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Abstract

Aqueous two-phase systems (ATPS) constitute a promising process technology for the separation
and purification of biomolecules. Despite scalability and mild extraction conditions, commercial
application is scarce due to multiplicity of process variables, which lead to significant experimental
efforts towards the design of ATPS processes. The aim of this work is to study and model the
partitioning of lysozyme in ATPSs with linear and hyperbranched polymers (HBP) as phase forming
components. Dextran T40 and polyethylene glycol (PEG) polymers with a molar mass of 6000 and
8000 were chosen as linear polymers. The used HBP were hyperbranched polyester with a PEG
core and 2,2-bis(methylol)propionic acid branching units. The Lattice Cluster Theory (LCT) in
combination with the Wertheim Association Theory was used to model the studied ATPSs and the
lysozyme partitioning. The goal was partially achieved as the partitioning in the HBPs based ATPS
could not be measured. Although, the ternary systems polymer – polymer – water were successfully
modelled as well as the lysozyme partitioning coefficients in the linear polymers’ based systems.
Keywords: Aqueous Two-Phase Systems (ATPS), Lysozyme, Lattice Cluster Theory (LCT),
Whertheim Theory, Partition.

ATPS Aqueous Two Phase Systems

bis-MPA 2,2-bis(methylol)propionic acid

EOS Equation of State

FH Flory-Huggins

G2 PFLDHB-G2-PEG6k-OH

G3 PFLDHB-G3-PEG6k-OH

HBP Hyperbranched Polymers

HPLC High-performance Liquid Chromatography

LCT Lattice Cluster Theory

LLE Liquid-Liquid Equilibrium

NRTL Non Random Two Liquids

PEG Polyethylene Glycol

SAFT Statistical Association Fluid Theory

TLL Tie Line Length

UNIQUAC Universal Quasichemical

1. Introduction
Over the last 20 years a great productivity increase
took place in the biomanufacturing industry. Titers
of recombinant proteins in fermentation broths were
boosted from a scale of milligrams to grams per
litre [1]. This development was especially motivated
by the increasing market value of biopharmaceuti-
cal products, particularly antibodies and proteins
[2]. Simultaneously, downstream processing did not
keep up with the productivity improvement, despite
still being the main responsible for the production
cost of biopharmaceuticals (between 45% and 92%

[3]), thus creating a bottleneck in the biotechnolog-
ical industry [4].

Notably, therapeutic proteins require high pu-
rification values (<0,1% impurities [5]). Pro-
teins derive their functions from a complex three-
dimensional structure that can easily be lost when
subjected to pH and temperature values far from
moderate. Moreover, structural damage can be irre-
versible, leading to biomolecules without function-
ality, and therefore, value. Chromatography is a
simple process with a high resolving power that
embodies the right conditions for the purification
of biomolecules. For that reason it becomes in-
dispensable as a unit operation. However, it has
low capacity and is difficult to scale up, hence be-
ing one of the reasons for the high costs of down-
stream processing [6]. In an attempt to either re-
place chromatography or reduce the load of impu-
rities in the feedstream so that one or more chro-
matography stages can be eliminated, alternative
separation processes have been proposed. Aqueous
Two Phase Systems (ATPS) show potential to over-
come the limitations of chromatography.

ATPS are formed by mixing two hydrophilic, in-
compatible components, such as a salt and a poly-
mer, a salt and an alcohol, two hydrophilic polymers
or two surfactants in water above a critical concen-
tration [7]. These systems can be used effectively
for the separation and purification of proteins given
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that both phases consist mainly of water, and have
a low interfacial tension resulting in a low mechani-
cal stress on the proteins during the extraction pro-
cess. The practical application of ATPS has been
demonstrated on a large number of cases with ex-
cellent levels of purity and yield [8].

In an attempt to describe the phase equilibria
in ATPS, different models were developed, which
can be segregated based on divergent schools of
thought. The first modelling approaches were based
on the Othmer-Tobias [9] and Bancroft [10] equa-
tions, which required an input of experimental data
and several adjusted parameters to model the tie-
lines. Other models are based on osmotic viral ex-
pansions, reminiscent of the work of Edmond and
Ogston [11][12]. These do not require experimen-
tal data input, but involve up to three adjustable
parameters to describe the interaction between the
different components, and an extra one to account
for the temperature influence. Besides the correla-
tion equations, thermodynamic models using Equa-
tion of State (EOS) and the Gibbs excess energy
(GE) equations where also introduced to perform
calculations in order to characterize the ATPS. One
possible way is the use of EOS, such as Statisti-
cal Association Fluid Theory (SAFT)-family equa-
tions, which originated from a perturbation theory
inspired by Wertheim papers [13]. The EOS models
are useful when modelling different phase diagrams
with polymers present in the mixture, and normally
pure component data are used to fit the model pa-
rameter of an EOS as density or vapour pressure,
but depend upon high calculation efforts and the
parameters of pure components must be fitted to
phase equilibria data. The GE models have also
been applied to calculate the phase behaviour of
ATPS. These models can take into account short
range interactions, such as the Non Random Two
Liquids (NRTL), extended NRTL, Wilson or Uni-
versal Quasichemical (UNIQUAC) models, or long
range interactions, in the case of Debye-Hueckle and
Pitzer-Debye-Hueckle [14]. The drawback of the
GE models is the lack of associative interactions
which are of great importance for the thermochem-
ical modelling of liquid systems.

