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Aqueous two-phase systems (ATPSs) have proven to be efficient and environmentally safe 
methods for extracting chemical species. However, the driving forces behind the partition of 
solutes in these systems are still little understood. A complete thermodynamic partitioning of 
phenothiazine dyes was investigated in poly(ethylene oxide) (PEO) + salt + water ATPSs. Standard 
transfer parameters (Gibbs free energy change (ΔtrGo), enthalpy change (ΔtrHo) and entropy change 
(TΔtrSo)) were evaluated, and their dependence on the dye structure, electrolyte nature and tie line 
length (TLL). All phenothiazine dyes are concentrated predominantly in the polymer enriched 
phase, with ΔtrGo values ranging from −4.1 up to −13.4 kJ mol−1. Due to the dye-PEO attractive 
interactions that occur mainly via benzene condensed ring present in the structures of phenothiazine 
dyes, the partitioning of these dyes was enthalpically driven, with −11.4 ≥ ΔtrHo ≥ −52 kJ mol−1 
and −4.93 ≥ TΔtrSo ≥ −38 kJ mol−1.
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force

Introduction

Since 1958 with the pioneering work of Albertson,1 
aqueous two-phase systems (ATPS) have proven to be 
efficient and environmentally safe methods for the extraction 
and purification of a great number of chemical species, such 
as enzymes,2 proteins,3 metals,4,5 nanoparticles,6 carbon 
nanotubes,7 and synthetic8-13 and natural14-16 dyes. Despite 
these works, most of the studies9,17-21 investigating the 
partitioning of solutes have been limited to investigating 
the feasibility of utilizing aqueous two-phase extraction 
for the separation and purification of the solutes. There are 
few studies that demonstrate a systematic thermodynamic 
approach that enables the comprehension of the driving 

forces governing the transfer process of these solutes in 
an ATPS, mainly due to the difficulty in obtaining direct 
measurements for values of standard enthalpy change 
(ΔtrHo) during a solute transfer.

Da Silva  et  al.,22 in 2008, determined the solution 
enthalpies for the partition of [Fe(CN)5(NO)]2− and 
[Fe(CN)6]3− ions in ATPSs formed by triblock copolymers 
and phosphate salts, using calorimetric measurements 
by the ampoule breaking technique. They showed that 
the transfer process of these anions is exothermic and 
enthalpically driven. Posteriorly, Mageste  et  al.,14 in 
2012, evaluated the partition of the natural dye norbixin 
in different ATPSs formed with polymer/copolymer and 
salt, using isothermal titration calorimetry to determine 
the ΔtrHo. This method consisted in the simulation of the 
ATPS inside the calorimetry sample cell, and the flow 
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energy of this process was numerically equal to the enthalpy 
change of the system. Similar to the results obtained in 
da Silva et al.22 work, the norbixin partitioning in the ATPS 
also releases energy during the transfer process, with values 
of transfer enthalpy change varying between −2.7 ± 0.3 
and −9.1 ± 0.5 kJ mol−1. However, the exothermicity of 
the transfer process of solutes obtained by calorimetric 
methods is not a general trend. Alcântara et al.,23 in 2014, 
using a calorimetric experimental approach similar to 
Mageste  et  al.14 work, studied the α-lactalbumin (α-la) 
partition in an ATPS containing poly(ethylene glycol) and 
sodium polyacrylate, reporting the process to be enthalpy 
unfavorable and entropically driven.

A work involving the complete thermodynamics of 
a solute partition using isothermal titration calorimetry 
(ITC) was published in 2016 by Rengifo  et  al.24 where 
it was studied the driving forces for the partition of 
chymosin in all tie line lengths (TLLs) in poly(ethylene 
oxide) (PEO) PEO 1500 + LiSO4 + water ATPS. In this 
work, the thermodynamic parameters were obtained 
for the first time at an infinite dilution state, a more 
rigid calorimetric approach to determine accurately 
the ΔtrH∞. The results obtained in this paper showed 
that the partition process was enthalpically driven  
(−4.84 ≥  ≥ −170.34 kJ mol−1) and entropically 
unfavorable (−11.69 ≥   ≥ −558.95 J mol−1 K−1).

In view of the low number of thermodynamic studies 
describing the driving forces for solute distribution in 
ATPSs, a systematic thermodynamic approach from an 
experimental point of view becomes necessary. A strategic 
approach for studying the driving forces that determine the 
partition behavior of solutes in an ATPS is to evaluate the 
partition behavior of chemical compounds with similar 
chemical structures, using them as molecular probes.

An example of these structurally similar compounds 
is the phenothiazine dyes. These dyes have the same 
phenothiazine skeleton, differing only in the CH3 groups 
present in their chemical structures, which makes them 

excellent probes to evaluate the partition behavior in ATPSs. 
In addition to these structural characteristics, phenothiazine 
dyes have a variety of biological activities, and have been 
widely used as therapeutic agents in the treatment of many 
diseases,25-29 which makes it even more strategic to study 
the partition behavior of these compounds, as well as its 
extraction by ATPSs.

Therefore, in this work, the phenothiazine dyes, such 
as methylene blue (MB), azure B (AZB), azure A (AZA), 
and thionin acetate (TA) (Figure S1, Supplementary 
Information (SI) section) are used as probes to evaluate the 
nature of the interactions associated with dye partitioning 
in ATPSs. We determine the transfer thermodynamic 
parameters for the several dyes and their dependence on 
the following ATPS properties: TLL values, cation and 
anion structures.

