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 A B S T R A C T

Continuous aqueous two-phase flotation (ATPF) is an alternative downstream approach for the selective 
separation of enzymes from complex biosuspensions. Until now, mass transport across the phase interface has 
been assumed to be mainly due to accumulation of enzymes on the surface of rising gas bubbles (flotation), 
while theoretical studies are lacking. This work presents a mechanistic compartment model of the ATPF process 
that also includes mass transport by extraction, i.e. diffusion across the phase interface. The model is validated 
with ATPF experiments over a wide range of process parameters and reliably predicts the process behavior. 
The results indicate that extraction accounts for more than 80% of the integral mass transfer, while bubbles 
are still essential for phase mixing and the creation of a large interfacial area. Therefore, the proposed process 
model provides valuable insights into the enzyme transport mechanisms and enables future developments such 
as model predictive control.
1. Introduction

The biotechnology industry has undergone significant expansion in 
recent years. Enzymes, in particular, are becoming increasingly impor-
tant for use in industrial processes. Operating as biological catalysts, 
enzymes find application in a broad spectrum of sectors, including 
food and beverages, pharmaceuticals, paper production, cosmetics, and 
biofuels [1,2]. The substitution of conventional chemical catalysis pro-
cesses ensures enhanced sustainability and a reduction of environmen-
tal impact. They are biodegradable and catalyze reactions efficiently 
and selectively, improving product quality and reducing costs [1,2].

Most enzyme applications require a high degree of purity. There-
fore, a complex downstream process is necessary to separate and re-
cover the product after biosynthesis. Due to the large number of unit 
operations for separation and concentration (e.g. centrifugation, ultra-
filtration) inherent in downstream processing of enzymes is associated 
with substantial energy and chemical costs [3,4]. As an effective and 
environmentally friendly alternative to conventional enzyme recovery, 
aqueous two-phase flotation (ATPF) was proposed by Bi et al. [5] 
in 2009. The basis for ATPF is an aqueous two-phase system (ATPS) 
created by mixing the phase-forming components above critical con-
centrations. The resulting system comprises two coexisting, immiscible 
phases that differ in both density and hydrophobicity. Typically, two 
polymers (polymer/polymer-ATPS) or a polymer and a salt (poly-
mer/salt-ATPS) are employed as phase-forming components [4,6]. The 
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polymer-rich, low density top phase is then layered on top. The high 
water content of both phases in excess of 80% ensures that ATPF 
provides a mild environment for sensitive biomolecules.

In contrast to aqueous two-phase extraction (ATPE), gas bubbles are 
introduced to the bottom of the ATPS through suitable porous media 
(e.g. twill weave, glass membrane). The biomolecules present in the 
bottom phase attach their hydrophobic regions to the bubble surfaces 
and are transported vertically upwards by the bubble. The molecules 
are released into the top phase as the bubble passes through the top 
phase and then bursts on the top phase/atmosphere interface [4,7]. The 
low volume ratio of top to bottom phase, typically 0.03 to 0.25, further 
increases the concentration factor of the process. This also results in 
a reduction in the consumption of top phase chemicals, leading to a 
more environmentally friendly process [4,8]. The application of ATPF 
has been extensively documented in the separation and recovery of a 
wide range of biomolecules [5,7,9–18].

Although ATPF has already been extensively researched for various 
products, ATPS and process optimization [4,19–21], there is a lack 
of theoretical research in the field of ATPF. This concerns a process 
model as well as kinetic and thermodynamic considerations [4]. For 
the application of ATPF on an industrial scale, automated control is 
advantageous. In order to develop a feedback controller for the ATPF 
process, a reliable prediction of the system behavior is crucial [22]. 
A mechanistic process model considers physical and empirical cor-
relations occurring in the respective process, in particular the mass 
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Table 1
Composition of the aqueous two-phase system (ATPS).
 Phase 𝑥PEG/% (w/w) 𝑥citrate/% (w/w) 𝑥enzyme/% (w/w) 
 top 39.45 2.97 0.00  
 bottom 0.66 25.78 1.00 – 4.00  

transport mechanisms. Up to now, it has been assumed that mass 
transport occurs mainly by accumulation of biomolecules on the bubble 
surfaces (flotation). Diffusive molecular mass transport provides an 
additional transfer of the target molecules from the bottom phase to 
the top phase (extraction). This second mass transport mechanism is 
driven by differences in the concentration and hydrophobicity of the 
two aqueous phases [4]. It has been considered negligible due to the 
small liquid/liquid interface, however, gas bubbles can generate a zone 
of phase mixing, where the interfacial area is larger and extraction, 
i.e. ATPE can occur.

This work develops a mechanistic process model for ATPF by dis-
cretizing the process volume into compartments. For each compart-
ment, a mass balance equation is solved to describe the local molar 
enzyme concentration over time. The model considers the mass trans-
port phenomena of convection (horizontal mass transport by phase 
exchange), flotation (vertical mass transport by accumulation at rising 
bubbles), and extraction (vertical mass transport by diffusion across the 
phase interface). Each transport mechanism is discussed and modeled 
based on simplifying assumptions. This results in two empirical model 
parameters, which are optimized based on experimental data obtained 
from a laboratory ATPF plant with integrated online measurement 
technology, as previously proposed in [21]. In addition to enabling 
model predictive control (MPC), the model provides valuable insights 
into the micro processes of ATPF: This work closes with a thorough 
discussion on the relevance of the individual mass transport phenom-
ena, thus contributing significantly to the general understanding and 
development of ATPF.