Lastly, there are also models based on exten-
sions of lattice theories (also GE models) such as
the Flory-Huggins (FH) theory [15] [16], which is
the classical way of describing phase behaviour in
polymer solutions. However this theory is a simple
mean-field approximation that ignores the details
of the polymer structure, and therefore, is not suit-
able for non-linear polymers. The Lattice Cluster
Theory (LCT) is an extension of the FH theory, de-
veloped by Freed and co-workers [17, 18, 19, 20, 21],
that takes into account polymer structure.

Kulaguin Chicaroux and Zeiner [22] published a

GE model based on the LCT to calculate the ATPS
taking into account on the one hand the molecular
structure, derived from the LCT, and on the other
hand the associative interactions by integrating the
Wertheim association theory [23, 24].

2. Experimental
2.1. Materials

In this study Polyethylene Glycol (PEG) 6000, PEG
8000 and dextran were used as the linear polymers
to form the ATPS, while PFLDHB-G2-PEG6k-OH
(G2) and PFLDHB-G3-PEG6k-OH (G3) were ap-
plied as the branched polymers (Table 1). All the
chemicals were used without further purification.
With the help of weak heating and magnetic stir-
ring, all polymers can be dissolved in water quickly.

The linear PEG polymers share the chemical
formula HO(C2H4O)nH. PEG 6000, from Merck
Schuchardt OHG, Hohenbrunncan, Germany, can
be characterized as a white or almost white solid
with a waxy or paraffin-like appearance. PEG 8000
is a white waxy powder from AMRESCO, 6681
Cochran Rd, United States. The chemical formula
of dextran is (C6H10O5)n and at room tempera-
ture it is a white power. It is produced by Carl
Roth GmbH + Co. KG, Karlsruhe. All the men-
tioned polymers were stored at room temperature
in a closed container opened only for experiments.

The Hyperbranched Polymers (HBP) both have
the appearance of a white crystal and are pro-
duced by Polymer Factory Sweden AB. The chemi-
cal structure of these polymers is presented in Fig-
ures 1 and 2. The HBP were stored in an airtight
container to protect from air humidity at 4°C, just
opened for the experiments.

Figure 1: Idealized structure of G2 [25].

Figure 2: Idealized structure of G3 [25].

table
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Table 1: Characteristics of the used polymers.

Sample Molar mass MW (g/mol) Polydispersity MW /Mn Number of –OH per molecule
PEG 6000 5600-6600 – 2
PEG 8000 7000-9000 – 2
Dextran 35000-45000 – –

PFLDHB-G2-PEG6k-OH 6696 1,42 8
PFLDHB-G3-PEG6k-OH 7625 1,3 16

In this work, lysozyme from hen egg white,
EC 3.2.1.17, purchased from SIGMA-ALDRICH
CHEMIE GmbH, Steinheim was used. The
lysozyme has an average molar mass of 14600 g/mol
and an activity of 120 000 U/mg. The lysozyme is a
lyophilized powder and it was stored at 4°C. For the
experiments, deionised water was used as solvent to
prepare all the solutions.

2.2. Determination of the binodal curves

The cloud point method was selected to determine
the binodal curve. Polymer aqueous solutions were
prepared with a fixed compositions. The solution
of one of the polymers was added drop-wise into a
solution of a different polymer with a known mass,
by using a syringe. The mixture was continuously
stirred using a magnetic stirrer. After the addition
of 3 ml, the mixture was observed to determine if it
turned turbid in the following 1-2 minutes. Since it
did not turn turbid, the last step was repeated until
two phases formed, thus turning the mixture turbid.
When the point on the binodal curve was obtained,
observed by the turbidity of the mixture, the added
weight was noted and 5 ml more were added. To
obtain the second point of the binodal curve, deion-
ized water was added by the same method until the
mixture turned clear. The two steps were repeated
in order to obtain points from all the binodal curve.
The experiment was conducted at room tempera-
ture. The titration was performed for the systems
PEG 6000 – Dextran – Water, PEG 8000 – Dextran
– Water and G2 – Dextran – Water.

