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Aerated stirred tank reactors are widely used in bio-process engineering and pharmaceutical industries. To supply the organisms with oxygen and control the pH value, oxygen is transferred from air bubbles into the liquid phase, and, at the same time, carbon dioxide is stripped from the liquid phase with the same gas bubbles. The volumetric mass transfer coefficients for oxygen and carbon dioxide are, therefore, of crucial importance for the design and scale-up of aerated stirred tank reactors. In this experimental work, the volumetric mass transfer coefficients for oxygen and carbon dioxide are investigated simultaneously to study their mutual influence. The mass transfer performance for oxygen and carbon dioxide is conducted in stirred tank reactors on the 3 L laboratory scale, 30 L pilot scale, and 15,000 L production scale. First, the influence of dissolved carbon dioxide on the oxygen mass transfer performance is investigated in a 30 L pilot scale stirred tank reactor. The results show that the volumetric mass transfer coefficient of oxygen is not affected by the concentration of dissolved carbon dioxide, but the total mass flux of oxygen decreases with increasing carbon dioxide concentration due to the decreasing partial pressure difference. With rising gassing rate and volumetric power input, both mass transfer coefficients for oxygen and carbon dioxide show the same increasing trend. Although this trend can also be observed when scaling down to the 3 L laboratory scale reactor, a significantly different effect must be considered for the scale-up to the 15,000 L industrial scale reactor. The limited absorption capacity for carbon dioxide of the gas bubbles during the long residence time in the industrial scale reactor is noticeable here, which is why the specific interfacial area is of negligible importance. This effect is used to develop a method for independent control of oxygen and carbon dioxide mass transfer performance on an industrial scale and to increase the mass transfer performance for carbon dioxide by up to 25%.
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1 INTRODUCTION
In bio-process engineering and pharmaceutical industries, the production of biologicals in high-density mammalian cell cultures is of great relevance (Matsunaga et al., 2009a). The cultivation of those cells is performed under aerobic conditions in aerated bioreactors. In order to sustain cellular metabolism and growth, an ideal supply of nutrients and dissolved oxygen must be ensured (Garcia-Ochoa and Gomez, 2009). Considering that most cells are able to retain nutrients, but only a small amount of dissolved oxygen is available at ambient pressure, oxygen is generally the limiting component (Eibl et al., 2009). Therefore, air or even pure oxygen is continuously supplied during the process to be transferred from the gaseous phase into the liquid phase. Simultaneously, carbon dioxide produced by cellular metabolism must be removed from the system by transfer from the liquid phase into the gaseous phase. If carbon dioxide stripping is insufficient, carbon dioxide accumulates in the culture medium. This can shift the pH value, which inhibits cell growth and productivity (Hu, 2018; Baehr, 2016; Matsunaga et al., 2009b; Sieblist et al., 2011b). In addition to the bio-processes, the carbon dioxide mass transfer is a crucial parameter in improving different techniques for carbon capture (Liu et al., 2018; Hu et al., 2020; Yu et al., 2024a; b).
Bubble columns or aerated stirred tank reactors are used to ensure a high mass transfer performance during biological processes (Matsunaga et al., 2009a). Aerated stirred tank reactors (STRs) provide high flexibility regarding their range of applications in combination with utilizing multiple different impeller types that create controlled and reproducible flow conditions. In addition, good mixing of two-phase flows with short mixing times and an efficient power input can be achieved (Fitschen et al., 2019). A crucial parameter for the design, characterization, and scale-up of stirred tank reactors, as well as for describing the mass transfer performance, is the volumetric mass transfer coefficient [image: image] (Paul et al., 2004; Benz, 2021; Zlokarnik, 2001).
For high- or even ultra-high seeding density cell culture processes, the scale-up of seed trains begins in laboratory scale STRs, proceeds to the pilot scale, and culminates on the industrial scale with thousands of liters (Catapano et al., 2009; Stepper et al., 2020). However, with an increased volume, the surface-to-volume ratio is decreased, and the carbon dioxide stripping through the liquid surface and the headspace of the reactor is reduced (Matsunaga et al., 2009b; Sieblist et al., 2011a).