2. Materials & methods

2.1. Continuous ATPF experiments

2.1.1. Aqueous two-phase system (ATPS)
A polymer/salt ATPS was used for ATPF experiments. The phase-

forming components were polyethylene glycol (PEG) 1000 (Ph. Eur., 
Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and trisodium citrate 
dihydrate (Ph. Eur., Carl Roth GmbH + Co. KG, Karlsruhe, Germany). 
The concentrations 𝑥i of the phase-forming components of the polymer-
rich top phase (top) and the salt-rich bottom phase (bot) are given in 
Table  1. Demineralized water was used for phase preparation. Phos-
pholipase A2 (PLP 21159, Sternenzym GmbH + Co. KG, Ahrensburg, 
Germany) was used as the model enzyme and was added to the bottom 
phase at concentrations between 1.00% (w/w) and 4.00% (w/w). 

2.1.2. Laboratory ATPF plant with integrated online measurement technol-
ogy

The laboratory setup presented in [21] was used to generate exper-
imental data. A photo is shown in Fig.  1(a). The polymer-salt ATPS 
(see Section 2.1.1) is placed in the flotation tank. Two peristaltic 
pumps (Ismatec Reglo ICC, Cole Parmer, St. Neots, UK) were used to 
control the flow rates of top and bottom phase. The flotation tank 
was equipped with three gassing units, which introduce air bubbles 
into the bottom phase through twill weaves (nominal pore size 10 μm, 
TopMesh TM10, Spoerl, Sigmaringendorf, Germany). Three mass flow 
controllers (SLA55800, Brooks Instrument, Dresden, Germany) were 
used to separately control the gas flow rates.

To determine the separation efficiency and the phase mixing during 
the experiments, online measurement technology was integrated into 
the system. The real-time measurement of the enzyme concentration 
2 
at the outlet was performed by UV/Vis spectroscopy (HR-4UVV250-
25, Ocean Optics B.B., Ostfildern, Germany). The sample leaving the 
flotation tank passed through the flow cell of the UV/Vis spectrometer 
where the absorbance of the sample in the UV/Vis wavelength range 
was determined. Since the enzyme used, like all proteins, is composed 
of amino acids, it has a peak at 280 nm in the UV/Vis spectrum [23]. 
According to the Beer–Lambert law, the height of the peak correlates 
linearly with the enzyme concentration in the sample [24]. Therefore, 
the enzyme concentration was determined by calibration from the 
measured absorbance at 28 nm. Three electrical conductivity probes 
were integrated into the plant for spatially resolved determination of 
phase mixing. These probes were positioned horizontally offset from 
the gassing units and 1 cm below the phase interface, a configuration 
that mitigates the effect of gas bubbles on the measured values. The cal-
culation of phase mixing is based on the significantly different electrical 
conductivities of the two phases due to their different salt content. High 
phase mixing results in reduced measured electrical conductivities, as 
the bottom phase is increasingly displaced from the conductivity probes 
by the top phase [20].

LabVIEW (version 21.1.2, National Instruments, Austin, Texas, USA) 
was used as the central process control software. This software was used 
to configure the flow rates of the peristaltic pumps and the mass flow 
controllers, and to read and store data from the UV/Vis spectrometer 
and electrical conductivity probes in real-time during the experiments.

2.1.3. Experimental procedure
In order to calibrate and validate the ATPF process model, measure-

ments from the UV/Vis spectrometer and electrical conductivity probes 
from ATPF experiments with different process parameters (i.e., volume 
flows of the three gassing units and the peristaltic pumps for top 
phase and bottom phase) are required. A run table of all performed 
experiments and their respective parameter settings is provided in SI 
Table C.1. Before starting the ATPF experiment, 500 mL of bottom 
phase, loaded with the model enzyme, was added to the flotation tank. 
Using the top phase peristaltic pump, 100 mL of unloaded top phase 
was carefully added on top. The experiment started as soon as the three 
mass flow controllers and the peristaltic pumps were turned on simulta-
neously using LabVIEW (see Section 2.1.2). At the same time, LabVIEW 
began recording and storing data from the UV/Vis spectrometer and 
the three conductivity probes in a one minute interval. All continuous 
ATPF experiments in this work were performed with constant process 
parameters.

2.2. Continuous ATPF model development

2.2.1. Compartment model for the local enzyme concentration
Fig.  1(b) shows a schematic representation of the ATPF basin. Verti-

cally, the volume is split into two sections, the top phase ([0,:]) and 
the bottom (bot) phase ([1,:]). Horizontally, each phase is discretized 
according to the three gas inlets. In both the top and bottom phase, all 
horizontal compartments are of equal volume, i.e. 𝑉 (0, 0) = 𝑉 (0, 1) =
𝑉 (0, 2) = 𝑉top,total∕3 and 𝑉 (1, 0) = 𝑉 (1, 1) = 𝑉 (1, 2) = 𝑉bot,total∕3. 
The volume flow rates of the top (𝑄̇top) and bottom (𝑄̇bot) phase, as 
well as their molar enzyme concentrations 𝑐0,bot and 𝑐0,top are constant 
for each experiment. Each compartment is assumed to be perfectly 
mixed, i.e. spatially homogeneous. Furthermore, no volumetric flow is 
assumed between the bottom and the top phase and all compartment 
volumes 𝑉 (𝑖, 𝑗) are assumed to be constant, i.e. the volumetric flows 
entering from the left exit to the right without accumulation. Three 
enzyme transport mechanism are shown in Fig.  1 with their correspond-
ing molar flow rates 𝑀̇ : Convective transport via the horizontal flow 
𝑀̇c, transport via the surface of the bubbles (flotation) 𝑀̇f  and trans-
port across the top/bottom interface due to concentration gradients 
(extraction) 𝑀̇e. The mass balance for compartment (𝑖, 𝑗)

