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Aqueous two-phase flotation (ATPF) is a separation technique for isolating biological products such as enzymes 
from crude complex biosuspensions. The continuous operation mode of ATPF allows high throughput while 
maintaining a high separation efficiency. In this work, a laboratory plant for continuous ATPF with integrated 
online measurement technology is presented and ATPF experiments with the model enzyme phospholipase A2

are performed. Three electrical conductivity probes allow real time and spatially resolved characterization of 
phase mixing in the flotation tank caused by rising bubbles. UV/Vis spectroscopy is used to measure the enzyme 
concentration online at the top phase outlet. The equilibrium concentrations in the top and bottom phase are 
linearly dependent on the feed concentration, revealing a constant partition coefficient. The experimental results 
of this work provide the basis for the development of an autonomous feedback controller for the continuous 
ATPF process.
1. Introduction

In recent decades, the use of biological products in industry has 
increased significantly. In many industrial applications, such as phar-

maceuticals, food and cosmetics, high product purity is required. Down-

stream processing is therefore an important step in the separation and 
purification of biomolecules. As these biomolecules are typically sensi-

tive species such as peptides or proteins, mild reaction conditions are 
required (Lee et al., 2016; Sankaran et al., 2019). Downstream process-

ing of biomolecules requires multiple unit operations. After removal 
of insoluble contaminants, the product must be isolated, purified and 
polished. Due to the large number of steps, downstream processing of 
bioproducts is associated with high energy and chemical consumption 
(Lee et al., 2016). To combine multiple unit operations into a single pro-

cess step, Bi et al. (2009) first introduced aqueous two-phase flotation 
(ATPF) to recover concentrated penicillin G from a fermentation broth 
in 2009. ATPF combines an aqueous two-phase system (ATPS) with sol-

vent sublation (SS) (Torres-Acosta et al., 2019; Jiang et al., 2020; Li 
and Dong, 2010). An ATPS consists of two immiscible liquid phases 
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that separate into a heavier bottom phase and a lighter top phase due 
to their different densities (Lee et al., 2016). As water is the main com-

ponent of both phases, the process is highly biocompatible and the mild 
conditions make it particularly suitable for biological products (Lee et 
al., 2016; Hatti-Kaul, 2001; Ribeiro et al., 2002). ATPF is often based 
on a polymer-salt ATPS (Iqbal et al., 2016; Lee et al., 2016; Ribeiro et 
al., 2002). When both the salt and the polymer are present above crit-

ical concentrations, phase separation occurs. In general, the top phase 
will have a high concentration of polymer and a low concentration of 
salt and, in contrast, the bottom phase will have a high concentration of 
salt and a low concentration of polymer (Rito-Palomares and Benavides, 
2017; Lee et al., 2016). This composition of the phases also results in 
a difference in their hydrophobicity. Commonly used polymers for the 
preparation of ATPS are dextran and polyethylene glycol (PEG), while 
phosphates, sulfates or citrates are used as salts. Although phosphates 
and sulfates lead to better phase separation when using PEG as a poly-

mer due to their multivalent anions, these salts are environmentally 
harmful and toxic (Rito-Palomares and Benavides, 2017). To perform an 
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ATPF process, the biosuspension is mixed with the phase forming com-

ponents of the bottom phase. The polymer-rich top phase is then layered 
on top. Gas bubbles are introduced through porous media at the bottom 
of the flotation tank. Hydrophobic areas of the biomolecules to be sepa-

rated accumulate on the surface of the bubbles and rise with the bubbles 
into the top phase. For effective separation of biomolecules, the compo-

sition of the ATPS must be chosen so that the product has an increased 
affinity for the top phase (Rito-Palomares and Benavides, 2017; Torres-

Acosta et al., 2019; Chong et al., 2020). The affinity of the molecule to 
the top phase is described by the partition coefficient, which is defined 
as the ratio of the equilibrium concentration of the molecule in the 
top phase to its equilibrium concentration in the bottom phase (Rito-

Palomares and Benavides, 2017; Torres-Acosta et al., 2019; Chong et 
al., 2020; Iqbal et al., 2016). Due to the transport of the molecules 
into the top phase forced by the introduced bubbles, the ratio of the 
equilibrium concentrations is shifted towards the top phase compared 
to an ATPS without gassing. The resulting increased partition coeffi-

cient allows the use of a smaller top phase volume (Torres-Acosta et 
al., 2019). A smaller top phase volume ensures improved environmen-

tal compatibility and lower costs, as the amount of chemicals required 
to produce the top phase is reduced (Lee et al., 2016; Torres-Acosta et 
al., 2019). At the same time, a reduced volume ratio of top phase to 
bottom phase also increases the enrichment factor of the product in the 
bottom phase (Show et al., 2011, 2013; Lee et al., 2016; Chong et al., 
2020; Lin et al., 2015). ATPF has already been applied to many differ-

ent biomolecules. It is suitable for the separation of industrial enzymes 
(Show et al., 2011, 2013; Sankaran et al., 2018; Jakob et al., 2021b; 
Lin et al., 2015; Pakhale et al., 2013) and various therapeutically active 
molecules such as antibiotics (Bi et al., 2011, 2009; Jiang et al., 2020; Li 
and Dong, 2010), flavonoids (Bi et al., 2013, 2010; Chang et al., 2017; 
Chong et al., 2020), polyphenols (de Araújo Padilha et al., 2018), pep-

tides (Jiang et al., 2019a; Md Sidek et al., 2016) and proteins (Jiang et 
al., 2019b, 2020, 2021).