Experimental

Materials

PEO with a molar mass of 1500 g mol−1 (CAS 
No. 25322‑68-3) was purchased from Synth (Diadema, 
Brazil). The inorganic salts sodium sulfate (CAS 
No.  7757‑82-6), magnesium sulfate heptahydrate 
(CAS No.   10034-99-8) ,  and  l i th ium su l fa te 
(CAS  No.  10377‑48‑7), and the organic salts sodium 
tartrate dihydrate (CAS No. 6106-24-7), and sodium 
citrate dihydrate (CAS No. 6132-04-3), were all purchased 
from Vetec (Duque de Caxias, Brazil). The dyes MB 
(CAS No. 122965-43-9), AZB (CAS No. 531-55-5), AZA 
(CAS  No.  531‑53‑3), and TA (CAS No.  78338‑22‑4) 
were purchased from Sigma-Aldrich (Saint Louis, 
USA). Deionized water was used in all experiments. In 
Table 1, the purity of these chemicals are represented. 
All chemicals utilized in this study were used without 
further purification.

Table 1. A brief summary of the purity of the used materials

Material Source Molecular formula Mass fraction purity / %

Poly(ethylene oxide) Synth HO(CH2CH2O)nH 100

Magnesium sulfate heptahydrate Vetec MgSO4·7H2O 100

Sodium sulfate Vetec Na2SO4 99

Lithium sulfate Vetec Li2SO4 99

Sodium tartrate Vetec Na2C4H4O6·2H2O 99.5

Sodium citrate Vetec Na3C6H5O7·2H2O 99

Methylene blue Sigma-Aldrich C16H18ClN3S ≥ 82

Azure B Sigma-Aldrich C15H16ClN3S ≥ 89

Azure A Sigma-Aldrich C14H14ClN3S ca. 80

Thionin acetate Sigma-Aldrich C12H9N3S·C2H4O2 ≥ 85
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Preparation of aqueous two-phase systems and 
determination of partition coefficients for dyes (MB, AZA, 
AZB and TA)

The compositions of the ternary mixtures of the ATPSs 
used in the partitioning experiments were chosen based on 
the phase diagrams previously published.30,31 To achieve 
the desired compositional ratio for each ATPS, appropriate 
amounts of water, PEO and salt solutions were taken into 
graduated centrifuge tubes. The tubes were shaken and left 
to stand at 25.0 °C, in a thermostatic bath (Microquimica, 
MQBTC 99-20), with an uncertainty of ± 0.1 °C.

Once the system had achieved thermodynamic 
equilibrium, the two phases were collected separately 
for the partitioning experiments. A total of 3.0 g of each 
phase was mixed with 60 μL of the phenothiazine dye 
solution stock (3.5 mmol kg−1) in glass tubes. The resultant 
concentration of the investigated dyes in the tubes was 
35 μmol kg−1. For each TLL and each ATPS, three systems 
were prepared: the first was a blank without the addition 
of the dye, the second was a sample, and the third was a 
replica. These systems were stirred manually for 3 min 
until the solutions became cloudy and then they were 
maintained under controlled temperature in a thermostatic 
bath at 25 °C for a minimum of 24 h to allow them reach 
thermodynamic equilibrium. Aliquots of the top and the 
bottom phases were collected with a syringe and adequately 
diluted with deionized water for a spectrophotometric 
analysis at 664 (MB), 652 (AZB), 637 (AZA) and 604 nm 
(TA) using a Shimadzu digital double beam spectrometer 
(UV-2550) at 25 °C.

The phenothiazine dye partition coefficients (K) 
between the phases were determined by the concentration 
ratio of the analyte in each phase of the ATPS. In agreement 
with the Beer-Lambert law, the absorbance of the analyte 
at a specific wavelength is directly proportional to the 
dye concentration in dilute systems, where dimers are not 
formed. Thus, the K can be given as described in equation 1.

	 (1)

where AbsT and AbsB are the dyes absorbances in diluted 
top and bottom phases, respectively, discounting the 
absorbance of the corresponding blanks, and fdT and fdB 
are the dilution factors in each phase.

K was studied for the different TLL values of each 
ATPS investigated. The TLL numerically expresses the 
difference in the intensive thermodynamic functions 
between the top and the bottom phases, at constant pressure 
and temperature. It is calculated using equation 2:24

	 (2)

where Cp
T and Cp

B are the polymer concentrations (% m/m) 
in the top and bottom phases, respectively, and Cs

T and Cs
B 

are the corresponding salt concentrations (% m/m) in the 
top and bottom phases, respectively.

Thermodynamic parameters of dye transfer

Dye transfer standard Gibbs free energy change (ΔtrGo)
The standard Gibbs free energy change of transfer 

(ΔtrGo) is the change in the Gibbs energy of the system 
when 1 mol of dye, at infinite dilution is transferred from 
the bottom to the top phase. For all ATPSs studied, the ΔtrGo 
was obtained following the thermodynamic relationship:

ΔtrGo = −RT ln K	 (3)

where R is the ideal gas constant and T is the absolute 
temperature; K is the partition coefficient of the dye.

Dye transfer standard enthalpy change (ΔtrHo)
Isothermal titration calorimetry (ITC) was used to 

determine the ΔtrHo of the dye from the bottom phase to the 
top phase of the system. The experiments were conducted in 
a microcalorimeter CSC-4200 (Science Corp. Calorimeter).

The ΔtrHo values for MB, AZB and AZA (calorimetric 
experiment for the dye TA was not possible due to its 
precipitation in the system) in each TLL were obtained 
through the following steps: the energy associated with 
the dilution process ( ) was determined by filling the 
reference and the sample cells with 1.80 mL of the bottom 
(or top) phase, and titrating the sample solution with fifteen 
consecutive injections of 15 µL of dye at a concentration 
of 0.5 mmol kg−1 injected into the bottom (or top) phase 
of the ATPS. To discount the energy associated with 
friction effects ( ), the same experiment was performed 
in the absence of the dyes. A gastight Hamilton syringe 
(250 μL) controlled by an instrument was utilized for the 
injections, and a stirrer helix stirring at 300 rpm (s−1) was 
used throughout the experiment. 

