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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The polarity of PEG600/PPG400ATPS 
was assessed through the Owens-Wendt 
method.

• PEG increased system’s polarity via H- 
bonding with H2O; PPG showed weaker 
H2O affinity.

• Phase separation occurred when polar
ity contrast between PEG600/H₂O clus
ters and PPG400 exceeded a critical 
threshold.

• Increased polymer content lowered po
larity gap, yielding a new monophasic 
regime at D/P > 0.50.

• Owens-Wendt method is a reliable and 
sensitive tool for assessing polarity in 
ATPS.
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A B S T R A C T

Phase separation in polymer-polymer aqueous two-phase systems (ATPS) is driven by polarity differences from 
intermolecular interactions. In this study, we applied the Owens-Wendt method to evaluate polarity changes 
during the formation of polymer-polymer ATPS and to characterize their individual phases. Surface energy 
contributions of polytetrafluoroethylene (PTFE), polyethylene terephthalate (PET), high-density polyethylene 
(PE), polyurethane (PU), polyamide (PA), polyvinyl chloride (PVC), and glass were determined using water 
(H2O) and dimethyl sulfoxide (DMSO) as reference liquids. Afterward, the polarity of both binary polymer/H2O 
and the ternary PEG600/PPG400/H2O systems were determined. Binary polymer/H2O mixtures of PEG600 and 
PPG400 exhibited distinct behaviours due to the additional methyl group in PPG400, which increases its hy
drophobicity relative to PEG600. As polymer concentration increased, the overall polarity of the mixtures 
decreased for both systems. In PEG600/H2O mixtures, dispersive forces increased as hydrogen bonding between 
polymer and water molecules diminished. Conversely, PPG400/H2O mixtures displayed largely constant 
dispersive contributions, likely due to steric-driven self-aggregation of PPG400 molecules and consistent 
hydrogen bonding with water across all polymer concentrations. In ternary mixtures, the contact angle mea
surements indicated that PEG600 increases the mixtures’ polarity through strong hydrogen bonding with H2O, 
whereas PPG400 exhibits lower polarity and weaker interactions with H2O molecules. Phase separation was 
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attributed to the formation and disruption of hydrogen bonds within PEG600/H2O clusters, occurring when the 
polarity contrast between these clusters and PPG400 exceeded a critical threshold (Dispersive/Polar (D/P) ratio 
< 0.24). As polymer concentration increased and H2O content decreased, polarity differences diminished, 
leading to the reestablishment of a monophasic system due to stronger apolar intermolecular interactions be
tween polymer molecules (D/P ratio > 0.50). These findings establish the Owens-Wendt method as a reliable tool 
for assessing ATPS polarity, even in systems with ultralow interfacial tensions. This study opens new avenues for 
correlating phase polarity with ATPS formation and solute partitioning, providing a novel approach to better 
understand and optimize liquid-liquid extraction processes, and supporting the future development of tailored 
ATPS-based extraction approaches with enhanced efficiency and selectivity.

1. Introduction

Aqueous Two-Phase Systems (ATPS), also known as Aqueous 
Biphasic Systems (ABS), have been widely employed for the separation, 
extraction, and purification of various (bio)molecules, as well as for 
understanding the thermodynamics of Liquid-Liquid Phase Separation 
(LLPS) [1,2]. Their widespread study began in 1958, when Albertsson 
et al.[3] first demonstrated the formation polymer/polymer ATPS by 
combining water, methylcellulose, and dextran and their effectiveness 
in selectively partitioning proteins [1]. The high-water content of both 
coexisting phases, coupled with enhanced biocompatibility of poly
mer/polymer ATPS, made these systems the preferred choice for studies 
focused on separation and purification of biomolecules in the later de
cades [2,4,5].

Despite extensive research on these liquid-liquid extraction (LLE) 
systems, the fundamental intermolecular mechanisms and forces driving 
their formation and solute partitioning behaviour remain poorly un
derstood [6–10]. Thermodynamically, ATPS formation occurs when the 
Gibbs free energy change (ΔG) of the system becomes negative, 
favouring phase separation (i.e., indicating that phase separation is 
thermodynamically favourable) [1]. The phase separation process and 
the partitioning behaviour of solutes depend on both the chemical na
ture of the analytes and the physicochemical properties of the ATPS’ 
phases [11,12]. Among these, phase polarity plays a critical role, as it 
strongly influences the interfacial tension, and to preferential partition 
of solutes between the phases based on their relative hydro
phobicity/hydrophilicity [11,13]. The differences in the solvent prop
erties, and consequently the relative phases’ polarity, are key to the 
selective partitioning of target solutes [7,11,14]. Therefore, accurate 
determination of phase polarity is essential for understanding and 
optimizing ATPS behaviour, achieving specific extraction and purifica
tion goals [10,15,16].

The role of phase polarity has been extensively studied for different 
types of ATPS. In 2012, Freire et al. [17] reported that the phases’ po
larities of polyethylene glycol (PEG)/ionic liquid (IL) ATPS could be 
tuned through the selection of the polymer’s molecular weight or the 
chemical structure of the IL ions, allowing for control over phase sepa
ration and partition behaviour. ATPS with greater polarity differences 
between the phases in equilibrium tend to exhibit more efficient phase 
separation dynamics. The migration of target analytes between phases is 
influenced by the analytes’ polarity, size, and charge, as well as the 
polarity of ATPS coexisting phases [14,17]. Pereira et al. [18] used three 
dyes with varying polarities to evaluate the relative hydro
phobicity/hydrophilicity of different ATPS, demonstrating that under
standing ATPS polarity differences is essential for fine-tuning these 
systems to selectively separate compounds with distinct or even similar 
properties but with differences on their own relative polarities. Other 
methods for the indirect determination of ATPS phase polarities include 
the use of hydrophobicity probes [19,20], the evaluation of hydrophobic 
properties in aqueous polymeric biphasic systems compared to water
–organic solvent systems [21], or the use of computational tools to 
elucidate interactions between ATPS constituents and water [22].

To explore the molecular interactions responsible for macroscopic 
phase segregation and solute partition in ATPS, we have been studying 

ATPS composed of polyethylene glycol with a molecular weight of 
600 g/mol (PEG600), polypropylene glycol with a molecular weight of 
400 g/mol (PPG400) and H2O. In a previous work we showed that phase 
separation in these systems is primarily driven by differences in 
hydrogen bonding behaviour between the polymers and H2O [6]. By 
combining experimental data with molecular dynamics simulations, we 
demonstrated that the relative weaker interactions of PPG400 with H2O, 
attributable to its more hydrophobic character arising from an addi
tional –CH3 group per monomer, led to its self-aggregation and pro
moted phase separation [6]. These findings confirmed that the 
formation of polymer/polymer ATPS depends on the differential affinity 
of each polymer for the solvent (H2O) [8,9,23]. Although earlier studies 
have proposed indirect methods for determining ATPS polarities and 
empirical correlations to explain the phase separation behaviours in 
ATPS [7,8,24], experimental validation concerning the changes in het
eromolecular interactions and phases polarities remains limited, 
particularly if analysed within a perspective of the ATPS formation and 
partitioning mechanisms.