2.3. HPLC method

Size-exclusion, High-performance Liquid Chro-
matography (HPLC) system consisted of an auto
sampler AS 4000, an interface D6000A, a pump
L6200 from Hitachi/Merck, a column oven from
Shimadzu, a refractive index detector K2301 from
Herbert Knauer GmbH and one SUPREMA 100 A
column was used. The mobile phase was Millipore
water and the stationary phase was a polyhydrox-
ymethacrylate copolymer network. Millipore water
was also used as washing liquid for the auto sam-
pler. No buffer was used.

The method was chosen considering that the
peaks of the analysed polymers need to have reten-
tion times that ensure a good area of analysis. In

the used column, the analysed polymers have bor-
dering retention times, so to optimize the resolu-
tion the maximum column temperature, 80°C, was
used. In Table 2, a summary of the method and
measurement time is presented, and in Figure 3 the
resultant chromatogram for each mixture.

Table 2: Summary of the methods and measure-
ment times at 80°C.

Flow (ml/min) Time (min)
PEG 6000 – Dex 0,2 62
PEG 8000 – Dex 0,2 64

G2 – Dex 0,2 70
G3 – Dex 0,2 70

In Figure 3 it is possible to observe several peaks
with retention times different from the peaks used
to analyse the polymers of the mixture, which are a
consequence of the polydispersity of the HBP and
dextran. Most of these peaks can be ignored as
they have very different retention times comparing
to the main peaks, except the peak with a retention
time of approximately 67 min (seen in (c) and (d)
of Figure 3), which has some interference with the
HBP peak. However, as it also appears on the cal-
ibration chromatograms without compromising the
quality of the calibration curve, it was considered
not to interfere with the measurement.

2.4. Calibration of the polymers

The calibration was performed for a concentration
range of 0,01 to 0,2 wt% for PEG 6000, PEG 8000
and the HBP G2 and G3. For dextran the con-
centration range was of 0,01 to 0,3 wt%. In this
step, Millipore water was used as diluter, eluent
and washing liquid for the auto sampler. All the
solutions were prepared at room temperature. The
measurements were made in a balance scale with an
accuracy of 0.0001 g. Bulk solutions were prepared
for each polymer. The remaining solutions were
prepared by diluting the bulk solutions with water.
To determine the standard curves, the areas in the
chromatography diagrams for each polymer with
different concentrations were analysed with the use
of OriginLab 9.0.
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Figure 3: Chromatogram obtained from the studied
aqueous solution at 80°C with a flow rate of 0,2
ml/min. (a) PEG 6000 – dextran 40 (b) PEG 8000
– dextran 40 (e) G2 – dextran 40 (d) G3 – dextran
40.

2.5. Determination of Tie Lines

Firstly, within the binodal curve, some ATPSs for
each system were prepared. Then the prepared so-
lutions were stirred with magnets stirring for 1-3
hours and put in a 25°C water bath for 72 hours
to reach equilibrium – complete phase separation.
After 72 hours, the two phases were separated with
a syringe. Considering the limited interval of cali-
bration, both the top and bottom phases were di-
luted with an appropriate amount of Millipore wa-
ter. Thus, the concentration of each component in
the two phases was measured with HPLC. To con-
trol the quality of the tie lines, the Lever Rule was
applied. When the de-mixing point of the ATPS
lies on the tie line, which was created by connecting
two composition points for each phase, experiments
were performed with acceptable accuracy.

2.6. Partitioning of the Lysozyme

Regarding the partitioning, two tie-lines were anal-
ysed for each type of system. The systems were
prepared with two lysozyme concentrations, 0,3 and
1 wt %. The lysozyme absorbance was measured
at 220 nm given that it was proven in this work

that, at that wavelength, the linear polymers didn’t
influence the absorbance measurement for solution
with a concentration lower than 1% of polymer. For
the HBP, a calibration curve of the polymers was
made in order to, knowing the polymer concentra-
tion, subtract the correspondent absorbance to the
measured in the solution.

The systems were prepared and the lie lines were
obtained with the same method as already men-
tioned. For the linear polymers, duplicates were
made for each system.

To measure the lysozyme concentration in each
phase, the solutions were diluted with Millipore wa-
ter. A calibration was carried out with a concen-
tration range of 0,001-0,01 wt % of lysozyme. The
calibration solutions were prepared from two bulk
solutions, a first one with 0,2 wt % of lysozyme
and a second one with 0,1 wt %. The lysozyme
was dissolved in water and the amount of both
was weighted on a scale with accuracy of 0,0001
g. Other samples with lower concentration were di-
luted from the bulk solution by adding Millipore
water. The two bulk solutions were prepared on
different days, and the measurement of respecting
diluted solutions also, confirming the applicability
of the calibration.