The values of excess enthalpy ( ) obtained for each 
injection were calculated using equation 4 below:

	 (4)

where n is the number of moles of the dye after each 
injection.

The  was plotted as a function of the dye 
concentration (represented henceforth as [dye]), and the 
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values of the excess enthalpy of MB, AZB, and AZA dyes 
at infinite dilution conditions ( ) were calculated by 
extrapolating the  versus [dye] curve to zero. Then, 
the ΔtrHo values were obtained by using the following 
equation:

	 (5)

where  and  are the excess enthalpy of dyes 
at infinite dilution in top and bottom phases, respectively.

Dye transfer standard entropy change (ΔtrSo)
The ΔtrSo values were determined from the following 

classic thermodynamic relationship:

ΔtrGo = ΔtrHo − TΔtrSo	 (6)

where ΔtrGo and ΔtrHo are values already known.

Fluorescence spectroscopy measurements

The fluorescence emission spectra of MB in the 
investigated solutions were obtained using a Cary Eclipse 
Fluorescence Spectrophotometer (Agilent Technologies, 
USA). The slits selected were 5 nm for excitation and 5 nm 
for emission, and the spectra were acquired in the range of 
630 to 850 nm at an excitation wavelength of 620 nm. All 
spectra were collected at 25 °C using 10 mm quartz cells.

Results and Discussion

Dependence of the partition coefficient on the concentration 
of methylene blue

It is well known that the solute partition coefficient 
(K) is a thermodynamic parameter independent of solute 
concentration when a single chemical species is partitioned. 
However, if chemical processes that change the nature of 
the distributed solute begin to occur, the K will vary with 
the concentration of the transferred species.32

In solution, MB molecules can self-interact to 
form aggregates such as dimer, and even higher order 
aggregates.33 Such molecular processes are influenced by 
several factors including concentration, pH, temperature 
and solvent nature.34 In order to verify if only one MB 
chemical species is partitioning, the dependence of the 
MB partition coefficient on the concentration of the solute 
was determined. The K values were determined for the MB 
concentration ([MB]) range of 25 to 800 μmol kg−1, in the 
5th TLL of the PEO 1500 + H2O + Li2SO4 ATPS at 25 °C, 
as shown in Figure 1.

In the 25 ≤ [MB] ≤ 55 μmol kg−1 range, the K values 
were constant, however, in the 55 < [MB] ≤ 500 μmol kg−1 
interval, K values decreased monotonically, from 192 
to 26, while at [MB] > 500 μmol kg−1 the K values 
became constant again. The first plateau, at a small MB 
concentration, indicates that the partitioning species was 
the MB monomers, while at a higher MB concentration 
(second plateau), MB dimers were distributed between both 
ATPS phases. In the transition region between monomers 
and dimers, there is a chemical equilibrium between MB 
species.35

From the fluorescence steady-state measurements of 
MB molecules we can describe the relative concentration 
of monomers and dimers present in both ATPS phases. 
This is possible, because the fluorescence emission of the 
monomers is self-quenched upon the formation of dimers 
or even larger aggregates in solution, as a transition from 
lowest excited singlet state to the ground state is forbidden 
for such multi-molecular species.36,37 The MB monomers 
in aqueous solution exhibit a fluorescence maximum at 
684 nm with a quantum yield of 0.04 in water.38,39

To confirm the presence of monomers and/or dimers in 
all MB concentrations studied in partitioning experiments, 
fluorescence spectroscopy was applied to measure the MB 
emission intensity in top and bottom phases of the 5th TLL 
of the PEO 1500 + H2O + Li2SO4 ATPS at 25 °C. A better 
way to analyze the fluorescence data obtained is to plot MB 
maximum fluorescence as function of its concentration, as 
shown in Figure 2. 

For both ATPS phases, when the MB concentration 
increased from 25 to 35 μmol kg−1 this led to the 
enhancement of the dye fluorescence intensity, from 350 
to 550 (top phase) and 520 to 725 (bottom phase), which 
was caused by an increase in the content of MB monomers. 

Figure 1. MB K values as function of total dye concentration measured 
in the PEO 1500 + H2O + Li2SO4 ATPS at 25 °C and TLL = 51.67% m/m. 
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When [MB] > 35 μmol kg−1, the intensity of the emission 
band of the dye gradually decreased. This progressive 
quenching of fluorescence is in agreement with the model 
describing the equilibrium between monomers (fluorescent) 
and dye aggregates (non-fluorescent) in solution.37,40 Finally, 
at higher MB concentrations ([MB] ≥ 500 μmol kg−1), dye 
fluorescence almost disappeared, indicating that MB dimers 
predominate in both phases of an ATPS.

To ensure that only MB monomers were transferred 
between both ATPS phases, the total concentration of dye 
in the ATPS for all experiments carried out in this study 
was 35 μmol kg−1.

Thermodynamic parameters of phenothiazine dye partition

To further understand the driving forces that determine 
the distribution behavior of phenothiazine dyes in different 
ATPSs and to understand the relationship between their 
structure and their K values, partition studies of four 
structurally similar dyes were performed. Figure 3 shows 
the K values of MB, AZB, AZA, and TA dyes versus TLL 
for the ATPS comprising of PEO 1500, MgSO4 and H2O 
at 25 °C.

All K values were much higher than 1 showing that all 
phenothiazine compounds concentrated in the ATPS top 
phase, with values in the following order: MB > AZB > 
AZA > TA. This shows that dye molecules with more 
methyl substituent have a large tendency to transfer from the 
bottom to the top phase in the ATPS. For all dyes studied, 
except for TA, the values of K increase almost exponentially 
as the TLL value grows.