In 2021, Jakob et al. (2021a) for the first time introduced the contin-

uous operation of ATPF on a laboratory scale. This allows a significantly 
higher space-time yield compared to batch ATPF. In addition, an op-

timized design of a flotation cell for continuous ATPF was presented 
using a 3D printed prototype, taking into account the geometry of the 
cell as well as kinetic parameters such as the phase exchange rate and 
the flotation rate constant (Jakob et al., 2023). For the application, 
an autonomous operation of the process is desirable. An autonomous 
feedback control system reacts in real time to unforeseen events and dis-

turbances during operation (Wallén, 2000; Gamer et al., 2020; Antsaklis 
et al., 1991). This increases product quality and yield while reducing 
costs and energy consumption (Gamer et al., 2020; Wallén, 2000). For 
the development of a predictive feedback controller, it is essential to (a) 
monitor the process in real time and (b) to be able to predict its future 
behavior. The former requires the development of appropriate online 
measurement technology, which is the main focus of this work. The 
latter requires the identification of a system model capable of reliably 
predicting the system behavior (Gamer et al., 2020).

To prepare the ATPF for autonomous operation, this work proposes 
a novel laboratory plant setup with integrated online measurement 
technology. In order to identify a detailed system model, spatially re-

solved measurements are essential to obtain local information about the 
process. Unlike Jakob et al. (2023), who determined phase mixing with 
a conductivity probe near the outlet, this work uses three electrical con-

ductivity probes at fixed locations throughout the flotation tank. This 
allows, for the first time, a spatially resolved quantification of the in-

teractions between different gassing units. In addition, the separation 
efficiency during continuous ATPF is determined online for the first 
time using UV/Vis spectroscopy. ATPF experiments with the model en-

zyme phospholipase A2 show that this measurement technique works 
reliably and that the online measured values correspond to offline mea-
2

sured reference samples.
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2. Material and methods

The materials and laboratory equipment used for the experimental 
investigations and the evaluation methods are described in the follow-

ing sections.

2.1. Aqueous two-phase system (ATPS)

In this study, a polymer-salt system was used as the ATPS. Polyethy-

lene glycol (PEG) 1000 (Ph. Eur., Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany) was used as the polymer and trisodium citrate dihydrate (Ph. 
Eur., Carl Roth GmbH + Co. KG, Karlsruhe, Germany) as the salt to 
prepare the phases. The concentrations of the phase forming chemicals 
were taken from the previous work of Jakob et al. (2021a,b, 2023). The 
polymer-rich top phase consisted of 39.4% (w/w) PEG 1000 and 3.0% 
(w/w) citrate, while the bottom phase contained 0.7% (w/w) PEG 1000 
and 25.8% (w/w) citrate. At the beginning of each ATPF experiment, 
the model enzyme pospholipase A2 (PLP 21159, Sternenzym GmbH + 
Co. KG, Ahrensburg, Germany) was added to the bottom phase in con-

centrations of up to 1.50% (w/w). The main component of both phases 
was demineralized water.

2.2. Laboratory plant for continuous ATPF

Fig. 1 shows a scheme of the continuous ATPF plant used in this 
work with the flotation tank (see Chapter 2.2.1) in the center. On the 
left are the inlets for the top (TOP) and bottom phase (BOT). The bot-

tom phase is enriched with the model enzyme phospholipase A2, while 
the top phase is unloaded. Peristaltic pumps (Ismatec Reglo ICC, Cole-

Parmer, St. Neots, UK) were used to ensure a uniform volume flow of 
both phases. The volume flow of the top phase was 1.67 ml/min and 
that of the bottom phase was 8.33 ml/min for all experiments, result-

ing in a residence time of 60 min of each phase in the flotation tank. 
Three gassing units at the bottom introduced air into the flotation tank. 
Each consists of a 3D-printed holder into which a circular twill weave 
(TopMesh TM10, Spoerl, Sigmaringendorf, Germany) with a nominal 
pore size of 10 μm and a diameter of 2 cm was bonded using a two-

component adhesive (UHU plus endfest, UHU GmbH + Co. KG, Buehl, 
Germany). The gas flow rates were individually controlled by mass flow 
controllers (SLA55800, Brooks Instrument, Dresden, Germany). In all 
ATPF experiments, 500 ml of enzyme-enriched bottom phase was added 
to the flotation tank and 100 ml of unloaded top phase was carefully 
layered on top. This results in a volume ratio of top to bottom phase of 
0.2.