The Owens-Wendt method (also known as Owens-Wendt-Rabel- 
Kaelble or OWRK model) offers a means to quantify dispersion and 
polar interaction parameters in liquids, directly linking them to the 
intermolecular interactions [25]. This method has been applied to 
aqueous solutions containing salts [25] and ILs [26] using contact angle 
(CA) measurements with one polar and one non-polar reference liquid. 
Compared to other techniques, such as the acid-based theory (Oss and 
Good method [27–29]), the Zisman plot [30], and the Equation of State 
approach (Neumann method [31,32]), the OWRK method has proven 
more reliable. However, it has never been used to assess the dispersive 
and polar contributions of monophasic and biphasic regions of ATPS 
phase diagrams. It should be noted that, when applying the OWRK 
method to multicomponent mixtures, interfacial excesses and prefer
ential adsorption of components at solid surfaces may lead to surface 
compositions that differ from those of the bulk [33,34]. As a result, the 
polar and dispersive contributions from contact angle measurements 
reflect not only bulk-phase characteristics but also surface adsorption 
effects. While this limits the direct interpretation of absolute values, the 
use of solid substrates with contrasting surface energy profiles helps to 
reduce the impact of such artifacts. Consequently, the OWRK method 
remains a valuable tool for comparative analysis, enabling tracking of 
polarity changes across mixture compositions and supporting correla
tions with macroscopic phenomena such as phase separation in ATPS.

In this study, we apply the OWRK method to determine the surface 
free energy components of binary and ternary mixtures of PEG600, 
PPG400, and H2O across both monophasic and biphasic regions of the 
ternary system. The PEG600/PPG400/H2O ATPS was selected as a 
proof-of-concept, as it is representative of polymer/polymer ATPS, 
systems known for their ultralow interfacial tensions and minimal po
larity differences between coexisting phases. In previous work of our 
research group [6], we used computational tools to investigate the 
intermolecular interactions responsible for phase formation in ATPS 
composed of these two polyethers. These findings provide valuable 
support for the current study, which pioneers the use of OWRK method 
to assess the relative polarity of ATPS phases. The unique characteristics 
of polymer/polymer ATPS, and the PEG600/PPG400/H2O system, in 
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particular, make it an ideal model for demonstrating the sensitivity and 
reliability of the OWRK method.

This experimental approach captures the polarity variations within 
the immiscibility region by quantifying changes in the dispersive and 
polar forces of each phase. Initially, contact angles measurements on 
various polymeric materials surfaces using two reference liquids with 
known surface energy components, deionized water (H2O) and dimethyl 
sulfoxide (DMSO). Based on these results, three materials (glass, poly
tetrafluoroethylene (PTFE) and polyethylene (PE)) were selected for 
further measurements using different various PEG600/PPG400/H2O 
mixtures, in both monophasic and biphasic regions. The surface free 
energy of each mixture was then calculated and analysed in relation to 
composition and phase behaviour. This comprehensive study demon
strates that the OWRK method can serve as a simple and straightforward 
approach for quantifying the surface energy components of ATPS pha
ses, yielding critical insights into the role of polarity differences in phase 
behaviour and solute partitioning mechanisms. These findings support 
the future development of tailored extraction systems optimized for ef
ficiency and selectivity in solute recovery.

2. Experimental section

2.1. Materials

Polyethylene glycol with a molecular weight of 600 g/mol (PEG600) 
and polypropylene glycol with a molecular weight of 400 g/mol 
(PPG400) were both purchased from Sigma-Aldrich (USA).⋅H2O used in 
this study underwent a double-distillation process, was passed through a 
reverse osmosis system, and subsequently purified with a Milli-Q plus 
185 water purification system (H2O resistivity of 18.2 MΩ⋅cm at 25 ◦C).

The solid substrates (polymeric materials) used for contact angles 
(CA) measurements included Ertalon®6 PLA (unmodified cast nylon 6 
grade, referred to hereafter as PA), PE-HD/E (extruded high density 
polyethylene with a molecular weight of 500,000 g/mol, referred to as 
PE), Ertalyte® (polyethylene terephthalate, PET), polytetrafluoro
ethylene (PTFE), polyvinyl chloride (PVC), polyurethane (PU). These 
polymeric materials were kindly provided by PolyLanema, Lda. (Aveiro, 
Portugal). Glass microscopy slides used for CA measurements were ob
tained from Thermo Fischer Scientific (Madrid, Spain).

2.2. Phases composition and tie-line determination

Tie-lines (TLs) of biphasic systems were established by determining 
the weight percentages of PEG600 and PPG400 in each coexisting phase. 
H2O content in each phase was quantified using Karl Fischer titration, 
performed with a Karl Fischer 890 Titrando instrument from Metrohm® 
(Switzerland), with an accuracy of ±0.5 %, at 25 ºC. HYDRANAL- 
methanol rapid (a reagent for accelerated volumetric one-component 
Karl Fischer titration) and HYDRANAL-Composite 5 (a methanol-free 
reagent for volumetric one-component Karl Fischer titration), both 
supplied by Sigma-Aldrich®, were used for the analysis. The polymer 
content in each phase was then calculated by subtracting the measured 
H2O content (from Karl-Fischer titration) from the total mass, and sub
sequently intersecting the resulting polymer content values with the 
binodal curve to determine tie-lines. Further details of this graphical 
method for TLs determination are exemplified in Figure S1
(Supplementary Information, SI), with the composition of each phase, 
tie-line lengths (TLL) and TL slopes being presented in Table S1 (SI). All 
experiments were conducted in triplicate.

2.3. Contact angle measurements

Contact Angle (CA) measurements were performed using a Data
physics Instruments GmbH (model OCA20, Germany). Droplets of 10 μL 
of each liquid sample were deposited onto the solid substrates at 25 ± 1 
ºC. For each sample, whether for determining the surface energy of solid 

surfaces or evaluating the test mixtures, a minimum of five measure
ments was recorded. Before and after each set of measurements, all solid 
substrates were thoroughly cleaned using tissue paper moistened with 
70 wt% aqueous ethanol solution, followed by rinsing with ultrapure 
H2O. Any remaining was gently removed using laboratory-grade, lint- 
free tissue under clean bench conditions. This procedure ensured the 
removal of any surface contaminants that could interfere with accurate 
contact angle determination.

