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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 AlkBGT 

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 AlkBGT 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 

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. 



Chapter 1  Introduction 

2 

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-1 and 400-430 kJ mol-1, 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-1.[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 



Chapter 1  Introduction 

3 

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 H2O.[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 (c [mmol]) 

equal to maximum solubility (c*) 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 

(kL [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 L-1 h-1]) can be mathematically described as follows: 

𝑇𝑅 =  𝑘𝐿𝑎 ∙ (𝑐𝑖
∗ − 𝑐𝑖)  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 kL and a value is impractical, normally a 

combined value, the kLa [h-1] , is determined for bioreactors [18]. 

 

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-1 bar-1]) and the partial pressure of the 

substance in the gas phase are used (pi [bar]), see eq. 2. 

𝑐𝑖
∗ =  𝑝𝑖 ∙ 𝐻  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. 

𝑑𝑛𝑖

𝑑𝑡
=

𝑑(𝑉 ∙ 𝑐𝑖)

𝑑𝑡
= + 𝑛̇𝑖,𝑖𝑛 − 𝑛̇𝑖,𝑜𝑢𝑡 ±  𝑟 ∙ 𝑉 = 0 3 

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 (𝑉̇𝑖𝑛 [L h-1]) enters the system boundaries. The off 

gas (𝑉̇𝑜𝑢𝑡 [L h-1]) 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 (𝑉𝑅[L]) is needed. 

𝑑𝑛𝑖

𝑑𝑡
= 0 = 𝑐𝑖,𝑖𝑛 ∙ 𝑉̇𝑖𝑛 − (𝑐𝑖,𝑜𝑢𝑡 ∙ 𝑉̇𝑜𝑢𝑡 + 𝑇𝑅 ∙  𝑉𝑅)  ± 0 4 

𝑇𝑅 ∙ =
𝑐𝑖,𝑖𝑛 ∙ 𝑉̇𝑖𝑛 − 𝑐𝑖,𝑜𝑢𝑡 ∙ 𝑉̇𝑜𝑢𝑡

𝑉𝑅
 5 

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

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

𝑋𝑖 = 1 −
𝑐𝑖,𝑜𝑢𝑡 ∙ 𝑉̇𝑜𝑢𝑡

𝑐𝑖,𝑖𝑛 ∙ 𝑉̇𝑖𝑛

  6 

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 (𝑄̇𝑃[mmol L-1 h-1]) will be used. The 𝑄̇𝑃 describes the formation 

rate of the product (P), eq. 7. 

𝑑𝑐𝑃

𝑑𝑡
= 𝑄̇𝑃 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 − 𝑄̇𝑃 8 

𝑇𝑅 =  𝑄̇𝑃 9 

Using this dependency, the 𝑄̇𝑃 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 (𝑌𝑖 [%]) describes the amount of product per supplied substrate. In the semi-

continuous bubble column reactor this is the molar product formation rate 

(𝑛̇𝑃 [mol h-1]) divided by the molar gassing rate of the substrate (𝑛̇𝑆 [mol h-1]).  

𝑌𝑖 =
𝑛̇𝑃

𝑛̇𝑆
=   

𝑄̇𝑃 ∙ 𝑉𝑅

𝑥𝑆,𝑖𝑛 ∙
𝑉̇𝑖𝑛

𝑉𝑀

 10 

Here the 𝑛̇𝑃 is the product of the 𝑄̇𝑃 and the reactor volume (VR [L]). The 𝑛̇𝑆 can be 

described using the gassing rate (𝑉̇𝑖𝑛 [L h-1]), the substrate content in the gas (𝑥𝑆,𝑖𝑛) and 

the molar volume (𝑉𝑀 ≈ 22.4 L mol-1 at 0 °C). 

Mass Transport - and Biological Limitation  

Besides others factors, the 𝑄̇𝑃 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:  

𝑘𝑙𝑎 ∙ (𝑐𝑖
∗ − 𝑐𝑖) = 𝑓(𝑐𝑖, 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 𝑄̇𝑃 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 𝑄̇𝑃. 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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𝑇𝑅𝑚𝑎𝑥 =  𝑘𝐿𝑎 ∙ 𝑐𝑖
∗  12 

To further increase the mass transfer either the kLa 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 kLa 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 

a reactor, additional instalments, like flow breakers or riser and down-comer, influence 

the overall kLa 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 kLa 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 kLa as well as the maximum solubility or 

both at the same time. For example, a change in gassing rate influences the kLa 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 kLa on the other hand is neglectable under usually applied pressures 

[21]. Temperature can, depending on the system impact the kLa 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 (ATmosphères 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 
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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-1). A stream of pure butane at ~150 L min-1 

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-1 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. 
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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. 
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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 β-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 
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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 μg mL-1) 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 L-1). 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 L-1 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-1. 

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 µM) 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 µM (3566 ± 88 U mL-1). 

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

 

 

 

 

 

b)  

 

 

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 LN min-1. The maximum 

flow rate for butane depends on the setting of the mass flow meter/controller, either 

1.7 or 5.7 LN min-1. 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 Up to 2.5 L ~ 2 L 0.2 – 0.3 L 

Height 

(working volume) 
~20 cm ~ 40 cm ~ 20 cm 

Inner diameter 12 cm 8 cm 4 cm 

H/D ratio 1.6 5 5 

Gassing adapter: 

height h, diameter d 

2 µm sinterstone  

h = 4 cm; d= 2.2 cm 

2 µm sinterstone  

h = 4 cm; d= 2.2 cm 

2 µm sinterstone  

h = 4 cm; d= 2.2 cm 

Stirrer 
2x Rushton turbine 

and 1x pitched blade 
- - 

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.   

 

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 µm 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-1, 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.  

 



Chapter 3  Materials, Reactors and Methods 

20 

 

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. 

 
Figure 3.5: 2 L bubble column reactor setup with external extraction column 
(0.2 L)  
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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 1 L 0.3 L 

Filling volume 0.1 L 0.05 L 

Salt stock-solution HCD M9 

HCD-Feed 30 mL L-1 - 

NH4Fe-Citrate-Stock 17 mL L-1 - 

MgSO4-Stock - 2.45 mL L-1 

NH4Cl-Stock - 9.09 mL L-1 

US3 Trace Element-Stock 3 mL L-1 15 mL L-1 

Kanamycin 50 µg mL-1 50 mg L-1 

Ampicillin - 100 mg L-1 

DCPK - 250 µL L-1 

IPTG - 1 mmol L-1 
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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.  

Compound 
Final concentration 

in reactor 

HCD-Feed 30 mL L-1 

NH4Fe-Citrate-Stock (10 g L-1)  17 mL L-1 

US3 Trace Element-Stock 15 mL L-1 

Kanamycin 50 µg mL-1 

 

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 OD600 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-1 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-1 

and the antifoam (Delamex 180, Bussetti & Co GesmbH/Austria) feed is started at 

50 μL h-1. 

Third day 

During the fermentation the OD600 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 µL L-1 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. 

A list 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 

Medium M9 M9+ 
potassium phosphate 

0.1 M pH 7 

O2-Sensor Yes Yes Yes 

pH-Sensor Yes Yes No 

Titration with 
25 % ammonia 

solution 
- - 

Gassing butane-air butane-air butane-nitrogen 

Feed of glucose - H2O2 

Antibiotic Kanamycin 
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 H2O2 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: 

AlkBGT-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 (𝐹̇𝐺𝑙𝑢𝑐𝑜𝑠𝑒 [mL h-1]) is calculated using 

eq. 13 and the feed rate set. 
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𝐹̇𝐺𝑙𝑢𝑐𝑜𝑠𝑒 =  𝑓𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∙ 𝑉𝑅  ∙ 𝑂𝐷 ∙
500 𝑔𝑔𝑙𝑢𝑐𝑜𝑠𝑒 ∙ 𝑘𝑔−1 

𝑤𝑎𝑝𝑝𝑙𝑖𝑒𝑑
 13 

𝑓𝐺𝑙𝑢𝑐𝑜𝑠𝑒 [mLGlucose-solution h-1 L-1 OD-1] is the glucose factor (see 5.2.3), 𝑉𝑅[𝐿] the reactor 

volume, and 𝑤𝑎𝑝𝑝𝑙𝑖𝑒𝑑[g kg-1] 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 t0 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 t0 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 t0 sample is taken. 

Samples are withdrawn regularly and directly measured. Depending on the experiment 

the OD600 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, H2O2, 

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 KPi 

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 H2O2 

feed (100 mM) a syringe pump is used. After starting the pump a t0 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 µL of aqueous sample are mixed with 500 µL of 

organic solvent. Depending on the reaction system the extraction mixture was acidified 

with 50 µL 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 

compounds 

1-butanol &  

butyric acid 

1-butanol, butyric 

acid, acetic acid 

2-butanol & 

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-1 was used as the carrier 

gas and a FFAPplus column (Macherey-Nagel, 30 m x 250 µm x 25 µm) 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-1 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 L-1 (0.6 mmol L-1).  

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 (cABTS), 2 mM H2O2 in a 100 mM Na2HPO4/citrate 

buffer (pH 4.4) are applied, see Table 3.6. The reaction starts by the addition of 100 μL 

sample. The sample is diluted beforehand to achieve an adsorption increase (dA) 

between 0.1 and 1 cm-1 min-1 at 420 nm. The extinction coefficient for ABTS (εABTS,420nm) 

is 36 mM-1 cm-1.  

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

Liquid Volume [μL] 

Na2HPO4/citrate buffer  750  

H2O2 (40 mM) 50 

ABTS (3 mM) 100 

Sample 100 

 

Using eq. 14 and the kinetic parameters (KM,ABTS = 0.300 mM, kcat,ABTS = 546 s-1)  

determined for rAaeUPO-PaDa-I expressed in Pichia pastoris by Molina-Espeja [39] 

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

𝑐𝐸 =  
𝑑𝐴

𝜀𝐴𝐵𝑇𝑆,420𝑛𝑚 ∙ 𝑑
∙

(𝐾𝑚,𝐴𝐵𝑇𝑆 + 𝑐𝐴𝐵𝑇𝑆)

𝑘𝑐𝑎𝑡,𝐴𝐵𝑇𝑆 ∙ 𝑐𝐴𝐵𝑇𝑆
 

14 
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An active enzyme concentration of 1 mM corresponds to volumetric activity of 
3.3∙107 U L-1 regarding ABTS as substrate.  
 
 
 
 

  



Chapter 4  Gas Mixing Station 

31 

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-1, 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-1) 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-1 translates into a gassing rate of 7 L min-1. 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-1, a gassing rate of 14 L min-1 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, 1 bar(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). 

 

Figure 4.1: Simplified P&ID of the GMS for an arbitrary mixing of butane and air.  
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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 

supplied in parallel.  

 
Table 4.1: Maximum possible flow rate of the MFC installed in the GMS. 

MFC Air 
Butane 

Setting 1 Setting 2 

Max flow [LN min-1] 24.9 1.7 5.7 

 
In addition, the GMS is equipped with several safety instalments. The main safety 

concern is the creation of explosive mixtures. The GMS is operated via the control 

program (ProfiSignal, see digital appendix) of the PLC (ProfiMessage). Using 

ProfiSignal the total volume flow and butane content are set. While the total volume 

flow can be freely chosen, only a pre-defined set of butane content are available, the 

lowest being 14 vol.%. Besides this programming that does not allow to actively mix 

explosive mixtures, two additional layers of protection are used. Firstly, both single gas 

streams are measured by thermal mass flow meters (MFM). Secondly the compositions 

of the final mixture is determined by an oxygen sensor. As air is mixed with butane, the 

mixed gas composition is on the airline and therefore describable by the sole 

measurement of oxygen, butane or nitrogen. If one of the three measurements (MFC, 

MFM or sensor), independently from the others, determines a butane content below 

12 vol.%, the gas supply is stopped. For this “normally closed”-magnetic valves are 

used. Like the other magnetic valves, these valves close also in the case of a power 

shortage. To prevent a back mixing of gases, check valves are utilised behind the 
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MFMs. Additionally, the piping and mixing chamber behind these check valves can be 

flushed with nitrogen allowing for a safer start up and shut down procedure.  

Validation  

Before the use of the GMS, the produced mixed gas was validated by comparing it with 

a premixed gas bottle (butane content of 20±1 vol.%.) provided by Linde, Linde 

plc/Dublin/Irland, using a µ-GC (measurements performed by the Institute of 

Chemical Reaction Engineering (TUHH), Hamburg, Germany). The mixed gas of the 

GMS was inside the error margin (± 1 %) of the pre-mixed gas bottle.   
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5 Whole Cell Catalysed Oxidation of 

Butane to Butyric Acid 

In this chapter the oxidation of butane to butyric acid using the alkBGT system in a 

whole cell (E. coli) concept is described. Previous results on this topic were published 

by Sluyter et al. [34] 

5.1 Introduction and Fundamentals 

The ability of microorganisms to utilise, or grow on, alkanes was already reviewed in 

the 1940s [41, 42]. Starting from the initial fundamental research, the recent years have 

shown industrial interest in the oxyfunctionalisation of alkanes and fatty acids. A 

special interest persists in the terminal hydroxylation since it is the generally more 

unfavoured reaction, as described in chapter 1.1. In this regard the cooperation partner, 

the Evonik Industries AG, holds several patents for the utilisation of the so called 

alkBGT enzyme system, which can catalyse these reactions [43–47].  

Starting with an ACIB (Austrian Centre of Industrial Biotechnology) funded project in 

2015 (ACIB Project 21.091), the hydroxylation of short chain alkanes was investigated 

at the Institute of Technical Biocatalysis (ITB). Here the alkBGT system was utilised 

heterologously expressed in E. coli. The focus at the ITB was the investigation of the 

upstream process development in a bubble column reactor setup. For this, a model 

system, in which butane is oxidised to butyric acid, was established and systematically 

examined. In the experiments a mass transfer limitation was observed. This led to the 

primary investigation of process parameters like gassing rate, overpressure in the 

bubble column, butane content in the feed gas and the reaction temperature. The main 

performance indicators were the 𝑄̇𝑃, in here the volumetric formation rate of butyric 

acid, and the yield, the percentage of butane that is converted to butyric acid.  

With the previously described GMS, investigations of until then inaccessible process 

conditions were made possible and will be one focus of this chapter. Before the 

experimental results are described and discussed, the following subchapters will give 
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a brief introduction into whole cell biocatalysis, the alkBGT enzyme system and the 

optimisation method Design of Experiments. 

In this chapter, unless otherwise stated, the volumetric productivity 𝑄̇𝑃 [mol L-1 h-1] is 

defined as the formation rate of butyric acid and the yield Y [%] is defined as the 

percentage of butane that is converted to butyric acid. 

5.1.1 Whole Cell Biocatalysis 

In biocatalysis the general question arises if the applied enzyme is to be used as an 

enzyme (in vitro) or inside host cells (in vivo). The latter is also called whole cell 

biocatalysis. Both ways of applications offer advantages and disadvantages. Free 

enzymes often reach higher reaction rates as no transport through a cell wall is needed. 

Additionally, the microorganisms themselves demand certain additives, e.g. salts and 

a carbon source (often glucose), to survive. These would not be needed if the enzyme 

is applied in its free form. Additionally, to the target enzyme, the microorganism also 

brings further enzymes into the reaction media. Depending on the substrate, these 

additional enzymes could perform unwanted by-products.  

On the other hand, the microorganism provides the target enzymes with several 

benefits. The most important ones are the protection from outside influences (the 

reaction conditions) and the regeneration of cofactors. Depending on the enzymes 

these cofactors are e.g. NAD(P)H or ATP. While in a reaction with a free enzyme these 

must be provided, the microorganism provides them while performing its maintenance 

metabolism. Some enzymes are quite complex structures, assembled by different 

subunits and/or bound to the cell membrane. In these cases, as with the alkBGT 

system, application without the cells protection is complicated and therefore 

unfavourable for an industrial process. 

5.1.2 AlkBGT System 

In 1963 the isolation of an Pseudonomas (later classified as Pseudomonas putida 

GPo1) capable to grow on hexane as sole carbon source was reported by Baptist et 

al. [48]. A cell free extract of the strain was able to catalyse the hydroxylation of octane 

to octanol. Three years later Peterson et al. [49] first reported on the structure of an 

alkane (Alk) utilising system.  It was found that the system consists of three enzymes 

forming the AlkBGT system. Further genetic investigations decoded the whole pathway 

for the metabolisation of alkanes, resulting in the AlkBGTHJKL system. After the first 
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oxyfunctionalisation by AlkBGT, the alcohol dehydrogenase (AlkJ) and aldehyde 

dehydrogenase (AlkH) oxidise the alcohol to the corresponding acid. The acyl-CoA 

synthetase (AlkK) finally activates the carbon acid to an acyl CoA, which can then be 

metabolised via β-oxidation. [50] Lastly, the alkL is a transport enzyme which guides 

longer chain substrates through the cell wall. 

 

Figure 5.1: Schematic view of the alkBGT system expressed in E. coli. Additionally, 
cofactor regeneration via glucose supported maintenance metabolism is indicated. 

 In this chapter a heterologous expression of the AlkBGT enzymes in E. coli is utilised. 

Therefore, only these 3 enzymes are described in detail. The AlkB enzyme is an integral 

cytoplasmic membrane protein and non-heme di-iron (Fe2+) mono-oxygenase.[51] The 

AlkG is a rubredoxin and the AlkT a rubredoxin reductase, both are cytoplasmic 

proteins. [51] For the overall system in vivo in Pseudonomas van Beilen [52] reports 

on a molar ratio of 50:10:1 (AlkB: AlkG: AlkT). In the system, AlkT performs the 

oxidation of NADH to NAD+ and delivers the electrons to AlkG. Which passes the 

electrons to a AlkB, at which the hydroxylation of the alkane takes place [52], see also 

Figure 5.1. Besides the initial hydroxylation, the AlkBGT system also performs the 

subsequent oxidations, effectively over oxidising the substrate. Therefore, the final 

product of this system is not butanol but butyric acid. Further (bio-)catalytic steps 

could be performed to generate higher value products from this.[53]   

In this chapter the oxidation of butane to butyric acid is used as a model system to 

investigate the general utilisation of gaseous alkanes. In this regard butyric acid as the 

product is more favourable than butanol, as the latter is known to damage E. coli in 

higher concentration. [54] In contrast, the pH change, caused by the butyric acid, can 

be compensated by titration. 
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5.1.3 Design of Experiment 

As described earlier, the whole cell catalysed oxidation of butane is normally 

performed under mass transport limited conditions. In recent years advances on the 

mathematical description of hydrodynamics and mass transport phenomena inside of 

bubble column reactors (BC) were achieved [55, 56].  But still huge efforts must be 

made to describe processes in BCs mechanistically. This is especially true for systems 

like the one applied in this work, as the cells can be considerers a third phase. A model 

would need to incorporate the three phases as well as changing hydrodynamic aspects 

by the changing process parameters. For this work this effort is not worthwhile, as the 

investigations focus on a rather early stage of process development. In contrast a black 

box model can be easily implemented and provide all the information needed at this 

development state. A (statistical) Design of Experiments (DoE) offers an efficient way 

to set up these models. [57] Instead of varying “one factor at time” (OFAT), DoE tools 

offer a systematic method to plan and analyse experiments. Which leads to a reduced 

number of experiments and the possibility to describe interaction between the 

investigated parameters which are neglected in a classical OFAT experiments. 

In the response surface methodology (RSM) a functional relationship between the 

input factors (herein process variables) and the response of interest (e.g. 𝑄̇𝑃 or yield) 

is made. As the actual relationship is unknown it is approximated by a low degree 

polynomial model. Using this approximation, the response for a given setting of factors 

can be predicted. These predictions can be used to determine the optimal setting of 

factors for a chosen response. Effectively, making a process optimisation regarding the 

chosen response or combination of responses possible. 

Linear, or first-degree, models are often used to screen for significant input factors but 

are insufficient when more complex phenomena are to be described. In this case 

second, or higher, order designs are used. For most industrial applications a second 

order design is sufficient. [57] As previous works already determined important 

factors, this work will directly work with a higher order design. The most frequently 

used designs for this are the 3k factorial, central composite and Box-Behnken designs. 

[58] In a 3k factorial design for each factor (k) three levels are defined, a low a medium 

and a high level (-1, 0, +1). Then every possible combination of the different factors 

with the different levels is examined, resulting in 3k number of experiments. The 

resulting design space is illustrated in Figure 5.2 a for a three factor design.  
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The Box-Behnken design is similar to the 3k factorial design. But the amount of 

performed experiments is reduced and only the “edges” of the design space are 

sampled, see Figure 5.2 b. This leads to regions of poor predictability, especially in the 

corner regions, but allows to skip extreme combinations of factors.  

The central composite design (CCD) consists of a 2k (two levels for each factor) design, 

which can be used in a first order model, e.g. for screening. To analyse the curvature of 

the response inside the design space the design is extended by a centre and several 

“star points”, see Figure 5.2 c. Accordingly, for each factor 5 different levels are 

included in the design. 

 

Figure 5.2: Graphical illustration for different three factor design. a) 3k factorial, 
b) Box-Behnken, c) central composite design. Arrows indicate different factors. 

 

Depending on the limitations of the design space, different versions of the CCD exist. 

If no limitations exist, e.g. experiments at all desired system pressures can be made, a 

circumscribed central composite design (CCC) should be performed. Here the corner 

points of the design represent the limits of the design space, the area of interest, and 

the star points are outside the design space, as shown in Figure 5.2 c. This design will 

yield the highest predictability for the area of interest.   

If the experimental setup is limited, e.g. experiments with the maximum feasible 

pressure are to be included into the design, the design has to be changed. In an 

inscribed central composite design (CCI) the design is scaled down. The high and low 

levels are chosen in way that the experiments for the star points are performed at the 

minimum/maximum possible value for the corresponding factor. This reduces the area 

of validity of the final design but keeps the precision of a CCC. The alternative is the 

face centred central composite design (CCF). Here the star points are placed on the 

same level as the corner points. With this the whole design space can be described but 

some precision, especially for purely quadratic models is lost. [57]   
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5.2 Activity test 

In the aforementioned studies empiric values for the activity of the whole cell 

biocatalyst and the necessary glucose supply were used. To quantify these parameters 

an activity test was established. From the previous experiments [34, 35] it was known, 

that the system is easily mass transport limited. In fact, it was made sure that the 

estimated maximum bacterial activity was higher than the expexted mass transport of 

the butane. The goal for the activity test was to reduce the cell concentration, expressed 

in OD [-]. Below a critical value (ODcrit) the system is depending on the amount of cells 

and therefore being biologically limited. To reduce experimental labour, the 

experiments were conducted in the 0.2 L bubble column reactor (Chapter 3.2.2). While 

the OD was varied between the different experiments, all other parameters were kept 

constant (reactor volume 250 mL, temperature 30 °C, butane content 27 vol.%, 

overpressure 100 mbar, gassing rate 0.25 L min-1 and a specific glucose feed rate of 4.17 

mL OD-1 h-1 with a feed solution containing 50 g kg-1 glucose). To exclude variations 

caused by different fermentations, cells from one high cell density fermentations 

(HCD#47) were used in all experiments. Figure 5.3 shows the measured 𝑄̇𝑃 at the 

different applied ODs. Additionally, the activity (A [mmol L-1 h-1 OD-1) was calculated 

as the quotient of the 𝑄̇𝑃 and the average OD, see eq. 15. 

𝐴 =
𝑄̇𝑃 

𝑂𝐷600,𝑎𝑣𝑔
 15 

In the beginning the 𝑄̇𝑃 is proportional increasing with the OD. Starting from an OD 

of approx. 6 a plateau is reached, indicating the transition to mass transfer limitation. 

Accordingly, the activity is constant (0.35 mM h-1 OD-1) up to an OD of 6. At higher 

ODs the butane, which is transferred into the liquid phase, is shared between the cells, 

resulting in a lower activity. Based on this results it was concluded that the activity of 

a batch of fermented cells can be determined in an experiment with the 

aforementioned conditions and an OD of lower than 6. To be able to detect higher 

activity’s an OD of 4 or below was usually applied in further activity tests.  

 

This chapter contains results obtained within the Bachelor thesis of Mayla Schulz at Hamburg 

University of Technology, Hamburg/Germany, supervised by F. Perz 
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Figure 5.3: 𝑄̇𝑃 for the formation of butyric acid ( ) and associated activity ( ) at 

varying ODs. Constant reaction conditions: 250 mL M9 medium, 30°C, gassing of 
0.25 L min-1 with 27 vol.% butane, overpressure of 100 mbar, specific glucose feed 
rate 4.17 mL h-1 OD-1

 (glucose concentration 50 g kg-1).   

