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ABSTRACT 

Conventional oxidation catalysts frequently exhibit limited selectivity, restricting their use in 

industrial syntheses. In particular, for the continuous synthesis of complex active pharmaceutical 

ingredients the high selectivity of biocatalytic oxidations is attractive. However, due to their 

dependence on gaseous molecular oxygen, which is poorly water soluble, such reactions are 

frequently limited by low dissolved oxygen concentrations. In order to better understand how 

oxygen-limitation influences the effectiveness with which an enzyme can be used, the continuous 

oxidation of glucose into gluconic acid, by glucose oxidase, was studied in a continuous stirred 

tank reactor. Results showed that a 3-fold increase in the oxygen content of the feed gas improved 

the reaction rate by twice as much as a 10-fold increase in enzyme concentration, confirming that 

the reaction is most sensitive to dissolved oxygen concentrations. Therefore, the enzyme could, on 

average, be used four times more effectively at an enzyme concentration of 0.1 g.L-1 than at 1 g.L-

1, due to higher dissolved oxygen concentrations at steady state. However, at feed gas compositions 

greater than 60% oxygen, reaction rates began to drop due to enzyme deactivation. It was also 

found that the measurement of mass transfer coefficients is significantly affected by media 

composition, which may lead to inaccurate predictions of reaction rate. 

KEYWORDS: dissolved oxygen, continuous, biocatalysis, oxidation, CSTR 
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INTRODUCTION 

In order to facilitate the production of an ever-wider variety of novel and complex organic 

molecules, for use as active pharmaceuticals ingredients (APIs), the highest selectivity possible is 

required across the full spectrum of reaction chemistries. For instance, while oxidation reactions, 

which are important for synthesizing alcohols, ketones, aldehydes and acids, are widely used in 

industry for the production of simple commodity chemicals, they are comparatively rarely applied 

in pharmaceutical syntheses, because conventional catalysts are poorly selective towards complex 

molecules and require harsh operating conditions.1-5 Consequently, biocatalytic oxidations, which 

are far more selective and require significantly milder operating conditions (room temperature and 

pressure, as well as neutral pH), are becoming increasingly attractive for industrial 

implementation.6-8 However, since the pharmaceutical industry and its regulators are shifting in 

favor of continuous end-to-end manufacturing, to improve the agility and flexibility with which 

drugs can be supplied9-13, biocatalysis must also follow suit.  

Such continuous processes operate best in tubes (in plug flow mode) affording excellent kinetics 

and the possibility of complete conversion, with much reduced ‘downtime’ and a precise residence 

time (without a distribution).14 However, this presents a particular challenge for the 

implementation of those biocatalytic reactions which contain more than just a single liquid reaction 

phase15, such as oxidations that use molecular oxygen as a substrate. Therefore, either alternate 

reactor configurations are required, or a means of reducing the reaction to a single phase. There 

are three subclasses of enzymes that use molecular oxygen to catalyze oxidation reactions; 

oxidases, monooxygenases and dioxygenases. Of these, the oxidases are of particular interest 

since, unlike most oxidoreductases16-18, they are not dependent on expensive nicotinamide 

cofactors. While there are several advantages to using molecular oxygen, namely that it is benign, 
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abundant and inexpensive when supplied in the form of air, its poor solubility in water (0.26 mM 

in equilibrium with air at 25°C and 1 atm, based on Henry’s Law constant19) generally prevents it 

from being supplied at adequate concentrations in its dissolved state.20 

There are three alternatives for supplying molecular oxygen to a continuous biocatalytic 

oxidation. The first is to feed the reaction with a liquid stream containing dissolved oxygen (DO). 

The solubility of oxygen increases proportionally with pressure. Therefore, a higher DO 

concentration can be fed to a process by operating at elevated pressures. Using this principle, a 

six-fold improvement in the reaction rate of glucose oxidase was achieved by operating a tubular 

microreactor at 34 bar, which raised the oxygen solubility to 43 mM.21 While this does allow 

higher reaction rates at the start of a tubular reactor, the maximum product titer that can be achieved 

at the reactor outlet is still limited due to the stoichiometry of oxidase-catalyzed reactions 