Da Silva  et  al.41 studied the MB, AZA, and AZB 
partition behavior in an n-octanol/water biphasic system, 
and demonstrated that all the compounds exhibited, 

independent of their chemical structure, the same 
partitioning behavior between aqueous and organic 
phases. It was observed that the distribution coefficient 
(Doct/water) values were lower than 1 (0.03 ≤ Doct/water ≤ 0.42) 
when measured in acidic solution, and Doct/water > 1  
(1.20 ≤ Doct/water ≤ 10.23) for values above pH 7.0. It is 
clear from these results that ATPS are much more efficient 
at extracting phenothiazine from an aqueous solutions 
than water/octanol biphasic systems. As the partitioning 
coefficients of the phenothiazine dyes that were measured 
in all ATPSs investigated in our studies are larger than 
those obtained in octanol/water systems, which are biphasic 
systems with a higher (in relation to an ATPS) hydrophobic/
hydrophilic difference between both phases, we can 
therefore conclude that hydrophobic interaction is not the 
only driving force responsible for the phenothiazine dye 
distribution in an ATPS.

Figure 2. Maximum fluorescence intensity of MB as function of its concentration in (a) top and (b) bottom phase of the PEO 1500 + H2O + Li2SO4 ATPS 
at 25 °C and TLL = 51.67% m/m. The error bars of each measurement was smaller than the size of the symbols used.

Figure 3. K values of phenothiazine dyes as a function of TLL in the 
PEO 1500 + MgSO4 + H2O ATPS at 25 °C.
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In general, positive charged solutes are concentrated in 
ATPS bottom phases,42 and to the best of our knowledge, 
this work is the first investigation showing a cationic species 
(phenothiazine ring) being spontaneously transferred from 
the bottom to the top ATPS phase. For a better understanding 
of the molecular interactions that drive the partitioning of 
the dye in the PEO 1500 + MgSO4 + H2O ATPS, a standard 
Gibbs free energy change of transfer, ΔtrGo, was calculated 
using equation 3. The ΔtrGo values for all dyes as a function 
of TLL for the ATPS comprising of PEO 1500, MgSO4, 
and H2O, at 25 °C, are presented in Figure 4.

Except for the TA molecules in which ΔtrGo values 
almost remained constant at around −8.0 kJ mol−1, for all 
others dyes the ΔtrGo decreased almost linearly as TLL 
increased, with values ranging from −8.7 to −12.9 kJ mol−1 
for MB, −9.1 to −12.7 kJ mol−1 for AZB, and −9.1 to 

−12.4  kJ mol−1 for AZA. The negative values of ΔtrGo 
indicate a preferential interaction of the dye molecules with 
the top phase components of the ATPS.

The partition behavior of the phenothiazine dyes 
was also evaluated in the system formed by PEO 1500 + 
Li2SO4 + H2O, and the results are presented in Figure 5.

All dyes were concentrated in the top phase (K > 1, 
Figure 5a) as shown by the negative ΔtrGo values that 
decreased almost linearly with an increase in the TLL 
(Figure 5b). It is worth noting that for TA in the PEO 1500 + 
Li2SO4 + H2O ATPS, the K values were not approximately 
constant as TLL increased, as was the case for PEO 1500 + 
MgSO4 + H2O ATPS. In the lithium ATPS, a methyl 
substitution on the amino group of dyes has a lower effect 
on the dyes’ K values than when compared to the effect 
this has in the magnesium ATPS. To better understand 
the driving forces that governing the phenothiazine dye 
partition process, it is necessary to evaluate the factors that 
contribute to ΔtrGo, namely, ΔtrHo and TΔtrSo.

The enthalpic contribution of the molecular interactions 
to the transfer of dyes in an ATPS was measured using ITC. 
ITC is a very sensitive technique that can detect the very 
low energy fluxes (around 0.2 μW) that are associated with 
the different thermodynamic processes that occur with very 
small changes in a system enthalpy, such as in the dilution 
of solutes.43 As water is generally the main component in 
many different ATPSs,8 it is very important to understand 
the specific interaction that occurs between dyes and water 
molecules. 

The excess partial molar enthalpy ( ) can provide a 
starting point for understanding the solute-solute, solute-
solvent and solvent-solvent interactions. These excess 
enthalpies express the interaction asymmetry present 
in a real solution when compared with symmetrical 

Figure 4. ΔtrG° values of phenothiazine dyes as a function of the TLL in 
the PEO 1500 + MgSO4 + H2O ATPS at 25 °C.

Figure 5. The (a) K and (b) ΔtrG° values of phenothiazine dyes as a function of TLL in the PEO 1500 + Li2SO4 + H2O ATPS at 25 °C.
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interactions (Esolute−solute = Esolute−solvent = Esolvent−solute) occurring 
in a hypothetical ideal solution.44 To compare the self-
interactions of different dyes (MB, AZB and AZA) as well 
as their interactions with water, the  versus [dye] plots 
are shown in Figure 6.

Generally, the slope ( ) of the  versus 
[dye] curves expresses the contribution of the dye-dye 
interaction in solution toward the system enthalpy. In 
the [dye] range where  is higher, dye-dye 
interaction is strong enough to lead to the formation of dye 
dimers, as was confirmed by fluorescence measurement 
(Figure S2, SI section).