 

In the following this activity test was utilised to evaluate the used bacteria. The 

induction time during the fermentation, the effect of the freezing between bacteria 

fermentation and utilisation in the bubble column, and the specific glucose demand of 

the cells were investigated.  

5.2.1 Induction Period  

To determine the impact of different induction length on the bacterial activity, a high 

cell density fermentation was performed, and cells were harvested in intervals. After 

normal processing, centrifugation and freezing of the cell pellet at -80°C, activity tests 

were performed. The resulting activities in respect to the induction length are depicted 

in Figure 5.4. It is shown that the activity generally increases with increasing induction 

duration. The highest activity was measured for an induction period of 3 h, longer 

periods yielded no benefit. It must be noted that in the activity test with cells induced 

for 0.25 h, a lag phase was observed. Butyric acid was only measured after 1-1.5 hours 

and a constant 𝑄̇𝑃 was reached another 0.5 hours later. This activation during the 

experiment can be explained by auto induction of the alkBGT operon by alkanes.[59] 

While the activity test is performed in minimal media, the frozen cell pellet still 

contains residual nutrients from the fermentation allowing E. coli to express enzymes 

at the beginning of the experiment. When all nutrients are consumed, all energy is put 

into the butane oxidation, resulting in the final constant 𝑄̇𝑃. 

For all further experiments an induction time of 3 hours was used.  
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Figure 5.4: Influence of the induction time on the activity of alkBGT. Experiments 
with 0.25, 1 and 2 h were performed in duplicates, 3 h in triplicates and 4 h once. 
Constant reaction conditions: 250 mL M9 medium, 30°C, gassing of 0.25 L min-1 
with 27 vol.% butane, overpressure of 100 mbar, specific glucose feed rate 
4.17 mL h-1 OD-1

 (glucose concentration 50 g kg-1).   

5.2.2 Freezing of Cells 

To determine, if the fermented cells lose activity during freezing and storage at -80 °C, 

activity tests with different treated cells were performed, see Figure 5.5. To determine 

the reference, the cells were harvested and instead of freezing the cell pellet, they was 

resuspended in minimal media and an activity test was performed directly.  

 

Figure 5.5: Impact of cell freezing on the alkBGT activity. HCD#47 represent the 
average activity during the implementation of the activity test. Constant reaction 
conditions: 250 mL M9 medium, 30°C, gassing of 0.25 L min-1 with 27 vol.% 
butane, overpressure of 100 mbar, specific glucose feed rate 4.17 mL h-1 OD-1

 

(glucose concentration 50 g kg-1).  

 

Afterwards, activity tests with cells, which were frozen at -80°C, were performed. 

Additionally, these cells were harvested after the activity test, again frozen at -80°C and 

a second activity test was performed. For comparison the average activity from the 

development of the activity test is shown (HCD#47).  
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The results show that a singular freezing of the cells does not impact the activity of the 

cells negatively. However, it is not possible to reuse the cell after an experiment, as the 

activity after one time usage and a second freezing is reduced by ~40 %.  

5.2.3 Glucose Demand   

Like the ODcrit, it was suspected that a critical value for the specific glucose feed rate 

exists. Only when the cells metabolism provides enough NADH can the alkBGT system 

perform the biotransformation at maximum capacity. To determine the required 

glucose supply, activity test with varying specific glucose feed rates were performed. As 

described in chapter 3.3.2 the applied glucose feed (𝐹̇𝐺𝑙𝑢𝑐𝑜𝑠𝑒) is calculated using eq. 13 

and a glucose factor (𝑓𝐺𝑙𝑢𝑐𝑜𝑒). Figure 5.6 shows the results of the activity tests regarding 

the applied specific glucose feed rate as well as the glucose factor. With increasing 

glucose feed the activity increases until reaching a plateau at around 

45 mgglucose L-1 h-1 OD-1, a glucose factor of 0.09 mL L-1 h-1 OD-1. The highest activity 

achieved was 0.45 mM h-1 OD-1. The scattering of the data points can be explained by 

the use of three different batches of cells and the experimental variance. For further 

experiments it is assumed, that with a glucose factor of 0.1 mL L-1 h-1 OD-1 maximum 

activity is achieved.  

 

Figure 5.6: alkBGT activity ( ) in dependency of the specific glucose feed rate and 
glucose factor. Reaction conditions: 250 mL M9 medium, 30°C, gassing of 0.25 L 
min-1 with 27 vol.% butane, overpressure of 100 mbar, glucose concentration in 
feed 50 g kg-1.  
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Figure 5.7: Product-substrate ration for butyric acid and glucose ( ) during the 
investigation of the glucose demand.  Reaction conditions: 250 mL M9 medium, 
30°C, gassing of 0.25 L min-1 with 27 vol.% butane, overpressure of 100 mbar, 
glucose concentration in feed 50 g kg-1.  

 

By forming the quotient from activity and applied molar specific glucose feed, the yield 

coefficient for the butyric acid in relation to glucose (𝑌𝐵−𝐴𝑐/𝐺 [mol mol-1] ) is calculated, 

see eq. 15. The yield coefficients for the glucose demand experiments are shown in 

Figure 5.7. 

𝑌𝐵−𝐴𝑐/𝐺 =
𝐴 [𝑚𝑀 ℎ−1 𝑂𝐷−1]

𝐹̇𝐺𝑙𝑢𝑐𝑜𝑠𝑒,𝑠𝑝𝑒𝑐. [𝑚𝑀 ℎ−1 𝑂𝐷−1]
 16 

With increasing specific glucose feed the yield coefficient is decreasing, indicating that 

the bacteria become less efficient with increasing glucose supply. Based on the applied 

cellular pathways each oxidation of butane to butyric acid consumes 3 NADH, see 

chapter 5.1.2. While one molecule of glucose yields 8 NADH, which are 2 during 

glycolysis and in total 6 in the tricarboxylic acid cycle (TCA).[20] Neglecting the 

maintenance metabolism the theoretical maximum yield coefficient is therefore 

2.67 mol mol-1. It becomes clear that this value is not achieved during the experiments. 

When a glucose feed is chosen to reach maximum alkBGT activity the yield coefficient 

is reduced to 1-1.5 mol mol-1. As a surplus of biomass is normally used the glucose yield 

decreases further. While this finding does not directly impact the further experiments, 

it would be important for an economic analysis.  
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5.3 Single Parameter Studies 

One aim of this work was to perform a multivariable investigation of the alkBGT system 

(see chapter 2), for this the design space had to be determined. The basis for this was 

given by the works of Sluyter et al. [34, 35], were the parameters: gassing rate, 

pressure, butane content and temperature were investigated separately. As described 

in chapter 4, the GMS enables experiments to be carried out at higher butane contents. 

To determine the design space of the later performed DoE, the impact of butane on the 

𝑄̇𝑃 was reviewed. Additionally, because of a clogged sparger, the influence of the 

gassing had to be re-examined as well. 

5.3.1 Butane   

The aforementioned works [34, 35] have shown a unexpected impact of increasing 

butane content in the feed gas. With all other parameters kept constant and an 

increasing butane content, the 𝑄̇𝑃 reached a maximum and then decreased significantly 

(  in Figure 5.8-a). The butane partial pressure increases with rising butane content, 

which should lead to higher butane transfer. Since a butane limitation is assumed, 

higher 𝑄̇𝑃 would be expected. Based on the dissolved oxygen measurements (  in 

Figure 5.8-b) an oxygen limitation was suspected. Anti-foam agents are known to 

reduce kLa-values [23, 24, 60], therefore the dosage was generally optimised. Before 

optimisation 5-10 droplets of anti-foam at the beginning of the experiment and a 

constant feed 25 µl h-1 were used. The improved dosage, as described in chapter 3.3.2, 

consisted of 3 droplets at the beginning and single droplet addition when foaming was 

imminent (  in Figure 5.8).  

It can be seen, that with the adjusted anti-foam dosage the 𝑄̇𝑃 first increased with 

increasing butane content. At around 30 vol. % a plateau was reached, as further 

increase in butane content yielded no additional 𝑄̇𝑃. Only a pronounced decrease in 

dissolved oxygen was observed.  

To verify that the increased 𝑄̇𝑃 is not an effect caused by the use of the GMS, an 

experiment using a gas bottle (28.4 vol. % butane) was performed ( in Figure 5.8). 

Since this experiment is in good agreement with the other experiments, an effect 

caused by the GMS was dismissed. 
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Due to the plateau for 𝑄̇𝑃 and the decreasing dissolved oxygen concentration no higher 

butane contents were examined.  

a) 

 

 

 

 

 

b) 

 

 

 

 

Figure 5.8: 𝑄̇𝑃 (a)) and dissolved oxygen concentration (b)) for varying butane 

content in the feed gas. Improved anti foam supply and use of GMS ( ) or 
premixed gas bottle ( ) and previous results from [35] using premixed gas 
bottles and old anti foam dosage( ). Constant reaction conditions: 2 L M9 
medium, 30°C, gassing of 0.7 Ln min-1, overpressure of 100 mbar, specific glucose 
feed rate 0.1 mg L-1 h-1 OD-1

 (glucose concentration 500 g kg-1).   

5.3.2 Gassing Rate  

As described in chapter 3.2.2 a sintered cylinder, with an average pore size of 2 µm, 

was used as a sparger inside the bubble column. To avoid clogging the sparger was 

regularly cleaned after each experiment. For this the sparger was flushed with corsolex-

solution and rinsed with water. Still a clogging occurred hence the sparger had to be 

cleaned intensively. To check for changes of the spargers performance, experiments 

with this cleaned sparger (  in Figure 5.9) were compared with the previous results 

presented in [35] ( in Figure 5.9). Instead of an increasing 𝑄̇𝑃, no impact of the gassing 

rate on 𝑄̇𝑃 was measured. Thus, a permanent change of the sparger was suspected, and 

a new sparger examined (  in Figure 5.9). Again, no impact of the gassing rate on the 

𝑄̇𝑃 was measured. To verify that the differences are not caused by a change in the pre-

pressure in front of the sparger, an experiment using a premixed gas bottle was 

performed (  in Figure 5.9). For gas bottle experiments the pre-pressure in front of the 

MFC is adjusted to 1 bar(g). While the pressure at the outlet of the GMS is ~0.75 bar(g), 

as described in chapter 4. This difference might change the bubble size distribution 

inside the bubble column [61, 62]. However, no significant difference between the 

experiments was visible. 
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Finally, the former experiments were reviewed with the knowledge gained through the 

activity test (chapter 5.2). It became clear that the activity for the experiment at 

0.25 L min-1 was at 0.32 mM OD-1 h-1, which is the approximated maximum activity at 

the applied glucose factor of 0.075 mLGlucose,500g/kg L-1 h-1 OD-1 (see Figure 5.6). If this 

data point is excluded, the differences in the conclusion between the experiments is 

significantly reduced. Small differences are to be expected through the change of sinter 

stone and different dosage of anti-foam agent.  

 

Figure 5.9: Comparison of the 𝑄̇𝑃 for different spargers and feed gas supply. Old 

sparger and GMS ( ), new sparger and GMS ( ), new sparger and premixed gas 
bottles ( ) and previous results from [35] with premixed gas bottles( ). Constant 
reaction conditions: 2 L M9 medium, 30°C, butane content in feed gas 14 vol.%, 
overpressure of 100 mbar. 
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5.4 Multivariable Process Analysis by DoE 

Using the newly established GMS, the operation window for the 2 L bubble column 

reactor was expanded towards conditions which could not be reached so far. These 

were higher butane contents, gassing rates, pressures and especially combinations of 

these. To reduce the number of performed experiments “Design of Experiment” was 

used. 

5.4.1 Design Space 

To investigate the operation window of the bubble column setup a response surface 

methodology (RSM) using a central composite design (CCD) was chosen. It was 

expected that the highest 𝑄̇𝑃 is achieved at the highest pressure. Therefore, the 

maximum pressure possible, 0.5 bar(g) predetermined by the reactor material, was to 

be included in the design space. Because of this limitation a “face centred” type (CCF) 

was chosen. In a CCF all experiments are performed within the design space, which 

can reduce precision compared to other CCD but retains the coverage of the area of 

interest.[57] The aforementioned parameters: gassing rate, butane content and 

pressures, were chosen as factors. Their lower and upper limited and the 

corresponding reasons are explained in the following. 

Pressure 

As mentioned before, the maximum pressure of 0.5 bar(g) was selected due to safety 

considerations. The lowest pressure, 0.1 bar(g), was chosen for comparability to the 

previously performed experiments using pre-mixed gas bottles. 

Gassing Rate 

Based on the previous results, the gassing rate was varied between 0.7 and 1.5 L min-1. 

At higher gassing rates the pressure drop over the gassing adapter increased drastically 

which would require higher pressures at the outlet of the GMS. The pressure at the 

outlet of the GMS was always lower than the butane vapour pressure of 1 bar(g), see 

chapter 4. Additionally, a pronounced foam formation was observed at higher gassing 

rates. To keep similar hydrodynamic properties, a correction for the applied pressure 

was performed. According to eq. 17 the norm volume flow (𝑉̇𝑛) was calculated, which 

must be applied to reach the desired volume flow (𝑉̇) inside the reactor at a given 

pressure (𝑝).  
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𝑉̇𝑛 =
𝑉̇

𝑝
 17 

Butane Content 

The design space for the butane content was chosen based on the single parameter 

investigation in chapter 5.3.1. The butane content in the feed gas was varied between 

14 and 40 vol. %. Lower butane contents were avoided because of safety considerations, 

see chapter 1.3.   

Constant Parameters 

When possible, parameters were kept constant, e.g. the temperature was kept at 30 °C 

to prevent biological interferences and allow comparisons of the achieved activity with 

the introduced activity test. The applied biomass or OD was chosen based on the 

expectation for the single experiment to be not limiting. If limiting conditions were 

detected a repetition with higher OD was performed. The glucose factor was fixed to 

0.2 mL L-1 h-1 OD-1 (250 g kg-1 glucose solution), according to chapter 5.2.3. 

 

Final Design  

Using the software Design-Expert® 12, Stat-Ease, CCF design with 19 experiments, 

including five centre points, was generated. For each factor three levels, see Table 5.1, 

were applied. 

Table 5.1: Summary of factors and corresponding values 

Parameter Low value Middle value High value 

Pressure [mbar(g)] 100 300 500 

Gassing rate [L min-1] 0.7 1.1 1.5 

Butane content [%] 14 27 40 

 

All performed experiments, with the applied combination of factors and results for the 

different responses are summarized in Table A.6. The analysis for the individual 

responses, namely the 𝑄̇𝑃 and yield, is performed in the following chapters.  
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5.4.2 DoE Response: Volumetric Productivity  

The most important response is the 𝑄̇𝑃, as it describes the rate at which the butane is 

converted to the product. Based on the experimental results a reduced quadratic model 

was created in Design-Expert to calculate the 𝑄̇𝑃 in dependency of the input factors. A 

summary of the ANOVA, fit statistics, and the model parameter are given in Appendix 

Table A. 7. It has to be noted, that the activities reached during the single experiments 

(see Table A.6) were in all cases below the activities of the applied cells, determined by 

the activity test (chapter 5.2). A selection of the predicted surface plots is shown in 

Figure 5.10.  

 

Figure 5.10: Response surface plots for the 𝑄̇𝑃 depending on gassing rate and 

butane content at a) 100 mbar(g) and b) 500 mbar(g), as well as 𝑄̇𝑃 depending on 

pressure and butane content at 1.5 L min-1. Circles represent actual experimental 
data points. Constant reaction conditions: 2 L M9 medium, 30°C, glucose feed 0.2 
mL L-1 h-1 OD-1 (250 g kg-1 glucose solution). 

 

The conditions shown in Figure 5.10 a in part match the conditions applied during the 

single parameter studies: Starting from a gassing rate of 0.7 L min-1, with 14 vol.% 

butane and 100 mbar(g), and increasing either gassing rate or butane content. 

Comparable to the single parameter study, the 𝑄̇𝑃 increases with increasing butane 

content, from a value around 4 mM h-1, reaching a plateau of 6 mM h-1.   

However, for increasing gassing rates the 𝑄̇𝑃 passes through a minimum until reaching 

the initial value. This opposes the findings of the single parameter study for the gassing 

rate. In which no influence of the gassing rate on the 𝑄̇𝑃 under these conditions was 

measured, see chapter 5.3.2. This local minimum can be explained through the model 

design. This becomes clear when analysing the plot with the same conditions but at 
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500 mbar(g), see Figure 5.10 b. Here the increased gassing rate takes effect on the 𝑄̇𝑃, 

i.e. an increase in 𝑄̇𝑃. The interaction between gassing rate and pressure is additionally 

depicted in Figure 5.11 for a butane content of 14 vol%. For the model to incorporate 

this effect, a higher polynomial term is needed. In the face centred design the highest 

term allowed is a quadratic function, which leads to the anomaly of a local 𝑄̇𝑃 minimum 

at low pressure and middle gassing rate.   

 

Figure 5.11: Parameter interaction for gassing rate with pressure, 100 mbar(g) (black 
lines and circles) and 500 mbar(g) (red lines and circles), at 14 vol% butane. Including a star 
point (green, 300 mbar(g)). Dotted lines represent 95% confidence interval. Constant reaction 
conditions: 2 L M9 medium, 30°C, glucose feed 0.2 mL L-1 h-1 OD-1 (250 g kg-1 glucose solution). 

 

From Figure 5.10 b and c it can be concluded that the optima for gassing rate and 

pressure are outside of the design space. The optimum regarding the butane content 

was calculated to 35.5 vol%. Again, a plateau is predicted, similar to the one already 

found during the single parameter study. The highest measured 𝑄̇𝑃, which was 

achieved at the highest combination of the three factors, i.e. at a gassing rate of 

1.5 L min-1, 40 vol% butane, 500 mbar(g), is within the 95 % confidence interval of the 

calculated maximum 𝑄̇𝑃, 11.47 and 11.62±0.76 mM h-1, respectively. A distinct 

maximum could be located outside of the design space.   

As described in the creation of the design space (chapter 5.4.1), the highest feasible 

conditions were already applied. For higher pressures and gassing rates the reactor 

setup has to be modified, including the installation of a pressure resistant reactor. 
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Thus, no optimal parameters for the overall process but an operation window for the 

used setup could be determined.  

Two experiments were carried out to verify the predictions of the model, for which a 

point prediction was performed beforehand. The previous described single parameter 

studies offer already data points for comparison of the lower 𝑄̇𝑃 regions. However, only 

qualitative comparison is appropriate as another gassing adapter was used. Hence, for 

the validation, conditions with higher expected 𝑄̇𝑃 were chosen. The applied 

conditions, the prediction with 95 % confidence interval and the experimental results 

are given in Table 5.2.  The deviation between predicted and experimentally measured 

𝑄̇𝑃 is with 0 and 2 % very low. 

Table 5.2: Point prediction for 𝑄̇𝑃 with applied conditions , prediction including 

with 95 % confidence and experimental result. Constant reaction conditions: 2 L 
M9 medium, 30°C, glucose feed 0.2 mL L-1 h-1 OD-1 (250 g kg-1 glucose solution). 

Pressure 

[mbar(g)] 

Butane 

content [%] 

Gassing rate     

[L min-1] 

𝑄̇𝑃 prediction 

[mM h-1] 

Experiment 

[mM h-1] 
Deviation 

300 30 1.5 8.08 ± 0.72 8.24 2 % 

400 30 1.4 8.71 ± 0.51 8.71 0 % 

 

These results imply that the model is overall more accurate than the 95 % confidence 

intervals indicate. This would be a false conclusion, as the impact of the gassing rate at 

lower pressure (Figure 5.11) shows. Nevertheless, the model can predict the 𝑄̇𝑃 for a 

complex system with different influencing factors, which would be very challenging 

with a mechanistic model. As the later has to include equations for mass transport 

phenomena for different substances, difficult to measure parameters, e.g. varying kLa 

values for butane, or the changing hydrodynamics of a non-ideal three phase system - 

just to name a few. 

5.4.3 DoE Response: Yield of Butyric Acid on Butane  

As the total amount of butane fed into the reactor is differing between the experiments, 

the highest 𝑄̇𝑃 does not necessarily correspond to the highest conversion of butane. 

Unfortunately, the amount of butane in the off-gas could not be measured and 

therefore no conversion calculated. Thus, a yield on butane, the percentage of the fed 

butane that was converted to butyric acid, is calculated. For this the molar butane flow 
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into the reactor is divided by the 𝑄̇𝑃 of butyric acid. As only traces of butanol and no 

butyraldehyde was detected the conversion of butane can be approximated with the 

calculated yield on butane. 

Based on the experimental results (Table A.6) and a logarithmic (log10) transformation 

a reduced quadratic model was created in Design-Expert to calculate the yield in 

dependency of the input factors. A summary of the ANOVA, the fit statistics and the 

model parameter are given in Appendix Table A. 8.  A selection of the predicted surface 

plots is shown in Figure 5.12. 

 

Figure 5.12: Response surface plots for the yield depending on gassing rate and butane 
content at a) 100 mbar(g) and b) 500 mbar(g) and response surface plots for the yield 
depending on pressure and butane content at c) 0.7 L min-1 and d) 1.5 L min-1. Circles represent 
actual experimental data points. Constant reaction conditions: 2 L M9 medium, 30°C, glucose 
feed 0.2 mL L-1 h-1 OD-1 (250 g kg-1 glucose solution). 
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It is shown, that at low pressures (Figure 5.12 a) only the combination of low gassing 

rates and low butane contents creates a significant increase in yield. At higher pressure 

(Figure 5.12 b) the yield increases over the whole design space with decreasing butane 

content. The highest yield is, again, reached at low gassing rates and butane content. 

The pressure only influences the yield in combination with another factor, here the 

gassing rate, see Figure 5.12 c and d. While at low gassing rates (Figure 5.12 c) the 

pressure does not affect the yield, an increase is visible for higher gassing rates (Figure 

5.12 d). This is similar to the observations for the gassing rate regarding the 𝑄̇𝑃 and 

also the cause for the parabolic form in Figure 5.12 c, which is again an result of a 

quadratic term. 

Overall, the yield is nearly the reverse to the 𝑄̇𝑃, which is expected due to the theory. 

Lower gassing rates result in longer residence times, i.e. longer contact time, and thus 

a higher yield. Because the gassing rates are corrected for increasing pressures, the 

total (molar) amount of butane fed to the system increases with pressure. This 

counterbalances the higher mass transport resulting from the higher butane partial 

pressure. 

5.4.4 Combined DoE Response: Process Window 

The previously shown results of the DoE for the 𝑄̇𝑃 and yield are combined in one graph 

to outline the process window, see Figure 5.13. For this, all possible combinations of 

the three parameters: gassing rate, butane content and overpressure, were used to 

calculate the 𝑄̇𝑃 and the yield. For each process parameter 20 evenly distributed 

increments were used. For reference the results for “all low” (0.7 L min-1, 100 mbar 14 

vol.%) and “all high” (1.5 L min-1, 500 mbar 40 vol.%) process conditions are marked 

in yellow. It should be noted, that for each parameter combination one dot is displayed. 

Areas where single dots cannot be differentiated indicate that several parameter 

combination result in this point of operation. While clearly distinct dots indicate areas 

for which only a certain parameter combination is possible. For these points a higher 

uncertainty is to be expected.  
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Figure 5.13: Process windows for the oxidation of butane by the alkBGT system 

heterologously expressed in E. coli. Data points for 𝑄̇𝑃 and yield based on the 

predictions of the design of experiment. Any possible combination of the three 

parameters: gassing rate 𝑉̇ (0.7-1.5 L min-1), butane content ybutane (14-40 vol.%) 
and overpressure p (100-500 mbar) divided in 20 increments respectively is 
shown. Corner points of DoE for the “all low” and “all high” parameter 
combination , arrows indicate increasing parameter values.  

 

As a combination of the separate DoE results is shown, the same characteristics are 

visible. For example, the decrease in 𝑄̇𝑃 with increasing gassing rate at low pressure 

(left side of the diagram), is based on the usage of only quadratic terms. As discussed 

before, at these conditions, with only the gassing rate being changed, 𝑄̇𝑃 should be 

constant. Similarly, the yield is decreasing with increasing pressure (at the upper part 

of the diagram), which is again caused by a quadratic term, see Figure 5.12 c). It is to 

be expected that yield does not decrease at constant conditions and increasing 

pressures. Overall, the following conclusions can be made:  

- An increasing pressure has generally a positive effect on 𝑄̇𝑃 and in combination 

with other parameters also on the yield.  