(1 mol substrate and 1 mol O2 gives 1 mol product). Moreover, this technique greatly increases the 

capital and operating costs of an industrial scale process, as well as introduces a significant safety 

risk. The second possibility is to generate the DO required for the oxidation reaction in situ. One 

way of doing this is through the use of the enzyme catalase22, which can convert hydrogen peroxide 

into oxygen and water. This approach was recently used to increase the productivity of galactose 

oxidase 5-fold in a tubular microreactor.23 However, this requires a continuous supply of hydrogen 

peroxide in excess to the reaction, due to the unfavorable stoichiometry of catalase 

(1 mol H2O2 gives 0.5 mol O2). Hydrogen peroxide can, in some cases, modify the peptide core of 

an enzyme as well as oxidize some cofactors and prosthetic groups, which may negatively impact 

enzyme activity or stability.24, 25 For instance, variants of glucose oxidase26-28, laccase29, bilirubin 

oxidase30, D-amino acid oxidase31-34 and glycolate oxidase35, as well as catalase itself36, to name a 

few37-41, have all been found to be inhibited and/or inactivated by hydrogen peroxide, at 
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concentrations as low as 1.5 mM in some cases. Of course, this does not guarantee that all oxygen-

dependent enzymes, or variants thereof, are equally affected by hydrogen peroxide. Therefore, the 

suitability of this method for bypassing gas-liquid mass transfer should be assessed on a case-by-

case basis. Another consideration is that the high reactivity and exothermic decomposition of 

hydrogen peroxide can raise the explosion risk of a chemical process42, especially when used in 

combination with certain solvents, acids or bases43-47. This incurs additional costs to ensure safe 

handling at a larger scale. While this may not be a problem for most biocatalytic processes, which 

operate under very mild conditions (aqueous, low temperature, low pressure)48, the growing use 

of protein engineering or immobilization to improve enzyme tolerance towards elevated 

temperatures49-51 and/or volatile organic solvents52-54 could make reactions using more exotic 

conditions less stable in the presence of hydrogen peroxide. The third possibility is to continuously 

supply the liquid reaction phase with a gas containing oxygen (most usually air), which can then 

transfer into the liquid phase, driven by mass action. Here, the solubility of oxygen can be 

increased by raising the partial pressure of oxygen in the feed gas. Due to its simplicity, this 

approach is attractive for rapid implementation of biocatalytic oxidations at industrial scale. 

Therefore, the aim of this work was to broaden our understanding of oxygen dependence during 

continuous biocatalytic oxidations in a well-mixed reactor involving gas-liquid mass transfer and 

its influence on the effectiveness with which oxidases can be used. The well-described oxidation 

of glucose to gluconic acid by glucose oxidase (GOx), coupled with catalase, was selected as a 

model system for laboratory scale experiments. 
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GAS-LIQUID MASS TRANSFER 

Gaseous molecular oxygen can be supplied to a continuous reaction in many ways e.g. through 

a gas permeable membrane in a tube-in-tube configuration55, by segmented flow of alternately gas 

and liquid in a single tube56 or simply by bubbling the gas into a stirred tank. Regardless of how 

the gas is supplied, the important factor to consider is the interfacial area between the gas and 

liquid phases over which gas-liquid mass transfer occurs. This is represented by the specific 

surface area of the reactor, in this case the area of gas-liquid interface per liquid volume. The larger 

the specific surface area, the faster oxygen can be supplied to the oxidation reaction occurring in 

the bulk of the liquid phase, enabling higher reaction rates. Unfortunately, while tubular reactor 

configurations are generally attractive for continuous operation, their specific surface areas are 

determined by the tube dimensions. Specifically, in a tube-in-tube configuration, the area of the 

gas-liquid interface is equivalent to the inner surface area of the tube in contact with the reaction 

media while, in a segmented flow configuration, the tube diameter dictates the size of the gas 

bubbles in contact with the reaction media. Therefore, at small tube diameters, the surface-to-

volume ratios are high, resulting in large specific surface areas that enable rapid gas-liquid mass 

transfer. Yet, small diameter tubes are subject to large pressure drops and, furthermore, can easily 

become clogged, which limits their use in industrial applications. On the other hand, increasing 

the diameter of a tubular reactor dramatically decreases its specific surface area, as shown in Figure 

1. In contrast, interfacial areas in stirred tanks (bubbled with air or any gas containing oxygen) of 

equivalent volume typically increase with scale57. This is very attractive for streamlining industrial 

implementation of continuous biocatalytic oxidations, since the design, scale-up, operation and 

control of stirred tank reactors is well researched.58-61 Furthermore, batch stirred tank reactors are 

already widely applied in many industrial pharmaceutical production processes1 and can easily be 
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retrofitted to operate continuously, especially since aerated batch reactors already operate 

continuously with respect to the gas phase. For this reason, laboratory experiments were carried 

out in a continuous stirred tank reactor (CSTR). 