In order to determine the dye-solvent interactions, the 
excess enthalpy of dyes for the infinite dilution condition  
( ) was calculated by extrapolating the  × [dye] 
curves to zero dye concentration using an exponential 

fitting. The  values of the dyes in water were: 
7.3 ± 0.4 kJ mol−1 for MB, 7.1 ± 0.2 kJ mol−1 for AZB, 
and 9.2 ± 0.6 kJ mol−1 for AZA. The difference in methyl 
group number on the phenothiazine fused rings does not 
significantly change the values of , suggesting that 
water solvation mainly occurs around the planar rings of 
the dye. The process of dye-water mixing under infinite 
dilution conditions can be understood on the basis of water 
cavity formation and dye-water interactions.43 The  
was endothermic, showing that the energy cost of breaking 
water-water interactions (cavity formation) is higher than 
the energy released during the dye solvation process.

To describe the energy involved in the interaction 
between dye molecules and ATPS phase components, 
the  versus dye concentration data for phenothiazine 
dye compounds were obtained in ATPS top and bottom 
phases. Figure 7 shows the  values obtained by titration 
curves of the MB concentrate solution into the top phase 
(Figure 7a) or bottom phase (Figure 7b) for five TLLs of 
the PEO 1500 + Li2SO4 + H2O ATPS at 25 °C. A similar 
plot was obtained for the AZB and AZA dyes (Figure S3, 
SI section).

For all TLL values, the increase in concentration of the 
dyes made the  values more positive in the top phase, 
while in the bottom phase, the enhancement of dye content 
made  values less positive. This result shows that the 
dye-dye interaction is enthalpically unfavorable in the ATPS 
enriched polymer (  > 0) and favorable in the 
ATPS salt rich phases (  < 0).

To determine the energy of the interaction between the 
dye molecules and the ATPS components, the values of 

 were obtained by extrapolation of  versus [dye] 
curves to zero dye concentration. The  values of dyes 
MB, AZA, and AZB in the top and bottom phases for five 

Figure 6.  values of phenothiazine dyes as a function of the dye 
concentration measured in H2O at 25 °C.

Figure 7.  values for MB as function of the dye concentration in (a) top and (b) bottom phases of the PEO 1500 + Li2SO4 + H2O ATPS at 25 °C.



Coelho et al. 1707Vol. 31, No. 8, 2020

TLL of the PEO 1500 + Li2SO4 + H2O ATPS are shown 
in Table 2.

The  values of phenothiazine dyes in the top phase 
were in general negative for all TLL, with the exception of 
AZB which presented positive values, but in low magnitude, 
for the first three TLL. The  values in the top phase can 
be understood mainly as the net energy of the following 
processes: breaking of water-water, polymer-polymer 
and polymer-water interactions for cavity formation, and 
subsequent solvation of the dye molecule by the polymer 
and water. These negative  values indicate that more 
energy is released in the solvation processes of the dyes 
than that absorbed in the cavity formation. However, in 
the bottom phase the dyes’  values were endothermic 
for all TLL, showing that the energy cost of disrupting of 
salt-salt, water-water, and water-salt interactions, is much 
higher than the energy released from dye-salt and dye-water 
interactions.

In order to directly determine energy of the dye-PEO 
(Edye−EO) and dye-salt (Edye−salt) interactions, the  values 
obtained in water were subtracted from the  values in 
the top and bottom phases of the ATPS, respectively, as 
determined by equations 7 and 8:

	 (7)

	 (8)

where  and  are the excess partial molar 
enthalpy of dyes at infinite dilution in the top and bottom 
phases, respectively, measured in the PEO 1500 + Li2SO4 + 
H2O ATPS, and  is the same parameter for solutes 
dissolved in pure water.

As showed in Table 2, the Edye−EO values were negative for 
all dyes indicating an enthalpically favorable specific dye-EO 
interaction. In general, with an increase in TLL, the Edye−EO 
values were almost constant, however, Edye−salt values were 
positive and increased with an increase in the TLL, with the 
exception of AZB in which values varied little, demonstrating 
that the dye-salt interaction is repulsive. This enthalpically 
unfavorable interaction is probably due to an electrostatic 
repulsion between the salt cation and condensed ring cation 
of the dye and/or caused by the hydrophobic nature of the 
dye which makes it less soluble in an enriched salt phase. 
The Edye−EO and Edye−salt values show that dye concentration 
in the ATPS top phase occurs due to an attractive interaction 
between the dye and the PEO, and a repulsive interaction 
between the dye and the electrolytes. Despite the structural 
differences between the phenothiazine dyes, Edye−EO and  
Edye−salt were similar for all solutes, showing that the 
interactions occur through the dye condensed ring.

Table 2.  values of MB, AZB, and AZA in top (TP) and bottom (BP) phases, and Edye−EO and Edye−salt for five TLL of the PEO 1500 + Li2SO4 + H2O 
ATPS at 25 °C

TLL / (% m/m)  (TP) / (kJ mol−1) Edye−EO / (kJ mol−1)  (BP) / (kJ mol−1) Edye-salt / (kJ mol−1)

PEO 1500 + Li2SO4 + H2O (MB)

29.43 −0.30 ± 0.01 −7.6 ± 0.4 23 ± 1 16 ± 1

34.97 −0.50 ± 0.01 −7.8 ± 0.4 25 ± 1 18 ± 1

41.71 −0.74 ± 0.01 −8.0 ± 0.4 28 ± 1 21 ± 1

46.36 −3.33 ± 0.01 −10.6 ± 0.4 34 ± 3 27 ± 3

51.67 −1.39 ± 0.01 −8.7 ± 0.4 40 ± 2 33 ± 2

PEO 1500 + Li2SO4 + H2O (AZB)

29.43 0.14 ± 0.01 −7.0 ± 0.2 29 ± 1 22 ± 1

34.97 0.84 ± 0.07 −6.3 ± 0.2 29 ± 2 22 ± 2

41.71 0.44 ± 0.01 −6.7 ± 0.2 28.6 ± 0.4 21.5 ± 0.5

46.36 −1.74 ± 0.04 −8.8 ± 0.2 27 ± 2 20 ± 2

51.67 −3.1 ± 0.3 −10.2 ± 0.2 28 ± 2 21 ± 2

PEO 1500 + Li2SO4 + H2O (AZA)