𝑉 (𝑖, 𝑗)
d𝑐(𝑖, 𝑗, 𝑡)

d𝑡
= 𝑀̇c,in(𝑖, 𝑗, 𝑡) − 𝑀̇c,out (𝑖, 𝑗, 𝑡)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

+ 𝑀̇f (𝑖, 𝑗, 𝑡)
⏟⏞⏞⏟⏞⏞⏟

+ 𝑀̇e(𝑖, 𝑗, 𝑡)
⏟⏞⏞⏟⏞⏞⏟

(1)
convection f lotation extraction
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Fig. 1. Photograph (a) and compartment model scheme (b) of the ATPF process. The relevant transport mechanisms are indicated by color and arrows, while variable names are 
introduced in the main text.
describes how the molar concentration changes with time.
Assuming spatially homogeneous compartments and only horizontal 

flow, the convective term is defined as 
𝑀̇c,in(𝑖, 𝑗, 𝑡) − 𝑀̇c,out (𝑖, 𝑗, 𝑡) = (𝑐(𝑖, 𝑗 − 1, 𝑡) − 𝑐(𝑖, 𝑗, 𝑡)) 𝑄̇(𝑖) . (2)

Gas is introduced on the bottom of all three bottom compartments 
with individual gas flow rates 𝑉̇g(0), 𝑉̇g(1) and 𝑉̇g(2) at constant pres-
sure. Gas passes through the bottom phase, collects enzyme and passes 
the top/bottom interface. All enzyme is released in the top phase and no 
horizontal gas exchange between compartments is assumed. The bubble 
size 𝑑b is a known, empirical function of the gas flow rate and the 
installed membrane and will be discussed in Section 2.2.3. It defines 
the introduced bubble surface flow rate 𝐴̇b under the assumption of 
spherical bubbles. Thus, the molar flow rate of flotation is defined as 

𝑀̇f (𝑖, 𝑗, 𝑡) = (−1)𝑖𝐴̇b(𝑗, 𝑡)𝛤 (𝑗, 𝑡) = (−1)𝑖
6𝑉̇g(𝑗)𝛤 (𝑗, 𝑡)

𝑑b(𝑗)
. (3)

Modeling the molar surface concentration 𝛤  is challenging because 
enzymes can adsorb in different orientations in multiple layers [25,26]. 
Furthermore, all processes are non-stationary and may be limited by 
different transport phenomena in the solution [25,27]. For now, we 
assume that the adsorption/desorption equilibrium is reached instan-
taneously and that the molar surface concentration in compartment 𝑗
(𝛤 (𝑗, 𝑡)) can be described according to the Langmuir adsorption model 

𝛤 (𝑗, 𝑡) =
𝑀(𝑗, 𝑡)
𝐴b(𝑗, 𝑡)

= 𝛤max
𝐾 𝑐(1, 𝑗, 𝑡)

1 +𝐾 𝑐(1, 𝑗, 𝑡)
, (4)

where 𝛤max is the maximum molar surface concentration, 𝐾 is an 
equilibrium constant and 𝑐(1, 𝑗, 𝑡) is the current molar concentration 
in the bottom phase. Both 𝛤max and 𝐾 are generally unknown model 
parameters that have to be adjusted to experiments. Note that Eq.  (4) 
is a strong simplification and will be discussed in detail in Section 3.3.

The mass transfer by extraction through the top/bottom interface is 
defined by [28] 
𝑀̇e(𝑖, 𝑗, 𝑡) = 𝑘e𝐴e(𝑗, 𝑡)(𝑐∞(𝑖, 𝑗, 𝑡) − 𝑐(𝑖, 𝑗, 𝑡)) , (5)

where 𝑘e is the mass transfer coefficient and 𝐴e(𝑗) is the liquid/liquid 
interfacial area. Due to phase mixing, 𝐴e(𝑗) is an empirical function of 
the gas flow rate and will be discussed in Section 2.2.4. The equilibrium 
concentration 𝑐∞(𝑖, 𝑗, 𝑡) is calculated for the bottom phase according to

𝑐∞(1, 𝑗, 𝑡) =
𝑐(0, 𝑗, 𝑡) + 𝑐(1, 𝑗, 𝑡) 𝑉 (1,𝑗)

𝑉 (0,𝑗)

𝐾p +
𝑉 (1,𝑗)
𝑉 (0,𝑗)

, (6)

assuming a constant partition coefficient between top and bottom phase 

𝐾p =
𝑐(0, 𝑗, 𝑡)
𝑐(1, 𝑗, 𝑡)

. (7)

Inserting Eqs.  (2), (3) and (5) into Eq. (1) yields a set of six 
ODEs for the molar concentration in all compartments 𝐜(𝑡). Given an 
3 
initial condition 𝐜(0), and a set of boundary conditions, this system is 
numerically solvable. Table  2 lists all relevant experimental parameters. 
A provided value indicates that they are constant throughout all sim-
ulations, while otherwise their value has to be set, e.g. according to a 
specific experiment. Initially, all compartments contain their respective 
feed concentrations, i.e. 
𝑐(0, 𝑗, 0) = 𝑐0,top | 𝑐(1, 𝑗, 0) = 𝑐0,bot . (8)

The separation efficiency 𝐸(𝑡) describes the proportion of enzyme 
that is transported from the bottom into the top phase. It is calculated 
based on the enzyme concentrations at the inlet (𝑐0,top, 𝑐0,bot) and at the 
outlet (𝑐(0, 2, 𝑡)) according to 