 

Figure 1. Gas-liquid interfacial areas of tube-in-tube reactor (solid line) and segmented flow 

reactor (SFR) (dashed line) at different diameters (length = 1 m), as well as a continuous stirred 

tank reactor (CSTR) of equivalent volume (dotted line). For the SFR, equidistant spherical bubbles 

with diameters equal to that of the tube were assumed. For the CSTR, specific surface area was 

estimated using correlations for volumetric mass transfer coefficient (kLa)62 and liquid side mass 

transfer coefficient (kL)63. Detailed calculations can be found in Chapters 6 and 11 of the Handbook 

of Industrial Mixing.64 
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MATERIALS AND METHODS 

Glucose oxidase (GOx) used in the experiments (Novozym® 28166) was kindly donated by 

Novozymes A/S, Denmark. All other chemicals and catalase were purchased from Sigma-Aldrich, 

Denmark. Reactions were carried out in a 150 mL (liquid volume) my-Control stirred tank reactor 

(Applikon Biotechnology B.V., Netherlands), as illustrated in Figure 2. An Ismatec Reglo 

Independent Channel Control peristaltic pump (Cole-Parmer, USA) was used to supply the reactor 

with an enzyme feed (0.2-2 g.L-1 GOx, 0.2-2 g.L-1 bovine liver catalase, 100 mM pH 7 potassium 

phosphate buffer) and a substrate feed (2 M glucose, 100 mM pH 7 potassium phosphate buffer), 

each at a rate of 1.5 mL.min-1, as well as pump the mixed reactor contents out of the vessel at a 

rate of 3 mL.min-1. Therefore, overall feed concentrations into the reactor were 1 M glucose and 

0.1-1 g.L-1 GOx and catalase with a dilution rate of 1.2 h-1. These same concentrations were used 

to initiate each reaction. Catalase was supplied to the reaction as a means of removing hydrogen 

peroxide, a by-product of the oxidation reaction, to avoid inhibition and/or deactivation of the 

GOx. Catalase is a highly active enzyme and so the use of reactor catalase concentrations equal to 

that of GOx ensured that hydrogen peroxide was consumed virtually as quickly as it was produced. 

The reactor was sparged at 1 vvm (volume gas per volume reaction liquid per minute) with gas 

(composed of varying ratios of nitrogen and oxygen) and was agitated at 1000 rpm to ensure well-

mixed conditions. When subjected to these conditions, with air as the feed gas, the GOx activity 

was measured to be constant for at least 100 min, twice as long as the mean residence time in the 

reactor (data not shown). Off-gas from the reactor was passed through a condenser to avoid 

volume-loss due to stripping. The temperature and pH of the reactor contents were controlled at 

25°C and pH 7, to match the conditions at which kinetic parameters for GOx were available. The 

reactor was operated as a pH-stat, whereby a PI controller regulated the addition of 5 M NaOH to 
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the media to maintain the desired pH, based on measurements from a pH probe in the reactor. 

Foam formation in the reactor was controlled by manual dropwise addition of Antifoam 204. 

1.5 ml/min

3 ml/min
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Glucose

Enzymes
1.5 ml/min

NaOH

1 vvm
pH

T

DO

Sample

 

Figure 2. CSTR setup for continuous biocatalytic oxidation of glucose to gluconic acid. Two 

flights of Rushton impellers were used for mixing. Due to the small liquid volume (150 mL) and 

number of internals, no additional baffles were included. 

