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RESUMO 

CASTRILLON, Elkin Dario Castellón, D.Sc., Universidade Federal de Viçosa, agosto 
de 2017. Determinação da contribuição dos grupos funcionais presentes na 
estrutura química dos corantes de fenilmetano nas forças motrizes de partição dos 
corantes nos sistemas aquosos bifásicos. Orientador: Luis Henrique Mendes da Silva. 
Coorientadoras: Maria do Carmo Hespanhol e Ana Clarissa dos Santos Pires. 

 

Os Sistemas Aquosos Bifásicos (SAB) são uma mistura de soluções aquosas de duas ou 

mais espécies diferentes que a determinadas condições de concentração, pressão e 

temperatura se dividem em duas fases. Esta característica torna aos SAB uma técnica de 

separação líquido-líquido ambientalmente segura e economicamente viável. Além disso, 

a diversidade de compostos utilizados para formar estes sistemas permite a regulação de 

diversas propriedades, como por exemplo a hidrofobicidade das fases e força iônica, 

potencializando a eficiência do processo de separação.  No entanto, o fundamento 

termodinâmico do processo de transferência de solutos nestes sistemas ainda não está 

bem definido, já que ainda existem algumas questões por resolver como por exemplo: 

qual é a contribuição dos grupos funcionais do soluto nas forças motrizes que governam 

o processo de partição? Qual é o efeito da composição do SAB nessas contribuições?  

Por tanto, torna-se fundamental o desenvolvimento de um método experimental que 

permita a determinação da contribuição da estrutura do soluto nos diferentes parâmetros 

termodinâmicos de transferência em SAB diferentes. Neste trabalho foram usados seis 

corantes de fenilmetano com pequenas variações estruturais (Auramina, Pararosanilina, 

Violeta de metila B base, Violeta de metila 2B, Violeta de metila 6B e Violeta de metila 

10B) como sondas moleculares para avaliar as diferentes contribuições associadas à 

estrutura da molécula nos fatores que governam a partição destes compostos em 

diferentes SAB. Nesse contexto, foram usadas misturas de duas soluções aquosas de um 

polímero ou copolímero com diferentes sais de sulfato ou sais orgânicas de sódio, para 

formar SAB com propriedades termodinâmicas diferentes. Foi possível assim  
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determinar os diferentes parâmetros termodinâmicos associados ao processo de 

transferência dos corantes no estado padrão a condições de diluição infinita, tais como a 

variação da energia livre de Gibbs de transferência ሺ∆௧௥ܩ௢,∞ሻ, a variação da entalpia de 

transferência ሺ∆௧௥ܪ௢,∞ሻ e a variação da entropia padrão de transferência ሺܶ∆௧௥ܵ௢,∞ሻ, e 

sua dependência com os grupos funcionais na estrutura do corante além do efeito da 

hidrofobicidade das fases do sistema e a natureza do eletrólito que forma o SAB. As 

contribuições do grupo CH3 no processo de transferência, em kJ mol-1, foram: ∆௧௥ܩ஼ுయ�,∞ 

= −0.56, ∆௧௥ܪ஼ுయ�,∞ = −4.86 e  ܶ∆௧௥ܵ஼ுయ�,∞ = −4.53, enquanto as do grupo fenil foramμ ∆௧௥ܩ௉ℎெ�,∞  = −13.02, ∆௧௥ܪ௉ℎெ�,∞  = −35.23 e ܶ∆௧௥ܵ௉ℎெ�,∞  = −28.16. A carga positiva na 

estrutura do corante não contribuiu nos valores de ∆௧௥ܩ�,∞ , embora ∆௧௥ܪ௉ℎெ�,∞  e   ܶ∆௧௥ܵ௉ℎெ�,∞  foram ambos iguais a 11.21 kJ mol-1 indicando que a presença da carga na 

molécula do corante diminui a hidrofobicidade, melhorando o grau de liberdade na 

rotação das moléculas de agua e aumentando a entropia do sistema. A transferência dos 

grupos CH3 diminuiu os valores de ∆௧௥ܩ௉ℎெ�,∞  quando o polímero é menos hidrofóbico na 

ordem de PEO > L64 > PPO. O efeito do cátion mostrou que a carga positiva na 

estrutura do corante contribui no valor negativo de  ∆௧௥ܪ௉ℎெ�,∞  na seguinte ordem Mg2+ > 

Na+ > Li+. Quando o SAB e formado por sais orgânicos a contribuição do grupo fenil no 

processo de transferência diminui a entropia do sistema dependendo do aníon que forma 

o SAB na seguinte ordem: Citr > Tar > Acet. 
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ABSTRACT 

CASTRILLON, Elkin Dario Castellón, D.Sc., Universidade Federal de Viçosa, August, 
2017. Determination of the contribution of functional groups present in the 
chemical structure of phenylmethane dyes in the driving forces of dye partition in 
two-phase aqueous systems. Advisor: Luis Henrique Mendes da Silva. Co-Advisers: 
Maria do Carmo Hespanhol and Ana Clarissa dos Santos Pires. 

 

Aqueous Two-phase Systems (ATPS) are a mixture of aqueous solutions two or more 

different species that at certain conditions of concentration, pressure and temperature 

are divided into two phases. This characteristic enables the use of ATPS in liquid-liquid 

separation technique that are environmentally safe and economically viable. In addition, 

the diversity of compounds used to form these systems allows the regulation of various 

properties such as phase hydrophobicity and ionic strength, increasing the efficiency of 

the separation process. However, the thermodynamic basis of the solutes transfer 

process in these systems is still not well defined, since there are still some unresolved 

questions such as: what is the contribution of the solute functional groups in the driving 

forces that govern the partition process? What is the ATPS composition effect on these 

contributions? Therefore, it is fundamental to develop an experimental method that 

allows the determination of the solute structure contribution on the different 

thermodynamic transfer parameters in ATPS. In this work, six phenylmethane dyes with 

little structural variations (Auramine, Pararosaniline, methyl violet B, methyl violet 2B, 

methyl violet 6B and methyl violet 10B) were used as molecular probes to evaluate the 

different associated contributions of the molecule structure on the factors that govern 

the partition of these compounds in ATPS different. In this context, two aqueous 

solutions mixtures of a polymer or copolymer with different sulfate salts or organic 

sodium salts were used to form ATPSs with different thermodynamic properties, 

allowing to determine the different thermodynamic parameters associated with the 

process of transfer of the dyes in the standard state at infinite dilution conditions, such 
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as the variation of the Gibbs free energy of transfer ሺ∆௧௥ܩ௢,∞ሻ, the variation of the 

standard enthalpy of transfer ሺ∆௧௥ܪ௢,∞ሻ,  and the variation of the standard entropy of 

transfer ሺ∆௧௥ܵ௢,∞ሻ, as well as their dependence on the dye structure functional groups. 

Besides the hydrophobicity phases effect and the effect of the electrolyte nature that 

forms the ATPS. The -CH3 group contribution in the transfer process in kJ mol-1 was  ∆௧௥ܩ஼ுయ�,∞ = −0.56, ∆௧௥ܪ஼ுయ�,∞ = −4.86 e  ܶ∆௧௥ܵ஼ுయ�,∞ = −4.53, while those of  the phenyl 

group were: ∆௧௥ܩ௉ℎெ�,∞  = −13.02, ∆௧௥ܪ௉ℎெ�,∞  = −35.23 and ܶ∆௧௥ܵ௉ℎெ�,∞  = −28.16. The 

positive charge in the dye structure did not contribute to the ∆௧௥ܩ௉ℎெ�,∞  values, although, ∆௧௥ܪ௉ℎெ�,∞  and   ܶ∆௧௥ܵ௉ℎெ�,∞   values were both 11.21 kJ mol-1 indicating that the charge 

presence on the dye molecule decreases molecule hydrophobicity, improving the 

freedom degree in the water molecules increasing the entropy of the system. The CH3 

groups transfer decreases the values of ∆௧௥ܩ௉ℎெ�,∞  when the polymer is less hydrophobic 

in the order of PEO > L64 > PPO. The cation effect showed that the positive charge on 

the dye structure contributes in to the negative values of ∆௧௥ܪ௉ℎெ�,∞  in the following order 

Mg2+ > Na+ > Li+. When the ATPS is formed by organic salts, the phenyl group 

contribution in the transfer process decrease the entropy depending of the anion in the 

following order: Citr > Tart > Acet. 
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CAPÍTULO 1  

1.1 Introdução 

 Um dos desafios constantes na ciência é a extração de solutos de alto interesse a 

partir de fontes naturais complexas. A extração de íons metálicos1, moléculas voláteis 

altamente tóxicas2, fármacos3, biomoléculas4, pigmentos ou corantes orgânicos5, 6, entre 

outras espécies7, é alvo de diferentes áreas do desenvolvimento humano como a 

farmacêutica, confecção e tintura de têxteis, fabricação de óleos, plásticos, fotografia, 

alimentos, cosméticos, papelaria e na ciência medica e veterinária8, 9. Portanto, estas 

áreas necessitam de técnicas de extração que permitam purificar e/ou extrair solutos a 

um baixo custo e simplicidade operacional. Existem diversos métodos para separar e 

extrair solutos a partir de diversas matrizes, tais como adsorção10, lixiviação seletiva11, 

métodos cromatográficos12, sistemas de extração líquido-líquido usando solventes 

orgânicos2, entre outros. Estes sistemas são amplamente usados em áreas específicas por 

apresentar vantagens tais como eficiência e alta diversidade de compostos a serem 

extraídos, no entanto também possuem desvantagens como por exemplo em alguns 

casos alta complexidade operacional, envolvendo o uso de materiais perigosos e altos 

custos de operação.   

Os Sistemas Aquosos Bifásicos (SABs) são misturas formadas a partir de duas 

ou mais soluções aquosas de diversos compostos que, a determinadas condições de 

concentração, pressão e temperatura, formam duas fases em equilíbrio. Estas 

propriedades fazem que estes sistemas sejam utilizados como uma técnica de separação 

líquido-líquido ambientalmente segura e economicamente viável13. A formação de duas 

fases durante o processo de mistura de soluções aquosas de um polímero e de um sal 

por exemplo dependerá das interações intermoleculares entre o polímero o sal e a água. 

Serão também estas mesmas interações as responsáveis por todas as propriedades 
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físicoquímicas presentes nas fases do SAB, como o coeficiente de partição de um soluto 

específico14. Portanto, para cada sistema, haberá pares de componentes que possuirão 

interações termodinamicamente diferentes permitindo a regulação de suas propriedades 

como a massa das fases, o pH, a força iônica e hidrofobicidade, podendo integrar 

extração e preconcentração do soluto em apenas uma etapa15, 16. Estas características 

permitem que os SAB sejam utilizados para extrair e/ou particionar inumeráveis 

compostos de alta importância em diversas áreas como por exemplo na biotecnológica 

como aminoácidos, enzimas, vírus e ácidos nucleicos 17-19. Porém, mesmo diante desta 

vasta aplicabilidade, ainda existe grande expectativa de se conhecer a natureza das 

interações intermoleculares entre o soluto e os componentes do sistema e dessa forma 

compreender a relação que existe entre a estrutura molecular do soluto e as forças 

motrizes que governam o processo transferência nestes sistemas, avaliando o efeito da 

composição do SAB nas diferentes interações intermoleculares.  

Neste contexto, para determinar e/ou conhecer as forças motrizes  envolvidas no 

processo de partição é necessário analisar a termodinâmica de transferência como uma 

ferramenta essencial que permite compreender o processo de distribuição de solutos no 

SAB, no entanto, são poucos os trabalhos que fornecem informação sobre a 

termodinâmica do processos de partição e além disso estes trabalhos são baseados em 

modelos teóricos que generalizam os efeitos para todos as espécies particionadas  e não 

em medidas experimentais que permitam determinar  a variação nos parâmetros 

termodinâmicos de transferência causadas pelas mudanças estruturais no soluto em 

diferentes SABs. 

Em consequência, este trabalho propõe a utilização de 6 corantes de fenilmetano 

(PhM) estruturalmente semelhantes para o estudo da contribuição dos grupos funcionais 

no processo de partição de solutos em diferentes SABs. O objetivo é propor uma 
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metodologia experimental para determinar os parâmetros termodinâmicos de 

transferência padrão (∆௧௥ܩ௖௢௥� ,  ∆௧௥ܪ௖௢௥�  e ∆௧௥ܵ௖௢௥� ሻ através da relação entre estrutura 

molecular do soluto e coeficiente de partição e consequentemente contribuir para a 

otimização das aplicações da técnica. 

1.2 REVISÃO DA LITERATURA 

1.2.1 Sistemas Aquosos Bifásicos 

Os SABs são misturas ternárias que possuem água como o componente 

majoritário na maior parte das vezes. Podem ser obtidos mediante a mistura de soluções 

aquosas de eletrólito e polímero20, de dois polímeros quimicamente distintos21, de dois 

eletrólitos22, ou de polímeros e surfactantes não iônicos23, que, sob determinadas 

condições de concentração, temperatura e pressão apresentam duas fases em equilíbrio 

termodinâmico. 

Os primeiros estudos envolvendo esse tipo de sistemas foram atribuidos a 

Beijerinck e posteriormente a Ostwald e Hertel24, 25, demostrando que em certas 

condições de temperatura e concentração formavam-se misturas turvas, as quais, 

deixadas em repouso, separavam-se em duas fases. Eles demostraram que diferenças 

estruturais das espécies químicas misturadas influenciam as composições das fases no 

equilíbrio termodinâmico, mudando as interações intermoleculares entre os 

componentes do sistema26, 27.  

As propriedades termodinâmicas de um SAB dependem das interações 

intermoleculares presentes entre os componentes em solução, que determinam por sua 

vez as variações nas propriedades termodinâmicas resultantes do processo de mistura. 

Uma forma de representar estas variações seria mediante o parâmetro termodinâmico 

variação energia livre de Gibbs de mistura  ሺ∆௠௜௫ܩሻ,  a qual faz referência à diferença 



4 

 

entre a energia livre de Gibbs da solução,  ܩ௦௢௟, e o somatório da energia livre de Gibbs 

de cada componente puro,  ܩ௜∗, nas condições da solução (Equação 1). 

∆௠௜௫ܩ = ௦௢௟ܩ − ∑ ௜∗௡ܩ
௜=ଵ =  ∑ �௜�௜௡

௜=ଵ − ∑ �௜௡
௜=ଵ �௜∗ =  ∑ �௜௡

௜=ଵ ሺ�௜ − �௜∗ሻ              ሺͳሻ 

Sendo �௜ e �௜∗, são os potenciais químicos do componente i na solução e puro, 

respectivamente, e �௜ é o número de mols do componente ݅. 
Quando misturas de dois ou mais componentes fornecem valores de   ∆௠௜௫ܩ < Ͳ, em termos termodinâmicos, um sistema homogêneo é formado. Para valores de ∆௠௜௫ܩ ˃ Ͳ, o sistema se separa em duas ou mais fases, buscando alcançar um estado 

onde as interações e as configurações dos componentes levem a valores de variação de 

energia livre de Gibbs negativos para o sistema alcançar o equilíbrio termodinâmico28. 

Alguns trabalhos têm-se concentrado na obtenção de parâmetros 

termodinâmicos associados aos processos de formação dos SABs, já que a diferença nas 

propriedades termodinâmicas entre as fases do sistema torna-se um fator fundamental 

na transferência de diferentes solutos20, 29, 30. Por tanto, um dos requisitos para 

compreender a partição de espécies em SABs é conhecer as propriedades de formação e 

os parâmetros termodinâmicos de transferência, uma forma de realizar este estudo seria 

através de seu diagrama de fases. 

1.2.1.1 Diagrama de fase de um SAB 

Para trabalhar com SABs é fundamental conhecer os diagramas de fase. As 

informações que podem ser obtidas em os diagramas de fases sobre o comportamento 

dos SABs em diferentes condições termodinâmicas podem potencializar suas aplicações 

com fins diversos31.   
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O conjunto das concentrações totais de todos os componentes formadores do 

sistema (composição global) pode ser representada em um sistema de coordenadas que 

permite observar de forma esquemática os dados que estão associados à formação de 

um sistema homogêneo ou heterogêneo em equilíbrio termodinâmico. 

Um exemplo de diagrama de fases expresso em coordenadas retangulares de um 

sistema aquoso bifásico composto por duas soluções aquosas de polímero e sal, a uma 

dada pressão e temperatura é esquematizado na figura 1.  

 

Figura 1 Diagrama de fases em coordenadas retangulares para um SAB formado por 

duas soluções aquosas de polímero e sal. 

 

Os eixos da ordenada e da abscissa representam os valores de concentração de 

polímero e sal respectivamente em (mol kg-1). A curva no diagrama que separa a região 

monofásica da bifásica é conhecida como curva binodal. Sua posição no diagrama 

depende de diversos fatores que vão desde a natureza química do sal, massa molar e 
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natureza do polímero, pH do sistema e temperatura do meio32 avaliados em condições 

de equilíbrio termodinâmico.  

O equilíbrio termodinâmico nos SABs é alcançado quando a energia livre de 

Gibbs do sistema é minimizada até alcançar o equilíbrio e a variação infinitesimal de ܩ 

atende seu valor mínimo, então ݀ܩ = Ͳ, sendo o potencial químico de um dado 

componente formador das fases, igual na fase superior (ܵܨ) e na fase inferior (ܫܨ), 

incluindo a interface (ܨܫ). Isso pode ser mostrado pelas equações 2, 3, 4 e 5 para um 

SAB composto por polímero, sal (cátion + ânion) e água. 

�௣௢௟௜௠௘௥௢ிௌ  =  �௣௢௟௜௠௘௥௢ிூ  =  �௣௢௟௜௠௘௥௢ூி                                          ሺʹሻ 

�௖á௧௜௢௡ிௌ  =  �௖á௧௜௢௡ிூ  =  �௖௔௧௜௢௡ூி                                                 ሺ͵ሻ 

�â௡௜௢௡ிௌ  =  �â௡௜௢௡ிூ  =  �â௡௜௢௡ூி                                                   ሺͶሻ 

�௔௚௨௔ிௌ  =  �௔௚௨௔ிூ  =  �௔௚௨௔ூி                                                    ሺͷሻ 

As linhas de amarração são as linhas retas que unem dois pontos na curva 

binodal, esta união representa uma possível composição de um sistema bifásico que 

existe em equilíbrio termodinâmico. O comprimento desta linha reta também chamado 

comprimento da linha de amarração (CLA) é um importante parâmetro termodinâmico 

que define a diferença entre as composições das fases inferior e superior, que é 

amplamente utilizado como variável decisiva nos processos de partição de solutos28. A 

equação 6 representa a forma como pode ser calculado o CLA.  

�ܮܥ =  [ሺܥ௉௢௟ிௌ − ௉௢௟ிூܥ ሻଶ + ሺܥௌ௔௟ிௌ − ௌ௔௟ிூܥ ሻଶ]ଵ ଶ⁄                                      ሺ͸ሻ 

Onde  ܥ௉௢௟ிௌ    e    ܥ௉௢௟ ிூ   são as concentrações de polímero em mol kg-1 na fase 

superior e inferior respectivamente, enquanto    ܥௌ௔௟ிௌ    e    ܥௌ௔௟ ிூ    são as concentrações de 
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sal em mol kg-1 na fase superior e inferior respectivamente. Desta forma esclarece-se 

como o CLA é um parâmetro que pode expressar o quão distintas são as propriedades 

termodinâmicas intensivas das fases do sistema (como por exemplo, densidade, energia 

livre de Gibbs molar parcial, potencial químico e calor específico), das fases que 

coexistem em equilíbrio termodinâmico. Esta equação com sua relação de fases mostra 

que quanto maior o comprimento da linha de amarração, maior será a diferença entre as 

composições da fase superior e da fase inferior do SAB formado. 

Sistemas preparados com composições de fase representadas por diferentes 

pontos na mesma CLA terão suas propriedades termodinâmicas intensivas iguais, porém 

as propriedades termodinâmicas extensivas serão diferentes, como por exemplo massa, 

volume e entalpia. 

Na literatura são descritos diferentes métodos para a determinação do diagrama 

de fases de um SAB, sendo geralmente mais utilizados os métodos de titulação 

turbidimétrica e análise das composições das fases em equilíbrio termodinâmico30, 33, 34. 

1.2.2 Partição de corantes em SAB 

 Os corantes são basicamente compostos químico s que podem interagir com 

distintas superfícies ou tecidos para transmitir cor. Estas moléculas, são amplamente 

utilizados em várias indústrias, incluindo vários tipos de têxteis35, tingimento de papel36,  

plásticos, alimentos, cosméticos, impressão, entre outros, para a coloração de seus 

produtos relacionados37-39. Também são empregados no rastreamento das águas 

subterrâneas40 e tratamento de água salgada41.  Toda a ampla gama de aplicações dos 

corantes torna importante os processos de extração e purificação destes compostos. Os 

SABs vêm sendo uma excelente alternativa para particionar todo tipo de corantes. Em 

1954 Albertsson investigou a partição de cloroplastos em SAB (PEO-sal)42, em 1980 
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Hustedt et al42 trabalharam com extrações de proteínas mostrando que ocorre uma forte 

preferência por certos materiais pigmentados intracelulares para a fase rica em PEO. 

Huddleston et al43 estudaram a separação e recuperação de amaranto, ácido carmínico e 

quinolina amarela usados para tingir alimentos em SAB PEO e sulfato de amônia. Logo 

depois em 1999 Akama et al44 propuseram a formação de um SAB usando dois 

surfactantes um aniônico e outro catiônico, para separar laranja de metila. Em 2009 

Mageste et al45 estudaram a separação de um pigmento natural (carmin) em SABs 

formados por polímero ou copolímero e diferentes sais de sulfato; dessa forma os 

autores conseguiram avaliar o efeito do eletrólito, hidrofobicidade das fases e pH entre 

outros efeitos. Em 2012 os mesmos autores (Mageste et al46) propuseram uma 

abordagem termodinâmica para o estudar e otimizam a partição de norbixim em SABs 

formados por polímero ou copolímero com sais orgânicos. Já em 2014 Ferreira et al47 

estudaram a partição de ácido cloranilinico, azul índigo e Sudan III a partir de fontes 

ambientais usando SABs formados por líquidos iônicos e sais orgânicos e inorgânicos. 

Um foco similar foi empregado por Alvarenga et al6 para estudar a partição de remazol 

amarelo ouro a partir de fontes ambientais usando SABs formados por sais e polímeros 

ou líquidos iônicos.     

1.2.3 Corantes de Fenilmetano 

Auramina (AUR), Pararosanilina (PRA), Violeta de metila B base (MVB), Violeta de 

metila 2B (MV2B), Violeta de metila 6B (MV6B) e Violeta de metila 10B (MV10B) 

são corantes que pertencem à família dos corantes de fenilmetano (PhM)48, 49, que 

apresentam um átomo de carbono central substituído por anéis de benzeno (2 ou 3) que, 

por sua vez, está substituído por grupos aminos (figura 2). São consideravelmente 

tóxicos, suspeitos de serem carcinogênicos50 e pouco solúveis em água (na faixa de 1 a 

4 g L-1 a 20°C51-53).  
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Figura 2 Estruturas químicas dos corantes de PhM 

Estes corantes são estruturalmente semelhantes, possuindo configurações 

compostas por um sistema de anel aromático tricíclico e bicíclico com duplas ligações 

conjugadas que funciona como um sistema cromóforo nestas moléculas. Possuem 

também três grupos amina doadores de elétrons.  

Estas moléculas de PhM pertencem a uma importante classe de corantes 

comerciais que estão entre os primeiros pigmentos sintéticos a serem desenvolvidos54, 

55. A família destes corantes é muito conhecida por sua alta intensidade de cor, seus 

brilhantes tons e sua forte resistência à luz55, características que permitem uma ampla 

variedade de aplicações. A tabela 1 mostra de forma geral os potenciais usos destes 

corantes na atualidade. 
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Tabela 1 Aplicações dos corantes de PhM em diferentes áreas. 

Corante Aplicações 

AUR Lubrificante à base de tinta56, indústria do papel, têxteis e couro57. 

 

PRA Catalise enzimática58 e multi-eletrocatálise59, sensores em alimentos60, 

impressões digitais61.  

 

VMB Têxteis, tintas e vernizes50, plásticos, papel e celulose e cosméticos62. 

 

MV 

(2- 6-10B) 

 

Indústria têxtil em tecidos, óleos, ceras, plásticos, fotografia, alimentos, 

processos bacteriológicos e histopatológicos8, tintas para pintura 

artística63. 

  

Uma vez que esta informação engloba uma variedade de campos de estudo e/ou 

aplicações sobre os corantes, torna-se evidente que estas espécies químicas são 

empregadas em uma ampla variedade de áreas científicas e industriais aproveitando 

suas propriedades físico-químicas únicas em solução. Estas características especificas 

estruturais leva a que cada área de interesse prefira uma estrutura em particular sobre 

outra para seus diferentes propósitos58, 59, 64, 65.  

Estes corantes exibem características espectrais interessantes, que são uma 

consequência direta da sua estrutura e sua interação com o ambiente circundante66. 

Estas características espectrais são muitas vezes intimamente relacionadas com o 

comportamento fotoquímico dos corantes e, portanto, é de grande interesse buscar uma 

compreensão a respeito deste fenômeno.  
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Os espectros de absorção UV-vis dos corantes de PhM são compostos 

geralmente por duas bandas de excitação π-π*, sendo uma banda α com um Ȝmax = 590 

nm e uma banda β com um Ȝmax = 550 nm, correspondentes a família do violeta de 

metila (VMB, VM2B, VM6B e VM10B). O número de grupos metila nestas estruturas 

afeta pouco o espectro de absorção desses corantes. Entretanto, um efeito interessante e 

evidente é observado quando ocorre a substituição de todos os grupos -CH3 na estrutura 

do VM10B por átomos de hidrogênio (H) dando como resultado o corante PRA. Essa 

mudança provoca uma variação nos Ȝmax de absorção, onde a banda α aparece com Ȝmax 

= 540 nm e a banda β com um Ȝmax = 480 nm. Este efeito da variação na estrutura dos 

corantes torna-se ainda mais evidente quando extrai-se um anel benzênico da estrutura 

do VM2B resultando no corante AUR. Esta mudança provoca alterações espectrais, na 

qual a banda α apresenta Ȝmax = 435 nm e a banda β Ȝmax = 370 nm. O espectro dos 

corantes é mostrado na Figura 3. 
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Figura 3. Espectros de absorção UV-vis de corantes PhM (•••) AUR, (‒‒) PRA, (‒ • 

‒) MV (B, 2B, 6B ou 10B). 

 



12 

 

As origens dessas bandas foram estudadas de forma alternativa dando origem a 

várias teorias:  

a- Os perfis de excitação da maioria das bandas destes corantes substituídos foram 

estudados com o fim de medir os efeitos das vibrações e as uniões eletrônicas 

dos elétrons cromóforos do benzeno, fornecendo informações sobre a origem 

dos estados eletrônicos e em particular, a característica de absorção complexa de 

um estado eletrônico único, que apresenta uma estrutura fenil-nitrogênio. A 

partir deste ponto de vista concluiu-se que a resolução da estrutura que dá 

origem às bandas provém de um estado especifico dos elétrons pelos grupos 

funcionais na estrutura da molécula67. 

b- Estudos de uma possível interação de uma carga ou dipolo com um dos grupos 

amina pode ser responsável por quebrar a simetria da estrutura dos corantes. 

Assim a degeneração do estado eletrônico excitado que dá origem a absorção de 

luz visível e sua divisão possibilita a existência de duas conformações do estado 

fundamental, sendo uma simétrica e outra não simétrica. Dessa forma as bandas 

são produto de uma transição eletrônica para dois estados excitados68. 

Entretanto uma hipótese que em nosso caso vem sendo mais aceita é a existência de 

estruturas moleculares monoméricas e agregados moleculares (dímeros ou trimeros) dos 

corantes gerando possivelmente duas espécies em solução e que resulta na existência de 

duas bandas: uma banda de absorção em energias mais altas (banda β) que pode 

diminuir ou aumentar sua intensidade, e outra banda em energias mais baixas (banda α) 

que faria o oposto, quando o corante é submetido a diferentes interações 69, 70. 

A deconvolução é uma técnica que serve para elucidar as diferentes bandas que 

compõem um espectro composto por mais de uma banda. A Figura 4 mostra o resultado 
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da deconvolução de um espectro de absorção UV-vis de um corante de fenilmetano 

diluído em dois sistemas diferentes.  
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Figura 4. Espectro de absorção UV-vis de VM-6B numa concentração de 3,9x10-5 

mol kg -1 (ـــــ), resultado de deconvolução da banda β (…) e banda α (---) interagindo 

em: (a) agua pura, e (b) fase rica em polímero de SAB (PEO1500 + MgSO4 + H2O) 

na primeira CLA a 25°C. 

 

O resultado da deconvolução para (a) e (b) mostram duas bandas, uma em 550 

nm (banda β) atribuída aos agregados moleculares diméricos e outra banda em 5λ0 nm 

(banda α) atribuída aos monômeros, embora os espectros mostrem a existência de duas 

espécies em solução, nota-se a variação na intensidade das bandas quando o corante é 

diluído em agua pura e quando é diluído em fase de um SAB rica em polímero. Por 

meio da deconvolução pode-se observar como esses corantes podem auto-interagir de 

maneira distinta dependendo do ambiente e dessa forma, se agregar  molecularmente em 

dímeros, tetrâmeros, octameros, etc.71, Esses agregados, que em comparação com os 

monômeros devido à geometria de suas estruturas podem provocar o deslocamento de 

suas bandas de absorção para comprimentos de onda menores ou maiores72, 73. A 
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hidrofobicidade e as forças de van der Waals podem ser as forças motrizes para gerar as 

interações π-π controladas pela sobreposição direcional dos orbitais HOMO com 

LUMU, entre as moléculas dos corantes que provocam modificações nos estados 

eletrônicos fundamental e excitado74. Estas modificações provocam mudanças nos 

espectros de absorção dos corantes apresentando novas bandas. 

Está claro que os corantes PhM tem atraído a atenção da comunidade científica 

por possuírem propriedades espectroscópicas interessantes. Segundo o trabalho de  

Horst B e colaboradores 52, o  mecanismo depende das  substituições que as estruturas 

podem apresentar nos estudos de agregação destes corantes. Em outros estudos 

realizados por Kazakova e colaboradores79, foi verificada a formação de complexos 

entre Violeta de Metila (MV) e Calixareno, os quais mostraram características 

espectroscópicas interessantes ao interagirem com outras espécies químicas.  

Estas propriedades espectroscópicas e eletrônicas dos corantes de PhM são de 

fundamental importância para contribuir ao estudo de partição de solutos em SAB, 

permitindo elucidar as forças motrizes que regem este tipo processo. Além disso, 

fornecem informações que determinam os diferentes comportamentos em relação às 

variações das interações intermoleculares, que ocorrem devido às mudanças em sua 

estrutura molecular com os componentes do sistema. 

1.2.4 Termodinâmica de partição em SAB  

Ao adicionar um soluto em um sistema líquido composto de duas fases (SAB) 

com diferentes propriedades termodinâmicas em equilíbrio, novas interações 

intermoleculares entre o soluto e os componentes das fases começam a ocorrer até que o 

soluto se distribuia entre as duas fases e sua concentração em cada fase atinja um valor 

fixo e o sistema alcance um novo estado de equilíbrio termodinâmico80. Portanto, a 
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razão da concentração do soluto entre as fases do sistema é denominada “coeficiente de 

partição” (ܭ௦௢௟௨௧௢), e a termodinâmica pode nos auxiliar a entender o significado deste 

parâmetro físico-químico. 

O potencial termodinâmico do processo de partição será a energia livre de Gibbs 

 :seria expressada ܩ݀  e uma função de estado a variação ܩ como ,(ܩ)

ܩ݀ = −ܵ݀ܶ + ܸ݀ܲ + ∑ �௜௜ ݀�௜                                               ሺ͹ሻ 

Sendo −ܵ݀ܶ a variação da energia livre de Gibbs como uma função variação 

infinitesimal da temperatura,  ܸ݀ܲ é a variação da energia livre de Gibbs quando se 

apresenta variação infinitesimal na pressão do sistema e �௜݀�௜ a variação da energia 

livre de Gibbs como uma função do número de mols de cada componente do sistema. 

Se considera que o sistema esteja em condições de temperatura e pressão constantes, o 

potencial termodinâmico do processo de partição será a energia livre de Gibbs. A 

variação deste potencial no sistema será a soma do produto dos potenciais químicos ሺ�ሻ  

de cada componente multiplicado pela variação infinitesimal do número de mols para 

cada componente formador do SAB, mais do componente adicional  "݅" durante o 

processo de distribuição, como se mostra na equação 8. 