A UVmini-1240 UV-Vis spectrophotometer from
Shimadzu Corporation, a BRAND UV-Cuvette
UV-Transparent Spectrophotometry were used to
make all the spectrophotometric measurements. A
NEW UV DATA MANAGER from Shimadzu Cor-
poration was the used software to manage the data.

3. Model
3.1. Lattice Cluster Theory
Freed and co-workers [17, 18, 19, 20, 21] improved
the FH theory by identifying and understanding its
deficiencies, and calculating corrections. On the
basis of de Gennes’ work [26] treating long chain
molecules as a self-avoiding walk on a lattice by
the use of spins they developed the LCT for long
chain molecules with different architectures. In this
study, a LCT model applicable for a multicompo-
nent polymer solution/blend, from Kulaguin and
Zeiner [22] is used.

The LCT derives in the form of a cluster expan-
sion in the inverse coordination number 1/z and the
reduced interaction energy ∆εij/kBT . Using Tables
I-III [18] and the corrections given in [19], Equation
(1) is defined for the Gibbs free energy contribution
of the LCT, GLCT , for an incompressible LCT with
multi-components.

GLCT

NLRT
=

n∑
i=1

Φi

Mi
ln (Φi)−

∆S

NLRT
− ∆E1

NLRT
− ∆E2

NLRT

(1)
The first term of Equation (1) emerges as the
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contribution of the classical FH entropy, ∆S is the
non-combinatorial correction term of the entropy,
and ∆E1 and ∆E2 are the energy contributions of
first and second order.

The correction term of the entropy and the en-
ergy contributions are calculated with the use of
Equations 4, 10 and 17 of [22].

The calculated corrections are implemented in
the model used, as the terms XS

i , Xε
i and Xε2

i ,
defined by Equations 5 to 9, 11 to 16 and 18 to 25
of [22], including a temperature-independent contri-
bution to the χ parameter that arises from the cor-
rections introduced by the chain connectivity and
excludes volume constraints. In the X terms, two
structural parameters, b3,i and b4,i – the number of
branching points of three and four – are introduced
in order to account for the chains’ architecture. The
use of this structural parameters assumes that there
are at least two segments between two branching
points, which for the used hyperbranched polymer
this assumption is fulfilled. To consider the short
chain branching the equations given in [27] have to
be used. The advantage of the equations of this
work is the simple way of describing the architec-
ture and the reduced number of parameters.

In the framework of LCT, the interaction param-
eter ∆εij is related to one contact point between
segments. Hence, the product of coordination num-
ber and interaction energy describes the interaction
of one segment. When the coordination number z
tends to infinity (z →∞), ∆S

NLRT , ∆E1

NLRT and ∆E2

NLRT
tend to zero, i.e., the entropic LCT-contribution is
reduced to the classical FH entropy and, in case the
interaction energy also tends to zero (∆εij → 0),
the energy contributions are reduced to the FH
χ−parameter.

3.2. Wertheim theory

In the systems to be studied in this work it is im-
portant to describe the molecules’ association, as
the Dextran T40 molecules have 3 OH-groups per
glucose unit and the PEG/HB has the association
sites on the oxygen.

Wertheim [23, 24] developed one theory that
treats the associative bonds as directional forces be-
tween two association sites. This theory takes into
account self and cross associations, i.e., between
molecules of the same type and different types. The
Wertheim theory was transferred on a fully occu-
pied lattice, so an incompressible fluid is regarded.
As a result of the application of the Wertheim the-
ory, the Gibbs energy has the extra addition (2)[28].

Gasso

NLRT
=
∑
i

Φi

[∑
Ai

[
ln (XAi

)− XAi

2

]
+

1

2
Nasso

i

]
(2)

Where Nasso
i is the number of association sites

per segments of component i, and XAi
are the non-

bonded segment fractions.
To apply this theory it is necessary to identify ev-

ery associative site in the studied molecules [23, 24],
which are divided by class according to the type of
group that is responsible for the association, such
as OH, amine or carbonyl. The non-bonded seg-
ment fractions can be calculated with Equation (3)
[29][28]

XAi
=

1 +
∑
j

∑
Bj

ΦjXBj
∆ij

−1

(3)

The cross association strength between two
molecules ∆ij is defined as:

∆ij = Kasso
ij

[
exp

(
εassoij

kBT

)
− 1

]
(4)

where Kasso
ij is the association volume and εassoij

is the association energy between two segments of
two different components. These cross association
parameters are calculated based on the self associa-
tion ones, that must be fitted to experimental data:

Kasso
ij =

Kasso
ii +Kasso

jj

2
(5)

εassoij = (1− kij)
√
εassoii εassojj (6)

where the parameter kij is introduced to consider
the deviation of the association energy from the ge-
ometrical mixing rule, i.e., the difference between√
εassoii εassojj and εassoij ; Kasso

ii or Kasso
jj , and εassoii

or εassojj are the association volumes and the associ-
ation energies of one single component, respectively.