- An increase in gassing rate decreases the yield and increases the 𝑄̇𝑃 at higher 

pressures.  

- Higher butane contents lower the yield but increase 𝑄̇𝑃.   
 
Altogether these results are in line with the theoretical expectations. 

p

p

ybutane

𝑄̇𝑃  [mM h-1] 
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5.5 Mass Transport Vectors 

In Chapter 1.2 the three main influencing factors for mass transport were described: 

reactor type and configuration, operating conditions, and additives. The reactor type 

was, for the scope of this work, fixed, see safety considerations chapter 1.3. The 

operating conditions were, inside the limitations given by the reactor setup, exploited 

to their full potential by the DoE. Hence, the addition of mass transport vectors was 

investigated to further improve the mass transport and thereby the 𝑄̇𝑃.  

Based on a literature study by A. Nahir [63] a selection of different vectors, a salt 

(magnesium sulfate), an organic liquid (dodecane) and a solid vector (Desmopan® 

DP9730A particles 4x2x2 mm), were examined in the 2 L bubble column setup. The 

increase in 𝑄̇𝑃 compared to a control experiment is show in Figure 5.14. 

 

Figure 5.14: Increase in 𝑄̇𝑃 for different mass transfer vectors, compared to a 

control without vectors. Butane was supplied by premixed gas bottles. Reaction 
conditions: 2 L M9 medium, 30°C, butane content in feed gas 20 vol.%, 
overpressure of 100 mbar, gassing rate 0.7 L min-1. Desmopan: 10 vol.% 
correspond to 130 g particles. 

 

It should be noted that for these experiments premixed gas bottles were used which 

were limited in the runtime. Additionally, for each vector only one experiment was 

conducted and the concentrations were stepwise increased, to screen for suitable 

vectors.  
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While the MgSO4 addition yields with 28% the highest increases in 𝑄̇𝑃 the data is 

unreliable. During the experiment strong precipitation was observed. It is assumed 

that magnesium hydroxide, which has low solubility in water (8.75 mg L-1 at 20°C 

[64]), is formed. The measured cell activity for this experiment was 0.55 mM OD-1 h-1, 

which is also unreasonably high. The cause for this result was likely an interference of 

the precipitate during the extraction of sample preparation. Because of the 

precipitation, no further experiments were performed with MgSO4. 

Dodecan and Desmopan yielded higher 𝑄̇𝑃 with increasing amounts applied, both up 

to a 15 % increase. For the former a maximum at 2.5 vol.% was estimated based on 

recent literature data [65]. As this study applied a STR setup and pure water, 

differences were expected. The calculated activity was at the upper limit for both 

experiments at the respective highest concentration, indicating a biological limitation. 

Nevertheless, a 𝑄̇𝑃 increase of 15% is a significant increase that was deemed worthy for 

application.  

The above-described experiments were performed at comparable low 𝑄̇𝑃 of 5 to 

6 mM h-1. This was done to reduce the necessary biomass in each experiment, allowing 

to perform all experiments with the bacteria from one single fermentation. Thereby the 

effect of different cells was minimised. To validate the effects at higher 𝑄̇𝑃 the two 

vectors dodecane and Desmopan were added in their highest concentration/amount in 

the point validation experiments described in chapter 5.4.2. The addition was 

performed after 4 h of experiment. The difference in 𝑄̇𝑃 before and after addition of the 

vector is shown in Figure 5.15. 
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Figure 5.15: 𝑄̇𝑃  increase conditions a) 300 mbar and 1.5 L min-1, b) 400 mbar and 
1.4 L min-1. Constant reaction conditions: 2 L M9 medium, 30°C, butane content 
in feed gas 30 vol.%, overpressure of 100 mbar, gassing rate 1.4 and 1.5 L min-1. 
Desmopan:10 vol.% correspond to 130 g particles. 

 

Compared to the previous experiments, the increase in 𝑄̇𝑃 is significantly lower. First 

it has to be noted, that these experiments were not biologically limited. The cause for 

the lower improvement is unclear. A possible explanation are interactions between the 

applied process conditions and the amount of used vector. From literature [65–67] it 

is known that liquid vectors show a maximum for the increase in mass transfer. This 

maximum is specific for each system. The previously mentioned publication of Sinha 

et al. [65] found a maximum for a 1 L STR at 2.5 vol.% dodecane in pure a water. An 

older publication by Rols et al. [66] estimated maxima at around 14 and 23 vol.% 

dodecane in a 12 L STR with an ongoing fermentation of A. aerogenes and different 

dispersion methods. Both publications refer to the bubble size distribution and 

coalescence behaviour of the respective systems when explaining the experimental 

results. For the Desmopan experiment an accumulation of Desmopan particles at the 

bottom of the bubble column was observed. This reduced most likely the impact on the 

mass transport. An optimisation of the applied amount of vector is necessary for both 

vectors. 

Since a more detailed and systematic investigation of these and different mass transfer 

vectors was outside of the scope of this work, further systematic investigations are 

recommended for the future, see chapter 8.1. 
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5.6 Interim Summary 

- The oxidation of butane to butyric acid by a modified E. coli strain, containing 

the alkBGT system, was investigated in two bubble column reactor setups. 

- An activity test for the used bacteria was established in a 0.2 L bubble column 

reactor and subsequently applied to further biological investigations.   

The maximum achievable activity was ~0.45 mMbutyric acid h-1 OD-1. A glucose 

feed rate of 45-50 mgglucose L-1 h-1 OD-1 is needed to achieve these activities. 

- The process window of a 2 L bubble column reactor was determined by using 

Design of Experiments. The investigated parameters were gassing rate, 

butane content and overpressure. The highest 𝑄̇𝑃 was measured with 

11.47 mM h-1. 

The optimum is expected to be outside of the design space. But as the applied 

conditions were already maxed out, due to reactor limitations, the optimum 

could not be determined.  

- Further potentials to increase the 𝑄̇𝑃 are shown with the application of mass 

transfer vectors.  
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6 Utilisation of Butane as Energy- and 

Carbon-Source  

In this chapter the utilisation of butane by a modified E. coli, containing the previously 

described AlkBGT system and the so called Ato system, is described. Preliminary work 

for this chapter was performed during the master thesis of Philipp Garbers [68].  

6.1 Introduction and Fundamentals 

While oxyfunctionalisation of butane, as it is described in the previous chapter, offers 

an alternative to burning butane, it suffers under the drawback of the glucose demand. 

Like the “Food or Fuel” debate [69] it can be argued that the production of butane 

derivatives using glucose contradicts the second UN goal for sustainable development. 

A more sustainable approach would be a glucose independent process, which uses 

butane as its single carbon source. In this regard Gehring et al. [53] demonstrated the 

synthesis of rhamnolipids in Pseudomonas putida using butane as (single) energy and 

carbon source.   

In this chapter the previously utilised alkBGT system, from P. putida expressed in 

E. coli, is combined with the ato-system, see next subchapter, to investigate the 

feasibility of E. coli cultivation on butane and its derivatives.   
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Figure 6.1: Schematic view of the changes, compared to chapter 5, to the applied 
E. coli. 

6.1.1 Ato-Enzyme System 

Many bacteria can utilise medium and long chain fatty acids via β-oxidation. The 

corresponding enzymes are encoded on the fad regulon.[70] In a first ATP consuming 

reaction step an acyl-CoA synthetase (FadD) binds a CoA to the fatty acid, generating 

an Acyl-CoA. From here the β-oxidation cycle starts with an oxidation by FadF. In this 

reaction a double bond between the second (Cα) and third carbon (Cβ) atom is inserted, 

while reducing an FAD+ to FADH in the process. Subsequently this bond is hydrated 

by FadC and a hydroxyl group is formed at the Cβ. Further oxidation of the hydroxyl 

group by FadB leads to a keto group, while yielding one NADH. Lastly FadA, a thiolase, 

releases an acetyl-CoA while at the same time attaching a CoA to the residue. This 

reforms the acyl-CoA but with a residue shortened by two carbons. Further cycles lead 

to the complete degradation of the fatty acid.    

Normally this system is used for medium and long chain fatty acids. Using the ato 

system also butyric acid, as a short chain fatty acid, can be utilised, see Figure 6.2. 

Instead of the ATP consuming FadD, the AtoA, a CoA-transferease, transfers a CoA 

from an acetyl-CoA to a butyric acid. The formed acyl-CoA then enters the β-oxidation 

and is in the end cleaved to two acetyl-CoA, either by the FadA or by AtoB, another 

thiolase. While one acetyl-CoA is needed for the initial transferase yielding an acetate, 

the other acetyl-CoA enters the TCA cycle. Here it can be used for generating energy or 

in the anabolism and therefore growth of the bacteria.  

 

ato 
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Figure 6.2: Overview of the ato and fad system for the conversion of butyric acid to acetyl-
CoA. Adapted from Pauli and Overath [71]. 

 

6.1.2 Bacterial Cell Growth 

The macroscopically growth of a bacteria culture can be divided into four main phases, 

with transition stages in between, see Figure 6.3. After the inoculation of a 

reaction/growth media with bacteria a lag (I) phase might occur. In this phase the cells 

adjust to the new environment before they start to grow. When the growth is not 

limited the cells will proceed to double continuously, resulting in the exponential (II) 

phase. At the time, when an essential nutrient is depleted and no feeding of the 

substance is applied, the growth transitions to the stationary phase (III). The 

accumulation of inhibiting compounds can also lead to the third phase. Whichever the 

case, the growth and death of the bacteria balance each other out, resulting in a 

constant amount of living bacteria. At some point the stationary phase transitions into 

the death (IV) phase, here the dying of the bacteria exceeds the growth.  
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Figure 6.3: Phases of bacterial growth. (I) Lag phase. (II) Exponential phase. (III) 
Stationary phase. (IV) Death phase. 

 

Depending on the cells and surrounding conditions the phases can be longer or shorter. 

E.g the use of a new substrate leads generally to a longer lag phase as the bacteria must 

adjust their catabolism. If the carbon/energy source was the limiting factor the 

stationary phase can be very short. 

For fermentation processes the mathematical description of the exponential growth 

phase is of great interest. In the following the mass balance for a fermentation inside a 

batch reactor will be described. Afterwards the changes which are needed to describe 

the special case of a bubble column reactor with a gaseous substrate are explained. 

For the mass balance the general scheme (eq. 3) as introduced in chapter 1.2 is used. 

As in a batch reactor nothing is added or withdrawn the equation can be reduced as 

follows, eq. 18. 

𝑑𝑐𝑖

𝑑𝑡
=  𝐹̇𝑖𝑛 ∙ 𝑐𝑖𝑛  − 𝐹̇𝑜𝑢𝑡 ∙ 𝑐𝑜𝑢𝑡   ±  𝑟 18 

To describe the cultivation two concentrations must be accounted for. The biomass 

concentration cX (OD) and the substrate concentration cS [mmol L-1].  Herein, it is 

assumed that the exponential growth of the bacteria is only limited by this substrate. 

All other substrates are provided in excess.  As the biomass increases and the substrate 

decreases no steady state conditions are applicable. Instead, ordinary differential 

equations (ODE) are used. The concentration of the cells or biomass is described by 

differential eq. 19. 
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𝑑𝑐𝑋

𝑑𝑡
=  𝜇 ∙ 𝑐𝑋 19 

Herein the biomass concentration is depending on the growth rate 𝜇 [h-1] and the 

biomass concentration. A simple model to describe the growth rate depending on the 

limiting substrate is given by Monod [72], eq. 20. In this the maximum possible growth 

rate 𝜇𝑚𝑎𝑥 is reached when a huge surplus of the limiting concentration is present and 

no other factors are limiting the growth rate. The second parameter is the saturation 

constant Ks [mmol L-1]. At a corresponding substrate concentration the half maximal 

growth rate is reached.  

𝜇 =  𝜇𝑚𝑎𝑥 ∙
𝑐𝑆

𝐾𝑆 + 𝑐𝑆
 20 

In the case of an inhibition of the growth by the used substrate Adrews [73] proposed 

eq. 21. In this a parameter that is expressing the inhibitory effect Ki [mmol L-1] is 

introduced. 

𝜇 =  𝜇𝑚𝑎𝑥 ∙
𝑐𝑆

𝐾𝑆 + 𝑐𝑆 +
𝑐𝑆

2

𝐾𝑖

 
21 

When the bacteria grow, they take up the substrate. This is described by the specific 

uptake rate 𝑞𝑆 [mmol L-1 OD-1]. For simplicity it is assumed that all substrate that is 

taken up by the bacteria is used for growth. So, the substrate which is used for the 

maintenance metabolism of the cell is neglected. As the bacteria is not completely 

made of the one substrate and the anabolism takes energy as well a correlation between 

the formed biomass and used substrate is needed, see eq.  22. 

𝑑𝑐𝑆

𝑑𝑡
= 𝑞𝑆 ∙  𝑐𝑋  =  − 

𝜇

𝑌𝑋/𝑆 
∙ 𝑐𝑋 22 

The biomass yield coefficient 𝑌𝑋/𝑆  [OD mM-1] describes the formed biomass per 

utilised substrate and can be calculated as follows.  

𝑌𝑋/𝑆 =  
𝑑𝑋

𝑑𝑐𝑠
≈  

𝑐𝑋,𝐸𝑛𝑑 − 𝑐𝑋,𝑆𝑡𝑎𝑟𝑡

𝑐𝑆,𝐸𝑛𝑑 − 𝑐𝑆,𝑆𝑡𝑎𝑟𝑡
 23 

In a bubble column reactor where a gaseous feed of the substrate is applied, the initial 

mass balance must be changed, but only for the substrate ODE. The system boundaries 
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for the applied mass balance are placed around the liquid media. Therefore, the 

transfer rate (TR) of the gaseous substrate increases the substrate concentration, eq. 

24. It is assumed that the volume increase by the steadily dissolving gas is neglectable. 

𝑑𝑐𝑆

𝑑𝑡
= 𝑞𝑆 ∙  𝑐𝑋 +  𝑇𝑅   24 

6.2 Cultivation on Butane Derivatives 

To prove the functionality of the ato-system, first cultivations were performed in 

shaking flasks. Instead of butane the derivatives butanol and butyric acid were used as 

substrate. Growth on butyric acid indicates a working ato-system. While growth on 

butanol implies that the “overoxidation” through the alkBGT-system is occurring. 

Shaking flasks offer the possibility to parallelise the experiments, making 

investigations of growth rates easier. For the first proof of growth on butanol or butyric 

acid an overnight culture in LB-medium was transferred to an induction culture, M9+ 

medium with yeast extract. After 24 hours of induction the cells were washed and 

transferred to two cultures of M9 media without any additional carbons source except 

for butanol or butyric acid. The concentration profiles for these two cultures are shown 

in Figure 6.4. In both cultures the substrate concentration was decreasing but for the 

first three days no growth was detected. As the substrate was eventually depleted, the 

cultures were fed with butanol and butyric acid, marked by the dashed lines. After the 

third day growth was detected in both cultures.  

To verify the growth on butanol and butyric acid the two cultures were pooled and used 

to inoculate four new cultures, with 20 and 50 mM of butanol or butyric acid, 

respectively. An increase in OD and decreasing substrate concentrations were directly 

measurable (data not shown). 

To maintain an active cell culture a new culture was inoculated from an active culture 

every or every other week. Regular determination and feeding of butyric acid and 

butanol assured the supply of substrate. Additionally, parts of the previous culture 

were centrifuged, and the cell pellet stored at -80°C as a backup in case of 

contaminations or other interferences. 
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a) 

 

 

 

 

 

b) 

Figure 6.4: Concentration profiles during the initial activation of the cells with a) 
butanol and b) butyric acid as starting substrate: OD ( ), butanol ( ) and butyric 
acid ( ). Reactions conditions: 300 mL shaking flask with 50 mL M9 minimal 
media, 120 rpm and 30°C. Addition of butanol and/or butyric acid indicated by 
dashed lines. 

 

Growth Rates 

Batch cultivations were performed in shaking flask to determine growth rates on 

butanol and butyric acid. Figure 6.5 shows the measured growth rates over the applied 

starting substrate concentrations at 30°C. For both substrates a substrate inhibition is 

detected. The maximum measured apparent growth rate is 0.13 h-1 for both substrates. 

 a)  

 

 

 

 

 

b) 

 

  

 

 

Figure 6.5: Measured growth rates ( ) depending on the initial substrate 
concentration for a) butanol and b) butyric acid. Fit (-) with 95% confidence 
interval (--) of substrate inhibited Monod kinetic. Reaction conditions: 300 mL 
shaking flask with 50 mL M9 media, 30°C and 120 rpm, starting substrate 
concentration as depicted and a starting OD of ~1.  

 

The measured data were fitted using the Monod kinetic with substrate inhibition 

(eq. 21). The obtained kinetic parameters are listed in Table 6.1. Additionally, as the 
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kinetic parameter do not reflect the actual optimal growth parameters, the optimal 

substrate concentrations (cs,opt.) and corresponding growth rate (µmax,app) are calculated. 

The high confidence intervals are caused by the substrate inhibition term of the kinetic 

and the natural occurring deviations of the experiment. Another factor is the 

measurement in batch mode. In a batch cultivation the substrate concentration 

decreases over time, leading in theory to heterogeneous growth rates over the course 

of the experiment. Further experiments, in a batch or continuous reactor, could 

improve the accuracy. As the focus of this work was the utilisation of butane, the 

growth kinetics were not pursued further.  

Table 6.1: Fitted kinetic parameters, including 95% confidence interval, and 
apparent optimal conditions for the growth on butanol and butyric acid.  

Parameter 
Substrate 

Butanol Butyric acid 

µmax [h-1] 2.1  ± 36.8 0.37   ± 0.41 

KS [mM] 130  ± 2120 11   ± 18 

KI [mM] 2.2  ± 32 14   ± 22 

µmax,app [h-1] 0.13 0.13 

cs,opt. [mM] ~17 ~12 

6.3 Cultivation with Butane 

To verify the growth on butane as single carbon and energy source, experiments in the 

0.2 L bubble column reactor (chapter 3.2.2) were performed. Unexpectedly no growth 

could be detected in multiple experiments. As also some cultivations in shaking flask, 

with butanol or butyric acid as substrate, inexplicably did not grow, the applied cells 

were checked. For this, parallel experiments with butane, butyric acid and a 

combination of both were performed in three small stirred-tank reactors (50 mL STR, 

chapter 3.2.2). Additionally, the 0.2 L bubble column reactor was inoculated, and 

butane was applied as single substrate. Oxygen supply was ensured by gassing with air 

or, in the cases of butane as substrate, a butane-air mixture. The resulting OD 

measurements are shown in Figure 6.6. 
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Figure 6.6: Parallel cultivation in 50 mL STR and different substrates: only butane 
( ), butyric acid ( ), butane and butyric acid ( ). Cultivation in 0.2 L bubble 
column and only butane ( ).  

 
It becomes visible that the cultures with butane as single substrate did not grow, while 

the two others, containing butyric acid, did grow. Indicating that the ato-system is 

functioning. Additionally, the final OD of the culture with butane and butyric acid as 

substrates was about 15 % higher than the OD of the culture with butyric acid as single 

substrate. This implies that the alkBGT system is working and converting butane to 

butyric acid if the cells have supply of another energy source. 

Dual Substrate Cultivation 

Based on these results a dual substrate cultivation approach was used in further 

investigations. For this, the cultivations were prepared in the bubble column reactor, 

including the addition of butanol or butyric acid. After inoculation 50 mL of culture 

medium were withdrawn and cultivated in a 300 mL shaking flask. This shaking flask 

was used as a reference without the gassing of a butane-air-mixture. The OD and 

substrate concentrations were regularly measured in the bubble column, gassed with a 

butane-air-mixture, and the shaking flask. The comparison of the separate results gives 

insights into the fixation of butane by the bacteria. It has to be noted, that at higher 

biomass concentrations stable foam bubbles were generated, which led to adhesion of 

the cell on the wall of the bubble column. To counteract this an external pump cycle 

was implemented (see Figure 3.4 in Chapter 3.2.2).   

To verify that the difference in cultivation conditions did not influence the growth 

behaviour of the cells, two experiments in which the bubble column was only gassed 

with air were performed. The measured ODs for the shaking flask and bubble column 

are depicted in Figure 6.7. In both experiments no significant difference in growth rate 

or total cell concentration at the end of the experiment was detected. From these 
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experiments it can be concluded that the different reactors, bubble column or shaking 

flask, have no impact on the growth behaviour under the applied conditions.  

For the actual dual substrate cultivations gassing with a 27 vol.% butane in air mixture 

at 300 mbar overpressure was applied. The resulting ODs as function of time are 

shown in Figure 6.8. 

a) 

 

 

 

 

b) 

Figure 6.7: Control experiment for the dual substrate cultivation. OD in bubble 
column reactor ( ) and shaking flask ( ) with butyric acid as single substrate. 
Reaction conditions: Temperature 30°C, Initial butyric acid dosage a) 20 mM b) 
15 mM. Bubble column: 250 mL M9 medium, gassed with air at 0.2 L min-1 and an 
over pressure of 300 mbar. Shaking flask: 50 mL M9 medium in 300 mL flask, 
shaken at 120 rpm.  

 

The starting OD was chosen based on the previous observation that low initial ODs 

often showed a high lag phase, or no growth (data not shown) and the results gained 

from the activity test of the previous used E. coli strain (chapter 5.2). During the 

activity test, using the same conditions but a different medium, mass transfer 

limitation started to occur from an OD of 6 and higher. At higher ODs the liquid 

substrates, butanol or butyric acid, would quickly be consumed while not enough 

butane would reach the bacteria. 

In all experiments the maximum OD was higher for the cultivations in the bubble 

column reactor. At the same time the growth rate stayed similar between the two 

applied reactors, except for the first experiment (Figure 6.8. a)), where a lag phase in 

the bubble column was observed. In all bubble column cultivations, no further growth 

after total depletion of the liquid substrates was measured. Which is in accordance with 

the initial statement, that no growth on butane as single carbon source could be 

detected. But as the maximum OD is higher in the bubble column reactor butane had 
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to be fixated. In this context this means, that butane is hydroxylated to butanol, further 

oxidated to butyric acid and then metabolised by the bacteria via the ato-system. Table 

6.2 summarises the above-described experiments for the growth rates, the difference 

in maximum OD (ODmax, between bubble column and shaking flask) and the yield 

coefficient. For the latter, an apparent value (see eq. 23 in chapter 6.1.2) is used as the 

amount of butane which was fixated by the bacteria could not be measured directly. 

For the yield coefficient additionally the difference between the reactors is given as 

percentage. It has to be stressed that this difference is caused by the fixation of butane 

and not by biological differences between the cells in the different reactors. 

 

a) 

 

 

 

 

b)  

c)  

 

 

 

 

d)  

Figure 6.8: Cultivation in a bubble column (with butane, ) and shaking flask 
(without butane, ). Constant reaction conditions: 30°C 200 mL, initial substrate 
dosage: a) 15 mMbutyric acid b) 15 mMbutyric acid + 10 mMbutanol c) 15 mMbutyric acid 
d) 10 mMbutanol. Bubble column: 250 mL M9 medium, gassed with a butane air 
mixture of 27 vol % at 0.2 L min-1 and an over pressure of 300 mbar. Shaking flask 
( ), 50 mL M9 medium in 300 mL flask, shaken at 120 rpm.  
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Table 6.2: Summary of the experimental data for the dual substrate cultivation.  

Experiment 

(Figure 6.8) 

µ [h-1] 
Difference 

in ODmax 

YX/S, app. [OD mM-1] 

Shaking 

flask 

Bubble 

column 

Shaking 

flask 

Bubble 

column 
dif. [%] 

I (a) 0.13 0.10 0.34 0.164 0.186 13.3 

II (b) 0.10 0.09 0.58 0.168 0.190 13.4 

III (c) 0.14 0.12 0.86 0.223 0.293 31.9 

IV (d) 0.12 0.12 0.92 0.250 0.324 29.9 
 

When the yield coefficient (𝑌𝑥/𝑠,𝑆𝐹 [OD mM-1]), that is calculated for the shaking flaks, 

is applied to the cultivations in the bubble column, the amount of fixated butane 

(𝑐𝑏𝑢𝑡𝑎𝑛𝑒,𝑓𝑖𝑥𝑒𝑑 [mM]) can be estimated. For this, the difference in maximum OD between 

the bubble column (𝑂𝐷𝑚𝑎𝑥,𝐵𝐶 [-]) and shaking flask (𝑂𝐷𝑚𝑎𝑥,𝑆𝐺 [-]) is divided by the yield 

coefficient, see eq. 25.   