ܩ݀ = �௣௢௟ிௌ  ݀�௣௢௟ிௌ + �௦௔௟ிௌ  ݀�௦௔௟ிௌ +  �௔௚௨௔ிௌ  ݀�௔௚௨௔ிௌ +  �௜ிௌ ݀�௜ிௌ + �௣௢௟ிூ  ݀�௣௢௟ிூ  

           +�௦௔௟ிூ  ݀�௦௔௟ிூ + �௔௚௨௔ிூ  ݀�௔௚௨௔ிூ + �௜ிூ ݀�௜ிூ                                                           ሺͺሻ 

Onde �௣௢௟ிௌ  ݀�௣௢௟ிௌ ;   �௦௔௟ிௌ  ݀�௦௔௟ிௌ ;   �௔௚௨௔ிௌ  ݀�௔௚௨௔ிௌ ;   �௜ிௌ ݀�௜ிௌ referem-se aos 

potenciais químicos de cada componente (polímero, sal, água e o soluto ݅) multiplicado 

pelo respectivo número de mol de cada componente na fase superior e  �௣௢௟ிூ  ݀�௣௢௟ிூ ;  �௦௔௟ிூ  ݀�௦௔௟ிூ ; �௔௚௨௔ிூ  ݀�௔௚௨௔ிூ ;   �௜ிூ ݀�௜ிூ  referem-se aos potenciais químicos de cada 
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componente (polímero, sal, água e o soluto ݅) multiplicado pelo respectivos números de 

mol de cada componente na fase inferior.  

Considerando que a quantidade adicionada do soluto ݅ não mude a composição 

das fases, o seja a variação do número de mols do polímero, sal e agua (componentes 

formador do SAB) sejam desconsideradas. Deste modo, se consideramos que ݅ foi 

transferido desde a fase inferior para a fase superior de um SAB (figura 6). 

 

 

 

 

 

 

A condição de equilíbrio seria dada pela expressão 8 

  �௜ிௌ݀�௜ிௌ + �௜ிூ݀�௜ிூ = Ͳ                                                          ሺͻሻ 

E se cumpriria para cada variação infinitesimal no número de mols de ݅. Por 

tanto, a única maneira para que ocorra uma distribuição de ݅ seria devido a diferencia 

dos potenciais químicos de ݅ nas fases ( �௜ிௌ݀�௜ிௌ − �௜ிூ݀�௜ிூ). Assim ocorreria uma 

diminuição da energia livre de Gibbs do sistema até se alcançar uma nova condição de 

equilíbrio termodinâmico ሺ݀ܩ = Ͳ). Por tanto como ݀�௜ிூ = −݀�௜  e ݀�௜ிௌ = ݀�௜  o 

equilíbrio atende uma nova expressão:  Ͳ = �௜ிௌ݀�௜ − �௜ிூ݀�௜ = ሺ �௜ிௌ − �௜ிூሻ ݀�௜  e 

variação da energia livre de Gibbs do sistema neste novo equilíbrio é expressa equação 

10. 

Figura 5. Transferência de ݅ em um SAB 

 ࢏࢔ࢊ
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ܩ݀  = ሺ�௜ிௌ − �௜ிூሻ ݀�௜                                                     ሺͳͲሻ 

Desta forma, após se atingir uma nova condição de equilíbrio termodinâmico no 

sistema, a variação da energia livre de Gibbs ficará igual a zero. Assim o potencial 

químico de ݅  na fase superior ( �௜ிௌ)  ficará igual ao potencial químico do componente ݅  
na fase inferior   ሺ �௜ிூሻ, como expressam as equações 11, 12 e 13. 

ܩ݀    = ሺ�௜ிௌ − �௜ிூሻ ݀�௜ = Ͳ                                                      ሺͳͳሻ 

 �௜ிௌ − �௜ிூ = Ͳ                                                                 ሺͳʹሻ 

 �௜ிௌ = �௜ிூ                                                                      ሺͳ͵ሻ 

Ao fazer referência ao termo de “equilíbrio de fases” para um dado sistema 

termodinâmico, nos referimos a qual condição de equilíbrio o potencial químico de uma 

espécie determinada numa dada fase deste sistema é igual ao potencial químico da 

mesma espécie em todas as fases nas quais ela esteja presente. Assim, o potencial 

químico para uma espécie  ሺ݅ሻ nas  ܵܨ e ܫܨ  de um SAB é expresso pelas equações 14 e 

15. 

�௜ிௌ =  �௜Ɵሺܵܨሻ + ܴ ܶ ��ܽ௜ிௌ                                                   ሺͳͶሻ 

�௜ிூ =  �௜Ɵሺܫܨሻ + ܴ ܶ ��ܽ௜ிூ                                                   ሺͳͷሻ 

Onde �௜Ɵሺܵܨሻ  e  �௜Ɵሺܫܨሻ são os potenciais químicos padrão da espécie  ݅ na ܵܨ  

e ܫܨ  respectivamente, ܴ é a constante universal dos gases, ܶ é a temperatura absoluta 

do sistema,  ܽ௜ிௌ e ܽ ௜ிூ é a atividade de ݅ na ܵܨ e na ܫܨ respectivamente do SAB. 

As equações (14 e 15) quando substituídas em 13 geram como resultado a equação 16 e 

17. 
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�௜Ɵሺܵܨሻ + ܴ ܶ ��ܽ௜ிௌ = �௜Ɵሺܫܨሻ + ܴ ܶ ��ܽ௜ிூ                               ሺͳ͸ሻ 

�௜Ɵሺܵܨሻ − �௜Ɵሺܫܨሻ = −ܴ ܶ �� ܽ௜ிௌܽ௜ிூ                                          ሺͳ͹ሻ 

Onde a diferença  �௜Ɵሺܵܨሻ − �௜Ɵሺܫܨሻ  corresponde à variação de energia livre de 

Gibbs de transferência do soluto  ݅ quando ele e transferido desde fase inferior do SAB 

no seu estado padrão nessa fase para a fase superior do mesmo SAB no seu estado 

padrão dessa mesma fase. O estado padrão e aquele no qual o soluto se encontra na 

concentração unitária (mol kg-1) mas com comportamento de interação intermolecular 

igual do estado de diluição infinita. O termo  
௔೔��௔೔�಺    é a razão das atividades de ݅  na fase 

superior e na fase inferior em equilíbrio, que gera como resultado um parâmetro 

termodinâmico definido como constante de partição ሺ�ሻ. Desta forma a equação 17 

tomaria a forma: 

∆௧௥௔ܩ� =  ሺͳͺሻ                                                          ܭ�� ܶ ܴ−

Como: 

ܭ =  ܽ௜ிௌܽ௜ிூ                                                                   ሺͳͻሻ 

Nos estudos de partição é comum utilizar concentrações de soluto muito 

reduzidas ou no estado de diluição infinita. 

1.2.5 Estado de diluição infinita. 

  Molecularmente falando, uma solução real (não ideal) é definida como um 

sistema composto por moléculas com diferente distribuição espacial e onde a magnitude 

das interações entre moléculas de espécies diferentes são distintas as interações de 
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espécies iguais. Por tanto, os potencias químicos em sistemas reais são expressados em 

términos de atividade e coeficiente de atividade, no entanto definimos atividade como: 

ܽ௜ =  ሺʹͲሻ                                                                [் ೔−�೔�/ோ�]݌ݔ݁ 

 Onde ܽ ௜ é a atividade de ݅ em qualquer solução, �௜ é o potencial quimico de ݅ nas 

condições da solução e �௜� o potencial químico padrão de ݅ nas condições da solução 

(para uma solução rela o estado padrão seria o soluto ݅ puro). Usando o logaritmo temos 

que: 

��ܽ௜ = ሺ�௜ − �௜�ሻ/ܴ ܶ                                                        ሺʹͳሻ  

�௜ = �௜� + ܴ ܶ ��ܽ௜                                                           ሺʹʹሻ 

Expressando o potencial químico de ݅ em qualquer tipo de solução.  

Uma solução ideal aparece na forma onde as moléculas das diferentes espécies 

apresentam interações intermoleculares e distribuições espaciais semelhantes. Uma 

forma de solução diferente é quando a fração molar do solvente tem valores próximos a 

unidade, porem o soluto se encontra em concentrações muito baixas. Esta solução se 

denomina solução idealmente diluída ou “estado de diluição infinita”. Neste caso as 

moléculas de soluto interagem apenas com as moléculas do solvente dada as 

baixíssimas quantidades do soluto. Desta forma se define o potencial químico da 

espécie ݅ em uma solução idealmente diluída como: 

�௜ = ௜݂ሺܶ, ܲሻ + ௜ݔ�� ܶ ܴ                                                 ሺʹ͵ሻ 

Onde ݂ ௜ሺܶ, ܲሻ  é uma função da temperatura e pressão já que como as propriedades de ݅ 
na solução infinitamente diluída dependem fortemente do solvente (que conforma o 

entorno do soluto) o potencial químico padrão do soluto i ( �௜�ሺܶ, ܲሻ ) seria uma função 
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da ܶ  e ܲ  da solução (será ݅ na concentração da solução). Por tanto, se considerando que 

o potencial químico de ݅ no estado padrão seja ( �௜� =  ௜݂ሺܶ, ܲሻ a equação 23 se tornaria: 

�௜ = �௜� +  ௜                                                      ሺʹͶሻݔ�� ܶ ܴ

Isto significa que nos casos de solutos em condições de diluição infinita a fração 

molar de ݅ pode ser aproximadamente proporcional a concentração molar de ݅. Então, 

partindo a equação 24 temos que: 

�௜ = �௜� +  ௜                                                      ሺʹͷሻܥ�� ܶ ܴ

Por tanto, a concentração de ݅ seria:  

௜ܥ =  ሺʹ͸ሻ                                                        [೔−�೔�/ோ்�]݌ݔ݁ 

Em soluções reais a concentração de ݅  e trocada pela atividade de ݅ (ܽ௜) que se 

foi definida na equação 20. Porém, a diferença do potencial químico de uma espécie ݅ 
em uma solução real (�௜) e potencial químico de uma espécie ݅ em uma solução 

idealmente diluída (�௜௜ௗ)  seria: 

�௜ − �௜௜ௗ = ܴ ܶ ��ܽ௜ − ௜ܥ�� ܶ ܴ = ܴ ܶ �� ܽ௜ܥ௜                                   ሺʹ͹ሻ 

Onde 
௔೔஼೔  seria a diferença entre o comportamento real e o idealmente diluído, 

portanto define-se o coeficiente de atividade (�௜ሻ do componente ݅ como: �௜ = ܽ௜/ܥ௜ de 

forma que ܽ ௜ =  �௜.  .௜ para qualquer tipo de solução realܥ

Portanto, em uma solução idealmente diluída o termo ܽ௜ =  ௜, porém oܥ

coeficiente de atividade para uma solução em condições de diluição infinita seria �௜ =ͳ. 
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Dessa forma, o coeficiente de atividade no estado de diluição infinita �࢏,∞  

utilizado para corrigir o valor da concentração do soluto, aproxima-se da unidade (1) e o 

valor da atividade pode ser conveniente aproximado ao da concentração da espécie ݅.  
Deste modo o coeficiente de partição pode ser facilmente obtido através da 

determinação experimental das concentrações de equilíbrio de ݅ nas fases superior e 

inferior, conforme apresenta a equação 26. 

ܭ = ௜ிூܥ௜ிௌܥ                                                                  ሺʹͺሻ 

Onde  ܥ௜ிௌ e ܥ௜ிூsão as concentrações da espécie  ݅  nas  ܵܨ e  ܫܨ 

respectivamente, expressas em mol L-1 ou em mol kg-1. Quanto maior o valor de ܭ 

maior é a quantidade do soluto que se encontra na fase superior em relação à fase 

inferior do SAB. Se os valores de ܭ são maiores do que 1, o soluto concentra-se 

majoritariamente na ܵܨ do sistema, enquanto que os valores de ܭ são menores do que 1, 

o soluto concentra-se preferencialmente na ܫܨ. Valores de ܭ iguais à unidade significam 

que o soluto se distribui igualmente entre a ܵܨ e a ܫܨ do SAB. 

Sendo ܭ um parâmetro específico intrínseco, do SAB, pode ser modulado 

através da modificação das propriedades do sistema e seus componentes, visto que o 

coeficiente de partição de um soluto em um SAB é uma propriedade termodinâmica do 

sistema e não um parâmetro relativo apenas do soluto. Dessa forma, modular os 

parâmetros que caracterizam um determinado SAB pode gerar alterações significativas 

no comportamento de partição das espécies estudadas e consequentemente 

potencializando a aplicação destes sistemas em métodos de extração-separação de 

determinados solutos.  

Os parâmetros comumente modulados num SAB depende de vários fatores como:  
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 Natureza química dos componentes formadores do SAB e espécie 

particionada: 

Há uma ampla gama de polímeros e sais que podem ser combinadas entre si 

para formar SABs com diferentes características. Por exemplo, a simples 

mudança do sal (ânion ou cátion) ou da diferença de hidrofobicidade e/ou massa 

molar do polímero formador de um SAB, pode promover mudanças 

significativas no comportamento de partição de uma espécie45. Dessa mesma 

forma uma pequena alteração na natureza química da espécie particionada pode 

ser determinante no momento de alterar os valores do coeficiente de partição81. 

 Comprimento da linha de amarração (CLA): 

O efeito da CLA do SAB sobre o comportamento na partição de solutos é muito 

frequente em trabalhos desta natureza6. Estudos que avaliam a alteração do 

coeficiente de partição de uma espécie com a mudança da CLA de determinado 

sistema aquoso bifásico representam uma variação nos valores de K que podem 

ser observados à medida que o CLA é alterado. Mesmo que não se tenha 

verificado uma sistemática do comportamento de K em função do CLA45.   

 Interações que a espécie particionada tem com cada um dos componentes 

das fases do SAB: 

Pelo que já foi discutido, quando um soluto entra em contato com o SAB, causa 

mudanças nas interações específicas entre os componentes do SAB para este 

alcançar novamente uma condição de equilíbrio termodinâmico. Quando se 

alteram os componentes formadores do sistema e/ou a natureza química do 

soluto em partição, modifica-se o balanço das interações entalpicas e entrópicas 

entre o soluto e os componentes do SAB e/ou entre os componentes deste entre 

si. 
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Estudos termodinâmicos de partição requerem que as medições desses 

parâmetros sejam obtidas com precisão. Por exemplo, determinar o coeficiente de 

partição de corantes em sistemas aquosos bifásicos pode ser desafiador quando solutos 

se concentram quase que majoritariamente em uma das fases, impedindo a medição 

exata da concentração na outra fase do sistema. Por exemplo, a figura 6 apresenta a 

partição do corante PRA em SAB formado por: PEO1500 + MgSO4 + H2O.  

 

 

FS (4g) 

[PEO1500] 

10.39 molkg-1 

[MgSO4] 

0.06 molkg-1 

 

 

 

 

 

 

 

 

FS (1g) 

[PEO1500] 

10.39 molkg-1 

 [MgSO4] 

0.06 molkg-1 

F I (4g) 

[PEO 1500] 

1.32 molkg-1 

 [MgSO4] 

1.38 molkg-1 

FI (7g) 

[PEO 1500] 

1.32 molkg-1 

 [MgSO4] 

1.38 molkg-1 

COMPOSIÇÃO GLOBAL CLA 3 = 9.15 molkg -1 

Figura 6. Partição de PRA 3,9x10-6 mol kg-1 em SAB PEO1500 + MgSO4 + H2O, na 

CLA  3 á 25°C. (a) Razão das fases 1:1, (b) Razão das fases 1:7. 

 

Quando a proporção das fases é de 1:1 (a) torna-se difícil quantificar o corante 

na fase inferior do sistema, e quando se muda de proporção 1:7 a quantidade de corante 

passa ser conveniente para quantificação. Esta variação não compromete os resultados 

do coeficiente de partição, visto que, a mudança mostra claramente que a modulação da 
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proporção das fases é um dos parâmetros quem não gerar alterações significativas no 

comportamento de partição do corante. Sendo esta, uma forma de alterar as 

propriedades extensivas do sistema mantendo estável a composição das fases sem 

alterar o K.  

Como a energia livre de Gibbs é o potencial termodinâmico do processo de 

transferência de um soluto da fase inferior para a fase superior de um SAB, podemos 

afirmar que o valor de ܭ é resultado de um perfeito balanço de interações entalpias e 

entrópicas existentes entre os componentes do SAB e destes com o soluto em partição. 

Então, estudar estes parâmetros termodinâmicos de transferência padrão ∆௧௥ࡳ�, ,�ࡴ࢚࢘∆  torna-se fundamental para conhecer as forças motrizes que ,�ࡿ࢚࢘∆ࢀ

dirigem o processo de transferência de solutos em SABs. 

Uma das técnicas mais representativas para a abordagem destes estudos é a 

Calorimetria de Titulação Isotérmica, com a qual se obtêm valores de variação de  ∆࢚࢘ࡴ� e com os valores de ∆࢚࢘ࡳ� (obtidos pela equação ∆௧௥௔ܩ� =  pode-se  (ܭ��ܴܶ−

calcular os valores de ܶ∆࢚࢘ࡿ� usando a equação fundamental de Gibbs. 

∆௧௥ܩ� =  ∆௧௥ܪ� − ܶ∆௧௥ܵ�                                               ሺʹͻሻ 

1.2.6 Calorimetria de Titulação Isotérmica 

A Calorimetria de Titulação Isotérmica (ITC) hoje é considerada uma das 

técnicas mais fortemente usadas na pesquisa para detectar mínimas variações de energia 

em forma de calor. Qualquer reação, interação química e/ou mudança física é 

acompanhada de uma mudança no valor de entalpia do sistema. Esta energia pode ser 

absorvida ou liberada e depende dos diferentes processos termodinâmicos gerados pela 

interação de duas espécies moleculares permitindo determinar diretamente valores 
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correspondentes a variações de entalpia de interação, em condições de temperatura e 

pressão constantes82.  

A primeira lei da termodinâmica expressada pela equação 30 ficaria da seguinte 

forma: 

ܷ݀ = ݍ݀ +  ሺ͵Ͳሻ                                                                ݓ݀

Onde ܷ݀ é a variação infinitesimal de energia interna do sistema, ݀ݍ representa 

a quantidade infinitesimal de energia em forma de calor trocada entre sistema e 

vizinhança e ݀ݓ é a quantidade infinitesimal do trabalho feito pelo sistema ou sobre ele. 

Considerando um processo que seja analisado entre um estado inicial ሺ݅ሻ e um estado 

final ሺ݂ሻ,  do qual esteja restrito à realização de trabalho de expansão ou compressão 

com pressão constante, integrando a equação 30 tem-se: 

∫ ܷ݀ = ∫ ݍ݀ − ∫ ௘ܲ௫௧ܸ݀                                            ሺ͵ͳሻ௙
௜

௙
௜

௙
௜  

 Onde  ܲ ௘௫௧ é a pressão externa no sistema e ܸ݀  é a variação infinitesimal do volume 

do sistema. Agora resolvendo as integrais definidas na equação 31 temos que: 

௙ܷ − ௜ܷ = ݍ − ௘ܲ௫௧( ௙ܸ − ௜ܸ)                                               ሺ͵ʹሻ 

Reordenando em função de ݍ :   

( ௙ܷ + ௘ܲ௫௧ ௙ܸ) − ሺ ௜ܷ + ௘ܲ௫௧ ௜ܸሻ =  ሺ͵͵ሻ                                        ݍ

O termo ܷ + ௘ܲ௫௧ܸ  na equação recebe o nome de entalpia ሺܪሻ.  Considerando a 

entalpia nos estados final e inicial, o resultado que se obtém é uma variação de entalpia 

como mostra a equação 34. 

ܪ∆ = ௙ܪ − ௜ܪ =  ሺ͵Ͷሻ                                                        ݍ
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Esta equação refere-se a um processo termodinâmico em que a variação de 

entalpia do sistema é numericamente igual à quantidade de energia trocada na forma de 

calor entre sistema e vizinhança, em condições onde o sistema só pode realizar trabalho 

de compreensão e expansão à pressão constante. 

Desta forma, poderíamos determinar as variações de energia resultantes dos 

processos de quebra de interações intermoleculares e formação de novas interações 

intermoleculares entre o soluto e os componentes das fases responsáveis pelo processo 

de transferência em SAB.  

O instrumento no qual a técnica analítica faz as medidas calorimétricas está 

constituído por um par de celas, uma de amostra e outra de referência, estas celas se 

encontram em equilíbrio térmico com a vizinhança num ambiente de temperatura 

altamente controlado, como se esquematiza na Figura 8. 

 

 

1 Motor de injeção  

2 Micro seringa 

3 Coluna de referência 

4 Coluna de amostra 

5 Motor agitador 

6 Agitador 

7 Termopilhas  

8 Cela de referência  

9 Cela de amostra 

10 Banho termostático 

11 Dissipador de calor 

Figura 7. Descrição do Calorímetro de Titulação Isotérmica (ITC) 
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A cela de amostra atua como vaso de reação (9) e a outra cela como referência 

(8). Os efeitos térmicos que se reproduzem na cela de amostra ocorrem pela mistura de 

dois sistemas, onde alíquotas de volumes controlados, do sistema titulante (2) são 

adicionadas por meio de um injetor controlado mecanicamente (1) ao sistema titulado 

no interior da cela de amostra. Variações de energia na forma de calor resultantes dos 

processos de mistura destes sistemas, produto de rompimentos de interações já 

existentes e formação de novas interações intermoleculares, leva a mudanças na 

temperatura do sistema.  Para que o equilíbrio térmico seja restabelecido, trocas de 

energia na forma de calor entre sistema (11) e vizinhança (10) começam a ocorrer82. A 

energia resultante, absorvida ou liberada pelo sistema, é detectada por dispositivos 

chamados de termo pilhas (7), as quais fazem contato com as celas calorimétricas.  Essa 

energia gera uma diferença de potencial elétrico em seus terminais que é registrado pelo 

nano-voltímetro e convertido em potência por meio de uma relação que envolve a 

variação de energia em forma de calor ao longo do tempo, tal e como se mostra na 

Equação 35. 

ܲ = ݐ݀ݍ݀                                                                        ሺ͵ͷሻ 

O sinal térmico obtido gera um pulso resultado dos processos de mistura entre 

titulante e titulado, permitindo obter um gráfico de potência, indicando o momento da 

adição de um volume conhecido do titulante em função do tempo. Este gráfico 

denominado termograma é esquematizado na figura 9. 
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Figura 8. Termograma resultante de um experimento em um ITC 

 

 

Os picos obtidos na curva de potência em função do tempo mostram se as 

energias correspondem a processos exotérmicos ou endotérmicos. Estes picos são 

integrados para determinar a quantidade de energia na forma de calor correspondente a 

cada injeção e consequentemente a variação de entalpia transferida no processo de 

mistura pode ser adquirida como se mostra na Equação 36. 

ܪ∆ = ݍ = ∫ ܲ௧ଶ
௧ଵ  ሺ͵͸ሻ                                                      ݐ݀

Por meio do procedimento relatado, os valores de entalpia de diluição  ∆ௗ௜௟ܪ do 

soluto no solvente podem ser calculados. 

Os valores da variação de entalpia de diluição  ∆ௗ௜௟ܪ são plotados em função da 

concentração do soluto obtendo um gráfico de   ∆ௗ௜௟ܪ௜ / kJ mol-1 versus [݅] / mol kg-1 

para encontrar uma função matemática que permita calcular os valores de ∆ௗ௜௟ܪ௜ 
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quando a [݅]  =  Ͳ. Dessa forma pode-se determinar os valores de entalpia padrão de 

interação do soluto e o solvente em condição de diluição infinita ሺ∆ௗ௜௟ܪ௜�,∞ሻ. 

O termo variação de entalpia de transferência padrão em estado de diluição 

infinita ( ∆௧௥ܪ�,∞ሻ faz referência as contribuições entálpicas resultantes das interações 

intermoleculares entre o soluto e o solvente (componentes das fases) no estado de 

diluição infinita, que foram determinadas a partir dos valores de ሺ∆ௗ௜௟ܪ௜�,∞ሻ da espécie 

estudada nas fases superior e inferior do SAB (equação 37). Ele fornece informação 

sobre em que fase estão presentes os componentes formadores do sistema com os quais 

a espécie particionada apresenta interações intermoleculares mais favoráveis. 

∆௧௥ܪ�,∞ = ∆ௗ௜௟ܪ௜−ிௌ�,∞ −  ∆ௗ௜௟ܪ௜−F୍�,∞                                               ሺ͵͹ሻ 

Onde   ∆ௗ௜௟ܪ௜−ிௌ�,∞  e  ∆ௗ௜௟ܪ௜−F୍�,∞  são as variações de entalpia de diluição na condição de 

diluição infinita, produto das interações intermoleculares envolvidas nos processos de 

diluição da espécie ݅  nas fases superior e inferior respectivamente.  

Determinando-se os valores de ∆௧௥ܪ�,∞ e ∆௧௥ܩ�,∞ pode-se calcular os valores 

de ܶ ∆௧௥ܵ�,∞ usando a equação 38. 

ܶ∆௧௥ܵ�,∞ =  ∆௧௥ܪ�,∞ − ∆௧௥ܩ�,∞                                        ሺ͵ͺሻ 

1.3 Modelo de Johansson et al. “contribuições entálpicas e entrópicas para os 

valores de �” 

Este modelo sugere que o processo de partição de um soluto em um SAB pode 

ser dirigido por contribuições entálpicas e entrópicas refletidas no coeficiente de 

partição ܭ. A contribuição entrópica é dada pelo aumento ou redução do número de 

configurações que pode ter o soluto ao distribuir-se entre as fases superior e inferior do 
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SAB. A contribuição entálpica está associada aos rompimentos das interações 

intermoleculares e a formação de novas interações durante o processo de transferência.   

O potencial químico de um soluto "݅"  no equilíbrio quando particionado entre as 

fases de um sistema aquoso bifásico é dado pela relação  �௜ிௌ = �௜ிூ, onde o potencial 

químico na fase superior é dado pela equação 39. 

�௜ிௌ = ቆ�∆௠௜௫ܩிௌ��௜ிௌ ቇ்,௉,௡ೕ≠௡೔ = �௜∗ + ܴܶ ��∅௜ிௌ + ሺ�௜௘௫ሻிௌ                 ሺ͵ͻሻ 

Onde  ∆௠௜௫ܩிௌ é a variação da energia livre de Gibbs provocada pela mistura da 

espécie  ݅ na FS,  �௜ிௌ  é o número de mols de ݅ na FS,  �௜∗ é o potencial químico de  ݅ 
puro, ሺ�௜௘௫ሻிௌ

 é o excesso de potencial químico de ݅ na fase superior e  ∅ࡿࡲ࢏ é a fração de ݅ na fase. Esta fração é definida pela equação 40: 

∅௜ிௌ = ௜ܯ �௜ிௌܰ                                                             ሺͶͲሻ 

Sendo ܯ௜ o grau de polimerização,  ܰ o número total de moléculas da espécie ݅ na FS. 

Como, o corante se encontra em condições de diluição infinita, pode-se assumir 

que sua presença não irá mudar a composição das fases. Isto significa que sob tais 

condições, ܭ pode ser determinado diretamente a partir do diagrama de fase, sem contar 

o soluto ݅, segundo a equação 41. 

௜ܭ �� = �� ∅௜ிௌ∅௜ிூ = ͳܴܶ [ሺ�௜௘௫ሻிூ − ሺ�௜௘௫ሻிௌ]                                 ሺͶͳሻ 

Onde  ሺ�௜௘௫ሻிூé o potencial químico em excesso de ݅  na fase inferior, produto do 

excesso de entropia de mistura dos componentes formadores das fases, e as interações 

não favoráveis entre os componentes da fase inferior, por exemplo, (polímero-solvente, 

soluto-sal, entre outras).  
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1.3.1 Contribuição entrópica no �. 

Segundo o modelo que está sendo discutido (Johansson et al83.) a variação da 

energia livre de Gibbs de mistura pode ser calculada mediante a equação 42. 

∆௠௜௫ܩ = ∆௠௜௫ܪ − ܶ∆ܵ௜ = ܴܰܶ ∑ ∅௜ܯ௜
௠

௜=ଵ ��∅௜ + ܰ ∑ ∑ ∅௜௠
௝=௜+ଵ

௠−ଵ
௜=ଵ ∅௝ݓ௜௝             ሺͶʹሻ 

Assumindo que  ∆௠௜௫ܪ é zero, encontra-se a contribuição entrópica para o 

potencial químico do soluto  ݅, ajustando a equação 39 em 42 de modo que: 

�௜ − �௜∗ = ܶ ቆ�∆ܵ௜��௜ ቇ்,௉,௡ೕ≠௡೔ = ܴܶ [��ɸ௜ − ɸ௜ + ͳ − ௣ܯ ∑ ɸ௝ܯ௝
௠

௜≠௝ ]         ሺͶ͵ሻ 

O termo logarítmico ܴ  ܶ ��ɸ௜  representa a variação da entropia molar parcial 

ideal no processo de mistura. Os três termos restantes representam o �௜௘௫ na fase, 

conforme o definido na equação 39. Sendo o coeficiente de partição do soluto definido 

como: 

௜ܭ�� = −ሺ ɸ௜ிௌ − ɸ௜ிூሻ + ௜ܯ ቌ∑ ɸ௃ிௌܯ௝
௠

௜≠௝ − ∑ ɸ௃ிூܯ௝
௠

௜≠௝ ቍ = ௜ܯ ቌ∑ ɸ௃ிௌܯ௝
௠

௜≠௝ − ∑ ɸ௃ிூܯ௝
௠

௜≠௝ ቍ    ሺͶͶሻ 

Onde a segunda igualdade deriva do fato de que na condição de diluição infinita, ɸ௜ிௌ e ɸ௜ிூ devem de ter valores mínimos e semelhantes, portanto: 

ሺɸ௜ிௌ − ɸ௜ிூሻ = Ͳ 

ሺɸ௃ிௌ/ܯ௃ሻ = ሺ�௃ிௌ/ܰிௌሻ= ( ௡಻���௏��)                                       (45) 

Onde ܰ ிௌ  é o número de sítios da rede da fase superior,  � é o número de sítios 

da rede por unidade de volume,  ܸிௌ o volume da fase superior, e ܯ௜ é a massa molar 
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do soluto. Deste modo a contribuição entrópica sobre  ܭ pode ser descrita pela equação 

46. 

௜ܭ�� = �௜ܯ ቆ�ிௌܸிௌ − �ிூܸிூቇ                                                  ሺͶ͸ሻ 

Onde  �ிௌ e �ிூ  representam o número total de moléculas na fase superior e 

inferior, respectivamente.  Esta relação indica que na ausência de efeitos entálpicas, o 

corante se particionará entre ambas as fases devido à diferença do número de moléculas 

por unidade de volume (densidade numérica) entre a fase superior e a inferior do SAB. 

Sob tais condições, o soluto irá particionar preferencialmente para a fase com a maior 

densidade em número. 

A entropia da mistura aumenta em proporção o número de formas distintas de 

distribuir as moléculas do soluto espacialmente, contribuindo na diminuição da energia 

livre de Gibbs de mistura no sistema. Desta forma, a fase com maior densidade 

numérica, dará a possibilidade de acomodar o soluto em um maior número de 

configurações espaciais diferentes, fazendo que a partição do soluto seja maior nesta 

fase. Geralmente alguns SABs tradicionais são caracterizados por apresentar uma maior 

densidade numérica na fase inferior, isto é causado pela diferença de moléculas de água 

entre as fases, então um soluto interagindo nestes sistemas se concentrará mais na fase 

inferior. 

1.3.2 Contribuição entálpica aos valores de �. 

Quando não existe uma contribuição entrópica em um SAB, por exemplo no 

caso em que as densidades numéricas das fases são idênticas, o processo de partição de 

um soluto dependera apenas da variação de entalpia molar parcial do soluto nas fases 
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superior e inferior, condição em que os valores de ܭ  pode ser representado da seguinte 

forma: 

�� ܭ = − ௜ܴܶܯ [ ∑ሺ�௔ிௌ − �௔ிூሻݓ௔௜ −  ∑ ∑ሺ�௔ிௌ�௔ிௌ −ଷ
௝=ଶ

ଶ
௔=ଵ

ଷ
௔=ଵ �௔ிூ�௔ிூሻݓ௔௝]     ሺͶ͹ሻ 

Onde �௔ிௌ  e �௔ிூ  são as frações de volume do componente �  na fase superior e 

inferior, respectivamente (sendo � =  água, polímero ou sal),  ܯ௜ é a massa molar da 

espécie particionada,  ݓ௔௜ e  ݓ௔௝  são as energias do par potencial ܽ-݅ e  ܽ-݆. Estas 

energias podem ser definidas pela equação 48. 

௔ܹ௝ = ܼሺ�௔௝ − ଵଶ (�௔௔ + �௝௝)ሻ                                              ሺͶͺሻ  

Onde ܼ é o número de moléculas vizinhas que interagem com o componente �, 

enquanto a ��࢐  representa a energia de interação envolvida na formação do par 

potencial e �௝௝ e ���   representam as energias resultantes dos rompimentos das 

interações ݆- ݆ e  ܽ -ܽ respectivamente.  

Com base na Equação 48, as interações presentes no sistema podem ser 

constituídas por dois somatórios, onde o primeiro seria: 

∑ሺ�௔ிௌ − �௔ிூሻݓ௔௜ଷ
௔=ଵ  

Que representa a energia absorvida ou liberada no processo de interação do espécie 

particionada com os componentes formadores de ambas fases. O segundo somatório 

seria: 

∑ ∑ሺ�௔ிௌ�௔ிௌ −ଷ
௝=ଶ

ଶ
௔=ଵ �௔ிூ�௔ிூሻݓ௔௝ 
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Que representa a energia do processo de formação de uma cavidade, ou seja, o 

rompimento de interações intermoleculares na fase superior e o fechamento de uma 

cavidade fazendo referência à formação de novas interações intermoleculares na fase 

inferior quando o soluto é transferido da fase inferior para a fase superior. Estes 

somatórios fazem referência a uma energia denominada auto-energia do sistema.  