𝐸(𝑡) =
𝑄̇top

[

𝑐(0, 2, 𝑡) − 𝑐0,top
]

𝑄̇bot𝑐0,bot
⋅ 100% . (9)

2.2.2. A brief note on possible model extensions
The presented model can be extended to describe multi-component 

systems, such as complex biosuspensions, by applying Eq. (1) to each 
species and solving the resulting set of ordinary differential equations. 
This requires the material-specific description of flotation and extrac-
tion rates, while possible interactions can be included as well. Since 
this yields material-specific separation efficiencies, the selectivity of 
the process can be quantified. In addition, the model equations used 
for flotation and extraction in Eqs. (3) and (5) respectively can be 
adjusted to account for system-specific effects. Examples include an 
increased adsorption due to collector molecules or the separation of 
solid particles. Note that all extensions result in an increased amount 
of kinetic parameters that need to be determined either from specific 
experiments or from calibration with process data.

2.2.3. Bubble size as function of gas volume flow
The bubble diameter is a function of the volumetric gas flow rate 

and the porous media, as was investigated in our previous study [29]. 
In this work, the identical twill weave medium was used. The exper-
imental data for the Sauter mean bubble diameter is shown in Fig.  2 
together with the continuous fit 
𝑑b(𝑗) = 𝐶1𝑉̇g(𝑗) + 𝐶2 log 𝑉̇g(𝑗) + 𝐶3 . (10)

A root mean squared error (RMSE) of RMSE = 47.8 μm was found for 
the parameters presented in Table  3. Note that the bubble size distribu-
tion is not considered in this work. It could be included by performing 
a 2D fit of the volume-weighted density distribution 𝑞3(𝑑b) as function 
of 𝑉̇g and then integrating Eq. (3) over all diameters weighted with 
the respective density. This increase in the model’s complexity was 
omitted, since the simplified description with the Sauter mean diameter 
appears sufficient for our purposes and the distribution shape is rather 
insensitive to 𝑉̇g, limiting the influence of the bubble size distribution. 



K.C. Lohfink et al. Separation and Puriϧcation Technology 371 (2025) 133100 
Table 2
Overview of the (default) parameter settings for the ATPF simulations.
 Material Parameters
 𝜌bot 1192 kg m−3 Density bottom phase  
 𝜌top 1091 kg m−3 Density top phase  
 𝜂bot 4.48 × 10−3 Pa s Viscosity bottom phase  
 𝜂top 15.72 × 10−3 Pa s Viscosity top phase  
 𝑀̃enz 14500 g mol−1 Molar mass enzyme  
 Process Parameters
 𝑡exp variable min Experiment time  
 𝑄̇bot variable mL min−1 Volumetric flow rate bottom phase  
 𝑄̇top variable mL min−1 Volumetric flow rate top phase  
 𝑉̇g(𝑗) variable mL min−1 Gas flow rate compartment 𝑗  
 𝑤0,bot variable %(w/w) Feed concentration enzyme bottom phase (mass fraction) 
 𝑤0,top 0 % (w/w) Feed concentration enzyme top phase (mass fraction)  
 Geometric Parameters
 𝑉bot,total 0.5 L Total volume bottom phase  
 𝑉top,total 0.1 L Total volume top phase  
Table 3
Numerical values of the model coefficients 𝐶1, 𝐶2 and 𝐶3 for estimating 𝑑b(𝑗), ℎ and 
𝑣 from Eqs. (10) and (15). In all cases, 𝑉̇g(𝑗) is used in mL min−1 and the units of the 
coefficients are accordingly.
 𝑦 [Unit] 𝐶1 [var] 𝐶2 [var] 𝐶3 [var]  
 𝑑b(𝑗) [μm] −4.88 × 10−2 1.39 × 102 3.83 × 102  
 ℎ [mm] 0.202 0.329 0.475  
 𝑣 [−] 1.61 × 10−3 4.56 × 10−3 5.27 × 10−3 

Fig. 2. Sauter mean bubble diameter over gas flow rate for twill weave. Experimental 
data from [29] and continuous fit.

2.2.4. Effective liquid/liquid interface
Eq. (5) calculates the molar flow rate across the liquid/liquid inter-

face based on the interfacial area 𝐴e(𝑗, 𝑡). The geometrical dimensions 
of the flotation basin directly define the interfacial area for the static 
system 𝐴0,e. However, the gas bubbles agitate the interface which 
results in a mixed zone instead of a perfect film (see photos in Section 
A of the SI). Therein, both phases are dispersed as emulsion, which 
results in an increased interfacial area available for mass transport. The 
top phase is assumed to be dispersed in the bottom phase as spherical 
droplets of fixed diameter 𝑑d with a volume fraction of 𝑣. Thus, the 
effective interfacial area is linked to the droplet diameter and the height 
of the mixing zone ℎ as follows:

𝑉top = 𝑁
𝜋𝑑3d
6

= 𝑣𝑉bot (11)

𝑉 = 𝑉 + 𝑉 = 𝑁
𝜋𝑑3d (

1 + 𝑣−1
)

= 𝐴 ℎ (12)
top bot 6 0,e

4 
Fig. 3. Parity plot for MLR model on average height of mixing zone.

Fig. 4. Parity plot for MLR model on average height of mixing zone.