Finally, the total Gibbs free energy of the sys-
tems, when accounting for the architecture and the
association interaction, is defined as:

Gmix

NLRT
=

Gasso

NLRT
+
GLCT

NLRT
(7)

4. Results
The Liquid-Liquid Equilibrium (LLE) was calcu-
lated with the Programming Software Free Pas-
cal V2.6.4. The LCT+Wertheim model, which has
been introduced in the theoretical part, has already
been implemented to the program by Laboratory
of Fluid Separations, TU Dortmund. Therefore, no
programming work is required any more. The only
work that needs to be done is calculating with this
already existing program.

4.1. Liquid-liquid equilibria for the lysozyme-water
system

The parameters describing the LLE of the binary
subsystem lysozyme-water were be adjusted to ex-
perimental data, Figure 4. This step facilitates
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the parameter adjustment in the quaternary sys-
tem, where the partitioning of the lysozyme is cal-
culated. For the modelling of the LLE of lysozyme
solution, a linear structure will be considered and
the 3D configuration will not be taken into account.
The number of segments was defined based on the
amino acids of the protein, so it equals 147, and the
branching parameters are zero. The binary inter-
action, association and LCT parameters were fitted
to the experimental results, and are presented in
Table 3.

0 , 0 0 0 , 0 5 0 , 1 0 0 , 1 5 0 , 2 0 0 , 2 5 0 , 3 0 0 , 3 5 0 , 4 0 0 , 4 5 0 , 5 0 0 , 5 5
2 6 4

2 6 6

2 6 8

2 7 0

2 7 2

2 7 4

2 7 6

2 7 8

2 8 0
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K)

C o n c e n t r a t i o n  ( %  ( w / w )

Figure 4: Liquid-liquid equilibrium of aqueous
lysozyme solution. Symbols are experimental data
[�]; The broken line is the model. Experimental
data taken from Taratuta et al [30], from solutions
in phosphate buffer with a pH of 7.

Table 3: Binary interaction, association and LCT
parameters for the aqueous lysozyme solution.

Binary interaction energy (
∆εij
kB

) [K] -25

Association energy (
εasso
ij

kB
) [K] 559

Association parameter (Kasso
ij ) 0,1

Deviation of the geometrical mixing rule (kij) 0,1

4.2. Liquid-liquid equilibria for ternary systems
The systems with linear polymers (PEG 6000/Dex-
tran 40 and PEG 8000/Dextran 40) are calculated
maintaining the LCT and Wertheim parameters co-
herent. The association parameters, association en-

ergy (
εasso
ii

kB
) and association volume (Kasso

ii ) of the
pure solvent and the linear polymers were the first
to be defined, based on former articles [22]. In
the calculations for the linear polymer systems, the
structural parameters taken into account are the
molar mass of each component, MM i, and the cor-
responding number of segments, Mi. In this case,
give the linear structure, the number of branching
points of 3, b3,i, and 4, b4,i is zero. For the PEG
polymer the number of segments is calculated by
setting the segment size as the molar mass of the

solvent, in this case water, meaning that each seg-
ment has a molar mass of 18 g/mol, therefore, PEG
6000 has 333 segments and PEG 8000 has 444 seg-
ments. The dextran molecule has rings as part of its
structure, which cannot be described by the LCT.
Considering that the space occupied by the glucose
rings cannot be disregarded, for each ring an ex-
tra segment is accounted for. Thus, the number of
segments per glucose is set as 7 – the number of
carbons plus one. The dextran occupies 1597 seg-
ments. The interaction parameters were adjusted
to the experimental data, and are presented in Ta-
ble 4.

Table 4: Interaction parameters of LCT+Wertheim
for systems with linear polymers.

PEG 6000 - water -5,4
PEG 8000 - water -4,8
Dextran - water -9,5

Dextran - PEG 6000 14,5
Dextran - PEG 8000 13,5

In addition to the molecular structure parame-
ters, the coordination number z also needs to be
fixed. It describes the number of neighbour seg-
ments or next segments in the liquid. Originally,
the LCT was developed at z=6, as a cubic lattice
[17]. In this work, the coordination is also consid-
ered as 6. The modelled ATPS and the correspon-
dent experimental data are illustrated in Figures 5
and 6. Symbols are experimental data [�]; The bro-
ken lines are the measured tie lines; the full lines are
the modelled tie lines and binodal curve.