The top and bottom phase outlets were designed to eliminate the 
need for additional peristaltic pumps at either outlet. The top phase 
was discharged via an overflow edge and then passed through a hori-

zontally mounted hose, while the bottom phase left the flotation tank 
via a siphon design. This was done by using a hose to create a siphon 
shape and adjusting its maximum height accordingly. To determine the 
enzyme concentration in real time during ATPF experiments, a UV/Vis 
spectrometer was installed at the top phase outlet. Three electrical con-

ductivity probes were integrated into the system to additionally char-

acterize the phase mixing during the process. The UV/Vis spectrometer 
and the evaluation of the phase mixing with the electrical conductivity 
probes are described in detail in the Chapter 2.2.2.

The control units, i.e. the peristaltic pumps and the three gassing 
units were controlled by LabVIEW (version 21.1.2, National Instru-

ments, Austin, Texas, US). This software also reads the measurements 
from the electrical conductivity probes and records them at manually 
adjustable times.

2.2.1. Flotation tank

Jakob et al. (2023) developed a 3D printed prototype with an opti-

mized apparatus design for continuous ATPF. Their geometry was taken 

into account when manufacturing the flotation tank used in this work. 
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Fig. 1. Setup of the laboratory plant for continuous ATPF.

Fig. 2. Flotation tank used for continuous ATPF experiments from the rear (left) and from the bottom-left-front (right).
Fig. 2 shows the flotation tank from different perspectives. The tank 
consists of a welded stainless steel frame. It has openings for the in-

lets and outlets of the two phases, the three gassing units and electrical 
conductivity probes. Glass panels were glued to the front and back of 
the flotation tank to allow visual characterization of the process. On the 
outlet side, the tank is inclined 20 degrees to allow a 4.5 cm long sec-

tion without gassing. This reduces the phase mixing in this area in order 
to prevent the bottom phase from entering the top phase outlet.

The flotation tank is conceptually divided into three separate com-

partments without actual physical separation between the compart-

ments. The numbering of each compartment is shown on the left in 
Fig. 2, with compartment 1 on the inlet side, compartment 2 in the 
middle, and compartment 3 on the outlet side. Each of these compart-

ments contains a gassing unit and an electrical conductivity probe that 
is mounted horizontally slightly offset from the gassing unit. This offset 
minimizes the influence of gas bubbles on the electrical conductivity 
measurements. Contrary to what is shown in Fig. 1, the conductivity 
probes are not inserted into the flotation tank from above, but through 
the openings provided in the steel frame of the flotation tank, so that 
they are integrated into the bottom phase at fixed positions at a 90 
degree angle (see Fig. 2 left). The individual gas flow rates in each com-

partment are combined into gas flow rate combinations. The gas flow 
rates are given in ml/min, separated by dashes, where the first number 
is the gas flow rate in compartment 1, the second is the gas flow rate in 
compartment 2, and the third is the gas flow rate in compartment 3.

2.2.2. Online measurement technology for real time monitoring of process 
parameters

Online measurement technology was integrated into the laboratory 
ATPF plant to monitor various process parameters. To determine the 
phase mixing, three electrical conductivity probes (InPro7100i, Mettler 
Toledo, Columbus, Ohio, US) were installed 1 cm below the phase in-

terface in the bottom phase (see Fig. 2 left). Analogous to Jakob et al. 
(2023) a calibration curve was created to determine the relationship be-

tween the electrical conductivity and the volume fraction of dispersed 
3

top phase in the bottom phase. This takes advantage of the significant 
difference in electrical conductivity between the two phases due to the 
different salt concentrations. When the flotation tank is gassed, the top 
phase displaces the citrate ions of the bottom phase near the electrical 
conductivity probes, resulting in a reduced measured electrical conduc-

tivity. To determine the calibration curve, different volume fractions of 
the top in bottom phase were placed in a beaker and completely mixed 
with a magnetic stirrer while the electrical conductivity was measured 
with the electrical conductivity probes. Volume fractions ranging from 
0% to 22% top to bottom phase were used to establish a reliable cali-

bration curve.

A UV/Vis spectrometer (HR-4UVV250-25, Ocean Optics B.C., Ost-

fildern, Germany) was installed at the top phase outlet for real time de-

termination of the enzyme concentration. The loaded top phase leaving 
the flotation tank passes through a bubble separator and then through 
a flow cell. The flow cell is in turn is connected to the light source by 
a fiber optic cable and to the spectrometer on the opposite side by a 
second fiber optic cable. Light in the UV/Vis wavelength range hits the 
sample and the spectrometer measures the absorbance caused by the 
sample. The corresponding enzyme concentration is determined from 
calibration between the enzyme concentration and absorbance.