𝐴e = 𝐴0,e +𝑁𝜋𝑑2d = 𝐴0,e

(

1 + 6ℎ
𝑑d

(

1 + 𝑣−1
)

)

(13)

In each compartment, probes are placed right below the interface 
to measure the conductivity 𝜅 (see Fig.  1(a)). It is a measure for the 
dispersed volume fraction and prior calibration experiments yielded the 
linear correlation 

𝑣 = −0.0146 cm mS−1𝜅 + 0.767 (14)
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The height of the mixing zone ℎ and the conductivity, i.e. vol-
ume fraction 𝑣, strongly depend on the gas volume flow. Calibration 
experiments with a systematic variation of 𝑉̇g(𝑗) in all compartments 
were performed and the conductivity as well as height of the mixing 
zone measured in each compartment. Since neighboring compartments 
strongly affect each other [21], they cannot be handled individually. 
Hence, two multiple linear regression models 
𝑦 = 𝐶1𝑉̇g(0) + 𝐶2𝑉̇g(1) + 𝐶3𝑉̇g(2) (15)

with 𝑉̇g(0), 𝑉̇g(1) and 𝑉̇g(2) as inputs were trained to predict the average 
values of either ℎ or 𝑣. The LinearRegression class from the 
Python library scikit-learn [30] was used. The resulting coeffi-
cients are given in Table  3 and the parity plots are shown in Figs. 
3 and 4. ℎ is predicted accurately (𝑅2 = 0.981), while predicting 
𝑣 is more uncertain yet satisfactory (𝑅2 = 0.840). Both correlations 
were implemented in the model leaving 𝑑d to be the only unknown 
parameter in Eq.  (13) that has to be adjusted based on experimental 
data. A closer look at the data shows that the coefficients for both the 
ℎ and 𝑣 models increase from compartment 1 to 3. Compartment 3 
therefore has a more dramatic effect on the mixing zone. However, 
the phase mixing in compartment 3 should be kept relatively low to 
allow phase separation before the phases leave the flotation tank. Note 
that during processing, i.e. application of the model, 𝜅 is measured 
online and can therefore be used directly e.g. in the scenario of model 
predictive control. The obtained correlation for 𝑣 is therefore only 
necessary in cases where the model is used in isolation.

2.3. Numerical optimization

All unknown model parameters are denoted as  and are assumed 
to be system-specific, meaning that they do not depend on process 
parameters and are therefore constant for all experiments. Data of the 
enzyme concentration of the outflow of the top phase with respect to 
time (𝑐(0, 2, 𝑡)) is available for each experiment. This data is denoted 
as exp ∈ R𝑁×𝑇 , where 𝑁 is the number of experiments and 𝑇  is the 
number of discrete time steps. In total 𝑁 = 48 experiments with varying 
process parameters were used in this study. All experiments are listed 
in Table C.1 in the SI. For any given set of model parameters , the full 
experimental design can be simulated under consideration of the em-
ployed process parameters. The modeled enzyme concentrations mod
are also of dimension R𝑁×𝑇 , as long as the numerical solution is stored 
at the same time steps as the experiment. The optimal set of model 
parameters opt is obtained by solving the following optimization 
problem based on the root mean squared error (RMSE): 

min


√

1
𝑁 𝑇

∑
[

exp − mod()
]2 (16)

Optimization is performed with the global optimization algorithm 
differential evolution based on Storn and Price [31] and implemented 
in differential_evolution() from the scipy.optimize
module [32]. Initial sampling was based on the latin hypercube method
[33] to ensure broad coverage of the search space. Found optima 
are polished with a local optimizer based on Byrd et al. [34] and 
implemented in minimize(). The search space (bounds) for the 
respective parameters and functional arguments to the optimizers are 
provided in Table B.1 in the SI.

3. Results & discussion

3.1. Sensitivity analysis and model reduction

The ATPF model described in Section 2.2 contains three model pa-
rameters that require adjustment to experimental data: The maximum 
molar surface concentration 𝛤max, the Langmuir equilibrium constant 
𝐾 and the diameter of dispersed top phase droplets in the mixing zone 
𝑑 . Each unknown parameter makes the numerical optimization from 
d
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Table 4
Bounds and results of the Sobol sensitivity analysis.
 Parameter Unit Bounds 𝑆𝑇  
 𝛤max molm−2 (10−7 , 10−4) 0.076 
 𝐾 m3 mol−1 (1, 100) 0.021 
 𝑑d m (10−5 , 10−4) 0.968 

Section 2.3 harder and slower. Therefore a variance-based sensitiv-
ity analysis was performed to quantify the relative importance of all 
three model parameters with the SALib package [35] used together 
with Saltelli’s sampling method. 𝑁 = 8192 samples with systematic 
variations of all three model parameters within specified bounds were 
created and the cost function in Eq.  (16) evaluated. It is crucial to 
define realistic bounds for all parameters, which are listed in Table  4. 
The lower bound for 𝛤max is set at 10−7 mol m−2, which corresponds 
to typical values of single layer adsorption for similar enzymes [25]. 
The upper bound is set at 10−4 mol m−2 to allow for possible multi-
layer adsorption. 𝐾 was varied between 1 m3 mol−1 and 100 m3 mol−1, 
which covers the reported range of values for similar enzymes [25]. For 
𝑑d, no literature values are available, however, due to the moderate 
energy input by the bubbles, the macroemulsion regime is assumed, 
which places the bounds at 1 μm and 100 μm respectively [36,37]. The 
total Sobol indices 𝑆𝑇  describe the total contribution of a parameter to 
the output variance of a function, accounting for both its direct effect 
and all interaction effects with other parameters. It therefore measures 
the total influence that each parameter has on the cost function and the 
model in general.