0 5 1 0 1 5 2 0 2 5 3 0
0

5

1 0

1 5

2 0

2 5

3 0
7 0

7 5

8 0

8 5

9 0

9 5

1 0 0

D e x t r a nW a t e
r

P E G  6 0 0 0

Figure 5: Experimental and LCT+Wertheim mod-
elled points of ATPS consisting of linear polymers.
ATPS consisting of PEG 6000 – dextran 40 – water.

The binodal curve can be described in good ac-
cordance with experimental data, but there are
some deviations of the calculated tie lines and
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0 5 1 0 1 5 2 0 2 5 3 0

7 0

7 5

8 0

8 5

9 0

9 5

1 0 0 0

5

1 0

1 5

2 0

2 5

3 0

D e x t r a nW a t e
r

P E G  8 0 0 0

Figure 6: Experimental and LCT+Wertheim mod-
elled points of ATPS consisting of linear polymers.
ATPS consisting of PEG 8000 – dextran 40 – water.

Table 5: Interaction parameters of LCT and
Wertheim Association for the HBP.

G2-Dextran 20
G2-Water -5
G3-Dextran 15
G3-Water -6

the experimental ones. The bigger deviations cor-
respond to the tie-lines near the critical point,
which are obtain with a bigger error experimen-
tally, give that the equilibrium is more difficult
to achieve. Although there are deviations in the
tie lines, the agreement between experimental and
modelling data is good for the linear system. There-
fore, this LCT-Wertheim model can be applied
to describe liquid-liquid equilibrium of PEG6000-
Dextran-water and PEG8000-Dextran-water sys-
tem, and it will be used to calculate the lysozyme
partitioning in these systems.

The architecture of the HBPs will be determined
by the chemical structure of the molecules, sim-
ilar to former articles [22]. The HBPs are com-
posed by a core of PEG its branching units are 2,2-
bis(methylol)propionic acid (bis-MPA). The num-
ber of segments were defined considering that each
bis-MPA molecule occupies 5 segments of the lat-
tice, thus defining that each segment has a molar
mass of 27. G2 occupies 248 segments and has one
branching point of 3, and G3 occupies 346 lattice
sites and has three branching points off 3. The
interaction and association parameters where ad-
justed to the experimental data. The calculated
and experimental values for both polymers are pre-
sented in Figures 7 and 8 and the used adjusted
parameters can be found in Tables 5 and 6.

For the ATPS formed by G2 polymer, the bin-

0 5 1 0 1 5 2 0 2 5 3 0 3 5
0

5

1 0

1 5

2 0

2 5

3 0

3 5
6 5

7 0

7 5

8 0

8 5

9 0

9 5

1 0 0

D e x t r a nW a t e
r

P F L D H B - G 2 - O H

Figure 7: ATPS consisting of G2 – dextran 40 –
water.

0 5 1 0 1 5 2 0 2 5 3 0
0

5

1 0

1 5

2 0

2 5

3 0
7 0

7 5

8 0

8 5

9 0

9 5

1 0 0

D e x t r a nW a t e
r

P F L D H B - G 3 - O H

Figure 8: ATPS consisting of G3 – dextran 40 –
water.

odal curve can be described in good accordance
with experimental data, but there are big devia-
tions between the calculated tie lines and the exper-
imental ones. This can be explained by the chosen
structural parameters, as these are the very influ-
ential parameters in the tie-line slope. Defining the
bis-MPA monomer as occupying five segments in
the lattice allows for good tie-line calculations for
the G3 system, as can be seen in Figure 8, although
this consideration did not apply for the G2 system.
One reason for this could be the polydispersity of
the HBP and the dextran. Consideration of disper-
sity can be an option to optimize the model. Sim-
ilar systems, as PEG4000-dextran110, PEG10000-
dextran40 and PEG10000-dextran110, can also be
modelled with LCT and Wertheim theory [31]. Al-
though deviations appear in some systems, this
model can be accepted to describe the LLE of ATPS
consisting of two polymers.

Additionally, a comparison can be made between
the linear and the hyperbranched systems, PEG
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Table 6: Association parameters of LCT and
Wertheim Association for the HBP.

Association Energy Association Volume

G2 785 G2 0,0055
G3 779 G3 0,009
kassoG2−Water 0
kassoG3−Water 0
kassoG2−Dextran 0,085
kassoG3−Dextran 0,045

0 5 1 0 1 5 2 0 2 5 3 0
0

5

1 0

1 5

2 0

2 5

3 0
7 0

7 5

8 0

8 5

9 0

9 5

1 0 0

D e x t r a nW a t e
r

P E G  8 0 0 0 / G 3

Figure 9: Experimental and LCT+Wertheim mod-
elled points of ATPS consisting of G2 – Dextran –
water and PEG 8000 – Dextran – water.