To calculate the surface energy of the solid substrates, literature- 
reported values for the surface energy components of H2O and DMSO 
were used (Table 1) [35]. These two liquids were selected as reference 
standards, based on their prior validation for use the OWRK method [25, 
35].

The values presented in Table 1 were combined with the measured 
CA on each uncharacterized solid substrate, and used in the OWRK 
model to determine the polar and dispersive surface energy components 
of the substrates.

The characterized solid substrates with more distinct polar and 
dispersive contributions (i.e., (glass, polytetrafluoroethylene (PTFE) and 
polyethylene (PE)) were then used to determine the surface energy 
components of unknown liquid mixtures. This was achieved by 
measuring the CA of the test mixtures on at least two different solid 
substrates and applying the OWRK model to obtain surface energy 
parameters.

The tested mixture compositions, both within the monophasic and 
biphasic regions of PEG600/PPG400/H2O system, were selected based 
on the previously established ternary phase diagram at 25 ºC [6]. In 
addition, surface energy contributions of both polymer/H2O mixtures 
with varying H2O contents were also determined to support the inter
pretation of results for the ternary mixtures.

2.4. Owens-Wendt method

The surface energy of a solid material is typically determined 
through various methods, all derived from Young’s equation, which 
minimizes the total interfacial interactions among solid (S), liquid (L), 
and gas (G) interfaces (Eq.1) [25,36]: 

γSG = γSL + γLGcos(θ) (1) 

With γSG, γSL, and γLG representing the interfacial tensions at the 
solid-gas (SG), solid-liquid (SL), and liquid-gas (LG) interfaces, respec
tively, while θ is the contact angle measured between the liquid and the 
solid substrate.

However, Young’s equation does not account for the specific SL in
teractions, or the molecular-level chemical forces involved in macro
scopic CA measurements [25,36]. To address these limitations, several 
alternative models have been developed that build upon Young’s 
foundational formula, aiming to provide a more comprehensive under
standing of interfacial interactions.

One of the most widely used approaches is the OWRK model, an 
extension of Fowke’s model. This model offers deeper insight into the SL 
and LG interactions that contribute for the observed contact angles [25, 
37].

While rooted ’in Young’s equation, the OWRK model refines it by 
separating surface energy into two distinct interactions: dispersive (non- 
polar) and polar contributions (e.g., γS = γd

S + γp
S). This separation 

enables a more accurate evaluation of surface energetics and interfacial 

Table 1 
Surface energy contributions of reference liquids H2O and DMSO [35].

Reference Liquid Surface energy contributions (mJ/m2)

γL
d γL

p γL

H2O 21.8 51 72.8
DMSO 36 8 44
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phenomena, especially in complex liquid systems, allowing the deriva
tion of the geometric-mean relationship for solid-liquid interfacial ten
sion (γSL), as shown in Eq.2 [25,35]: 

γSL = γS + γL − 2
̅̅̅̅̅

γd
S

√

γd
L − 2

̅̅̅̅̅

γp
S

√

γp
L (2) 

The final equation of the OWRK model is obtained by substituting Eq. 
2 into Young’s Eq. 1, and dividing both hand-sides by 

̅̅̅̅̅
γp

L

√
to yield the 

linearized form of Owens-Wendt model (Eq. 3), as previously reported 
[25,35]: 

γL(1 + cosθ)
2

̅̅̅̅̅
γp

L

√ =

̅̅̅̅̅

γd
L

γp
L

√
̅̅̅̅̅

γd
S

√

+

̅̅̅̅̅

γp
S

√

(3) 

Using Eq. 3, the surface energy contributions of a solid substrate, 
specifically the γd

S and γp
S, can be determined by measuring the CA of at 

least two probe liquids with known polar components. In this study, the 
choice of H2O and DMSO as reference liquids due to the inherently polar 
nature of ATPS phases, which are both H2O-rich and thus exhibit sub
stantial polar contributions to surface energy. This stands in contrast to 
conventional organic/aqueous liquid-liquid systems, where the polarity 
difference between phases is often more pronounced, and in some cases, 
one of the phases may consist primarily of a dispersive (non-polar) 
liquid.

It is important to note that the linearized form of the Owens–Wendt 
model (Eq. 3) is valid only when both reference liquids contain polar 
components. If at least one reference liquid lacks a polar contribution to 
its surface energy, a different linearization must be applied, specifically, 

by dividing both sides of Eq. 2 by 
̅̅̅̅̅

γd
L

√

.
Since the total surface tension of a liquid is the sum of its dispersive 

and polar components (i.e., γL = γd
L + γp

L), the corresponding dispersive 
and polar contributions of an unknown liquid can then be determined 
using Eq. 4 [25,35]: 

̅̅̅̅̅
γd

L

√

γd
L + γp

L

̅̅̅̅̅

γd
S

√

+

̅̅̅̅̅
γp

L

√

γd
L + γP

L

̅̅̅̅̅

γp
S

√

= 0.5(1+ cosθ) (4) 

The unknown γL
p and γL

d components can be determined by measuring 
its CA on at least two solid substrates with well-characterized surface 
energy components [36,37]. By solving the resulting system of two 
equations with two unknown variables (i.e., γL

p and γL
d), the surface en

ergy components of the liquid can be accurately determined, as previ
ously demonstrated for the determination of the liquid’s surface energy 
components.

3. Results and discussion

Understanding polarity changes within an ATPS is crucial for eluci
dating the mechanisms that drive phase separation and solute parti
tioning, as polarity is closely associated with the intermolecular forces 
and thermodynamic behaviour of the system [16,18,38]. Building on 
our previous findings [6] and the theoretical framework outlined earlier, 
the novel application of OWRK model proposed in this study was carried 
out following the general procedure illustrated in Fig. 1.

Following the procedure presented in Fig. 1, the first step involved 
determining the surface energy contributions of seven solid substrates – 
PA, PE, PTFE, PET, PVC, and PU – using CA measurements with H2O and 
DMSO, in accordance with the OWRK model. Based on these results, the 
three solid substrates with the most distinct polar and dispersive surface 
energy components were selected to evaluate the surface energy com
ponents of unknown liquids, including the coexisting phases of the 
PEG600/PPG400 ATPS and aqueous solutions of PEG600 and PPG400. 
The OWRK model was then applied to quantify polarity changes by 
analysing the surface energy contributions of both binary polymer/H2O 
mixtures and ternary PEG600/PPG400/H₂O mixtures, across mono
phasic and biphasic regions. These results were then correlated with 
mixture compositions to provide molecular-level insights into the 

Fig. 1. Schematic representation of the general procedure used in this study, based on the Owens-Wendt-Rabel-Kaelble (OWRK) model.
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dispersive and polar interactions that govern phase separation in poly
mer/polymer ATPS.