The resulting values are given in Table  4. It is apparent that the 
model is highly sensitive towards variations of 𝑑d, which explain 
roughly 97% of the total variance, while both flotation parameters 
show significantly lower values. This indicates that extraction is more 
relevant for describing the observed experimental effects, a discussion 
that will be elaborated in the following sections. Furthermore, the total 
Sobol index of 𝐾 is lower than the one of 𝛤max. This means that the 
adsorption is relatively independent of the enzyme concentration and 
that a constant surface density 𝛤max is sufficient to model the mass 
transport by flotation. Due to the relatively low impact of flotation in 
general, the usage of two parameters seems not justifiable and 𝐾 is 
therefore set constant at 12.5 m3 mol−1 for all following simulations. 
This corresponds to the value of lysozyme [25], an enzyme with 
similar molar mass. With this, the model is reduced to two unknown 
parameters  = {𝛤max, 𝑑d}, which makes it less prone to overfitting and 
helps to make the numerical optimization procedure more reliable.

3.2. Model calibration and accuracy

The reduced ATPF model contains two unknown parameters that 
have to be adjusted to experimental data. To investigate which trans-
port mechanism is dominant, three separate case studies were per-
formed:

(I) Full ATPF model with extraction and flotation
(II) Only mass transport via extraction (𝑀̇f = 0)
(III) Only mass transport via flotation (𝑀̇e = 0)

For each case, the model parameters were optimized according to the 
procedure detailed in Section 2.3. Table  5 provides the resulting values 
of the model parameters, while Table B.1 in the SI lists all optimization 
parameters. Most notably, the search space was set to the previously 
discussed bounds from Section 3.1.

Fig.  5 shows the parity plot for all 48 experiments for case (I), 
distinguished by marker and color. Two edge cases (a) and (b) are 
highlighted by squared marker, no transparency and two arrows that 
will be discussed in Section 3.4. Overall, the experimental data are 
well represented by the model. This is supported by an RMSE value 
of 6.20 × 10−3, meaning that 𝑤  and 𝑤  deviate on average by 
mod exp
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Table 5
Optimized model parameters opt for the respective simulation cases.
 Parameter Unit Case (I) Case (II) Case (III)  
 𝛤max molm−2 9.27 × 10−6 – 1 × 10−4  
 𝑑d m 4.47 × 10−5 3.85 × 10−5 –  
 RMSE (Eq. (16)) – 6.20 × 10−3 6.32 × 10−3 1.52 × 10−2 

Fig. 5. Parity plot for all 48 experiments for simulation case (I).

roughly 0.62% (𝑤∕𝑤) across all points in time of all experiments. It 
should be noted that these experiments include variations of the gas 
flow rate combination, feed rates and feed concentrations, as detailed 
in Table C.1 in the SI. Obtaining a mechanistic model this accurate, 
which only relies on two empirical parameters with physical relevance 
therefore highlights the suitability of the made assumptions. It is also 
noteworthy that the UV/vis analysis, i.e. the experimental data, only 
has a resolution of ±0.17% (𝑤∕𝑤), further underlining the accuracy of 
the model.

By splitting the contributions of 𝑀̇f  in Eq.  (3) and 𝑀̇e in Eq.  (5), it is 
possible to integrate both contributions individually while solving the 
system of ODEs. This allows for quantifying the relative contribution of 
mass transfer by extraction 

𝑋e,int = ∫

𝑡exp

0

𝑀̇e

(𝑀̇e + 𝑀̇f )
d𝑡 (17)

towards the overall enzyme mass transport through the interface. The 
results are visualized in Fig.  6 over the integral gas volume flow rate 
∑

𝑉̇g together with a simple linear regression line. Additionally, the 
average RMSE for each experiment is shown on the secondary axis. 
With increasing integral gas volume flow, the relevance of extrac-
tion increases and the RMSE decreases. From an integral gassing of 
20 mL min−1 onward, the relative contribution of extraction is around 
80%. This means that the mass transfer in case (I) is mainly caused 
by extraction, while the bubbles facilitate phase mixing as described 
in Section 2.2.4. The decreasing trend in RMSE shows that ATPF 
experiments with low integral gas flow rates are less well represented 
by the model. This will be discussed separately in Section 3.4.

The dominance of extraction is further supported by simulation 
cases (II) and (III): In case (II) mass transfer by flotation is set to zero. 
This is compensated by a slightly smaller value of 𝑑d, resulting in higher 
interfacial area and higher transport by extraction. However, both the 
value of 𝑑d and of the RMSE are very similar to case (I). Therefore, the 
physical processes are well explained by the pure extraction and raise 
doubts on the significance of the transport via flotation. In case (III), 
the loss of the extraction transport is compensated by an increase in 
𝛤max by a factor of 10. However, flotation alone is not able to represent 
the experimental data well, as shown in a more than doubled RSME 
value.
6 
3.3. Discussion on model assumptions and numeric values of the optimized 
model parameters

The presented model is subject to simplifying assumptions. Con-
sidering extraction, we assumed a perfectly monodisperse emulsion 
droplet size distribution with an optimized droplet size of roughly 
35–45 μm. This size range seems plausible as the droplets in the mixing 
zone are not visible with the naked eye (see photos in Section A 
of SI). Furthermore, this value falls perfectly in the typical range of 
macroemulsions with moderate energy input [36,37]. Additionally, we 
assumed that each phase is perfectly mixed, i.e. that the enzyme con-
centrations in the extraction zone correspond to the bulk concentrations 
in the top and bottom phase. In reality, concentration gradients are 
lower, since the replacement of both phases in the extraction zone 
requires time and both bulk phases themselves are imperfectly mixed. 
Nevertheless, we expect this to play a subordinate role because the 
system is strongly agitated by the bubbles, which increases phase 
exchange in the extraction zone and because the droplet diameter could 
be smaller to counteract this effect and still be physically plausible.