The objective of this article is to compare the mass transfer performance of oxygen and carbon dioxide in laboratory- and industrial scale aerated stirred tank reactors. Moreover, a method for improving carbon dioxide stripping in a stirred tank reactor on an industrial scale is presented (Schulz and Wucherpfennig, 2021). For the investigations, an acrylic glass stirred tank reactor on an industrial scale with a total volume of [image: image] is used at the Hamburg University of Technology in cooperation with Boehringer Ingelheim Pharma GmbH & Co. KG.
2 MATERIALS AND METHODS
The experimental results presented in this paper are obtained in a 3 L, 30 L, or 15,000 L STR.
2.1 Theory
For stirred tank reactors, the specific power input (Equation 1) by the stirrers is defined as
[image: image]
which includes the power number [image: image], fluid density [image: image], stirrer frequency [image: image], stirrer diameter [image: image], and liquid volume [image: image]. The power number [image: image] [image: image] itself is dependent on the stirrer geometry and the stirrer frequency.
In a single-phase and fully baffled system, the turbulent flow regime is reached in the case at a stirrer Reynolds number of [image: image]. Under these conditions, the power number [image: image] is constant (Kraume, 2020). For aerated conditions in two-phase systems, the power number can be influenced by the aeration rate. However, for low aeration rates as occur in mammalian cell cultivation processes, a constant power number [image: image] can be assumed (Zlokarnik, 2001; Gabelle et al., 2011).
In the case of an ideal gas and liquid phase, the concentration of dissolved gases can be determined with Henry’s law (Lohrengel, 2017; Baehr, 2016), and gas–liquid mass transfer can be described by the two-film theory (Whitman, 1923). Without the presence of mammalian cells, the mass transfer for dissolved oxygen from the gaseous into the liquid phase (Equation 2) can be calculated as
[image: image]
with the concentration of dissolved oxygen [image: image], the time [image: image], the volumetric oxygen mass transfer coefficient [image: image], and the equilibrium concentration of dissolved oxygen [image: image] (Garcia-Ochoa and Gomez, 2009). For oxygen mass transfer, the equilibrium concentration is the saturation concentration of dissolved oxygen for the respective system. The mass transfer for dissolved carbon dioxide (Equation 3) is defined as
[image: image]
with [image: image] being the concentration of dissolved carbon dioxide, [image: image] the volumetric carbon dioxide mass transfer coefficient, and [image: image] the equilibrium concentration of dissolved carbon dioxide. As the carbon dioxide mass transfer coefficient from the liquid into the gaseous phase is measured here, the driving potential is defined as [image: image]. For the carbon dioxide mass transfer, the equilibrium concentration of dissolved carbon dioxide in water against air is assumed as [image: image] because the amount of carbon dioxide in air is negligible (Baehr, 2016; Matsunaga et al., 2009a; VDI, 2013).
The volumetric mass transfer coefficient [image: image] is influenced by different factors, such as the specific power input [image: image], the gas volume flow rate [image: image], and the temperature [image: image] (Boyd, 2020). The van’t Riet correlation for aerated stirred tank reactors can be used, in which the volumetric mass transfer coefficient can be modeled according to
[image: image]
with the superficial gas velocity [image: image] and three constants [image: image], [image: image], and [image: image]. The constants are fitted to experimental data for each system and can then be applied to any operating conditions of this system. Therefore, the van’t Riet correlation is not limited to a defined field of application (Van’t Riet, 1979; Knoll et al., 2005; Bernemann et al., 2024).