3.1. Surface energy components of solid substrates

The surface energy values of seven solid substrates were initially 
determined using two reference liquids. To begin, the surface energy 
components, specifically the dispersive (γd

S) and polar (γp
S) contributions, 

of each solid substrate were determined by measuring the CA of H2O and 
DMSO on their surfaces. The measured CA values were then applied to 
Eq. 3, together with the known surface energy values of the two refer
ence liquids (as listed in Table 1), using the OWRK model. The resulting 
CA data of both probe liquids on the solid substrates, along with the 
OWRK plots used for surface energy determination, are presented in 
Fig. 2.

As shown in Fig. 2A, DMSO resulted in lower CAs (i.e., values be
tween 31.90 ± 2.53 º and 73.17 ± 2.93º) compared to H2O (i.e., values 

from 46.87 ± 5.03 º to 106.41 ± 2.92 º) on all tested solid substrates. In 
general, higher CAs indicate weaker liquid-solid interactions, reflecting 
a greater mismatch between the surface energy components of the liquid 
and the solid [39,40]. Solid polymeric materials typically exhibit higher 
CAs with H2O, as polymers tend to have a dominant dispersive surface 
energy contribution, while H2O primarily exhibits polar surface energy 
characteristics [41,42]. Consequently, since DMSO has a higher 
dispersive contribution than H2O (i.e., γL

d values of 21.8 mJ/m2 and 
36 mJ/m2 for H2O and DMSO, respectively; see Table 1), it has stronger 
interactions with the polymeric solid substrates, resulting in lower 
contact angles.

Additionally, glass exhibited significantly lower contact angles, 
particularly for H2O, compared to the polymeric material surfaces. This 
results from glass’s inherently high surface energy, which is predomi
nantly polar due to the abundance of hydroxyl groups (–OH) on its 
surface [43]. These hydroxyl groups facilitate strong interactions with 
highly polar protic solvents (i.e., solvents containing an acidic hydrogen 
capable of forming structured hydrogen bonds, such as H2O) and 

Fig. 2. Contact angle (CA) measurements (A) and Owens-Wendt (OWRK) plot (B) for all solid substrates tested using contact angles of H2O and DMSO at 25 ºC. The 
CA measurements are presented as the mean ± standard deviation, based on at least five independent measurements.
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moderately polar aprotic solvents (i.e., solvents that cannot donate 
hydrogen atoms but can act as hydrogen bond acceptors, such as 
DMSO). These interactions, primarily through hydrogen bonding and 
dipole-dipole forces, result in lower contact angles, typically ranging 
between 42 º and 47 º. In contrast, polymeric materials, with their 
overall surface energy and limited polar functionality, exhibit weaker 
interactions with polar liquids, resulting in higher contact angles, 
particularly evident with H2O [41,42]. As demonstrated by the contact 
angle measurements for H2O in Fig. 2A, the polarity of each material 
follows the trend: PTFE < PU < PA < PE < PET < PVC < Glass, with 
PTFE being the most apolar surface and glass the most polar one.

Using the linearized OWRK plot shown in Fig. 2B, the polar and 
dispersive surface energy components of the seven solid substrates were 
calculated. In these plots, the slope of the linear regressions corresponds 
to the square root of dispersive component (γS

d), while the intercept 
corresponds to the square root of the polar component (γS

p). The calcu
lated surface energy contributions are detailed in Table 2.

Table 2 shows that the glass slide exhibits the highest surface energy 
among the solid materials surfaces tested, with a strong polar contri
bution (i.e., γS = 52.03 mJ/m2, of which 40.62 mJ/m2 arises from polar 
interactions). This distinct surface energy profile is attributed to the 
abundance of hydroxyl groups on the glass surface, which promote 
strong hydrogen bonding and dipole-dipole interactions with both 
reference liquids (H2O and DMSO) [43].

In contrast, the polymeric materials displayed higher dispersive 
contributions (ranging from 18.35 to 38.44 mJ/m²) but lower total 
surface energies (maximum γS of 38.44 mJ/m2 for PE and PET) in 
comparison to glass (γS

d ¼ 11.41 mJ/m2, with a γS of 52.03 mJ/m2). 
These values are consistent with the inherently lower surface energy 
typically observed in polymers, as previously reported [42]. The most 
notable difference between the polymeric materials lies in their polar 
contributions, which range from 0.00 to 5.34 mJ/m² and closely 
correlate with their respective H2O contact angles (PTFE < PA < PU <
PE < PET < PVC < Glass). This trend indicates that the contact angle 
with H2O is a reliable measure of the polar contribution of the polymeric 
surfaces.

Given that these solid substrates were to be used for determining the 
surface energy of aqueous solutions, and that greater contrast in surface 
energy components improves the accuracy of OWRK calculations [25], 
three substrates with the most distinct surface energy profiles – glass, PE, 
and PTFE – were selected for further analysis. Moreover, the distinct 
surface energy contributions of these materials enhance their repre
sentativeness with respect to ATPS, as they span a broad range of polar 
and dispersive interactions. This diversity enables a more accurate and 
comprehensive evaluation of the surface energy characteristics of the 
studied mixtures. The polarity of each aqueous mixture was then 
determined by measuring the CA on these substrates and calculating the 
liquid’s surface energy using the OWRK model applied to the glass/PE 
and glass/PTFE combinations. For each aqueous mixture, average sur
face energy values and their corresponding dispersive and polar 

components were derived from the results with the two substrate pairs.
The following sections present the results for binary and ternary 

mixtures, relating the behaviour of monophasic and biphasic aqueous 
systems to phase polarity using the OWRK method, and offering deeper 
insight into phase separation and solute partitioning mechanisms.

3.2. Polarity of polymer/H2O binary mixtures

Before evaluating the polarities of ternary mixtures and ATPS 
coexisting phases, it is essential to first understand how the surface 
energy changes in binary aqueous mixtures containing the individual 
polymers. To this end, contact angles were measured and the corre
sponding surface energy components were calculated for PEG600/H2O 
and PPG400/H2O mixtures across varying H2O contents. This analysis 
provides insights into how the intermolecular interactions between each 
polymer and H2O evolve with composition, which is critical for under
standing the behavior of the PEG600/PPG400-based ATPS.

Contact angle measurements were performed on three solid sub
strates: glass, PTFE, and PE. The surface energy values, along with their 
polar and dispersive components, were calculated by averaging the re
sults obtained from applying the OWRK model to the glass/PTFE and 
glass/PE pairs. These values are presented in Fig. 3 for both the PEG600/ 
H2O and PPG400/H2O systems. These results serve as reference points 
for interpreting the polarity shifts observed later in the ternary mixtures 
and the ATPS coexisting phases.

The results presented in Fig. 3 show that PEG/H2O mixtures 
exhibited higher CA values than PPG400/H2O on PE and PTFE (i.e., CAs 
between 60 º and 100 º for PEG600/H2O and from 40 º to 70 º for 
PPG400/H2O). On glass, however, the CA values fall within a similar 
range, approximately 20 º to 50 º. These differences can be attributed to 
the distinct molecular structures and surface energy characteristics of 
PEG600 and PPG400.

