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Abbreviations

ATPE	 Aqueous two-phase extraction
ATPS	 Aqueous two-phase system
DOE	 Design of experiments
IgG	 Immunoglobuline G
LLE	 Liquid-liquid extraction
PDA	 Photodiode array detector
PEG	 Polyethylene glycol
PO4	 Phosphates
RE	 Recovery efficiency

8.1	 �Introduction

Aqueous two-phase systems (ATPSs) are a clean alternative for traditional organic 
water solvent extraction systems (Gupta et al. 1999) that have been used for parti-
tioning a great variety of biomolecules of interest from their contaminants 
(Haraguchi et al. 2004; Kamei et al. 2002; Andrews et al. 1996; Xu et al. 2001; Rosa 
et al. 2013; Breydo et al. 2013), exploiting their differences in molecular weight, 
hydrophobicity, isoelectric point, and affinity among other features. To employ this 
technique in downstream processing, the information about new systems and new 
applications is gaining spread (Nan et al. 2013; Liu et al. 2013). Although ATPSs 
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are known to be a biocompatible, integrative, easily upscaling system, some of the 
drawbacks of this technology are related to limitations of phase separation of highly 
viscous systems, high cost of polymer components, limited predictive design, and 
lack of know-how in terms of installation, validation, and operation (Haraguchi 
et al. 2004; Soares et al. 2015). Furthermore, most of their applications have been 
developed at batch and bench scale.

Nowadays, the industry is moving from the large fed-batch/batch systems to 
produce biopharmaceuticals to more versatile continuous systems (Zydney 2016; 
Jungbauer 2013; Croughan et al. 2015; Jungbauer and Walch 2015). This involves 
efforts in the process integration in order to reduce buffer consumption, diminishing 
process time and costs, and increasing process yields (Jungbauer and Walch 2015; 
Igarashi et  al. 2004a). Thus, if the drawbacks of this technology were fulfilled, 
ATPS as a continuous or semi-continuous operation would have clear competitive 
advantages in the biotechnology market. This chapter is dedicated to revise the 
development of ATPS implemented in continuous processes. First, the equipment 
devices that have been employed for this purpose are described. Then, the strategy 
for characterization of those continuous systems, including typical hydrodynamic 
parameters, is presented. The chapter also discussed selected examples of continu-
ous ATPS processes, from micro- to pilot plant scale.

8.2	 �Devices Employed for Continuous ATPS Processes

There is not specialized equipment to perform continuous ATPS processes. Devices 
that have been employed for this purpose are in the classification of column contac-
tors, mixer-settler units, and other contactors that have been also employed in tradi-
tional liquid-liquid extractions (Espitia-Saloma et  al. 2014). The geometry, the 
kinetics and the dynamics of the ATPS inside these prototypes can vary, but the 
same unit operations that are carried out in batch systems should be performed by 
any of those equipment (Fig. 8.1). The minimum number of operations to perform 
an ATPS extraction of biomolecules is described below:

•	 Prepare the stocks of phase components. This step can be performed manually or 
as part of the continuous system. Stocks of single phase components can be 
stored in different containers or mixed to give various continuous phases in order 
to equal the viscosity and density of all the flows, regarding equipment restrains, 
such as power input in the pumping system. The sample can be pumped individu-
ally or diluted in one of the components streams.

•	 Mix at the right phase composition. Put together the components and sample at 
their final dilution and mix thoroughly to let the molecule of interest to be in 
contact with the phase where it has preference. In batch systems, this stage  
is performed manually by using mechanical agitators. In continuous systems, 
pump-driven encountered flows can be used to perform this operation. Static 
mixers also are employed.
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•	 Phase coalescence or separation. It is important to allow phase separation after 
the phase emulsion formation, so the phase, where the product of interest is con-
tained, could be recovered for further processing. This stage is accomplished by 
stopping the mixing in batch systems or by transference of the emulsion toward 
a separation tank or decanter. In continuous processes carried out in columns, top 
and bottom phases are continuously formed in the top and bottom sides of the 
column, respectively, because of gravity and density differences.

•	 Recover the phase where the molecule of interest is present. After phases are 
separated, the phase with the contaminants should be removed. Whether it is top 
or bottom phase which contains the product of interest, the easiest way is to open 
a valve in the bottom part of the decanter to allow the bottom phase be pumped 
out from the vessel followed by the top phase. In continuous systems, the over-
flow of the top phase can drive this phase toward an opening in the respective 
column top part.