2.2 Experimental setup and measurement procedure
The performed experiments can be divided into three parts. The first part, conducted in the 30 L STR (see Figure 1), is the determination of the influence of dissolved carbon dioxide on the oxygen mass transfer coefficient. Based on these results, the measuring method for the second part is defined. The second part of this work was performed in the laboratory and industrial-scale STR. During this work, the mass transfer coefficients of carbon dioxide and oxygen are determined in both systems for different power inputs and superficial gas velocities. The third part of the experiments was conducted in the industrial-size STR as an alternative sparging strategy to test the independent control of the oxygen and carbon dioxide concentration.
[image: Figure 1]FIGURE 1 | Process flow diagram of the experimental pilot scale setup with the connection of the 1.8-L (left) and the 30-L (right) stirred tank reactor.
The applied measuring methods are identical for all systems. To measure the concentration of dissolved oxygen [image: image], an optical dissolved oxygen sensor (WTW SenTix HW-T 900) with an error of less than 5% was used, and for the concentration of dissolved carbon dioxide [image: image], a dissolved carbon dioxide sensor (Hamilton [image: image]NTROL RS485) with an error of 3% was utilized. The carbon dioxide sensor measures the dissolved carbon dioxide and none of the dissociated products. To ensure that all dissolved carbon dioxide can be measured, a pH value of 3 is maintained to avoid dissociation.
An open tube sparger (submersed sparger) is used in each system for aeration. The sparger is mounted below the stirrer, as can be seen in Figure 2, which shows an example of the laboratory setup. Mass flow controllers (Bronkhorst EL-Flow) are used to control the gas flow rates. The stirrer geometry is given in Table 1. The different stirrer spacing for the elephant ears (EE) and the combination of Rushton turbine (RT) and pitched blade (PB) is shown in Figures 2, 3. The lowest stirrer has the distance [image: image] from the reactor bottom, the distance between the RT and the PB stirrer is set to [image: image], and the spacing between the EE stirrer is set so [image: image]. The dynamic method is used to obtain the specific mass transfer coefficients for oxygen and carbon dioxide. For oxygen, this means the liquid is deoxygenated to 20% dissolved oxygen by stripping with pure nitrogen (99.9990%), and afterward, the mass transport coefficient is measured while aerating with air. To obtain the carbon dioxide mass transfer coefficient, the liquid is saturated with carbon dioxide (99.995%) to 15%, and then the stripping process with air is measured as the basis for the calculation. The air used is pressurized ambient air with an oxygen concentration of 21% and a carbon dioxide concentration of 0.04%. Both steps were combined for this work. First, the starting parameters are adjusted, and then, both specific mass transfer coefficients are measured simultaneously while gassing with a defined air flow rate and stirring with a given stirrer frequency. The measurement is stopped when reaching [image: image] and [image: image] or after a measurement time of 45 min. The analysis of the measured data is done identically for the different reactor systems with a standardized procedure according to Fitschen et al. (2023).
[image: Figure 2]FIGURE 2 | Glass stirred tank reactor on the laboratory scale (3 L STR).
TABLE 1 | Specifications of the investigated systems.
[image: Table 1][image: Figure 3]FIGURE 3 | Schematic illustration of the stirred tank reactor on an industrial scale (15 kL STR) with the side sparger.
2.2.1 Pilot scale setup
The pilot scale reactor with a volume of 30 L is used to investigate the influence of a constant carbon dioxide concentration on the oxygen mass transfer performance. To ensure a constant carbon dioxide concentration inside of the pilot scale reactor, a 1.8 L stirred tank reactor is used to enrich the deionized water with carbon dioxide. The enriched water is subsequently pumped into the 30 L reactor by using a peristaltic pump (Ismatec ISM 405 A). A flow meter is used to control and adjust the pumping. The backflow from the 30 L reactor to the 1.8 L reactor is realized by a buoyancy-driven, siphon-like construction. The various dissolved carbon dioxide profiles between 5% and 15% of saturation concentration are simulated in the 30 L reactor by adjusting the volume flow of saturated carbon dioxide deionized water. The experiments are performed at a temperature of 20°C, which is controlled through an external heating and cooling circulator (IKA HRC 2). For the 30 L reactor, a stirrer setup consisting of an RT and a down-pumping PB is used. The 1.8 L reactor instead is only equipped with an RT as the only purpose is to enrich the deionized water with carbon dioxide. The stirrer frequency is controlled by a torque measurement instrument (HiTec Zang ViscoPakt-X7). The piping and instrumentation diagram (P&ID) of the setup is presented in Figure 1.