PPG400 has a more apolar structure than PEG600 due to the pres
ence of additional methyl groups (-CH3) in its polymer backbone. These 
groups reduce H2O affinity and solubility [6,44], leading to weaker 
PPG400-H2O interactions and stronger dispersive interactions with 
more apolar surfaces, such as PE and PTFE. This promotes greater 
spreading of the PPG400/H2O mixtures on these solid substrates, 
resulting in lower CA values [42,45].

In contrast, PEG600, lack these more hydrophobic methyl groups 
and exhibits greater polarity, primarily due to its terminal hydroxyl 
(–OH) groups, which form strong hydrogen bonds with H2O. This 
interpretation is supported by our previous findings [6], which showed 
that PEG600 interacts approximately 30 % more favourably with H2O 
than PPG400 in terms of OH–OW interactions, and up to 100 % more 
favourably for OE–OW interactions as H2O content increases. The hy
drophobic methyl groups in the PPG400 chain hinder hydrogen bond 
formation, decreasing its affinity for H2O compared to PEG600 [6]. As a 
result, aqueous mixtures containing PEG600 are more polar than those 
with PPG400. Consequently, they interact less favourably with apolar 
surfaces, leading to higher CA values on PE and PTFE [43,45].

Distinct trends were also observed as polymer content increased. On 
the glass substrate, the CA values increased for both PEG600/H2O and 
PPG400/H2O mixtures, reflecting a decrease in overall mixture polarity 
as H2O content diminished due to the reduced number of H2O molecules 
interacting with the highly polar glass surface.

For PE and PTFE, the trends of the two polymer aqueous mixtures 
diverged. PEG600/H2O mixtures showed decreasing CA values with 
increasing polymer content, indicating that the mixture become more 
compatible with the apolar surfaces due to enhanced dispersive in
teractions and decreased polarity. On the other hand, CAs increased 
with polymer content in PPG400/H2O mixtures for PE and was almost 
constant for PTFE. As the latter one presents only dispersive contribu
tions in its total surface energy, the similar CA values across all polymer 
concentrations (between 62.50 ± 3.15 º and 68.23 ± 5.36 º) indicate 
that the dispersive forces of the mixtures do not change significantly 

Table 2 
Surface energy contributions of all solid substrates (i.e., Ertalon®6 PLA (un
modified cast nylon 6 grade, PA), PE-HD/E (extruded high density polyethylene 
with a molecular weight of 500,000 g/mol, PE), Ertalyte® (polyethylene tere
phthalate, PET), polytetrafluoroethylene (PTFE), polyvinyl chloride (PVC), 
polyurethane (PU), and glass), calculated using the Owens-Wendt (OWRK) 
model based on contact angle measurements with H2O and DMSO at 25 ºC.

Substrates γS
d (mJ/m2) γS

p (mJ/m2) γS (mJ/m2)

PTFE 30.45 0.00 30.46
PU 15.79 2.56 18.35
PA 26.00 2.32 28.31
PE 28.73 3.12 38.44
PET 35.24 3.20 38.44
PVC 27.57 5.34 32.92
Glass 11.41 40.62 52.03
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with composition. This behaviour is attributed to PPG400’s lower po
larity, i.e., weaker hydrogen bonding with H2O, and its tendency to self- 
associate in aqueous media [6,23]. As polymer content increases, 
self-aggregation becomes more prominent, reducing the availability of 
polymer chains to interact with the solid apolar surfaces and thereby 
limiting wetting (i.e., resulting in higher CA values). Unlike PTFE, PE has 
a polar contribution to its total surface energy (Table 2). As the 
dispersive contribution appears constant (as indicated by the behaviour 
on PTFE), the higher CA values observed for PE at higher polymer 
concentrations (increasing from 38.35 ± 1.07 º to 54.09 ± 3.71 º) are 
attributed to the decreasing number of H2O molecules in the mixtures 
with increasing polymer concentration. This decrease lowers the po
larity of the binary mixtures, leading to less polar interactions with the 
PE surface and, consequently, higher CA values.

These interpretations are supported by the corresponding surface 
energy data. As polymer content increases, the polarity of both types of 
mixtures decreases due to the lower number of H2O molecules and 
resulting reduction of hydrogen bonding. However, the dispersive forces 
behave differently. For PEG600/H2O mixtures, dispersive contributions 
increase gradually with polymer concentration, indicating a shift from 
hydrogen-bonding (polar)-dominated interactions to dispersion- 
dominated. In contrast, PPG400/H2O mixtures maintain relatively 
constant dispersive contributions across all compositions. This is 
consistent with PPG400’s lower polarity and its self-association behav
iour [6,23], which reduces the number of available nonpolar groups for 
surface interaction with apolar surfaces, and explains the almost con
stant CA values for all substrates when the test mixtures contain 80 % 
and 100 % of PPG400.

Overall, these findings emphasize the distinct intermolecular in
teractions governing the wetting behaviour of PEG600 and PPG400 
mixtures. The OWRK model effectively captures these differences, 
corroborating earlier observations that hydrogen-bonding in PEG600 
and self-aggregation PPG400 are key drivers of phase separation in 
PEG600/PPG400 ATPS [6].

Building on these insights, the next section explores the surface en
ergy characteristics of monophasic and biphasic ternary mixtures 

composed of PEG600, PPG400, and H2O, and correlates them with the 
ATPS phases’ composition and overall system polarity.

3.3. Polarity of PEG600/PPG400/H2O mixtures

The mixture points investigated in this study were selected based on 
the phase diagram profile and the analysis reported in a previous work, 
specifically mixture points B3, M4, and M5 [6]. To further investigate 
polarity variations across different regions of the ternary phase diagram, 
three additional monophasic (M) mixtures (M1, M2, and M3), corre
sponding to H2O-rich regions, and three additional mixtures (B1, B2, 
and B4) within the biphasic region were prepared and analysed. These 
nine mixture points were chosen to provide a comprehensive overview 
of the ternary phase diagram, covering a wide range of compositions and 
phase behaviours, including transitions from monophasic to biphasic 
states. This approach not only allows a better understanding of how 
phase equilibrium properties vary across different regions but also en
ables a more thorough assessment of surface energy components and 
polarity contrasts throughout the ternary system.

For biphasic mixtures, the surface energy components of each 
coexisting phase were independently determined and correlated with 
their compositions, which were obtained via tie-line (TL) analysis. This 
approach allowed for a direct evaluation of how compositional differ
ences affect phase polarity in PEG600/PPG400/H2O system. The com
plete ternary phase diagram, along the location of all evaluated mixture 
points, is shown in Fig. 4.