•	 Discard the opposite phase or recycle it. By means of pumping, the phase that 
contains the contaminants can be discarded or conducted back to the mixer tank 
or to another mixer tank in order to partition residual product of interest. However, 
since the amount and characteristic of the contaminants can differ from the 
original sample, this can imply a change in the product of interest partitioning 
behavior that should be previously considered.

•	 Multistep or back extraction. Alternatively, it would be possible to require a 
second round of ATPS extraction, using a different composition to allow back 
extraction or increase purity or recovery of the molecule of interest.

In sum the adequate equipment to perform all these tasks would be a closed sys-
tem with the ability to change the flows of all the entrance streams, with three or 
more inlets, sampling ports at different stages of the extraction procedure, and final 
recovery of phases.

Fig. 8.1  Steps for batch ATPS processes that would be accomplished with a continuous 
system
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In this sense, the most common devices employed for continuous ATPS processes 
are columns (Table 8.1). Some designs in the set of column contactors employed for 
continuous ATPS are spray columns, perforated rotating disk contactors, pulsed cap 
columns, and other columns (packed, sieve plate and vane-agitated columns). The 
main variable among them is the mechanism by which the mass transfer between 
the phases is promoted (pulsed caps, rotating disks, rotating vanes, spray mecha-
nism, static packing, and static mixer). Whether the dispersed phase is delivered as 
spray through a nozzle located in the bottom of the column or mixing elements 
located all around the column to mix the heavier and lighter phases as well as the 
product of interest which commonly is diluted in one of both phases, these columns 
commonly share two inlets and two outlets, while the mass transfer and phase 
coalescence occur inside the column. Phases are prepared in a previous step and let 
overnight to separate in order to pump them to their respective inlets.

Mixer settlers/mixer-settler columns are also widely employed. Among their 
advantages are cleaning and control easiness, multistep assembly, batch to continu-
ous flow, extreme to unlimited phase ratio, and small footprint, co-countercurrent, 
or countercurrent fashion. Mixer-settler units were one of the first devices employed 
for continuous ATPS (Veide et al. 1984) and nowadays are being exploited at pilot 
plant scale to downstream recovery of antibodies. They pose as an important advan-
tage to their inherent assembling easiness, suitable for individual stage screening 
(mixing, coalescence, and separation). However, a noteworthy gap is the hydrody-
namics characterization, needed for a practical design platform implementation 
(Mistry et al. 1996; Salamanca et al. 1998). The two different modes of operation 
(static and dynamic) basically consist of a mixing stage in tanks or columns, cou-
pled to a series of settling and separating units. Steady state is reached when the 
partition coefficient obtained in the continuous mode is similar to the one in the 
batch mode.

8.3	 �Problems Faced by Continuous ATPS Process Equipment

Having overviewed ATPS continuous devices, the main operational problems that 
can be identified are flooding, backmixing, emulsification, and poor phase separa-
tion degree (Fig. 8.2). They limit the selection of optimum operational parameters. 
Flooding-related problems may arise if a drastic agitation or countercurrent opera-
tion drives to small droplets of a dispersed phase into a continuous phase with high 
flow velocity, which leads to phase accumulation and increase in coalescence time 
(Cuhna and Aires-Barros 2002). However, it should be kept in mind that in some 
kind of contactors, optimal operation is near the flooding point, since the dispersion 
area is maximized and the mass transfer rate is the highest (Wachs et al. 1997).

Whereas backmixing can be an advantage at the beginning of the ATPS extrac-
tion process, the two-phase behavior should exclude it at the end of the process. 
Most contactors have an agitation device that accelerates the interaction of phases 
allowing mass transfer among phases. While the physical presence of these devices 
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decreases the contact of coalesced phases with the unreacted fresh feedings 
(backmixing), simultaneously the agitation stimulated by these devices increases it 
(Cuhna and Aires-Barros 2002; Martin 2000; Lounes and Thibault 1996; Stella and 
Clive 2006).