O2 saturation (%) in the reactor was monitored and logged using a robust optical oxygen probe 

(Pyroscience AT GmbH, Germany). The probe was calibrated by saturating the reaction media, 

prior to initiation of the reaction by addition of the enzymes, with nitrogen to achieve 0% O2 

saturation and separately, pure oxygen to achieve 100% O2 saturation. Percentage O2 saturation 

was converted to dissolved oxygen concentration (mM) using the Henry’s Law constant of oxygen 

in water (1.2x10-5 mol.m-3.Pa-1).19 During operation, samples (950 µL) were taken from the reactor 
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at regular intervals, using 50 µL of 5 M H2SO4 to quench the reactions. These samples were then 

analyzed by HPLC in an Aminex HPX-87H column (Bio-Rad Laboratories, Inc., USA), at 20°C 

with a mobile phase flow rate of 0.6 mL.min-1 of 5 mM H2SO4. Refractive Index (RI) and 205 nm 

Ultraviolet (UV) spectra were used to determine the glucose and gluconic acid concentrations, 

respectively. Each reaction was monitored for 6 hours (>7 residence times), to guarantee that 

steady-state operation could be achieved across all operating conditions. 

RESULTS AND DISCUSSION 

The reaction catalyzed by GOx, shown in Scheme 1, exhibits a ping-pong bi-bi rate law 

(Equation 1), in which the oxygen consumption rate (OCR) is dependent on the concentrations of 

GOx (CGOx), glucose (CG) and dissolved oxygen (CO). The rate constant of the enzyme (kcat) and 

its affinity constants towards glucose (KMG) and oxygen (KMO) were previously measured in our 

laboratory in a specially adapted tube-in-tube reactor. The small diameter of the tube-in-tube 

reactor used in this study (0.23 mm) gave an extremely large specific surface area (17391 m-1) and 

very short diffusion distances. Additionally, it could be operated at pressures up to 10 bar. These 

features allowed DO concentrations of up to 12 mM to be reached, making the reactor ideal for 

measuring the kinetic parameters of enzymes that are dependent on hydrophobic, poorly water-

soluble gases (such as oxygen). 
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Scheme 1. GOx-catalyzed conversion of D-glucose to D-glucono-δ-lactone, which 

spontaneously hydrolyzes to form gluconic acid. 

 

 

 

OCR =
kcatCGOxCGCO

KMGCO + KMOCG + CGCO
 

(1) 

 

 

Table 1. Kinetic parameters of GOx65 

Kinetic parameter Value Unit 

kcat 17.8 ± 1.39 µmol.min-1.mgGOx
-1 

KMG 75.2 ± 9.38 mM 

KMO 0.51 ± 0.09 mM 

 

An initial baseline experiment was carried out in a continuous stirred tank reactor (CSTR) with 

air as the feed gas and 0.1 g.L-1 GOx and catalase in the reactor. The resulting concentration 

profiles of glucose, gluconic acid and dissolved oxygen, over the course of the experiment, are 

shown in Figure 3. High initial and feed concentrations (~1 M) of glucose, relative to the KMG of 

GOx, were used to ensure that oxygen availability would be the dominant rate-limiting factor 

during the experiment, resulting in a glucose conversion of only 12%. 

The solubility of oxygen in water is generally very low. For instance, when supplied as air (21% 

O2) its solubility is only 0.26 mM at ambient conditions (25°C, 1 atm).66 This greatly limits the 
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driving force for gas-liquid mass transfer of oxygen, regardless of the specific gas-liquid surface 

area.20, 67 Additionally, the affinity constants of many oxidases towards oxygen (KMO) are generally 

high relative to oxygen aqueous solubility at atmospheric pressure, based on data available in the 

BRENDA database.68 For instance, the steady-state DO concentration measured in the baseline 

experiment (0.18 mM) is almost 3-fold lower than the measured KMO of GOx. Therefore, the GOx 

can only operate at 26% of its maximum rate (Vmax = kcat.CGOx), according to Equation 1. 

We reasoned that, because our system is primarily oxygen limited, the rate could be improved 

by increasing the aqueous solubility of oxygen, allowing higher dissolved concentrations at steady 

state. This can be accomplished by increasing the oxygen partial pressure, either through mildly 

pressurizing the system or by supplying oxygen-enriched air (>21% O2). However, Equation 1 

also indicates that the OCR, which is stoichiometrically equivalent to the overall rate of reaction, 

is directly proportional to the enzyme concentration and so the most apparent means of improving 

productivity would be to simply increase the concentration of GOx in the reactor.  Nevertheless, 

as illustrated by Figure 4, we surmised that this may not yield the expected return at low DO 