Based on the mixture points shown in Fig. 4, contact angles for all 
monophasic and biphasic mixtures were measured (cf. Figure S2 in SI), 
and their corresponding surface energy components were calculated 
using the OWRK model. The resulting polar and dispersive contributions 
for each mixture, and for each individual phase in the biphasic systems, 
are presented in Fig. 5.

One of the most striking features of Fig. 5 is that all ternary mixtures 
exhibit significantly lower surface energy values than pure H2O. This 
reduction is due to the presence of PEG600 and PPG400, both of which 
possess substantially lower surface free energies (35–40 mJ/m2) than 

Fig. 3. Contact angles and surface energies (total, dispersive and polar) of PEG600/H2O and PPG400/H2O mixtures at varying H2O contents. Data are shown for 
measurements conducted on glass, PTFE, and PE substrates. The columns corresponding to 0 wt% polymer represent the surface energy components of pure H2O, as 
reported in literature [35] and listed in Table 1.
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H2O (~72 mJ/m2) [35]. The incorporation of these polymers weakens 
the cohesive intermolecular forces within the system, particularly 
hydrogen bonding among H2O molecules, thereby reducing the overall 
surface energy of the polymeric aqueous solutions [41,42].

From pure H2O to M1, a decrease in the surface energy and polar 
forces is observed. However, as the polymer content increases from M1 
to M2 and M3, the system displays a clear increase in polar contributions 

constant, ranging from 34.03 ± 2.11–40.39 ± 3.35 mJ/m2, while the 
dispersive components remain relatively constant (i.e., between 11.60 
± 2.31 and 9.60 ± 3.04 mJ/m2). This behaviour is related to the dif
ferences in the interaction of PEG600 and PPG400 with H2O at 
increasing polymer concentrations. As shown in Fig. 3, PPG400 interacts 
weakly with H2O, resulting in minimal changes in the dispersive 
contribution, even at higher polymer concentration [8,23,46]. 

Fig. 4. Ternary phase diagram of PEG600/PPG400/H2O ATPS at 25 ºC. Mixtures points marked with red squares ( ) corresponded to those previously reported by 
Jorge et al.[6], while the new mixture points investigated in this study are indicated by green triangles ( ). The composition of each mixture is defined by its PEG600 
and PPG400 weight fraction (%) coordinates. The origin of the plot (0,0), point labelled H2O, corresponds to pure H2O (100 wt%). Mixture points labelled “M” and 
“B” correspond to monophasic and biphasic systems, respectively, and are ordered by decreasing H2O content. For biphasic systems, the compositions of the top and 
bottom phases, along with their respective tie-line lengths (TLL) and slopes, are provided in Table S1.

Fig. 5. Surface energy components (dispersive and polar) of the monophasic and biphasic PEG600/PPG400/H2O mixtures. Labels “T” and “B” refer to the top and 
bottom phases of each biphasic mixture, respectively (e.g., B1T and B1B correspond to the top (PPG400-rich) and bottom (PEG600-rich) phases of mixture B1). The 
red dotted square highlights the biphasic mixtures to facilitate comparison with the monophasic systems. The H2O point represents pure H2O (100 wt%), with its 
polar and dispersive components sourced from literature [35].
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Consequently, increasing the amount of PPG400 in the ternary system 
has little impact on the overall surface energy profile. In contrast, 
PEG600, is more hydrophilic and forms an increasing number of 
hydrogen bonds with H2O as its concentration increases, thereby 
enhancing the polarity characters of the ternary mixtures.

The combination of PPG400’s weak affinity for H2O and PEG600’s 
strong hydrogen bonding interactions at higher polymer concentrations 
results in a progressively more polar system. This trend correlates with 
the onset phase separation observed at B1. As the polymer content 
continues to increase, the polarity difference between PEG600–H2O 
clusters and PPG400 becomes increasingly pronounced. Once this po
larity exceeds a critical threshold, macroscopic phase separation occurs.

These observations are consistent with previous reports and are 
associated with the more hydrophilic nature of PEG600 and the hy
drophobic character of PPG400. They also reinforce the observations 
from Fig. 3, indicating that system polarity is predominantly driven by 
PEG600–H2O interactions, whereas the self-association of PPG400 
contributes to constant dispersive profile across compositions [8,23].

Upon transitioning from a monophasic to a biphasic regime (i.e., 
from M3 to B1–B4), Fig. 5 reveals a notable decline in both total surface 
energy (from 49.99 mJ/m2 in M3, to 41.27 mJ/m2 in B1T and 
46.78 mJ/m2 in B1B) and polar contributions (from 40.39 mJ/m2 in 
M3, to 29.68 mJ/m2 in B1T and 35.37 mJ/m2 in B1B) in each coexisting 
phase compared to the monophasic mixtures. This decline reflects the 
separation of PPG400 and PEG600 into distinct top and bottom phases, 
respectively, leading to a reduction in overall polarity [41,42]. Although 
PEG600 concentration increases in the bottom phase from B1 to B4, the 
total H2O content decreases (cf. Table S1), thereby reducing polarity and 
total surface energy.

In all biphasic systems, the PEG600-rich (bottom) phases consis
tently exhibit higher polarity than the PPG400-rich (top) phases. This 
disparity highlights the greater ability of PEG600 to form hydrogen 
bonds with H2O, while PPG400, being more hydrophobic and sterically 
hindered, interacts weakly with H2O and maintains a lower polarity and 
a relatively stable dispersive contribution [6,8,24].

As briefly introduced above, the observed polarity decrease in both 
phases of the biphasic ternary mixtures aligns with the behaviour of 
their corresponding PEG600-H2O and PPG400-H2O mixtures (cf. Fig. 3). 
As total polymer content increases, the H2O content in the system de
creases, limiting hydrogen bonding and leading to a lower polarity. This 
reduction is more pronounced in the PEG-rich (bottom) phases, where 
the polar contributions decrease from 35.37 ± 1.93 to 26.93 
± 2.39 mJ/m2, compared to a smaller decrease in the PPG400-rich (top) 
phase (i.e., from 29.68 ± 2.07 to 26.06 ± 1.21 mJ/m2). A similar trend 
evident in the binary mixtures: polarity decreases from 45.49 ± 3.19 to 
24.38 ± 1.42 mJ/m2 for PEG600-H2O and from 36.66 ± 2.38 to 27.81 
± 2.34 mJ/m2 for the PPG400-H2O binary mixtures, as polymer content 
increases from 20 % to 100 %. The more substantial drop in the polarity 
for PEG600-based systems is attributed to the decreasing number of H2O 
molecules available to form hydrogen bonds, leaving a growing fraction 
PEG600 molecules non-hydrated. This results in reduced polarity and a 
shift in surface energy balance toward dispersive contributions.

