABTS (3 mM) 100
Sample 100

Using eq. 14 and the kinetic parameters (Kmasrs = 0.300 mM, KeataBrs = 546 s1)
determined for rAaeUPO-PaDa-I expressed in Pichia pastoris by Molina-Espeja [39]

the concentration of active enzyme (ce [mM]) is calculated.

dA _ (Km,ABTS + CABTS) 14

€aprsazonm " A KcataBTSs * CaBTS

Cg =
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An active enzyme concentration of 1 mM corresponds to volumetric activity of
3.3:107 U L1 regarding ABTS as substrate.
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4 Gas Mixing Station

In this chapter the design and construction of the gas mixing station (GMS), which was

used in all further experiments, is described.

4.1 Introduction

Generally, two possibilities exist to supply a bioreactor with a mixture of the gaseous
substrates, butane and oxygen (or air): The use of pre-mixed gas bottles or the on-site
mixing of the gases. The first method is normally quite easy and convenient. Only a low
number of connections and instruments are needed, which makes the setup safe while
being cheap. Usually, 50 L gas cylinders are used, which can be pressurised up to
200 bar(g). At an assumed gassing rate of 2 L. min-l, this would result in a theoretical
experimental runtime of around 80 h. Unfortunately, butane has a vapour pressure of
~2 bar at 20°C [31]. This leads to the condensation of butane when its partial pressure
exceeds these 2 bars. E.g. at 20 vol.% butane the possible maximum filling pressure is
10 bar. Additionally, a safety distance is applied. Furthermore 1 bar of the gas mixture
remains in the gas bottle. Overall, usable 8 bar can be assumed, which leads to an
experimental runtime (using 2 L min~) of approximate 4 h. This runtime would further
decrease if higher butane contents, gassing rates, or pressures would be applied. To
overcome this limitation and to be able of suppling a freely selectable gas composition

a GMS was constructed.

4.2 Design

Design Boundaries

For the design of the GMS the current as well as possible future setups were considered.
So far one 2 L bubble column reactor was used at a time, but an identical bubble
column was available, which could be used in parallel at sufficient gas supply.
Additionally, a possible scale up of the reactor was discussed, therefore, this should be

taken into consideration for the design of the GMS.
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One aspect, which should be kept constant at a scale up, is the height to diameter ratio
(H/D). For the 2 L bubble column the H/D is approximately 6. In respect to the space
in the fume hood a scale up to a ~14 L bubble column reactor with an inner diameter
of 15 cm is possible. Depending on the used scale up criteria, different gassing rates
could be used. Using the superficial gas velocity as criteria, a gassing rate of
2 L min! translates into a gassing rate of 7 L. min-l. When using a constant gas volume
flow per reactor volume (VVM), which is a VVM of 1 in a 2 L reactor and a gassing rate
of 2 Ln min", a gassing rate of 14 L. min- needs to be applied.

As described in chapter 1.3 the lowest applied butane content is 14 vol.%. The upper
limit must be determined experimentally, but it was aimed at a butane content of 40 to
50 vol.% at every possible gassing rate.

Lastly, the outlet pressure of the GMS has to be discussed. The applied bubble column
reactors are made of glass with a maximum allowed over pressure of 500 mbar, see
chapter 3.2.2. Additionally, the pressure drop of the gassing adapter and potentially of
an additional mass flow controller (MFC) needs to be overcome. At the same time the
inlet pressure of the butane stream is approximately that of the vapour pressure of
butane, 1bar(g). Therefore, the outlet pressure therefore needs to be adjusted in-

between these two values.

Final Design

The main features of the GMS are two MFC, one for butane and air respectively, a
mixing chamber, distribution chamber, a pressure indicator and a relief valve. In
Figure 4.1 a simplified P&ID of these components is shown. All components are

specified, model/brand and Company, in the materials and methods (chapter 3.2.1).
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Figure 4.1: Simplified P&ID of the GMS for an arbitrary mixing of butane and air.
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Chapter 4 Gas Mixing Station

The volume flow of butane and air is controlled by a thermal mass flow meter, an EL-
Flow Select by Bronkhorst. To account for a higher flow rate in a possible scale up the
butane MFC is equipped with two different settings, see Table 4.1. Even in a scale up
to a 14 L scale at 1 VVM, a butane content of up to 40 vol.% can be supplied. The two
gas streams are mixed in mixing chamber. Using a relief valve, the pressure, measured
by a pressure indicator, can be manually adjusted at the distribution chamber. In the
absence of a consumer the gas stream is lead to the exhaust via this valve. The valve is
also used to compensate small differences between the MFC of the GMS and the other
MFCs used in the setup, see chapter 3.2. By adjusting the GMS to a slightly higher flow
rate than the consumer, the desired pressure is kept constant. The surplus gas is led to
the exhaust via the relief valve. This is specifically needed when two reactors are

sup