As múltiplas propriedades e a grande variedade de sistemas aquosos que podem 

se formar em busca de impulsar o desenvolvimento da pesquisa de partição de solutos, 

criam a necessidade fundamental de compreender as forças motrizes fundamentais que 

regem o comportamento das espécies químicas formadoras das fases no momento de 

interagir com um soluto, e os efeitos que produzem essa interação no coeficiente de 

partição.  
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CAPÍTULO 2  

Chemical groups contribution to the driving forces in the partition of 

phenylmethane dyes in PEO1500 + MgSO4 + H2O systems 

ABSTRACT 

Aqueous two-phase system (ATPS) is known as an efficient and environmentally safe 

technique for the extraction and pre-concentration of different solutes. However, the 

contribution of chemical groups to the solutes-transfer driving forces is still unknown. 

We have examined the partition of six phenylmethane (PhM) dyes with similar 

chemical structure in PEO1500 + MgSO4 + H2O ATPS, enabling the calculation of 

chemical groups contributions to standard thermodynamic transfer parameters at infinite 

dilution conditions as standard Gibbs free energy change (∆௧௥ܩ�,∞), standard enthalpy 

change (∆௧௥ܪ�,∞) and standard entropy change (ܶ∆௧௥ܵ�,∞ሻ. The CH3 group average 

contributions, in kJ mol-1, were: ∆௧௥ܩ௉ℎெ�,∞  = −0.56, ∆௧௥ܪ௉ℎெ�,∞  = −4.86 and ܶ∆௧௥ܵ௉ℎெ�,∞  = 

−4.53, while those of the phenyl ring were: ∆௧௥ܩ௉ℎெ�,∞  = −13.02, ∆௧௥ܪ௉ℎெ�,∞  = −35.23 and ܶ∆௧௥ܵ௉ℎெ�,∞  = −28.16. The positive charge in the dye molecule does not contribute to the ∆௧௥ܩ�,∞ values, but ∆௧௥ܪ௉ℎெ�,∞  and   ܶ∆௧௥ܵ௉ℎெ�,∞  increased to around 11.21 kJ mol-1, 

indicating that the presence of charge in the dye molecule decreases its hydrophobicity, 

thereby enhancing the water solvation freedom rotational degree. 

1. INTRODUCTION  

Currently, aqueous two-phase systems (ATPSs) are used in a broad range of purposes: 

in drug separation1, protein extraction2, removal of hydrophilic ionic liquids3, enzyme 

recovery4, extraction of antimicrobial peptides5, recovery of biomolecules6, metal 

extraction and separation7, 8, extraction of natural pigments9-11, aminoacid partition12, 
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organic compounds partition13, 14 and dyes partition15, among others. However, there are 

few thermodynamic studies answering the fundamental question: what is the 

relationship between the solute structure and the driving forces that determine its 

partitioning behavior in ATPS? If the goal is the optimization of ATPS application in 

the separation and purification of different kind of solutes, this important 

thermodynamic question should be addressed. Therefore, in order to understand what is 

the chemical group contribution to the ATPS solute transfer process, it is important to 

develop experimental methods that allow to determine all thermodynamic parameters 

that are responsible for the transfer of the solutes between the ATPS phases. 

The main experimental approach found in the literature on the ATPS solute partitioning 

thermodynamics involves the determination of the temperature dependence of the 

partitioning coefficient, and to apply the van’t Hoff approximation to calculate the 

transfer enthalpy change ሺ∆௧௥ܪ ሻ and the transfer entropy change ሺ∆௧௥ܵሻ8, 16-20. As is 

well known, this approach has some limitationsμ (i) since the van’t Hoff  ∆௧௥ܪ  value is 

obtained from the ln K versus 1/T curve, it must have accumulative errors coming from 

inadequate measurements of K and T, and (ii) temperature affects the phase 

composition of each ATPS phase, which changes the K value due to the modifications 

in temperature and phase composition. In order to overcome these limitations, Mageste 

et al11
 proposed a new method to calculate directly  ∆௧௥ܪ  using nanocalorimetry. They 

added a solution of the solute (using the bottom phase as solvent) in a nanocalorimeter 

cell containing 0.8 mL of both ATPS phases. Since the authors have measured K values, 

it was possible to calculate the amount of solute transferred to the top phase, and by 

dividing the enthalpy measured in the calorimeter by the molar amount of solute that 

was transferred, it was possible to calculate ∆௧௥ܪ . The main problem with this strategy 

is that the solute has a finite concentration in each ATPS phase, which makes the solute-
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solute interaction a great contribution to the ∆௧௥ܪ  values. Recently Rengifo et al21 

proposed a new approach to calculate the ∆௧௥ܪ  from the experimental determination 

of the dilution enthalpy change of the solute in the ATPS components at small solute 

concentration by isothermal titration calorimetry (ITC). The authors considered that this 

low concentration could be approximated for the infinite dilution state (∆ௗ௜௟ܪ∞). 

However, even considering the small concentration state, solute-solute interactions must 

affect the transfer parameters. 

In order to overcome this limited approach, in this paper we have investigated the 

partition of six phenylmethane (PhM) dyes, namely: methyl violet 10B (MV10B); 

methyl violet 6B (MV6B); methyl violet 2B (MV2B); pararosaniline (PRA); methyl 

violet B (MVB) and auramine (AUR), which are structurally very similar (figure 1) in 

PEO1500 + MgSO4 + H2O ATPS. This novel experimental method allows the 

determination of the following standard solute transfer parameters for each dye: 

standard transfer Gibbs free energy change ሺ∆௧௥ܩ�,∞), standard transfer enthalpy 

change ሺ∆௧௥ܪ�,∞) and standard transfer entropy change ሺܶ∆௧௥ܵ�,∞). By analyzing the 

dependence of each transfer parameter on the dye chemical structure, it was possible to 

determine the chemical group contribution for the driving forces in the PhM dyes 

transfer processes. 
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Figure 1. PhM dyes molecular structures 

 

2.MATERIAL AND METHODS 

2.1 Materials 

Poly(ethylene oxide) (PEO), with a molar mass of 1500 g mol-1, was purchased from 

Synth (Brazil). The inorganic salt magnesium sulfate heptahydrate (MgSO4•7H2O) was 

purchased from Vetec (Brazil). The dyes MV10B (purity ≥ λ0 %), MV6B (purity ≥ λ0 

%), MV2B (purity ≥ λ8 %), PRA (purity ≥ λ0 %), MVB (purity ≥ 87 %) and AUR 

(purity ≥ 85 %) were purchased from Sigma-Aldrich (USA). All chemicals used in this 

study were of analytical grade and used without further purification. Deionized water 

was used in all experiments. 
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2.2 Preparation of ATPS and determination of PhM dyes partition coefficients 

The compositions of the ATPS ternary mixtures used in the partition experiments were 

chosen based on previously published phase diagrams.22, 23 To achieve the desired 

composition ratio for each ATPS, appropriate amounts of PEO solutions, salt and water 

were taken into graduated centrifuge tubes. The tubes were shaken and left to stand at 

298 K, in a thermostatic bath (Microquimica, MQBTC 99-20, 298.15 K), with an 

uncertainty of ± 0.1 K. 

Once the system had achieved thermodynamic equilibrium, the two phases were 

collected separately for partition experiments. To a total of 8.0 g (divided as 1.0 g of top 

phase and 7.0 g of bottom phase) were added 100 ȝL of the PhM dye stock solution (3.1 

× 10−3 mol kg−1) in glass tubes. The final concentration of the dyes in the tubes was 3.9 

× 10−5 mol kg−1. For each tie-line length (TLL) and each ATPS, three systems were 

prepared: a blank without dye, a sample and a replicate. These systems were stirred 

manually for 3 min until the solutions became cloudy and then maintained under 

controlled temperature in a thermostatic bath at 298 K for a minimum of 8 h to reach 

thermodynamic equilibrium. Aliquots of the top and the bottom phases were collected 

with a syringe, and adequately diluted with deionized water for spectrophotometric 

analysis at 590 nm for MV2B, MV6B, MV10B and MVB, 540 nm for PRA, and 435 

nm for AUR, using a Shimadzu digital double beam spectrometer (UV-2550). 

The PhM dyes 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, on specific conditions the absorbance of the analyte at a specific 

wavelength is directly proportional to the analyte concentration. Thus, the partition 

coefficient (K) can be given as described in Equation 1. 
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ܭ = ሺ�்ܾݏ௉ሻݔሺ்݂݀௉ሻሺ�ܾݏ஻௉ሻݔሺ݂݀஻௉ሻ                                                          ሺͳሻ 

where ሺ�்ܾݏ௉ሻ and ሺ�ܾݏ஻௉ሻ are the absorbance of the dyes in the diluted upper phase 

and the diluted bottom phase, respectively, discounting the absorbance of the 

corresponding blanks, and ሺ்݂݀௉ሻ and ሺ݂݀஻௉ሻ are the dilution factors for the phases. 

The K values were determined for different TLL values of each investigated 

ATPS. The TLL numerically expresses the difference in the intensive thermodynamic 

functions between the upper and the bottom phases, at constant pressure and 

temperature. It is calculated using Equation 2: 

ܮܮܶ = √ሺܥ௣௢௟௎௉ − ௣௢௟஻௉ܥ ሻଶ + ሺܥ௦௔௟௧௎௉ − ௦௔௟௧஻௉ܥ ሻଶ                                     ሺʹሻ 

where ܥ௣௎௉ and ܥ௣஻௉ are the polymer concentrations in the top and bottom phases, 

respectively, and ܥ௦௎௉ and ܥ௦஻௉ are the corresponding salt concentrations in the top and 

bottom phases, respectively. 

2.3 Thermodynamic parameters of transfer 

2.3.1 Standard transfer Gibbs free energy change (∆࢚࢘ࡳ�) 

For all ATPSs, the ∆࢚࢘ࡳ� was obtained with the thermodynamic relationship given by 

Equation 3: 

∆௧௥ܩ� =  −ܴ ܶ �� ܭ                                                           ሺ͵ሻ 

where R is the real gas constant in (kJ mol-1 K-1), T is the absolute temperature in K, and ܭ is the dyes partition coefficient obtained at the infinite dilution condition, by 

extrapolating ܭ versus [dye] curves to zero dye concentration. 
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2.3.2 Dyes transfer enthalpy change ሺ∆࢚࢘ࡴ�) 

Isothermal titration calorimetry (ITC) was used to determine the dye standard 

dilution enthalpy change ሺ∆ࡴ࢒࢏ࢊ�) in the ATPS bottom and the upper phases. The 

experiments were conducted in a CSC-4200 microcalorimeter (Science Corp. 

Calorimeter). The ∆࢚࢘ࡴ� values for all PhM dyes in each TLL was obtained with the 

following procedure: the energy change associated with the dye dilution effects 

(∆ௗ௜௟ܪ௉ℎெ) was determined by filling the reference and the sample cells with 1.80 mL 

of the bottom or upper phase, and titrating the sample solution with fifteen consecutive 

injections of 15 µL of the dyes stock solutions at a concentration of (5.8 × 10−4 mol 

kg−1), prepared in the bottom or upper phase of the ATPS. The flow of energy registered 

during the whole process was recorded as a power versus time curve, which was 

integrated to obtain the enthalpy change of each dilution process. To discount the 

energy associated with friction effects, the same experiment was performed in the 

absence of dyes. A gas-tight Hamilton syringe (250 ȝL) controlled by an instrument was 

utilized for the injections, and a stirrer helix stirring at 300 rpm was used throughout the 

experiment. The dye standard dilution enthalpy change curve in phase α (α = bottom or 

upper phase) versus dye concentration (∆ௗ௜௟ܪ௉ℎெ�  vs [PhM]) was plotted and the dye 

concentration was extrapolated to zero. Then it was possible to obtain the dye standard 

dilution enthalpy change in infinite dilution conditions (∆௧௥ܪ௉ℎெ�,∞ ) for each PhM dye in 

both ATPS phases. 

The standard enthalpy change at infinite dilution condition was determined using 

Equation 4:  ∆௧௥ܪ௉ℎெ�,∞ =  ∆ௗ௜௟ܪ௉ℎெ∞,௎௉ −  ∆ௗ௜௟ܪ௉ℎெ∞,஻௉                                               ሺͶሻ 
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Where: ∆ௗ௜௟ܪ௉ℎெ∞,௎௉ and ∆ௗ௜௟ܪ௉ℎெ∞,஻௉ are the dye standard dilution enthalpy change at 

infinite dilution conditions in the upper and bottom phases, respectively, and ∆௧௥ܪ௉ℎெ�,∞  is 

the dye standard transfer enthalpy change at infinite dilution condition. 

2.3.3. Standard transfer entropy change (∆࢚࢘ࡿ�) 

The PhM dyes standard transfer entropy change at infinite dilution condition 

(ܶ∆௧௥ܵ௉ℎெ�,∞ ) was determined with the classic thermodynamic relationship given by 

Equation 5: ∆௧௥ܩ௉ℎெ�,∞ =  ∆௧௥ܪ௉ℎெ�,∞ − ܶ∆௧௥ܵ௉ℎெ�,∞                                                    ሺͷሻ 

Where: ∆௧௥ܪ௉ℎெ�,∞  is the dye standard transfer enthalpy change at infinite dilution 

condition and ∆௧௥ܩ௉ℎெ�,∞  is the dye standard transfer Gibbs free energy change at infinite 

dilution condition. 

3. Results and discussion 

3.1 Effect of dye concentration on the partition coefficient 

As is well known, depending on concentration and/or temperature, 

phenylmethane (PhM) molecules can self-assemble as dimers, trimers and so on, 

producing different chemical species with distinct partition behavior24. Therefore it is 

very important to determine the relationship between the PhM partition 

coefficient ሺK୔hMሻ and its total concentration with the ATPS studied in this work. If K୔hM changes with increasing dye concentration, then different chemical species are 

transferred between both ATPS phases. However, if ܭ௉ℎெ is independent of the colorant 

concentration, it can be concluded that only one chemical compound is transferred11, 25. 

 Figure 2 shows the PhM partition coefficient ሺܭ௉ℎெሻ as a function of its total 

concentration, in mol kg−1, in a PEO1500 +MgSO4+ H2O ATPS at 298.15 K, in the first 

TLL (5.27 mol kg−1). 
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Figure 2. K values of PhM dyes as a function of the concentration measured in 

PEO1500 + MgSO4 + H2O ATPS at 298.15 K and TLL 1 = 5.27 mol kg-1. 
 

 It can be seen that the values of ܭெ௏6஻ and other ܭ௉ℎெ were independent of the 

dye concentration, suggesting that within this range of dye amount only one type of 

those MV6B species (monomer or dimers) is distributed between both ATPS phases. 

One experimental approach to determine whether MV6B monomers or dimers are 

partitioning in the PEO1500 + MgSO4 + H2O ATPS is to obtain dye UV-vis spectra for 

each ATPS phase and compare them with UV-vis spectra of dyes in pure water. In 

aqueous solutions, the MV6B molecules exhibit two superimposed bands: the long 

wavelength α-band (max = 590 nm), which corresponds to monomer absorption, and the 

short wavelength β-band (max = 550 nm), which corresponds to the dimer absorption26-

28. 

 The self-assembly process of MV6B can be studied by the UV-vis band 

deconvolution method, which allows to calculate the contribution of the monomer and 

dimer species for the UV-vis spectrum (Figure 3).  
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Figure 3.    UV-vis absorption spectrum of MV6B at a concentration of 3.9x10-5 mol 

kg -1 (ـــــ), deconvolution result β band (…) and α band (---) obtained in: (a) pure 

water, (b)  MgSO4 aqueous solutions , (c) ATPS salt rich phase and (d) ATPS polymer 

concentrated phase, at 298 K at TLL = 5.27 mol kg-1.  

 

The deconvolution results show that the UV-vis spectrum of MV6B is the result 

of the sum of two bands with max = 590 nm (α-band) and max = 550 nm (β-band), and 

the relationship between its intensities (area of the band) varies according to the solvent 

and the dye concentration. Figure 4 shows the ratio between the areas of the α and β 

bands (deconvolution result for MV6B). 
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Figure 4. Ratio between α and β area band (α / β) as a function of the concentration 

of MV6B in pure water, in MgSO4 aqueous solution and APTS bottom and upper 

phase of PEO1500 + MgSO4 + H2O ATPS at 298.15 K at TLL = 5.27 mol kg-1. 

 

For 3.9 × 10−5 mol kg−1 of MV6B in water (Figure 3a), the β band is higher than 

the α band (α/β = 0.50), meaning that the presence of dimers is predominant. 

Ghanadzadeh et al29, 30 showed that methyl violet aqueous solutions at [MV6B] ˃ 2.5 × 

10−5 mol L−1 contain dimers in thermodynamic equilibrium with MV6B monomers, and 

the amount of clusters increases as the dye total concentration increases. In MgSO4 

aqueous solutions (Figure 3b and Figure 4), monomers and dimers have almost the 

same contribution (α/β= 0.89) to the UV-vis band, whilst in the ATPS salt rich phase, 

i.e, an aqueous mixture of MgSO4 and PEO1500 (Figure 3c and figure 4), the 

concentration of monomers is predominant (α/β = 89). Since in MgSO4 aqueous 

solutions there are almost equal concentrations of monomers and dimers, this higher 

monomer concentration in the MgSO4-rich ATPS phase was induced by the presence of 

polymer in lower concentration, which enables the PEO-dye interaction to occur, 

disrupting any dimer present. In the polymer-concentrated ATPS phase (Figure 3d and 
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figure 4), an equal behavior is observed, but with less dimer formation (α/β = 105), 

indicating again that PEO-dye interactions impair the formation of dye dimers. These 

spectroscopic analyses indicate that predominantly monomeric species are transferred 

between both ATPS phases, giving support to the hypotheses on the existence of a 

specific interaction between PEO segments present in both phases of ATPS and dye 

monomers. The PEO-dye interaction is capable of inhibiting the MV6B-MV6B stacking 

π-π interaction, which is controlled by directional overlapping of HOMOs with 

LUMOs31. 

3.2. MV6B partition behavior 

The solute distribution between the ATPS phases is determined by a delicate balance 

between different intermolecular interactions (van der Waals, electrostatic, hydrogen 

bond, hydrophobic, etc.)32. At [MV6B] = 3.9 × 10−5 mol kg−1 , the dye distribution in all 

ATPS studied in this work was very uneven, with high dye concentration in the 

polymer-rich phase. In order to understand the interactions driving PhM partition in the 

ATPS, we have examined the relationship between ܭ௉ℎெ or ∆௧௥ܩ௉ℎெ�  values and ATPS 

phase compositions (TLL). In this case, an adaptation of Equation 2 can be made to 

calculate the TLL, as given by Equation 2. Figure 5 shows the ܭெ௏6஻ and ∆௧௥ܩெ௏6஻�  

values as a function of the TLL of the ATPS PEO1500 + MgSO4 + H2O ATPS at 298 

K. 
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Figure 5. ܭெ௏6஻  (■) and ∆௧௥ܩெ௏6஻�   (□) as function of TLL in the PEO1500 + MgSO4 

+ H2O ATPS at 298.15 K.  

 

The ܭெ௏6஻ values ranged between (105.58 ± 4.03) and (8960.57 ± 6.25) for TLL 

magnitudes varying between 5.27 and 12.98 mol kg−1, showing that MV6B 

concentrated intensely in the upper ATPS phase. Moreover, an increase in TLL caused 

an exponential increase [ܭெ௏6஻ = 4.96 × exp (TLL/7.18) + 50.86] in the dye transfer 

process from the ATPS bottom phase to the upper phase. Therefore, the partition of 

MV6B decreases the Gibbs free energy of the biphasic systems, and such decrease at a 

standard state can be calculated by applying Equation 3 to the particular case of the 

MV6B dye, that is, ∆௧௥ܩெ௏6஻�  = −ܴ ܶ ��  .ெ௏6஻ܭ

 The results of ∆௧௥ܩெ௏6஻�,∞  versus TLL are shown in Figure 5. The ∆௧௥ܩெ௏6஻�  

values for the PEO1500 + MgSO4 + H2O ATPS decreased with increasing TLL, ranging 

from (−11.5 ± 0.1) to (−22.5 ± 0.2) kJ mol−1. The negative values of ∆௧௥ܩெ௏6஻�,∞  indicate 

a more favorable interaction between the dye molecules and the components of the 

ATPS polymer-rich phase than the interactions between the MV6B molecules and the 
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components of the salt-rich phase. Since the main difference between upper and bottom 

phase composition is the polymer and salt amounts, probably this dye partition to the 

upper phase is due to specific interactions between the dye molecules and the EO 

segments.  

 To the best of our knowledge, there are no studies on the partition of PhM dyes 

in ATPS. However, the use of ATPS formed by polymer and salt in the study of dye 

partition (either synthetic or natural) has been proposed as an alternative for colorant 

purification and extraction11,33-36. Shiri et al33 proposed a new approach for the 

determination of Brilliant Blue FCF in water and food samples using different ATPS 

composed by PEO-(4000 or 6000 or 10000) and Na2SO4 or Na2CO3 or (NH4)2SO4 or 

KH2PO4.They found that the best ATPS performance for the dye extraction process was 

effected with PEO4000 + Na2CO3 + H2O at pH 5.5 and 35 °C. However the authors did 

not conduct any thermodynamic studies to help understanding the driving forces that are 

responsible for the extraction of the dye. Alvarenga et al34
 studied the partitioning of 

textile dye Remazol Yellow Gold RNL in ATPS generated by PEO with different molar 

masses (1500, 4000 and 6000) and inorganic [(NH4)2SO4, Li2SO4, MgSO4.7H2O and 

Na2SO4] or organic [CitrNa (NaH2C6H5O7) and TartNa (Na2C4H4O6.2H2O)] salts, for 

which the highest K (150 < K < 1200 ) values were obtained with the PEO1500 + 

Li 2SO4 + H2O ATPS. The authors showed that the dye partition behavior is independent 

of the polymer molar mass or the anion nature, without any discussion about the 

thermodynamics of the transfer process. Mageste et al11
 studied the partition of the 

natural dye Norbixin in different ATPS formed by organic salts (Na2C4H4O6.2H2O and 

C4H4O4Na2.6H2O) with hydrophilic polymers (PEO 1500 and PEO4000) or 

hydrophobic polymers (PPO400) or copolymers (L35). The K values did not depend on 

the polymer size, but were affected by the electrolyte anionic nature, following the 



59 

 

order: ܭே௔మ஼రுరை6ଶ ୌమ୓. ˃ ܭ஼రுరைర6 ୌమ୓ and the polymer hydrophobicity, with KPEO ˃ 

KL35 ˃ KPPO. The authors measured the values of ∆trH (dye molar enthalpy transfer 

change) by microcalorimetry, ranging from −2.71 kJ mol-1 on the first TLL of ATPS 

L35 + Na2C4H4O6.2H2O + H2O to −9.10 kJ mol-1on the fifth TLL of the ATPS PPO400 

+ Na2C4H4O6.2H2O + H2O. However, the use of natural dyes to investigate 

thermodynamic partition is restricted mainly due to the low degree of sample purity. So, 

as pointed out above, studies on the elucidation of the thermodynamics of colorant 

partition in ATPS are still incipient. 

 In order to better understand the MV6B transfer processes, the contributions of 

the standard transfer enthalpy change (∆௧௥ܪ�) and the standard transfer entropy change 

(∆௧௥ܵ�) to the standard transfer thermodynamic potential ( ∆௧௥ܩ�) must be determined. 

Here we have proposed a novel approach to calculate these parameters. 

3.3. Thermodynamic Transfer Parameters 

Since there are no experimental thermodynamic studies describing the driving 

forces for PhM dyes distribution in ATPS, it is very important and strategic to evaluate 

the standard transfer Free Gibbs energy change ( ∆௧௥ܩ௉ℎெ� ) expressed by equation 6: 

∆௧௥ܩ௉ℎெ� = ௉ℎெܭ�� ܶ ܴ−  = −ܴ ܶ �� [ܲℎܯ]௎௉. �௉ℎெ௎௉[ܲℎܯ]஻௉. �௉ℎெ஻௉                            ሺ͸ሻ 

Where R is the ideal gas constant, T is the system temperature, [ܲℎܯ] is the PhM 

concentration and �௉ℎெ is the PhM activity coefficient. The superscript indexes BP and 

UP are bottom and upper phases, respectively. 

 Despite the fact that Equation 6 is thermodynamically rigorous, it is of limited 

use, mainly because in general it is not an easy task to determine activity coefficients 

and their dependence on solute concentration. However, we can choose a 

thermodynamic state where �௜ does not affect ∆௧௥ܩ௉ℎெ� . This condition should be such 
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that the solute interacts only with solvent molecules, i.e, with only ATPS components. 

This state is one where the solute concentration is infinitely diluted, in which case �௜ =ͳ. With this assumption, Equation 7 is obtained: 

∆௧௥ܩ௉ℎெ�,∞ =  −ܴ ܶ �� ቆ �i�[௉ℎெ]→଴ [ܲℎܯ]௎௉[ܲℎܯ]஻௉ቇ = ∞௉ℎெܭ��ܴܶ−                  ሺ͹ሻ 

Where ∆௧௥ܩ௉ℎெ�,∞  is the standard transfer Free Gibbs energy change at infinite dilution 

condition, in which case Equation 8 is satisfied: 

�i�[௉ℎெ]→଴ �௉ℎெ௎௉ = �i�[௉ℎெ]→଴ �௉ℎெ஻௉ = ͳ                                        ሺͺሻ 

To obtain ܭ௉ℎெ∞ , the ܭ௉ℎெ values were plotted against [PhM] and extrapolated to 

[PhM] equal to zero. Applying Equation 7, ∆௧௥ܩ௉ℎெ�,∞  can be estimated, which represents 

the system free energy change when 1 mol of PhM dyes are transferred from the bottom 

phase to the upper phase in infinite dilution conditions. 

As is well known, in order to better understand the molecular processes 

occurring within the systems it is necessary to determine the components of ∆௧௥ܩ௉ℎெ�,∞ , 

i.e, ∆௧௥ܪ௉ℎெ�,∞  and ∆௧௥ܵ௉ℎெ�,∞ . To determine the standard enthalpy change at infinite 

dilution when 1 mol of PhM moves from bottom phase to upper phase in infinite 

dilution state (∆௧௥ܪ௉ℎெ�,∞ ), Equation 9 can be applied. In this transfer process the dye 

molecule interacts only with components of the phases.  

∆௧௥ܪ௉ℎெ�,∞ =  ∆ௗ௜௟ܪ௉ℎெ∞,௎௉ −  ∆ௗ௜௟ܪ௉ℎெ∞,஻௉                                         ሺͻሻ  

The ∆ௗ௜௟ܪ௉ℎெ∞,௎௉ and  ∆ௗ௜௟ܪ௉ℎெ∞,஻௉values are the dye dilution (in the upper phase and in the 

bottom phase respectively) enthalpy changes at infinite dilutions. The ∆ௗ௜௟ܪ௉ℎெ∞�  (α = UP 

or BP) were determined through the curve of enthalpy change of dye dilution in the α 
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phase versus dye concentration (∆ௗ௜௟ܪ௉ℎெ�  vs [PhM]) by extrapolating the dye 

concentration to zero. ∆ௗ௜௟ܪ௉ℎெ�  expresses the following interactions: ∆ܪ௉ℎெ−௉ℎெ� �,௉ℎெ−௪௔௧௘௥ܪ∆ , �௉ℎெ−௦௔௟௧ܪ∆   and ∆ܪ௉ℎெ−௣௢௟� , which could be simplified by: ∆ௗ௜௟ܪ௉ℎெ� �௉ℎெ−௉ℎெܪ∆= + �௉ℎெ−௦௢௟௩௘௡௧ܪ∆ . At infinite dilution,  ∆ௗ௜௟ܪ௉ℎெ�  becomes equal to ∆ܪ௉ℎெ−௦௢௟௩௘௡௧�  only, because ∆ܪ௉ℎெ−௉ℎெ�  is equal to zero at this thermodynamic state. 

 The standard transfer entropy change at infinite dilution (∆௧௥ܵ௉ℎெ�,∞ ) can be 

calculated with Equation 10. 

∆௧௥ܵ௉ℎெ�,∞ =  ∆௧௥ܪ௉ℎெ�,∞ − ∆௧௥ܩ௉ℎெ�,∞ܶ                                       ሺͳͲሻ 

Applying these theoretical approaches to the partition process of MV6B, we 

have obtained all thermodynamic parameters for the transfer of MV6B in the PEO1500 

+ MgSO4 + H2O ATPS, as a function of the TLL at 298.15 K (Table 1). 

Table 1. Thermodynamic transfer parameters of MV6B as a function of the TLL      
values in the PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ∞,�࡮���ࡳ࢚࢘∆  ∞,�࡮���ࡴ࢚࢘∆  ∞,�࡮���ࡿ࢚࢘∆ࢀ   

mol kg-1 kJ mol-1 
5.27 −11.48 ± 0.01 −25.50 ± 0.02 −13.94 ± 0.01 
8.06 −15.61 ± 0.14 −39.28 ± 0.04 −23.63 ± 0.09 
9.95 −18.29 ± 0.07 −55.89 ± 0.10 −37.47 ± 0.03 
11.67 −21.11 ± 0.02 −76.10 ± 0.09 −55.01 ± 0.11 
12.99 −22.49 ± 0.12 −99.61 ± 0.04 −77.04 ± 0.13 

 

∆௧௥ܪெ௏6஻�,∞  values ranged from (−25.50 ± 0.02) to (−99.61 ± 0.04) kJ mol−1, 

showing that the transfer of VM6B from the bottom phase to the upper phase is an 

exothermic process which releases more energy as TLL values increase. ∆௧௥ܪெ௏6஻�,∞  

could be considered as a combination of four types of interactions, as expressed by 

Equation 11. 

∆௧௥ܪ௉ℎெ�,∞ =  ∆௜௡௧ܪ௉ℎெ−஻௉∞ + ∆௜௡௧ܪ஻௉−஻௉∞ +∆௜௡௧ܪ௎௉−௎௉∞ + ∆௜௡௧ܪ௉ℎெ−௎௉∞         ሺͳͳሻ 



62 

 

where ∆௜௡௧ܪ௉ℎெ−஻௉∞  is the energy spent to break the interactions of PhM molecules and 

the bottom phase components; ∆௜௡௧ܪ஻௉−஻௉∞  is the energy released when the bottom 

phase components interact with the that solvated the MV6B molecules; ∆௜௡௧ܪ௎௉−௎௉∞  is 

the energy required to disrupt the interactions among the upper phase components in 

order to allocate MV6B molecules; and ∆௜௡௧ܪ௉ℎெ−௎௉∞  is the decrease in the system 

energy due to the formation of the new interactions between PhM molecules and the 

upper phase components. Since ∆௧௥ܪ௉ℎெ�,∞  was negative, one can conclude that: 

|∆௜௡௧ܪ஻௉−஻௉∞ + ∆௜௡௧ܪ௉ℎெ−௎௉∞ | > |∆௜௡௧ܪ௉ℎெ−஻௉∞ +∆௜௡௧ܪ௎௉−௎௉∞ |             ሺͳʹሻ 

 As TLL values increase, the number of PEO-PhM and PhM-salt interactions 

increases, and since ∆௧௥ܪெ௏6஻�,∞  became more negative the difference |∆௜௡௧ܪ஻௉−஻௉∞ +∆௜௡௧ܪ௉ℎெ−௎௉∞ | −  |∆௜௡௧ܪ௉ℎெ−஻௉∞ +∆௜௡௧ܪ௎௉−௎௉∞ | becomes higher. This enthalpic 

contribution to the ܭ௉ℎெ values can be described by a model developed by Johansson et 

al.35 (Equation 13), where enthalpic effects on ܭ௉ℎெ can be represented as: 

�� ௉ℎெܭ = − ௉ℎெܴܶܯ [∑ሺ�௔௎௉ − �௔஻௉ሻݓ௔௉ℎெ +  ∑ ∑ሺ�௔௎௉�௕௎௉ −ଷ
௕=ଶ

ଶ
௔=ଵ

ଷ
௔=ଵ �௔஻௉�௕஻௉ሻݓ௔௕]  ሺͳ͵ሻ 

Where �௔௎௉ and �௔஻௉ are the volume fractions of component ܽ in the upper and bottom 

phase respectively, (being  ܽ = water or polymer or salt). ܯ௉ℎெ is the PhM dye molar 

mass, ݓ௔−௉ℎெ and ݓ௔−௕ are the energies of effective potential pairs a-PhM and a-b. 

These energies can be defined by Equation 14. 

௔ܹ௕ = ܼሺ�௔௕ − ͳʹ ሺ�௔௔ + �௕௕ሻሻ                                           ሺͳͶሻ 

Where ܼ  is the number of neighboring molecules that interact with the ܽ component, �௔௕ represents the interaction energy involved in the formation of the potential pair, and 
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�௔௔ and �௕௕ represent the energies resulting from the break of the a-a and b-b 

interactions, respectively. 