Considering flotation, we assumed a surface loading according to 
the Langmuir adsorption model in Eq.  (4). Although we do not strictly 
assume single layer adsorption by keeping the parameter 𝛤max variable, 
the Langmuir model still assumes saturation of the gas/liquid inter-
face. The obtained value of 𝛤max ≈ 10−5 mol m−2 in case (I) seems 
unrealistically high when considering all available data in literature: 
Although no data on phospholipase A2 was found specifically, we can 
assume that it behaves similar to lysozyme due to its similar molecular 
weight [38]. Monolayer adsorption for lysozyme allows for a surface 
concentration of roughly 2 × 10−7 mol m−2 [25,39]. However, the 
surface is already saturated at bulk concentrations of 𝑤 ≈ 10−3 % (𝑤∕𝑤). 
At higher concentrations, multilayer adsorption occurs and the surface 
concentration rapidly increases proportional to the bulk concentra-
tion [25]. Experimental data is only available until 𝑤 = 10−2 % (𝑤∕𝑤), 
where the surface loading reaches approximately 10−6 mol m−2, thus it 
seems plausible for the loading to further increase by a factor of 10 for 
the bulk concentrations considered here. However, all presented data 
is for the equilibrium at stationary interfaces. During ATPF, bubbles 
rise through the bottom phase and are subjected to shear stress. This 
leads to a change in the adsorption rate of the enzymes and their 
distribution at the gas/liquid interface [40,41]. Enzymes in subsequent 
adsorption layers are ‘‘loosely’’ bound [25] and are easily removed from 
the interface. This is similar to ions adsorbing in the diffusive layer 
around charged particles in solution: When agitated, the diffusive layer 
is sheared off, while the strongly adsorbed Stern layer remains, the 
effect that is exploited to measure the zeta potential [42,43]. Hence, it 
remains doubtful if a surface loading 100-times larger than monolayer 
adsorption can be supported by the moving bubble surface.

Furthermore, the Langmuir model only describes the steady state 
between adsorption and desorption, hence the model assumes that 
this equilibrium is instantaneously reached. In reality, the surface 
concentration is a function of time 𝛤 = 𝑓 (𝑡). The molecules must first 
diffuse from the bulk solution into the interfacial sublayer to become 
irreversibly adsorbed at the air/liquid interface. They then unfold at 
the interface [40]. A prominent Equation in literature, to describe this 
time dependence is given by [25,44,45] 

𝛤 (𝑡) = 2𝑐
(𝐷 𝑡

𝜋

)0.5
, (18)

where 𝑐 is the molar bulk enzyme concentration and 𝐷 the diffusion 
coefficient. This equation is derived by modeling the transport as 
an infinite-medium diffusion problem [25] where enzyme is instanta-
neously and irreversibly adsorbed by the interface, i.e. where the bulk 
concentration just below the surface is assumed to be 0. The rising 
velocity of the air bubbles can be estimated by Stokes’ law [46]. By 
assuming a bubble diameter of 856.24 μm, a rising time of the bubble 
through the bottom phase in the order of 1 s is calculated for a bottom 
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Fig. 6. Relative importance of mass transport through extraction, and RMSE over integral gas volume flow.
Table 6
𝛤1s of different enzymes at an air/water interface.
 Unit Lysozyme 𝛽-casein BT-HAase 
 𝑀 kDa 14.5 24 65  
 𝑐 molm−3 5.2 × 10−5 3.0 × 10−5 3.0 × 10−4  
 𝐷 m2 s−1 8 × 10−10 5 × 10−10 6 × 10−10  
 𝛤1s molm−2 1.7 × 10−9 7.7 × 10−10 8.5 × 10−9  
 𝛤mono molm−2 2.0 × 10−7 1.1 × 10−7 –  
 Ref. [25,47] [25,47] [45]  

phase height of 9.7 cm. The assumed diameter corresponds to a gas 
volume flow of 30 ml min−1 using a twill weave as the porous medium 
(see Fig.  2). As no gas volume flows greater than 30 ml min−1 are used in 
this work, this can be considered a minimum estimate for the available 
adsorption time.

Table  6 summarizes the expected molar surface concentrations 𝛤1s
after 1 s calculated from Eq.  (18) for three different enzymes based 
on literature data together with the maximum loading of a mono-
layer (if available). It is apparent that 1 s is not sufficient to saturate 
the monolayer at these bulk concentrations. This is also supported 
by experiments of the adsorption kinetic, where steady state is only 
reached after hours of the experiment [25,27]. In this work, enzyme 
concentrations are in the order of 1 mol m−3 and hence adsorption 
is expected to be much faster according to Eq.  (18). Nevertheless, 
the linear dependence on 𝑐 in Eq.  (18) is not expected to hold for 
arbitrary high concentrations since at some point transport processes 
inside the bulk phase will become limiting and the assumptions for 
deriving Eq. (18) are not justified anymore.