concentrations. In order to test this, additional experiments were carried out with higher 

concentrations of GOx and catalase (1 g.L-1) as well as with feed gas mixtures containing more 

oxygen (60, 80 and 100%). The average gluconic acid concentration over the final hour of each 

experiment was multiplied with the dilution rate (1.2 h-1) to obtain the OCRs shown in Figure 5. 
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Figure 3. Glucose, gluconic acid and dissolved oxygen concentration profiles of baseline 

experiment with 0.1 g.L-1 glucose oxidase and catalase, using air (21% O2) as feed gas.  
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Figure 4. Dependence of glucose oxidase reaction rate on concentrations of dissolved oxygen and 

GOx, based on ping-pong bi-bi rate law. Each contour represents a constant OCR (mmol.L-1.h-1). 

 

 

Figure 5. Steady-state OCRs of experiments with various feed gas oxygen contents and GOx 

concentrations of 0.1 g.L-1 (□) and 1 g.L-1 (◊). 
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When supplied with oxygen-rich feed gas, the OCRs during experiments with 1 g.L-1 GOx were 

significantly higher than any experiment at the reduced enzyme concentration. However, this was 

not the case when air was used as the feed gas. Compared to the baseline experiment, increasing 

the GOx concentration by 10-fold only gave a 1.4-fold increase in OCR. In contrast, a 3-fold 

increase in the oxygen content of the feed gas nearly doubled the OCR, despite the presence of 

less GOx. This confirms that the system is more sensitive to changes in DO concentration because 

it is the dominant rate-limiting factor. Increasing the enzyme concentration alone resulted in a 

significant drop in the steady-state DO concentration within the reactor, to approximately 0.02 mM 

(23-fold lower than the KMO). Meanwhile, switching the feed gas from air to 60% oxygen allowed 

the DO concentration in the reactor to stabilize at 0.61 mM (1.2-fold higher than the KMO). 

Therefore, while it is theoretically possible to improve reaction rates arbitrarily by simply adding 

more catalyst, it generally reduces the effectiveness with which the catalyst can be used. This trade-

off can be seen through a comparison of the specific steady-state OCRs (mmol.gGOx
-1.h-1) of each 

experiment, as shown in Figure 6. In general, the lower enzyme concentrations allowed higher 

steady-state DO concentrations, thus making more effective use of the GOx since it was able to 

operate closer to its maximum rate. This reduces the amount of enzyme required to achieve a 

desired productivity, which is highly desirable at industrial scale. Therefore, increasing the DO 

concentration is both a more efficient and economical means of improving reaction performance, 

as it makes better use of a costly catalyst. Even so, the enzyme is still being used somewhat 

ineffectively since the degree to which it is saturated with oxygen is less than that of its saturation 

with glucose (CO/KMO << CG/KMG). Additionally, the use of oxygen-enriched air in an industrial 

process presents a safety risk that would necessitate additional costs for safe handling procedures. 

 

 



 

17 

  
 

Figure 6. Specific steady-state OCRs of experiments with various feed gas oxygen contents and 

GOx concentrations of 0.1 g.L-1 (□) and 1 g.L-1 (◊). 

At feed gas oxygen contents above 60%, the OCR begins to drop at the lower enzyme 

concentration. A similar drop occurs at the higher enzyme concentration above a feed gas oxygen 

content of 80%. The same trend has previously been observed in experiments with cyclohexanone 

monooxygenase.69 Since the effect was detected sooner at lower enzyme concentrations, it points 

towards enzyme deactivation. However, as there is a large difference in the steady-state DO 

concentrations of the experiments using pure oxygen as feed gas (1.11 mM at 0.1 g.L-1 GOx and 