2.2.2 Laboratory scale setup
A glass STR with a volume of 3 L is used for the laboratory scale experiments. The geometry parameters and the stirrer combinations are displayed in Table 1. Further specifications of the stirrers and previously measured power numbers [image: image] according to the method by Fitschen et al. (2019) are also presented in Table 1. The stirrer shaft is connected to the motor above the reactor. The stirrer frequency is regulated and controlled with a torque measuring instrument (HiTec Zang ViscoPakt-X7). In the laboratory scale, both the RT and PB combination and three EE stirrers are used. To ensure a constant temperature of 37°C, the reactor is placed in a water bath that is heated through an external cooling and heating circulator (IKA HRC 2). The experiments are performed in 0.9% sodium chloride solution.
2.2.3 Industrial scale setup
The industrial scale reactor uses an operating volume of 12.5 kL. The geometric specifications, the stirrer combinations, and further specifications, such as the previously measured power numbers [image: image] according to the method by Fitschen et al. (2019), are displayed in Table 1. In contrast to the laboratory and pilot scale setups, the industrial scale reactor is equipped with a bottom-mounted magnetic agitator (Zeta BMRF-40000). The industrial scale reactor is operated with three EE stirrers and filled with 0.9% sodium chloride solution. The system has an external heating loop in which a pump and a heat exchanger are integrated. During the measurements at 37°C, the external loop is switched off so as not to influence the internal flow field. Due to the lid of the reactor and the good isolation characteristics of the acrylic glass, the temperature loss is about [image: image]°[image: image] only and therefore, adiabatic conditions for each experiment can be assumed. For the independent control of oxygen and carbon dioxide mass transfer performance, an additional open tube sparger (side sparger) for side aeration is attached to a baffle at middle reactor height (see Figure 3). The aeration of the side sparger can be controlled independently of the submersed sparger.
3 EXPERIMENTAL RESULTS
The following subsections provide the experimental results for the oxygen and carbon dioxide mass transfer performance in the stirred tank reactors on the laboratory (3 L STR), pilot (30 L STR), and industrial scales (15,000 L STR).
3.1 Influence of dissolved carbon dioxide concentration on oxygen mass transfer performance in a 30L stirred tank reactor
In Figure 4 the saturation concentration of dissolved oxygen [image: image] is shown as a function of the dissolved carbon dioxide concentration [image: image]. For a carbon dioxide concentration of [image: image] kg m−3 and with a molar oxygen Henry coefficient of [image: image] (Royce and Thornhill, 1991), the saturation concentration of dissolved oxygen calculated with the measured partial pressure is [image: image] kg m−3. This saturation concentration is measured under the condition that compressed ambient air is used for the aeration. Compared with the saturation concentration of dissolved oxygen, which is [image: image] kg m−3 in deionized water under atmospheric conditions noted in literature for a temperature of [image: image]°C (Montgomery et al., 1964), the determined and literature data are comparable. With increasing carbon dioxide concentration, the saturation concentration of dissolved oxygen decreases. This can be described with the linear function shown in Equation 5.
[image: image]
[image: Figure 4]FIGURE 4 | Saturation concentration of dissolved oxygen in dependency of the carbon dioxide concentration.