2.3. Evaluation methods of measured process parameters

The bubble surface flux 𝑆𝑏 is used to determine the bubble surface 
input per unit time related to the gassed sectional area 𝐴𝐶 . 𝑆𝑏 is calcu-

lated according to

𝑆𝑏 =
6 ⋅ �̇�𝑔

𝐴𝐶 ⋅ 𝑑3,2
. (1)

Here, �̇�𝑔 is the gas flow rate and 𝑑3,2 is the Sauter mean diameter of 
the gas bubbles (Xu et al., 1991). The values for 𝑑3,2 at different gas 
flow rates were taken from Jakob et al. (2021b). To calculate the 𝑆𝑏

value for a flotation tank with multiple gassing units, the 𝑆𝑏 was deter-

mined separately for each gassing unit and then the values were added 

together.
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Fig. 3. Separate gassing of individual compartments to investigate the influence on the other two compartments. (A) Gassing only in compartment 1. (B) Gassing 
only in compartment 2. (C) Gassing only in compartment 3.
The enzyme concentration at the outlet of the top phase was mea-

sured online using the UV/Vis spectrometer. The corresponding enzyme 
concentration at the bottom phase outlet was calculated from the mea-

sured top phase concentration using a mass balance. The mass balance 
states that the enzyme mass 𝑚enz present in the entire flotation tank is 
equal to the sum of the enzyme mass 𝑚enz,TOP present in the top phase 
and the enzyme mass 𝑚enz,BOT present in the bottom phase:

𝑚enz =𝑚enz,TOP +𝑚enz,TOP (2)

If the expressions for the enzyme mass of both phases are replaced by 
the product of the volume of the respective phase 𝑉TOP∕BOT in the flota-

tion tank, its density 𝜌TOP∕BOT and the enzyme concentration present at 
time 𝑡 𝑥TOP∕BOT,t , then after transformation for the enzyme concentra-

tion in the bottom phase 𝑥BOT,t at time 𝑡, the following is obtained:

𝑥BOT,t =
𝑚enz − 𝑉TOP ⋅ 𝜌TOP ⋅ 𝑥TOP,t

𝑉BOT ⋅ 𝜌BOT
(3)

This equation can be used to calculate the concentration in the bot-

tom phase from the measured enzyme concentration in the top phase, 
assuming that there is no accumulation of enzyme in the flotation tank.

For characterizing the performance of a flotation experiment, the 
separation efficiency 𝐸 was determined. It describes the amount of en-

zyme transported from the bottom phase to the top phase at time 𝑡 and 
is calculated by

𝐸 =
(

𝑥TOP,t

𝑥TOP,max

)
⋅ 100%, (4)

with the enzyme concentration 𝑥TOP,t in the top phase at time 𝑡 and the 
maximum concentration 𝑥TOP,max that occurs in the top phase when the 
enzyme is completely transferred from the bottom to the top phase.

The kinetics of ATPF are described by the following dynamics using 
first order kinetics (Li and Dong, 2010; Bi et al., 2011):

𝑑𝑥BOT
𝑑𝑡

= −𝑘 ⋅ 𝑥BOT (5)

Here, 𝑥BOT is the enzyme concentration in the bottom phase and 𝑘 is 
the flotation rate constant. Combining Equation (5) with (4) results in 
Jakob et al. (2021b, 2023)

𝐸(𝑡) =𝐸∞ ⋅
(
1 − 𝑒−𝑘𝑡

)
⋅ 100%. (6)

This equation was used to fit the separation efficiency curve and al-

lows the determination of the equilibrium separation efficiency 𝐸∞
and the flotation rate constant 𝑘 for the respective ATPF experiment. 
Equation (6) confirms that the separation efficiency asymptotically ap-

proaches the equilibrium separation efficiency during the process (Lee 
4

et al., 2016).
3. Results and discussion

3.1. Individual gassing of each compartment and its effect on phase mixing 
in the flotation tank

The implementation of electrical conductivity probes at fixed lo-

cations in all three compartments allows for the first time spatially 
resolved monitoring of flow and mixing conditions. To characterize 
the influence of gassing in each compartment on the other two com-

partments, each compartment was gassed individually and the phase 
mixing in all compartments was investigated. Gas flow rates between 15 
ml/min and 30 ml/min were used. At individual gas flow rates above 30 
ml/min, complete mixing of the two phases was observed, leading to a 
fully diffusion controlled process and thus to aqueous two-phase extrac-

tion (ATPE). When both phases are completely mixed in the flotation 
tank, the measured volume fraction of dispersed top phase in the bot-

tom phase is 20% due to their volume ratio of 0.2. Fig. 3 shows the 
volume fractions of dispersed top phase in bottom phase measured in 
each compartment during individual gassing of each compartment.