𝑐𝑏𝑢𝑡𝑎𝑛𝑒,𝑓𝑖𝑥𝑒𝑑 =   
𝑂𝐷𝑚𝑎𝑥,𝐵𝐶 − 𝑂𝐷𝑚𝑎𝑥,𝑆𝐹

𝑌𝑥/𝑠,𝑆𝐹
 25 

The calculated fixated butane concentration, the average fixation rate, based on the 

time until maximum OD was reached, and a specific fixation rate, with the basis of the 

average OD, are summarised in Table 6.3. The fixation rate and specific fixation rate 

correspond to the 𝑄̇𝑃 and activity used in the previous chapter, respectively. 

Additionally, the amount of fixed butane is related to the initial liquid substrate 

concentration. These values correspond to the increase in the yield coefficient from 

Table 6.3 and are shown for comprehensibility.  

Table 6.3: Amount of fixated butane, the rate of fixation and the OD specific 
fixation rate for dual substrate cultivations.  

Experiment 

(Figure 6.8) 

cbutane, fixed 

[mM] 

cbutane, fixed/cs,0  

[%] 

fixation rate 

[mM h-1] 

spec. fixation rate 

[mM OD-1 h-1] 

I (a) 2.1 13.3 0.06 0.02 

II (b) 3.5 13.4 0.25 0.04 

III (c) 3.9 31.9 0.45 0.09 

IV (d) 3.7 29.9 0.51 0.11 

 

Compared to the maximum activity of the alkBGT-system, which is around 

0.45 mM OD-1 h-1 (see Chapter 5.2), the highest calculated specific fixation rate is 

significantly lower, 0.11 mM OD-1 h-1. As mentioned before, the average OD is used for 
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calculation. Even when the starting OD is used for calculation, the specific fixation rate 

is less than half of the observed maximum activity of the alkBGT system. Possible 

reasons are discussed collectively for the whole system in the next subchapter. 

From the results shown in Table 6.2 and Table 6.3 differences between the first and 

last two experiments become visible. Especially the yield coefficient is important to 

note, as the later experiments exhibit significant higher values. For one when looking 

only at the results of the shaking flask experiments. But also, for the increased yield 

coefficient between shaking flask and bubble column. A possible reason for this is a 

difference in cell stock. The first two experiments were performed in December 2020 

while the latter two in January 2021. As mentioned before, an active cell culture was 

maintained, as the initial activation of the bacteria is time consuming, see chapter 6.2. 

Consequently, for the time between the experiments, the bacteria were cultivated in 

shaking flasks and were frozen at -80°C during the Christmas break. A different 

conditioning of the cells is therefore likely. Furthermore, mutations during the 

repeated batch cultivations are possible. As the strain was provided by the Evonik 

Creavis sequencing and other DNA investigations were refrained. 

6.3.1 Discussion of Cultivations with Butane  

In this chapter the possible reasons for the lack of growth on butane as a sole substrate 

and possible future approaches are discussed.  

A possibility which needs to be mentioned is the loss of the genetic information for the 

alkBGT system during the initial activation phase (chapter 6.2), e.g. by release of the 

corresponding plasmid. This can be excluded, as the E. coli repeatedly grew in fresh 

medium containing kanamycin as antibiotic, indicating the existence of the antibiotic 

resistance. Another indicator for the presence of the alkBGT system is the significant 

increased OD during the dual substrate cultivations, compared to the control. This 

proofs that some butane was fixated. 

Additionally, the conditioning of the bacteria should be considered as a factor. As 

mentioned in the previous sub chapters, replicability was a challenge, e.g. only the 

results for the cultivations on butane derivatives at 30°C are shown as cultivation at 

37°C showed inconsistencies. The growth rates differed by a factor of 10 (data not 

shown) between the cultivations and were not reproducible. To verify that during the 

bubble column experiment active cells were used the dual substrate cultivation was 
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applied. The bacteria were expected to grow on the liquid substrate and thereby show 

an active ato system. Afterwards a slower growth on butane as single substrate was 

anticipated. Nevertheless, as shown in Figure 6.8 this was not the case.   

Another aspect of conditioning is the induction. As stated in the last chapter, the 

calculated activity of the alkBGT system during the dual substrate cultivation was 

significantly reduced compared to the maximum activity measured during the activity 

test (chapter 5.2). An insufficient induction could lead to a lower alkBGT activity and 

thus to a low rate of butane hydroxylation. The resulting supply of butyric acid could 

be too low to keep the maintenance metabolism or induce growth. But as the inductor, 

DCPK, was added in all cultivations (see chapter 3.3) and the alkBGT system is also 

induced by butane, no deficiency in the alkBGT system should exist. In further studies 

viability assays could be performed to determine if the bacteria in the bubble column 

reactor retain their viability longer when gassed with butane than with air. This would 

indicate an uptake of butane for maintenance. Alternatively, an (off-)gas analysis could 

be implemented. By measuring the butane in the feed and off gas, the butane uptake 

by the bacteria could be detected. As the calculated butane fixation rate (Table 6.3) is 

low during the cultivation, the measurement needs to be very sensitive to detect 

changes. 

So far, the bacteria were seen as a black-box and discussion was focused on 

macroscopic effects, since this was the scope of this work. In the following the 

intracellular level is shortly addressed.   

According to literature, see chapter 5.1.2, the alkBGT-system uses three NADH for the 

complete oxidation of one molecule butane to butyric acid. The ato-system converts 

one molecule of butyric acid net into one acetyl-CoA, one acetate and yielding an 

additional NADH, see chapter 6.1.1. In the TCA cycle one molecule of acetyl-CoA yields 

three NADH, one FADH and one ATP(GTP). Through the acetyl-CoA synthetase [74] 

the above-mentioned acetate can be converted to acetyl-CoA. This also enters the 

TCA, providing additional energy or a foundation for the anabolism. The 

metabolisation of acetate is proven by the lack of it’s accumulation. In total seven 

NADH, three FADH and two ATP are provided, while only three NADH and two ATP 

are consumed. This surplus on energy should be enough to grow on butane as single 

substrate.  
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The examination of the intercellular NADH concentration, by internal flux analysis, 

could allow the investigation of this bias between theory and experimental results. 

Measurements over the course of a cultivation or during constant conditions, e.g. in a 

continuous bubble column experiment, can show the availability of NADH at different 

stages. During cultivation on butyric acid a higher NADH concentration is expected 

and parts of it would be used for the hydroxylation of butane. With depletion of butyric 

acid, with a higher apparent rate than the butane hydroxylation, the NADH 

concentration decreases. When this NADH is completely consumed for maintenance 

no further butane can be hydroxylated and the supply of butyric acid is stopped.  

By investigating the bacteria with only the alkBGT system, the NADH concentration 

during the different activities/glucose feed rates could be measured. A comparison of 

the NADH concentration could explain the lower activity for the alkBGT-ato bacteria. 

6.4 Interim Summary 

- The growth of a modified E. coli strain, containing the alkBGT and the ato-

system, was investigated. As substrates butane, butanol, butyric acid and a 

combination of these were used. 

- For the growth on butanol and butyric acid a maximum apparent growth rate 

of 0.13 h-1 and a substrate inhibition was found. 

- For the use of butane as single carbon and energy source no growth was 

detected.  

- In dual substrate cultivations, with butane and butyric acid or butanol, the 

activity of both systems (alkBGT and ato) could be shown.  
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7 Butane Hydroxylation by Unspecific 

Peroxygenase 

In this chapter the hydroxylation of butane catalysed by an unspecific peroxygenase 

(rAaeUPO) is described. Parts of the results were already published by Perz et al. [36]. 

7.1 Introduction and Fundamentals 

As described in chapter 5.1.1 the application of whole cell systems and free enzymes 

offer both advantages and disadvantages. In the regard of free enzymes the superfamily 

of cytochrome P450 monooxygenases is one of the most extensively studied enzymes 

for the oxyfunctionalisation of inactive C-H bonds. Despite their complex structure and 

need of NAD(P)H as cofactors, their capability for selective oxyfunctionalisation, 

especially in complex molecules, is of great interest. Screening and genetic engineering 

lead to the discovery of soluble, self-sufficent and/or single component enzymes, e.g 

P450 BM3. While the research mainly focused on fine chemicals and pharmaceuticals, 

where the product can cover the expenses, also P450 enzymes were discovered that 

perform the C-H activation for short chain alkanes. Nevertheless, the P450 catalysed 

hydroxylation of short chain alkanes did not exceeded the analytical scale.   

In recent years a new enzyme family, the unspecific peroxigenases (UPO), gained 

increased attention.[75] These enzymes can catalyses similar reaction as the P450 

while only needing hydrogen peroxide (H2O2).[76] Compared to the expensive 

NAD(P)H, H2O2 can be easily and cheaply produced, also in-situ by electrochemistry 

from water and oxygen. For the oxyfunctionalisation of butane this has the additional 

benefit of needing no molecular oxygen in the feed gas, therefore pure butane can be 

applied. This improves the mass transport, which is the main challenge in the whole 

cell catalysed oxidation of butane to butyric acid (see chapter 5). Additionally, no 

butane air mixture needs to be prepared. This makes the preparation of the feed gas 

easier and in consequence safer. 
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Before the experimental results are described and discussed, the following subchapters 

will give a brief introduction into the UPO enzyme family and the fundamentals of 

enzyme kinetic. 

In this chapter, unless otherwise stated, the volumetric productivity 𝑄̇𝑃 [mol L-1 h-1] is 

defined as the formation rate of 2 butanol. The yield on H2O2 YH2O2 [%] is defined as 

the percentage of H2O2 that is converted to a measurable product (2-butanol and 

butanone). The active enzyme concentration cE [mM] refers to the molar amount of 

enzyme as determined by the ABTS assay. 

7.1.1 Unspecific Peroxygenase 

As mentioned UPOs are, compared to the P450 monooxygenases which were 

discovered around 60 years ago [77], a recently emerging enzyme family. The first 

report of on a UPO was given by Ullrich et al. [78] in 2004. In this work a peroxidase 

(AaP) was isolated from Agrocybe aegerita, a bark mulch- and wood- colonizing 

basidiomycete. Because of its capability to utilise a variety of substrates it was later 

renamed to unspecific peroxidase. So far UPOs are exclusively found in fungi 

(excluding yeast).[76] Cultivation and especially downstream processing of A. aegerita 

is rather complicated. The main cause for this is the high protein content in the applied 

complex soy meal media. While different heterologous expression systems were found 

most suffered from low enzymes titres.[79] It took 10 years until Molina etc et al. [38] 

demonstrated in 2014 the heterologous expression of the so called AaeUPO-PaDa-I 

variant in Saccharomyces cerevisiae. This evolved mutant was also transferred in 

Pichia pastoris, an established expression host, which allowed protein titers of up to 

200 mg L-1. [39] 

Besides its several applications [13, 80], the reaction mechanism of the UPO was 

investigated in recent years. [81] Figure 7.1 illustrates the catalytic cycle for the 

oxygenation as proposed by Wang et al.[82]. Additional the catalase reaction as well as 

the catalase malfunction pathway, as proposed by Karich et al. [83] are indicated. The 

active site of a UPO consists of a heme (Fe-protoporphyrin IX) with a cysteine-sulfur 

as the proximal ligand. A normal catalytic cycle starts with the activation of the resting 

state by H2O2, resulting in the formation of compound I. Depending on the substrate 

the activated enzyme can catalyses a oxygenation, as depicted, a oxidation or a 

halogenation. In the oxygenation a hydrogen atom of the organic substrate undergoes 
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a formal abstraction. In the process a substrate radical and the compound II are 

formed. By the so-called oxygen rebound the hydroxyl group is then transferred to the 

substrate resulting in the formation of the hydroxylated product. After this step the 

active centre returns to its resting state.   

If instead of an organic substrate another H2O2 reaches the activated enzyme the 

catalase pathway is initialised. Again, compound II is formed but with a hydroperoxyl 

radical. Normally this results in the formation of molecular oxygen and water. But 

when a third H2O2 binds to the active centre, a hydroxyl radical is formed which results 

in the inactivation of the enzyme. 

 

Figure 7.1: Simplified reaction mechanism of the UPO adapted from Hofrichter and 

Ullrich [81], including the catalase reaction and malfunction adapted from Karich et 

al. [83]. 

 

Use of UPO in this Work 

Similarly, to the P450, investigation of the UPO focused on more complex 

hydrocarbons. Nevertheless, Peter et al. [84] demonstrated the conversion of short and 

medium chain alkanes (C3 to C8) by the UPO in analytical scale. While for higher 

alkanes, pentane and above, a mixture of 2- and 3-alcohols are formed, butane is 

hydroxylated to 2-butanol with a regioselectivity of 100% and an enantioselectivity of 

30.8 ± 4.7 towards the (S) enantiomer.[84] 
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Figure 7.2: Reaction schema for the UPO catalyses hydroxylation of butane to 2-
butanol using hydrogen peroxide as cosubstrate. 

 

In this chapter the kinetics of this hydroxylation reaction are investigated as well as a 

transfer to the preparative scale conducted. 

7.1.2 Enzyme Kinetic  

The velocity of a chemical reaction is described by the reaction rate v [mmol L-1 s-1]. 

For a simple, non-reversible, reaction were the substrate S is converted to the product 

P the reaction rate can be calculated by the change of concentration (𝑑𝑐𝑆 or 𝑑𝑐𝑃) over 

time 𝑑𝑡 (see eq. 26).  In an ideal reaction, where the selectivity equals 1, the substrate 

decrease and product increase are inversely proportional which is described in the 

following equation. 

𝑣 =  −
𝑑𝑐𝑆

𝑑𝑡
=

𝑑𝑐𝑃

𝑑𝑡
  26 

In an enzymatic catalysed system, the enzyme E and substrate reversibly form an 

enzyme-substrate complex ES, which then can convert the substrate to the product (see 

eq. 27).  

𝑆 + 𝐸 ⇌ ES → 𝑃 27 

The time course for the individual concentrations is exemplified in Figure 7.3.a. After 

a brief initial phase, a pseudo steady-state (grey background) is reached for the 

enzyme-substrate complex and a constant reaction rate can be assumed: the initial 

reaction rate. As a rule of thumb, the constant reaction rate is assumed until a 10 % 

substrate conversion is reached. When the initial reaction rate is plotted over the 

starting substrate concentration, the enzyme kinetic becomes visible (see Figure 7.3.b). 

This kinetic can be described using the Michaelis-Menten-Equation (eq. 28) [85].   
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Figure 7.3: a) Schematic reaction progress of a simple enzymatic catalysed 
reaction. b) Visualisation of the dependency between reaction rate and substrate 
concentration for a simple Michaelis-Menten-Equation. E: enzyme, ES: enzyme-
substrate complex, S: substrate, P: product.  

 

𝑣 =  𝑣𝑚𝑎𝑥  ∙
𝑐𝑆

𝑐𝑆 + 𝐾𝑀
 28 

The vmax [mmol L-1 s-1] represents the maximal possible reaction rate, which is achieved 

at high substrate concentrations. Under these conditions nearly all enzymes are 

saturated with substrate and the reaction rate is depending on the speed of conversion: 

The kinetic follows a zero-order reaction. The Michaelis constant KM [mmol L-1] 

indicates the substrate concentration at which the reaction rate is half vmax. For 

significant lower concentrations, a first order reaction can be assumed. A detailed 

derivation can be found in literature (e.g. Chmiel et al. [20]).  

Depending on the concentration of active enzyme cE [mmol L-1] in an observed system, 

the value for vmax is changing. To enable comparisons an enzymes concentration 

independent variable, the catalytic constant kcat [s-1], is introduced. This constant 

describes the maximum number of reactions per time interval, which can be catalysed 

at the active site of an enzyme. 

𝑘𝑐𝑎𝑡 =
𝑣𝑚𝑎𝑥

𝑐𝐸
 29 

When eq. 29 is incorporated in eq. 28 a specific reaction rate, the turnover frequency 

TOF [s-1], can be derived (eq. 30).  

𝑇𝑂𝐹 =
𝑣

𝑐𝐸
=  𝑘𝑐𝑎𝑡 ∙  

𝑐𝑆

𝑐𝑆 + 𝐾𝑀
 30 
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Thereby the TOF describes the actual number of reactions that are catalysed by the 

enzyme under the applied conditions in a defined time.  

The above-described equations are applied for simple one-substrate one-product 

reactions but can be extended for the use in a two-substrate reaction by multiplying 

with another substrate specific term (see eq. 31): 

𝑣 =  𝑘𝑐𝑎𝑡 ∙ 𝑐𝐸 ∙
𝑐𝑆,1

𝑐𝑆,1 + 𝐾𝑀,1
∙

𝑐𝑆,2

𝑐𝑆,2 + 𝐾𝑀,2
 31 
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7.2 Proof of Principle 

The potential of the AaeUPO for the hydroxylation of butane in analytical scale was 

already demonstrated by Peter et al. [84], as mentioned before. Therefore, the transfer 

of this reaction to a preparative scale using a bubble column reactor was to be 

investigated in this work.  

As the co-substrate, hydrogen peroxide, is known to inactivate the enzyme, especially 

at high concentrations[83], a feeding of H2O2 is advised. To estimate appropriate 

process conditions an experiment was performed, in which the H2O2 feed rate (ḞH2O2) 

was increased successively. In parallel the amount of active enzyme was measured 

regularly by an ABTS assay (see chapter 3.4.3), to follow enzyme deactivation. Figure 

7.4 shows the resulting concentration profiles over the course of 4 hours, after which 

no more active enzyme could be measured. It is noteworthy, that the active enzyme 

concentration only started to decrease significantly at a H2O2 feed rate of 16 mM h-1. 

For each individual H2O2 feed rate a constant 𝑄̇𝑃, the change in 2-butanol 

concentration over time, is measured. 

 

Figure 7.4: rAaeUPO catalysed butane oxidation with stepwise increase of 
hydrogen peroxide feed rate (−),  2-butanol concentration and   active enzyme 
concentration. Reaction conditions: Bubble column with 0.2 L KPi-buffer 
(100 mM, pH 7), gassing of pure butane at 0.25 L min-1, temperature 25 °C.  

 

The impact of increasing H2O2 feed rates becomes visible when the 𝑄̇𝑃 is plotted over 

the applied H2O2 feed rates (Figure 7.5.a). Except for the highest H2O2 feed rate, a 

linear increase in 𝑄̇𝑃 with increasing H2O2 feed rates is observed. The highest H2O2 feed 
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rate yields a comparatively lower 𝑄̇𝑃. As at the same time the active enzyme 

concentration is decreasing, no sound conclusion to the cause can be made. Possible 

reasons are a limitation by the butane mass transport, the saturation of the UPO with 

H2O2 or overoxidation of the product. An indication for the overoxidation is the yield 

on H2O2 and TOF. The apparent yield on H2O2 (𝑌𝐻2𝑂2.𝑎𝑝𝑝, eq. 32) is the number of 

measured reactions divided by the amount of supplied H2O2. In this semi continuous 

system, this is the 𝑄̇𝑃 divided by the H2O2 feed rate.  

𝑌𝐻2𝑂2,𝑎𝑝𝑝.  =
𝑄̇𝑃 

𝐹̇𝐻2𝑂2

 ∙ 100 32 

The 𝑌𝐻2𝑂2,𝑎𝑝𝑝. for the different feed rates is shown in Figure 7.5.a. For the highest feed 

rate a decrease in yield of about 20% is measured, indicating parallel or subsequent 

reactions. Additionally, the TOF can be calculated and plotted over the enzyme specific 

H2O2 feed rate (eq. 33 and Figure 7.5.b).  

𝐹̇𝐻2𝑂2,𝑠𝑝𝑒𝑧 =  
𝐹̇𝐻2𝑂2

𝑐𝐸
 33 

For the lower feed rates, an average value was calculated ( ). To account for the 

decrease in active enzyme concentration at the highest H2O2 feed rate a data pair of 

TOF and specific feed rate was calculated for each measuring point ( ). Even though 

the later points are not in line with the lower feed rates, a linear dependency of specific 

feed rate and TOF is visible, this shows that the enzyme is not saturated with H2O2. 

Based on these results a differentiation for further investigations was made:  

Chapter 7.3 and 7.4 describe the kinetic characterisation and stability of the UPO, 

using low enzyme concentrations to prevent mass transport limitations. Whereas in 

chapter 7.5 higher UPO concentrations are applied to investigate the performance of 

the overall system. 
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Figure 7.5: a) 𝑄̇𝑃  ( ) and H2O2-yield ( ) in dependency of the step wise increase in 
H2O2 feed rate, corrected for the volume change. b) TOF in dependency of the 
enzyme specific H2O2 feed rate. Data points at nearly constant active enzyme 
concentration and H2O2 feed rates below 8 mM h-1 ( ) and data points for 
decreasing active enzyme concentrations, a TOF calculated for every measurement 
point ( ).  

7.3 Kinetic Characterisation of rAaeUPO 

Kinetic characterisations can be performed in two ways: measuring the initial reaction 

rate or performing process curve analysis. In the former case, a constant reaction rate 

is assumed at the beginning of an experiment, while back reactions are neglected. To 

meet these conditions the conversion is generally kept below 5%. In the latter case the 

course of substrate and product concentrations is followed over a longer period, e.g. 

until steady state or depletion of catalyst. Afterwards the kinetic data can be derived by 

non-linear regression.   

The hydroxylation of butane to 2-butanol is characterised using a modified initial rate 

measurement. To investigate the subsequent reaction, 2-butanol to butanone, process 

curve analysis was performed. 

7.3.1 Kinetic for the Hydroxylation of Butane to 2-Butanol 

As mentioned earlier, the maximal solubility of butane under standard conditions is 

low, around 1 mM [31]. At the same time, precise measurement of changes in this 

concentration range are quite challenging. To overcome this, the kinetic measurements 

were performed in the 0.2 L bubble column reactor (see chapter 3.2.2) at a constant 

gassing with butane. At a very low enzyme concentration, the reaction rate is only 

limited by the enzymes performance. The comparable high mass transfer results in a 

0

20

40

60

80

0

2

4

6

8

0 2 4 6 8 10 12 14 16

Y
H

2
O

2
,a

p
p

.
[%

]

Q
P

[m
M
∙h

-1
]

ḞH2O2 [mM h-1]

a) b) 

0

0.5

1

1.5

2

2.5

3

3.5

0 10 20 30

T
O

F
 [

s-
1
]

ḞH2O2,spez [mM µM-1 h-1] 

. 



Chapter 7  Butane Hydroxylation by Unspecific Peroxygenase 

84 

constant butane concentration near maximal solubility. As the UPOs reaction 

mechanism (see chapter 7.1.1) does not allow back reactions the initial reaction rate 

stays constant until either significant amounts of enzyme are deactivated, or a 

subsequent reaction occurs (see Figure 7.6). 

By changing the butane content in the feed gas, the partial pressure of butane can be 

influenced and thus, according to Henry’s law (see chapter 1.2) the maximal solubility. 

Using the gas mixing station butane-nitrogen mixtures can be prepared and the 

investigated concentration range broadened. The maximum partial pressure to be 

applied is 1500 mbar, using pure butane and elevated pressure. Higher pressures are 

excluded because of safety considerations regarding the glass reactor. 

 

Figure 7.6: Visualisation of the concentrations profiles under constant supply of 
substrate and irreversible reaction. E: enzyme, ES: enzyme-substrate complex, S: 
substrate, P: product. Compare to Figure 7.3. 

 

Providing a high H2O2 concentration at the start of the experiment would inactivate 

the enzyme. Changing H2O2 concentrations would also influence the reaction rate. In 

consequence H2O2 has to be fed to the reactor as well. Unfortunately, measurement of 

the H2O2 concentration was not possible. It is assumed that the feed and the 

simultaneously performed reaction will result in a steady state H2O2 concentration, 

simplified in eq. 34. This equation can be transformed, under the premise of a constant 

active enzyme concentration, into the dependency shown in eq. 35.  