8000 system is compared with G3 in Figure 9.
Comparing the ATPS based on the HBP and the
ATPS including the PEG 6000 and 8000, it can be
seen that the ATPS containing linear polymers has
steeper tie lines. One disadvantage of the ATPS
based on HBP is that the weight fraction of HBP
polymer of the top (HBP-rich) phase is higher than
in the ATPS containing linear polymers, which re-
sults in a higher requirement of HBP to form an
ATPS. This fact is confirmed by the translation of
the critical point in the ternary system to the right,
meaning the minimum required amount of polymers
to form an ATPS is larger for the systems contain-
ing HBP.

4.3. Partitioning

In the linear polymers based systems with 1% of
lysozyme and in the HBP based a white deposit
was detected in the interface, resulting of lysozyme
precipitation. For the linear and HBP, the tie-lines
show no deviation from the ones measured without
lysozyme.

The partition coefficient of the lysozyme, KP ,
was calculated with Equation (8) and the Tie Line
Length (TLL) using Equation (9).

KP =
Ci,BP

Ci,TP
(8)

TLL =
√

(C1,TP − C1,BP )2 + ...+ (Cn,TP − Cn,BP )2

(9)

Where Ci,TP and Ci,BP correspond to the equi-
librium concentration of the protein in the top and
bottom phases, respectively.

The obtained partition coefficients for ATPS with
linear polymers as phase forming components are
presented in Figure 10, with the correspondent de-
viations. It is possible to observe that for a lower
protein concentration, 0,3 wt %, the partition co-
efficient increases with the TLL, but for a higher
protein concentration, 1 wt %, the opposite occurs.
In both cases, more partitioning is observed for an
increasing TLL. Furthermore, the partitioning be-
haviour depends on the molar weight of the PEG
used, since in the systems formed by PEG 6000 the
lysozyme partitions to the bottom but in the case
of PEG 8000 it partitions to the top.

1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4 2 5 2 6 2 7 2 8
0 , 8 0
0 , 8 5
0 , 9 0
0 , 9 5
1 , 0 0
1 , 0 5
1 , 1 0
1 , 1 5
1 , 2 0
1 , 2 5

Pa
rtit

ion

T L L

Figure 10: Partition coefficient experimentally ob-
tained for ATPS formed by linear polymers PEG
6000 – Dextran (squares) and PEG 8000 – Dextran
(triangles). The filled symbols correspond to sys-
tems with 0,3 wt % of lysozyme and the unfilled
ones correspond to systems prepared with 1 wt %
of lysozyme.

Considering the systems with 0,3 wt %, for a
higher concentration of PEG, longer TLL, a larger
amount of lysozyme partitions to the bottom phase,
which can be explained by the solubility decrease
in the PEG phase. Moreover, the systems with
PEG 8000 show a higher partitioning behaviour for
a given TLL. This may be related with the solubil-
ity of lysozyme in PEG solutions, since it decreases
with PEG concentration e polymerization [32][33].

However, the measured concentrations for the
systems with 1 wt % of lysozyme were unexpected,
which can be related with the higher protein con-
centration, which may cause the precipitation of
some of the protein in the interface of the systems.
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Since the solubility in the PEG solution was veri-
fied in literature, a possible explanation may be a
low solubility in the dextran phase. This would
cause the protein to precipitate when in contact
with that phase, lowering the partitioning coeffi-
cient. This effect would be more significant as the
TLL increases, since then the dextran concentra-
tion increases as well. Furthermore, in Figure 10 it
is possible to observe a tendency of the points with
higher protein concentration, which suggests an in-
dependence from the PEG molar mass, and agrees
with the given interpretation.

The interaction between the lysozyme and the
phase forming polymers was modelled using a
quaternary LCT model in combination with the
Wertheim.For each system, PEG 6000 – dextran –
water and PEG 8000 – dextran – water, the parti-
tion for one of the tie lines was adjusted. To test the
model, the partitioning for the second tie line was
calculated and compared to the measured value. In
Figure 11 the results for a lysozyme concentration
of 0,3 wt % are presented.
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Figure 11: Partition coefficient experimentally ob-
tained for ATPS formed by linear polymers PEG
6000 – Dextran – water and PEG 6000 – Dextran –
water (filled symbols), and values calculated by the
LCT+Wertheim (unfilled symbols), for a lysozyme
concentration of 0,3 wt %.