Emulsification is an issue that has not been extensively discussed when working 
with continuous ATPS. This may be due to the scarce analysis of ATPS other than 
polymer-salt systems and also for the larger-scale trials that would be needed for 
this purpose (Leng 2004; Selber et al. 2004). A high emulsification degree reduces 
mixing efficiency and increases coalescing time. Aggressive agitation should be 
avoided in order to restrain the problem, especially with systems that pose low inter-
facial tension. The mass transfer rate is inversely proportional to drop size, and, 
thus, an analysis of cost-benefit on these two parameters should be performed before 
deciding the mixing rate.

Separation efficiency can be measured by the holdup phenomena, which is the 
volume of the continuous phase divided by the total volume at the dispersed-phase 
outlet, and vice versa (Cavalcanti et  al. 2008). It is directly proportional to the 
dispersed-phase flow rate and the drop inherent coalescence time and inversely pro-
portional to the purification factor and the recovery efficiency (RE) (Igarashi et al. 
2004b; Rostami and Alamshahi 2002). For any continuous ATPS process, a phase’s 
separation stage is fundamental. Even if the device promotes an excellent mixing 
and if the separation efficiency at the end of the process is reduced, the extraction 
performance in general is greatly diminished.

Fig. 8.2  Problems faced by continuous ATPS processes. (a) Flooding (flow rates are higher than 
should be, coalescence is not allowed, and contaminant phase level is above the limit). (b) 
Backmixing (coalesced phases are in contact with fresh feedings). (c) Emulsification (very small 
droplets are formed, increasing coalescence time beyond the needed, and contaminant phase 
invades the phase of interest at the outlets). (d) Separation efficiency of the device or holdup (short-
length separation device does not allow phase coalescence, and both phases are obtained at the 
same outlet)
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8.4	 �Characterization of Continuous Equipment

Because of the problems exposed previously, it is important to characterize the 
equipment that will be used for a continuous ATPS process. The evaluation of a 
continuous device to perform aqueous two-phase partitioning of biomolecules, with 
the aim to replicate the partition coefficients obtained from batch experiments, is 
often a hard work to do. One operational parameters studied in these devices is the 
physicochemical characteristics governed by phase composition and flow rates. 
ATPS composition and its related physical properties (viscosity, density, and inter-
facial tension) may limit the extraction and act as a resistance to mass transfer 
(Arsalani et al. 2005; Cuhna and Aires-Barros 2002; Igarashi et al. 2004a; Srinivas 
et al. 2002; Venancio and Teixeira 1995; Pawar et al. 1993, 1997).

Phase’s flow rate is another critical operational parameter in any contactor per-
formance, since it plays a key role in mass transfer and in the column process related 
to operational issues as backmixing and flooding. In most of continuous ATPS pro-
cesses, an increase in the dispersed-phase flow produces minor drop sizes that cause 
higher areas for mass transfer (Figuereido et al. 2004). However, flow rates cannot 
be increased unlimitedly, since they can hamper the separation efficiency.

Observing the partition behavior of any dye can help in the characterization of 
continuous equipment. The concentration of such dye can be measured at the outlet 
of each phase through time. The amount of colorant in each phase can be plotted 
and show residence time, which can be related to the total operation volume, given 
a determined total flow rate. If the distribution coefficient of the dye at the system 
equilibrium remains more or less close to unity, it means that the mixing time and 
intensity were not enough to mix thoroughly the phases, and thus the mixer 
efficiency should be improved. Intimate phase dispersion is necessary to improve 
mass transfer, and such solute interchange occurs immediately during dispersion. 
Different mixer configurations ensure the creation of an interfacial surface area that 
allow bulk homogenization ensuring that all flow components are distributed uni-
formly and exposed to similar levels of turbulence.

A high top-phase affine dye can be employed to characterize the length or height 
of the coalescer, since immediate transfer of color to the top phase is allowed using 
mixers. A compound that highly prefers one or other phase allows a considerable 
tubular settler length reduction and a significantly shorter residence time resulting 
in lower solvent and energy requirements. It is important to point that with a batch 
ATPS, every unit operation is realized in a discontinuous independent manner, with 
consequent loss of sample and time for analysis. With a continuous device, the 
manipulation of samples is diminished, and the partition time is decreased without 
a significant effect on partition coefficients.