This linear dependency is determined empirically but can be explained physically. As the experiments are performed in an open system, the total pressure [image: image] remains constant. Following Dalton’s law, the total pressure is the sum of all partial pressures [image: image] in the system. With increasing carbon dioxide concentration, the partial pressure of carbon dioxide increases. Therefore, the partial pressure of oxygen must decrease at the same time. Following Henry’s law, the saturation concentration of oxygen must decrease as well, as it is directly dependent on the maximum partial pressure of dissolved oxygen. The molar Henry coefficients of oxygen [image: image] and carbon dioxide [image: image] are assumed to be constant with increasing dissolved carbon dioxide concentration (Klamt, 1995).
For a defined saturation concentration of dissolved oxygen, the volumetric oxygen mass transfer coefficient [image: image] can be determined as a function of the carbon dioxide concentration. Figure 5 shows that the volumetric oxygen mass transfer coefficient increases with increasing specific power input [image: image] and superficial gas velocity [image: image]. A higher specific power input causes higher shear forces and results in better gas dispersion, smaller gas bubbles, and a higher interfacial area for mass transfer with a more homogeneous gas bubble distribution (Garcia-Ochoa and Gomez, 2009; Matsunaga et al., 2009a). Increasing superficial gas velocity leads to a higher gas hold-up and thus to a higher specific interfacial area [image: image] (Garcia-Ochoa and Gomez, 2009; Matsunaga et al., 2009b; Bouaifi et al., 2001).
[image: Figure 5]FIGURE 5 | Volumetric oxygen mass transfer coefficient in dependency of the carbon dioxide concentration for various specific power inputs [image: image] and superficial gas velocities [image: image].
In contrast, the volumetric oxygen mass transfer coefficient [image: image] stays constant for increasing carbon dioxide concentrations, as shown in Figure 5. The carbon dioxide concentration [image: image] decreases the saturation concentration of dissolved oxygen [image: image] but has no influence on the volumetric oxygen mass transfer coefficient in the investigated range because the flux of oxygen decreases as well due to the decreasing difference in partial pressure (see Equation 2).
3.2 Comparison of mass transfer performance on laboratory and industrial scales
For the stirred tank reactor on the laboratory scale (3 L STR), the determined volumetric oxygen mass transfer coefficient [image: image] and the volumetric carbon dioxide mass transfer coefficient [image: image] are displayed as a function of the specific power input [image: image] in Figures 6, 7. The van’t Riet correlation (Equation 4) for the corresponding systems is shown in addition to the values determined for the mass transfer coefficients. The obtained constants of the correlation and the accuracy [image: image] are listed in Table 2. The coefficients [image: image], [image: image], and [image: image] are constant for each system and independent of the stirrer frequency and the aeration rate. The constants must be adapted for different geometries and gaseous components.
[image: Figure 6]FIGURE 6 | Volumetric oxygen mass transfer coefficient in dependency of the specific power input for various superficial gas velocities [image: image] in the stirred tank reactor on laboratory scale (3 L STR).
[image: Figure 7]FIGURE 7 | Volumetric carbon dioxide mass transfer coefficient in dependency of the specific power input for various superficial gas velocities [image: image] in the stirred tank reactor on laboratory scale (3 L STR).
TABLE 2 | Determined constants [image: image] of the van’t Riet correlation with an accuracy [image: image] for the respective system of the stirred tank reactor on a laboratory scale (3 L STR) and an industrial scale (15 kL STR).
[image: Table 2]As first shown in Figure 5, the volumetric mass transfer coefficients increase with rising specific power input and superficial gas velocity. This trend is observed to be stronger for oxygen than for carbon dioxide. For the superficial gas velocity of [image: image] 0.64 mm s−1, the volumetric oxygen mass transfer coefficient increases from 5.4 h−1 at 10.3 W m−3 to 16.7 h−1 at 82.2 W m−3, while the carbon dioxide mass transfer coefficient only increases from 4.4 h−1 at 10.3 W m−3 to 9.5 h−1 at 82.2 W m−3. A similar trend is observed for the other superficial gas velocities. Although the volumetric oxygen transfer coefficient triples, the volumetric carbon dioxide transfer coefficient only doubles. Furthermore, the volumetric mass transfer coefficients for the stirrer configuration of the RT and PB are larger than for the three EE stirrers. This might be caused by higher tip speeds, which result in smaller gas bubbles obtained with the RT. Therefore, the specific interfacial area [image: image] would be higher, and the gas bubbles would stay in the system longer. The shear force for both stirrer configurations determined in the literature does not vary significantly (Simmons et al., 2007).