29.43 −1.77 ± 0.01 −11.0 ± 0.6 31 ± 1 22 ± 1

34.97 −0.04 ± 0.01 −9.2 ± 0.6 31 ± 2 22 ± 2

41.71 −3.32 ± 0.01 −12.5 ± 0.6 32 ± 1 23 ± 1

46.36 −3.1 ± 0.3 −12.3 ± 0.7 37 ± 2 28 ± 2

51.67 −8.6 ± 0.6 −17.8 ± 0.9 43 ± 3 34 ± 3

Experimental measure of thionin acetate (TA) was not possible due to precipitation. TLL: tie line length; : excess enthalpy of dye at infinite dilution 
conditions; TP: top phase; E: energy of interaction; BP: bottom phase; PEO: poly(ethylene oxide); MB: methylene blue; AZB: azure B; AZA: azure A.
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By using the  measured in both ATPS phases it 
is possible to calculate the standard enthalpy change of 
transfer (ΔtrHo) for the solute using equation 5. The ΔtrHo 
parameter expresses the enthalpy change of the system 
when one mole of dye at infinitely diluted conditions is 
transferred from the bottom phase to the top phase of 
an ATPS. With this thermodynamic condition (infinite 
dilution), we can assume that the solute partitioning will 
not alter the composition of the equilibrium phases. In this 
way, the enthalpy change is related only to the interaction 
changes occurring during the transfer process of the 
solute. Figure 8 shows ΔtrHo as a function of TLL for the 
PEO 1500 + Li2SO4 + H2O ATPS at 25 °C.

For all TLL values, the dye transference processes are 
exothermic and as the TLL increases, the ΔtrHo becomes 
more negative, ranging in values from −23.1  ±  0.6 to 
−51 ± 1 kJ mol−1, showing that as the ATPS phases became 
more concentrated (salt in bottom phase and polymer in top 
phase), the interactions in the salt and polymer enriched 
phases became more repulsive and attractive, respectively.

To the best of our knowledge, these results are the 
first enthalpic measurements of the transfer process of 
phenothiazine dyes in an ATPS. However, the transfer 
thermodynamics of many other solutes in different 
ATPSs have been studied using different approach.14,45,46 
Mageste et al.14 used microcalorimetry to determine the 
ΔtrHo of the natural dye norbixin in different ATPSs formed 
by various mixtures of aqueous solutions of PEO or L35 
triblock copolymer and a sodium tartrate or succinate 
salt, and they reported values ranging from −2.7  ±  0.3 
to −9.1 ± 0.5 kJ mol−1. Norbixin ΔtrHo values were less 
negative than those for the phenothiazine dyes, showing 
that the presence of an aromatic ring increases dye-PEO 
and dye-salt interaction.

Using the classical thermodynamic relation (equation 6), 
it is possible to calculate TΔtrSo. The TΔtrSo term is related 
to an increase or decrease in the number of different 
possibilities for distributing the components present in the 
system, which occurs due to the transfer of dye molecules 
from the bottom phase to the top phase. The TΔtrSo values 
for MB, AZB, and AZA as a function of TLL for the 
PEO 1500 + Li2SO4 + H2O ATPS, at 25 °C, are presented 
in Figure 9.

The transfer of phenothiazine dyes from the bottom 
phase to the top phase occurs at TΔtrSo < 0 for all TLL 
values, showing that the processes were directed by 
enthalpic contributions. This decrease in the entropy of the 
system could be attributed to a low number of molecular 
configurations present in the ATPS top phase as compared 
to the number of possible molecular distributions in ATPS 
bottom phase, which is mainly due to a low number of 
water molecules being present in the polymer enriched 
phase.47 The TΔtrSo values became more negative as TLL 
increased because the difference in the water content 
between bottom and top phases increased as the TLL 
values became larger.30 Despite the fact that a decrease in 
the system entropy occurs for the transfer of many solutes 
in different ATPSs,14,22,46 this TΔtrSo decrease is not the only 
trend that is observed. Alcântara et al.23 reported papers on 
α-lactalbumin (α-la) and β-lactoglobulin (β-lg) partitioning 
in an ATPS containing PEO and sodium polyacrylate. The 
thermodynamic analysis of this work indicated that the 
partitioning of α-la was accompanied by endothermic heat 
and was entropically driven, while β-lg partitioning was 
accompanied by exothermic heat and was enthalpically 
driven at low polymer concentrations and entropically 
driven at high polymer concentrations.

Figure 8. ΔtrH° values of phenothiazine dyes as a function of TLL for the 
PEO 1500 + Li2SO4 + H2O ATPS at 25 °C.

Figure 9. The TΔtrS° of phenothiazine dyes as a function of TLL for the 
PEO 1500 + Li2SO4 + H2O ATPS at 25 °C.
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Cation effect on phenothiazine dye partition behavior

As generally occurs with other solute partitioning in 
ATPSs,8,14,15 the K values of phenothiazine dyes and the 
dependence of these values on the TLL could be affected by 
the nature of the ATPS electrolyte. Cation effects are strong 
on the partitioning behavior of different solutes between 
ATPS phases and follow the order Li+ > Na+ > Mg+2.8,15 The 
cation effect is explained by some authors46,48,49 as being 
due to the existence of a PEO chain that is absorbed by 
ATPS cation forming a pseudopolycation which interacts 
attractively (mainly electrostatically) with anion species. 
The presence of the pseudopolycation in the top ATPS 
phase should give rise to repulsive forces against the 
phenothiazine dye (cationic condensed ring) in that phase. 
Probably in the bottom phase to the top phase should be 
attributed to specific interactions (dipole-dipole, charge 
transfer, and hydrophobic) between dye molecules and 
the PEO chain, which in magnitude exceed the dye-
pseudopolycation electrostatic repulsive interaction.