When using model proteins in batch systems, larger partition times are observed. 
This reflects the need for an increased processing time and an improved mass transfer 
and, at the same time, the need to increase the contact area between phases. With the 
use of a continuous system, protein partitioning could be significantly improved, allow-
ing the continuous harvesting of product from both phases. A minor disadvantage of 
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the use of in-line static mixers is the flow restriction and power adjustments needed to 
surpass the packing of the mixers; however, such restriction is necessary to maximize 
transfer of the desired product.

When implementing continuous devices to recover different protein fractions 
from a complex feedstock, it is reasonable to suggest that different protein profiles 
could be found in each phase. The use of constant and controllable flows enabled 
simple and reproducible generation of stable interfaces. Variability will be observed 
mainly due to manual sampling of the phases or pulses generated by the pumping 
system; however, once the system evolved, a quasi-steady state is reached with par-
tition coefficient values similar to batch systems. An additional clear advantage of a 
continuous device is a significantly lower accumulation of protein at the system 
interface, due mainly to the dynamic nature of the interface of two moving liquids.

In general, any continuous device can be suggested and tailor-made for different 
industrial purposes, from the continuous extraction of dyes from textile wastewater 
effluents to treatment of whey from dairy plants and further processing and com-
mercialization of crude fermentation broths. However, to have a full knowledge of 
the hydrodynamic parameters needed to carry out the process, the aforementioned 
simple steps can be conducted.

8.5	 �Platform for Continuous ATPS Processes: 
From Microdevices to Pilot Plant

Most of the continuous ATPS processes that have been carried out start with a 
known system for a given particle. This means that previously there should have 
been a complex design of experiments that was accomplished through many batch 
small systems, in order to obtain the best composition for a maximum partition 
coefficient or purification factor. And only when the batch system is corroborated to 
maximize yield that it is employed to run the continuous process, either with col-
umns or mixer-settler equipment. Thus, a complete continuous platform in order to 
avoid such waste of materials, reagents, and time should allow selection and char-
acterization of the system previous to a scaling-up.

This platform must include a versatile and easy to manage set of continuous 
systems that can be categorized in three main scales: micro, bench, and pilot plant 
(Fig. 8.3). The microscale devices have been designed in order to observe phase 
formation of many mixtures of different phase components in a relatively short 
amount of time. This information can be used to prepare binodal curves for new 
systems or even for known devices but whose composition or properties may vary 
in different laboratories because of reagent or environmental conditions. Further
more, given that phase composition may be varied by fine-tuning the flow rates of 
the stocks of phase components, there is a whole new and bigger range of phase 
compositions that can be studied to select an appropriate system for a given biomol-
ecule (Silva et al. 2017).

P. Vázquez-Villegas and O. Aguilar
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Bench-scale systems can be employed after the ATPS is selected by direct 
scaling-up of the modular device. Studies have demonstrated that even when other 
kind of equipment is employed, the partitioning behavior of that given molecule is 
maintained at this scale. At this stage, other parameters can be varied in order to 
improve yields of certain particle that want to be recovered in higher amounts. Most 
of the model proteins that have been recovered in these kinds of systems come from 
fermentation products that can be also scaled up to several liters. An important 
advantage in this scale is that different modalities of the equipment can be studied, 
such as multistage arrangements or phase recycling, or can be adapted to other 
phases of the biomolecule recovery process, directly, because of the flow streams 
that are constantly supplied.

Continuous systems have been scaled up to pilot plants. The most common 
application is the recovery of antibodies from cell cultures. The advantage of pilot 
plant ATPS continuous processes is that the operational variables of the system can 
be studied in order to further apply them at an industrial level, whether if the phases 
are recycled or if back extraction is being applied. Also, as most of the instruments 
for flow control and temperature and pressure sensing, for example, are more devel-
oped for this scale, the system can be better controlled for some of these parameters, 
as well as agitation and phase behavior given the material of the walls of the system, 
en route to industrial implementation of the system. In Fig. 8.4, there is a summary 
of the characteristics of each of these stages of the proposed platform and the data 

Fig. 8.3  Recommended platform to develop a continuous process
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that can be obtained at each stage. The selection of the starting point in either case 
will depend on the information available from the DOE or previous literature regard-
ing the recovery for a specific bioproduct. In general, the first two stages could 
allow the implementation of different factors (back extraction, recycling, multi-
stage, etc.) aiming to improve performance at pilot plant scale shortening times and 
resources.