In summary, this discussion shows that while the mass transport 
via extraction is plausible, the obtained values for mass transport via 
flotation are highly questionable: For one, the interface is not expected 
to have the maximum capacity for the required amount of enzyme and 
additionally, enzyme adsorption cannot be expected to occur within 
seconds. Specific experiments are required to quantify the adsorption 
kinetics of enzymes on the surface of a rising bubble. Particle image 
velocimetry (PIV) combined with particle tracking velocimetry (PTV) 
is a suitable technique for this purpose. It allows to visualize the flow 
acting on the bubble and to measure the adsorption of tracer molecules 
with high temporal and spatial resolution [40]. With the additional 
use of profile analysis tensiometry (PAT), it is possible to determine 
the change in surface properties of the adsorbed substance [40,48]. 
This includes the surface tension as well as the concentration and 
distribution of the adsorbed molecules on the bubble surface [40]. Such 
measurements are beyond the scope of this work, but are important for 
future research.
7 
3.4. Discussion of selected edge cases

This section discusses the two edge cases highlighted in Fig.  5 in 
more detail. Fig.  6 indicated that the model is less accurate when 
predicting experiments at very low gas flow rates, e.g. 10-00-00, for 
which an exemplary result is shown in Fig.  7(a). The model predicts a 
significantly slower increasing and overall lower enzyme concentration 
than measured in the ATPF experiment. Considering the previously 
discussed dominance of extraction, this is likely due to a poor rep-
resentation of the phase mixing conditions by the correlations from 
Section 2.2.4. Phase mixing is underestimated for lower gas flow rates, 
which can be explained by the used multiple linear regression model. 
It is reasonable to assume that the relationship between gas flow rate 
and phase mixing is non-linear and especially during creation of the 
mixing zone, i.e. at lower gas flow rates, more pronounced. More 
data in this lower parameter regime would be necessary to train non-
linear regression models that are capable of adequately representing 
this effect. However, these very low gas flow rates were mostly tested 
for academic purposes and not really relevant to regular processing 
conditions, as higher concentrations are desirable, which in turn are 
achieved with higher integral gas flows.

On the other end, an experiment with high gas flow rates, i.e.
30–20–10 and high enzyme concentrations (3% (w/w)) was highlighted 
in Fig.  5, which appears to be represented quite well by the model. 
However, all experiments that reach high enzyme concentrations seem 
to level off in the parity plot meaning that the model underestimates 
enzyme concentrations at later process times. The detailed results are 
shown in Fig.  7(b). The concentration profile is well predicted by the 
model up to a time of 𝑡 = 20 min. However, after 𝑡 = 25 min, the experi-
mental concentration continues to increase steadily. The reason for this 
difference is more likely to be found in the experimental data, since a 
steady state, as predicted by the model, is to be expected. The viscosity 
of the top phase increases significantly at high enzyme concentrations, 
which resulted in clogging of the UV/vis flow cell with loaded top phase 
during certain experiments. Although these experiments were discarded 
and not considered in this study, it is plausible that an accumulation 
of enzyme may still occur in the flow cell without complete clogging. 
This would explain the continuously rising enzyme concentration and 
deviations to the model.

4. Conclusion

This study developed a physical process model for aqueous two-
phase flotation (ATPF). The model was able to accurately represent 
experiments with broad variations in gas flow rate combinations, feed 
rates and feed concentrations. This is noteworthy because it is purely 
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Fig. 7. Exemplary results for two edge cases highlighted in Fig.  5. (a) Gas flow rate combination, 10-00-00 (mL min−1) and feed concentration of 1% (w/w), (b) gas flow rate 
combination of 30-20-10 (mL min−1) and a feed concentration of 3% (w/w).
mechanistic, except for experimentally determined correlations and 
two empirical parameters 𝛤max and 𝑑d. The optimization to experiments 
yielded plausible values for these parameters and hence, we concluded 
that the assumptions made were justified.

This model is highly valuable for future process developments: 
First, it enables the development of a model predictive control (MPC) 
strategy. Due to the accuracy of the model, a reliable, autonomous 
and continuous ATPF process can be envisioned. Second, the model 
offers insights into non-measurable phenomena on the micro scale and 
increases our understanding of ATPF in general. Both mass transport 
mechanisms flotation and extraction are responsible for the vertical 
mass transfer of biomolecules from the bottom to the top phase. Until 
now, flotation has been assumed to be the dominant transport mech-
anism. Model development and comparison with experimental data 
strongly support the opposite, namely that extraction is the dominant 
mechanism and accounts for at least 80% of the integral mass transfer. 
There are several reasons for this: First, a sensitivity analysis revealed 
that the model is rather insensitive to flotation-specific parameters 
and that flotation is not able to explain the experimentally observed 
variance. Second, it was found that a model that only considers trans-
port via extraction achieves a very similar accuracy to the model that 
includes both. On the other hand, including only flotation resulted 
in significantly worse predictions. Finally, and most convincingly, the 
required surface loading of the bubbles to explain the observed mass 
transport was found to be implausible as the surface capacity is ex-
pected to be lower and the time available for enzymes to attach to 
the surface is not expected to be sufficient. It should be noted that 
gas input is still important since it facilitates strong phase mixing, 
which significantly increases the interfacial area for mass transport by 
extraction.

With these new findings, the ATPF setup can be further optimized to 
enhance phase mixing and extraction. Computational Fluid Dynamics 
(CFD) simulations can be used to further refine the model and better 
describe the mixing zone. This will also allow for optimization of the 
flotation tank geometry. Future experimental studies should determine 
the adsorption kinetics of enzymes on the surface of rising bubbles 
to validate the model parameter 𝛤max found in this work, refine the 
used flotation model and clarify the relevance of flotation in general. 
In addition, the presented process model is universally applicable to 
a wide range of material systems and can even be extended to multi-
material systems. This enables the prediction of selective separation in 
enzyme mixtures or complex biosuspensions such as industrial fermen-
tation broths. However, the calibration of the material-specific flotation 
and extraction parameters requires experimental data, which should 
be the focus of future studies. Nevertheless, the presented model lays 
8 
the foundation for model-based optimization of selective separation in 
complex suspensions via ATPF.
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