 Based on equation 14, the enthalpic interactions affect the partition behavior be 

means of two terms, the first being ∑ ሺ�௔௎௉ − �௔஻௉ሻݓ௔௉ℎெଷ௔=ଵ , which represents the 

energy absorbed or released in the transfer of PhM dyes from the bottom phase to the 

upper phase due to interactions of PhM molecules with the forming components of both 

ATPS phases. So, a �e�a�i�e ∆௧௥ܪ௉ℎெ�,∞  refers to a specific interaction between PhM 

molecules and PEO segments (ݓாை−௉ℎெ< 0) in order to make the term ∑ ሺ�௔௎௉ −ଷ௔=ଵ�௔஻௉ሻݓ௔௉ℎெ negative. The second term, ∑ ∑ ሺ�௔௎௉�௔௎௉ −ଷ௕=ଶଶ௔=ଵ �௔஻௉�௔஻௉ሻݓ௔௕, is the 

energetic balance caused by disruption of an existent hole on the bottom phase due to 

the PhM molecule movement from de bottom phase to the upper phase and the 

formation of a new cavity on the upper phase to accommodate the transferred dye 

solute. The arrangement of equation 13 results in Equation 15: 

�� ௉ℎெܭ = − ௉ℎெܴܶܯ [ሺ ௎ܹ௉−௉ℎெ − ௎௉ሻܧ − ሺ ஻ܹ௉−௉ℎெ −  ஻௉ሻ]                  ሺͳͷሻܧ

Where ௎ܹ௉−௉ℎெ represents the energy released because of new intermolecular 

interactions formed between PhM molecules and the components of the upper phase, 

whist ܧ௎௉ is the energy required to break intermolecular interactions among the upper 

phase components to obtain cavities in this phase that accommodate PhM molecules. 

On the other hand, ܹ஻௉−௉ℎெ represents the energy required to break intermolecular 

interactions between PhM with the components of the bottom phase, and ܧ஻௉ is the 

released energy associated with the process of formation of new intermolecular 

interactions between the components of the bottom phase. Then it can be concluded that 

PhM transfer occurs by means of a molecular process that releases and absorbs energy. 

The negative values of ∆௧௥ܪ௉ℎெ�,∞  mean that | ௎ܹ௉−௉ℎெ + ஻௉| > | ஻ܹ௉−௉ℎெܧ  +  , |௎௉ܧ 
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i.e., the molecular processes which release energy should be more intense than that 

which absorbs energy. 

 The MV6B transfer processes occur, for all TLL values examined, with 

decreasing system entropy (Table 1), probably caused by the dye partition from a phase 

with higher configuration entropy (bottom phase) to a phase (upper phase) with a lower 

number of different spatial distribution. According to Johansson et al.35, the number of 

configurations available for dye molecules in each phase is determined by the total 

number of molecules by unit volume present in these regions. The authors have 

emphasized that, due to the high amount of water in the ATPS, the phase molecular 

density is determined mainly by the amount of water molecules in the upper and bottom 

phases. Following the authors analyses, in the absence of enthalpic asymmetric 

intermolecular interactions, the entropy contribution to the partition is expressed by 

Equation 16. 

ெ௏6஻ܭ �� = �ெ௏6஻ܯ ቆ�௎௉ܸ௎௉ − �஻௉ܸ஻௉ቇ                                             ሺͳ͸ሻ 

where ܭெ௏6஻ and ܯெ௏6஻ are the partition coefficient and the molecular weight of 

MV6B respectively, while �௎௉and �஻௉ are the total number of molecules in the upper 

and bottom phases which, when divided by the ܸ௎௉ and ܸ ஻௉, result in the molecular 

density number of each phase. Finally, � is the total number of lattice sites per unit 

volume. 

 Equation 11 indicates that there is an entropic contribution to uneven partition if 

there is a density difference between the phases. For the PEO1500 + MgSO4 + H2O 

ATPS, a higher water content exists on the salt-rich phase than in the polymer-rich 

phase. Therefore, the difference in the dye configuration entropy in both phases is a 
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function of the difference in water content (∆[ܪଶܱ]஺்௉ௌ) between both ATPS phases, as 

indicated by Equation 17: 

஺்௉ௌ[ଶܱܪ]∆ = ஻௉[ଶܱܪ]  −  ௎௉                                       ሺͳ͹ሻ[ଶܱܪ]

Where [ܪଶܱ]஻௉ and [ܪଶܱ]௎௉ are the concentrations of water, in mol kg−1, in the bottom 

and upper phases respectively. For this specific ATPS, ∆[ܪଶܱ]஺்௉ௌ values range from 

8.86 mol kg−1 for the first TLL to 13.82 mol kg−1 for the last TLL, showing that the 

concentration of water in the bottom phase is higher than in the upper phase. Moreover, 

these ∆[ܪଶܱ]஺்௉ௌ values are enlarged as TLL increases. As a consequence, ܶ∆௧௥ܵெ௏6஻�,∞  

becomes negative because dye molecules move from the bottom phase (higher 
௡ಳ�௏ಳ� ) to 

the upper phase (lower 
௡��௏��ሻ, thereby reducing the system entropy. Figure 6 shows 

ܶ∆௧௥ܵெ௏6஻�,∞  versus ��௪௔௧௘௥ ሺ��௪௔௧௘௥ = ��௪௔௧௘௥஻௉ − ��௪௔௧௘௥௎௉ ሻ, demonstrating that the 

system entropy decreases as the difference in the number of water molecules between 

both ATPS phases increases. 
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Figure 6. ܶ∆௧௥ܵெ௏6஻�,∞   values as a function of [∆[ܪଶܱ]஺்௉ௌ = ஻௉[ଶܱܪ]  −  [௎௉[ଶܱܪ]

for the PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

 

3.4. Effect of PhM chemical structure on the thermodynamic transfer 

As discussed for ∆௧௥ܩ௉ℎெ�,∞  ܽ�݀ ∆௧௥ܪ௉ℎெ�,∞  for MV6B in the PEO1500 + MgSO4 + 

H2O ATPS, dye partition occurs due to specific interactions between PEO and MV6B 

molecules. However, a question arises: what is the dye structure role in this 

intermolecular interaction? In order to answer this question, an investigation has been 

carried out on the thermodynamic of transfer of six PhM dyes with similar structures 

(Figure 1). The complete results of the study about enthalpy dilution change the dye 

structure effect on the PhM partitioning thermodynamic are showed in the Figures from 

7 to 12 and the Tables from 2 to 7, the PhM dyes partition coefficient and ∆ௗ௜௟ܪ௉ℎெ∞  in 

both ATPS phases and the thermodynamic transfer parameters are presented for the 

infinite dilution condition for all six PhM dyes in the table 8.  
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Figure 7. ∆ௗ௜௟ܪெ௏6஻௎௉  (a) and ∆ௗ௜௟ܪெ௏6஻஻௉  (b) as a function of dye concentration in 
upper and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 

 

The result of ∆ௗ௜௟ܪெ௏6஻ versus [MV6B], Derives in a mathematical equation usually 
polynomial of 2 order (equations 18) ∆ௗ௜௟ܪெ௏6஻  = Intercept + b[MV6B] + a[MV6B]2                         (18) 

 Thus when the dye concentrations are zero (Infinite dilution state) 

  ∆ௗ௜௟ܪெ௏6஻∞  = Intercept                                             (19) 

 

Table 2 ܭெ௏6஻  values ∆ௗ௜௟ܪெ௏6஻ values in upper (UP) and bottom (BP) phases, for 
the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏6஻ ∆ௗ௜௟ܪெ௏6஻∞௎௉  ∆ௗ௜௟ܪெ௏6஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 5.270 105.59±0.07 -25.51±0.01 -0.003±0.01 

8.056 550.41±0.04 -37.57±0.09 1.77±0.05 
9.949 1442.01±0.06 -49.78±0.17 6.10±0.06 
11.669 3119.02±0.08 -68.09±0.03 8.01±0.04 
12.987 5000.01±0.05 -82.26±0.02 17.2±0.05 
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Figure 8. ∆ௗ௜௟ܪெ௏ଵ଴஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଵ଴஻஻௉  (b) as a function of dye concentration in 
upper and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 

  

Table 3.  ܭெ௏ଵ଴஻  values and ∆ௗ௜௟ܪெ௏ଵ଴஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଵ଴஻ ∆ௗ௜௟ܪெ௏ଵ଴஻∞௎௉  ∆ௗ௜௟ܪெ௏ଵ଴஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 5.270 119.93±0.02 -32.93±0.02 -2.20±0.04 

8.056 1045.66±0.03 -46.21±0.07 0.79±0.03 
9.949 2305.89±0.09 -60.64±0.06 4.48±0.03 
11.67 4267.08±0.04 -78.42±0.04 6.81±0.07 
12.99 6473.58±0.08 -101.29±0.08 7.88±0.05 
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Figure 9. ∆ௗ௜௟ܪெ௏ଶ஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଶ஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 
  



69 

 

 
Table 4. ܭெ௏ଶ஻  values and ∆ௗ௜௟ܪெ௏ଶ஻∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଶ஻ ∆ௗ௜௟ܪெ௏ଶ஻∞௎௉  ∆ௗ௜௟ܪெ௏ଶ஻∞஻௉  

mol kg-1 kJ mol-1 kJ mol-1 
5.270 94.19±0.02 -20.37±0.03 0.08±0.01 
8.056 442.89±0.08 -30.65±0.01 2.01±0.01 
9.949 1194.01±0.09 -39.08±1.00 8.89±0.06 
11.669 2995.04±0.07 -54.58±0.01 13.40±0.05 
12.987 4097.03±0.05 -67.87±0.07 21.67±0.03 
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Figure 10. ∆ௗ௜௟ܪ௉ோ஺௎௉  (a) and ∆ௗ௜௟ܪ௉ோ஺஻௉  (b) as a function of dye concentration in upper 
and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 

 

Table 5. ܭ௉ோ஺  values and ∆ௗ௜௟ܪ௉ோ஺∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭ௉ோ஺ ∆ௗ௜௟ܪ௉ோ஺∞௎௉ ∆ௗ௜௟ܪ௉ோ஺∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 5.270 54.55±0.07 -0.32±0.01 1.07±0.01 

8.056 265.70±0.03 -30.68±0.08 2.91±0.01 
9.949 535.58±0.09 -16.01±0.04 4.60±0.04 
11.669 1110.01±0.09 -28.49±0.07 6.71±0.05 
12.987 1900.04±0.07 -41.50±0.03 9.36±0.07 
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Figure 11. ∆ௗ௜௟ܪெ௏஻௎௉  (a) and ∆ௗ௜௟ܪெ௏஻஻௉  (b) as a function of dye concentration in upper 
and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 

 

Table 6. ܭெ௏஻  values and ∆ௗ௜௟ܪெ௏஻∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏஻ ∆ௗ௜௟ܪெ௏஻∞௎௉ ∆ௗ௜௟ܪெ௏஻∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 5.270 113.60±0.07 -41.79±0.01 -7.32±0.05 

8.056 927.90±0.01 -43.23±0.04 13.11±0.07 
9.949 2109.31±0.04 -47.81±0.01 25.69±0.03 
11.669 3703.69±0.05 -55.58±0.06 31.10±0.01 
12.987 6115.22±0.09 -64.64±0.09 65.08±0.08 
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Figure 12. ∆ௗ௜௟ܪ஺௎ோ௎௉  (a) and ∆ௗ௜௟ܪ஺௎ோ஻௉  (b) as a function of dye concentration in upper 
and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 
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Table 7. ܭ஺௎ோ  values and ∆ௗ௜௟ܪ஺௎ோ∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭ஺௎ோ ∆ௗ௜௟ܪ஺௎ோ∞௎௉ ∆ௗ௜௟ܪ஺௎ோ∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 5.270 39.23±0.07 -1.06±0.04 -15.40±0.03 

8.056 81.02±0.07 -19.75±0.07 -17.01±0.06 
9.949 189.88±0.04 -20.57±0.02 5.37±0.08 
11.669 387.19±0.03 -22.16±0.02 12.85±0.01 
12.987 543.79±0.05 -30.81±0.01 21.39±0.04 

 

 

 

 

Table 8. Thermodynamic transfer parameters of  PhM dyes as a function of the TLL 

of  PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL 1 / 5.27 mol kg-1 
PhM dyes ∆࢚࢘ࢎ�ࡳ��,∞ ∞,��ࢎ�ࡴ࢚࢘∆  ∞,��ࢎ�ࡿ࢚࢘∆ࢀ   

kJ mol-1 
MV10B -11.89±0.01 -30.77±0.01 -18.90±0.02 
MV6B -11.51±0.02 -25.52±0.03 -13.89±0.01 
MV2B -11.18±0.02 -20.49±0.04 -9.23±0.02 
PRA -9.90±0.04 -1.39±0.03 8.50±0.07 
MVB -11.7±0.01 -36.50±0.10 -24.76±0.09 
AUR -9.08±0.05  14.38±0.01 23.50±0.06 

TLL 2 / 8.06 mol kg-1 
MV10B -17.19±0.02 -47.02±0.01 -29.65±0.03 
MV6B -15.60±0.01 -39,27±0.04 -23.77±0.03 
MV2B -15.01±0.03 -32.75±0.09 -17.74±0.06 
PRA -13.79±0.02 -10.91±0.03 2.87±0.01 
MVB -16.86±0.03 -54.26±0.05 -37.40±0.02 
AUR -10.88±0.01 -2.78±0.02 8.10±0.01 

TLL 3 / 9.95 mol kg-1 
MV10B -19.08±0.04 -65.04±0.05 -45.86±0.01 
MV6B -18.01±0.02 -55.93±0.10 -37.40±0.08 
MV2B -17.46±0.01 -48.01±0.08 -30.19±0.07 
PRA -15.50±0.01 -20.67±0.04 -5.12±0.03 
MVB -18.87±0.06 -73.49±0.01 -54.45±0.07 
AUR -12.91±0.03 -16.02±0.04 -3.02±0.01 

TLL 4 / 11.67 mol kg-1 
MV10B -20.71±0.06 -85.22±0.07 -64.52±0.01 
MV6B -20.04±0.03 -76.13±0.07 -56.14±0.04 
MV2B -19.76±0.05 -68.02±0.10 -48.15±0.05 
PRA -17.32±0.02 -35.18±0.08 -17.88±0.06 
MVB -20.29±0.10 -95.69±0.12 -75.39±0.02 
AUR -14.65±0.07 -35.15±0.10 -20.35±0.03 
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TLL 5 / 12.99 mol kg-1 
MV10B -21.68±0.01 -109.20±0.04 -87.35±0.03 
MV6B -21.11±0.03 -99.63±0.08 -78.42±0.05 
MV2B -20.57±0.07 -89.71±0.09 -69.04±0.02 
PRA -18.60±0.09 -50.76±0.10 -32.06±0.01 
MVB -21.55±0.04 -120.84±0.03 -99.19±0.07 
AUR -15.59±0.07 -52.24±0.09 -36.57±0.02 

 

The dependence of ∆௧௥ܩ௉ℎெ�,∞ , ∆௧௥ܪ௉ℎெ�,∞  and ܶ∆௧௥ܵ௉ℎெ�,∞  on the dye chemical 

structure can be described from different contributions, as described below. 

3.4.1. Contribution of the number of CH3 groups. 

The ∆௧௥ܩ௉ℎெ�,∞  values as a function of the number of CH3 groups, for the partition of PhM 

dyes different in the PEO1500 + MgSO4 + H2O ATPS are show in the figure 13. 
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Figure 13.   ∆௧௥ܩ௉ℎெ�,∞  values as a function of the number of CH3 groups, for the 

partition of MV10B or MV6B or MV2B or PRA in the PEO1500 + MgSO4 + H2O 

ATPS at 298.15 K  

The number of methyl groups on the dye molecules decreases in the following 

order: MV10B(6-CH3) > MV6B(5-CH3) > MV2B(4-CH3) > PRA(0-CH3). The change on the 

degree of dye methylation affects the  ∆௧௥ܩ௉ℎெ�,∞  values becomes slightly more negative 

with increasing CH3 for all TLL values. By using a simple linearization fit of the 
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∆௧௥ܩ௉ℎெ�,∞  versus number of CH3 curves, we have obtained slope values that are almost 

independent of TLL, which enables the calculation of an average magnitude for the term 

�∆��ீ�ℎ��∞�௡CHయ = -0.56±0.03 kJ mol-1. This result shows that the transfer of 1 mol of CH3 

groups at infinite dilution from the bottom phase to the upper phase decreases the 

system Gibbs free energy by 0.56 kJ. Silverio et al.36 studied the partition of five 

dinitrophenyl aminoacids differing only in the quantity of methylene moieties in their 

alkyl chain, and measured the standard Gibbs free energy change in the transfer of CH2 

groups in the ATPS formed by PEO8000 or UCON (an EO-PO random copolymer) and 

inorganic salts [Na2SO4, Li2SO4 or (NH4)2SO4]. The ∆௧௥ܩ஼ுమ�  values were: −0.64 kJ 

mol−1 for the ATPS formed by PEO + Na2SO4 + H2O; −0.69 kJ mol−1 for PEO + Li 2SO4 

+ H2O; −0.82 kJ mol−1 for PEO + (NH)4SO4 + H2O; and for systems containing UCON 

the corresponding values of ∆௧௥ܩ஼ுమ�  were: −0.89, −0.75 and −1.01 for Na2SO4, Li2SO4 

and (NH)4SO4 respectively. The authors have attributed this ∆௧௥ܩ஼ுమ�  magnitude to a 

more favorable hydration of CH2 groups in the polymer-rich phase than that in the 

electrolyte-rich phase because the aqueous polymeric phase is more hydrophobic39,40. In 

order to confirm this hypothesis, it is necessary that the authors to determine the 

enthalpic and entropic components of ∆௧௥ܩ஼ுమ� , and the same must apply to the present 

study. 

Therefore, the Figure 14 shows the ∆௧௥ܪ௉ℎெ�,∞  and ܶ ∆௧௥ܵ௉ℎெ�,∞  values as a function 

of the number of CH3 groups present in the chemical structure of different PhM dyes. 
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Figure 14. ∆௧௥ܪ௉ℎெ�,∞  (a) and ܶ ∆௧௥ܵ௉ℎெ�,∞  (b) values as a function of the number of CH3 

groups, for the partition of MV10B or MV6B or MV2B or PRA in the PEO1500 + 

MgSO4 + H2O ATPS at 298.15 K. 

 

 Regardless of the TLL magnitude, all dye molecules are transferred from the 

bottom phase to the upper phase with a decrease in enthalpy (−ͳ.ͶͲ ± Ͳ.Ͳͳ ≤∆௧௥ܪ௉ℎெ�∞ ≤  −ͳͲͻ.ʹ͸ ± Ͳ.Ͳ͵ kJ mol-1) and entropy (ͅ.ͷͲ ± Ͳ.Ͳʹ ≤ ∆௧௥ܵ௉ℎெ�∞ ≤−ͺ͹.Ͷͷ ± Ͳ.Ͳʹ kJ mol-1), and, as the methylation degree of the PhM dye molecule 

increases, the ∆௧௥ܪ௉ℎெ�∞  and  ܶ ∆௧௥ܵ௉ℎெ�∞  values become more negative. 

 As occurred with  ∆௧௥ܩ௉ℎெ�,∞ , the values of ∆௧௥ܪ௉ℎெ�∞  (Figure 14a) and ܶ∆௧௥ܵ௉ℎெ�∞  

(Figure 14b) decrease proportionally with increasing number of CH3 groups. However, 

contrary to ܴீ = �∆��ீ�ℎ��∞�௡CHయ , the values of ܴு = �∆��ு�ℎ��∞�௡CHయ  and ܴ ௌ = �்∆��ௌ�ℎ��∞�௡CHయ  depend on 

the difference in the composition of the ATPS phases, showing that, as TLL values 

increase, the enthalpy release is enhanced and the entropy configuration decreases when 

1 mol of CH3 groups is transferred from the bottom to the upper phase. Figure 15 shows ܴு and ܴ ௌ as a function of the TLL for the PEO1500 + MgSO4 + H2O ATPS.  
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Figure 15.  ܴு  (-■-) and ܴ ௌ (-●-) values as a function of TLL for the PEO1500 + 

MgSO4 + H2O ATPS at 298.15 K (a) and ܴு versus ܴ ௌ (b). 

  

The ܴ ு values show that the transfer of 1 mol of CH3 groups from the bottom 

phase to the upper phase at infinite dilution releases (4.86 ± 0.01) kJ in the first TLL 

and (9.73 ± 0.02) kJ for the last TLL of the ATPS studied. The ܶ∆௧௥ܵ஼ுయ�∞  values are 

similar to ∆௧௥ܪ஼ுయ�∞ , and ranged from (−4.53 ± 0.03) to (−9.24 ± 0.01) kJ for the first and 

last TLL respectively. These results could be explained by considering that the methyl 

groups on the upper phase that are solvated by water molecules are more structured 

(hydrophobic effect) than those in the bottom phase. The water molecules in the upper 

phase are more oriented due to the presence of macromolecules that have hydrophobic 

segments (-CH2-CH2- groups), both the entropy and enthalpy decrease compensatory 

and proportionally (Figure 9b) resulting in small system free energy decrease, probably 

because both groups (-CH3 and -CH2-CH2-) are very hindered. 
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3.4.2. Phenyl groups contribution. 

 While AUR is a diphenylmethane (DPhM) dye and the MV2B is a 

triphenylmethane (TPhM) dye, both molecules are similarly substituted. Therefore, both 

structures only differ by a benzene ring (Figure 1). This change in the dye chemical 

structure allows us to study the phenyl group effect on the driving forces of PhM dyes 

transfer in ATPS. Figure 16a shows the  ∆௧௥ܩ௉ℎெ�,∞  values as a function of TLL for AUR 

and MV2B partitioned in the PEO1500 + MgSO4 + H2O ATPS. 
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Figure 16. (a)  ∆௧௥ܩ௉ℎெ�,∞  of AUR (-●-) and MV2B (-■-) (b)  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞  as a 

function of TLL for the PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

 

 The  ∆௧௥ܩெ௏ଶ஻�,∞  values are more negative than  ∆௧௥ܩ஺௎ோ�,∞, indicating that 

hydrophobic interactions contribute to the phenilmethane dyes partition thermodynamic, 

and the difference  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞ =   ∆௧௥ܩெ௏ଶ஻�,∞ −  ∆௧௥ܩ஺௎ோ�,∞ (Figure 16b) should be 

used as a parameter for this hydrophobic benzene ring contribution. 

 When the polymer concentration in the upper phase and the salt concentration in 

the bottom phase increase, the  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞  values become more negative because 
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the differences in the hydrophobicity of both phases is enhanced. In order to understand 

in detail, the origin of this difference, the  ∆௧௥ܪ௉ℎெ�,∞  and  ܶ∆௧௥ܵ௉ℎெ�,∞  parameters for both 

MV2B and AUR dyes were measured as a function of the TLL and the results are 

shown in Figure 17. 
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Figure 17.  (a)  ∆௧௥ܪ௉ℎெ�,∞  and (b)  ܶ∆௧௥ܵ௉ℎெ�,∞   values of AUR (-●-) and MV-2B (-■-) as 

a function of TLL in the PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

  

Regardless of the number of phenyl groups in the dye structure, the transfer 

enthalpy change decreases as the TLL increases. However,  ∆௧௥ܪ஺௎ோ�,∞ሺܲܦℎܯሻ > ∆௧௥ܪெ௏ଶ஻�,∞ ሺܶܲℎܯሻ, demonstrating that less enthalpic energy is required to break dye-

BP component interactions when the dye is more hydrophobic, which results in more 

negative transfer enthalpy. In addition, when AUR is compared with MV2B, the 

absence of a phenyl group in the DPhM dye structure generates a higher density of 

charge than in the TPhM dye. Thus, AUR can form more strong electrostatic 

interactions with the bottom phase components than MV2B. Therefore, the positive 

values of  ∆௧௥ܪ஺௎ோ�,∞  in the first TLL are derived from the higher energy required to break 
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interactions between the AUR-bottom phase components than the energy released in the 

formation of new interactions between AUR-upper phase components. While the  ܶ∆௧௥ܵ௉ℎெ�,∞  values for both dye structures decreases as TLL increases, the  ܶ∆௧௥ ஺ܵ௎ோ�,∞  are 

higher than ܶ∆௧௥ܵெ௏ଶ஻�,∞ . Again, it can be seen that more hydrophobic dyes are able to be 

more effectively oriented in the dye-water solvation shell, which decreases the 

rotational entropy of the system.  

3.4.3. Charge contribution.  

Although the MV6B and MVB dyes are structurally similar (Figure 1), MV6B is an 

ionic species while MVB is neutral. This difference allows to determine the contribution 

of electrostatic interactions between the bottom phase ionic pairs (dye and the 

electrolyte ions) and the interactions in the upper phase (transferred dye and the 

pseudopolycation), on the driving force in the transfer of PhM dyes. Da Silva and Loh37
 

proposed the existence of pseudopolications in upper phase of ATPS based on 

calorimetric studies, revealing that the interaction between sulfate salts and PEO leads 

to a system enthalpy increase. The positive enthalpy change is generated by 

endothermic processes as a result of the dehydration of the polymer chain and the 

electrolyte, which suggests that there is a binding between the cation and the polymer 

which releases water molecules in a process driven by entropy increase. This cation-

polymer binding continues as more electrolyte is added, until a saturation point where 

there is no more entropy increase and phase separation occurs. Therefore, they 

concluded that the ATPS constituted by polymer and electrolyte originated from an 

endothermic process, resulting in the entropy increase associated with the release of 

water molecules that solvate the electrolyte and polymer, and giving way to the 

formation of the pseudopolication (cation-polymer interaction) and to the phase 

separation.  
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The Figure 18 shows the  ∆௧௥ܩ௉ℎெ�,∞  values as a function of TLL for MV6B and MVB 

partitioned in the PEO1500 + MgSO4 + H2O ATPS. 
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Figure 18.  ∆௧௥ܩ௉ℎெ�,∞  as a function of the TLL for MV6B (-●-) and MVB (-■-) 

partitioned in the PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

 

 The  ∆௧௥ܩ௉ℎெ�,∞  values for both ionic and neutral structures become more negative 

with the increment in TLL, ranging from (−11.5 ± 0.1) to (−21.0 ± 0.2), and from 

(−11.7 ± 0.1) to (−21.7 ± 0.2) kJ mol-1), for MV6B and MVB respectively. When the 

dye molecule is charged, ∆௧௥ܩ௉ℎெ�,∞  values are a little less negative, but the difference is 

around the experimental error of the  ∆௧௥ܩ௉ℎெ�,∞  measurement, so the electrostatic 

interaction does not contribute to the thermodynamic transfer potential. However, in 

order to determine if the dye charge plays an important role in the driving forces of the 

PhM molecules transfer process, it is necessary to determine the  ∆௧௥ܪ௉ℎெ�,∞  and ܶ∆௧௥ܵ௉ℎெ�,∞  values for both structures. Figure 19 shows the  ∆௧௥ܪ௉ℎெ�,∞  (18a) and 
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ܶ∆௧௥ܵ௉ℎெ�,∞  (18b) values for the MV6B and MVB dyes as a function of the TLL for the 

PEO1500 + MgSO4 + H2O ATPS at 298 K. 
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Figure 19.  (a)  ∆௧௥ܪ௉ℎெ�,∞  and (b)  ܶ∆௧௥ܵ௉ℎெ�,∞   values of MV6B (-●-) and MVB (-■-) as 

a function of the TLL in PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

 

 For both dyes and for all TLL values, the transfer of the dye from the bottom to 

the upper phase decreases the system enthalpy, varying between (−ʹͷ.ͷ ± Ͳ.ͳ ≤∆௧௥ܪெ௏6஻�∞ ≤  −ͻͻ.͸ ± Ͳ.͵ kJ mol-1) and (−͵ͷ.ͷ ± Ͳ.Ͷ ≤ ∆௧௥ܪெ௏஻�∞ ≤  −ͳʹͲ.ͺ ± Ͳ.͹ kJ 

mol-1) for MV6B and MVB respectively. Similarly, the entropy change varies between 

(−ʹ͵.͹ ± Ͳ.Ͷ ≤  ܶ∆௧௥ܵெ௏6஻�∞  ≤  −͹ͺ.Ͷ ± Ͳ.ͳ kJ mol-1) and (−ʹͶ.ͺ ± Ͳ.͹ ≤ܶ∆௧௥ܵெ௏஻�∞ ≤  −ͻͻ.ʹ ± Ͳ.͹ kJ mol-1) for MV6B and MVB respectively. Clearly, the 

values of  ∆௧௥ܪ௉ℎெ�,∞  and  ܶ∆௧௥ܵ௉ℎெ�,∞  show significant differences for the ionic and neutral 

structures. The magnitude of  ∆∆௧௥ܪெ௏ሺ஻−6஻ሻ�,∞ =   ∆௧௥ܪெ௏஻�,∞ −  ∆௧௥ܪெ௏6஻�,∞  can be 

interpreted in terms of electrostatic interaction contributions for the system enthalpy 

change caused by the transfer of 1 mol of MV6B structure from the bottom phase to the 

upper phase. Analogous interpretation could be made for  ∆[ܶ∆௧௥ܵெ௏ሺ஻−6஻ሻ�,∞ ]. The 
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Figure 20 presents  ∆∆௧௥ܪெ௏ሺ஻−6஻ሻ�,∞  and  ∆[ܶ∆௧௥ܵெ௏ሺ஻−6஻ሻ�,∞ ] as a function of TLL for the 

partition of the dye in the PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 
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Figure 20.    ∆∆௧௥ܪெ௏ሺ஻−6஻ሻ�,∞  (-■-) and  ∆[ܶ∆௧௥ܵெ௏ሺ஻−6஻ሻ�,∞ ] (-●-) values as a function 

of the TLL for the dye partitioning in the PEO1500 + MgSO4 + H2O ATPS at 298.15 

K. 

 

 The  ∆∆௧௥ܪெ௏ሺ஻−6஻ሻ�,∞  values are always negative 

( ∆௜௡௧ܪெ௏6஻−஻௉∞ > ∆௜௡௧ܪெ௏஻−஻௉∞ ), indicating that the presence of the positive charge in 

the dye structure renders the interaction between the dye and the bottom phase 

components (PhM-BP) more favorable and/or renders the dye-upper phase components 

interaction less favorable ( ∆௜௡௧ܪெ௏஻−௎௉∞  > ∆௜௡௧ܪெ௏6஻−௎௉∞  in Equation 7). This means 

that the electrostatic interaction between the charged dye (MV6B) and the ions of the 

BP components are more favorable than that between neutral species and BP 

components. On the other hand, in the upper phase the interaction between MV6B and 

UP components (mainly a pseudopolication) is unfavorable because there are 
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electrostatic repulsions between the charged dye and the ions solvating the polymer 

chain. In addition, the  ∆∆௧௥ܪெ௏ሺ஻−6஻ሻ�,∞  values become more negative as TLL increases, 

indicating that the enhanced interactions between MV6B (charged dye) and such 

components occur because of the increase in the concentration of ionic species in the 

bottom phase and pseudopolycation in the upper phase. The  ∆ܶ∆௧௥ܵெ௏ሺ஻−6஻ሻ�,∞  versus 

TLL curve shows similar behavior of the  ∆∆௧௥ܪெ௏ሺ஻−6஻ሻ�,∞  versus TLL curve. 

The ܶ∆௧௥ܵெ௏஻�,∞  values are more negative than  ܶ∆௧௥ܵெ௏6஻�,∞ , indicating that the presence 

of charge on the dye molecule decreases the dye hydrophobicity and improves the 

solvation water freedom rotational degree, which effectively causes the system entropy 

to decrease less. 

4. Conclusions 

A novel experimental approach made possible to accurately determine 

thermodynamic transfer parameters (∆௧௥ܩ�,∞, ∆௧௥ܪ�,∞ and ܶ∆௧௥ܵ�,∞ሻ for six 

structurally-similar dyes, which were used as molecular probes to determine functional 

group contribution to the driving forces in the partition of PhM dyes in ATPS. 