𝑑𝑐𝐻2𝑂2

𝑑𝑡
= 𝐹̇𝐻2𝑂2,𝑖𝑛 − 𝑣𝑖(𝑐𝐻2𝑂2

) = 0 34 
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𝑐𝐻2𝑂2
~𝐹̇𝐻2𝑂2,𝑖𝑛 35 

To account for this changes eq. 31 (double substrate kinetic) has to be adjusted to 

describe the investigated reactions (see eq. 36):  

𝑣 =  𝑘𝑐𝑎𝑡 ∙ 𝑐𝐸 ∙  
𝑝𝑏𝑢𝑡𝑎𝑛𝑒

𝑝𝑏𝑢𝑡𝑎𝑛𝑒 + 𝐾𝑀,𝑏𝑢𝑡𝑎𝑛𝑒
∙  

𝐹̇𝐻2𝑂2

𝐹̇𝐻2𝑂2
+ 𝐾𝐹,𝐻2𝑂2

 36 

Here 𝑝𝑏𝑢𝑡𝑎𝑛𝑒 [mbar] describes the applied partial pressure of butane and 

𝐹̇𝐻2𝑂2
[mmol L-1 h-1] the hydrogen peroxide feed rate. The constant KF,H2O2

[mmol L-1 h-1] 

can be defined similarly to a Km value, as the H2O2 feed rate at which the reaction rate 

is half maximal. 

Butane-dependent Kinetics 

To investigate the butane kinetic independently from the hydrogen peroxide feed rate 

and to test the assumption of using the butane partial pressure instead of the 

concentration, a series of experiments with butane partial pressures from 60 to 

1500 mbar and a constant, low H2O2 feed rate of 2.5 mM h-1 were conducted. Over the 

course of one hour, a linear increase of the butanol concentration was measured for all 

experiments. At the same time the active enzyme concentration decreased in average 

to 86±7 %. For comparison, the TOF was calculated based on the starting amount of 

active enzyme. 

Figure 7.7 ( ) shows the TOF in respect to the applied partial pressures. As expected 

for a Michaelis-Menten kinetic the reaction rate is in the beginning proportionally 

increasing with butane partial pressure. Afterwards a saturation is reached. The 

obtained data were fitted (see red line - in Figure 7.7) using a single substrate equation 

and the script described in Appendix 11.3.1. The obtained kinetic parameters are listed 

in Table 7.1. 

Table 7.1: Fitted kinetic parameters for the hydroxylation of butane by rAaeUPO 
at a constant hydrogen peroxide feed rate of 2.5 mM h-1. Temperature 25°C, 
Medium of 100 mM KPi at pH 7.  

Parameter Value Unit  

kcat 0.969 ± 0.065 s-1 ± 6.7% 

KM, butane 80 ± 26 mbar ± 33% 
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Figure 7.7: Measurement results ( ) and Michaelis-Menten fit (-), including 95 % 
confidence interval (--), for the hydroxylation of butane by rAaeUPO. Reaction 
conditions: Bubble column with 0.2 L KPi-buffer (100 mM, pH 7), gassing of 
butane nitrogen mixtures at 0.33 L min-1 (0.5 Ln min-1), total pressure 1500 mbar,  
temperature 25 °C, constant H2O2 feed rate of 2.5 mM h-1, average starting enzyme 
concentration 0.582 ±0.038 µM.  

 

According to the Henry equation (eq. 2) a partial pressure of 80 mbar corresponds to 

a butane solubility of 0.088 mM. This low KM value is beneficial for its application, as 

an increasing enzyme concentration will result in a lower dissolved butane 

concentration. The calculated kcat (see Table 7.1) is low in comparison to the observed 

TOFs during the pre-study (up to 3 s-1). This is a result of the use of a single substrate 

kinetic at low H2O2 feed rates. Therefore, the kcat will be discussed within the double 

substrate kinetic later in this chapter.  

To verify, that no transport limitation is measured at low butane partial pressures, the 

experiment at a butane partial pressure of 150 mbar was repeated with a reduced 

enzyme amount. Figure 7.8 compares the measured 𝑄̇𝑃, which is depending on the 

enzyme concentration, with the TOF, the concentration independent variable. While 

the 𝑄̇𝑃 differs for the three experiments significantly, the TOF shows no significant 

differences. This confirms the assumption that mass transfer limitations can be 

neglected at the applied enzyme concentrations.  
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Figure 7.8: 𝑄̇𝑃  ( ) and corresponding TOF ( ) at 150 mbar butane partial pressure 
and different enzyme concentrations. Reaction conditions: Bubble column with 
0.2 L KPi-buffer (100 mM, pH 7), gassing of 10 vol.% butane mixture with nitrogen 
at 0.33 L min-1 (0.5 Ln min-1), total pressure 1500 mbar,  temperature 25 °C, 
constant H2O2 feed rate of 2.5 mM h-1. 

 

H2O2 Kinetics 

Analogous to the butane single substrate kinetics, the impact of changing hydrogen 

peroxide feed rates was investigated. To realise this, the butane partial pressure was 

kept constant at 1500 mbar to avoid possible mass transfer limitations at high H2O2 

feed rates. Based on the results in the pre-study (see chapter 7.2) the H2O2 feed rates 

from 1 to 20 mM h-1 were investigated. For all applied feed rates a linear increase in 

Butanol concentration was observed, i.e. a constant 𝑄̇𝑃. At the highest H2O2 feed rates, 

15 and 20 mM h-1, a slight overoxidation of butanol to butanone was detected. The TOF 

was therefore calculated based on the total amount of hydroxylations detected, i.e. the 

change in 2-butanol and butanone concentration. For reference the starting enzyme 

concentration was used again.  As depicted in Figure 7.9 a linear increase of the TOF 

with increasing H2O2 feed rates becomes visible. This indicates, that the H2O2 

concentration inside the bubble column reactor stays on a low level, significantly lower 

than the KM value and thus in the region of a first order kinetic. Due to the rapid enzyme 

deactivation no higher H2O2 feed rates were investigated.  
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Figure 7.9: TOF ( ) in dependency of the applied hydrogen peroxide feed rate and 
residual amount of active enzyme ( ) after 1 hour. TOF is calculated for linear 
region. Reaction conditions: Bubble column with 0.2 L KPi-buffer (100 mM, 
pH 7), gassing of pure butane at 0.33 L min-1 (0.5 Ln min-1), total pressure 
1500 mbar, temperature 25 °C, average starting enzyme concentration 
0.603 ±0.032 µM. 

 

In contrast to the butane kinetic, the residual active enzyme concentration after 1 hour 

experimental time varies significantly. With increasing H2O2 feed rates the residual 

active enzyme concentration decreases almost linearly (Figure 7.9). It is important to 

note, that the 𝑄̇𝑃s were constant over the whole course of the experiments. This means, 

that the calculated TOFs does not change if only data up to a defined residual activity 

was used. For a detailed discussion about the stability of the enzyme, see chapter 7.4. 
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Double Substrate Kinetic 

The previous shown data were combined with additional experiments, at varying 

butane partial pressure (150, 500, 750 and 1500 mbar) and increased H2O2 feed rate 

(15 mM h-1), to calculate a double substrate kinetic. The TOFs in dependency of partial 

pressure and H2O2 feed rate for all experiments are shown in Figure 7.10 ( ). 

 

Figure 7.10: Experimental data ( ) and fitted kinetic (surface) for the two substrate 
kinetic of the rAaeUPO catalysed hydroxylation of butane. Reaction conditions: 
Bubble column with 0.2 L KPi-buffer (100 mM, pH 7), gassing of butane nitrogen 
mixtures at 0.33 L min-1 (0.5 Ln min-1), total pressure 1500 mbar, temperature 
25 °C, average starting enzyme concentration 0.590 ±0.033 µM. 

 

Again, slight overoxidation occurred at H2O2 feed rates above 10 mM h-1 (data not 

shown) and the amount of hydroxylation reactions, i.e. 2-butanol and butanone, were 

used to calculate the TOF. In all additional experiments, a linear increase in 

hydroxylations, i.e. 𝑄̇𝑃, was observed over the course of 1-hour experimental runtime. 

The only exception was the experiment at 150 mbar butane partial pressure and 

15 mM h-1. Here the 𝑄̇𝑃 started to decrease after ~40 minutes due to enzyme 

deactivation. Hence, the 𝑄̇𝑃 was determined only using the linear region, up to 40 

minutes. 

The experimental data were fitted using eq. 36 and the script described in 

Appendix 11.3.2. The result of the fitting is illustrated in Figure 7.10 (surface) and the 

determined kinetic parameter listed in Table 7.2. The RMSE was calculated to 0.17 s-1. 
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The KM, butane is comparable to the previously estimated value and corresponds to a 

butane concentration of 0.072 mM. For the KM, H2O2 a high variance (± 87 %) was 

calculated. This results from measuring in the first order kinetic region for hydrogen 

peroxide. In consequence, the kcat value is estimated with a high error (± 74 %).  

Table 7.2: Fitting results for the two-substrate kinetic of rAaeUPO catalysed 
hydroxylation of butane; with 95 % confidence interval as total values and 
percentage. 

Parameter Value Unit Variance 

kcat, butane 32 ± 24 s-1 ± 74% 

KM, butane 65 ± 27 mbar ± 42% 

KF, H2O2 92 ± 80 mM h-1 ± 87% 

 

From these results, it is obvious, that the hydrogen peroxide feed rate is the factor 

mainly regulating the reaction rate. It is important to note, that because of the changes 

to the applied Michaelis-Menten kinetic (use of partial pressure and H2O2 feed rate) 

these results reflect the UPOs performance only at the given experimental conditions. 

For the applied low enzyme concentration, a butane concentration around maximal 

solubility is assumed. At higher enzyme concentrations an equilibrium between mass 

transport, the butane transfer rate BTR, and reaction rate is reached, see Eq. 37 & 38.  

𝑑𝑐𝑏𝑢𝑡𝑎𝑛𝑒

𝑑𝑡
= 0 =  𝐵𝑇𝑅 − 𝑣 37 

𝑘𝑐𝑎𝑡 ∙ 𝑐𝐸 ∙  
𝑐𝑏𝑢𝑡𝑎𝑛𝑒

𝑐𝑏𝑢𝑡𝑎𝑛𝑒 + 𝐾𝑀,𝑏𝑢𝑡𝑎𝑛𝑒
∙  

𝐹̇𝐻2𝑂2

𝐹̇𝐻2𝑂2
+ 𝐾𝐹,𝐻2𝑂2

= 𝑘𝐿𝑎 ∙ (𝑐𝑏𝑢𝑡𝑎𝑛𝑒
∗ − 𝑐𝑏𝑢𝑡𝑎𝑛𝑒) 38 

With an increased amount of enzyme, left side of eq. 38, the concentration gradient, 

right side of eq. 38, has to increase, resulting in a lower dissolved butane concentration. 

Hereby the TOF would decrease. In this respect, the low km, butane will enable high TOFs 

when approaching mass transfer limited conditions. Likewise, a steady state 

concentration for hydrogen peroxide is assumed. Higher enzyme concentrations lead 

to lower hydrogen peroxide concentrations and thus lower TOF. To compensate the 

latter, an enzyme specific H2O2 feed rate can be used. For a precise determination of 

the kinetic parameter the measurement of the H2O2 concentration directly in the 

bubble column reactor would be needed. For a full enzymatic characterisation a higher 

H2O2 concentration, or feed rate, should be investigated as well. Here shorter 
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experiments with a higher number of samplings might enable measurements outside 

of the linear region. But as the full characterisation was not in the scope of this work 

and was therefore not pursued. 

7.3.2 Kinetics for the Oxidation of 2-Butanol to Butanone 

During the pre-study and the butane double substrate kinetic, overoxidation of the 

target product, 2-butanol, to butanone was suspected or observed, respectively. To 

quantify these, process curve analysis was performed. The advantage of process curve 

analysis is, that with a few experiments the kinetic can be estimated and at the same 

time subsequent reactions are revealed. The goal of this investigation was not a full 

enzyme characterisation with precise kinetic parameters but an estimation regarding 

the order of magnitude for the kinetics of the subsequent reaction. 

For the analysis, the depletion of 2-butanol at two starting concentrations, 5 and 

10 mM, and three different H2O2 feed rates, 2.5, 5 and 10 mM h-1, was observed. 

Additionally, the active enzyme concentration as well as butanone concentration were 

measured. The results are shown in Figure 7.11 (single data points).  

At the beginning of all experiments the 2-butanol concentration decreases linearly and 

butanone is formed. With decreasing 2-butanol concentration the reaction rate, 

2-butanol to butanone, decreases. It becomes apparent, that the butanone reacts in a 

subsequent reaction, as the butanone concentration decreases again. Unfortunately, 

no additional peaks were detected in the GC measurements and the product of the 

butanone reaction could not be determined and quantified. It is noteworthy that active 

enzyme concentrations is decreasing linearly over the whole course of the experiment. 

When this enzyme deactivation rate kdeact. is plotted against the H2O2 feed rate (see 

Figure 7.12) again a linear trend becomes visible, with increasing feed rates the 

deactivation rate increases. For calculation of a general deactivation rate the amount 

of data is deemed too low. In the following non-linear regression for determination of 

the kinetic data, the experimental determined deactivation rates were used. 

Additionally, specific H2O2 feed rates are calculated to account for the significant 

decrease in active enzyme concentration (see eq. 33). 
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Figure 7.11: Measured (single data points) and simulated (lines) concentration for 2-butanol 
(blue), butanone (red) and active enzyme (green). Reaction conditions: Thermovessels with 
0.05 L KPi-buffer (100 mM, pH 7), temperature 25 °C, average starting enzyme concentration 
0.540 ±0.022 µM. Starting substrate concentration and applied H2O2 feed rates are depicted 
above the corresponding diagram. The start of the experiment with 10 mM and 10 mM h-1 was 
delayed due to air bubbles in the feed tube.  

 

Figure 7.12: Enzyme deactivation rate during process curve analysis for 2-butanol 
starting concentrations of 5 ( ) and 10 mM ( ). 
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The kinetic parameters of the two observed reactions were estimated using the scripts 

given in Appendix 11.3.3. The kinetic expressions, double substrate Michaelis-Menten 

kinetics, for the oxidation of 2-butanol to butanone and the subsequent oxidation of 

butanone are given in eq. 39 and 40, respectively. Differential equations (dt [s] for 2-

butanol [mM], butanone [mM] and the enzyme concentration [µM] are given in eq. 41-

43. If needed, conversion of units was performed in the script. While the liquid organic 

substrates could be measured, again the H2O2 feed rate was used instead of the actual 

concentration. 

𝑣𝐵−2𝑜𝑙 =  𝑘𝑐𝑎𝑡,𝐵−2𝑜𝑙 ∙ 𝑐𝐸 ∙  
𝑐𝐵−2𝑜𝑙

𝑐𝐵−2𝑜𝑙 + 𝐾𝑀,𝐵−2𝑜𝑙
∙  

𝐹̇𝐻2𝑂2,𝑠𝑝𝑒𝑧.

𝐹̇𝐻2𝑂2,𝑠𝑝𝑒𝑧. + 𝐾𝐹,𝐻2𝑂2,𝐵−𝑜𝑙

 39 

𝑣𝐵−𝑜𝑛𝑒 =  𝑘𝑐𝑎𝑡,𝐵−𝑜𝑛𝑒 ∙ 𝑐𝐸 ∙  
𝑐𝐵−𝑜𝑛𝑒

𝑐𝐵−𝑜𝑛𝑒 + 𝐾𝑀,𝐵−𝑜𝑛𝑒
∙  

𝐹̇𝐻2𝑂2,𝑠𝑝𝑒𝑧.

𝐹̇𝐻2𝑂2,𝑠𝑝𝑒𝑧. + 𝐾𝐹,𝐻2𝑂2,𝐵−𝑜𝑛𝑒

 40 

𝑑𝑐𝐵−2𝑜𝑙

𝑑𝑡
= −𝑣𝐵−2𝑜𝑙 41 

𝑑𝑐𝐵−𝑜𝑛𝑒

𝑑𝑡
= +𝑣𝐵−2𝑜𝑙 − 𝑣𝐵−𝑜𝑛𝑒 42 

𝑑𝑐𝐸

𝑑𝑡
= −𝑘𝑑𝑒𝑎𝑐𝑡. 43 

The six estimated kinetic parameters are summarised in Table 7.3, the errors are given 

as 95% confidence interval. The numerical solution of the differential equation systems 

is visualised in Figure 7.11 (lines).   

Table 7.3: Results of the parameter fitting for the process curve analysis of the 
oxidation of 2-butanol to butanone and subsequent reactions. With 95 % 
confidence interval in absolute numbers and percentage.  

Parameter Value Unit Variance 

kcat, B-2ol 15.2 ±    2.9 s−1 ± 19% 

KM, B-2ol 2.74  ± 0.79 mM ± 29% 

KF, H2O2,B-2ol 33.9  ±   6.8 mMH2O2
 μMenzyme

−1  h−1 ± 20% 

kcat, B-one 7.9  ±    2.1 s−1 ± 27% 

KM, B-one 1.07  ± 0.93 mM ± 87% 

KF, H2O2,B-one 19.1  ±   5.9 mMH2O2
 μMenzyme

−1  h−1 ± 31% 
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Overall a good fitting with variances for most parameters below 30% was achieved. The 

applied 2-butanol concentration is up to a factor of 4 higher than the estimated KM,B-2ol. 

This was beneficial for the fitting as the kinetic is calculated for a wide concentration 

range, i.e. high concentrations for the maximum reaction rate as well as the low 

concentration region with the transition to first order kinetic. In contrast the maximum 

reached butanone concentration is on the same level as the KM, B-one, if the variance is 

included. This limited data result in the high variance of 87%.  

Since the aim of this analysis was no in-depth reaction kinetic study of the liquid 

substrates, 2-butanol and butanone, but an estimation of the potential overoxidation 

of butane, no further studies were performed. The different kinetic measurements are 

compared and discussed in the next chapter. 

7.3.3 Discussion of Kinetic Investigations 

In the following two main aspects of the previously described results are to be 

discussed. For one the comparison of the estimated parameters and their impact on 

the hydroxylation of butane in a bubble column reactor. On the other hand, the 

assumptions made to calculate these parameters are discussed. 

Comparison of the Kinetic Parameters 

It is important to remember, that in the bubble column reactor butane is continuously 

gassed into the reaction media, thus a steady supply of butane is guaranteed. At the 

same time the reactions are limited by the supplied H2O2.  Hence, in a reactor with all 

organic substrates, i.e. butane, 2-butanol and butanone, present, the ratio of the 

different reaction rates depends on the individual kinetic parameters, Km and kcat, and 

the corresponding substrate concentration. For the comparison of the kinetic 

parameters the impact of H2O2 can be neglected. As described in chapter 7.1.1 the UPO 

is working in a ping pong mechanism. First H2O2 reacts with the active centre forming 

the “Compound I”. This activated enzyme catalyses in the following the oxidation of 

the organic substrate.  

Table 7.4: Summary of determined kinetic parameter for the organic substrates 

Species kcat, i [s-1] KM [mM] 

Butane 32 ± 24 0.072 ± 0.030 

2-butanol 15.2 ± 2.9 2.74 ± 0.79 

Butanone 7.9 ± 2.1 1.07 ± 0.93 
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Since the KM values are low compared to the reached concentrations, a simplification 

is made. For all reactions the saturation with the organic substrate is assumed. 

Regarding the rate of overoxidation of 2-butanol, it is the worst case scenario. By this 

assumptions the kinetic equations are reduced to zero order and the selectivity can be 

derived as follows: 

 
44 

 
45 

 
46 

𝑘𝑖 = 𝑘𝑐𝑎𝑡,𝑖 47 

𝑆𝑖 =
𝑐𝑖

∑ 𝑐𝑗
𝑛
1

=  
𝑘𝑖

∑ 𝑘𝑗
𝑛
1

 48 

 

With the above made assumptions, which can be compared to a very long, not butane 

limited experiment, the selectivity for each species was calculated (see. Table 7.5). It 

becomes obvious that in such an experiment ~40 % of the 2-butanol are overoxidised. 

Usually, overoxidation would be reduced by optimising the experimental runtimes and 

thereby lowering final product concentrations. In the semi-continuous bubble column, 

an in situ product removal is advised. This would keep the 2-butanol concentration at 

a low level while fully utilising the enzyme.  

Table 7.5: Selectivity for the rAaeUPO catalysed butane oxidation at infinite 
runtime and no mass transport limitation. 

Species Selectivity [%] 

2-butanol 61.9 

Butanone 18.3 

Oxidised product 19.8 

 

It has to be emphasised, that none mass transport limiting conditions are assumed. As 

already discussed (see. eq. 38), at higher enzyme concentrations the dissolved butane 

concentration can decrease and thereby the hydroxylation rate of butane. At the same 

time overoxidation rates stay the same resulting in a decreased 2-butanol selectivity. 

𝑐𝐵-2𝑜𝑙(𝑡, 𝑐𝐸) = (+𝑘𝑏𝑢𝑡𝑎𝑛𝑒 − 𝑘𝐵-2𝑜𝑙) ∙ 𝑡 ∙ 𝑐𝐸  

𝑐𝐵-𝑜𝑛𝑒(𝑡, 𝑐𝐸) = (+𝑘𝐵-2𝑜𝑙 − 𝑘𝐵-𝑜𝑛𝑒) ∙ 𝑡 ∙ 𝑐𝐸 

𝑐𝑜𝑥𝑖.  𝑝𝑟𝑜𝑑𝑢𝑐𝑡.(𝑡, 𝑐𝐸) = +𝑘𝐵-one ∙ 𝑡 ∙ 𝑐𝐸 
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Assumptions for Kinetic Investigation 

Unfortunately, it is not meaningful to simulate the reaction sequence quantitatively. 

The reason for this are the assumptions that had to be made for the integration of the 

two substrates in the kinetic expression, as both concentrations could not be measured. 

For hydrogen peroxide a steady state concentration is assumed (see Eq. 34 in chapter 

7.3.1). In this assumption only one reaction consuming H2O2 is included. While the 

effective H2O2 concentration might not change, when several parallel reactions occur, 

the reaction speed of the single reactions would differ. During the progress curve 

analysis this bias was accepted as the main focus of this work was the investigation of 

the butane hydroxylation and only an estimation was to be made for the overoxidation. 

For a thorough process optimisation the H2O2 concentration needs to measured and 

the subsequent reactions characterised in detail. Besides the known reaction, also the 

unknown H2O2 consuming reactions need to be investigated. During the kinetic 

investigation of the butane hydroxylation the average H2O2 selectivity is calculated to 

be 60±11 %. While in some experiments slight overoxidation was observed, in the 

majority no 2-butanol or butanone was detected. It can be assumed that the UPO 

oxidises components present in the enzyme stock solution. Experiments with a purified 

enzyme could help to close the mass balance. Nonetheless, inline measurement of H2O2 

is essential to generalise the kinetic. 

While it should be possible to measure the H2O2 concentration with commercially 

available sensors, the measurement of the actual butane concentration remains a 

challenge. Because of the low concentrations applied, online process analytic 

technologies are challenged as well. Instead, Eq. 38 (page 90) can be utilised. For this 

the BTR needs to be calculated for a steady state by balancing the feed- and off-gas, e.g. 

measured by a mirco-GC. In steady state the BTR is equal to the reaction rate and 

thereby it is possible to calculate the only missing variable, the dissolved butane 

concentration. Following this approach also the kLa value for the transfer of butane 

into the reaction media under the given process conditions can be calculated. 

Regardless of these possible improvements, the established kinetic equation and 

parameters can be used for a non-mass transfer limited system. 
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7.4 Investigation of the Stability and TN of rAaeUPO 

In comparison to the aforementioned TOF, the turnover number (TN [-]) describes the 

amount of catalytic cycles an enzyme can perform until its total denaturation, at given 

process conditions. The TN can be calculated by dividing the change in product or 

substrate concentration by the amount of enzyme, see eq. 49. To achieve a comparable 

TN it is important, that the enzyme is not limited by the amount of substrate or kinetic 

equilibria and the reactions are performed until all enzyme is denatured. 

𝑇𝑁 =
𝑐𝑃,𝑒𝑛𝑑 − 𝑐𝑃,0

𝑐𝐸,0 − 𝑐𝑒,𝑒𝑛𝑑
=

𝑐𝑃,𝑒𝑛𝑑

𝑐𝐸,0
 49 

Rogers and Bommarius [86] showed that the TN can be estimated by the ratio of 𝑘𝑐𝑎𝑡 

and 𝑘𝑑𝑒𝑎𝑐𝑡., the denaturation constant, if the denaturation follows a first-order kinetic. 

However, during the kinetic experiments the enzyme denaturation followed a zero-

order kinetic, independent of its concentration the active enzyme concentration 

decreased linearly. As also the product formation rate was found to be constant until 

complete enzyme deactivation, an apparent TN is estimated using eq. 50. 