A similar, though less pronounced, trend is observed for PPG400. 
Due to its inherently weaker interaction with H2O, the decrease in po
larity of the PPG400-rich (top) phases with increasing polymer con
centration is more modest. Notably, in mixture B4, the polarities of the 
top and bottom phases become nearly identical. This convergence marks 
the transition from biphasic (B4) to monophasic (M4) region. As poly
mer concentration increases and H2O content decreases, polarity 
contrast between phases diminishes. The reduced hydration of both 
polymers enhanced polymer-polymer interactions, ultimately resulting 
in fully miscible, monophasic regime at high polymer concentrations.

This transition from the biphasic to the monophasic region at lower 
H2O content (i.e., from B4 to M4 and M5) is accompanied by a further 
decrease in total surface energy values and ATPS polarity. At these high 
polymer concentrations, the system no longer behaves as typical 

aqueous solutions but rather as a hydrated polymer mixture, where 
polymer–H2O interactions are minimal. The differential hydration of the 
two polymers, that previously drove phase separation is no longer 
possible, and the system is dominated by favourable interactions be
tween the two polymers [6,8,9,24]. As a result, the system becomes 
more miscible, due to favourable PEG600–PPG400 interactions, 
favouring monophasic mixtures over biphasic separation. Our previous 
results showed that segregation between PPG400 and PEG600 required 
moderate H2O contents, when PPG400 self-aggregates and excludes 
PEG600–H2O clusters, leading to the phase separation [6].

Interestingly, while dispersive contributions remain stable across all 
compositions – hovering 10 mJ/m² – the most significant variation in 
surface energy arises from changes in polar contributions. This obser
vation suggests that changes in the system polarity, rather than disper
sion, plays the dominant role in governing phase separation.

To explore this further, we calculated the mean values of each sur
face energy component and determined three ratios to assess the balance 
between dispersive and polar forces: 

• D/T: Dispersive-to-total surface energy ratio
• P/T: Polar-to-total surface energy ratio
• D/P: Dispersive-to-polar surface energy ratio.

The individual ratios for each monophasic mixture and for each 
phase of the biphasic systems are shown in Fig. 6.

Fig. 6 shows clear variations in the surface energy ratios (D/T, P/T, 
and D/P) across the investigated mixtures. Among these, the highest 
values are recorded for P/T ratio, ranging from 0.65 to 0.81, while the 
D/T ratio exhibits the lowest values (from 0.19 to 0.35). In the first 
monophasic region (from pure H2O to M3), the P/T ratio increases from 
0.70 to 0.81, indicating a growing dominance of polar interactions. 
Concurrently, D/P and D/T ratios decreased from 0.43 to 0.24 and from 
0.30 to 0.19, respectively, reflecting the increasing influence of 
hydrogen bonding and PEG600-H2O clusters polarity as the polymer 
concentration increases. Within the biphasic region (B1 – B4), a different 
trend emerges. For the PPG400-rich (top) phases (dotted bars in Fig. 6), 
P/T decreases slightly from 0.72 to 0.68, D/P increases from 0.39 to 
0.48, and D/T increases from 0.28 to 0.32. Similarly, for the PEG600- 
rich (bottom) phases (dashed bars in Fig. 6), P/T decreases from 0.76 
to 0.66, while D/P and D/T increase from 0.32 to 0.52 and from 0.24 to 
0.34, respectively. These trends indicate a decrease in polarity across the 
phases, accompanied by relatively greater contributions from dispersive 
interactions as H2O content decreases and polymer concentrations in
creases. In the second monophasic region (M4 and M5), a slight rebound 
in P/T is observed (from 0.65 to 0.67), alongside with a modest decrease 
in both D/P (from 0.54 to 0.49) and D/T (from 0.35 to 0.33). This shift 
reflects the system’s transition into a highly concentrated polymer 
regime, where dispersive forces and polymer–polymer interactions 
dominate. The slight increase in polarity is attributed to residual H2O 
molecules surrounding PEG600–PPG400 clusters, which continue to 
contribute weakly to hydrogen bonding, thereby maintaining a small 
but measurable polar component in the system.

Although dispersive contributions appeared relatively stable in 
Fig. 5, changes in the ratios are still noticeable. These variations pri
marily stem from differences in polar contributions, as the dispersive 
forces remain relatively constant across all mixtures. The increase in P/T 
ratio from M1 to M3 is attributed to enhanced hydrogen bonding be
tween PEG600 and H2O molecules, as more PEG600 is hydrated for 
increasing polymer content in the ternary mixture, while PPG400 
weakly interacts with H2O and does not significantly influence the sys
tem’s surface energy [6,46]. This growing polarity correlates with the 
subsequent transition from a monophasic to a biphasic regime (M3 to 
B1), reflecting stronger PEG–H2O interactions, and consequently 
segregation of PPG400 for an opposite immiscible phase. The formation 
of PEG600–H2O clusters with higher polarity, driven by intensified 
hydrogen bonding, leads to phase separation when the polarity contrast 
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with PPG400 surpasses a critical threshold (P/T ratio > 0.80, and D/T 
ratio < 0.20). These results demonstrated that the stronger 
PEG600–H2O interactions, combined with PPG400’s hydrophobic na
ture and steric hindrance, promote macroscopic segregation once H2O 
content reaches a certain level [6,9,23].

Within the biphasic region, once the critical polarity threshold is 
reached (i.e., P/T > 0.8), the polar ratio progressively decreases from B1 
to B4, eventually reaching values comparable to those observed in 
monophasic mixtures (i.e., P/T ≈ 0.7). At this point, the compositions of 
the ternary mixtures again become thermodynamically favourable for 
full miscibility, and the macroscopic biphasic system transitions back 
into a monophasic state.

In general, the P/T values of the PEG600-rich (bottom) phases are 
higher than those of the PPG400-rich (top) phases, while the D/T and D/ 
P values follow the opposite trend This behaviour is consistent with the 
stronger hydrogen bonding between PEG600 and H2O molecules, in 
contrast to the weaker interactions between PPG400 and H2O. The 
progressive decrease in polarity difference between the two phases 
across the biphasic region (from B1 to B4) is attributed to declining H2O 
content in the coexisting phases. As the H2O content decreases, the 
system’s capacity for hydrogen bonding is reduced, leading to an overall 
decrease in polarity. Simultaneously, the D/P and D/T ratios increase, 
reflecting a relatively stable contribution from dispersive forces along
side a marked reduction in polar interactions. This shift alters the bal
ance of intermolecular interactions, steering the system toward a less 
polar system and minimizing polarity differences between the phases. 
This trend becomes particularly evident at the highest polymer con
centration within the biphasic region (B4), where the polarity of the 
PEG-rich (bottom) phase approaches that of the PPG-rich (top) phase. 
This convergence suggests that the system is approaching a phase 
transition, with the potential to re-enter a monophasic regime as the 
total polymer concentration continues to increase in the ternary 
mixture.