Interestingly, the contributions of CH3 or charge or benzene ring were very small 

for ∆௧௥ܩ�,∞, whilst their effects on ∆௧௥ܪ�,∞ and ܶ ∆௧௥ܵ�,∞ were more intense. The 

methyl group contribution on  ∆௧௥ܪ�,∞ and ܶ∆௧௥ܵ�,∞ occurred by means of a 

compensatory process whereby the increase in one of the parameters was followed by a 

proportional increase in another. The benzene ring increase increment the 

hydrophobicity degree in the dye structure, thereby promoting more favorable 

interactions between the transferred dye and the components of the ATPS upper phase, 

increasing the dye partition coefficient. 
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CAPÍTULO 3 

Effect of the system chemical nature on the contribution of functional groups 

phenilmethane dyes on the partition driving forces in aqueous two-phase systems 

 

ABSTRACT 

Aqueous two-phase system (ATPS) is an efficient and economically viable technique to 

extract and purify different species. However, the solute functional group contribution 

on the driving forces of the partition process in ATPS is still unknown. Hence, in this 

paper different ATPS were used that were formed by mixing aqueous solutions of a 

polymer (or copolymer) with an organic salt (sodium Acetate or tartrate or citrate) or 

sulfate salt (lithium or sodium or magnesium) to investigate the partition of six 

phenylmethane (PhM) dyes with small modifications in their chemical structures and to 

study the chemical nature of the system components on the contribution of the 

functional groups of the PhM dyes in the standard transfer parameters at infinite dilution 

state (∆௧௥ܩ�,∞, ∆௧௥ܪ�,∞ and ܶ∆௧௥ܵ�,∞). The -CH3 and phenyl groups increase 

hydrophobicity degree on the dye structure rendering the transfer more efficient from 

ATPS the bottom phase to the upper phase decreasing the ∆௧௥ܩ௉ℎெ�,∞  values in an 

entropically and enthalpically directed process favored by intermolecular interactions 

that depend on the polymer hydrophobicity and electrolytes that forms the ATPS. The 

dye structure positive charge allowed to observe that the intermolecular interactions in 

the bottom phase play an important role in the values of ∆௧௥ܪ௉ℎெ�,∞  and ܶ∆௧௥ܵ௉ℎெ�,∞  

because these interactions depended nature on the anion forming the electrolyte. 
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1. INTRODUCTION  

The great potential of the Aqueous Two-Phase System (ATPS) in the purification and 

extraction of different species 1-14 is based on the simplicity to modulate some the 

system properties, such as: relative hydrophobicity15 and ionic strength16, by changing 

the system components and/or composition. This capacity to modulate the system 

properties can provide the correct choice of the ATPS to extract a specific type of 

chemical species. However, the complex balance of intermolecular interactions taking 

place when certain solute is partitioned into a ATPS need to be understood and to 

optimize solute extraction process in ATPS. The Van't Hoff approximation was the first 

approach used to study thermodynamics the process of partitioning solutes, evaluating 

the effect chemical nature of ATPS components9, 17-21. The authors who used this 

approximation determined the partition coefficients (ܭ) at different temperatures and 

with the relation ln ܭ versus 1/T they calculated the ∆௧௥ܪ  value. This approach has as 

limitation; the variation of the temperature causes changes in the composition in each 

phase of the ATPS causing errors in the values of ܭ. Other authors recently used 

isothermal titration calorimetry to determine ∆௧௥ܪ  values, titrating solute solutions in 

both phases of ATPS15, 22. In this approach the authors determine the enthalpy change 

generated by the number of moles of solute transferred between the phases, but since 

the solute concentration in each phase was finite, the calculation of the values of ∆௧௥ܪ  

has the solute-solute interactions contribution. With the aim to remove these limitations, 

we proposed a new experimental method to determine the functional group contribution 

in the standard solute transfer parameters at infinite dilution state: standard transfer 

Gibbs free energy change (∆௧௥ܩ�,∞), standard transfer enthalpy change (∆௧௥ܪ�,∞) and 

standard transfer entropy change (ܶ∆௧௥ܵ�,∞) for the partition process of six PhM dyes 

(methyl violet 10B (MV10B); methyl violet 6B (MV6B); methyl violet 2B (MV2B); 
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pararosaniline (PRA); methyl violet B (MVB) and auramine (AUR), which are 

structurally similar (Figure 1) and the effect on these contributions of the chemical 

nature of the ATPS components formed by the mixture of the aqueous solutions of a 

polymer (PEO or PPO) or copolymer (L64) with an organic salt (sodium acetate or 

tartrate or citrate) or sulfate salts (lithium or sodium or magnesium). 
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Figure 1. PhM dyes molecular structures 
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2. MATERIAL AND METHODS 

2.1 Materials 

Poly(ethylene oxide) (PEO), with a molar mass of 1500 g mol-1, the triblock copolymer 

L64 with a molar mass equal to 2900 g mol-1 and poly(ethylene glycol) (PPG), with a 

molar mass of 425 g mol-1 were purchased from Synth (Brazil). The inorganic salts 

lithium sulfate (Li2SO4; 98.0%), sodium sulfate (Na2SO4; 99.0%), magnesium sulfate 

heptahydrate (MgSO4•7H2O), the organic salts sodium Acetate (AcetNa; 

NaC2H3O2·3H2O; 99.5%) sodium tartrate (TartNa; Na2C4H4O6·2H2O; 99.5%), and 

sodium citrate (CitrNa; Na3C6H5O7·2H2O; 99.0%), were all purchased from Vetec 

(Brazil). The PhM dyes MV10B (purity ≥ λ0%), MV6B (purity ≥ λ0%), MV2B (purity 

≥ λ8%), PRA (purity ≥ λ0%), MVB (purity ≥ 87%) and AUR (purity 85%) was 

purchased from Sigma Aldrich (USA). All chemicals used in this study were of 

analytical grade and used without further purification. Distilled water was used in all 

experiments. 

2.2 Preparation of ATPS and determination of PhM dyes thermodynamic transfer 

parameters. 

The ternary mixtures compositions of ATPS used in the partition experiments 

were chosen based on the previously published phase diagrams23-25 To achieve the 

desired composition ratio for each ATPS, appropriate amounts of the  desired polymer 

and electrolytes aqueous solutions were collected in graduated centrifuge tubes. The 

tubes were shaken and left to stand at 298.15 K, in a thermostatic bath (Microquimica, 

MQBTC 99-20) at 298.15 K ± 0.1 K. 

After 8 hours the system achieved thermodynamic equilibrium and the two 

phases were collected separately (1.0 g of upper phase and 7.0 g of bottom phase) for a 
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total of 8.0 g in three different glass tubes, then 100 ȝL of the PhM dye stock solution 

were added (3.1x10−3 mol kg−1) in two tubes a sample and a replicate leaving one 

without dye (white). The final concentration of the dyes in the tubes was 3.9x10-5 mol 

kg-1, for each tie-line length (TLL) and each ATPS. These systems were stirred 

manually for 3 minutes until the solutions became cloudy and then maintained under 

controlled temperature in a thermostatic bath at 298.15 K for a minimum of 8 hours to 

reach thermodynamic equilibrium. Aliquots of the top and the bottom phases were 

collected with a syringe, and adequately diluted with deionized water for 

spectrophotometric analysis at 590 nm for MV2B, MV6B, MV10B and MVB, 540 nm 

for PRA, and 435 nm for AUR, using a Shimadzu digital double beam spectrometer 

(UV-2550). 

The PhM dyes partition coefficients (ܭ௉ℎெ) between both phases was 

determined by the concentration ratio of the analyte in each phase of the ATPSs studied. 

In agreement with the Beer–Lambert law, the absorbance of the analyte at a specific 

wavelength is directly proportional to the analyte concentration. Thus, the ܭ௉ℎெ value 

can be given as described in Equation 1. 

௉ℎெܭ = ሺ�்ܾݏ௉ሻݔሺ்݂݀௉ሻሺ�ܾݏ஻௉ሻݔሺ݂݀஻௉ሻ                                                          ሺͳሻ 

where ሺ�்ܾݏ௉ሻand ሺ�ܾݏ஻௉ሻ are the absorbances the dyes of the diluted top phase and 

the diluted bottom phase, respectively, discounting the absorbance of the corresponding 

blanks, and ሺ்݂݀௉ሻ and ሺ݂݀஻௉ሻ are the dilution factors of the phases. 

The ܭ௉ℎெ values were studied for 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:  
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ܮܮܶ = √ሺܥ௣௢௟௎௉ − ௣௢௟஻௉ܥ ሻଶ + ሺܥ௦௔௟௧௎௉ − ௦௔௟௧஻௉ܥ ሻଶ                                       ሺʹሻ 

where ܥ௣௢௟௎௉  and ܥ௣௢௟஻௉
 are the polymer concentrations in the top and bottom phases, 

respectively, and ܥ௦௔௟௧௎௉  and ܥ௦௔௟௧஻௉  are the corresponding salt concentrations in the upper 

and bottom phases, respectively. 

2.3 Thermodynamic parameters of transfer 

2.3.1 Standard transfer Gibbs free energy change at infinite dilution state 
 (∞,�ࡳ࢚࢘∆)

 

For all ATPS studied, the  ∆࢚࢘ࡳ�,∞ was obtained following the thermodynamic 

relationship: ∆௧௥ܩ�,∞ =  −ܴ ܶ ��  (3)                                                       ܯℎܲܭ

where R is the real gas constant in (kJ mol-1 K-1), T is the absolute temperature, 

and ܲܭℎܯ is the dyes partition coefficient obtained at infinite dilution state. 

(extrapolating of ܲܭℎܯ versus [PhM] curves to zero dye concentration. 

2.3.2 Standard transfer enthalpy change at infinite dilution state ሺ∆࢚࢘ࡴ�,∞) 

Isothermal titration calorimetry (ITC) was used to determine the dye standard 

dilution enthalpy change at infinite dilution state  ሺ∆ௗ௜௟ܪ�,∞ሻ in the all ATPSs bottom 

and the upper phase. The experiments were conducted in a CSC-4200 microcalorimeter 

(Science Corp. Calorimeter) using the methodology proposed in the chapter 2.  

The standard enthalpy change at infinite dilution state ሺ∆௧௥ܪ௉ℎெ�,∞ ሻ was determine 

using the following equations: ∆௧௥ܪ௉ℎெ�,∞ =  ∆ௗ௜௟ܪ௉ℎெ∞,௎௉ − ∆ௗ௜௟ܪ௉ℎெ∞,஻௉                                         ሺͶሻ 
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where: ∆ௗ௜௟ܪ௉ℎெ∞,௎௉ and ∆ௗ௜௟ܪ௉ℎெ∞,஻௉ are the dye standard dilution enthalpy change 

in infinite dilutions state in upper phase and bottom phase respectively. 

2.3.3 Standard transfer entropy change at infinite dilution state (∆࢚࢘ࡿ�,∞) 

The PhM dyes transfer entropy change at infinite dilution state (∆௧௥ܵ�,∞) was 

determined from the following classic thermodynamic relationship: ܶ∆௧௥ܵ�,∞ =  ∆௧௥ܪ�,∞ − ∆௧௥ܩ�,∞                                                  ሺͷሻ 

where: ∆௧௥ܪ௉ℎெ�,∞  is the dye standard transfer enthalpy change at infinite dilution 

state and ∆௧௥ܩ௉ℎெ�,∞  is the dye standard transfer Gibbs free energy change at infinite 

dilution state. 

 

3. Results and discussion 

The transference process of a solute between the both phases of a given ATPS, 

depends of a determined balance of the intermolecular interactions between the 

transferred species and the species that form both ATPS phases. Therefore, to modulate 

the properties of ATPS by changing the chemical nature of the species forming the 

system can provide a combination of components with characteristics necessary to 

improve factors such as the hydrophobicity degree or ionic strength in order to obtain 

better results in the solute transfer process in different ATPS26.  

A preliminary study showed how small variations in the molecular structure of 

six phenylmethane dyes caused important effect in the thermodynamic transfer 

parameters responsible of the dye partition process in PEO1500+MgSO4+H2O ATPS 

(chapter 2). The question now arises is: how the dye functional groups contribution in 

the thermodynamic transfer parameters is affected when the components of the system 

are changed?  
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In order to answer these question, the effect of the functional groups in the 

partition process of PhM dyes in different ATPS was divided in the following effects. 

3.1 Effect of ATPS phases hydrophobicity. 

The hydrophobic interactions probably play the major role in the partition of 

solutes in most ATPS and one of the more clear effects in such interactions is the phases 

hydrophobicity and this effect is directly related to the chemical nature of the system 

components as well as their concentration27. Hence, although both phases of the ATPS 

are rather hydrophilic, the top phase (usually containing polymer) is more hydrophobic 

considering that the degree of hydrophobicity is proportional to the carbon chain size of 

the polymer hydrophobic segments28. Therefore, three macromolecules constituted for 

monomeric segments with different hydrophobic degree (PEO1500 < L64 < PPO425) 

were used to prepare different ATPS and to partition six similar structurally PhM dyes.  

The figure 2 show the PhM dyes partition coefficient (ܭ௉ℎெ ) values of MV10B, MV6B, 

MV2B, PRA, MVB and AUR as a function of the TLL of (PEO1500 or L64 or PPO425) + 

Na2SO4 + H2O ATPS at 298.15 K. 
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Figure 2. ܭ௉ℎெ  values of  MV10B (-▲-), MV6B (-●-), MV2B (-■-), PRA (-▼-) 
MVB (-♦-), AUR (-○-) as a function of the TLL of PEO1500+Na2SO4+H2O (a), 
L64+Na2SO4+H2O (b) and PPO425+ Na2SO4+H2O (c) ATPS at 298.15 K. 

 

Independent of the ATPS the  ܭ௉ℎெ values were greater than one for all PhM 

dyes, meaning that the dye molecules were preferably concentrated in the polymer rich 

phase. For the three ATPSs studied the ܭ௉ℎெ values increase exponentially when the 

concentration of the ATPS components increment (TLL) and this values are greater 

when the number of phenyl and -CH3 groups in the dye structure augment. Besides, this 

effect increases when the hydrophobicity of polymer decreased in the follow order 

PEO1500 > L64 > PPO425. This suggest interaction more favorable between the dye 

molecule and PEO than that L64 or PPO.  

However, for a better understanding the relationship between the functional 

groups contribution and the ܭ௉ℎெ values in the different ATPSs, the standard 

thermodynamic transfer parameters at infinite dilution state for each dye in the different 

ATPS studied. The  ∆௧௥ܩ௉ℎெ�,∞  was obtained from equation 3 using the ܭ௉ℎெ values 

shown in the figure 2. To determine ∆௧௥ܪ௉ℎெ�,∞  values the equation 4 was applied, using 

the relationship the dilution enthalpy variation of the dye in each phase versus the dye 

concentration (∆ௗ௜௟ܪ௉ℎெ∞  versus [dye]), could be calculated the dilution enthalpy change 
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when the dye concentration is close to zero and the standard transfer entropy change at 

infinite dilution (∆௧௥ܵ௉ℎெ�,∞ ) could be calculated with equation 5. The results are shown in 

the Figures from 3 to 20 and in the tables from 1 to 21. 
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Figure 3. ∆ௗ௜௟ܪெ௏ଵ଴஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଵ଴஻஻௉  (b) as functions of dye concentration in 
upper and bottom phases of PEO1500+Na2SO4+H2O ATPS at 298.15 K. 

  

The result of ∆ௗ௜௟ܪெ௏ଵ଴஻ versus [MV10B], derives in a mathematical equation 
usually polynomial of 2 order (equations 6) 

 ∆ௗ௜௟ܪெ௏ଵ଴஻  = Intercept + b[MV10B] + a[MV10B]2                         (6) 

 Thus when the dye concentrations are zero (Infinite dilution state) 

  ∆ௗ௜௟ܪெ௏ଵ଴஻∞  = Intercept                                             (7) 

Table 1.  ܭெ௏ଵ଴஻  values and ∆ௗ௜௟ܪெ௏ଵ଴஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PEO1500 + Na2SO4 + H2O ATPS at 298 K. 

TLL ܭெ௏ଵ଴஻ ∆ௗ௜௟ܪெ௏ଵ଴஻∞௎௉  ∆ௗ௜௟ܪெ௏ଵ଴஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 6.85 421.4±1.02 -33.01±0.02 -8.79±0.21 

7.44 652.3±0.40 -47.05±0.08 -28.95±0.15 
8.29 1256.3±0.79 -61.93±0.15 -51.10±0.34 
9.74 3500.2±0.20 -69.13±0.13 -67.95±0.19 

 

This procedure was performed with all dyes. 

 



98 

 

0.0 2.0x10-5 4.0x10-5 6.0x10-5

-60

-50

-40

-30

-20

-10

0

 TLL 1
 TLL 2
 TLL 3
 TLL 4 a

 di
lH

U
P

M
V

6B
 / 

kJ
m

ol
-1

[MV6B] / molL -1
 

0.0 2.0x10-5 4.0x10-5 6.0x10-5
-60

-50

-40

-30

-20

-10

0

b

 TLL 1
 TLL 2
 TLL 3
 TLL 4

 di
lH

B
P

M
V

6B
 / 

kJ
m

ol
-1

[MV6B] / molL -1
 

Figure 4. ∆ௗ௜௟ܪெ௏6஻௎௉  (a) and ∆ௗ௜௟ܪெ௏6஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 2.  ܭெ௏6஻  values and ∆ௗ௜௟ܪெ௏6஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PEO1500 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏6஻ ∆ௗ௜௟ܪெ௏6஻∞௎௉  ∆ௗ௜௟ܪெ௏6஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 6.85 345.5±0.92 -27.19±0.11 -7.19±1.06 

7.44 554.5±0.87 -39.01±0.09 -23.87±2.01 
8.29 965.1±1.05 -51.34±1.00 -42.85±1.74 
9.74 2792.0±1.00 -57.97±0.09 -57.14±1.13 
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Figure 5. ∆ௗ௜௟ܪெ௏ଶ஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଶ஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 3.  ܭெ௏ଶ஻  values and ∆ௗ௜௟ܪெ௏ଶ஻∞  values in upper (UP) and bottom (BP) 



99 

 

phases, for the TLL of PEO1500 + Na2SO4 + H2O ATPS at 298.15 K. 
TLL ܭெ௏ଶ஻ ∆ௗ௜௟ܪெ௏ଶ஻∞௎௉  ∆ௗ௜௟ܪெ௏ଶ஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 6.85 258.9±0.08 -22.01±1.34 -5.81±1.10 

7.44 401.2±0.09 -32.99±1.27 -21.50±1.38 
8.29 695.8±0.13 -40.36±1.09 -34.96±1.05 
9.74 2064.3±0.18 -43.09±0.65 -45.74±1.24 
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Figure 6. ∆ௗ௜௟ܪ௉ோ஺௎௉  (a) and ∆ௗ௜௟ܪ௉ோ஺஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PEO1500+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 4.  ܭ௉ோ஺  values and ∆ௗ௜௟ܪ௉ோ஺∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭ௉ோ஺ ∆ௗ௜௟ܪ௉ோ஺∞௎௉ ∆ௗ௜௟ܪ௉ோ஺∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 6.85 173.30±1.03 -1.41±0.02 -3.92±0.12 

7.44 266.06±0.10 -10.21±0.05 -8.20±0.29 
8.29 445.94±0.07 -18.47±0.01 -15.97±0.55 
9.74 1223.03±1.23 -21.01±0.04 -25.96±0.41 
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Figure 7. ∆ௗ௜௟ܪெ௏஻௎௉  (a) and ∆ௗ௜௟ܪெ௏஻஻௉  (b) as functions of dye concentration in upper 
and bottom phases of PEO1500+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 5.  ܭெ௏஻  values and ∆ௗ௜௟ܪெ௏஻∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏஻ ∆ௗ௜௟ܪெ௏஻∞௎௉ ∆ௗ௜௟ܪெ௏஻∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 6.85 307.31±0.01 -39.95±0.13 -20.93±0.22 

7.44 493.69±0.12 -43.17±0.25 -29.77±0.57 
8.29 858.32±0.07 -48.18±0.73 -41.50±0.75 
9.74 2487.11±1.04 -49.70±0.81 -48.75±0.94 
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Figure 8. ∆ௗ௜௟ܪ஺௎ோ௎௉  (a) and ∆ௗ௜௟ܪ஺௎ோ஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PEO1500+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 6.  ܭ஺௎ோ  values and ∆ௗ௜௟ܪ஺௎ோ∞  values in upper (UP) and bottom (BP) phases, 
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for the TLL of PEO1500 + Na2SO4 + H2O ATPS at 298.15 K. 
TLL ܭ஺௎ோ ∆ௗ௜௟ܪ஺௎ோ∞௎௉ ∆ௗ௜௟ܪ஺௎ோ∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 6.85 96.27±0.38 -0.91±1.48 -15.61±1.27 

7.44 134.15±0.25 -18.25±1.11 -33.26±1.13 
8.29 225.75±0.14 -20.75±0.99 -36.09±0.89 
9.74 490.99±0.57 -21.99±2.03 -37.69±2.14 

 

 

 

 

 

Table 7. Thermodynamic transfer parameters of PhM dyes as a function of the TLL 
of  PEO1500 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL 1 / 6.85 mol kg-1 
PhM dyes ∆࢚࢘ࢎ�ࡳ��,∞ ∞,��ࢎ�ࡴ࢚࢘∆  ∞,��ࢎ�ࡿ࢚࢘∆ࢀ   

kJ mol-1 
MV10B -14.96±0.03 -24.22±0.05 -9.23±0.02 
MV6B -14.47±0.01 -20.01±0.06 -5.52±0.05 
MV2B -13.76±0.05 -16.19±0.03 -2.43±0.02 
PRA -12.77±0.01 -13.39±0.07 3.36±0.06 
MVB -14.18±0.04 -19.02±0.02 -4.83±0.02 
AUR -11.31±0.02  14.73±0.01 26.01±0.01 

TLL 2 / 7.44 mol kg-1 
MV10B -16.04±0.04 -18.10±0.07 -2.05±0.03 
MV6B -15.64±0.06 -15.14±0.03 0.50±0.03 
MV2B -14.84±0.09 -11.49±1.01 3.35±0.02 
PRA -13.82±0.01 -2.01±0.12 7.82±0.11 
MVB -15.35±0.10 -13.40±0.09 1.95±0.01 
AUR -12.13±0.07  15.01±0.05 27.14±0.02 

TLL 3 / 8.29 mol kg-1 
MV10B -17.67±1.15 -10.83±0.07 6.84±0.08 
MV6B -17.01±1.28 -8.49±0.10 8.52±0.18 
MV2B -16.20±0.31 -5.37±0.29 10.80±2.01 
PRA -15.10±0.17 -2.49±0.87 12.60±1.29 
MVB -16.72±0.66 -6.68±0.10 10.04±1.56 
AUR -13.42±1.04 15.34±1.05 28.76±0.01 

TLL 4 / 9.74 mol kg-1 
MV10B -20.20±0.15 -1.18±0.08 19.02±0.07 
MV6B -19.64±1.01 -0.83±0.10 18.81±0.09 
MV2B -18.90±0.09 2.65±0.04 21.55±0.05 
PRA -17.60±0.18 4.95±0.06 22.55±0.12 
MVB -19.36±0.23 -0.98±0.12 18.41±0.11 
AUR -15.34±0.41 15.70±0.34 31.05±0.27 
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Figure 9. ∆ௗ௜௟ܪெ௏ଵ଴஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଵ଴஻஻௉  (b) as functions of dye concentration in 
upper and bottom phases of L64+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 8.  ܭெ௏ଵ଴஻  values and ∆ௗ௜௟ܪெ௏ଵ଴஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of L64 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଵ଴஻ ∆ௗ௜௟ܪெ௏ଵ଴஻∞௎௉  ∆ௗ௜௟ܪெ௏ଵ଴஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 3.27 140.72±0.50 -41.69±0.05 2.01±0.01 

4.07 367.90±0.77 -31.05±0.02 1.85±0.08 
4.65 931.31±0.32 -25.91±1.10 -2.31±1.04 
4.88 1536.59±0.68 -25.75±0.07 -5.75±0.11 
5.33 2618.51±0.41 -20.85±0.03 -7.93±0.06 
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Figure 10. ∆ௗ௜௟ܪெ௏6஻௎௉  (a) and ∆ௗ௜௟ܪெ௏6஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of L64+Na2SO4+H2O ATPS at 298.15 K. 
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Table 9.  ܭெ௏6஻  values and ∆ௗ௜௟ܪெ௏6஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of L64 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏6஻ ∆ௗ௜௟ܪெ௏6஻∞௎௉  ∆ௗ௜௟ܪெ௏6஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 3.27 114.52±0.09 -39.46±0.09 1.74±0.03 

4.07 295.82±0.28 -28.91±0.10 1.19±0.07 
4.65 687.96±0.54 -23.09±0.02 -1.89±0.01 
4.88 1099.01±0.31 -22.09±0.07 -4.29±0.13 
5.33 1865.26±0.77 -16.88±0.11 -6.02±0.16 
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Figure 11. ∆ௗ௜௟ܪெ௏ଶ஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଶ஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of L64+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 10.  ܭெ௏ଶ஻  values and ∆ௗ௜௟ܪெ௏ଶ஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of L64 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଶ஻ ∆ௗ௜௟ܪெ௏ଶ஻∞௎௉  ∆ௗ௜௟ܪெ௏ଶ஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 3.27 95.11±0.32 -37.49±0.05 1.21±0.01 

4.07 232.17±0.19 -26.76±0.01 0.94±0.05 
4.65 514.39±0.05 -20.41±0.08 -1.11±0.06 
4.88 786.03±0.10 -19.38±0.02 -3.88±0.09 
5.33 1339.47±0.87 -13.49±0.04 -4.97±0.07 
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Figure 12. ∆ௗ௜௟ܪ௉ோ஺௎௉  (a) and ∆ௗ௜௟ܪ௉ோ஺஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of L64+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 11.  ܭ௉ோ஺  values and ∆ௗ௜௟ܪ௉ோ஺∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of L64 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭ௉ோ஺ ∆ௗ௜௟ܪ௉ோ஺∞௎௉ ∆ௗ௜௟ܪ௉ோ஺∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 3.27 43.28±0.91 -30.17±0.01 0.73±0.08 

4.07 92.83±0.47 -19.58±0.01 -0.28±0.03 
4.65 193.59±0.18 -12.83±0.02 -1.03±0.10 
4.88 286.42±0.06 -11.31±0.01 -3.32±0.01 
5.33 484.16±0.88 -5.68±0.01 -4.65±0.09 
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 Figure 13. ∆ௗ௜௟ܪெ௏஻௎௉  (a) and ∆ௗ௜௟ܪெ௏஻஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of L64+Na2SO4+H2O ATPS at 298.15 K. 
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Table 12.  ܭெ௏஻  values and ∆ௗ௜௟ܪெ௏஻∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of L64 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏஻ ∆ௗ௜௟ܪெ௏஻∞௎௉ ∆ௗ௜௟ܪெ௏஻∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 3.27 92.46±0.02 -45.88±0.08 -9.18±0.09 

4.07 268.50±0.09 -37.33±0.05 -12.03±0.07 
4.65 632.03±0.08 -31.79±0.09 -15.59±0.14 
4.88 855.59±0.05 -31.47±0.10 -18.47±0.05 
5.33 1639.15±0.01 -26.62±0.02 -20.11±0.03 
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 Figure 14. ∆ௗ௜௟ܪ஺௎ோ௎௉  (a) and ∆ௗ௜௟ܪ஺௎ோ஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of L64+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 13.  ܭ஺௎ோ  values and ∆ௗ௜௟ܪ஺௎ோ∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of L64 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭ஺௎ோ ∆ௗ௜௟ܪ஺௎ோ∞௎௉ ∆ௗ௜௟ܪ஺௎ோ∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 3.27 27.64±0.10 -22.71±0.01 -3.61±0.02 

4.07 52.11±0.16 -23.58±0.10 -5.98±0.09 
4.65 82.91±0.02 -25.39±0.08 -9.09±0.01 
4.88 102.28±0.13 -29.05±0.04 -13.25±0.10 
5.33 148.89±0.09 -29.56±0.03 -14.96±0.07 
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Table 14. Thermodynamic transfer parameters of PhM dyes as a function of the TLL 
of L64 + Na2SO4 + H2O ATPS at 298.15 K. 
 TLL 1 / 3.27 mol kg-1 

PhM dyes ∆࢚࢘ࢎ�ࡳ��,∞ ∞,��ࢎ�ࡴ࢚࢘∆  ∞,��ࢎ�ࡿ࢚࢘∆ࢀ   

kJ mol-1 
MV10B -12.31±0.09 -47.65±0.07 -31.54±0.02 
MV6B -11.69±0.03 -41.21±0.01 -29.47±0.02 
MV2B -11.27±0.01 -38.68±0.05 -27.43±0.04 
PRA -9.29±0.05 -30.87±0.08 -21.61±0.03 
MVB -11.17±0.15 -36.72±0.09 -25.46±0.06 
AUR -8.22±0.18 -19.06±0.10 -10.87±0.08 

TLL 2 / 4.07 mol kg-1 
MV10B -14.57±0.14 -32.91±0.08 -18.27±0.07 
MV6B -14.11±0.21 -30,09±0.18 -16.01±0.03 
MV2B -13.48±0.03 -27.68±0.09 -14.15±0.06 
PRA -11.21±0.11 -19.34±0.03 -8.13±0.08 
MVB -13.89±0.18 -25.27±0.08 -11.48±0.09 
AUR -9.82±0.01 -17.63±0.07 -7.79±0.06 

TLL 3 / 4.65 mol kg-1 
MV10B -16.93±0.09 -23.60±0.04 -6.67±0.05 
MV6B -16.18±0.04 -21.20±0.09 -5.02±0.05 
MV2B -15.46±0.15 -19.30±0.08 -3.84±0.07 
PRA -13.04±0.02 -11.80±0.05 1.24±0.03 
MVB -15.97±0.03 -16.20±0.05 -0.23±0.02 
AUR -10.94±0.02 -16.30±0.03 -5.36±0.04 

TLL 4 / 4.88 mol kg-1 
MV10B -18.17±0.08 -20.01±0.03 -1.83±0.05 
MV6B -17.34±0.01 -17.80±0.04 -0.46±0.03 
MV2B -16.51±0.02 -15.50±0.01 1.01±0.01 
PRA -14.01±0.05 -7.99±0.09 6.02±0.04 
MVB -16.72±0.07 -13.02±0.08 3.72±0.01 
AUR -11.46±0.13 -15.80±0.07 -4.34±0.09 

TLL 5 / 5.33 mol kg-1 
MV10B -19.49±0.15 -12.92±0.08 6.57±0.07 
MV6B -18.65±0.20 -10.86±0.09 7.79±0.11 
MV2B -17.83±0.09 -8.52±0.07 9.31±0.02 
PRA -15.31±0.13 -1.03±0.06 14.28±0.07 
MVB -18.33±0.04 -6.51±0.01 11.82±0.03 
AUR -12.39±0.09 -14.60±0.08 -2.21±0.01 
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Figure 15. ∆ௗ௜௟ܪெ௏ଵ଴஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଵ଴஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 15.  ܭெ௏ଵ଴஻  values and ∆ௗ௜௟ܪெ௏ଵ଴஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଵ଴஻ ∆ௗ௜௟ܪெ௏ଵ଴஻∞௎௉  ∆ௗ௜௟ܪெ௏ଵ଴஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 5.28 62.24±0.06 -60.04±0.10 -8.04±0.04 

8.08 190.49±0.01 -80.24±0.07 -25.44±0.08 
9.98 444.79±0.08 -117.61±0.15 -61.01±0.01 
11.71 887.26±0.12 -127.60±0.04 -69.10±0.18 
13.05 1798.68±0.22 -135.44±0.16 -75.34±0.10 
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 Figure 16. ∆ௗ௜௟ܪெ௏6஻௎௉  (a) and ∆ௗ௜௟ܪெ௏6஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425+Na2SO4+H2O ATPS at 298.15 K. 
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Table 16.  ܭெ௏6஻  values and ∆ௗ௜௟ܪெ௏6஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏6஻ ∆ௗ௜௟ܪெ௏6஻∞௎௉  ∆ௗ௜௟ܪெ௏6஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 5.28 57.18±0.01 -58.14±0.02 -6.74±0.01 

8.08 165.38±0.04 -73.88±0.01 -20.58±0.03 
9.98 367.90±0.11 -105.87±0.10 -50.97±0.06 
11.71 727.97±0.03 -117.84±0.13 -60.94±0.11 
13.05 1452.13±0.16 -126.12±0.09 -68.59±0.07 
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 Figure 17. ∆ௗ௜௟ܪெ௏ଶ஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଶ஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 17.  ܭெ௏ଶ஻  values and ∆ௗ௜௟ܪெ௏ଶ஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଶ஻ ∆ௗ௜௟ܪெ௏ଶ஻∞௎௉  ∆ௗ௜௟ܪெ௏ଶ஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 5.28 51.90±0.03 -53.91±0.01 -5.01±0.03 

8.08 148.30±0.05 -70.71±0.09 -18.91±0.07 
9.98 320.70±0.09 -92.44±0.01 -39.04±0.10 
11.71 624.41±0.28 -105.25±0.06 -49.85±0.06 
13.05 1196.26±1.01 -118.07±0.05 -61.27±0.11 
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 Figure 18. ∆ௗ௜௟ܪ௉ோ஺௎௉  (a) and ∆ௗ௜௟ܪ௉ோ஺஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 18.  ܭ௉ோ஺  values and ∆ௗ௜௟ܪ௉ோ஺∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭ௉ோ஺ ∆ௗ௜௟ܪ௉ோ஺∞௎௉ ∆ௗ௜௟ܪ௉ோ஺∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 5.28 38.03±0.07 -47.85±0.03 -4.45±0.10 

8.08 94.35±0.12 -53.93±0.01 -7.73±0.05 
9.98 191.26±0.04 -68.02±0.07 -20.12±0.02 
11.71 353.34±0.06 -79.76±0.09 -30.06±0.08 
13.05 650.15±0.22 -103.18±0.06 -52.18±0.15 
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Figure 19. ∆ௗ௜௟ܪெ௏஻௎௉  (a) and ∆ௗ௜௟ܪெ௏஻஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425+Na2SO4+H2O ATPS at 298.15 K. 