Figure 10 shows the K values of phenothiazine dyes 
plotted as a function of TLL for an ATPS comprising 

of PEO 1500 + H2O and different sulfate salts (MgSO4, 
Na2SO4 and Li2SO4) at 25 °C.

The K values were little affected by the change in 
the cation nature suggesting that dye-pseudopolycation 
repulsive electrostatic interaction has only a small effect 
on the molecular interactions that drive the partitioning 
of these dyes. Despite this small cation effect, it is 
interesting to observe that the lower the number of 
methylene groups in the chemical structure of a dye, the 
lower the cation effect on the partitioning behavior of 
the dye. The cation effect dependence on the chemical 
structure of the phenothiazine could be caused by the 
electronic inductive effect attributed to the −CH3 group. 
According to this model, the −CH3 group should increase 
the electron flux through the phenol condensed ring, thus 
decreasing the net positive charge around the sulfur atom. 
The positive charge on the phenothiazine dye molecules41 
and the intensity of the dye-pseudopolycation electrostatic 
repulsion should follow the order: MB < AZB < AZA 
< TA, which is exactly the same order as that observed 
in the cation effect, on the K values dependence on dye 
chemical structure. This cation effect on the dye K values 

Figure 10. Cation effect on K values for the (a) MB; (b) AZB; (c) AZA; and (d) TA partition in the PEO 1500 + MgSO4 + H2O (); PEO 1500 + Na2SO4 + 
H2O (); and PEO 1500 + Li2SO4 + H2O () ATPSs at 25 °C.
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can be evaluated in terms of thermodynamic parameters, 
as presented in Table 3.

The ΔtrGo, ΔtrHo and TΔtrSo values are negative, showing 
that for all ATPS dyes the transfer process is enthalpically 
driven. The transfer process of phenothiazine dyes from 
the bottom phase (higher entropy) to the top phase (lower 
entropy) lead to negative TΔtrSo values that are compensated 
by the exothermic process (ΔtrHo < 0) of the interaction 
between the dyes and the top phase components.

In addition, cation effect is not observable in the ΔtrGo 
parameter, but it is quite pronounced in ΔtrHo and TΔtrSo. It is 
therefore clear that the cation effect is an enthalpic-entropic 
compensated process,47 i.e., a change ΔtrHo is neutralized 
by a modification in TΔtrSo, that occurs in order to keep 
ΔtrGo almost constant.

Anion effect on the partition behavior phenothiazine dyes

To determine the relative cation/anion contributions 
to the phenothiazine dye transfer process in ATPSs, we 
also evaluated the anion effect on the thermodynamic 
parameters associated with the phenothiazine dye partition 

process. The effect of an anion on the partition of MB, AZA, 
and AZB in ATPSs formed by PEO 1500 and sodium salts 
are shown in Figure 11. The TA partitioning experiment in 
PEO 1500 + Na2C4H4O6 + H2O, PEO 1500 + Na3C6H5O7 + 
H2O, and PEO 1500 + Na2SO4 + H2O ATPSs was not 
possible due to the dye decomposition process.

Contrary to the cation effect, the nature of the anion 
influences the K values of phenothiazine dyes the following 
order: K (SO4

2−) > K (C4H4O6
2−) > K (C6H5O7

3−). This strong 
sulfate effect in the partition behavior of phenothiazine 
dyes, compared to the cases of the other two organic anions, 
may be explained because higher charge density of the 
SO4

2− anion compared to those of the tartrate and citrate 
ions, which causes a more repulsive dye-salt interaction in 
the bottom phase that favors the transfer of dyes to the top 
phase. These results can be evaluated in terms of the ΔtrGo, 
ΔtrHo, and TΔtrSo thermodynamic parameters, according to 
Table 4.

All transfer thermodynamic parameters were negative 
following the order: SO4

2− < C4H4O6
2− < C6H5O7

3− indicating 
that the intensity of dye-salt repulsion should follow the 
inverse order, i.e., C6H5O7

3− < C4H4O6
2− < SO4

2−.

Conclusions

The use of MB, AZB, AZA, and TA as probes for 
studying the driving forces behind the process of cationic 
dye transfer in different ATPSs was presented in this work 
for the first time. The transfer process of phenothiazine 
dyes from the bottom to the top phase was exothermic 
and occurred with an accompanying reduction in 
system entropy. Attractive dye-PEO and repulsive dye-
electrolyte interactions contributed to the decrease in 
enthalpy, while negative values for TΔtrSo were attributed 
to the transfer of the dyes from higher (bottom phase) 
to lower (top phase) configurational entropy regions. 
Despite the repulsive interaction between the cationic 
dye and the pseudopolycation formed in the top phase, 
attractive interactions (dipole-dipole, charge transfer, 
and hydrophobic) between the solute and the PEO chain 
outweighed the electrostatic repulsion. Interestingly, the 
difference in dye chemical structure had little effect on 
the dye-EO and dye-salt enthalpic interaction energy, 
showing that this interaction is mainly promoted by the 
dye condensed ring. These results provide fundamental 
knowledge for comprehending the partitioning of different 
solutes in ATPS. In addition, this study can be useful for the 
practical application of ATPS, which are environmentally 
safe methods, in the extraction and purification of these 
drug candidates.