As the system evolves from B4 (biphasic) to M4 and M5 (mono
phasic), the continued increase in polymer concentration and further 
depletion of H2O content weaken the hydrogen bonding between 

PEG600 and H2O molecules. This leads to a further reduction in the 
polarity contrast between PEG600-H2O clusters and PPG400. When 
dispersive interactions become more significant and the polarity dif
ference falls below the critical threshold required for phase segregation, 
the system transitions back to a fully miscible again, monophasic state.

These findings indicate that the phase demixing in the PEG600/ 
PPG400 ATPS is fundamentally governed by the polarity difference 
between PEG600/H2O clusters and the steric-driven self-association of 
PPG400. In H2O-rich mixtures, PEG600 increases mixture polarity via 
extensive hydrogen bonding with H2O, and phase separation is triggered 
when the resulting PEG600-H2O clusters differ significantly in polarity 
from the more hydrophobic PPG400. However, as polymer concentra
tion rises and H2O content diminishes, hydrogen bonding becomes 
limited, polarity differences decrease, and favourable dispersive in
teractions between polymers emerge, ultimately restoring miscibility.

Overall, these results validate previous thermodynamic and 
computational studies [6] and provide new experimental insights into 
the polarity-driven mechanisms underlying PEG600/PPG400 ATPS 
formation. This study demonstrates the effectiveness of the 
Owens-Wendt method for quantifying the polarity changes of ATPS, 
particularly in polymer/polymer systems characterized by ultralow 
interfacial tensions and minimal polarity differences between coexisting 
phases [15,16,47]. The sensitivity of this method highlights its potential 
as a powerful tool for advancing research in complex liquid–liquid 
systems. By applying this approach, researchers can gain a deeper un
derstanding of the intermolecular interactions that drive phase separa
tion and solute partitioning in advanced LLE systems.

Despite the successful use of the OWRK model to assess the relative 
polarity of ATPS phases, we emphasize that the methods’ accuracy and 
precision depend heavily on the choice of linearization approach, 
reference liquids, and solid substrates. For more conventional organic/ 
aqueous liquid-liquid systems, it is advisable to use a broader range of 
reference liquids with distinct polar and dispersive properties, along 
with carefully selected solid substrates. Furthermore, reference liquids 
should be chemically and thermally stable under testing conditions and 
compatible with the solid surfaces used. The selection of solid substrates 

Fig. 6. Surface energy ratios for all investigated PEG600/PPG400/H2O mixture points. The ratios include D/T (dispersive forces to total surface energy) (green bars), 
P/T (polar forces to total surface energy) (purple bars), and D/P (dispersive forces to polar forces) (blue bars). The red dotted square highlights the biphasic mixtures: 
dotted bars represent PPG400-rich (top) phases, and dashed bars represent PEG600-rich (bottom) phases. Solid-coloured bars correspond to monophasic systems, 
enabling direct comparison between monophasic and biphasic systems.
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is also critical, as factors such as surface polarity, chemical compatibility 
with test liquids, and surface uniformity can influence wetting behav
iour and introduce variability in contact angle measurements. Using 
substrates that span a wide polarity range and are chemically inert en
hances the robustness of the analysis. Incorporating both hydrophilic 
and hydrophobic substrates provided a broader surface energy contrast, 
thereby enhancing the reliability of the OWRK model. Furthermore, as 
the model captures both bulk properties (arising from the mixture 
compositions) and interfacial phenomena (resulting from surface 
adsorption effects), the resulting values should be interpreted as 
comparative indicators, rather than absolute measures of polarity. When 
these considerations are carefully accounted for, this approach proves to 
be a powerful and informative tool for identifying polarity trends and 
correlating them to phase separation behaviour, an interpretation 
further supported by the strong agreement between our results and 
previous experimental observations as well as bulk-phase molecular 
simulations.

4. Conclusions

This study explored the potential of the Owens-Wendt method for 
analysing polarity changes that drive ATPS formation and partition 
mechanisms. Surface energy contributions of various substrates were 
first determined using H₂O and DMSO as reference liquids, with PTFE (γS

d 

= 30.45 mJ/m²; γS
p = 0.00 mJ/m²), PE (γS

d = 28.73 mJ/m²; γS
p =

3.12 mJ/m²), and glass (γS
d = 11.41 mJ/m²; γS

p = 40.62 mJ/m²) exhib
iting the most distinct surface energy characteristics. The Owens-Wendt 
method was then applied to assess the surface energy contributions of 
binary polymer/H2O and ternary PEG600/PPG400/H2O mixtures using 
contact angle measurements and the PTFE/glass and PE/glass pairs. The 
addition of PEG600 and PPG400 reduced both polar and dispersive 
contributions in the binary systems, with dispersive forces increasing as 
PEG600 content rose (from 4.3 to 8.9 mJ/m², for polymer content 
increasing from 20 and 100 %wt, respectively), while remaining largely 
unchanged for varying PPG400 concentrations (from 13.2 to 11.2 mJ/ 
m², for polymer content increasing from 20 and 100 %wt, respectively). 
The smaller dispersive contributions in PEG600 mixtures reflected their 
higher polarity due to stronger hydrogen bonding with H2O, whereas 
PPG400’s hydrophobic nature and weaker interactions with H2O were 
evident in its stable dispersive forces across different polymer concen
trations. These findings are consistent with prior observations from 
computational studies.

These findings were then linked to the surface energy contributions 
of ternary mixtures and the transition between monophasic and biphasic 
regimes. The formation and disruption of hydrogen bonds between 
PEG600/H2O clusters were identified as key drivers of phase separation. 
In H2O-rich systems, higher PEG600 concentrations led to stronger 
hydrogen bonding, increasing the polarity of PEG600/H2O clusters and 
amplifying their polarity contrast with PPG400, thereby inducing phase 
separation. As polymer concentration increased and H2O content 
decreased in biphasic mixtures, polarity differences between phases 
diminished, eventually leading to a monophasic regime driven by 
stronger apolar intermolecular interactions. Analysis of the Dispersive- 
to-Polar (D/P) force ratio revealed that phase separation occurred 
when D/P < 0.24, with the ratio increasing across biphasic region 
mixtures as polymer content rose. A transition to a new monophasic 
region was observed once the D/P ratio exceeded 0.50.

In conclusion, this study demonstrated that the Owens-Wendt 
method, when applied with a clear understanding of its limitations, 
provides a sensitive and reliable approach for assessing the relative 
polarity of ATPS. By correlating polarity variations with system phase 
separation mechanisms and solute distribution, the methodology con
tributes to a deeper understanding of ATPS behaviour and supports the 
design of optimized extraction processes for different target molecules.
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