Table 19.  ܭெ௏஻  values and ∆ௗ௜௟ܪெ௏஻∞  values in upper (UP) and bottom (BP) phases, 
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for the TLL of PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 
TLL ܭெ௏஻ ∆ௗ௜௟ܪெ௏஻∞௎௉ ∆ௗ௜௟ܪெ௏஻∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 5.28 65.86±0.01 -69.57±0.03 -20.07±0.05 

8.08 189.72±0.13 -76.47±0.19 -24.27±0.10 
9.98 427.19±0.01 -96.98±0.02 -43.08±0.03 
11.71 852.14±0.06 -109.57±0.04 -54.27±0.11 
13.05 1645.78±0.08 -121.91±0.07 -65.41±0.01 
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 Figure 20. ∆ௗ௜௟ܪ஺௎ோ௎௉  (a) and ∆ௗ௜௟ܪ஺௎ோ஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425+Na2SO4+H2O ATPS at 298.15 K. 

 

Table 20.  ܭ஺௎ோ  values and ∆ௗ௜௟ܪ஺௎ோ∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 

TLL ܭ஺௎ோ ∆ௗ௜௟ܪ஺௎ோ∞௎௉ ∆ௗ௜௟ܪ஺௎ோ∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 5.28 15.52±0.01 -52.13±0.01 -14.93±0.03 

8.08 31.58±0.03 -70.26±0.08 -30.16±0.01 
9.98 52.96±0.01 -75.96±0.03 -33.66±0.06 
11.71 84.60±0.02 -83.82±0.05 -39.32±0.09 
13.05 127.72±0.05 -94.12±0.02 -47.82±0.04 

 

 

 

 

 
 
Table 21. Thermodynamic transfer parameters of PhM dyes as a function of the TLL 
of PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 
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TLL 1 / 5.28 mol kg-1 
PhM dyes ∆࢚࢘ࢎ�ࡳ��,∞ ∞,��ࢎ�ࡴ࢚࢘∆  ∞,��ࢎ�ࡿ࢚࢘∆ࢀ   

kJ mol-1 
MV10B -10.23±0.03 -52.00±0.10 -41.77±0.07 
MV6B -10.02±0.05 -50.40±0.03 -40.38±0.08 
MV2B -9.78±0.12 -48.90±0.06 -39.12±0.06 
PRA -9.01±0.07 -43.40±0.01 -34.39±0.08 
MVB -10.37±0.08 -49.50±0.02 -39.13±0.06 
AUR -6.79±0.19 -37.20±0.11 -30.41±0.08 

TLL 2 / 8.08 mol kg-1 
MV10B -13.01±0.08 -54.80±0.01 -41.80±0.09 
MV6B -12.65±0.07 -53.30±0.10 -40.65±0.03 
MV2B -12.38±0.11 -51.80±0.03 -39.42±0.08 
PRA -11.26±0.03 -46.20±0.12 -34.94±0.09 
MVB -12.99±0.04 -52.20±0.01 -39.21±0.05 
AUR -8.55±0.15 -40.10±0.08 -31.55±0.07 

TLL 3 / 9.98 mol kg-1 
MV10B -15.10±0.15 -56.60±0.10 -41.50±0.05 
MV6B -14.63±0.03 -54.88±0.05 -40.27±0.02 
MV2B -14.29±0.01 -53.40±0.03 -39.11±0.04 
PRA -13.01±0.10 -47.91±0.07 34.89±0.17 
MVB -15.00±0.07 -53.86±0.01 -38.90±0.08 
AUR -9.83±0.09 -42.31±0.02 -32.47±0.11 

TLL 4 / 11.71 mol kg-1 
MV10B -16.81±0.01 -58.53±0.04 -41.69±0.03 
MV6B -16.32±0.12 -56.90±0.14 -40.58±0.02 
MV2B -15.94±0.09 -55.41±0.10 -39.46±0.01 
PRA -14.53±0.03 -39.46±0.07 -35.17±0.04 
MVB -16.41±0.08 -35.17±0.18 -38.59±0.10 
AUR -10.99±0.11 -33.51±0.01 -33.51±0.12 

TLL 5 / 13.05 mol kg-1 
MV10B -18.56±0.04 -60.11±0.09 -41.54±0.05 
MV6B -18.03±0.10 -58.53±0.11 -40.50±0.01 
MV2B -17.55±0.03 -56.79±0.05 -39.25±0.02 
PRA -16.04±0.07 -51.01±0.10 -34.96±0.03 
MVB -18.34±0.20 -56.48±0.15 -38.16±0.05 
AUR -12.01±0.19 -46.26±0.09 -34.29±0.10 
 

For a better analysis, the results can be discussed in the following sections, which 

establish appropriated contributions for each parameter.  

3.1.1 Contribution of the methyl groups  

   If we assume that the solute thermodynamic transfer potential  is the sum of the 

independent contributions of each functional group29. Then by investigating four PhM 
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dyes with different methylation degree (MV10B(6-CH3), MV6B(5-CH3), MV2B(4-CH3) and 

PRA (0-CH3)), one can determine the -CH3 groups contribution in the thermodynamics 

transfer potential at infinite dilution state (∆௧௥ܩ௉ℎெ�,∞ ) of PhM dyes in ATPSs 

hydrophobically different. Figure 21 show the ∆௧௥ܩ௉ℎெ�,∞   values as a function of number 

of -CH3 groups in ATPS formed by (PEO1500 or L64 or PPO425) + Na2SO4 + H2O at 

298.15 K.  
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Figure 21. ∆௧௥ܩ஼ுయ�,∞ as a function of the number of -CH3 groups, of MV10B(6-CH3), 

MV6B(5-CH3), MV2B(4-CH3) and PRA(0-CH3) partitioning in (a) PEO1500 + Na2SO4 + 

H2O (b) L64 + Na2SO4 + H2O and (c) PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 

 

Independent of the ATPS, the PhM dye transfer is carried out with decrease in  ∆௧௥ܩ௉ℎெ�,∞ . Besides, this values become more negatives as the polymer hydrophobicity 

decreases in the order PEO1500 < L64 < PPO425. Since in each ATPS studied the ∆௧௥ܩ௉ℎெ�,∞  values decrease linearly with the increment in the TLL and the number of -

CH3 groups in the dye structure, one can calculate the average slope of the liner 

relationship ∆௧௥ܩ஼ுయ�,∞ versus number of -CH3 groups, allowing to comparate the methyl 

groups contribution in each ATPS studied. Therefore, the slope of the linear relationship 

was 
�∆��ீ಴ಹయ�∞�௡CHయ   = -0.39±0.03; -0.27±0.03 and -0.13±0.02 kJ mol-1 for the ATPS formed by 

PEO1500; L64 and PPO425 respectively, revealing that the -CH3 groups contribute 

more favorably for ∆௧௥ܩ௉ℎெ�,∞  in ATPS formed by PEO1500 than L64 or PPO425. This 

suggest that the intermolecular dye-EO segment interactions are more favorable than 

between dye-EO+PO segment or dye-PO segments. Besides, these results prove that the 

transfer of hydrophobic groups does not depend proportionally of the phase relative 

hydrophobicity, but of the specific interactions between the solute and upper phase 

components. 

These results contradict that reported by Silverio et al30 when studied the -CH2 

groups contributions in the partition process of five dinitrophenylated amino-acids in 

ATPSs with different hydrophobicity degree. The authors measured the Gibbs free 

energy of transfer of -CH2 groups, in ATPS formed by PEO or UCON and salts 

(Na2SO4 or Li 2SO4 or (NH4)2SO4). The  ∆௧௥ܩ஼ுమ�  values found were: -0.64, -0.69, -0.82 
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kJ mol-1 for PEO + Na2SO4, Li 2SO4 and (NH4)2SO4respectively. For the ATPS 

composed by UCON and Na2SO4, Li2SO4 and (NH4)2SO4the values were -0.89, -0.75 

and -1.01 respectively. The results show that the ∆௧௥ܩ஼ுమ values are more negative in 

the ATPS with greater relative hydrophobicity of the phases (UCON). The UCON is a 

copolymer of ethylene oxide and propylene oxide and the alkyl chain of the propylene 

oxide units stands for a higher hydrophobicity that when is compared with PEO that is 

an ethylene oxide homopolymer. Therefore, they concluded that the hydrophobic -CH2 

groups are preferably transferred for a more hydrophobic phase. Similarly, Maia et al31 

studied the free energy of transfer of methylene group in ATPS formed by ionic liquid 

(IL) with different hydrophobic degree. The authors evaluated the relative 

hydrophobicity of the phases by means of the free energy of transfer of -CH2, and the 

results of ∆௧௥ܩ஼ுଶ were -2.14; -2.27 and -2.45 kJ mol-1, concluding that the ∆௧௥ܩ஼ுଶ 

values are more negatives when the ATPS is formed by IL with longer alkyl chains i.e. 

a more hydrophobic IL.  

According to the Gibbs fundamental equation, the thermodynamic transfer 

potential variation depends on two fundamental parameters linked to the intermolecular 

interactions that occur in the system. These parameters are the standard transfer 

enthalpy change and standard transfer entropy change (∆௧௥ܪ௉ℎெ�,∞  and ܶ∆௧௥ܵ௉ℎெ�,∞ ). 

Therefore, the determining of the methyl group contribution of in these two parameters 

becomes fundamental in the understanding of the dyes partition process. The Figure 22 

shows the ∆௧௥ܪ௉ℎெ�,∞  values as a function of the number -CH3 groups in ATPS formed by 

(PEO1500 or L64 or PPO425) + Na2SO4 + H2O at 298 K. 
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Figure 22. ∆௧௥ܪ௉ℎெ�,∞  values as a function of the number of -CH3 groups, for 

MV10B(6-CH3), MV6B(5-CH3), MV2B(4-CH3) and PRA(0-CH3) partitioning in (a) PEO1500 

+ Na2SO4 + H2O, (b) L64 + Na2SO4 + H2O and (c) PPO425 + Na2SO4 + H2O ATPS at 

298.15 K. 

For the ATPS formed by PEO1500, the ∆௧௥ܪ௉ℎெ�,∞  values became less negative 

when the TLL increased, PRA(0-CH3) even reached a positive value in the fourth TLL. In 

addition, when the methylations degree in the dye structure increment the ∆௧௥ܪ௉ℎெ�,∞  

values decrease in a range of 4.95±0.05 to -24.2±0.03 kJ mol-1 for PRA(0-CH3) to 

MV10B(6-CH3) respectively. 

Similarly, in the ATPS formed by L64 the ∆௧௥ܪ௉ℎெ�,∞  values decrease in a range 

of -1.03±0.07 to -43.7±0.1 kJ mol-1 for PRA(0-CH3) to MV10B(6-CH3) respectively. In 

contrast, the ∆௧௥ܪ௉ℎெ�,∞  values in ATPS formed by PPO425 become more negative when 
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the TLL and the dye molecule methylations degree increase in a range of -43.41±0.08 to 

-60.13±0.02 kJ mol-1 for PRA(0-CH3) to MV10B(6-CH3) respectively.  

The methyl group contribution to the ∆௧௥ܪ௉ℎெ�,∞  values can be determinates 

calculating the average slope of the linear relationship  
�∆��ு಴ಹయ�∞�௡CHయ  = -2.44±0.05 kJ mol-1 in 

PEO1500; -1.97±0.06 kJ mol-1 in L64 and -1.50±0.03 kJ mol-1 in PPO425. These values 

indicate that the -CH3 groups contribution in the ∆௧௥ܪ௉ℎெ�,∞  values were more favorable 

when the transference process is carried out in ATPS formed by PEO1500 > L64 > 

PPO. Moreover, if we consider that ∆௧௥ܪ௉ℎெ�,∞  as a parameter composed of four 

processes that involve absorption and/or release of energy, as expressed by equation 8:  

∆௧௥ܪ௉ℎெ�,∞ =  ∆௜௡௧ܪ஻௉−஻௉∞ + ∆௜௡௧ܪ௉ℎெ−௎௉∞ + ∆௜௡௧ܪ௉ℎெ−஻௉∞  + ∆௜௡௧ܪ௎௉−௎௉∞       ሺͺሻ 

Where  ∆௜௡௧ܪ஻௉−஻௉∞  is the energy released in the formation of new interactions between 

the bottom phase components, ∆௜௡௧ܪ௉ℎெ−௎௉∞  is the energy released due to the formation 

of the new interactions between dye molecules and the upper phase components, ∆௜௡௧ܪ௉ℎெ−஻௉∞  is the energy absorbed to break the interactions of dye molecules and the 

bottom phase components and ∆௜௡௧ܪ௎௉−௎௉∞  is the energy absorbed to disrupt the 

interactions between the upper phase components. Therefore, in order for the ∆௧௥ܪ௉ℎெ�,∞  

values to be negative it is necessary that the processes that release energy have 

magnitudes greater than the processes that absorb energy, i.e., |∆௜௡௧ܪ஻௉−஻௉∞ +∆௜௡௧ܪ௉ℎெ−௎௉∞ | > |∆௜௡௧ܪ௉ℎெ−஻௉∞ +∆௜௡௧ܪ௎௉−௎௉∞ |. In consequence, as the interaction 

between the dye and bottom phases component are similar for all ATPS studied, the ∆௧௥ܪ௉ℎெ�,∞  values is more negative in PEO1500 than that with L64 or PPO, because the 

energy absorption is less in the breakdown of interactions between the EO-EO segments 
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(∆௜௡௧ܪ௎௉−௎௉∞ ) and releases more energy to form the new interactions between the PhM 

dye and upper phase components (∆௜௡௧ܪ௉ℎெ−௎௉∞ ). 

 The Figure 23 shows the ܶ∆௧௥ܵ௉ℎெ�,∞  values as function of the number -CH3 

groups in ATPS formed by (PEO1500 or L64 or PPO425) + Na2SO4 + H2O at 298 K. 
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Figure 23. ܶ∆௧௥ܵ௉ℎெ�,∞  values as a function of the number of -CH3 groups, for 

MV10B(6-CH3), MV6B(5-CH3), MV2B(4-CH3) and PRA(0-CH3) partition in (a) PEO1500 + 

Na2SO4 + H2O (b) L64 + Na2SO4 + H2O and (c) PPO425 + Na2SO4 + H2O ATPS at 

298.15 K. 

For the ATPS formed by PEO or L64, the transfer process is carried out with an 

increase in entropy and the ܶ∆௧௥ܵ௉ℎெ�,∞  values are more positives when the TLL 

increases. However, when the methylation degree on the dye structure increases, the 

transfer entropy decreases to negative values in the first TLL of the ATPS with PEO 

and in the first two of the ATPS with L64. On the other hand, in the presence of PPO 

the transfer process was carried out with negative ܶ∆௧௥ܵ௉ℎெ�,∞  values and became more 

negative when the degree of methylation in the dye structure increased. This mean that, 

when the dye molecule is transferred from bottom phase to phase rich in PEO the 

system gains more entropy than in L64 and PPO, indicating that the increment of 

hydrophobic groups in the polymeric alkyl chain (L64 and/or PPO) increase the 

hydrophobicity dye-polymer interaction and decrease the freedom rotational degree 

solvation water, which effectively causes the system entropy to decrease.     

The methyl group contribution to the ܶ∆௧௥ܵ௉ℎெ�,∞  values was determinate 

calculating the average slope of the linear relationship  
�[்∆��ௌ಴ಹయ�∞ ]�௡CHయ   for each ATPS 

studied and the results were -0.58±0.02; -1.61±0.04 and -1.21±0.01 kJ mol-1 to PEO; 

L64 and PPO respectively. The transfers of 1 mole of methyl group from the ATPS 

bottom phase to the upper phase decreases the system entropy. This decrease in the ܶ∆௧௥ܵ௉ℎெ�,∞  values is proportional to the hydrophobicity degree of the system forming 

polymer. Demonstrating that the interaction dye-EO segment (less hydrophobic 

segment) requires a smaller number of water molecules to solvate. The dye-PO segment 
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interaction is more hydrophobic due to the methyl group presence in the polymer alkyl 

chain causing a greater organization in the water molecules that solvate this interaction 

decreasing the system entropy. 

3.1.2 Contribution of the phenyl groups  

 MV2B is a triphenylmethane (TPhM) dye substituted for two tertiary amines and 

one primary, while AUR is a diphenylmethane (DPhM) dye similarly substituted (figure 

1). Therefore, both structures only differ in a phenyl group that can be used to study its 

contribution in the thermodynamic transference parameter. The figure 24a shows the  ∆௧௥ܩ௉ℎெ�,∞  values of AUR and MV2B as functions of the TLL of ATPS formed by 

(PEO1500 or L64 or PPO425) + Na2SO4 + H2O ATPS. 
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Figure 24. (a) ∆௧௥ܩ௉ℎெ�,∞   values of AUR (closed symbols) and MV2B (open symbols) 

and (b) ∆∆௧௥ܩ௉ℎெ�,∞  as a function of the TLL of ATPS formed by (square symbol) 

PEO1500 + Na2SO4 + H2O, (round symbol) L64 + Na2SO4 + H2O and (triangular 

symbol) PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 

 

Independent of the ATPS, the AUR and MV2B transference occur with a 

decrease of Gibbs energy. However, the  ∆௧௥ܩ௏ெଶ஻�,∞  values are more negative than  ∆௧௥ܩ஺௎ோ�,∞ in all the ATPS studied, indicating that the benzene ring plays a fundamental 
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role in the hydrophobic interaction dye-UP components responsible for the dye 

molecules migration from the bottom phase to the upper phase in all the ATPSs studied. 

Therefore, for better understand the effect of the phase hydrophobicity in phenyl groups 

contribution, was calculated the difference between the  ∆௧௥ܩ௉ℎெ�,∞  values of each dye 

( ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞ =   ∆௧௥ܩெ௏ଶ஻�,∞ −  ∆௧௥ܩ஺௎ோ�,∞). The figure 4b show the  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞  

values as a function of the TLL of each ATPS studied.  

The results of the  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞  for each ATPS as a function of the TLL, 

shows that  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞−௉ாை  were from -2.88 to -3.91;  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞−௅6ସ  were from -2.86 

to -4.65 and  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞−௉௉ை  from -2.99 to -4.95. This suggest that the dye transfer is 

favored by the phenyl ring presence and this effect is more favorable when the system is 

more hydrophobic. 

In order to understand in detail, the origin of this effect, were determined the 

standard transfer enthalpy change of the diphenylmethane (DPhM) dye AUR 

( ∆௧௥ܪ஽௉ℎெ�,∞ ) and triphenylmethane (TPhM) dye MV2B ( ∆௧௥்ܪ௉ℎெ�,∞ ) as a function of the 

TLL of (PEO1500 or L64 or PPO425) + Na2SO4 + H2O ATPS. The results are shown in 

the figure 25. 
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Figure 25. (a) ∆௧௥ܪ஽௉ℎெ�,∞   values of AUR (closed symbols) and  ∆௧௥்ܪ௉ℎெ�,∞  MV2B 

(open symbols) and (b) ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞  as a function of the TLL of ATPS formed by 

(square symbol) PEO1500 + Na2SO4 + H2O, (round symbol) L64 + Na2SO4 + H2O 

and (triangular symbol) PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 
 

When PEO was the polymer that formed the ATPS, the transference process of 

DPhM dye was endothermic and the variation in the ∆௧௥ܪ஽௉ℎெ�,∞  values was from 

14.70±0.03 to 15.76±0.02 kJ mol-1 with the TLL increment. In contrast, the ∆௧௥்ܪ௉ℎெ�,∞  

values were from -18.83±0.01 to 0.79±0.01 kJ mol-1, this mean that the TPhM dye 

transference process became exothermic in the three first TLL and endothermic in the 

last, showing that the effect of the TLL was more intense in the TPhM dye.  In the 

ATPS formed by L64, the transfer process for both molecules was exothermic. 

However, the effect of the TLL was similar to the previous, being smaller for DPhM 

dye than that TPhM dye (-1λ.10±0.04 ≤ ∆௧௥ܪ஽௉ℎெ�,∞−ܮ͸Ͷ ≤ -14.62±0.03 kJ mol-1 and -

38.6λ±0.05 ≤ ∆௧௥்ܪ௉ℎெ�,∞−ܮ͸Ͷ ≤ -8.52±0.02 kJ mol-1) respectively. On the other hand, in the 

ATPS formed by PPO the transfer process was exothermic and unlike previous ATPSs 

and the ∆௧௥ܪ௉ℎெ�,∞−ܱܲܲ values became more negatives with the TLL increment for both 

molecules. Nevertheless, the ∆௧௥ܪ஽௉ℎெ�,∞  values varied between -37.21±0.06 and -
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46.29±0.03 kJ mol-1 and were less negative than the ∆௧௥்ܪ௉ℎெ�,∞  values that varied from -

49.68±0.04 to -56.79±0.06 kJ mol-1 when the TLL increase. 

For a better analysis of the phenyl group contribution in the standard enthalpy 

transfer change in each ATPS studied, was calculate the difference   ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞ =  ∆௧௥ܪெ௏ଶ஻�,∞ −  ∆௧௥ܪ஺௎ோ�,∞ . The results were show in the figure 25b. 

The  ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞  values show that the phenyl groups contribution in the 

ATPS formed by PEO varied from -33.5±0.02 to -14.91±0.01 kJ mol-1; when is formed 

by L64 varied from -19.59±0.02 to 6.08±0.01 kJ mol-1 and in presence de PPO the 

values varied from -12.51±0.02 to -10.51±0.03 kJ mol-1. This shows that the phenyl 

group contributes favorably to the values of  ∆௧௥ܪ௉ℎெ�,∞  in the three ATPS studied, but 

this contribution is more favorable when the ATPS hydrophobicity decreases. This can 

be explained following way; the phenyl group absence into dye structure causes an 

increase the charge density, generating a interaction dye-BP component more intense 

and to break this interaction is needs to absorb a greater energy amount. On the other 

hand, the phenyl group increases the dye molecule degree hydrophobicity, becoming 

more favorable the hydrophobic interaction between the dye and the polymer segments 

releasing more energy in the following order PEO > PPO > L64. 

The figure 26 shows the ܶ∆௧௥ܵ஽௉ℎெ�,∞  and  ܶ∆௧௥்ܵ௉ℎெ�,∞  as a function of the TLL of 

(PEO1500 or L64 or PPO425) + Na2SO4 + H2O ATPS. 
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Figure 26. (a) ܶ∆௧௥ܵ஽௉ℎெ�,∞  values of AUR (closed symbols) and ܶ∆௧௥்ܵ௉ℎெ�,∞  values of 

MV2B (open symbols) and (b) ∆ܶ∆௧௥ܵெ௏ଶ஻−஺௎ோ�,∞  as a function of the TLL of ATPS 

formed by (square symbol) PEO1500 + Na2SO4 + H2O, (round symbol) L64 + 

Na2SO4 + H2O and (Triangular symbol) PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 
  

In ATPS formed by PEO, the transference process of both dye molecules was 

carried out with entropy increment, becoming more positive with the TLL increase. 

However, the phenyl group increase in the dye structure causes a decrease in the ܶ∆௧௥ܵ௉ℎெ�,∞  values. Suggesting that the phenyl ring addition to the dye structure causes an 

increase in the molecule hydrophobicity and consequently the water molecules that 

cover the interaction between TPhM and EO segment, loss rotational freedom degrees, 

causing a entropy decrease. On the other hand, when the ATPS hydrophobicity degree 

increases, the transfer process generates ܶ∆௧௥ܵ௉ℎெ�,∞  values negative in both molecules, 

but more negatives in TPhM dyes, this effect is observed when the ATPS is formed by 

L64 or PPO. Nevertheless, for a better understanding of the hydrophobicity effect on the 

phenyl group contribution in the variation of standard transfer entropy is necessary to 

calculate the difference  ∆[ܶ∆௧௥ܵெ௏ଶ஻−஺௎ோ�,∞ ] =   ܶ∆௧௥ܵெ௏ଶ஻�,∞ −  ܶ∆௧௥ ஺ܵ௎ோ�,∞  for each ATPS 

studied. The results are shown in the figure 26b. 



124 

 

The  ∆[ܶ∆௧௥ܵெ௏ଶ஻−஺௎ோ�,∞ ] values show that only in ATPS formed by L64, the 

phenyl groups contribution was positive in the three last TLL exhibiting values from -

16.74 to 11.52. It is due to the increase in the concentration of L64 (TLL), incrementing 

the formation of micellar aggregates, inducing to the most hydrophobic molecule 

(TPhM) to the nucleus of the micelle. This process releases a greater number of water 

molecules for the bulk causing an increase in the system configurational entropy. 

When we compared the  ∆[ܶ∆௧௥ܵெ௏ଶ஻−஺௎ோ�,∞ ] values obtained in the ATPSs 

formed by PEO versus PPO we observed that; The phenyl group contributes to a greater 

decrease of the entropy in PEO than in PPO. This suggest that in the PEO presence a 

greater number of dye molecules transferred to upper phase, incrementing the hydration 

degree of the hydrophobic interactions. this cause that a greater number of the water 

molecules loss freedom degree and consequently decrease the system entropy. 

3.1.3 Contribution of the charge on the dye molecule 

 The PhM dyes MV6B and MVB (figure 1) are structurally similar, but, MV6B is 

a cationic specie and MVB is a neutral specie. This difference was used to determine the 

charge contribution in the PhM dye thermodynamics transference parameters in 

different ATPS. The Figure 27 shows the  ∆௧௥ܩ௉ℎெ�,∞  (a), ∆௧௥ܪ௉ℎெ�,∞  (b) and ܶ ∆௧௥ܵ௉ℎெ�,∞  (c) 

values of MV6B and MVB as a function of the TLL of three ATPSs formed by 

(PEO1500 or L64 or PPO425) + Na2SO4 + H2O at 298.15 K. 
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Figure 27. (a) ∆௧௥ܩ௉ℎெ�,∞   (b)  ∆௧௥ܪ௉ℎெ�,∞  (c)  ܶ∆௧௥ܵ௉ℎெ�,∞  values of MV6B (closed 

symbols) and MVB (open symbols) as a function of the TLL of ATPS formed by 

(square symbol) PEO1500 + Na2SO4 + H2O, (round symbol) L64 + Na2SO4 + H2O 

and (triangular symbol) PPO425 + Na2SO4 + H2O ATPS at 298.15 K. 

 

The results show that independent of the polymer hydrophobicity that form the 

ATPS, the positive charge in the dye structure does not contribute in the 

thermodynamics transference parameters. Since, the small difference in the ∆௧௥ܩ௉ℎெ�,∞  , ∆௧௥ܪ௉ℎெ�,∞ , ܶ ∆௧௥ܵ௉ℎெ�,∞  values are around of experimental error of measurement. 
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3.2 Effect of the electrolyte nature 

The chemical nature of the ATPS components has a strong impact on the 

thermodynamics properties of this systems influencing the partition process of the 

solutes32. The electrolytes are ionic species commonly used in the formation of different 

ATPSs, a wide range of electrolytes can be used to form ATPS with different 

characteristics, so that, an anion or cation simple change, can promote significant 

changes in the species partition behavior33. Therefore, the study of this component in 

the phenylmethane dyes partitioning process into ATPS was divided into the following 

effects: 

3.2.1 Cation effect in the PhM dyes partition process. 

The cation effect on the PhM dye partitioning process will be studied 

considering the pseudopolycation existence in upper phase of ATPS proposed by da 

Silva et al34. These authors using isothermal titration calorimetry to study the separation 

between aqueous solutions of PEO and sulfate salts, determining that these interactions 

as a result of endothermic processes caused by the dehydration of the polymer chain and 

electrolyte. Therefore, the binding between the cation of the salt and the polymer polar 

segment releasing the water molecules in a process entropically driven. This cation-

polymer binding continues until a saturation point where there is no more entropy 

increase and phase separation becomes more favorable. Therefore, the interaction 

between polymer and electrolyte originate a process endothermic, resulting in the 

entropy increase associated with the release of water molecules giving way to 

pseudopolication formation of the (cation-polymer interaction) and to the phases 

separation. Concluding that lithium has a higher capacity to generate positive charge 

density on the PEO molecular chain than sodium. 
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In order to study the cation effect in the partition process of different PhM dyes 

in ATPS, were measured the  ܭ௉ℎெ values of six PhM dyes in different ATPSs formed 

by (MgSO4 or Na2SO4 or Li2SO4) + PEO1500 + H2O at 298.15 K. The results are show 

in the Figure 28.  
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Figure 28.  ܭ௉ℎெ of MV10B (-▲-), MV6B (-●-), MV2B (-■-), PRA (-▼-) MVB (-♦-
), AUR (-○-) as function of the TLL of PEO1500+Li2SO4+H2O (a), 
PEO1500+Na2SO4+H2O (b) and PEO1500+MgSO4+H2O (c) ATPS at 298.15 K. 

 

The  ܭ௉ℎெ values showed that all PhM dyes were concentrated preferably in the 

ATPS upper phase. Besides, the  ܭ௉ℎெ values in each dye increase with the cation 

change in the following order: Li+ > Na+ > Mg2+. This suggest that, the 
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pseudopolycation formed by the Li+-EO segment has a greater capacity to promote the 

transfer of PhM dyes from bottom phase to upper phase of the ATPS.  

These results are similar to those reported by Alvarenga et al10. The authors 

determined the Remazol Yellow partition coefficient in ATPS formed by different 

sulfate salts (Li+, Na+ and NH4
+) + PEO1500 + H2O. Finding that the ܭ values were 

higher in the Li + presence caused by a better electrostatic interaction between the 

pseudopolication and the dye molecules. However, the driving forces responsible for 

this interaction and the dye structure influence on the ܭ values were not elucidated. 

In this approach it is observed that, the  ܭ௉ℎெ values varied with the different 

modifications in the dye molecular structure. However, for a better discussion of the 

cation effect on the contribution of the dye structure in the partition process, were the 

thermodynamic transfer parameters determined. Figures  29 to 40 and Tables 22 to 36 

show the corresponding results. 
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 Figure 29. ∆ௗ௜௟ܪெ௏ଵ଴஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଵ଴஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500+Li2SO4+H2O ATPS at 298.15 K. 
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Table 22.  ܭெ௏ଵ଴஻  values and ∆ௗ௜௟ܪெ௏ଵ଴஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଵ଴஻ ∆ௗ௜௟ܪெ௏ଵ଴஻∞௎௉  ∆ௗ௜௟ܪெ௏ଵ଴஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 6.34 446.29±0.05 -33.34±0.05 -23.22±0.08 

7.49 969.87±0.08 -48.01±0.01 -46.71±0.10 
8.87 2877.71±0.11 -63.02±0.01 -71.72±0.04 
9.84 5007.23±0.03 -70.20±0.08 -87.41±0.01 
10.98 9072.08±0.04 -86.31±0.10 -115.25±0.03 
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 Figure 30. ∆ௗ௜௟ܪெ௏6஻௎௉  (a) and ∆ௗ௜௟ܪெ௏6஻஻௉  (b) as functions of dye concentration in upper 
and bottom phases of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

 

Table 23.  ܭெ௏6஻  values and ∆ௗ௜௟ܪெ௏6஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏6஻ ∆ௗ௜௟ܪெ௏6஻∞௎௉  ∆ௗ௜௟ܪெ௏6஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 6.34 385.82±0.09 -26.23±0.09 -18.03±0.07 

7.49 815.11±0.10 -39.96±0.02 -39.56±0.03 
8.87 1837.15±0.12 -52.51±0.03 -62.41±0.01 
9.84 4123.98±0.08 -60.09±0.11 -78.44±0.06 
10.98 7843.29±0.13 -77.25±0.07 -107.58±0.05 

 

 



130 

 

0.0 2.0x10-5 4.0x10-5 6.0x10-5
-70

-60

-50

-40

-30

-20

-10

0

a

 TLL 1
 TLL 2
 TLL 3
 TLL 4
 TLL 5

 di
lH

U
P

M
V

2B
 / 

kJ
m

ol
-1

[VM2B] / molL -1

 

0.0 2.0x10-5 4.0x10-5 6.0x10-5

-98

-84

-70

-56

-42

-28

-14

0

b

 TLL 1
 TLL 2
 TLL 3
 TLL 4
 TLL 5

 di
lH

B
P

M
V

2B
 / 

kJ
m

ol
-1

[VM2B] / molL -1

 Figure 31. ∆ௗ௜௟ܪெ௏ଶ஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଶ஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

 

Table 24.  ܭெ௏ଶ஻  values and ∆ௗ௜௟ܪெ௏ଶ஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଶ஻ ∆ௗ௜௟ܪெ௏ଶ஻∞௎௉  ∆ௗ௜௟ܪெ௏ଶ஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 6.34 333.56±0.15 -22.38±0.01 -15.98±0.03 

7.49 696.21±0.04 -33.58±0.05 -35.46±0.01 
8.87 1569.15±0.03 -41.47±0.06 -52.77±0.08 
9.84 3536.66±0.16 -44.12±0.02 -63.32±0.04 
10.98 6381.89±0.20 -69.06±0.07 -101.80±0.01 
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Figure 32. ∆ௗ௜௟ܪ௉ோ஺௎௉  (a) and ∆ௗ௜௟ܪ௉ோ஺஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 
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Table 25.  ܭ௉ோ஺  values and ∆ௗ௜௟ܪ௉ோ஺∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

TLL ܭ௉ோ஺ ∆ௗ௜௟ܪ௉ோ஺∞௎௉ ∆ௗ௜௟ܪ௉ோ஺∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 6.34 196.41±0.03 -1.73±0.08 3.07±0.07 

7.49 428.58±0.02 -11.09±0.01 -14.29±0.05 
8.87 927.69±0.11 -19.53±0.10 -32.03±0.18 
9.84 2996.42±0.13 -21.96±0.03 -45.66±0.02 
10.98 3608.88±0.16 -36.07±0.04 -73.90±0.07 
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Figure 33. ∆ௗ௜௟ܪெ௏஻௎௉  (a) and ∆ௗ௜௟ܪெ௏஻஻௉  (b) as functions of dye concentration in upper 
and bottom phases of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

 

Table 26.  ܭெ௏஻  values and ∆ௗ௜௟ܪெ௏஻∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏஻ ∆ௗ௜௟ܪெ௏஻∞௎௉ ∆ௗ௜௟ܪெ௏஻∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 6.34 319.41±0.03 -40.28±0.02 -32.68±0.01 

7.49 742.82±0.02 -44.00±0.12 -44.10±0.05 
8.87 1887.99±0.11 -49.23±0.06 -59.73±0.01 
9.84 3705.75±0.13 -50.91±0.07 -70.25±0.03 
10.98 8276.97±0.16 -96.82±0.14 -128.57±0.08 
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 Figure 34. ∆ௗ௜௟ܪ஺௎ோ௎௉  (a) and ∆ௗ௜௟ܪ஺௎ோ஻௉  (b) as functions of dye concentration in upper 
and bottom phases of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

 

Table 27.  ܭ஺௎ோ  values and ∆ௗ௜௟ܪ஺௎ோ∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + Li 2SO4 + H2O ATPS at 298.15 K. 