𝑇𝑁𝑎𝑝𝑝. =
𝑄̇𝑃 

𝑘𝑑𝑒𝑎𝑐𝑡.
 50 

Here 𝑘𝑑𝑒𝑎𝑐𝑡 describes the rate of enzyme denaturation and 𝑄̇𝑃, as before, the product 

formation rate.  

In Figure 7.13 the enzyme denaturation rates during the kinetic investigation, butane 

to 2-butanol, are shown in respect to the investigated parameter, H2O2 feed rate and 

butane partial pressure. Two trends become visible. With increasing butane partial 

pressure the denaturation is reduced. A higher butane pressure results in a higher 

butane concentration and thus increases the chance that an activated enzyme gets in 

contact with a butane molecule instead of a second and third H2O2, which would lead 

to the catalase or denaturation pathway, respectively (see chapter 7.1.1). The second 

trend is the increased denaturation with an increased H2O2 feed rate, which is to be 

expected. To put the denaturation in perspective with the achieved hydroxylation 𝑄̇𝑃, 

the TNapp. was calculated (see Figure 7.14). 
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a) b) 

 

 

 

 

 

 

Figure 7.13: Enzyme deactivation rates during the kinetic study for the 
hydroxylation of butane. For duplicated data points an average was calculated. a) 
Denaturation in dependency of changing butane partial pressures with H2O2 feed 
rates of 2.5 ( ), 10 ( ) and 15 mM h-1 ( ). b) Denaturation in dependency on H2O2 
feed rates at constant butane partial pressures of 1500 mbar ( ). Constant reaction 
conditions: Bubble column with 0.2 L KPi-buffer (100 mM, pH 7), gassing of 
butane nitrogen mixtures at 0.33 L min-1 (0.5 Ln min-1), total pressure 1500 mbar, 
temperature 25 °C, average starting enzyme concentration 0.590 ±0.033 µM.  

 

  

Figure 7.14: TNapp in dependency of the applied butane partial pressure and H2O2 
feed rate. Linear interpolation. Constant reaction conditions: Bubble column with 
0.2 L KPi-buffer (100 mM, pH 7), gassing of butane nitrogen mixtures at 
0.33 L min-1 (0.5 Ln min-1), total pressure 1500 mbar, temperature 25 °C, average 
starting enzyme concentration 0.590 ±0.033 µM. 

 

The high denaturation rates at low butane partial pressures combined with lower 

reaction rates result in an overall low TNapp. With increasing butane partial pressure a 

plateau is reached. In contrast to the increasing deactivation rate with increasing H2O2 
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feed rate, the TN first increases with H2O2 feed rate and then reaches the mentioned 

plateau of around 26000. This plateau of TNapp implies that the enzyme can only 

perform a certain amount of catalytic cycles, independent of the applied conditions. 

This phenomenon was already shown in previous works, with the UPO by Horst et al. 

[87] and Bormann et al. [88] as well as for the very similar P450 by Brummund et al. 

[89]. In these cases the enzymes reaches it maximum number of turnovers, the total 

turnover number TTN, before it is denatured by other factors. Lower TN are a result of 

additional denaturation, e.g. caused by H2O2, temperature effects or the gassing 

induced shear stress. 

Bormann et al. [88] determined a TTN through extrapolation of the TN for an infinite 

diluted H2O2 supply. Surprisingly the measured TNapp. at the lowest H2O2 feed rate of 

1 mM h-1 and 1500 mbar butane partial pressure is with 8655 one of the lowest. This 

can be explained by two factors. For one by the applied method. After one hour of 

experiment the residual activity is measured to be 96.6 %. Because of the low reaction 

rate, already small measuring errors for the active enzyme concentration result in huge 

deviations. Secondly, the used reactor. While the low reaction rate only slightly reduces 

the active enzyme concentration, the shearing which is induced by the gassing can 

denature the enzyme nonetheless. At higher H2O2 feed rate the loss of active enzyme 

concentration is likely dominated by the performed reactions. 

To evaluate the used method for the determination of TNapp one experiment during the 

kinetic investigation of the butane hydroxylation was carried out until complete 

enzyme denaturation, at a H2O2 feed rate of 20 mM h-1 and a butane partial pressure 

of 1500 mbar. When the TN is calculated with eq. 49 a value of 22905 is measured, 

while with eq. 50 a TNapp of 25966 is achieved. This 13 % deviation can be explained 

with unnoticed overoxidations, especially during the end of the experiment at high 

organic substrate concentrations. Another factor might be the change in hydrodynamic 

conditions. With increasing product concentration pronounced foaming was observed 

which could increase enzyme denaturation.  For the performed comparison the applied 

method was deemed acceptable.   
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7.5  Application of UPO for Synthesis  

In contrast to the kinetic investigations, in which low enzyme concentration were 

applied, to rule out mass transport limitations, the following experiments were 

conducted with higher enzyme concentrations to achieve higher overall 𝑄̇𝑃 and product 

concentrations. Thereby demonstrating the application of the UPO under process 

relevant conditions, first in a 0.2 L bubble column and later in a scale up to 2 L with in 

situ product removal by extraction. 

7.5.1 0.2 L Bubble Column Reactor 

In a first approach similar conditions as during the pre-study experiment were applied, 

but instead of a step wise increase a constant low H2O2 feed rate of 4 mM h-1 was used.  

Since during the application experiments changing enzyme concentrations were 

utilised, hydrogen peroxide feed rates are additionally given as specific feed rates, here 

the specific feed rate accounts for ~2 mMH2O2 µMUPO-1 h-1. The measured 

concentrations are shown in Figure 7.15 a). The concentration of 2-butanol increases 

linear for the first ~1.5 hours. The initial rate for the hydroxylation of butane is 

2.7 mM h-1. Afterwards the rate slightly decreases and overoxidation is detected. The 

amount of performed reactions, i.e. hydroxylation (butane to 2-butanol) and oxidation 

(2-butanol to butanone), is almost linearly increasing over the whole experiment, 

Figure 7.15 b). Similarly, the active enzyme concentration decreases linearly and is 

virtually zero after 6.5 hours. The slight decrease in 2-butanol concentration at the end 

of the experiment can be attributed to the dilution caused by the H2O2 feed, as the total 

amount of reactions stagnates. The yield on H2O2 is calculated to be around 70 % at the 

start of the experiment and is decreasing around the time of the first detection of 

overoxidation to around 60 %. At the end of the experiment H2O2 is still fed to the 

reactor but no active enzyme is present, therefore the yield decreases significantly. 

Overall a 2-butanol 𝑄̇𝑃, calculated for 6 h experiment, of 1.98 mM h-1 was determined, 

which when referred to the starting enzyme concentration corresponds to an apparent 

TOFapp. of 0.25 s-1. For TN two values are calculated. For one the TN for the performed 

hydroxylations, TNhyd. = 6004, and a TN for the total overserved reactions: TNtotal = 

6516.   
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a) b) 

 

 

 

 

 

Figure 7.15: rAaeUPO catalysed hydroxylation of butane with a starting enzyme 
concentration of 2 µM. a) Measured concentrations of 2-butanol ( ), butanone        
( ) and active enzyme ( ). b) Total amount of performed reactions ( ) and yield 
on H2O2 ( ).Reaction conditions: Bubble column with 0.2 L KPi-buffer (100 mM, 
pH 7), gassing of pure butane at 0.35 L min-1, temperature 25 °C, overpressure 
100 mbar, hydrogen peroxide feed rate 4 mM h-1 (~ 2 mMH2O2

 µMUPO
-1 h-1).  

To increase the 𝑄̇𝑃 and product titre the enzyme concentration was increased 5-fold 

and the specific H2O2 feed rate 3-fold to ~6 mMH2O2 µMUPO h-1, resulting in a H2O2 feed 

rate of 60 mM h-1. The measured concentrations are shown in Figure 7.16 a). 

a)  b)  

 

 

 

 

 

Figure 7.16: rAaeUPO catalysed oxidation of butane with a starting enzyme 
concentration of 10 µM. a) Measured concentrations of 2-butanol ( ), butanone  
( ) and active enzyme ( ). b) Total amount of performed reactions ( ) and yield 
on H2O2 ( ).Reaction conditions: Bubble column with 0.2 L KPi-buffer (100 mM, 
pH 7), gassing of pure butane at 0.35 L min-1, temperature 25 °C, overpressure 
100 mbar, hydrogen peroxide feed rate 60 mM h-1 (~ 6.4 mMH2O2

 µMUPO
-1 h-1). 

The 2-butanol concentration increases linear at the start of the experiment before 

slightly slowing down after ~1.2 hours. The initial rate for the hydroxylation of butane 

is 20.1 mM h-1. In contrast to the previous experiment the rate of the total amount of 
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performed reactions (Figure 7.16 b) is decreasing as well. Coupled with the steady 

decrease in yield on H2O2 for the second half of the experiment the subsequent 

oxidation of butanone can be assumed. Overall a 2-butanol 𝑄̇𝑃 of 13.3 mM h-1 was 

determined. This amounts to a TOFapp. of 0.39 s-1 when referred to the starting enzyme 

concentration. For TNhyd. and TNtotal 4981 and 5710 were calculated, respectively. 

Compared to the first experiment a significant higher 𝑄̇𝑃, ~7 fold, was achieved while 

the enzyme efficiency, measured in TN, is only slightly reduced (83-88%). However, 

the pronounced overoxidation reduces the apparent 2-butanol selectivity from 91.5% 

to 85.4%, or in other words nearly doubles the apparent butanone selectivity (8.5 % to 

14.6%). The apparent selectivity is used as no quantification of further overoxidations 

can be made, nor the butane conversion determined. Nevertheless, the later conditions 

were considered worthwhile for scale up to preparative 2 L scale.  

7.5.2 Scale up with in situ Product Removal 

To reduce the product concentration in the reaction media and thereby counteract the 

overoxidation, the scale up was to be joined with an in situ product removal (ISPR). 

For this an extraction column was integrated in experimental setup using an external 

loop (Figure 3.5, chapter 3.2.2).  

Solvent Selection 

One of the UPO’s strengths, its broad substrate scope, results in a drawback for ISPR 

by extraction as also many organic solvents can be oxidized by the UPO. For the 

selection of a suitable solvent the following criteria have to be considered: (I) The 

solvents capability to extract the desired product from the aqueous reaction media, this 

means a favourable partition coefficient towards 2-butanol. (II) The impact on the 

enzyme stability when in direct contact with the solvent. (III) The solvents likelihood 

to be used as a substrate, or as a simplified indicator, the solubility of the solvent in 

water. Unfortunately, the first and third criteria counteract each other to a certain 

degree, due to the hydrophilicity of 2-butanol.  

To choose an appropriate solvent a selection of suitable organic solvents were tested 

regarding their apparent partition coefficient (Papp.) and their impact on enzyme 

stability (Table 7.6).  
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Table 7.6: Residual enzyme activity and apparent partition coefficient, c2-butanol,org. 

divided by c2-butanol,aq, for cautious (inversion) and intensive mixing. Enzyme 
activity was determined by ABTS assay in triplicates. 

 Inversion Intensive mixing 

Solvent 
Residual activity 

[%] 

Papp.  

[-] 

Residual activity 

[%] 

Papp. 

[-] 

Rapeseed oil 94 0.05 - - 

Dodecane 112 0.08 - - 

p-xylol 81 0.24 - - 

n-decanol 105 0.55 99 3.2 

 

As no additional power input is applied in the extraction column a low contact area and 

time are to be expected. To simulate these conditions a simple mixing by inversion 

(5-times) was applied. Only p-xylol and n-decanol showed suitable apparent partition 

coefficients. Because p-xylol reduced the relative enzyme concentration already after 

the first contact and n-decanol showed a more than doubled partition coefficient, the 

later was chosen as solvent.  

To estimate the impact of longer contact times the experiment was repeated with a 

more intense mixing, by vortexing for one minute. Even under these conditions no 

significant impact on the enzyme stability was observed. The apparent partition 

coefficient was calculated to 3.2. Additionally, the solubility of n-decanol in water 

(0.25 mM [90]) is significant lower than of butane (≈ 1 mM [31]), which reduces the 

changes of solvent oxidation. 

Scale up 

For scale up a bubble column reactor with an initial volume of 2 L was used. As scale 

up criteria the superficial gas velocity was used, thus the volume flow increases from 

0.35 L min-1 to 1.4 L min-1. This corresponds to the reduction of the specific gassing 

rate from 1.75 VVM to 0.7 VVM. All other parameters were kept constant like in the 

previously shown experiment (see Figure 7.16). Additionally, a part of the reaction 

media is continuously withdrawn and pumped via peristaltic pump, at 3 L h-1, in an 

extraction column. After dropping through a stationary n-decanol phase (200 mL), the 

raffinate is pumped back into the 2 L bubble column. After 2.5 h the organic phase was 

exchanged. The H2O2 concentration was measured online in front of the inlet to the 

extraction column. Until ~95 % enzyme deactivation (~3.25 h) the measured H2O2 
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concentration was below detection limit (<0.1 mM). Figure 7.17 shows the measured 

concentrations in the organic (top) and aqueous (bottom) phase.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.17: rAaeUPO catalysed oxidation of butane in 2 L scale with ISPR. 
Measured concentrations in organic (upper part) and aqueous phase (lower part) 
of 2-butanol ( ), butanone ( ) and active enzyme ( ). Reaction conditions: Bubble 
column with 2 L KPi-buffer (100 mM, pH 7), gassing of pure butane at 1.4 L min-1, 
temperature 25 °C, overpressure 0 mbar, hydrogen peroxide feed rate 60 mM h-1 
(~ 7.7 mMH2O2

 µMUPO
-1 h-1). 

 

Similar to the previous experiments the 2-butanol concentration starts to increase 

linearly. With a little delay the butanone concentration increases considerably as well. 

The initial rate for the hydroxylation of butane is 28.3 mM h-1.  When the sum of all 

detected reactions, organic and aqueous phase, is plotted over the time (Figure 7.18) it 

becomes visible that the linear trend is continued for the whole experiment. Only 

interrupted by the change of the organic solvent at 2.5 h. This also results in a drop of 

yield on H2O2, from an average of 52 % to 46 %. As before, the active enzyme 

concentration decreases in a linear fashion. 

Overall a 2-butanol 𝑄̇𝑃 of 14.3 mM h-1 was determined. Additionally, a butanone 𝑄̇𝑃 of 

8.7 mM h-1 is achieved. This amounts to a TOFapp. of 0.51 s-1 and 0.31 s-1 when referred 
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to the starting enzyme concentration. For TNhyd. and TNtotal 11811 and 16290 were 

calculated, respectively.  

 

Figure 7.18: rAaeUPO catalysed oxidation of butane in 2 L scale with ISPR. Total 
amount of performed reactions ( ), hydroxylations (butane to 2-butanol, ), 
oxidations (2-butanol to butanone, ) and yield on H2O2 ( ). Reaction conditions: 
Bubble column with 2 L KPi-buffer (100 mM, pH 7), gassing of pure butane at 
1.4 L min-1, temperature 25 °C, overpressure 0 mbar, hydrogen peroxide feed rate 
60 mM h-1 (~ 7.7 mMH2O2

 µMUPO
-1 h-1). 

 

While the aqueous 2-butanol concentration is comparable between the small scale and 

scale up, the overoxidation increases significantly. Resulting in an apparent 2-butanol 

selectivity of 62.1 %, about 20 % lower than in the small scale. This indicates a mass 

transfer limitation, which can be attributed to the reduced specific gassing rate and 

change in hydrodynamic properties, like less pronounced wall effects in the scale up. 

Further comparisons of these and previous results will be presented in the next section 

(Chapter 7.5.3).  

The extraction performed well, as 2-butanol and butanone were continuously 

extracted. The apparent partition coefficients for 2-butanol and butanone at the end of 

the experiment are 2.35 and 0.9, respectively. This is lower compared to the solvent 

selection but was expected as no additional power input was applied. Because of the 

comparable low volume of the organic phase, in total 0.4 L n-decanol versus 2 L initial 

aqueous media, the 2-butanol fraction in the extract is only 27 % of the total 2-butanol. 

Further optimisations are necessary to improve the 2-butanol extraction performance 

and thereby reducing the overoxidation. On the instrument side two factors should be 

addressed. For one the contact time and the intensity of the mixing of the two phases 

thereby increasing the extraction speed, e.g. by dispersion with a stirrer or pumping 
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the aqueous phase through a sintered frit. For another the volume or exchange of the 

organic phase, i.e. using a larger extraction column or a continuous extraction. The 

increased concentration gradient would also increase the extraction speed. 

Additionally, the solvent itself can be optimised. For this a detailed screening according 

to the aforementioned factors has to be conducted.  

7.5.3 Comparison of the UPO Application 

For a better comparison of the described experiments, Table 7.7 summarizes the 

achieved TOF and TN, which are recalculated for the individual reactions, i.e. 

hydroxylation of butane to 2-butanol and the oxidation of 2-butanol to butanone. The 

displayed TOFs describe the average reaction rate over the whole course of the 

experiment, normalised to the starting enzyme concentration. 

Table 7.7: Summary of average TOF and TN for the three application experiments. 
Indexes: “hyd.” total amount of detected hydroxylations (2-butanol + butanone); 
“oxi.” total amount of detected oxidations (butanone); “total” all observed 
reactions (2-butanol + 2x butanone)  

Scale 

[L] 

H2O2 

[mM h-1] 

TOFhyd. 

[s-1] 

TOFoxi. 

[s-1] 

TOFtotal 

[s-1] 

TNhyd. 

[-] 

TNoxi. 

[-] 

TNtotal 

[-] 
 

0.2 4 0.27 0.02 0.30 6004 511 6516 Figure 7.15 

0.2 60 0.46 0.08 0.53 4981 729 5710 Figure 7.16 

2 60 0.82 0.31 1.13 11811 4479 16290 Figure 7.17 

 

Comparison of the Three Experiments 

The increase in TOF from the first to the second experiment, low and high enzyme 

concentrations, was discussed previously and is attributed to the higher specific H2O2 

feed rate. At the same time the TN is only decreased slightly. This is within expectations 

as a higher H2O2 supply boosts the catalase and deactivation pathways of the enzyme. 

In addition a decreasing yield on H2O2 towards the end of the second experiment 

indicates further oxidations, which were proven during the process curve analysis 

(chapter 7.3.2). This subsequent reactions decrease the final concentrations of 2-

butanol and butanone and thereby affect the TN calculation negatively.  

Surprisingly, the average TOF doubles again for the scale up experiment. Ultimately, 

this is an effect from different enzyme deactivation rates. During both experiments a 
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constant decrease in active enzyme concentration was measured, 3.41 µM h-1 and 

2.21 µM h-1 for the small scale and scale up, respectively. Because of this the UPO is 

longer active in the scale up, doubling the average TOFhyd. and TNhyd. Again further 

oxidations of butanone could not be quantified, therefore, the values above have to be 

considered as apparent.  

As all other reaction conditions were kept constant, the explanation for the differences 

is suspected to originate from the applied scale up criteria. The constant superficial 

velocity changes the specific gassing rate (VVM). In the small scale the VVM is 2.5-fold 

higher than in the scale up. This higher specific gas throughput can cause more shear 

stress, thus increase enzyme deactivation rate. In addition the Reynolds number (Re) 

is changed during the scale up. While the properties of the media, i.e. density 𝜌 and 

viscosity 𝜂, as well as the superficial gas velocity are kept constant, the characteristic 

length, the inner diameter of the bubble column, doubles (from 4 to 8 cm). Resulting 

in a doubled Re (see eq. 51).  

𝑅𝑒2𝐿 

𝑑2𝐿
=

𝜌 ∙ 𝑣

𝜂
=  

𝑅𝑒0.2𝐿 

𝑑0.2𝐿
=  

𝑅𝑒2𝐿 

2 ∙ 𝑑0.2𝐿
 51 

It is important to note, that a Re for the gas entering the bubble column is discussed. 

For investigation of mass transport phenomena the Re is usually calculated for single 

gas bubbles. The increased Re can lead to an improved mixing, shortening the mixing 

time in the scale up compared to the small scale. Which is a known phenomenon 

described in literature. [91] With an improved mixing the dispersion of H2O2 is 

enhanced and local hotspots, e.g. at the feed outlet, are reduced. In the end resulting 

in lower H2O2 driven enzyme denaturation. Lastly, a changed bubble size distributions, 

caused by the different conditions at the sparger, can affect enzyme denaturation.[61, 

62] Further investigations of the above mentioned factors influencing the UPOs 

stability were outside of the scope of this work but should be performed in the future, 

see chapter 8.3. 
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Comparison on Basis of the TN 

Compared to the maximum TNapp, up to 30000 (see chapter 7.4) which were measured 

during the kinetic investigation, the achieved TN during the application experiments 

is comparable low. However, also during the butane kinetic study TNs of or below 

10000 were observed, at experiments with low butane partial pressures. At low butane 

concentrations, caused by low butane partial pressure or mass transport limitation, the 

probability of an activated enzyme to encounter another H2O2-molecule and thereby 

enter the catalase/deactivation pathway, increases. Leading to a reduced TN. 

An additional factor are the increased run times and product concentrations. Besides 

the previously mentioned not quantified overoxidations, the hydrodynamic properties 

inside the bubble column reactor are changing with rising product concentrations. This 

becomes visible when comparing the media, at the start and after one hour of 

experiment, see Figure 7.19 a) and b), respectively.  

               a) 

 

 

           b) 

Figure 7.19: Pictures taken during the rAaeUPO catalysed oxidation of butane in 
the 0.2 L bubble column reactor: a) at the beginning of the experiment. b) after 
1 hour of experiment. 

 

Higher product concentrations reduce the surface tension and thereby changing the 

bubble size distribution and foaming behaviour. While the enzyme denaturation rate 

is nearly constant over the course of the whole experiment, slightly different rates can 

be measured at the beginning and end of the experiment, see Table 7.8.  
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Table 7.8: Enzyme deactivation rates during the initial and end phase as well as 
the average.  

Experiment Figure 
Deactivation rate [µM h-1] 

Initial End Average 

Small scale Figure 7.16 3.3 3.9 3.4 

Scale up Figure 7.17 1.8 2.4 2.2 
 

It has to be noted, that also the specific H2O2 feed rate increases with decreasing active 

enzyme concentration. The described change in denaturation rate could also be caused 

by this. Further investigations, including bubble size distribution measurement at 

various product concentrations and H2O2 caused denaturation in the absence of 

reactions, need to be performed to quantify these two effects.  

 

Comparison Regarding the Kinetics  

Additionally, the anticipated initial reaction rates based on the reactions conditions are 

calculated. Here the kinetic from chapter 7.3.1 was adapted to a H2O2 specific feed rate, 

to incorporate the change in applied enzymes. In Table 7.9 the measured initial 

reaction rates for the hydroxylation of butane are compared with calculated 

predictions. Only the initial rates are compared as the unspecific overoxidation could 

not be measured. 

Table 7.9: Reactions conditions and corresponding TOFs as calculated based on 
double substrate Michalis-Menten kinetic and actual measurement. Indices: 
“esti.” Calculated using double substrate kinetic.  “init,meas.” Initially measured 
at the start of the experiment. 

Scale 
[L] 

pbutane 
[mbar] 

CE,0 
[µM] 

H2O2 
[mM h-1] 

Spec.H2O2 

[mM µM-1 h-1] 
TOFesti. 

[s-1] 
TOFinit,meas. 

[s-1] 
Dif. [%] 

0.2 1110 2.2 4 1.8 0.35 0.34 2.9 

0.2 1100 9.4 60 6.4 1.18 0.61 48.3 

2 1000 7.8 60 7.7 1.41 1.00 29.1 

 

While the initial reaction rate for the experiment with the low enzyme concentration 

can be simulated with a low error, this is not true for the two experiments with higher 

starting enzyme concentration. At higher enzyme concentrations the discussed mass 

transport limitation influences the kinetics, as described in chapter 7.3.1 . Instead 

eq. 36 (chapter 7.3.1) can be solved for 𝑝𝑏𝑢𝑡𝑎𝑛𝑒, see eq. 52, which yields the pressure or, 
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if converted with the Henry’s law, the butane concentration which has to be present in 

the media to reach the measured reaction rate. 