If gassing is performed only in compartment 1 (see Fig. 3A), the 
volume fraction of dispersed top phase in bottom phase is highest in 
this compartment. At a gas flow rate of 30 ml/min, the volume fraction 
of top phase in bottom phase is 4.25 ± 0.56% and at 15 ml/min the 
volume fraction is 2.19 ± 0.19%. The effects of individual gassing of 
compartment 1 can also be seen in compartment 2 and 3. At a gassing 
rate of 30 ml/min, the volume fraction of top phase in bottom phase is 
1.25 ± 0.49% in compartment 2 and 1.09 ± 0.08% in compartment 3. 
Due to the small difference between the volume fractions of top phase 
in bottom phase in compartments 2 an 3, it can be concluded that the 
gassing of compartment 1 influences the phase mixing in compartment 
2 and 3 almost equally. The same observation applies when using dif-

ferent gas flow rates in compartment 1, as shown in Fig. 3A.

If instead only compartment 2 is gassed (see Fig. 3B), the system be-

haves differently. In this case, the phase mixing is greatest not in the 
gassed compartment 2, but in the adjacent compartment 1. In compart-

ment 2, the volume fraction of top phase in bottom phase at a gas flow 
rate of 30 ml/min is 3.30 ± 0.45%, while in the compartment 1 it is 4.73 
± 0.55%. The lowest value was measured in compartment 3 with 2.11 
± 0.29%. This behavior is evident for all gas flow rates used for gassing 
in compartment 2. From the measured values, an increased transport of 
top phase into compartment 1 can be determined when gassing in com-

partment 2. As a result, gassing in compartment 2 causes the top phase 
to flow back against the direction of phase exchange.

Fig. 3C shows the respective volume fractions of top phase in bottom 
phase during individual gassing of compartment 3 at different gas flow 
rates. Analogous to the gassing of compartment 1, the phase mixing is 
highest in the gassed compartment and lowest in the most distant com-

partment 1. It can also be seen that the volume fraction of top phase in 
bottom phase is lower at the same gas flow rate than when the other 

two compartments are gassed. At a gas flow rate of 30 ml/min, the de-
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Fig. 4. Influence of gas flow rate combinations on the bubble surface area flux 
𝑆𝑏 and phase mixing.

termined volume fraction of top phase in bottom phase in compartment 
3 is 3.07 ± 0.73%. Compared to the value of 4.34 ± 0.56% for the vol-

ume fraction in compartment 1 at a gassing rate of 30 ml/min, there is 
a difference of 1.26%. Due to the geometry of the flotation tank with 
the inclined side wall at the outlet, compartment 3 has a special po-

sition compared to the other two compartments. The geometry of the 
flotation tank means that the cross-sectional area of compartment 3 in-

creases with increasing height. This means that the proportion of gassed 
area in compartment 3 is lower than in compartments 1 and 2, resulting 
in an overall reduction in phase mixing. The results confirm that phase 
mixing can be reduced by a sloped side wall on the outlet side. It is de-

sirable to minimize phase mixing in compartment 3 in order to prevent 
the bottom phase from entering the outlet of the top phase.

3.2. Influence of gas flow rate combinations on phase mixing

The cell design allows separate gassing of each compartment. High 
phase mixing is required for optimal separation and enrichment of phos-

pholipase A2 in the top phase as it increases the diffusive transport of 
the enzymes between both phases due to a larger phase interface com-

pared to the ATPS at rest. High phase mixing is achieved by increasing 
the gas flow rate in the respective compartment. According to Equa-

tion (1), an increased gas flow rate leads to an increase in the bubble 
surface area flux 𝑆𝑏. Jakob et al. (2021b) found a linear correlation 
between the 𝑆𝑏 value and the flotation rate constant 𝑘. Accordingly, 
the flotation rate constant increases with increasing 𝑆𝑏, which provides 
for a higher flotation speed. Equation (6) shows that the equilibrium 
separation efficiency is reached faster at a higher flotation rate con-

stant, which is advantageous for continuous ATPF. High phase mixing 
is desirable only in compartments 1 and 2. In compartment 3, excessive 
phase mixing prevents phase separation and bottom phase entering the 
top phase outlet. Preliminary ATPF experiments showed that a volume 
fraction of 10% dispersed top phase in bottom phase in compartment 
3 means that the phase mixing is too high for optimal phase separa-

tion and should not be exceeded. With an electrical conductivity probe 
in each of the three compartments, it is possible to measure the phase 
mixing in a spatially resolved manner and thus optimize the gas input.

Fig. 4 shows the averaged volume fractions of top phase in bottom 
phase in the first two compartments (yellow bars), the volume fraction 
in the third compartment (blue bars) and the 𝑆𝑏 value calculated from 
the gassing combination (green bars) at different gas flow rate combi-

nations.