8.6	 �Microdevice-Assisted Approach for ATPS 
Characterization

The miniaturization of continuous ATPS processes highlights some characteristics 
of the ATPS previously unknown while studying the partition behavior of certain 
high valuable pharmaceutical biomolecules (Rosa et  al. 2013; Hardt and Hahn 
2012; Ingram et al. 2013). This allows the shortening of data acquisition for the 
optimal partition parameters and makes more efficient the use of resources.

Under certain flow conditions, ATPS could be formed continuously inside a 
microchannel, starting from stocks of phase components. Micromixers included 
within the device, sequentially and rapidly, prepare two-phase systems across an 
entire range of useful phase compositions. Two-phase diagrams (binodal curves) 
can easily be prepared using the cloud-point method for systems of different com-
ponents. In-line agitation system gives the possibility of increasing the diffusion of 
molecules through the chaotic mixing generated on a laminar flow of adjacent 
streams. This may allow the collection of preliminary data to work with continuous 
devices at bench scale. It is important to work with laminar flows and avoid 

Fig. 8.4  Characteristics and obtained data of the stages of scaling platforms for continuous ATPS 
processes

P. Vázquez-Villegas and O. Aguilar



151

Rayleigh-Plateau instabilities (perturbation of a jet of fluid of a dispersed phase 
with lower viscosity, into droplets inside a continuous phase) when working with 
flows lower than 100 μL/min. This is because the laminar behavior allows for higher 
reproducibility and no axial dependence on partitioning.

In batch systems, the difference in the density of the phases is responsible of the 
time needed for two phases, coalescence and sedimentation (Kim et al. 2010); how-
ever, at microscopic level, this difference seems to be insignificant, compared to 
other properties of the phases such as viscosity and interfacial tension (Geschiere 
et al. 2012). This may be one possible reason for the instantaneous phase formation 
after the micromixer; thus, the microchannel length is not a limitation.

However, an important restriction in microdevice operation to create the binodal 
curves was that the total flow inside the microchannel should be enough in order to 
avoid Rayleigh-Plateau instabilities (Moon et al. 2015) but not so high to generate 
backflow in the inlet channels of the microdevice. These operational limits will vary 
according to the nature of the components used (i.e., component concentrations or 
polymer molecular weight). As explained by Kim et  al. (2010), this behavior is 
owed to viscosity and hydrophilicity (contact angle and superficial tension) and can 
be overcome by decreasing the contact angle among flows and adding mechanisms 
of passive control such as internal valves or by capillary action.

By connecting tubing at the outlet streams, the design can be used to recover 
samples of the phases and to obtain the partition coefficients. The time frame needed 
to collect samples will depend on the flow rate of the phase component streams. The 
time needed to recover the necessary amount of sample could be decreased if a 
direct technique to measure proteins is implemented (i.e., NanoDrop, PDA flow 
cell, etc.) or in-line systems for biomolecule detection are employed.

The employment of two highly viscous fluids to form an ATPS, such as polyeth-
ylene glycol and dextran, implies higher times to reach equilibrium. With the use of 
a micromixer such as the one proposed in this work, that issue could be minimized, 
and given polymer concentrations can lead to phase formation.

In using microdevices to run ATPS, different biomolecules have been recovered, 
for example, cells, bovine serum albumin, proteins such as invertase from yeast, 
antibodies, etc. However, the differences observed may be explained due to a more 
efficient mixing at the microscale and the effect of the gravity that drives phase 
separation at the bench scale and not at the microscale, as pointed by Tsukamoto 
et al. (2009). However, the microdevice can be employed to select a given kind of 
phase components for further scale-up. The advantage of this approach dwells in the 
employment of a micrometric amount of phase components and sample to select 
and optimize the ATPS in minutes, previous to a scaled application to meet larger 
productivities. The partition coefficient will be consistent between the bench-scale 
device and the microscale, as long as the geometry of equipment is preserved. This 
could boost the use of ATPS at larger scales, in order to work with new systems and 
increase the database that nowadays exists in the field, which will contribute to 
integrate ATPS as a viable easy-to-setup unit operation for the primary recovery of 
biomolecules at pilot and industrial scale.
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8.7	 �Multistage, Bench-Scale Systems

Multistage systems are typically more efficient in terms of selectivity, enrichment, 
and throughput than a single stage (Rosa et al. 2009a; Luo et al. 2013). With this 
mode of operation, more solute is transferred from raffinate to the extractive phase 
when raffinate enters into contact with fresh new solvent, increasing impurities 
removal. Additionally, with repeated equilibrations using a small amount of solvent 
more material is removed than when using a single extraction with large volume, 
avoiding the waste of solvent and dilution of the extract (Geankoplis 1993). There 
are substantial examples of multistage applications on ATPS. However, all of them 
are best suited for the commonly liquid-liquid extraction procedures carried out 
with typical solvents in the chemical industry. Mixing and settling can occur in the 
same vessel, allowing higher throughputs and smaller footprint.