Table 3. Phenothiazine dye transfer thermodynamic parameters obtained 
for PEO 1500 + MgSO4 + H2O (TLL = 40.12% m/m), PEO 1500 + 
Na2SO4 + H2O (TLL = 40.10% m/m), PEO 1500 + Li2SO4 + H2O 
(TLL = 41.71% m/m) ATPSs at 25 °C

Li+ Na+ Mg2+

MB

ΔtrG° / (kJ mol−1) −11.90 ± 0.04 −11.26 ± 0.04 −10.88 ± 0.01

ΔtrH° / (kJ mol−1) −29 ± 1 −25 ± 1 −32 ± 1

TΔtrS° / (kJ mol−1) −17 ± 1 −14 ± 1 −21 ± 1

AZB

ΔtrG° / (kJ mol−1) −11.5 ± 0.1 −10.91 ± 0.09 −10.9 ± 0.2

ΔtrH° / (kJ mol−1) −28.2 ± 0.4 −35 ± 1 −34 ± 1

TΔtrS° / (kJ mol−1) −17 ± 1 −24 ± 1 −23 ± 1

AZA

ΔtrG° / (kJ mol−1) −11.68 ± 0.01 −10.6 ± 0.1 −9.86 ± 0.01

ΔtrH° / (kJ mol−1) −35 ± 1 −35 ± 1 −31 ± 2

TΔtrS° / (kJ mol−1) −24 ± 1 −24 ± 1 −21 ± 2

TA

ΔtrG° / (kJ mol−1) −9.91 ± 0.09 −8.7 ± 0.2 −7.8 ± 0.3

ΔtrH° / (kJ mol−1) − − −

TΔtrS° / (kJ mol−1) − − −

Experimental measure of TA was not possible due to precipitation. 
MB:  methylene blue; ΔtrG°: dye transfer standard Gibbs free energy 
change; ΔtrH°: dye transfer standard enthalpy change; ΔtrS°: dye transfer 
standard entropy change; AZB: azure B; AZA: azure A; TA: thionin 
acetate.
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Supplementary Information

Supplementary information (chemical structures of the 
phenothiazine dyes (Figure S1); maximum fluorescence 
intensity of MB, AZB and AZA dyes as function of 
concentration in H2O at 25 °C (Figure S2);  values for 
AZB and AZA dyes as a function of the dye concentration 
in top and bottom phases of the PEO 1500 + Li2SO4 + H2O 
ATPS at 25 °C (Figure S3); tables containing K and ΔtrGo 
values of MB, AZB, AZA and TA, for five TLL of the 
PEO 1500 + MgSO4 + H2O ATPS at 25 °C (Table S1); K, 
ΔtrGo, ΔtrHo and TΔtrSo values of MB, AZB, AZA, and TA, 
for five TLLs of the PEO 1500 + Li2SO4 + H2O ATPS at 
25 °C (Table S2); K and ΔtrGo values of MB, AZB, AZA 
and TA, for five TLLs of the PEO 1500 + Na2SO4 + H2O 
ATPS at 25 °C (Table S3); K values and ΔtrGo of MB, AZB 
and AZA, for five TLLs of the PEO 1500 + Na2C4H4O6 + 
H2O ATPS at 25 °C (Table S4); and K and ΔtrGo values 
of MB, AZB and AZA, for five TLLs of the PEO 1500 + 
Na3C6H5O7 + H2O ATPS at 25 °C (Table S5)) is available 
free of charge at http://jbcs.sbq.org.br as PDF file.

Table 4. Thermodynamic parameters of phenothiazine dye transfer 
obtained for PEO 1500 + Na2C4H4O6 + H2O (TLL: 41.74% m/m), PEO 
1500 + Na3C6H5O7 + H2O (TLL: 38.00% m/m) and PEO 1500 + Na2SO4 + 
H2O (TLL: 40.10% m/m) ATPSs at 25 °C

C4H4O6
2− C6H5O7

3− SO4
2−

MB

ΔtrG° / (kJ mol−1) −8.17 ± 0.09 −6.47 ± 0.01 −11.26 ± 0.05

ΔtrH° / (kJ mol−1) −23.0 ± 0.6 −11.4 ± 0.3 −25 ± 1

TΔtrS° / (kJ mol−1) −14.8 ± 0.6 −4.93 ± 0.3 −13.74 ± 1

AZB

ΔtrG° / (kJ mol−1) −8.26 ± 0.07 −6.2 ± 0.2 −10.92 ± 0.09

ΔtrH° / (kJ mol−1) −31 ± 1 −25 ± 1 −35 ± 1

TΔtrS° / (kJ mol−1) −23 ± 1 −19 ± 1 −24 ± 1

AZA

ΔtrG° / (kJ mol−1) −8.08 ± 0.09 −6.3 ± 0.1 −10.6 ± 0.1

ΔtrH° / (kJ mol−1) −33.3 ± 0.9 −24.0 ± 0.5 −35 ± 1

TΔtrS° / (kJ mol−1) −25.2 ± 0.9 −17.7 ± 0.5 −24 ± 1

Experimental measure of thionin acetate (TA) in PEO 1500 + Na2C4H4O6 + 
H2O and PEO 1500 + Na3C6H5O7 + H2O ATPSs at 25 °C was not possible 
due precipitation. MB: methylene blue; ΔtrG°: dye transfer standard 
Gibbs free energy change; ΔtrH°: dye transfer standard enthalpy change; 
ΔtrS°: dye transfer standard entropy change; AZB: azure B; AZA: azure A.

Figure 11. Anion effect on K values for the (a) MB; (b) AZB; (c) and AZA partition in the PEO 1500 + Na2C4H4O6 + H2O (); PEO 1500 + Na3C6H5O7 + 
H2O (); and PEO 1500 + Na2SO4 + H2O () ATPSs at 25 °C.
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