Using the gas flow rate combination 10-0-0, the average volume 
fraction of dispersed top phase in bottom phase in compartment 1 and 
2 is only 0.28 ± 0.21%. Of all the gas flow rate combinations tested, this 
is the one with the lowest phase mixing in the first two compartments. 
5

With increasing total gas flow rate, the volume fractions of top phase 
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in bottom phase increase in all three compartments. Accordingly, at a 
total gas flow rate of 30 ml/min and the gassing combination 10-10-

10, the average volume fraction of top phase in bottom phase in the 
first two compartments is 5.73 ± 0.27% and at the total gas flow rate 
of 60 ml/min and the gassing combination 20-20-20 14.68 ± 0.63%. 
At the same time, the volume fraction of top phase in bottom phase in 
compartment 3 increases from 1.14 ± 0.26% at 10-10-10 to 12.71 ±
1.29% at 20-20-20. It can be seen that with the same gas flow rates in 
the first two compartments, the volume fraction of top phase in bottom 
phase is greater in all three compartments when the gas flow rate in the 
third compartment is increased. For example, with the combinations 20-

20-0, 20-20-10 and 20-20-20 the volume fraction of top phase in bottom 
phase in the third compartment increases from 2.93 ± 0.17% for the 
combination 20-20-0 to 12.71 ± 1.39% for the combination 20-20-20. 
At the same time, the average value over the first two compartments 
increases from 7.17 ± 0.35% for 20-20-0 to 14.68 ± 0.63% for 20-20-

20. This observation confirms the results in Fig. 3, as the influence of 
gassing one compartment on the other two compartments is also evident 
here. According to Equation (1), the 𝑆𝑏 values for the tested gas flow 
rate combinations are between 0.48 1/s for 10-0-0 and 2.97 1/s for the 
gas flow rate combination 30-20-20.

The results show that the total gas flow rate alone is not a sufficient 
indicator of the flow conditions in the flotation tank. Rather, the com-

bination of gas flow rates in all three compartments is critical. Of the 
gas flow rate combinations shown in Fig. 4, three do not meet the previ-

ously set condition of not exceeding a volume fraction of 10% dispersed 
top phase in bottom phase (see red dashed line) in the third compart-

ment. These are the gas flow rate combinations 30-30-10, 20-20-20 and 
30-20-20. Of the remaining gas flow rate combinations, 30-20-10 has 
the highest value for 𝑆𝑏 with 2.55 1/s which, according to the lin-

ear increase of the flotation rate constant with 𝑆𝑏 found by Jakob et 
al. (2021b), is expected to yield the fastest flotation. However, the gas 
flow rate combination 30-30-0 has the highest average volume fraction 
of top phase in bottom phase of 14.41 ± 1.21% in the first two com-

partments. This means that the diffusive transport is expected to be the 
largest in the combination 30-30-0 due to the significantly increased 
phase interface area. Since phase mixing in the compartment 3 is also 
lower for 30-20-10 than for 30-30-0, the 30-20-10 gas flow rate combi-

nation was used for the flotation experiments described below.

3.3. Real-time determination of the enzyme concentration using online 
UV/vis spectroscopy

The main goal of ATPF is to achieve a high enzyme concentration in 
the top phase, i.e. a high separation efficiency. To characterize the mass 
transfer from the bottom to the top phase during ATPF, it is therefore 
useful to determine the time-dependent enzyme concentration profiles 
in both phases at the outlets. In this work, the enzyme concentration 
at the outlet of the top phase was measured online for the first time 
using UV/Vis spectroscopy (see Chapter 2.2.2). The enzyme concentra-

tion in the bottom phase can be calculated from the measured values 
using a mass balance equation (see Equation (3)), assuming that there 
is no enzyme accumulation in the flotation tank, e.g. on the tank walls. 
Fig. 5 shows the enzyme concentrations determined online at the outlet 
of the top phase (Fig. 5A) and the bottom phase concentrations calcu-

lated via the mass balance equation (Fig. 5B) using feed concentrations 
of 1.00% (w/w), 1.25% (w/w) and 1.50% (w/w). Based on the results 
of Chapter 3.2, the gas flow rate combination 30-20-10 (marked with 
* in Fig. 4) was used in the experiments, as this has the largest 𝑆𝑏

value with simultaneously low phase mixing in compartment 3. Paral-

lel to the online measurement of the top phase enzyme concentration, 
samples were taken from the outlet of the bottom phase at different 
times and the enzyme concentration was determined offline via UV/Vis 
spectroscopy to ensure the accuracy of the online measurements and 
to validate the mass balance. The enzyme concentrations in the bottom 

phase determined in this way are shown as colored markers in Fig. 5B.
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Fig. 5. Time-dependent enzyme concentration profiles in the top phase (A) and bottom phase (B) during continuous ATPF. The gas flow rate combination 30-20-10 
and a residence time of 60 min was used in all experiments. The feed concentrations varied between 1.00% (w/w), 1.25% (w/w) and 1.50% (w/w).

Fig. 6. Equilibrium concentrations at different feed concentrations in the top phase (A) and bottom phase (B). A linear fit was performed in each case and the fit 

function was determined.

Table 1

Summary of measured parameters during continuous ATPF at different 
feed concentrations.