In polymer-salt systems, it is preferred that enzyme and impurities partition to 
opposite phases and enrichment of the final product preferred in the bottom-phase 
outlet, since removal of the phase-forming components would be easier. To calcu-
late the number of stages of countercurrent approach, some methods, such as the 
mass transfer unit method, have been employed. The calculated number of transfer 
units is not exactly the number of stages in most of the cases (using this would be 
costly), but is a useful parameter to have an idea of the efficiency of the system.

8.7.1	 �Continuous ATPS at Bench Scale for Antibody Purification

It has been demonstrated that immunoglobulin G (IgG) can be successfully extracted 
with ATPS (Silva et  al. 2012). Some continuous operation has been studied and 
documented in literature (Vazquez-Villegas et al. 2011; Cavalcanti et al. 2008; Porto 
et al. 2010; Rosa et al. 2013; Espitia-Saloma et al. 2014). The growing market for 
the monoclonal antibodies and the constant need for more economically attractive 
large-scale production processes make the studies of novel efficient continuous 
recovery processes more appealing (Rosa et al. 2013).

Silva and collaborators (2012) have shown that IgG can be effectively partitioned 
within microfluidic platforms. Microfluidic approaches allow the use of minimal 
reagent quantities and a quick evaluation of a larger number of ATPS compositions, 
just adjusting the phase component’s flow ratios (Hardt and Hahn 2012). The micro-
fluidic approach proposed here effectively used to perform a quick and general 
screening of the main partition behavior of a molecule of interest could be a trust-
worthy tool to accelerate the bioprocess design.

Examples of multistage, bench-scale approach can be found in the literature. The 
main studied devices include multiplate column contactors and mixer-settler con-
figurations demonstrating potential for an industrial scale process (Rosa et  al. 
2009a, b; Vazquez-Villegas et al. 2015; Prinz et al. 2014; Eggersgluess et al. 2014). 
The recovery of monoclonal antibodies has been carried out by using 3.45 L/h for 
outlet top phase and 2.01 L/h for outlet bottom phase in a countercurrent column 
extraction (2043  mm2 of expanded cross-sectional area) using a polyethylene 
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glycol-phosphate system (Rosa et al. 2012). A steady state was reached in 4–5 h 
according to the authors. Eggersgluess et al. (2014) suggested a mixer-settler bat-
tery (40 mL mixers and 80 mL settlers) of ten stages for a polyethylene glycol-
phosphate system (12% PEG, 18% PO4), using 6 and 18 g/min of light and heavy 
phases, respectively, with 4 h of residence time. Prinz and collaborators (2014) 
recovered laccase from fermented broths using a mixer-settler unit with three stages 
(pump mixer of 65 mL and settler of 135 mL) reaching a steady state after 7 h with 
0.3 L/h. Rosa et  al. (2009b) simulated a five-stage multistage batch process to 
recover IgG in a polyethylene glycol-phosphate ATPS with 10% w/w of sodium 
chloride, predicting an 89% recovery. Diffusive mass transfer has been demon-
strated to be superior in countercurrent flow (Eggersgluess et al. 2014) and with the 
increment of mixing stages resulting in more IgG transferred to the bottom phase 
(Espitia-Saloma et al. 2016).

Rito-Palomares and Lydiatt (1996) carried out a partial recycling of top phase 
demonstrating a useful approach to reduce raw material consumption with minor 
effects on the extraction performance of enzymes. Espitia-Saloma and coworkers 
(2016) investigated the effect of recycling in a continuous, multistage ATPS on the 
yield and purity of IgG and observed improved performance in recovery.