TLL ܭ஺௎ோ ∆ௗ௜௟ܪ஺௎ோ∞௎௉ ∆ௗ௜௟ܪ஺௎ோ∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 6.34 102.69±0.12 -1.12±0.05 14.07±0.03 

7.49 213.29±0.09 -18.87±0.03 -34.57±0.01 
8.87 508.20±0.15 -21.82±0.01 -38.12±0.08 
9.84 901.70±0.11 -22.89±0.04 -39.79±0.09 
10.98 1652.44±0.21 -36.13±0.06 -53.53±0.09 

 
 
Table 28. Thermodynamic transfer parameters of PhM dyes as a function of the TLL 
of PEO1500 + Li2SO4 + H2O ATPS at 298.15 K. 
 TLL 1 / 6.34 mol kg-1 

PhM dyes ∆࢚࢘ࢎ�ࡳ��,∞ ∞,��ࢎ�ࡴ࢚࢘∆  ∞,��ࢎ�ࡿ࢚࢘∆ࢀ   

kJ mol-1 
MV10B -15.11±0.04 -10.12±0.06 4.99±0.02 
MV6B -14.75±0.10 -8.20±0.01 6.55±0.05 
MV2B -14.39±0.11 -6.40±0.04 7.99±0.01 
PRA -13.08±0.05 -4.80±0.03 8.28±0.06 
MVB -14.28±0.01 -7.60±0.05 6.68±0.03 
AUR -11.47±0.07 -15.19±0.03 -3.72±0.09 

TLL 2 / 7.49 mol kg-1 
MV10B -17.03±0.02 -1.30±0.01 15.73±0.03 
MV6B -16.60±0.05 -0.40±0.04 16.20±0.01 
MV2B -16.21±0.09 1.88±0.01 18.09±0.10 
PRA -15.01±0.06 3.20±0.03 18.21±0.03 
MVB -16.37±0.09 0.11±0.05 16.47±0.04 
AUR -13.28±0.07 15.70±0.06 28.98±0.01 
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TLL 3 / 8.87 mol kg-1 
MV10B -19.72±0.04 8.70±0.09 28.42±0.05 
MV6B -18.61±0.01 9.90±0.07 28.51±0.06 
MV2B -18.22±0.03 11.30±0.02 29.52±0.05 
PRA -16.92±0.01 12.50±0.05 29.42±0.04 
MVB -18.68±0.05 10.50±0.06 29.18±0.01 
AUR -15.30±0.05 16.30±0.07 31.73±0.02 

TLL 4 / 9.84 mol kg-1 
MV10B -21.10±0.05 17.21±0.01 38.31±0.04 
MV6B -20.61±0.03 18.35±0.06 38.96±0.03 
MV2B -20.23±0.01 19.20±0.05 39.43±0.04 
PRA -19.82±0.03 23.70±0.06 43.52±0.03 
MVB -20.35±0.02 19.34±0.07 39.69±0.05 
AUR -16.85±0.06 16.90±0.10 33.75±0.04 

TLL 5 / 10.98 mol kg-1 
MV10B -22.57±0.01 28.94±0.03 51.51±0.02 
MV6B -22.21±0.09 30.33±0.01 52.54±0.10 
MV2B -21.70±0.02 32.74±0.09 54.44±0.07 
PRA -20.28±0.05 37.83±0.02 58.11±0.07 
MVB -22.34±0.10 31.75±0.11 54.09±0.01 
AUR -18.35±0.04 17.40±0.08 35.75±0.04 
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Figure 35. ∆ௗ௜௟ܪெ௏ଵ଴஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଵ଴஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 
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Table 29.  ܭெ௏ଵ଴஻  values and ∆ௗ௜௟ܪெ௏ଵ଴஻∞  values in upper (UP) and bottom (BP) 
phases, for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଵ଴஻ ∆ௗ௜௟ܪெ௏ଵ଴஻∞௎௉  ∆ௗ௜௟ܪெ௏ଵ଴஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 5.270 119.93±0.02 -32.90±0.02 -2.19±0.03 

8.056 1045.71±0.02 -46.18±0.07 0.79±0.02 
9.949 2305.89±0.09 -60.60±0.15 4.48±0.13 
11.67 4267.08±0.07 -78.41±0.13 6.81±0.17 
12.99 6473.59±0.18 -101.28±0.17 7.88±0.15 
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Figure 36. ∆ௗ௜௟ܪெ௏6஻௎௉  (a) and ∆ௗ௜௟ܪெ௏6஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 

 
 
Table 30 ܭெ௏6஻  values ∆ௗ௜௟ܪெ௏6஻ values in upper (UP) and bottom (BP) phases, for 
the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏6஻ ∆ௗ௜௟ܪெ௏6஻∞௎௉  ∆ௗ௜௟ܪெ௏6஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 5.270 105.61±0.07 -25.50±0.01 -0.003±0.01 

8.056 550.39±0.14 -37.60±0.09 1.77±0.05 
9.949 1442.01±0.16 -49.80±0.27 6.10±0.06 
11.669 3119.05±0.18 -68.10±0.03 8.01±0.04 
12.987 5000.02±0.05 -82.30±2.00 17.2±0.05 
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Figure 37. ∆ௗ௜௟ܪெ௏ଶ஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଶ஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 

 
 
Table 31 ܭெ௏ଶ஻  values and ∆ௗ௜௟ܪெ௏ଶ஻∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଶ஻ ∆ௗ௜௟ܪெ௏ଶ஻∞௎௉  ∆ௗ௜௟ܪெ௏ଶ஻∞஻௉  

mol kg-1 kJ mol-1 kJ mol-1 
5.270 94.21±0.02 -20.39±0.13 0.08±0.11 
8.056 442.93±0.08 -30.71±0.10 2.01±0.12 
9.949 1194.01±1.09 -39.08±0.02 8.89±0.06 
11.669 2995.08±1.07 -54.56±0.12 13.4±0.15 
12.987 4097.04±0.10 -67.87±0.27 21.7±0.13 
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Figure 38. ∆ௗ௜௟ܪ௉ோ஺௎௉  (a) and ∆ௗ௜௟ܪ௉ோ஺஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 
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Table 33. ܭ௉ோ஺  values and ∆ௗ௜௟ܪ௉ோ஺∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭ௉ோ஺ ∆ௗ௜௟ܪ௉ோ஺∞௎௉ ∆ௗ௜௟ܪ௉ோ஺∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 5.270 54.55±1.01 -0.32±0.01 1.07±0.01 

8.056 265.70±0.03 -30.67±0.08 2.91±0.01 
9.949 535.64±0.16 -16.01±0.04 4.60±0.04 
11.669 1110.02±0.09 -28.53±0.07 6.71±0.05 
12.987 1900.04±0.13 -41.45±0.03 9.36±0.07 
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Figure 39. ∆ௗ௜௟ܪெ௏஻௎௉  (a) and ∆ௗ௜௟ܪெ௏஻஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 

 

Table 34. ܭெ௏஻  values and ∆ௗ௜௟ܪெ௏஻∞  values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭெ௏஻ ∆ௗ௜௟ܪெ௏஻∞௎௉ ∆ௗ௜௟ܪெ௏஻∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 5.270 113.61±0.07 -41.76±0.01 -7.31±0.05 

8.056 927.91±1.01 -43.19±0.04 13.02±0.07 
9.949 2109.29±0.04 -47.82±0.01 25.69±0.03 
11.669 3703.68±0.05 -55.59±0.06 31.11±0.01 
12.987 6115.22±0.19 -64.63±0.09 65.08±0.08 
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Figure 40. ∆ௗ௜௟ܪ஺௎ோ௎௉  (a) and ∆ௗ௜௟ܪ஺௎ோ஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PEO1500+MgSO4+H2O ATPS at 298.15 K. 

 

 

 

Table 35. ܭ஺௎ோ  values and ∆ௗ௜௟ܪ஺௎ோ∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL ܭ஺௎ோ ∆ௗ௜௟ܪ஺௎ோ∞௎௉ ∆ௗ௜௟ܪ஺௎ோ∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 5.270 39.23±0.16 -1.06±0.04 -15.40±0.03 

8.056 81.01±0.07 -19.81±0.07 -17.01±0.06 
9.949 189.89±0.04 -20.59±0.02 5.35±0.08 
11.669 387.21±0.13 -22.17±0.02 12.89±0.01 
12.987 543.92±0.11 -30.75±0.01 21.37±0.04 

 

 

 

 

Table 36. Thermodynamic transfer parameters of  PhM dyes as a function of the TLL 
of  PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

TLL  1 / 5.27 mol kg-1 
PhM dyes ∆࢚࢘ࢎ�ࡳ��,∞ ∞,��ࢎ�ࡴ࢚࢘∆  ∞,��ࢎ�ࡿ࢚࢘∆ࢀ   

kJ mol-1 
MV10B -11.89±0.01 -30.77±0.01 -18.90±0.02 
MV6B -11.51±0.02 -25.52±0.03 -13.89±0.01 
MV2B -11.18±0.02 -20.49±0.04 -9.23±0.02 
PRA -9.90±0.04 -1.39±0.03 8.50±0.07 
MVB -11.7±0.01 -36.50±0.10 -24.76±0.09 
AUR -9.08±0.05  14.38±0.01 23.50±0.06 
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TLL 2 / 8.06 mol kg-1 
MV10B -17.19±0.02 -47.02±0.01 -29.65±0.03 
MV6B -15.60±0.01 -39,27±0.04 -23.77±0.03 
MV2B -15.01±0.03 -32.75±0.09 -17.74±0.06 
PRA -13.79±0.02 -10.91±0.03 2.87±0.01 
MVB -16.86±0.03 -54.26±0.05 -37.40±0.02 
AUR -10.88±0.01 -2.78±0.02 8.10±0.01 

TLL 3 / 9.95 mol kg-1 
MV10B -19.08±0.04 -65.04±0.05 -45.86±0.01 
MV6B -18.01±0.02 -55.93±0.10 -37.40±0.08 
MV2B -17.46±0.01 -48.01±0.08 -30.19±0.07 
PRA -15.50±0.01 -20.67±0.04 -5.12±0.03 
MVB -18.87±0.06 -73.49±0.01 -54.45±0.07 
AUR -12.91±0.03 -16.02±0.04 -3.02±0.01 

TLL 4 / 11.67 mol kg-1 
MV10B -20.71±0.06 -85.22±0.07 -64.52±0.01 
MV6B -20.04±0.03 -76.13±0.07 -56.14±0.04 
MV2B -19.76±0.05 -68.02±0.10 -48.15±0.05 
PRA -17.32±0.02 -35.18±0.08 -17.88±0.06 
MVB -20.29±0.10 -95.69±0.12 -75.39±0.02 
AUR -14.65±0.07 -35.15±0.10 -20.35±0.03 

TLL 5 / 12.99 mol kg-1 
MV10B -21.68±0.01 -109.20±0.04 -87.35±0.03 
MV6B -21.11±0.03 -99.63±0.08 -78.42±0.05 
MV2B -20.57±0.07 -89.71±0.09 -69.04±0.02 
PRA -18.60±0.09 -50.76±0.10 -32.06±0.01 
MVB -21.55±0.04 -120.84±0.03 -99.19±0.07 
AUR -15.59±0.07 -52.24±0.09 -36.57±0.02 
 

The results of the different parameters (∆௧௥ܩ௉ℎெ�,∞ ,  ∆௧௥ܪ௉ℎெ�,∞   and ܶ ∆௧௥ܵ௉ℎெ�,∞  ) are 

discussed considering the following contributions:   

3.2.1.1. Contribution of the -CH3 group  

The cation effect on the -CH3 groups contribution will be discussed for each 

thermodynamic parameter similarly to Section 3.1.1. Therefore, the calculation of the  ∆௧௥ܩ௉ℎெ�,∞  values as a function of the CH3 groups in the dyes MV10B(6-CH3), MV6B(5-

CH3), MV2B(4-CH3), and PRA(0-CH3) for ATPS formed by (Li2SO4 or Na2SO4 or MgSO4) + 

PEO1500 + H2O at 298.15 K are shown in Figure 41. 
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Figure 41.  ∆௧௥ܩ஼ுయ�,∞ as a function of -CH3 groups for MV10B(6-CH3), MV6B(5-CH3), 

MV2B(4-CH3) and PRA(0-CH3) partitioning in (a) PEO1500 + Li2SO4 + H2O, (b) 

PEO1500 + Na2SO4 + H2O and (c) PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

 

Independent of the ATPS, the PhM dyes transference process from bottom phase 

to upper phase occurs with a decrease in the  ∆௧௥ܩ௉ℎெ�,∞  values. These values become 

more negatives with the methylation degree increase, indicating that the -CH3 groups 

promote the dye transference from bottom phase to upper phase. Besides, the  ∆௧௥ܩ௉ℎெ�,∞  

values are more negatives when the cation forming the ATPS is changed in the follow 

order: Li+ > Na+ > Mg2+. However, to determine the methyl group contribution in the 

thermodynamic transfer potential for each ATPS, we calculated the average of the slope 
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linear relationship  ∆௧௥ܩ௉ℎெ�,∞  versus �஼ுయand the results were: 
�∆��ீ಴ಹయ�∞�௡CHయ = -0.33±0.01, -

0.40±0.01 and -0.56±0.03 kJ mol-1 for the ATPS formed by Li+, Na+ and Mg2+ 

respectively.  

Despite, the  ∆௧௥ܩ௉ℎெ�,∞   values are more negative in ATPS formed by Li+, the -

CH3 groups contribution in the standard transference Gibbs free energy change is more 

favorable in the order Mg2+ > Na+ > Li+. To elucidate the origin of these results were 

determinate the methyl groups contribution in the standard transference enthalpy and 

entropy change at infinite dilution state (∆௧௥ܪ௉ℎெ�,∞  and  ܶ∆௧௥ܵ௉ℎெ�,∞ ሻ. The Figures 42 and 

43 shows the ∆௧௥ܪ௉ℎெ;�,∞  and  ܶ∆௧௥ܵ௉ℎெ�,∞  values as a function of the CH3 groups in the 

dyes MV10B(6-CH3), MV6B(5-CH3), MV2B(4-CH3), and PRA(0-CH3) for ATPS formed by 

(Li 2SO4 or Na2SO4 or MgSO4) + PEO1500 + H2O at 298.15 K. 
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Figure 42.  ∆௧௥ܪ஼ுయ�,∞ as a function of -CH3 groups for MV10B(6-CH3), MV6B(5-CH3), 

MV2B(4-CH3) and PRA(0-CH3) partitioning in (a) PEO1500 + Li2SO4 + H2O, (b) 

PEO1500 + Na2SO4 + H2O and (c) PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

 

 When Li+ is the cation that forms the ATPS, the PhM dyes transfer from bottom 

phase to upper phase is carried out with the ∆௧௥ܪ௉ℎெ�,∞  values negative only in the first 

TLL, become more negatives with the increment of dye methylation degree. 

Nevertheless, when the TLL increase the ∆௧௥ܪ௉ℎெ�,∞  values are positive and increases 

proportionally with the TLL increment, but the process is less endothermic when the 

number -CH3 group increases. This behavior in the ∆௧௥ܪ௉ℎெ�,∞  values is reduced in the 

ATPS composed by Na+, where only the last TLL has positive values. In contrast, in the 

presence of Mg2+ where the dye transfer process is exothermic and the ∆௧௥ܪ௉ℎெ�,∞  values 

becoming more negative with the TLL increment and the methyl number in the dye 

structure increasing.  

 Based on equation 8 and considering that the pseudopolycation corresponds to 

the UP components this results shows that the ∆௜௡௧ܪ௉ℎெ−௎௉∞  interaction occur whit the 

release of less energy in the order Li+ < Na+ < Mg2+. This means that a higher charge 
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density in the Li+-EO segments pseudopolycation causes a greater electrostatic 

repulsion to interact with the cationic dye, releasing less energy, making the ∆௧௥ܪ஼ுయ�,∞ 

values positives because of the relationship |∆௜௡௧ܪ஻௉−஻௉∞ + ∆௜௡௧ܪ௉ℎெ−௎௉∞ | < |∆௜௡௧ܪ௉ℎெ−஻௉∞ +∆௜௡௧ܪ௎௉−௎௉∞ |. Therefore, this energy increases when the 

pseudopolycation charge density decrease, investing the previous relationship to obtain   ∆௧௥ܪ஼ுయ�,∞ values. 

To evaluate the -CH3 group contribution in the ∆௧௥ܪ௉ℎெ�,∞  in each ATPS the 

relationship slope 
�∆��ு�ℎ��∞�௡CHయ  was determined. The results were, -0.87±0.01, -1.77±0.01, -

2.44±0.06 kJ mol-1, for ATPS formed by Li+, Na+ and Mg2+ respectively, suggesting 

that the -CH3 group contribute more favorable to the ∆௧௥ܪ௉ℎெ�,∞  values in the following 

order Mg2+ > Na+ > Li+. Indicating that the -CH3 transfer process is enthalpically driven 

in the ATPS formed by Mg2+ or Na+.   
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Figure 43.  ܶ∆௧௥ܵ஼ுయ�,∞ as a function of -CH3 groups for MV10B(6-CH3), MV6B(5-CH3), 

MV2B(4-CH3) and PRA(0-CH3) partitioning in (a) PEO1500 + Li2SO4 + H2O, (b) 

PEO1500 + Na2SO4 + H2O and (c) PEO1500 + MgSO4 + H2O ATPS at 298.15 K. 

 

In the presence of Li+ the PhM dyes transfer process occurs with an entropy 

increment, besides when the TLL increase the ܶ∆௧௥ܵ௉ℎெ�,∞  values are more positive. 

However, these values show a small decrease when the methylation degree in the dye 

structure increase. Similarly, for Na+ cation presence the ܶ∆௧௥ܵ௉ℎெ�,∞  values are positive 

when there are no methyl groups in the dye molecule. When the TLL increase these 

values are more positive, but, with the methyl groups increment in the dye structure the ܶ∆௧௥ܵ௉ℎெ�,∞  values decrease becoming are negative in the first TLL. 

In ATPS formed by Mg2+ and absence of -CH3 groups the transference process is 

carried out with ܶ ∆௧௥ܵ௉ℎெ�,∞  values going from positive to negative with the TLL 

increase. Besides, when the dye structure methylation degree increments, the ܶ∆௧௥ܵ௉ℎெ�,∞  

values become more negative. This results reveals that, the smaller Li+ ion size allows 

for less steric hindrance in the pseudopolication-dye interaction. Therefore, more dye 

molecules take part in this interaction and consequently increase the degree of 
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configurational freedom of the water molecules that solvated the dye molecules 

incrementing the system entropy. So that as the size of the cation increases this effect 

decreases. 

The average of the slope linear relationship ܶ∆௧௥ܵ௉ℎெ�,∞  versus �஼ுయ  allows us to 

determine the contribution of the methyl group in this parameter. The values of  

�[்∆��ௌ಴ಹయ�∞ ]�௡CHయ  = -0.48±0.03, -1.18±0.01, -8.73±0.07 kJ mol-1, for ATPS formed by Li+, Na+ 

and Mg2+ respectively, demonstrating that, the -CH3 group contribute unfavorably in the ܶ∆௧௥ܵ஼ுయ�,∞ values in the order Li+ > Na+ > Mg2+.  

3.2.1.2 Contribution of the phenyl group  

In order to study the contribution of the benzene ring in the dye structure in the 

motriz forces that govern the partition process and the dependence of this contribution 

with the cation that forming the ATPS. The Figure 44 show the parameters  ∆௧௥ܩ௉ℎெ�,∞ ,  ∆௧௥ܪ௉ℎெ�,∞  and  ܶ∆௧௥ܵ௉ℎெ�,∞  of AUR (DPhM) and MV2B (TPhM) in PEO1500 + Li2SO4 + 

H2O; PEO1500 + Na2SO4 + H2O and PEO1500 + MgSO4 + H2O ATPS at 298.15 K.  
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Figure 44. (a)  ∆௧௥ܩ௉ℎெ�,∞   (b)  ∆௧௥ܪ௉ℎெ�,∞   and (c) ܶ∆௧௥ܵ௉ℎெ�,∞   values of MV2B (closed 

symbols) and AUR (open symbols) as a function of the TLL of PEO1500 + MgSO4 + 

H2O (square symbol), PEO1500 + Na2SO4 + H2O (round symbol) and PEO1500 + 

Li 2SO4 + H2O (Triangular symbol) ATPS at 298.15 K. 

 

Independent of the ATPS the both molecules transfer process is generated with a 

decrease in the Gibbs free energy. The  ∆௧௥ܩ௉ℎெ�,∞  values become more negative 

depending on the cation in the following order Li+ > Na+ > Mg2+. This show that 

Independent of the dye molecular structure, Li+ cation promotes greater dye transfer for 

the system upper phase. On the other hand, the  ∆௧௥ܩ௉ℎெ�,∞  of TPhM dye was more 

negative than that DPhM dye in all ATPS studied, becoming more negative with the 

TLL increase. 

Nevertheless, to better understand this difference caused by the phenyl group in 

the dye structure, we calculate the difference in the values of  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞ =    ∆௧௥ܩெ௏ଶ஻�,∞ −  ∆௧௥ܩ஺௎ோ�,∞. The Figure 45a shows the results of the  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞  values 

as a function of the TLL of the studied ATPS.  
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Figure 45. (a)  ∆∆௧௥ܩ௉ℎெ�,∞   (b)  ∆∆௧௥ܪ௉ℎெ�,∞   and (c) ∆ܶ∆௧௥ܵ௉ℎெ�,∞   values as function of 

the TLL of PEO1500 + MgSO4 + H2O (square symbol), PEO1500 + Na2SO4 + H2O 

(round symbol) and PEO1500 + Li2SO4 + H2O (Triangular symbol) ATPSs at 298.15 

 

The  ∆∆௧௥ܩெ௏ଶ஻−஺௎ோ�,∞  values are more negatives for the ATPS formed by Mg2+ 

then by Na+ and last Li+, indicating that the phenyl group has a more favorable 

contribution in the standard transfer Gibbs free energy change in the ATPS formed by 

Mg2+ > Na+ > Li+. To understand the origin of this contribution were studied the values 

of  ∆௧௥ܪ௉ℎெ�,∞  and   ܶ∆௧௥ܵ௉ℎெ�,∞  and the results are shows in the Figure 44b and 44c 

respectively.   
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For DPhM dye the  ∆௧௥ܪ௉ℎெ�,∞  values show that the transfer process is 

endothermic in the ATPS formed by Li+ > Na+. But when this process is in presence of 

Mg2+ become exothermic. However, the transfer process of the TPhM dye occur with 

the  ∆௧௥ܪ௉ℎெ�,∞  values negatives in the first TLL but become positive in the next TLLs 

when Li+ is the cation that form the ATPS.  In ATPS formed by Mg2+, the transference 

is exothermic and the  ∆௧௥ܪ௉ℎெ�,∞  values are more negatives when the TLL increase. 

Nevertheless, a better propose to analyze the phenyl group contribution to the standard 

enthalpy of transference change is by the difference  ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞ . The Figure 45b 

shows the values of  ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞  as a function of the TLL of the ATPS studied.  

The results of the  ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞  values reveal that the phenyl group has a 

greater contribution in the ATPS formed by Mg2+, but this contribution has a small 

variation with the TLL increase. On the other hand, this phenyl groups contribution 

decreases when the TLL increase in the ATPS formed by Na+ and becomes lower until 

reaching positive values when Li+ is the cation that form the ATPS, suggesting that the 

DPhM dye has a higher charge density than that TPhM, absorbing more energy to break 

the DPhM-BP component interactions and releasing less energy because of greater 

electrostatic repulsion in the DPhM-pseudopolication interaction. But this difference 

becomes smaller as the cation increases the charge density of the pseudopolication, 

causing the same effect for both molecules or greater in the last TLL system with Li+. 

Thereupon the  ∆[ܶ∆௧௥ܵெ௏ଶ஻−஺௎ோ�,∞ ] values show an entropic compensatory 

effect, where the phenyl group transfer contributes to the entropy decrease of the system 

formed by Mg2+. Moreover, in the ATPSs formed by Na+ or Li+ the phenyl group 

contribution on the dye transfer process generates negative  ∆[ܶ∆௧௥ܵெ௏ଶ஻−஺௎ோ�,∞ ]  values 
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that become less negative with the TLL increase, even reaching positive values in the 

last TLL of the Li+ system. 

These results evidenced the degree of hydrophobicity increase in the dye 

molecule caused by the phenyl group addition, inducing the loss in the freedom degree 

of the water molecules that solvate this functional group, decreasing the system entropy. 

This effect decreases proportionally to the steric impediment caused by the cation size 

that forms the pseudopolycation, therefore the cation Li+ smaller size generates a greater 

number of hydrophobic interaction with the TPhM releasing the water molecules that 

solvating the dye increasing the system entropy. 

3.2.1.3 Contribution of the positive charge on the dye structure 

 The partition process of two species with similar structure but one neutral and 

one charged, allows us to determine the electrostatic impediment effect caused by the 

dye molecule positive charge and the pseudopolication positive charge.  

The figure 46 shows the  ∆௧௥ܩ௉ℎெ�,∞ ,  ∆௧௥ܪ௉ℎெ�,∞  and  ܶ∆௧௥ܵ௉ℎெ�,∞  values of MV6B (charged 

specie) and MVB (neutral specie) as a function of the TLL of (MgSO4 or Na2SO4 or 

Li 2SO4) + PEO1500 + H2O, ATPS at 298.15 K.  
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Figure 46. (a)  ∆௧௥ܩ௉ℎெ�,∞   (b)  ∆௧௥ܪ௉ℎெ�,∞   and (c) ܶ∆௧௥ܵ௉ℎெ�,∞   values of MV6B (closed 

symbols) and MVB (open symbols) as a function of the TLL of ATPS formed by 

(square symbol) PEO1500 + MgSO4 + H2O, (round symbol) PEO1500 + Na2SO4 + 

H2O and (Triangular symbol) PEO1500 + Li2SO4 + H2O ATPS at 298.15 K. 

 

In all ATPS studied, the charge in the dye molecular structure does not 

contribute in the ∆௧௥ܩ௉ℎெ�,∞  values. However, the transfer process of both structures 

occurs with decrease of  ∆௧௥ܩ௉ℎெ�,∞  values and these are more negative when the TLL 

increase in the following order Li+ < Na+ < Mg2+.  

The  ∆௧௥ܪ௉ℎெ�,∞  values show that in presence of Li+ cation the dye transference 

process is exothermic for both molecules in the first TLL, but become endothermic 

when the TLL increase. Besides, the charge in the dye structure does not contribute in 

the  ∆௧௥ܪ௉ℎெ�,∞  values. When the cation that form the ATPS is Na+, the  ∆௧௥ܪ௉ℎெ�,∞  values 

are negative for both molecules in the three first TLL. However, these values are less 

negative with the TLL increase, even the  ∆௧௥ܪ௉ℎெ�,∞  values for both molecules are 

positive in the last TLL. Similar to previous ATPS the charge in the dye structure does 

not contribute in the standard enthalpy transference change.  
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On the other hand, when the ATPS is formed by Mg2+ cation the dye 

transference process is carried out with enthalpy decrease, this enthalpy change is less 

when the TLL increase. The  ∆௧௥ܪெ௏6஻�,∞  values in the cationic specie are less negative 

than the  ∆௧௥ܪெ௏஻�,∞  values of the neutral specie. Suggesting that the charged on the dye 

molecule generates more intense interactions between the PhM dye and the BP 

components, absorbing more energy to break this interaction resulting in values of  ∆௧௥ܪெ௏6஻�,∞  less negative than that  ∆௧௥ܪெ௏஻�,∞ . 

The ܶ∆௧௥ܵ௉ℎெ�∞  values shows that, the charge in the dye structure does not 

contribute in the standard entropy transference change, when the ATPS is formed by Li+ 

or Na+. Nevertheless, the dye transference process occurs with the ܶ∆௧௥ܵ௉ℎெ�∞  values 

positive that become more positive with TLL increase in the order Li+ > Na+. In the 

ATPS formed by Mg2+ the transference process is carried out with ܶ∆௧௥ܵ௉ℎெ�∞  values 

negative and with the TLL increment these values are more negative. The charge lack in 

the dye molecule increases the PhM dye hydrophobicity, this results in a greater 

rotational freedom loss the water molecules that solvate this molecule decreasing the 

system entropy.  

3.2.2 Anion effect in the PhM dyes partition process. 

As was previously observed, the cation plays a fundamental role in the 

functional groups contribution on the PhM dyes thermodynamic transference 

parameters. Therefore, determine the anion effect in the partition process become 

important and fundamental. The figure 47 shows the  ܭ௉ℎெ values of six PhM dyes 

measure in ATPS formed by (NaC2H3O2 (AcetNa) + PPO425 + H2O; Na3C6H5O7 

(CitrNa) + PPO425 + H2O and Na2C4H4O6 (TartNa) + PPO425 + H2O at 298.15 K.  
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Figure 47. Partition Coefficient of MV10B (-▲-), MV6B (-●-), MV2B (-■-), PRA (-
▼-) MVB (-♦-), AUR (-○-) as function of the TLL of PPO425+AcetNa+H2O (a), 
PPO425+CitrNa+H2O (b) and PPO425+TartNa+H2O (c) ATPS at 298.15 K. 

 

Although the  ܭ௉ℎெ values show that all the partitioned dyes were concentrated 

preferentially in the ATPS upper phase studied, is important to consider that the anion 

nature strongly influences the PhM dyes transference process, mainly when the is 

inorganic anion ሺܵ ସܱଶ−ሻ, presenting values of  ܭ௉ℎெ > 1000 and for organic anion 

the ܭ௉ℎெ values are less than 900. These results show a similar behavior to that found 

by de Oliveira et al11, where the authors studied the anion effect on the Ovomucoid 

partition in ATPS formed by (sodium sulfate, sodium carbonate or sodium citrate) + 

PEO1500 + H2O, finding that the ܭ values  are lower when in anion is of organic 
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character. They argue that this effect is caused by an increase in the hydrophobicity of 

the protein caused by the dehydration induced by the interactions between protein-salt 

in the order inorganic > organic. 

This suggest that the nature of the interactions in the ATPS bottom phase are 

also of fundamental importance in the solutes partition in this system. But as the PhM 

dyes thermodynamic transfer parameters to Na2SO4+ PPO425 + H2O ATPS were 

studied in the 3.1 section, in this section we will concentrate on the PhM 

thermodynamic transfer parameters (Figures from 48 to 65 and table from 36 to 57 ) in 

systems formed by sodium organic salts + PPO425 + H2O.  
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Figure 48. ∆ௗ௜௟ܪெ௏ଵ଴஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଵ଴஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425+AcetNa+H2O ATPS at 298.15 K. 

 

Table 37. ܭெ௏ଵ଴஻  values and ∆ௗ௜௟ܪெ௏ଵ଴஻∞   values in upper (UP) and bottom (BP) 
phases, for the TLL of PPO425+AcetNa+H2O ATPS at 298.15 K. 

TLL ܭெ௏ଵ଴஻ ∆ௗ௜௟ܪெ௏ଵ଴஻∞௎௉  ∆ௗ௜௟ܪெ௏ଵ଴஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 13.52 9.86±0.08 -34.27±0.05 -28.16±0.02 

13.90 16.94±0.03 -32.06±0.02 -23.13±0.07 
14.01 19.70±0.06 -27.74±0.01 -15.42±0.01 
14.58 44.37±0.03 -21.31±0.07 -5.76±0.09 
14.88 71.19±0.02 -12.77±0.09 4.95±0.07 
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Figure 49. ∆ௗ௜௟ܪெ௏6஻௎௉  (a) and ∆ௗ௜௟ܪெ௏6஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425+AcetNa+H2O ATPS at 298.15 K. 

 

Table 38. ܭெ௏6஻  values and ∆ௗ௜௟ܪெ௏6஻∞   values in upper (UP) and bottom (BP) 
phases, for the TLL of PPO425+AcetNa+H2O ATPS at 298.15 K. 