𝑥BOT,Feed in % (w/w) 1.00 1.25 1.50

𝑥eq,TOP in % (w/w) 4.34 ± 0.10 5.09 ± 0.10 6.06 ± 0.14

𝑥eq,BOT in % (w/w) 0.21 ± 0.02 0.33 ± 0.02 0.40 ± 0.02

𝐸∞ in % 78.76 ± 1.84 74.00 ± 1.40 73.37 ± 1.64

𝑘 in 1/min 0.161 ± 0.003 0.165 ± 0.005 0.165 ± 0.004

Prior to starting the experiments, both phases are placed in the 
flotation tank. At time 𝑡 = 0 min, the enzyme is present in the feed 
concentration in the bottom phase, while the top phase contains no en-

zyme. Once the experiment is started by starting the peristaltic pumps 
and the gassing units via LabVIEW, the enzyme concentrations in the 
bottom and top phase change over time. The mass transfer from the 
bottom phase to the top phase during the ATPF is caused both by the 
flotation itself, i.e. the transport of the molecules on the rising bubbles, 
and by diffusion across the phase interface. This mass transport causes 
the enzyme concentration in the bottom phase to decrease during flota-

tion, while it increases in the top phase. After 30 min, an equilibrium 
concentration is reached in both phases. The equilibrium concentrations 
in top and bottom phase are defined as the mean of all values after 30 
min of flotation time and are listed in Table 1.

The values show increasing equilibrium concentrations in both 
phases with increasing feed concentration. In Fig. 6 the equilibrium con-
6

centrations in the top phase 𝑥eq,BOT (Fig. 6A) and in the bottom phase 
𝑥eq,TOP (Fig. 6B) are plotted against the feed concentration. A linear fit 
through the origin is performed in each case, and the corresponding 
equations are given in Fig. 6.

The transport mechanisms of flotation and diffusion are responsi-

ble for the increasing equilibrium concentrations with increasing feed 
concentration. The mass transfer of enzymes from the bottom phase to 
the top phase by flotation is caused by the accumulation of enzymes 
on the surface of the bubbles. Since there are more enzymes in the 
bottom phase, a higher concentration in the bottom phase increases 
the probability of collision between the bubbles and the enzymes. At 
the same time, there is a higher concentration gradient between the 
bottom phase and the top phase at the beginning of the flotation ex-

periments with higher feed concentrations. This additionally increases 
the absolute mass transfer by diffusion across the phase interface. At 
equilibrium after 30 minutes, a partition coefficient of 𝐾𝑝 = 16.51 ±
1.40 is achieved, regardless of the feed concentration. This means that 
the loading of the bubbles with enzymes increases as the feed concen-

tration increases. This observation can be confirmed by a mass balance 
equation of the top phase. The time variation of the enzyme concentra-

tion in the top phase is 0 at steady state after 30 min and

𝑑𝑥TOP
𝑑𝑡

= 0 =
�̇�eq,enz − �̇�out𝑥eq,TOP − �̇�eq,dif f

𝑚TOP
, (7)

with the total enzyme mass flow �̇�eq,enz entering the top phase from 
the bottom phase by flotation and diffusion, the total mass flow �̇�out

leaving the flotation tank through the top phase outlet, and the enzyme 
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Fig. 7. The separation efficiency as a function of the flotation time using differ-

ent feed concentrations.

mass flow �̇�eq,dif f leaving the top phase by diffusive transport across 
the phase interface. �̇�eq,dif f can be formulated using the diffusion coef-

ficient 𝐷 and the equilibrium concentrations in top phase and bottom 
phase 𝑥eq,TOP and 𝑥eq,TOP as follows:

�̇�eq,dif f =𝐷(𝑥eq,TOP − 𝑥eq,BOT) (8)

By inserting Equation (8) into Equation (7), the following is obtained:

𝑥eq,TOP =
�̇�enz

�̇�out +𝐷(1 − 1
𝐾𝑝

)
=

�̇�𝑔𝑏enz

�̇�out +𝐷(1 − 1
𝐾𝑝

)
(9)

In this equation the ratio of 𝑥eq,TOP to 𝑥eq,BOT is replaced by the parti-

tion coefficient 𝐾𝑝. In addition, �̇�enz is described by the product of the 
gassing rate �̇�𝑔 and the volume specific enzyme loading 𝑏enz. Equation 
(9) shows that for a constant value of 𝐾𝑝 the bubble loading increases 
proportionally with 𝑥eq,TOP if �̇�𝑔 remains constant. As the same gas 
flow rate combination is applied in all experiments, the bubble surface 
area flux has a value of 2.55 1/s (see Chapter 3.2). The available bub-

ble surface area can therefore be considered as constant in all ATPF 
experiments. The experimental results allow conclusions to be drawn 
about the bubble loading. Due to the constant equilibrium coefficient 
at the feed concentrations tested in this work between 1.00% (w/w) 
and 1.50% (w/w), complete saturation of the bubble surfaces has not 
yet been achieved at these feed concentrations. To further optimize the 
enzyme separation, it is therefore possible to run even higher concen-

trations as this would increase the absolute amount of enzyme that is 
separated per unit time. Once the feed concentration is reached at which 
complete saturation of the bubble surfaces is achieved for the prevailing 
process parameters (i.e. residence time and gas flow rate combination), 
a further increase in the feed concentration leads to a reduction in sep-

aration efficiency as some of the enzymes remain in the bottom phase 
and leave the flotation tank via the bottom phase outlet.