0.10 mM at 1 g.L-1 GOx), the deactivation does not appear to result from oxygen in the liquid 

phase, although this may simply be due to the fact that the dissolved concentrations are too low to 

cause deactivation. Therefore, it would seem that GOx is deactivated by contact with the interface 

of an oxygen-rich gas. A number of enzymes have been found to be deactivated by direct exposure 

to hydrophobic gas-liquid interfaces.70-74 Additionally, the presence of oxygen in the gas phase 

may oxidize amino acids on the enzyme surface, as is the case with hydrogenases75, 76 and D-amino 

acid oxidase33. This limits the degree to which increased oxygen partial pressure can be effectively 
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used to improve performance. The addition of surfactants to the reaction mixture may reduce this 

effect by preferentially binding with the gas-liquid interface to avoid direct contact with the 

enzyme.70, 71, 75, 77  Likewise, various methods of immobilization have been described to avoid 

enzyme deactivation at gas-liquid interfaces.74, 78 

The mass transfer coefficient (kLa) of the reactor was determined to be 80 h-1 in distilled water 

at ambient conditions, according to the standard gassing-in method79. Using the average DO 

concentration over the final hour of each experiment, the corresponding steady-state oxygen 

transfer rate (OTR) in the reactor was calculated, according to Equation 2, where CO
* is the partial 

pressure-dependent solubility of oxygen in water (i.e. at equilibrium: 0.26 mM for air or 1.22 mM 

for pure oxygen at 1 atm, 25°C). These results are shown in Table 2. 

 

OTR = kLa(CO
∗ − CO) (2) 

 

In the absence of catalase, steady state would be achieved when the rate at which oxygen is 

consumed is equal to the rate at which it is transferred from the gas to the liquid phase (OCR = 

OTR).80 However, since catalase produces dissolved oxygen, with a theoretical maximum rate 

equal to half that of the OCR, gas-liquid oxygen transfer only accounts for a portion of the oxygen 

consumed, the rest of which must be produced by catalase (Equation 3). Table 2 also shows the 

estimated oxygen production rates (OPRs) of each experiment, as well as their contribution 

towards the OCR (i.e. OPR/OCR).  

 

OPR = OCR − OTR (3) 
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Table 2. Measured dissolved oxygen concentrations at steady state used to estimate oxygen 

transfer rate of each experiment for comparison with corresponding oxygen consumption rate. 

GOx  

(g/L) 

Feed gas  

(% O2) 

DO  

(mM) 

OTR  

(mmol/L.h) 

OCR  

(mmol/L.h) 

OPR  

(mmol/L.h) 
OPR/OCR 

 

0.1 

21 0.18 6 46 40 0.87  

60 0.61 10 88 78 0.89  

80 0.89 6 87 81 0.93  

100 1.11 8 75 67 0.89  

1 

21 0.02 19 66 47 0.71  

60 0.10 50 232 182 0.78  

80 0.17 64 344 280 0.81  

100 0.10 89 245 156 0.64  

 

The estimated OPR/OCR ratios of all the experiments exceed their maximum theoretical value, 

based on the overall stoichiometry of the coupled enzyme reactions (0.5 mol O2 produced per mol 

O2 consumed). Since this is not possible, it likely means that the OTRs were in fact underestimated 

and that the actual kLa during these experiments must have been higher than that measured in 

distilled water. For instance, if it is assumed that catalase operates such that the OPR is always at 

its theoretical maximum, average kLa values as high as 394 and 163 h-1 for GOx concentrations of 

0.1 and 1 g/L, respectively, would be required to achieve sufficient OTRs to account for the OCRs. 

This also suggests that enzyme concentration may have a significant impact on kLa, in which case 

other components in the reaction media (glucose, gluconic acid, buffer) may also have an effect. 

The amphipathic nature of enzymes causes them to preferentially adsorb to the hydrophobic gas-

liquid interface of a bubble.81 This often leads to foaming in systems that are agitated and aerated, 

an effect which is exacerbated at higher enzyme concentrations. A surfactant (Antifoam 204) was 

manually added to the reactor when overflow, due to foaming, was observed to be imminent. 

Although the amount of surfactant added to the reactor was kept to an absolute minimum, 
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antifoaming agents have been known to significantly reduce kLa82. Figure 7 compares the DO 

concentration profiles for both experiments using 80% oxygen as feed gas. The large degree of 

foaming at higher enzyme concentrations necessitated periodic dropwise addition of antifoam, 

which was immediately followed by a significant drop in the DO concentration. The gassing-in 

method was used to determine kLa values in mixtures containing buffer, GOx, catalase and 

antifoam to compare against that measured in distilled water, the results of which are shown 

in Table 3. The maximum dissolved oxygen concentrations measured during these experiments 

were also recorded. Since the DO probe was only calibrated in distilled water, these concentrations 

show that the mixture composition had an insignificant effect on the solubility of oxygen. 