For the stirred tank reactor on the industrial scale (15 kL STR) with three EE stirrers, the determined volumetric mass transfer coefficient of oxygen [image: image] and carbon dioxide [image: image] are presented as a function of the specific power input [image: image] and shown in Figure 8. Additionally, Figure 8 shows the van’t Riet correlation (Equation 4) with the respective constants [image: image] (listed in Table 2) for oxygen and carbon dioxide mass transfer in the 15 kL stirred tank reactor.
[image: Figure 8]FIGURE 8 | Volumetric mass transfer coefficients of oxygen and carbon dioxide in dependency of the specific power input for various superficial gas velocities [image: image] in the stirred tank reactor on industrial scale (15 kL STR).
The determined volumetric oxygen mass transfer coefficients [image: image] for the industrial scale stirred tank reactor increase by approximately 50% with increasing specific power input in the investigated region. In addition, an increase nearly proportional to the increase in superficial gas velocity can be observed. These results are comparable to the volumetric oxygen mass transfer coefficients obtained in the laboratory scale STR (Figure 6). In comparison, the volumetric carbon dioxide mass transfer coefficients [image: image] determined in the industrial scale STR do not show any influence of the specific power input in the investigated range. Although the volumetric carbon dioxide mass transfer coefficients increase with increasing superficial gas velocity, they do not exceed values of 2.5 h−1.
The oxygen mass transfer coefficient outliers that can be seen in the data may be caused by changing ambient pressure, as the solubility of oxygen in water is highly pressure dependent. As the probes measure only locally, a certain error due to nonstationary effects is possible. Overall, the results are in good accordance with the van’t Riet correlation (van’t Riet, 1979).
To compare the carbon dioxide mass transfer performance of the laboratory and the industrial scale STR, the normalized volumetric carbon dioxide mass transfer coefficients [image: image] [image: image] are shown as a function of the specific power input [image: image] in Figure 9. The reference volumetric carbon dioxide mass transfer coefficient [image: image] is defined as the volumetric carbon dioxide mass transfer coefficient for a specific power input of [image: image] for each system, as it is the lowest specific power input measured.
[image: Figure 9]FIGURE 9 | Normalized volumetric carbon dioxide mass transfer coefficient in dependency of the specific power input for a constant superficial gas velocity [image: image] in the stirred tank reactor on laboratory (3 L STR) and industrial scale (15 kL STR).
Figure 9 indicates that the carbon dioxide mass transfer performance in the laboratory scale STR can be improved up to 80% in the investigated operation parameter range by increasing the specific power input [image: image]. In contrast, the carbon dioxide mass transfer performance in the industrial-scale STR can only be enhanced by about 5% by increasing specific power input.
The carbon dioxide mass transfer performance seems to be independent of the power input. It can be seen that the gas bubbles are rapidly saturated by carbon dioxide. In this case, an increased specific surface area due to an increased power input would have no influence on the carbon dioxide stripping (Sieblist et al., 2011b; Xing et al., 2017; Xu et al., 2017). This highlights the difficulties in scaling up from the laboratory to the industrial scale while accounting for mass transfer due to the saturation of rising gas bubbles through carbon dioxide. This is in good accordance with the effects observed by Mostafa and Gu (2003) and Garnier et al. (1996) in industrial-size STRs, who found a strong impact of the aeration rate on the carbon dioxide mass transfer. Therefore, a different approach is needed to improve the carbon dioxide mass transfer performance. In the following section, the influence of higher superficial gas velocities, injected as side aeration, on the carbon dioxide mass transfer performance is discussed.