The separation efficiency can be calculated from the enzyme concen-

tration in the top phase at time 𝑡 using Equation (4). Fig. 7 shows the 
separation efficiency as a function of the flotation time. To determine 
the flotation rate constant 𝑘 according to Equation (6), an exponential 
fit function is applied in each case.

In Table 1 the flotation rate constant 𝑘 as well as the equilibrium 
separation efficiency 𝐸∞ for each tested feed concentration are listed. It 
can be seen that 𝑘 is almost identical for the feed concentrations 1.00% 
(w/w), 1.25% (w/w) and 1.50% (w/w). This means that equilibrium is 
reached at the same rate for these feed concentrations. The equilibrium 
separation efficiencies 𝐸∞, i.e. the average of the separation efficien-

cies from 30 minutes of flotation time, also remain almost constant at 
the feed concentrations used. This observation can again be confirmed 
using appropriate equations. For the maximum achievable enzyme con-
7

centration 𝑥TOP,max in the top phase, which is reached when the enzyme 
Chemical Engineering Science 297 (2024) 120287

is completely transferred to the top phase, the following applies due to 
mass conservation:

𝑥TOP,max =
𝑥eq,TOP𝑉TOP + 𝑥eq,BOT𝑉BOT

𝑉TOP
=

𝑥eq,TOP(𝑉TOP + 𝑉BOT
1
𝐾𝑝

)

𝑉TOP
(10)

The equilibrium efficiency 𝐸∞ is calculated from the equilibrium con-

centration in the top phase 𝑥eq,TOP and 𝑥TOP,max according to

𝐸∞ =
𝑥eq,TOP

𝑥TOP,max
. (11)

Inserting Equation (10) into Equation (11) results in

𝐸∞ =
𝑉TOP

𝑉TOP + 𝑉BOT
1
𝐾𝑝

. (12)

The relationship between 𝐾𝑝 and 𝐸∞, described by Equation (12), 
shows that 𝐸∞ must also be constant if 𝐾𝑝 is constant.

4. Conclusion

Online and spatially resolved measurement technology is critical to 
the characterization and autonomous feedback control of continuous 
ATPF. Electrical conductivity measurements can be used to evaluate 
phase mixing effects caused by rising bubbles by exploiting the signif-

icant difference in electrical conductivity between the bottom and top 
phase. The gas flow rates in each compartment affect the amount of top 
phase dispersed in the bottom phase as well as the bubble surface area 
flux 𝑆𝑏. The novel setup presented in this work allows for the first time 
the quantification of the interaction between spatially resolved gassing 
and spatially resolved phase mixing. This allows the optimization of the 
gas input by adjusting the individual gassing rates of the three sepa-

rately controllable gassing units. To maximize the bubble surface area 
flux and to increase the phase interface for diffusive transport, high 
phase mixing in compartments 1 and 2 is desirable. Low phase mix-

ing in compartment 3 prevents the bottom phase from entering the 
top phase outlet. Of all the gas flow rate combinations tested in this 
work, 30-20-10 has the largest 𝑆𝑏 value of 2.55 1/s while maintain-

ing a volume fraction of dispersed top phase in bottom phase below 
10% in compartment 3. Continuous ATPF experiments with the model 
enzyme phospholipase A2 at the gas flow rate combination 30-20-10 
show that the enzyme concentration in the top phase initially increases 
exponentially with time and reaches an equilibrium value after 30 min, 
regardless of the feed concentration. The equilibrium concentrations 
are linearly dependent on the feed concentration, revealing a constant 
partition coefficient. This means that the loading of the bubble surface 
increases with increasing feed concentration, which can be confirmed 
by a mass balance. Thus, the feed concentration can be further increased 
to obtain a more efficient ATPF process. The experimental results of this 
work therefore allow conclusions to be drawn about the bubble loading 
and provide information about its kinetics.

In summary, the laboratory system for continuous ATPF presented 
in this work shows that local phase mixing and the separation efficiency 
can be monitored in real time using suitable online measurement tech-

nology. The experimental results of this work form the basis for the 
identification of a process model which is necessary for the develop-

ment of a suitable control strategy for continuous ATPF. To validate the 
model and obtain necessary kinetic parameters, further experimental 
investigations are required to characterize the dynamic process behav-

ior. The development of a connectivity between online measurement 
data and the control units in combination with a closed-loop control 
system enables an autonomously controllable ATPF process where the 
control variables are dynamically adapted to the measured variables in 

order to ensure a consistently high separation efficiency.
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