 

Figure 7. Dissolved oxygen concentration profiles of experiments using 80% O2 as feed gas and 

GOx concentrations of 0.1 g/L (solid line) and 1 g/L (dotted line). Dropwise addition of antifoam 

to the latter to avoid reactor overflow caused significant drops in the DO concentration. 
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Table 3. Mass transfer coefficients (kLa) and maximum dissolved oxygen concentrations in 

mixtures comprised of 100 mM potassium phosphate buffer, 0.1 g.L-1 glucose oxidase (GOx), 

0.1 g.L-1 catalase and 0.055 ± 0.003 g.L-1 antifoam. 

Mixture components 
kLa (h-1) Max DO (mM) 

Water Buffer GOx Catalase Antifoam 

X     80 1.21 

 X    159 1.23 

 X X   178 1.23 

 X  X  212 1.21 

 X X X  320 1.21 

 X X X X 126 1.21 

 

The kLa in 100 mM potassium phosphate buffer was found to be nearly double that of distilled 

water. This resulted from the size of the bubbles, which were observed to be smaller due to the 

increased surface tension of the buffer.  Addition of a low concentration (0.1 g.L-1) of GOx to the 

buffer further increased the kLa by 12%, while the same concentration of catalase added to the 

buffer raised the kLa by 33%. This shows that the effect of enzymes on kLa may differ depending 

on their structure or formulation. When both enzymes were added to the buffer, each at a 

concentration of 0.1 g.L-1, the kLa was measured to be double that of buffer alone. This indicates 

that total enzyme concentration has a large, nonlinear effect on mass transfer of oxygen into the 

liquid. This likely stems from increased enzyme adsorption to the bubble interfaces, preventing 

them from coalescing to form larger bubbles. Therefore, at high enzyme concentrations, interfacial 

areas for gas-liquid mass transfer are expected to be higher. However, when a single drop of 

antifoam was added to this mixture the kLa was reduced by 39% to a value even lower than that of 

pure buffer, due to a reduction in surface tension as well as preferential absorption of the surfactant 

to the gas-liquid interfaces. Unfortunately, this suggests that the gassing-in method cannot be used 

to test the effect of higher enzyme concentrations (1-2 g.L-1) on kLa, due to excessive and 
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uncontrollable foaming. Furthermore, since the method relies on measuring dissolved oxygen 

concentrations, the kLa can only be determined in the absence of any oxygen-dependent reactions. 

The catalytic action of GOx and catalase, as well as the presence of glucose and gluconic acid may 

also affect the kLa. These results illustrate the complex nature of kLa and how measuring it 

separately from the reaction, or estimating it based only on reactor properties (stirring speed and 

sparging rate), may result in inaccurate predictions of experimental results. 

CONCLUSIONS AND OUTLOOK 

Retrofitting existing batch stirred tank reactors to operate continuously not only in the gas phase, 

but the liquid phase as well, would potentially allow faster industrial implementation of gas-

dependent biocatalytic reactions than switching to tubular reactor configurations. Even so, we have 

demonstrated that dissolved oxygen concentrations remain the dominant rate-limiting factor of 

continuous GOx-catalyzed glucose oxidation in a CSTR. This likely also applies to other oxidases, 

which exhibit the same kinetic behavior. Although the highest reaction rates were achieved by 

increasing the enzyme concentration 10-fold, this resulted in lower specific reaction rates, thereby 

making ineffective use of a costly catalyst. Thus, increasing oxygen partial pressure in the reactor 

is a more effective means of improving reaction performance. Nevertheless, the stability of the 

enzymes may be reduced when exposed to feed gases comprised of more than 60-80% oxygen. At 

atmospheric pressure, this limits the dissolved oxygen concentration to just 0.73 mM. Dependent 

on the KMO of an oxygen-dependent enzyme, this concentration may be sufficient to achieve 

industrially feasible reaction rates, but in many cases enzyme engineering will be required to 

further improve the affinity of enzymes towards dissolved oxygen. Additionally, our results 

suggest that mass transfer coefficients are dependent on media composition, further complicating 

accurate estimation in the absence of the reaction. A kinetic model of the system could potentially 
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shed light on the true values of kinetic and oxygen transfer parameters during experiments, 

facilitating design and optimization of production processes. 
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