3.3 Independent control of mass transfer performance for oxygen and carbon dioxide by using side aeration on an industrial scale
Additional side aeration is used on an industrial scale to enhance the mass transfer performance of carbon dioxide with a reduced influence on the oxygen mass transfer performance (Schulz and Wucherpfennig, 2021). The sparger for the side aeration and its arrangement can be seen in Figure 3.
In Figure 10, the normalized volumetric mass transfer coefficients [image: image] for oxygen and carbon dioxide are shown as a function of the side aeration superficial gas velocity [image: image] for a constant submersed aeration superficial gas velocity of [image: image] 0.64 mm s−1. The volumetric mass transfer coefficient for a side aeration superficial gas velocity of [image: image] = 0 mm s−1 is defined as reference value [image: image] for the normalization.
[image: Figure 10]FIGURE 10 | Normalized volumetric mass transfer coefficients of oxygen and carbon dioxide in dependency of the side aeration superficial gas velocity for a constant specific power input [image: image] and submersed aeration superficial gas velocity [image: image].
With increased side aeration superficial gas velocity, the volumetric oxygen mass transfer coefficient has a slight increase of +9.8% in the investigated range. At the same time, the volumetric carbon dioxide mass transfer coefficient increases up to 25.0%. With the side aeration, large gas bubbles enter the system with a smaller specific surface area and a larger volume than the small gas bubbles from the submersed aeration. As carbon dioxide is well-soluble in water (molar Henry coefficient of [image: image] 4.028 Pa m3 mol−1) at a temperature of [image: image]37°C and oxygen (molar Henry coefficient of [image: image]) (Royce and Thornhill, 1991) is not, the smaller specific surface area is not as critical for carbon dioxide as for oxygen. The larger gas bubble volume enables more carbon dioxide diffusion into the gas bubble until the saturation concentration is reached, which results in a higher rise velocity, which enables better carbon dioxide stripping. As a result, the carbon dioxide mass transfer performance is significantly improved, whereas the oxygen mass transfer performance is only slightly affected.
4 CONCLUSION
In this work, the mass transfer performance of oxygen and carbon dioxide are experimentally investigated in an aqueous salt solution by analyzing the volumetric mass transfer coefficients in STRs on various scales. For the simultaneous analysis, the volumetric oxygen mass transfer coefficient is investigated from the gaseous phase into the liquid phase, and the volumetric carbon dioxide mass transfer coefficient is investigated from the liquid phase into the gaseous phase for varying power inputs and superficial gas velocities. In the pilot-scale STR, the volumetric oxygen mass transfer coefficient remains constant and is not dependent on the dissolved carbon dioxide concentration for the investigated range.
The determined mass transfer performance of oxygen and carbon dioxide on the laboratory scale STR shows that the volumetric mass transfer coefficient has a comparable trend within the operating parameters. This is not transferable to the industrial scale STR. In this case, the volumetric carbon dioxide mass transfer coefficient cannot be significantly improved by an increased power input because carbon dioxide accumulates within the gas bubbles. Therefore, an easy scale-up of the carbon dioxide mass transfer performance is an open challenge for future research. This effect is utilized to develop and test a method for the industrial scale stirred tank reactor to enhance the mass transfer performance of carbon dioxide independently from the oxygen mass transfer by using additional side aeration. Due to the side aeration, the volumetric oxygen mass transfer coefficient increases only slightly, while the volumetric carbon dioxide mass transfer coefficient shows a more significant increase with a maximum of +25.0%. This method enables more independent control of the oxygen and carbon dioxide concentrations in industrial scale STR and, thus, more reliable scaling and processes.
The insights gathered for aerated STRs can be transferred to other fields like the chemical industry or carbon capture technologies. To improve the knowledge of the carbon dioxide mass transfer in aerated STRs, further experiments, such as the measurement of concentration profiles within the gaseous phase over the reactor height, will be performed to enable more detailed modeling.
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