𝑘𝑚,𝑏𝑢𝑡𝑎𝑛𝑒 ∙ 𝑣

𝑘𝑐𝑎𝑡 ∙ 𝑐𝐸 ∙  
𝐹̇𝐻2𝑂2

𝐹̇𝐻2𝑂2
+ 𝐾𝐹,𝐻2𝑂2

− 𝑣

= 𝑝𝑏𝑢𝑡𝑎𝑛𝑒 
52 

This results for the small scale in a butane concentration of 0.063 mM (57 mbar) and 

for the scale up in 0.16 mM (146 mbar). The higher butane concentration in the scale 

up can be attributed to the lower enzyme concentration. While these calculation only 

attest the mass transport limitation, the methodology can, as briefly discussed in 

chapter 7.3.3, be used in the future to infer the kLa value for butane according to eq. 53.  

𝑣 = 𝑘𝑐𝑎𝑡 ∙ 𝑐𝐸 ∙  
𝑝𝑏𝑢𝑡𝑎𝑛𝑒

𝑝𝑏𝑢𝑡𝑎𝑛𝑒 + 𝐾𝑀,𝑏𝑢𝑡𝑎𝑛𝑒

∙  
𝑐𝐻2𝑂2

𝑐𝐻2𝑂2
+ 𝐾𝑀,𝐻2𝑂2

= 𝑘𝑙𝑎 ∙ 𝐻 ∙ (𝑝𝑏𝑢𝑡𝑎𝑛𝑒
∗ − 𝑝𝑏𝑢𝑡𝑎𝑛𝑒) 53 

 

7.6 Interim Summary 

▪ The hydroxylation of butane to 2-butanol by the unspecific peroxygenase 

AaeUPO in two bubble column setups was established and investigated. 

▪ Kinetic parameters were calculated using a modified double substrate 

Michaelis-Menten kinetic. Experiments were performed in the manner of an 

initial rate measurement, modified for the applied reaction system.  

▪ Kinetic parameters for subsequent reactions were estimated using progress 

curve analysis. 

▪ A scale up with in situ product removal was performed to show the feasibility in 

preparative 2 L scale.  

▪ Process optimisations and investigations of the enzyme stability are proposed. 
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8 Discussion and Outlook 

The experimental results of the three investigated reactions systems have been 

discussed in the corresponding chapters. In this chapter the main results are shortly 

summarized, compared with existing literature, and discussed in a broader context. In 

addition, possible future work is proposed. In the end, the alkBGT whole cell system 

(without the ato system) and the free enzyme (UPO) are compared and a final 

recommendation for further studies is made.  

8.1 Whole Cell Catalysed Oxidation of Butane to 

Butyric Acid 

Summary  

The detailed investigation of the mass transfer limited butane oxidation catalysed by 

the alkBGT enzyme system (heterologously expressed in E. coli) was the focus of this 

chapter. Thereby continuing the research from the predecessor [35] at the institute of 

Technical Biocatalysis.   

An activity test was implemented in a scaled down (from 2 L to 0.2 L) bubble column 

reactor. This made determination of the cell activity for each fermentation possible, 

which was normally around 0.4 to 0.45 mM h-1 OD-1. Additionally, the specific glucose 

feed rate, which is needed to achieve maximum activity, was determined as 

45-50 mgGlucoce L-1 h-1 OD-1.  

By optimising the anti-foam feed rate in the 2 L bubble column reactor, application of 

a butane content in the feed gas of up to 40 vol.% was made possible. At the same time 

an increasing 𝑄̇𝑃 with increasing butane content was measured.  

Using the method Design of Experiment a process window for the butane 

hydroxylation was determined. The input parameters were: the butane content in the 

feed gas, overpressure and the gassing rate. With this multivariable analysis the 

maximum 𝑄̇𝑃 (11.62±0.76 mM h-1) was determined to be at 500 mbar, 1.5 L min-1 and 

35.5 vol.% butane. These are the highest possible conditions regarding the 

overpressure and the gassing rate. Higher values are prohibited by the design of the 
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reactor setup.  

Lastly the effect of three mass transfer vectors, MgSO4, n-dodecane and Desmopan® 

DP9730A, was investigated. An increase in 𝑄̇𝑃 between 5 and 15 % could be observed. 

Discussion 

The scientific literature regarding the alkBGT system focuses on hydroxylation of 

longer chain alkanes, fatty acids or esters [92–97]. While the mass transfer of liquid 

alkanes into the aqueous media can also pose a challenge [98], direct comparison of 

these systems is unreasonable. The only reasonable comparison can be performed with 

the work previously (2015-2018) [34, 35] performed at the Institute of Technical 

Biocatalysis. In this work empirically determined values were used for the maximum 

bacterial activity and for the glucose demand. In the early phase of that project a 

specific activity of 0.4 mM OD-1 h-1 was estimated. While this is in good agreement to 

the activity determined in this work (batch-depending 0.4 to 0.45 mM h-1 OD-1), the 

activity was determined at a very high glucose feed rate. In subsequent experiments 

the glucose feed rate was reduced to ~40 mgglucose L-1 h-1 OD-1. According to the 

experiments performed in this work (chapter 5.2.3), a maximum activity of 

0.31 ± 0.04 mM h-1 OD-1 is expected at this glucose feed rate. As normally a significant 

surplus of biomass is used, this did not influence the overall outcome of the previous 

works. Still, as shown for the influence of the gassing rate on the 𝑄̇𝑃 in chapter 5.3.2, 

in some cases a different interpretation of the experimental results is required. 

Nevertheless, the knowledge about the specific activity, and especially the possibility 

to verify it for every fermentation is very beneficial. As it allows for future experiments 

to distinguish between mass transport and biological limitations. 

As stated during the analysis of the DoE, direct comparison of the achieved 𝑄̇𝑃 with 

previously reached 𝑄̇𝑃 at specific conditions is not meaningful. The influence on the 

system by the optimization of the anti-foam feed rate and the change of the sinter stone 

was too great for this (see chapter 5.3). For the overall process the comparison of the 

process window is of greater interest. Especially, as one objective of this work was to 

broaden the process window and investigate reaction conditions which were prior to 

this unreachable. In Figure 8.1 the process window established in this work (chapter 

5.4.4) is compared to the estimated process window during Sluyters work [35]. The 

latter was based on single parameters studies. It has to be noted that in the work  of 
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Sluyter also lower gassing rates were applied, for comparison only the data with the 

same gassing rates are shown.  

  

Figure 8.1: Comparison of the process windows for the oxidation of butane by the 

alkBGT system heterologously expressed in E. coli. 𝑄̇𝑃  and yield on butane 
depending on all possible parameter combinations. For this work in 20 increments 
for each parameter ( ): Gassing rate of 0.7 to 1.5 L min-1, butane content of 14 to 
40 vol.% and overpressure of 100 to 500 mbar. G. Sluyters work  [35] ( ) with 
fixed parameter values: gassing rates: 0.7, 1 and 1.5 L min-1, butane content: 14, 17, 
20, 23, 26, and 28 vol.%, and overpressure, 100, 300 and 500 mbar. 

 

It is shown, that the two process windows overlap for major parts, as is to be expected. 

Because of the improved anti-foam dosage and the subsequently higher butane content 

higher 𝑄̇𝑃 were achieved for the otherwise identical process conditions. With an 

increased 𝑄̇𝑃 at the same reaction conditions the yield also increases. This difference is 

shown in the upper left part of the diagram, which is the area of low gassing rates, low 

butane content and low overpressure.   

The area where the process windows do not overlap represent the former decreasing 

effect on the 𝑄̇𝑃 at higher butane contents (see Figure 5.8). In this work higher butane 

contents were made possible. This leads to the enlargement of the process window 

shown on the bottom right side of the diagram.   

Lastly a factor, that is not specifically visible in the process window has to be 

mentioned: In Sluyters work [35] the impact of increasing pressure was influenced by 

the butane content. At a low butane content an increasing overpressure significantly 

𝑄̇𝑃  
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increased the 𝑄̇𝑃. In contrast, at higher butane content the 𝑄̇𝑃 only slightly increased 

with pressure. In fact, higher 𝑄̇𝑃 were achieved at 14 vol.% and 500 mbar (5.7 mM h-1), 

than at 20 vol.% and 500 mbar (4.7 mM h-1).[35] These conflicting results were not 

observed in this work. Instead, an increasing pressure resulted in significant increase 

in 𝑄̇𝑃 for all butane concentrations, see also Figure 5.10 c).   

To summarise, the goal to enlarge the process window was achieved by utilising the 

GMS to investigate until before not feasible process conditions. 

Future Work 

Further investigations on this topic should focus on improving the mass transport. 

Based on the results presented in this work, two approaches seem feasible: further 

investigations of mass transfer vectors or the change of the reactor system.  

In chapter 5.5 promising utilisations of mass transport vectors were presented, as an 

increase in 𝑄̇𝑃 of up to 15 % was achieved in some experiments. A systematic 

investigation and optimisation was outside of the scope of this work, therefore further 

work is recommended. As the available literature [30, 99] focuses mainly on idealised 

pure water-vector systems, the systematic investigation of potentially four-phase 

systems (liquid-gas-cells-vector) in real reaction media would be an especially 

interesting field of research. Besides the experimental investigation on the impact of 

the vectors on the 𝑄̇𝑃 under different reaction conditions, the impact of the vectors on 

the bubble size distribution should be investigated as well. This can help to better 

understand the operating principles of the different vectors. Lastly, the effect of 

reaction temperature, especially the interaction with the vectors, should be 

investigated. In literature [22] it is reported that higher temperatures increase the kLa 

but decrease the maximum gas solubility, which yields a constant gas transfer rate. In 

contrast to the literature, the single parameter temperature investigation by Sluyter et 

al. [34] found increasing 𝑄̇𝑃 with increasing temperature. As a mass transfer limitation 

system was observed, the 𝑄̇𝑃 correlates directly to the gas transfer rate. Hence further 

investigations are advised. 

With the completion of the process window investigation the characterisation of the 

2 L bubble column reactor is finalised. In the current reactor setup, no higher pressures 

nor higher gassing rates can be realised. To further increase the mass transport, 

modifications to the reactor system can be made. Under the premise, that no moving 
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parts inside the reactor (see chapter 1.3) will be used, a change in aeration system or 

the use of a pressure stable reactor should be discussed.  

So far, a sinter cylinder with an average pore size of 2 µm is used for the dispersion of 

the gas phase. Bubble size distribution measurements with similar gassing adapters, 

but other liquid systems, have shown, that with these kind of gassing adapters fine 

bubble aeration is viable [61, 62]. A systematic investigation of different gassing 

adapters (e.g. with 0.5 µm), preferable including bubble size distribution 

measurements, could enable higher gas transfer rates.  

Furthermore, a complete change in aeration system is possible. Weber et al. [100] and 

Ughetti et al. [101] demonstrated for example the use of jet loop aeration during the 

fermentation of E. coli. Jet loop aeration offers gas transfer rates similar or better to 

those in stirred tank reactors while lower or same volumetric power inputs are 

applied.[101, 102] A drawback is the comparably high local shear stress in the pump 

and nozzle outlet. While during E. coli cultivation no drawback was found [100, 101], 

investigations for the impact on resting cells are needed.  

Regarding a reactor capable of elevated pressures, the vapour pressure of butane is the 

limiting factor. At 20°C the vapour pressure of butane is ~2 bar, hence a maximum 

total pressure in the gas feed of 5 bar (assuming a butane content of 40 vol.%) would 

be possible. At higher pressures the butane would partially condensate in the tubing. 

In fact, also the application of liquid butane is possible. Staudt et al. [4] performed the 

hydroxylation of butane by a P450 at temperatures between -5 and 8°C. At these 

conditions the butane was present in liquid state. Similarly, the oxidation of longer 

chain alkanes by the alkBGT system [94, 98] is performed with an organic liquid phase. 

The liquid phase is thereby used as a substrate reservoir. In a pressure resistant 

reactor, the same principle could be applied for a whole cell catalysed butane oxidation. 

Additionally, the liquid butane might work as a mass transfer vector in respect to the 

oxygen transfer. 
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8.2 Utilisation of Butane as Energy- and Carbon-

Source 

The results presented in chapter 6 were already extensively discussed in the 

corresponding chapter (6.3.1). Suggestions for further work were proposed and 

discussed as well. Therefore, in the following only the summary of the chapter is given. 

Summary  

With the characterisation of the 2 L bubble column set-up complete, the investigated 

microorganism was changed. The goal was to perform the hydroxylation of butane 

without the need of supplying glucose as energy source. At the same time the butane 

should be used as energy- and carbon source. For this the ato system was added to the 

whole cell catalyst, which allows the E. coli cells to metabolise butyric acid as well. The 

new strain was again provided by Evonik Creavis. To examine the ato system and its 

cooperation with the alkBGT system, cultivations on butyric acid and butanol were 

performed, respectively. For both substrates a substrate inhibition was detected and a 

maximum apparent growth rate of 0.13 h-1 was determined. The maximum apparent 

growth rate was reached at concentrations of 17 mM and 12 mM, for butanol and 

butyric acid respectively.   

When butane as single energy- and carbon source was used, no growth could be 

detected. Only in a dual substrate cultivation, with either butanol, butyric acid or a 

combination of these as co-substrate, butane was fixated. Equivalents of up to ~32 % 

of the initially applied liquid substrate (butanol and or butyric acid) were fixated during 

the experimental runtime.  

The primary goal to perform the hydroxylation of butane without the demand for 

glucose was successfully shown. For the utilisation of butane as single energy- and 

carbon-source further research is needed, see also chapter 6.3.1. 
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8.3 Butane hydroxylation by Unspecific Peroxygenase 

Summary  

Starting from a cooperation with the DECHEMA's Research Institute and the TU Delft 

this work investigated the butane hydroxylation catalysed by a soluble enzyme, the 

unspecific peroxygenase (AaeUPO).  

The feasibility of the reaction was demonstrated in a 0.2 L bubble column reactor and 

a stepwise increased H2O2 feed rate. Using a modified double substrate Michaelis-

Menten-equation the kinetic parameters for the hydroxylation of butane to 2-butanol, 

the oxidation of 2-butanol to butanone and further overoxidation of the butanone were 

determined. As hydrogen peroxide concentration could not be measured inline, the 

feed rate was used in the Michaelis-Menten equation and steady state conditions were 

assumed. Table 8.1 summarises the important parameters for the different substrates. 

Table 8.1: Summary of kinetic parameters regarding the organic substrate 

Substrate kcat, i [s-1] KM [mM] 

Butane 32 ± 24 0.072 ± 0.030 

2-butanol 15.2 ± 2.9 2.74 ± 0.79 

Butanone 7.9 ± 2.1 1.07 ± 0.93 

 

Besides the kinetic, the turnover number for the hydroxylation of butane was 

investigated. The results indicate a plateau at which the TTN of ~26000 can be 

achieved.  

While the kinetic investigations were performed at low enzyme concentrations, also 

higher enzyme concentrations were applied to study the overall process performance. 

In the 0.2 L scale an average and maximal butane hydroxylation rate of 15.6 mM h-1 

(𝑄̇𝑃,𝑎𝑣𝑔,ℎ𝑦𝑑.) and 20.1 mM h-1 (𝑄̇𝑃,𝑚𝑎𝑥,ℎ𝑦𝑑.) were measured. The applied conditions were 

used for a scale up to the 2 L scale, using the superficial gas velocity as scale up criteria. 

To counteract overoxidation of the 2-butanol to butanone a ISPR by liquid-liquid 

extraction was applied. An average and maximal butane hydroxylation rate of 

23.0 mM h-1 (𝑄̇𝑃,𝑎𝑣𝑔,ℎ𝑦𝑑.) and 28.3 mM h-1 (𝑄̇𝑃,𝑚𝑎𝑥,ℎ𝑦𝑑.) were measured.  
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Discussion 

The experiments themselves were discussed in the corresponding chapters. Also, the 

assumptions made for the determination of the kinetic parameters were critically 

reviewed. In the following, the comparison to other UPO-systems will be discussed. 

Afterwards other alkane/butane hydroxylating enzyme systems are addressed. 

In the years after the discovery of the UPO in 2004 by Ullrich [78] several reaction 

systems were investigated. In recent research, systems with impressive TN and kcat 

were published.  Depending on the system, a TN of several thousand are reported. [13, 

80] For the hydroxylation of ethylbenzene even TNs of 400,000 [87] or above [103] are 

reported. At the same time, depending on the system, kcat [s-1] of several hundred are 

reported [81, 104], e.g. for the hydroxylation of ethylbenzene 410 s-1 [104]. Compared 

to these reports the herein found catalytic performance, TN of <30,000 and kcat of 

32 ± 24 s-1, is rather low. According to Wang et al. [82] and Peter [105] the cause for 

large differences in the catalytic performance of the UPO are the bond dissociation 

energies (BDE). These authors found a distinct nonlinear correlation between the rate 

limiting reaction step, the oxidation of the substrate, and the BDE of the oxidised bond. 

At low BDEs the reaction is not impacted by the BDE. But starting from BDEs of 

≈90 kcal mol-1, the reaction rate decreases drastically. For ethane, with a BDE of 

≈101 kcal mol-1 [106], Peter [105] postulates that it is the shortest alkane to be possibly 

hydroxylated. For reference the BDE of the C-H bonds of the two central butane carbon 

atoms is ≈98 kcal mol-1[107]. The BDE for the outer carbon atoms is slightly higher, 

which favours the reaction towards 2-butanol.  Additionally, Bormann [8] discusses, 

that besides the reaction velocity the BDE also impacts the TN. This correlation must 

be kept in mind when comparing the benzylic hydroxylation of ethylbenzene 

(BDE ≈ 87 kcal mol-1 [108]) and the hydroxylation of butane. 

The only publication that can directly be compared to this work is the previously 

mentioned work of Peter et al. [84]. Unfortunately, no kinetic data is published. Only 

a TN of 1207 can be deduced, which is significantly lower than the herein reported 

values. Still two results of Peter et al.’s work are noteworthy and are confirmed in this 

work. For one the high (100 %) regioselectivity towards 2-butanol. Also, in the here 

presented work no 1-butanol was detected. Secondly, Peter reports an enantiomeric 

excess (ee) of 30.9±4.7 % towards the (S) enantiomer. During the UPO application 
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experiments (chapter 7.5) two samples were externally analysed and an ee of 23.6 and 

35 % was measured, which is well in line with the values of Peter et al. 

In the introduction (chapter 1.1) enzyme systems, which are capable to 

oxyfunctionalise butane or short chain alkanes in general, are named. While none of 

these were tested in a preparative scale, for some kinetic data in analytical scale exist. 

In the following a selection of these are summarized and discussed for comparison to 

the above presented data of the UPO. 

Some investigations originate from the analysis of pathways of butane degrading 

microorganism. One example is the kinetic investigation of the NADH depending 

soluble butane monooxygenase (sBMO) of the wild type (WT) Thauera butanivorans 

by Cooley et al. [109]. They report a kcat of 0.6 s-1 and a Km of 0.24 µM for the 

hydroxylation of butane. It should be noted that the reported Km value is estimated via 

a competing reaction. Also, a selectivity of 80 % towards 1-butanol is observed.  

Other groups focused directly on enzymes for the alkane hydroxylation. Glieder et al. 

applied a directed evolution approach [110] to the WT P450 BM-3 from Bacillus 

megaterium (P450BM3). Besides other substrates also the hydroxylation of butane to 2-

butanol was examined. The initial (2 s) consumption rate of NADPH was measured 

and a kcat estimated: An increase from 0.28 s-1 to 30 s-1 was achieved, from the WT to 

the fifth generation (variant P450BM3,139-3). In later publications by the working group 

of Arnolds the best mutant P450BM3,139-3 was further engineered and investigated by 

Peters [111]. In this work propane and octane were used as a substrate.  Besides the 

consumption of NADPH also the product formation was measured (over 15 s). Only 

9/22 % (propane/octane) of the consumed NADPH result in product formation. 

Resulting in specific reaction rates (≈kcat) of 0.2 s-1 and 8 s-1 for propane and octane, 

respectively. Additionally, total turnover numbers of 500/1000 (propane/octane) are 

reported. Based on the first publication (Glieder et al. [110]) the performance of the 

P450BM3,139-3 regarding the hydroxylation of butane should be in between. After a total 

of eight steps of genetic engineering, including several directed evolutions approaches 

and amino acid substitutions [112], a new P450 propane monooxygenase (P450PMO) 

was established by the working group of Arnolds. Fasan et al. [113] generated two 

variants exhibiting high propane hydroxylation rates of 7.6 s-1 and 6.2 s-1 at TNs of 

35600 respectively 45800. The product ration between 2-propanol and 1-propanol is 
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reported to be 9:1. Regarding other alkanes no product formation rates, only TNs are 

reported. For butane the total turnovers of the P450PMO are reduced by more than 50 % 

to 15400. Activity, expressed in TN, towards all other tested alkanes (C2 to 10) is 

reduced by more than 90 %. [112] 

Bell et al. applied genetic engineering via active site amino acid substitution on the 

P450cam from Pseudomonas putida. This increased the product formation (≈TOF or 

kcat) from 0.007 s-1 to 12.6 s-1. It must be noted that in these experiments a temperature 

of 30°C was applied, while all other described results were gained at 25°C. Again, no 

data regarding the stability is reported.  

A major drawback of these reported systems is the use of expensive NADPH as cofactor 

and the uncoupling. The latter refers to a phenomenon in which the activated active 

centre unproductively decays and forms hydrogen peroxide, which can damage the 

enzyme. While high coupling efficiencies (>90 %) are reported [112], the use of catalase 

would be necessary in larger scale. Therefore, including a cofactor regeneration system, 

three enzymes would be needed to generate a bulk chemical, questioning overall 

feasibility.     

In the recent research of Chen et al. [114] an artificial P450BM3 peroxygenase system 

was established. In this system a “dual functional small molecule” is used, which allows 

the conversion of small chain alkanes while using H2O2 instead of NADPH. Additional 

genetic engineering led to variants with a TN of up to ~2200 and a selectivity towards 

2-butanol of ~ 96 %. Of most interest are product formation rates (≈TOF or kcat) of up 

to 18 s-1 (1 minute experiment at 25°C and 60 mM H2O2).[114] 

When comparing the results of this work to these summarised results the huge 

potential of the UPOs becomes visible. The herein reported UPOs performance, 

regarding TN and product formation rate/kcat, is even in a preparative scale 

comparable or better than of various engineered P450 in analytical scale. Two factors 

make this especially noteworthy. For one as seen in the last example, product 

formation rates were investigated at a huge surplus (60 mM) of co-substrate (H2O2). 

In the herein presented work significant lower feed rates of H2O2 were applied and still 

comparable product formation rates were achieved.  More importantly, the UPO used 

in this work is a non-optimised enzyme. The working group of Arnolds applied eight 
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steps of genetic engineering to achieve 100 times increase in TN for the P450PMO, which 

is in the same order of magnitude of the herein reported UPO. 

Future work 

Besides the potential of genetic engineering, as demonstrated above for the P450, 

screening for other native UPO variants is a promising approach for further works. As 

described during the introduction of the UPO (chapter 7.1.1) the herein applied 

rAaeUPO variant is only the first to be expressed in significant amounts [115]. The 

variety of other UPOs should be investigated. In the context of the UPOs, this also 

includes the two groups of UPOs, which are differentiated by the length of the 

corresponding sequence (see chapter 7.1) After this screening, genetic engineering can 

be applied to further increase the enzymes performance. Special emphasis in screening 

and genetic engineering should also be placed on the enantioselectivity.  

Parallel to providing other UPO variants, the process development should be 

promoted. Only if an enzyme performs under process relevant conditions, industrial 

application becomes viable. As discussed during the kinetic characterisation (chapter 

7.3) the inline measurement of H2O2 could improve the determination of the kinetic 

parameters. The two major points for improvements are the enzyme stability and the 

overoxidation. Both points were discussed previously (chapter 7.4 and 7.5.2) and are 

summarized below. The main decrease in stability, besides the naturally limited 

number of turnovers, are most likely caused by gassing effects and the H2O2 feed. For 

a better understanding, systematic stability investigations coupled with bubble size 

distribution measurements are proposed. On the other hand a more dedicated ISPR 

would counteract the overoxidation. As described in chapter 7.5.2, e.g. a higher energy 

input to improve the dispersion of the aqueous phase in the extractant could be 

applied.  

Further investigations of the UPO system will be pursued in a cooperation of the 

working groups of D. Holtmann and A. Liese. For this, screening for further variants 

as well as process development will be addressed in the upcoming DFG funded 

projected “Enzyme and reaction engineering of unspecific peroxygenase driven 

hydroxylation of butane (BUPOx)”.  
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8.4  Comparison 

In this chapter the two systems which were investigated up to the 2 L scale are to be 

compared and discussed in respect to further potentials and scale up. I.e. the whole cell 

system with the alkBGT system and the UPO as free enzyme. The discussion will be 

focussing on three main parameters: the productivity, the butane yield and process 

stability. A summary of the corresponding results is given in Table 8.2. 