There are still concerns on the application of ATPS at industrial scale related to 
the high consumption of phosphate and polyethylene glycol (PEG) and, conse-
quently, to their impact on water treatment. Although PEG is biodegradable and 
nontoxic, phosphate disposal is problematic. These bottlenecks may however be 
minimized if the recycling of both PEG and phosphate is considered (Mündges 
et  al. 2015). In general, ATPSs have demonstrated to be a potential industrially 
suited primary recovery operation for human IgG; furthermore, it has the versatility 
to be adapted to several platforms and products in order to achieve a generic and 
practical usage.

8.8	 �Processes at Pilot Plant Scale

The first description of a pilot-scale continuous process of protein purification using 
ATPS was carried out for the extraction of enzymes from animal tissue. It employed 
a system with 20% (w/w) of biomass in a PEG-salt system and was successful using 
a disk separator rather than a decanter. In this study, a computer control was 
employed for the mixing step, and the obtained protein (fourfold purification factor, 
83% recovery yield) was contained in a clarified solution suitable for further 
chromatographic methods (Boland et al. 1991). The disadvantage of this source of 
proteins is that it is expensive and animal proteins are increasingly being replaced 
by recombinant proteins produced in microbes (Boland 2002).

Containers with mechanically rotated stirrer for mixing of phase components 
and disk stack centrifuge for phase separation at pilot plant scale have been employed 
to recover enzymes from fermentation broths. The disadvantage of such equipment 
is that the centrifuge should be regularly desludged. The frequency of this will be a 
function of the biomass loading, the fineness of the homogenate, and the flow rate. 
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The interval can only be found by trial and error (Boland 2002). As an example, 
membrane-bound cholesterol oxidase from unclarified culture broth of N. rhodo-
chrous has been separated using an ethoxylated nonionic detergent-based ATPS in 
a stack centrifugal separator. Phase purity (i.e., only the studied phase, without 
contaminant phase)  was close to 100%, and enzyme recovery yielded 87–93% 
with fourfold product concentration (Minuth et al. 1997). This method, as stated by 
the authors, is time-consuming (aprox. 20 h) but not labor-intensive and requires 
little investment (Minuth et al. 1997).

A 6.25 L pilot-scale centrifugal chromatographic column has also been widely 
employed for protein separation in ATPS using polymer-salt systems. Rotor speed, 
mobile-phase flow rate, and sample loading are optimizable parameters that have 
been studied at lab scale in order to scale up the process. Potential throughputs using 
this alternative have been over the range of 40 g of products per day (Sutherland 
et al. 2008). The most important advances in centrifugal partition chromatography 
technology have come from research into the hydrodynamics and kinetics of mixing 
(Sutherland et al. 2008).

A pilot-scale packed differential contactor was evaluated for the continuous 
countercurrent aqueous two-phase extraction (ATPE) of human IgG from a Chinese 
hamster ovary cell supernatant enriched with pure protein by Rosa et al. (2012). An 
experimental setup combining the packed column with a pump mixer-settler stage 
showed to have the best performance and to be advantageous when compared to the 
IgG batch extraction. An IgG recovery yield of 85% could be obtained with about 
50% of total contaminants and more than 85% of contaminant protein removal. 
Mass transfer studies have revealed that the mass transfer was controlled by the 
PEG-rich phase. A higher efficiency could be obtained when using an extra pump 
mixer-settler stage and higher flow rates. Cunha and Aires-Barros (2002), from the 
same group, have written an extensive review of equipment employed for ATPS in 
continuous fashion.

In fact, the poor understanding of the responsible mechanisms for the partitioning 
of biomolecules in ATPS and the usually used batch equipment assembly (agitated 
vessel + centrifuge) leads to a certain reluctance from industry to embrace this unit 
operation as part of their own processes (Rito-Palomares 2004).

8.9	 �Current Challenges and Future Trends

The recovery of the bioproduct from fermentation broths and biological feedstock 
is one of the major bottlenecks in the bioprocessing industries. ATPS has shown a 
meaningful potential to be an alternative solution for contributing to downstream 
bottlenecks solution. Compared to batch systems, the continuous process involves 
shorter stabilization times and generally avoids centrifugation steps suggested in 
batch processes, allowing process integration. Only a few companies in the world, 
such as Genentech, have reported to use batch-mode ATPS for product recovery 
(Builder et al. 1993; Asenjo and Andrews 2012). Thus, there are still some issues 
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that should be addressed in order to make continuous ATPS better adopted for other 
companies.