Comparing the modelling results with the experi-
mental data regarding the systems with 0,3 wt % of
lysozyme, the model can be considered to describe
the partitioning behaviour of the lysozyme in good
accordance with the experimental data. There-
fore, using the LCT+Wertheim model, the phase
behaviour of quaternary systems can be described
with an acceptable accuracy.

In Figure 12, the results for a lysozyme concen-
tration of 1 wt % are presented. The calculated
results do not fit the ones obtained experimentally,
which can be explained by the already mentioned

protein’s precipitation. In order to test the model
used for higher lysozyme concentrations, solubility
measurements should be made for the conditions
used in this work.
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Figure 12: Partition coefficient experimentally ob-
tained for ATPS formed by linear polymers PEG
6000 – Dextran – water and PEG 6000 – Dextran –
water (filled symbols), and values calculated by the
LCT+Wertheim (unfilled symbols), for a lysozyme
concentration of 1 wt %.

Regarding the ATPS formed by HBP, a lot of
precipitation was observed, and for that reason the
obtained results were not modelled, since they do
not represent the real behaviour of lysozyme in the
ATPS based on G2 and G3. This problem could
be solved by a test on the lysozyme solubility in
solutions with G2 and G3 polymers.

5. Conclusions
Within this work, the phase behaviour of ATPS
composed of linear polymer (PEG 6000/PEG
8000/dextran) was analysed, as well as the novel
ATPS containing branched polymers (G2/G3). The
LLE diagrams of the systems were determined by
the investigation of the binodal curves and tie-lines.
The partitioning behaviour of lysozyme in the PEG
6000 – dextran – water system and PEG 8000 –
dextran – water systems was investigated. Addi-
tionally, the quaternary systems containing both
lysozyme and HBP were also investigated. With
all the experimental results of the LLE, a ther-
modynamic calculation model with Lattice Cluster
Theory (LCT) combined with Wertheim theory was
adjusted to describe the equilibrium of the systems
with linear and branched polymers, as well as the
partitioning of the lysozyme in the linear systems.

The obtained tie-lines have acceptable deviations
to the demixing points. Reasons for these neg-
ligible deviations can be the non-complete phase
separation and the non-optimized HPLC method.
Comparing the experimental and modelled results
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regarding the binodal curves for systems contain-
ing linear and branched polymers, it can be seen
that the tie-lines of the systems containing branched
polymers have steeper tie lines, which means that
the minimum required amount of polymers to form
the system is higher when using HBP. Additionally
G2 and G3 polymers are more expensive than the
used linear polymers. Therefore, in case the HBP
based systems show an improvement on the parti-
tioning of a product, an economic analysis would
have to be made in order to understand if the im-
provement is worth the extra cost.

Modelling with LCT and Wertheim theory for
binodal curves and tie lines can achieve a good ac-
cordance between experimental and calculated data
for the systems containing linear polymers. In this
case the association parameters are constant for
both PEG 6000 and PEG 8000, and the structural
parameters were calculated taking into account the
molar mass of the polymers. The interaction pa-
rameters were adjusted for each polymer.

The modelling of the systems containing HBP
was made by adjusting all the interaction and as-
sociative parameters related with the G2 and G3
polymers to the obtained experimental data. The
structural parameters were defined by the polymers’
structure. The binodal curve was well fitted in both
systems, although the tie-lines for the G2 system
showed some deviation to the experimentally ob-
tained data. This can be explained by the polydis-
persity of the HBP, which is not considered in the
model.

The lysozyme partitioning in systems containing
linear polymers with a low protein concentration
was also successfully modelled, using a quaternary
LCT+Wertheim model. The interaction and as-
sociation parameters between lysozyme and water
were adjusted to literature data. The structural pa-
rameters were defined considering the biomolecule
as a linear polymer with an amino acid per seg-
ment. The interaction and association parameters
between the lysozyme and the polymers were de-
termined by adjustment of the partitioning to the
experimental data. The modelled partitioning be-
haviour was in good accordance with the experi-
mental data.

It was not possible to measure the lysozyme con-
centration in the HBP based systems, because a
part of the protein precipitated. In order to bet-
ter study and compare the partitioning behaviour
of biomolecules in ATPS containing HBP, solubility
measurements should be made. The binodal curve
and tie-lines were not influenced by the presence of
lysozyme in any of the systems.

In further research, dispersity of the polymer can
be considered in the model. This way, a higher ac-
curacy could be achieved. Furthermore, as in the

past [22], the model was successfully applied to cal-
culate linear polymers based systems. Moreover in
the present work it was also applied to HBP based
systems. Therefore, it can be considered that the
model has great potential to help with a more eco-
nomically favourable development of novel ATPS.
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