Table 8.2: Summary and comparison of the alkBGT system (in E. coli) and the 
UPO (as free enzyme) 

System 
Whole cell 

alkBGT 

Free enzyme 

UPO 

Product  butyric acid 2-butanol (+butanone) 

Co-substrate oxygen & glucose H2O2 

Max. productivity* 12 mM h-1 23 mM h-1 

Yield on butane* 1 – 4 %   1.5 % 

Operation mode “continuous” “fed batch” 

Process stability >19 h** TNmax = 23000 / 16000 *** 

Challenges mass transfer stability & ISPR 

* Based on total hydroxylations of butane in 2 L scale. ** Data not shown, see[35]: 

19 h of reaction without decrease in 𝑄̇𝑃  (2 L scale). *** measured in 0.2 L / 2 L scale  

 

Productivity 

When comparing the systems only in terms of 𝑄̇𝑃, it becomes clear that the isolated 

UPO (23 mM h-1) is nearly twice as fast as the whole cell system (12 mM h-1). The main 

limitation for the latter system is the mass transport. While pure butane can be used 

for the UPO, a mixture of air/oxygen and butane must be utilised for the whole cells. 

This leads to lower butane partial pressure and thereby to lower mass transport. 

Additionally, the salt concentration is higher in the whole cell system (see chapter 

3.3.2). This reduces the maximum gas solubility and thereby the mass transport. 

Independently of the reactor scale or configuration, the maximum possible reaction 

rate will be higher for the UPO system.  

Yield on butane 

For both systems a comparably low yield on butane, the amount of product(s) per 

supplied butane, was measured. I.e. 1 to 4 % for the alkBGT system and 1.5 % in the 

UPO scale up experiment. This is mainly due to the low height of the reactor. In a scaled 

up bubble column, the residence time of the gas would be significantly increased. This 
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would lead to higher gas conversion. Nevertheless, a gas recycling system would be 

required for both systems in a scale up. In the case of the UPO a simple recycling of the 

off-gas is possible. After condensation of the entrained water the pure butane could be 

compressed and lead back into the reactor. By keeping the total pressure in the bubble 

column constant, the additional feed of butane could be regulated.   

Recycling of the butane in the whole cell system requires more dedicated measures. 

The off-gas contains CO2 from the cell metabolism and an undefined ration of butane 

and oxygen. Using gas measurement and a purge stream, the off-gas could be lead back 

into the reactor. Alternatively, as also suggested by Sluyter [35], the off-gas could be 

first compressed and then cooled until butane condensates. This condensate can then 

be evaporated and mixed with fresh air into the feed gas.  

In consequence, with both systems a high yield (up to 100 %) is achievable. 

Stability 

Regarding the stability of the process, the whole cell system is favourable. In all 

experiments a constant product formation rate was measured. Even after >19 h of 

experiment no drop in 𝑄̇𝑃 was measured, data shown in Slyuters works [35]. Further 

experiments could show at which butyric acid concentration or after which time the 𝑄̇𝑃 

decreases. Based on the currently available results, a continuous mode of operation 

should be possible. Either as continuous bubble column with cell retention or with an 

ISPR.  

The UPO system on the other hand is limited by its TNmax, see also chapter 7.4. 

Additionally, the reaction conditions might deactivate the enzyme further. By genetic 

engineering the TNmax could be improved, and process optimisation could reduce the 

stress on the enzymes. Nevertheless, the enzymes will always be better protected in the 

whole cell system, which can also repair or reproduce the enzymes. 

Conclusion 

Both systems, the whole cell and the free enzyme, offer advantages and disadvantages. 

These are in accordance to the textbook statements and can be summarised as: Whole 

cell are in general more stable but need more supporting chemicals (glucose, oxygen) 

which can negatively impact the 𝑄̇𝑃. Free enzyme on the other hand only need their 

reactants, which enables high 𝑄̇𝑃 but are more exposed to reaction conditions.  
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Lastly, it must be mentioned that the comparison is in parts unreasonable as different 

products are compared. The whole cell system is a model system producing an over 

oxidised product. While the UPO system performs the desired oxyfunctionalisation of 

butane as a single oxidation (or more specific hydroxylation). Overall, further process 

engineering should focus on the UPO system.   

On the other hand, the potential of the whole cell system should not be neglected. With 

further research on butane as single carbon and energy source, back at the level of 

biochemistry and genetic engineering, the conversion of butane to a broad range of 

products can be made possible. 
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9 Summary  

In this thesis three biocatalytic systems, which perform the selective 

oxyfunctionalisation of butane, were investigated in bubble column reactor setups. To 

supply the two used bubble column reactors (reaction volume of ~0.2 L and 2 L) with 

butane, first a gas mixing station (GMS) was constructed. This GMS allows for an 

arbitrary mixing of butane with air or nitrogen. The first investigated system was a 

whole cell approach, in which a modified E. coli strain, containing the AlkBGT system, 

was utilised. This model system performs the hydroxylation and subsequent over 

oxidation of butane to butyric acid. To clearly differentiate between mass transport and 

biological limitations an activity test for the applied bacteria was established. All 

experiments performed with this system were mass transport limited. To investigate 

the possible process window a Design of Experiment (Response Surface Methodology) 

was conducted. The input factors were gassing rate, over pressure, and butane content 

in the feed gas. The main responses were the volumetric productivity (𝑄̇𝑃) and yield on 

butane. While the maximum possible values for over pressure and gassing rate were 

applied no clear optimum inside the design space could be determined. Nevertheless, 

the model can be used to navigate the design space to predict the responses. The 

maximum 𝑄̇𝑃 is 12 mM h-1. Through the application of mass transport vectors the mass 

transport and thereby 𝑄̇𝑃 could be improved by up to 15 %.  

The second system combines the AlkBGT enzyme system with the Ato system, the 

latter allowing the metabolism of butyric acid. The growth on butane, butanol and 

butyric acid was studied. For the growth on butanol and butyric acid a maximum 

apparent growth rate of 0.13 h-1 and a substrate inhibition (KI of 17 and 12 mM, 

respectively) was found. While no growth on pure butane could be detected, a dual 

substrate cultivation, butane with butyric acid and/or butanol, showed the fixation of 

butane by higher growth than a control without butane.  

In the third system an unspecific peroxygenase (UPO) was applied as soluble enzyme. 

Here the application of this enzyme outside of analytical scale was demonstrated in 

0.2 L scale. Kinetic parameters for the hydroxylation of butane to 2-butanol were 

determined under process relevant conditions. A first estimation of unwanted 

subsequent reactions were performed as well. This process was scaled up to 2 L scale, 

including an in situ product removal. 
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11 Appendix 

11.1 Composition of Stocks 

11.1.1 HCD media salt mix 

The HCD media is a complex media that was used for the fermentation of the whole 

cell biocatalysts in the 2 L Fermenter. Salt stocks were prepared for 2 L reactor volume. 

Table A.1: Composition of HCD salt mix 

Substance Formula 
Concentration 

[g L-1] 

Ammonium sulfate (NH4)2SO4 1.8 

Dipotassium hydrogen phosphate K2HPO4 19.1 

Potassium dihydrogen phosphate KH2PO4 12.5 

Sodium citrate C6H5Na3O7 · 2 H2O 2.3 

Yeast extract - 6.7 

 

11.1.2 Trace elements solution 

The trace elements solution was prepared in a volumetric flask with deionized water, 

sterile filtrated and aliquoted in 50 mL Falcons. 

Table A.2: Composition of trace elements stock solution 

Substance Formula 
Concentration 

[g L-1] 

Hydrochloric acid (37 %) HCl 36.50 

Manganese dichloride MnCl2 · 4 H2O 1.91 

Zinc sulfate ZnSO4 · 7 H2O 1.87 

Triplex® III Na-EDTA · 2 H2O  0.84 

Boric acid H3BO3 0.30 

Sodium molybdate Na2MoO4 · 2 H2O 0.25 

Calcium chloride CaCl2 · 2 H2O 4.70 

Iron(II) sulfate FeSO4 · 7 H2O 17.80 

Copper(II) chloride CuCl2 · 2 H2O 0.15 
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11.1.3 HCD Feed 

The HCD feed is a concentrated glucose solution containing additional magnesium 

sulfate and ammonium chloride. The glucose stock was normally prepared in a 500 mL 

laboratory flask and autoclaved. The two salts stocks were separately prepared in 

water, sterile filtrated and aliquoted in 50 mL Falcons. Directly before use the salts 

solutions were added to the glucose. 

Table A. 3: Composition of HCD feed solution  

Substance Formula 
Concentration 

[mL L-1] 

Glucose stock (500 g kg-1) C6H12O6 850 

Magnesium sulfate (200 g L-1) MgSO4 · 7 H2O 50 

Ammonium chloride (220 g L-1) NH4Cl 100 

 

11.1.4 M9 media 

The M9 minimal media was used in all bubble column experiments with whole cell 

biocatalysts where no bacterial growth was desired. The salt preparation was prepared 

for 0.25 and 2 L reactor volume. 

Table A.4: Composition for M9 minimal media 

Substance Formula 
Concentration  

[g L-1] 

Disodium hydrogen phosphate Na2HPO4 6.8 

Potassium dihydrogen phosphate KH2PO4 3.0 

Sodium chloride NaCl 0.5 

Ammonium chloride NH4Cl 2.0 

 

 
The M9+ media was used in all experiments with the alkBGT/ato whole cell system 

where bacterial growth was desired. For this, the above described media (after 

autoclaving) was supplemented with the following: 
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Table A.5: Addition to the M9 minimal media for the M9+ 

Substance Formula 
Concentration  

[ml L-1] 

Magnesium sulfate (200 g L-1) 
MgSO4 · 7 

H2O 
2.45 

Ammonium chloride (220 g L-1) NH4Cl 9.09 

Trace elements US3-stock - 15 

DCPK - 0.25 

IPTG (1 M) - 1 

Kanamycin (50 g L-1) - 1 

Ampecilin (100 g L-1) - 1 

11.2  Design of Experiment 

11.2.1 Experimental Conditions and Results 

Table A.6: Summary of the experimental conditions and results for the Design of 
Experiment.  

Butane  

[vol.%] 

Over 

pressure 

[mbar] 

Gassing 

[L min-1] 
Gassing 

[Ln min-1] 
𝑄̇𝑃 

[mM h-1] 

Yield  

[%] 

avg. 

DO 

[%] 

avg. 

OD600 

[-] 

Activity 

[mM 

OD-1 h-1] 

27 300 0.7 0.91 6.07 1.84 59.0 13.3 0.46 

14 500 0.7 1.05 7.31 3.71 85.3 17.2 0.43 

40 100 0.7 0.77 6.32 1.53 14.6 15.9 0.40 

14 100 0.7 0.77 4.99 3.45 55.6 16.0 0.31 

40 100 1.5 1.65 7.13 0.81 21.6 19.4 0.37 

27 300 1.1 1.43 5.3 1.02 66.5 12.6 0.42 

27 300 1.1 1.43 5.01 0.97 56.6 12.5 0.39 

27 300 1.1 1.43 5.55 1.07 71.5 14.0 0.40 

40 500 1.5 2.25 11.47 1.24 31.0 25.3 0.45 

40 300 1.1 1.43 5.67 0.74 47.7 13.1 0.43 

14 500 1.5 2.25 9.72 2.3 84.7 23.7 0.41 

40 500 0.7 1.05 7.8 1.39 30.7 23.4 0.33 

27 300 1.1 1.43 5.9 1.14 59.3 12.9 0.46 

27 100 1.09 1.20 5.31 1.22 51.2 13.0 0.41 

14 100 1.55 1.71 4.86 1.52 66.3 14.2 0.34 

27 300 1.5 1.95 8.52 1.21 48.9 22.1 0.39 

14 300 0.92 1.20 4.67 2.08 - 12.2 0.38 

27 500 1.1 1.65 9.2 1.51 62.6 23.3 0.39 

27 300 1.1 1.43 5.46 1.06 63.6 13.6 0.40 
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11.2.2 DoE Modell: Volumetric Producitvity  

Summary of the examination of the Response 𝑄̇𝑃. 

Table A. 7: ANOVA, Fit Statistic and Final Equation for the Response: 𝑄̇𝑃. As 
parameters the butane content in [%], the gassing rate in [L min-1] and the over 
pressure in [mbar] must be used. The result is in [mM h-1]. 
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11.2.3 DoE Modell: Yield 

Summary of the examination of the Response Yield. 

Table A. 8: ANOVA, Fit Statistic and Final Equation for the Response: Yield. As 
parameters the butane content in [%], the gassing rate in [L min-1] and the over 
pressure in [mbar] must be used. The equation gives the decadic logarithm of the 
actual value. The actual value has the unit [%]. 
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11.3 Matlab scripts  

All in this work applied scripts were written and executed in MATLAB® R2020b. The  

11.3.1 Butane single substrate kinetic  

This script was used to determine kinetic parameters for the UPO catalysed butane 

hydroxylation at a constant hydrogen peroxide feed rate. 

function [fitresult, gof] = UPOfit1() 
%Data 
pi = [0;60;105;150;250;500;750;1000;1250;1500];   % mbar 
TOF = [0;24;31;39;47;46;57;53;55;53]./60;         % TOF in 1/min -> in 1/s 
[xData, yData] = prepareCurveData( pi, TOF ); 
% Set up fittype and options. 
ft = fittype( 'kcat* x / (km + x)', 'independent', 'x', 'dependent', 'y' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.Display = 'Off'; 
opts.StartPoint = [0.186229921362058 0.0929533073641942]; 
% Fit model to data. 
[fitresult, gof] = fit( xData, yData, ft, opts ); 
% Plot fit with data. 
figure( 'Name', 'untitled fit 1' ); 
h = plot( fitresult, xData, yData); 

 

11.3.2 Two-substrate kinetic  

This script was used to determine kinetic parameters for the double substrate kinetic 

of UPO catalysed butane hydroxylation. 

function [fitresult, gof] = createFit(Butane, H2O2, TOF_s) 
% Butane = partial pressure of butane [mbar] 
% H2O2 = molar feed rate of H2O2 [mM/h] 
% TOF = Turnover frequency [1/s] (Q_P/c_enzyme) 
%% Fit:  
[xData, yData, zData] = prepareSurfaceData( Butan, H2O2, TOF_s ); 
% Set up fittype and options. 
ft = fittype( 'kcat.*(Butan./(km_Butane+ Butan)).* (H2O2./(H2O2+km_H2O2))', 

'independent', {'Butan', 'H2O2'}, 'dependent', 'z' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.Display = 'Off'; 
opts.StartPoint = [0.111202755293787 0.780252068321138 0.389738836961253]; 

 
% Fit model to data. 
[fitresult, gof] = fit( [xData, yData], zData, ft, opts ); 

  
% Plot fit with data. 
figure( 'Name', 'untitled fit 1' ); 
h = plot( fitresult, [xData, yData], zData ); 
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11.3.3 Process curve analysis 

For the process curve analysis in total three scripts are used. The main script 

(UPO_Butanol_lsqcurve) calls one function (Conc_Curve_Model_UPO_oxi), which 

in turn calls the function for the ordinary differential equation (UPODGL_lsq). 

Main script: UPO_Butanol_lsqcurve 

%% 
%Strucute of the experimental results 
%Werte(1) = 'B_ol_5mM_2_5mMh.mat'  Butanol 5  mM und 2.5 mMh H2O2 
%Werte(2) = 'B_ol_10mM_2_5mMh.mat' Butanol 10 mM und 2.5 mMh H2O2 
%Werte(3) = 'B_ol_10mM_50mMh.mat'  Butanol 10 mM und 5.0 mMh H2O2 
%Werte(4) = 'B_ol_10mM_100mMh.mat' Butanol 10 mM und 10  mMh H2O2 
%Werte(i).Butanol   = Butanol concentration [mM] 
%Werte(i).Butanone  = Butanone concentration [mM] 
%Werte(i).Time      = Time [h] 
load('WerteIN2.mat') 
% Delete Fitst Data of Experiment 4:  no H2O2 Feed (pipe was empty at 

start) 
Werte = WerteIN; 
Werte(4).Butanol(1:3) = []; 
Werte(4).Butanone(1:3) = []; 
Werte(4).Time(1:3) = []; 
Werte(4).Enzym(1:3) = []; 
%% 
global c_measured0 N_spec N_experiments N_max_exp N_data_points N_params 
%N_spec=1; %We have 3 species - will be used for the ode45-given matrix 
N_params=6; %Number of kinetic parameters to fit.  
param_names={'kcat_ol','km_Butanol','km_H2O2','kcat_one','km_Butanone','km_

H2O2_one'}; %the fit result will be printed using these names. 
units={'1/s','mM','mM/uM/h','1/s','mM','mM/uM/h'}; 
global kdeak 
global Feedh2o2 
global kdeacktivierung  
global enzym_t0  
global Feedh2o2_all  
kdeacktivierung =   [0.094 0.062 0.141 0.2224]/3600; % from uM/h to uM/s 
enzym_t0 =          [0.566 0.534 0.603 0.5416];  % uM !!! Bei V4 

estimated Starting concentration at t = 15min 
Feedh2o2_all =      [2.5 2.5 5 10];                 % mM/h 
N_experiments = 4; 
%% Pre-processing 
%disp('Staring preprocessing...Aka: Turning excel data into one vector'); 
%Order the data in a nice way so lsqcurvefit can compare two matrizes 
V1 = [Werte(1).Butanol Werte(1).Butanone]; 
V2 = [Werte(2).Butanol Werte(2).Butanone]; 
V3 = [Werte(3).Butanol Werte(3).Butanone]; 
V4 = [Werte(4).Butanol Werte(4).Butanone]; 
C_cleared=        [V1; V2; V3; V4]; 
t_measured_vector =[ Werte(1).Time; Werte(2).Time; Werte(3).Time; 

Werte(4).Time]; 
t_measured_vector = t_measured_vector*3600; %Werte.Time sind in [h] 

Berechnung aber für [s] 
c_measured0_ol = [Werte(1).Butanol(1); Werte(2).Butanol(1); 

Werte(3).Butanol(1); Werte(4).Butanol(1)]; 
c_measured0_one= [Werte(1).Butanone(1); Werte(2).Butanone(1); 

Werte(3).Butanone(1); Werte(4).Butanone(1)]; 
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c_measured0 = [c_measured0_ol c_measured0_one enzym_t0']; 
for i = 1:N_experiments 
t_measured{i} = Werte(i).Time*3600;                     %Werte.Time sind in 

[h] Berechnung aber für [s] 
end 
%% Now to the fitting: 
disp('Starting fitting') 
options = optimoptions('lsqcurvefit','Display','iter',... 
    'MaxFunctionEvaluations',1e4,'FunctionTolerance',1e-16); 
params0= rand(1,N_params); %[40000 25 20 40000 25 20];% 
params_lb=zeros(1,N_params); %lower bounds for parameters 
params_ub=zeros(1,N_params)+1000000;%[100000 100000 100000 100000 100000  

100000]; %upper bounts for parameters 
[params_fit,~,residual,exitflag,~,~,jacobian]=... 
    lsqcurvefit(@Conc_Curve_Model_UPO_oxi,params0,... 
     t_measured,C_cleared,params_lb,params_ub,options); 
%% Post processing 
disp('Starting post-processing...') 
CInt=nlparci(params_fit, residual, 'jacobian', jacobian); 
CInt=abs((CInt(:,1)-CInt(:,2))/2); 
disp('done post processing') 
%% printing results 
fprintf('Parameters:\n\t\t  Calculated\t Confi.Int\n') 
formatSpec ='%s\t  %6.2f \t\t+- %6.2f \t%s\n'; 
for i=1:N_params 
    fprintf(formatSpec,param_names{i},params_fit(i),CInt(i),units{i}) 
end 
disp('done printing... baka') 
 %% Calculate using the found parameters 
C_simulation=cell(N_experiments,1); 
tout=cell(N_experiments,1); 
figure 
for i=1:N_experiments 
    kdeak = kdeacktivierung(i); 
    Feedh2o2 = Feedh2o2_all(i); 
    [WerteOUT(i).Time,Ctemp]=ode45(@UPODGL_lsq,[t_measured{i}(1) 

1.1*t_measured{i}(end)],... 
        [params_fit, c_measured0(i,:)]);      
    WerteOUT(i).Butanol     = Ctemp(:,N_params+1); 
    WerteOUT(i).Butanone    = Ctemp(:,N_params+2); 
    WerteOUT(i).Enzyme      = Ctemp(:,N_params+3); 

  
end 

  

  

Function 1: Conc_Curve_Model_UPO_oxi 
 
function [C_to_compare] = Conc_Curve_Model_UPO_oxi(params,t_measured) 
%CONC_CURVE_MODEL VERSION 3.1 is called by the main script curve_fit. 
% It takes kinetic parameters and calls an ode-solver to calculate the 
% concentration curves of different species. If you change the number of 
% parameters make sure to also change the column-indecies that contain the 
% relevant concentrations. Otherwise you will compare product-concentration 
% curve with substrate-concentrations or parameters. 
global c_measured0 N_data_points N_experiments N_max_exp N_spec N_params 
global Feedh2o2_all kdeak Feedh2o2 kdeacktivierung 
%N_data_points is a vector with the number of data points for each 
%experiment in each index. 
%N_measurements: number of experiments 
 C_to_compare=[]; 
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for i=1:N_experiments 
        kdeak = kdeacktivierung(i); 
        Feedh2o2 = Feedh2o2_all(i);   
        [~,Ctemp]=ode45(@UPODGL_lsq,t_measured{i},[params, 

c_measured0(i,:)]);    
        C_calced_temp=Ctemp(:,N_params+1:N_params+2); 
        C_to_compare = [C_to_compare;C_calced_temp]; 
    end   
end 

      
  

Ordinary differential equation: UPODGL_lsq 
 
function dx=UPODGL_lsq(t,x) 
global Feedh2o2 
global kdeak 
global N_params 
dx=zeros(size(x)); 
kcat_ol         = x(1); 
km_butanol      = x(2); 
km_H2O2         = x(3); 
kcat_one        = x(4); 
km_butanone     = x(5); 
km_H2O2_one     = x(3); 
c_butanol       = x(N_params+1); 
c_butanone      = x(N_params+2); 
c_enzyme        = x(N_params+3); 
H2O2spez = Feedh2o2/c_enzyme; 
v_ol= kcat_ol * (c_enzyme/1000) * (c_butanol /(c_butanol+km_butanol)) 

*(H2O2spez/(H2O2spez+km_H2O2));  
%  1/min; µM/100= mM    [mM]/([mM]+[mM]) * ([mM/h]/([mM/h]+[mM/h])  
v_one = kcat_one * (c_enzyme/1000) * (c_butanone /(c_butanone+km_butanone)) 

*(H2O2spez/(H2O2spez+km_H2O2_one)); 
dx(N_params+1)=-v_ol;    
dx(N_params+2)=+v_ol-v_one;  
dx(N_params+3)= -kdeak;   

     

end  
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11.4 Laboratory Protocols  

11.4.1 Fermentation 

 

 

Figure A. 1: Protocol for the production of the alkBGT strain 
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11.4.2 Bubble column experiments  

 

 
Figure A. 2: Protocol for the butane oxidation in a bubble column reactor 
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11.4.3 Cultivation of the alkBGT/ato strain 

 
 
 

 
Figure A. 3: Protocol for the cultivation of the alkBGT/ato strain 
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11.5 Chromatograms 

 

 
Figure A. 4: Exemplary chromatograms of the GC analysis of 1-butanol (blue, 
retention time 3.8 min) and butyric acid (green, retention time 8.6 min). 
Exemplified for a concentration of 10 mM. Unmarked peaks are caused by 
the solvent. 

 

 
Figure A. 5: Exemplary chromatograms of the GC analysis of 2-butanol (blue, 
retention time 1.3 min) and butanone (green, retention time 2.0 min). 
Exemplified for a concentration of 10 mM. Unmarked peaks are caused by 
the solvent. 
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11.6  Engineering drawing 

Top and bottom plate for small bubble column 

a) b) 

 

 

 

 

 

 

 

 

 

 

 

Figure A.6: Design drawing for the top (a) and bottom (b) plate of the 0.2 L bubble 
column reactor. Dimensions in millimetre.  
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