For instance, the lack of practical rules for an effective implementation has lim-
ited their generic application at commercial scale. Column contactors and mixer-
settler devices have been the common choice for continuous ATPS processes, but 
some problems such as flooding, backmixing, emulsification, and efficiency of 
phase separation are found when working with those designs. This has raised some 
areas of opportunity identified for the practical implementation of continuous ATPS.

Mathematic modeling of scaling procedures that correlate the recovery of bio-
molecules with respect to flows and their characteristics is an opportunity area that 
has not been considered yet and that is expected to be characterized in the future. 
Different construction materials can be explored, as in the case of stainless steel for 
the static mixers or cheap acrylic configurations in order to lower initial inversion 
costs. Computational fluid dynamic simulation programs can be a valuable tool in 
order to select the best configuration. These can be further translated into theories 
about phase formation kinetics, taking in consideration the mixing energy and the 
droplet sizes (depending on the liquid characteristics).

The kind of system and their hydrodynamic characteristics are another opportu-
nity area. Although traditional polymer-salt systems are yet expected to dominate 
applications, new kinds of ATPS, such as ionic liquids, are the tracking trend. These 
systems are considered a great option for the replacement of volatile organic sol-
vents in LLE (Novak et al. 2012) and are more easily reusable and recycled (Li et al. 
2010). New compounds such as carbohydrates and thermoseparating polymers are 
also under study (De Brito Cardoso et al. 2013; Show et al. 2012; Li et al. 2002).

One of the great challenges of ATPS is to surpass the apparent unattractive eco-
nomical image. Studies comparing, in detail, the costs involved in ATPS implemen-
tation with alternative technologies are not common (Aguilar et al. 2006; Huenupi 
et al. 1999; Torres-Acosta et al. 2016). A pre-evaluation of ATPS recuperation costs 
for each biomolecule of interest should be made in order to determine the viability 
of an ATPS process.

Another important challenge is the determination of an equipment design platform. 
The tendency toward the miniaturization of continuous ATPS partition may shorten 
data acquisition for the optimal partition parameters of valuable pharmaceutical bio-
molecules and makes more efficient the use of resources (Rosa et al. 2013; Hardt and 
Hahn 2012; Ingram et  al. 2013). Meanwhile, column contactors and mixer-settler 
devices have the more solid design guidelines, including its hydrodynamic character-
ization and verification of its performance capacity. Phase recycling is a missing gap 
that should be considered for continuous operation in column contactors as well as in 
static mixer units, given the environmental impact of phase-forming compounds. 
Studies about phase recycling and the employing of new phase components is a work 
than can be accomplished as part of an integral view of the process before and after 
ATPS, including the recovery of the product of interest from the phase-forming com-
ponents. To date ion-exchange chromatography, precipitation, ultrafiltration, dialysis, 
and supercritical CO2 extraction have been considered (Li et al. 2010).
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Finally, a method to work with ATPS as a primary recovery strategy, in a fast and 
secure way for scaling up a continuous process, should be developed. In this way, 
the batch application, with its correspondent waste of material and costs, can be 
neglected and the user-related experimental variance in ATPS formulation mini-
mized. The demonstrated potential of ATPS-based continuous systems places them 
as a promising liquid-liquid extraction technology that can be successfully imple-
mented at large scales and with great potential to solve needs of biotechnological 
industry of an economical, efficient, predictable, and reliable downstream operation 
for bench- and large-scale applications.

8.10	 �Concluding Remarks

ATPS strategies have been typically performed in continuous mode using equip-
ment adapted from traditional LLE processes of the chemical industry. However, 
most of these apparatus present challenges for their application using highly viscous 
and dense phases from the different existing two-phase systems in biomolecules 
extraction. These challenges are mainly related to hydrodynamic problems such as 
flooding, backmixing, emulsification, and poor separation efficiency at the end of 
the continuous process. Thus, new platforms for continuous ATPS should be 
developed. Regarding this, microscale systems provide an excellent opportunity to 
change the actual practice of this purification technique from bench to continuous 
systems. Although this approach is already in early stages and further modeling and 
bottlenecks have to be solved, a substantial work is being done around the world in 
order to develop useful guidelines, so this liquid-liquid extraction technology could 
be successfully implemented at larger scales.
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