TLL ܭெ௏6஻ ∆ௗ௜௟ܪெ௏6஻∞௎௉  ∆ௗ௜௟ܪெ௏6஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 13.52 11.98±0.07 -47.55±0.01 -39.54±0.05 

13.90 20.14±0.05 -45.31±0.09 -34.32±0.02 
14.01 24.01±0.01 -41.01±0.04 -26.89±0.03 
14.58 53.35±0.07 -34.62±0.07 -17.52±0.09 
14.88 84.56±0.09 -26.02±0.02 -6.50±0.01 
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Figure 50. ∆ௗ௜௟ܪெ௏ଶ஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଶ஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425+AcetNa+H2O ATPS at 298.15 K. 
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Table 39. ܭெ௏ଶ஻  values and ∆ௗ௜௟ܪெ௏ଶ஻∞   values in upper (UP) and bottom (BP) 
phases, for the TLL of PPO425+AcetNa+H2O ATPS at 298.15 K. 

TLL ܭெ௏ଶ஻ ∆ௗ௜௟ܪெ௏ଶ஻∞௎௉  ∆ௗ௜௟ܪெ௏ଶ஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 13.52 14.64±0.02 -56.03±0.05 -45.99±0.02 

13.90 25.10±0.01 -53.80±0.03 -40.77±0.07 
14.01 29.12±0.09 -49.44±0.02 -33.49±0.04 
14.58 66.62±0.04 -42.97±0.08 -24.03±0.10 
14.88 102.78±0.10 -34.45±0.11 -13.38±0.10 
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Figure 51. ∆ௗ௜௟ܪ௉ோ஺௎௉  (a) and ∆ௗ௜௟ܪ௉ோ஺஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425+AcetNa+H2O ATPS at 298.15 K. 

 

Table 40. ܭ௉ோ஺  values and ∆ௗ௜௟ܪ௉ோ஺∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425+AcetNa+H2O ATPS at 298.15 K. 

TLL ܭ௉ோ஺ ∆ௗ௜௟ܪ௉ோ஺∞௎௉ ∆ௗ௜௟ܪ௉ோ஺∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 13.52 31.24±0.08 -62.59±0.10 -45.07±0.02 

13.90 49.40±0.05 -60.30±0.05 -40.01±0.07 
14.01 58.50±0.10 -55.97±0.06 -32.99±0.04 
14.58 132.41±0.03 -49.55±0.09 -23.97±0.10 
14.88 206.73±0.04 -41.01±0.07 -13.50±0.10 
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Figure 52. ∆ௗ௜௟ܪெ௏஻௎௉  (a) and ∆ௗ௜௟ܪெ௏஻஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425+AcetNa+H2O ATPS at 298.15 K. 

 

Table 41. ܭெ௏஻  values and ∆ௗ௜௟ܪெ௏஻∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425+AcetNa+H2O ATPS at 298.15 K. 

TLL ܭெ௏஻ ∆ௗ௜௟ܪெ௏஻∞௎௉ ∆ௗ௜௟ܪெ௏஻∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 13.52 11.02±0.01 -59.49±0.10 -46.41±0.04 

13.90 18.66±0.04 -57.29±0.05 -41.47±0.03 
14.01 22.00±0.02 -52.98±0.06 -35.47±0.01 
14.58 48.62±0.05 -46.54±0.09 -27.65±0.05 
14.88 78.02±0.01 -37.97±0.07 -17.87±0.02 
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Figure 53. ∆ௗ௜௟ܪ஺௎ோ௎௉  (a) and ∆ௗ௜௟ܪ஺௎ோ஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425+AcetNa+H2O ATPS at 298.15 K. 
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Table 42. ܭ஺௎ோ  values and ∆ௗ௜௟ܪ஺௎ோ∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425+AcetNa+H2O ATPS at 298.15 K. 

TLL ܭ஺௎ோ ∆ௗ௜௟ܪ஺௎ோ∞௎௉ ∆ௗ௜௟ܪ஺௎ோ∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 13.52 1.86±0.03 -29.32±0.04 -29.74±0.01 

13.90 3.09±0.05 -27.13±0.03 -24.63±0.07 
14.01 3.64±0.01 -22.74±0.09 -18.05±0.05 
14.58 8.41±0.01 -16.31±0.01 -9.43±0.09 
14.88 13.46±0.08 -7.82±0.06 0.85±0.06 

 

 

 

Table 43. Thermodynamic transfer parameters of  PhM dyes as a function of the TLL 
of  PPO425 + AcetNa + H2O ATPS at 298.15 K. 

TLL 1 / 13.52 mol kg-1 
PhM dyes ∆࢚࢘ࢎ�ࡳ��,∞ ∞,��ࢎ�ࡴ࢚࢘∆  ∞,��ࢎ�ࡿ࢚࢘∆ࢀ   

kJ mol-1 
MV10B -5.67±0.05 -6.11±0.05 -0.44±0.01 
MV6B -6.15±0.01 -8.012±0.10 -1.86±0.07 
MV2B -6.65±0.04 -10.04±0.07 -3.39±0.08 
PRA -8.52±0.01 -17.52±0.01 -9.00±0.02 
MVB -5.94±0.03 -13.08±0.09 -7.14±0.03 
AUR -1.54±0.02  0.42±0.06 1.96±0.09 

TLL 2 / 13.90 mol kg-1 
MV10B -7.01±0.03 -8.93±0.05 -1.92±0.01 
MV6B -7.44±0.06 -10.99±0.07 -3.55±0.07 
MV2B -7.98±0.02 -13.03±0.01 -5.05±0.02 
PRA -9.66±0.01 -20.29±0.04 -10.63±0.09 
MVB -7.25±0.07 -15.82±0.06 -8.57±0.03 
AUR -2.80±0.01 -2.50±0.01 0.30±0.01 

TLL 3 / 14.01 mol kg-1 
MV10B -7.38±0.01 -12.32±0.01 -4.94±0.03 
MV6B -7.87±0.05 -14.12±0.09 -6.25±0.06 
MV2B -8.35±0.02 -15.95±0.01 -7.60±0.02 
PRA -10.10±0.08 -22.98±0.07 -12.90±0.11 
MVB -7.65±0.06 -17.51±0.05 -9.86±0.05 
AUR -3.20±0.01 -4.69±0.01 -1.49±0.01 

TLL 4 / 14.58 mol kg-1 
MV10B -9.39±0.01 -15.55±0.02 -6.16±0.05 
MV6B -9.85±0.05 -17.10±0.06 -7.25±0.02 
MV2B -10.40±0.10 -18.94±0.03 -8.54±0.03 
PRA -12.10±0.09 -25.60±0.04 -13.50±0.08 
MVB -9.62±0.02 -18.89±0.08 -9.27±0.02 
AUR -5.27±0.02 -6.88±0.03 -1.61±0.01 

TLL 5 / 14.88 mol kg-1 
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MV10B -10.56±0.03 -17.72±0.02 -7.16±0.04 
MV6B -10.99±0.05 -19.52±0.01 -8.53±0.07 
MV2B -11.47±0.01 -21.07±0.05 -9.60±0.01 
PRA -13.20±0.10 -27.51±0.03 -14.31±0.08 
MVB -10.79±0.06 -20.10±0.01 -9.31±0.02 
AUR -6.40±0.01 -8.67±0.02 -2.23±0.03 
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Figure 54. ∆ௗ௜௟ܪெ௏ଵ଴஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଵ଴஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

 

Table 44. ܭெ௏ଵ଴஻  values and ∆ௗ௜௟ܪெ௏ଵ଴஻∞   values in upper (UP) and bottom (BP) 
phases, for the TLL of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଵ଴஻ ∆ௗ௜௟ܪெ௏ଵ଴஻∞௎௉  ∆ௗ௜௟ܪெ௏ଵ଴஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 13.52 24.90±0.10 -83.88±0.06 -40.59±0.03 

13.90 72.01±0.08 -106.08±0.07 -58.16±0.01 
14.01 168.48±0.06 -124.77±0.10 -78.41±0.12 
14.58 344.69±0.07 -131.64±0.03 -98.04±0.04 
14.88 468.03±0.08 -134.84±0.09 -103.19±0.10 
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Figure 55. ∆ௗ௜௟ܪெ௏6஻௎௉  (a) and ∆ௗ௜௟ܪெ௏6஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

 

Table 45. ܭெ௏6஻  values and ∆ௗ௜௟ܪெ௏6஻∞   values in upper (UP) and bottom (BP) 
phases, for the TLL of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

TLL ܭெ௏6஻ ∆ௗ௜௟ܪெ௏6஻∞௎௉  ∆ௗ௜௟ܪெ௏6஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 13.52 16.82±0.07 -77.35±0.01 -39.18±0.05 

13.90 47.56±0.02 -99.22±0.07 -52.93±0.03 
14.01 111.17±0.09 -115.08±0.10 -73.05±0.11 
14.58 229.47±0.12 -124.08±0.05 -89.75±0.09 
14.88 305.38±0.15 -127.28±0.03 -97.00±0.08 
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Figure 56. ∆ௗ௜௟ܪெ௏ଶ஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଶ஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425 + CitrNa + H2O ATPS at 298.15 K. 
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Table 46. ܭெ௏ଶ஻  values and ∆ௗ௜௟ܪெ௏ଶ஻∞   values in upper (UP) and bottom (BP) 
phases, for the TLL of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଶ஻ ∆ௗ௜௟ܪெ௏ଶ஻∞௎௉  ∆ௗ௜௟ܪெ௏ଶ஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 13.52 11.12±0.05 -65.25±0.03 -37.34±0.01 

13.90 31.20±0.01 -93.85±0.06 -51.13±0.05 
14.01 69.98±0.07 -102.64±0.01 -68.98±0.01 
14.58 138.94±0.09 -114.60±0.07 -78.61±0.03 
14.88 186.99±0.10 -117.80±0.08 -89.05±0.09 
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Figure 57. ∆ௗ௜௟ܪ௉ோ஺௎௉  (a) and ∆ௗ௜௟ܪ௉ோ஺஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

 

Table 47. ܭ௉ோ஺  values and ∆ௗ௜௟ܪ௉ோ஺∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

TLL ܭ௉ோ஺ ∆ௗ௜௟ܪ௉ோ஺∞௎௉ ∆ௗ௜௟ܪ௉ோ஺∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 13.52 2.68±0.09 -57.56±0.01 -36.68±0.03 

13.90 7.67±0.03 -77.22±0.04 -39.84±0.07 
14.01 16.67±0.08 -77.66±0.01 -58.09±0.10 
14.58 30.97±0.05 -100.32±0.03 -58.69±0.07 
14.88 44.10±0.06 -103.52±0.09 -80.37±0.10 
 



160 

 

0.0 2.0x10-5 4.0x10-5 6.0x10-5
-150

-140

-130

-120

-110

-100

-90

-80

a

 TLL 1
 TLL 2
 TLL 3
 TLL 4
 TLL 5

 di
lH

U
P

M
V

B
 / 

kJ
m

ol
-1

[MVB] / molL -1

 

0.0 2.0x10-5 4.0x10-5 6.0x10-5

-130

-120

-110

-100

-90

-80

-70

-60

-50

b

 TLL 1
 TLL 2
 TLL 3
 TLL 4
 TLL 5

 di
lH

B
P

M
V

B
 / 

kJ
m

ol
-1

[MVB] / molL -1

 

Figure 58. ∆ௗ௜௟ܪெ௏஻௎௉  (a) and ∆ௗ௜௟ܪெ௏஻஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

 

Table 48. ܭெ௏஻  values and ∆ௗ௜௟ܪெ௏஻∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

TLL ܭெ௏஻ ∆ௗ௜௟ܪெ௏஻∞௎௉ ∆ௗ௜௟ܪெ௏஻∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 13.52 20.88±0.03 -79.88±0.08 -51.80±0.05 

13.90 58.30±0.04 -100.80±0.02 -55.86±0.11 
14.01 140.20±0.01 -121.70±0.06 -74.93±0.09 
14.58 271.59±0.01 -130.54±0.01 -97.27±0.02 
14.88 379.53±0.15 -133.74±0.01 -104.79±0.03 
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Figure 59. ∆ௗ௜௟ܪ஺௎ோ௎௉  (a) and ∆ௗ௜௟ܪ஺௎ோ஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425 + CitrNa + H2O ATPS at 298.15 K. 
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Table 49. ܭ஺௎ோ  values and ∆ௗ௜௟ܪ஺௎ோ∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425 + CitrNa + H2O ATPS at 298.15 K. 

TLL ܭ஺௎ோ ∆ௗ௜௟ܪ஺௎ோ∞௎௉ ∆ௗ௜௟ܪ஺௎ோ∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 13.52 1.90±0.01 -73.95±0.01 -46.78±0.03 

13.90 5.29±0.01 -86.32±0.05 -61.63±0.08 
14.01 14.17±0.03 -93.34±0.07 -71.65±0.09 
14.58 28.14±0.01 -99.37±0.09 -79.31±0.10 
14.88 39.01±0.06 -102.57±0.12 -83.42±0.07 
 

 

 

Table 50. Thermodynamic transfer parameters of  PhM dyes as a function of the TLL 

of  PPO425 + CitrNa + H2O ATPS at 298.15 K. 

TLL 1 / 9.02 mol kg-1 
PhM dyes ∆࢚࢘ࢎ�ࡳ��,∞ ∞,��ࢎ�ࡴ࢚࢘∆  ∞,��ࢎ�ࡿ࢚࢘∆ࢀ   

kJ mol-1 
MV10B -7.96±0.09 -43.29±0.03 -35.33±0.05 
MV6B -6.99±0.08 -38.17±0.01 -31.18±0.01 
MV2B -5.97±0.09 -27.91±0.04 -21.94±0.03 
PRA -2.45±0.06 -20.88±0.02 -18.43±0.03 
MVB -7.42±0.07 -28.08±0.07 -20.56±0.04 
AUR -1.59±0.09  -27.17±0.01 -25.58±0.02 

TLL 2 / 10.36 mol kg-1 
MV10B -10.59±0.06 -47.92±0.01 -37.33±0.07 
MV6B -9.56±0.08 -46.29±0.05 -36.73±0.06 
MV2B -8.52±0.09 -42.72±0.03 -34.20±0.03 
PRA -5.04±0.09 -37.82±0.01 -32.78±0.09 
MVB -10.07±0.05 -44.94±0.05 -34.87±0.08 
AUR -4.13±0.07 -24.69±0.05 -20.56±0.06 

TLL 3 / 11.35 mol kg-1 
MV10B -12.70±0.06 -46.36±0.04 -33.66±0.05 
MV6B -11.67±0.08 -42.03±0.03 -30.37±0.07 
MV2B -10.52±0.07 -33.66±0.04 -23.14±0.07 
PRA -6.97±0.05 -19.13±0.06 -12.16±0.09 
MVB -12.24±0.09 -46.77±0.09 -34.53±0.10 
AUR -6.57±0.01 -21.69±0.02 -15.12±0.05 

TLL 4 / 12.22 mol kg-1 
MV10B -14.47±0.07 -33.60±0.03 -19.13±0.06 
MV6B -13.46±0.07 -34.33±0.05 -20.87±0.08 
MV2B -12.22±0.05 -35.99±0.07 -23.77±0.09 
PRA -8.50±0.01 -41.63±0.08 -33.13±0.10 
MVB -13.88±0.06 -33.27±0.06 -19.39±0.07 
AUR -8.26±0.01 -20.06±0.02 -11.80±0.05 
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TLL 5 / 12.57 mol kg-1 
MV10B -15.23±0.07 -31.65±0.03 -16.42±0.05 
MV6B -14.17±0.09 -30.28±0.05 -16.11±0.09 
MV2B -12.95±0.03 -28.75±0.02 -15.80±0.04 
PRA -9.38±0.01 -23.15±0.04 -13.77±0.08 
MVB -14.71±0.08 -28.95±0.01 -14.24±0.03 
AUR -9.07±0.02 -19.15±0.03 -10.08±0.06 
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Figure 60. ∆ௗ௜௟ܪெ௏ଵ଴஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଵ଴஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425 + TartNa + H2O ATPS at 298.15 K. 

 

Table 51. ܭெ௏ଵ଴஻  values and ∆ௗ௜௟ܪெ௏ଵ଴஻∞   values in upper (UP) and bottom (BP) 
phases, for the TLL of  PPO425 + TartNa + H2O ATPS at 298.15 K. 

TLL ܭெ௏ଵ଴஻ ∆ௗ௜௟ܪெ௏ଵ଴஻∞௎௉  ∆ௗ௜௟ܪெ஻ଵ଴஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 13.52 11.44±0.03 -57.54±0.03 -36.09±0.05 

13.90 31.25±0.07 -78.01±0.08 -53.76±0.09 
14.01 78.21±0.06 -100.31±0.03 -74.26±0.07 
14.58 314.01±0.12 -122.10±0.01 -94.15±0.11 
14.88 820.03±0.10 -130.05±0.05 -100.50±0.02 
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Figure 61. ∆ௗ௜௟ܪெ௏6஻௎௉  (a) and ∆ௗ௜௟ܪெ௏6஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425 + TartNa + H2O ATPS at 298.15 K. 

 

Table 52. ܭெ௏6஻  values and ∆ௗ௜௟ܪெ௏6஻∞   values in upper (UP) and bottom (BP) 
phases, for the TLL of  PPO425 + TartNa + H2O ATPS at 298 K. 

TLL ܭெ௏6஻ ∆ௗ௜௟ܪெ௏6஻∞௎௉  ∆ௗ௜௟ܪெ஻6஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 13.52 8.94±0.01 -54.74±0.04 -34.69±0.01 

13.90 23.93±0.04 -71.49±0.09 -48.54±0.01 
14.01 57.56±0.02 -93.46±0.07 -68.91±0.03 
14.58 244.79±0.08 -112.42±0.14 -85.87±0.17 
14.88 617.82±0.09 -122.50±0.08 -94.32±0.01 
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Figure 62. ∆ௗ௜௟ܪெ௏ଶ஻௎௉  (a) and ∆ௗ௜௟ܪெ௏ଶ஻஻௉  (b) as a functions of dye concentration in 
upper and bottom phases of PPO425 + TartNa + H2O ATPS at 298.15 K. 
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Table 53. ܭெ௏ଶ஻  values and ∆ௗ௜௟ܪெ௏ଶ஻∞   values in upper (UP) and bottom (BP) 
phases, for the TLL of  PPO425 + TartNa + H2O ATPS at 298 K. 

TLL ܭெ௏ଶ஻ ∆ௗ௜௟ܪெ௏ଶ஻∞௎௉  ∆ௗ௜௟ܪெ஻ଶ஻∞஻௉  

mol kg-1 kJ mol-1 
kJ mol-1 13.52 6.68±0.07 -51.61±0.03 -32.86±0.07 

13.90 17.60±0.02 -68.40±0.07 -46.75±0.09 
14.01 42.10±0.09 -88.10±0.02 -64.85±0.05 
14.58 186.55±0.13 -99.99±0.05 -74.74±0.08 
14.88 473.31±0.19 -113.03±0.02 -86.38±0.10 
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Figure 63. ∆ௗ௜௟ܪ௉ோ஺௎௉  (a) and ∆ௗ௜௟ܪ௉ோ஺஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425 + TartNa + H2O ATPS at 298.15 K. 

 

 

Table 54. ܭ௉ோ஺  values and ∆ௗ௜௟ܪ௉ோ஺∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425 + TartNa + H2O ATPS at 298.15 K. 

TLL ܭ௉ோ஺ ∆ௗ௜௟ܪ௉ோ஺∞௎௉ ∆ௗ௜௟ܪ௉ோ஺∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 13.52 5.08±0.01 -45.66±0.05 -32.21±0.08 

13.90 12.96±0.05 -51.72±0.09 -35.47±0.12 
14.01 30.73±0.06 -71.92±0.01 -53.97±0.03 
14.58 132.80±0.02 -74.58±0.03 -54.83±0.10 
14.88 339.50±0.07 -98.76±0.06 -77.71±0.07 
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Figure 64. ∆ௗ௜௟ܪெ௏஻௎௉  (a) and ∆ௗ௜௟ܪெ௏஻஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425 + TartNa + H2O ATPS at 298.15 K. 

 

Table 55. ܭெ௏஻  values and ∆ௗ௜௟ܪெ௏஻∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425 + TartNa + H2O ATPS at 298.15 K. 

TLL ܭெ௏஻ ∆ௗ௜௟ܪெ௏஻∞௎௉ ∆ௗ௜௟ܪெ௏஻∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 13.52 10.20±0.03 -67.19±0.03 -47.34±0.05 

13.90 28.28±0.07 -74.05±0.02 -51.50±0.07 
14.01 67.77±0.01 -95.07±0.05 -70.82±0.09 
14.58 279.75±0.07 -119.07±0.04 -93.42±0.03 
14.88 703.76±0.09 -128.99±0.01 -102.14±0.05 
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Figure 65. ∆ௗ௜௟ܪ஺௎ோ௎௉  (a) and ∆ௗ௜௟ܪ஺௎ோ஻௉  (b) as a functions of dye concentration in upper 
and bottom phases of PPO425 + TartNa + H2O ATPS at 298.15 K. 
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Table 56. ܭ஺௎ோ  values and ∆ௗ௜௟ܪ஺௎ோ∞   values in upper (UP) and bottom (BP) phases, 
for the TLL of PPO425 + TartNa + H2O ATPS at 298.15 K. 

TLL ܭ஺௎ோ ∆ௗ௜௟ܪ஺௎ோ∞௎௉ ∆ௗ௜௟ܪ஺௎ோ∞஻௉ 

mol kg-1 kJ mol-1 
kJ mol-1 13.52 3.74±0.01 -50.28±0.02 -42.33±0.03 

13.90 9.46±0.01 -68.13±0.05 -57.28±0.09 
14.01 25.92±0.03 -80.60±0.09 -67.55±0.10 
14.58 98.95±0.01 -90.72±0.01 -75.47±0.06 
14.88 259.28±0.07 -97.83±0.13 -80.78±0.15 

 

 

Table 57. Thermodynamic transfer parameters of  PhM dyes as a function of the TLL 

of  PPO425 + TartNa + H2O ATPS at 298.15 K. 

TLL 1 / 8.62 mol kg-1 
PhM dyes ∆࢚࢘ࢎ�ࡳ��,∞ ∞,��ࢎ�ࡴ࢚࢘∆  ∞,��ࢎ�ࡿ࢚࢘∆ࢀ   

kJ mol-1 
MV10B -6.04±0.10 -21.45±0.08 -15.41±0.18 
MV6B -5.43±0.07 -20.03±0.05 -14.62±0.12 
MV2B -4.70±0.01 -18.76±0.05 -14.05±0.04 
PRA -4.03±0.02 -13.44±0.06 -9.42±0.04 
MVB -5.75±0.08 -19.85±0.02 -14.10±0.11 
AUR -3.27±0.01  -7.96±0.03 -4.68±0.02 

TLL 2 / 9.56 mol kg-1 
MV10B -8.52±0.03 -24.25±0.07 -15.73±0.04 
MV6B -7.86±0.01 -22.94±0.08 -15.09±0.07 
MV2B -7.10±0.11 -21.63±0.01 -14.55±0.12 
PRA -6.34±0.06 -16.26±0.05 -9.91±0.11 
MVB -8.26±0.09 -22.57±0.01 -14.27±0.10 
AUR -5.57±0.05 -10.85±0.10 -5.28±0.05 

TLL 3 / 10.33 mol kg-1 
MV10B -10.80±0.02 -26.06±0.08 -15.25±0.06 
MV6B -10.04±0.04 -24.55±0.01 -14.51±0.05 
MV2B -9.26±0.09 -23.24±0.05 -13.99±0.14 
PRA -8.48±0.01 -17.93±0.07 -9.47±0.08 
MVB -10.44±0.01 -24.26±0.09 -13.81±0.10 
AUR -8.06±0.01 -13.04±0.01 -4.99±0.02 

TLL 4 / 11.59 mol kg-1 
MV10B -14.24±0.03 -27.94±0.05 -13.71±0.02 
MV6B -13.62±0.09 -26.53±0.01 -12.93±0.10 
MV2B -12.95±0.04 -25.26±0.10 -12.30±0.06 
PRA -12.11±0.02 -19.75±0.09 -7.64±0.07 
MVB -13.95±0.07 -25.64±0.09 -11.70±0.02 
AUR -11.38±0.10 -15.25±0.11 -3.87±0.01 
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TLL 5 / 12.41 mol kg-1 
MV10B -16.61±0.09 -29.53±0.10 -12.94±0.01 
MV6B -15.91±0.08 -28.17±0.09 -12.27±0.01 
MV2B -15.25±0.02 -26.64±0.07 -11.40±0.05 
PRA -14.43±0.01 -21.06±0.05 -6.62±0.04 
MVB -16.24±0.07 -26.86±0.01 -10.61±0.08 
AUR -13.76±0.01 -17.05±0.04 -3.29±0.03 

 

For a better analysis of the anion effect the thermodynamic transfer parameters 

were analyzed from the following contributions: 

3.2.2.1 Contribution of the -CH3 groups  

The effect of the anion forming the electrolyte on the -CH3 groups contribution 

will be studied in each thermodynamic transfer parameter applying the proposal of the 

section 3.1.1. Consequently, the calculation of the  ∆௧௥ܩ௉ℎெ�,∞  values as a function of the -

CH3 groups for ATPS formed by (NaC2H3O2 (AcetNa) or Na2C4H4O6 (TartNa) or 

Na3C6H5O7 (CitrNa)) + PPO425 + H2O at 298.15 K are shown in the Figures 66. 
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Figure 66.  ∆௧௥ܩ௉ℎெ�,∞  as a function of -CH3 groups MV10B(6-CH3), MV6B(5-CH3), 

MV2B(4-CH3) and PRA(0-CH3) partitioning in (a) AcetNa + PPO425 + H2O (b) CitrNa + 

PPO425 + H2O and (c) TartNa + PPO425 + H2O ATPS at 298.15 K. 

 

The  ∆௧௥ܩ௉ℎெ�,∞  values show that independent of the ATPS the transference 

process occur with the decrease of Gibbs free energy. Moreover, when the ATPS is 

formed by Acetate (Acet) anion, the  ∆௧௥ܩ௉ℎெ�,∞  values are negative for all PhM dyes and 

become more negative with the TLL increment. Nevertheless, these values are less 

negative when the -CH3 groups number in the dye structure increase. Indicating that the 

dye molecules number transferred from the bottom phase to the upper phase of the 

ATPS decreases with the methyl groups increase in the dye molecular structure. 

However, in the ATPSs formed by Citrate (Citr) or Tartrate (Trat) anions, the   ∆௧௥ܩ௉ℎெ�,∞  

values are negative for all dyes and are more negative when the TLL and the -CH3 

groups number increase. Suggesting that the methyl group contributes favorably in the 

dye transfer process depending on the ATPS forming anion in the following order Tart 

> Citr.  
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To better understand the methyl group contribution to the PhM dyes 

thermodynamic transfer potential, was calculated the slope average of the linear 

relationship ∆௧௥ܩ௉ℎெ�,∞  versus -CH3 groups for each ATPS. The results were 
�∆��ீ಴ಹయ�∞�௡CHయ  = 

0.44±0.01, -0.69±0.05 and -1.09±0.01 kJ mol-1 for the ATPS formed by Acet, Tart and 

Citr respectively, demonstrating that the -CH3 groups contributes unfavorably to the 

transfer process in the presence of the Acet anion and favorably in the presence of the 

anions Citr > Tart. However, the  ∆௧௥ܪ௉ℎெ�,∞  and  ܶ∆௧௥ܵ௉ℎெ�,∞  values can contribute to a 

better understanding of the methyl groups contribution on the partition proces in the 

studied ATPSs. The results are show in the Figures 67 and 68 respectively. 
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Figure 67.  ∆௧௥ܪ஼ுయ�,∞ as a function of -CH3 groups MV10B(6-CH3), MV6B(5-CH3), 

MV2B(4-CH3) and PRA(0-CH3) partitioning in (a) AcetNa + PPO425 + H2O (b) CitrNa + 

PPO425 + H2O and (c) TartNa + PPO425 + H2O ATPS at 298.15 K. 

 

When the PhM dye are transfer from the bottom phase to the upper phase, the 

standard enthalpy transference change decrease depending of the anion that form ATPS 

in the following order: Acet < Tart < Citr. Considering that the interactions dye-UP 

components (|∆௜௡௧ܪ௉ℎெ−௎௉∞ +∆௜௡௧ܪ௎௉−௎௉∞ |) are the same for the three ATPS, then the 

interactions that promote the difference in the  ∆௧௥ܪ஼ுయ�,∞ values are in the bottom phase ሺ|∆௜௡௧ܪ௉ℎெ−஻௉∞ +∆௜௡௧ܪ஻௉−஻௉∞ |). Hence, the news interactions formation between the 

bottom phase components releases energy depending on the anion that forming 

electrolyte in the following order: Citr > Trat > Acet. Consequently, the break of the 

interactions between the PhM dye and the BP components absorb energy in the order: 

Acet > Tart > Citr, resulting in the  ∆௧௥ܪ஼ுయ�,∞ values less negatives for Acet and more 

negatives for Tart and Citr respectively.  

On the other hand, in the ATPS formed by Citr or Tart the  ∆௧௥ܪ஼ுయ�,∞ values 

become more negatives when the methylation degree on the dye structure increment, 
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unlike the system with Acet that the  ∆௧௥ܪ஼ுయ�,∞ values are less negatives when the 

methylation degree increment. This can be observed in the calculation of  
�∆��ு಴ಹయ�∞�௡CHయ  = 

1.80±0.03, -1.32±0.07 and -1.46±0.03 kJ mol-1 for the ATPS formed by Acet, Tart and 

Citr respectively. Showed that the phenyl group contribute unfavorably in the PhM dyes 

transfer in ATPS formed by Acet and favorably in presence of Citr > Tart.  
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Figure 68.  ܶ∆௧௥ܵ௉ℎெ�,∞  as function of -CH3 groups for MV10B(6-CH3), MV6B(5-

CH3), MV2B(4-CH3) and PRA(0-CH3) partitioning in (a) AcetNa + PPO425 + H2O 

(b) CitrNa + PPO425 + H2O and (c) TartNa + PPO425 + H2O ATPS at 298.15 K. 
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 The ܶ∆௧௥ܵ஼ுయ�∞  values show that the dye transference process occurs with an 

entropy decrease and this values become more negatives when the TLL increment in all 

ATPS studied. However, in the ATPS formed by Acet the ܶ∆௧௥ܵ஼ுయ�∞  values are less 

negative when the methyl groups number increase. Unlike, the ATPSs formed by Citr or 

Tart that the ܶ ∆௧௥ܵ஼ுయ�∞  values become more negative with methylation degree increase. 

This means that, as the interaction between the dye and the anion acetate is more 

intense, less dye molecules are transferred from a region with a greater number of 

configurations (BP) for a region with a smaller number of configurations (UP) this 

results in a lower loss of the system entropy and this effect is less intense depending of 

the anion in the order: Tart < Citr. The methyl group contribution show values of  

�்∆��ௌ಴ಹయ�∞�௡CHయ  = 1.41±0.01, -0.59±0.02 and -1.01±0.02 kJ mol-1 for the ATPS formed by 

Acet, Tart and Citr respectively. Indicating that the CH3 groups transference contribute 

favorably on the standard transfer entropy change in the ATPS formed by Acet, unlike 

in presence of Tart or Citr contribute unfavorably. 

3.2.2.2 Contribution of phenyl groups 

 The figure 69 shows the  ∆௧௥ܩ௉ℎெ�,∞ ,  ∆௧௥ܪ௉ℎெ�,∞   and  ܶ∆௧௥ܵ௉ℎெ�,∞   values of AUR 

(DPhM) and MV2B (TPhM) as functions of the TLL in PPO425 + H2O + sodium 

organics salts ATPSs. 
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Figure 69. (a)  ∆௧௥ܩ௉ℎெ�,∞   (b)  ∆௧௥ܪ௉ℎெ�,∞   and (c) ܶ∆௧௥ܵ௉ℎெ�,∞   values of MV2B (closed 

symbols) and AUR (open symbols) as a function of the TLL of AcetNa + PPO425 + 

H2O (square symbol), CitrNa + PPO425 + H2O (round symbol) and TartNa + 

PPO425 + H2O (Triangular symbol) ATPS at 298.15 K. 

 

 The  ∆௧௥்ܩ௉ℎெ�,∞  values are more negative than  ∆௧௥ܩ஽௉ℎெ�,∞ , in all ATPS studied, 

indicating that the transference process from bottom phase to upper phase is more 

efficient when the dye structure has three phenyl groups. This efficiency is greater 

depending of the anion that form the ATPS in following order Tart > Citr > Acet. 

Besides, the ∆௧௥ܩ௉ℎெ�,∞  values for both structures decrease when the TLL increase in all 

ATPSs studied. Indicating that the phenyl group makes dye molecules transfer from the 
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bottom phase to upper phase more efficient. However, this efficiency decreases when 

the ATPS is formed by Acet anions, probably due to the formation of intermolecular 

interactions dye-Acet more intense. 

The  ∆௧௥ܪ௉ℎெ�,∞  and  ܶ∆௧௥ܵ௉ℎெ�,∞  values are more negative for the TPhM that for 

DPhM molecules. Besides, this difference between both molecules depends of the 

forming anion of the ATPS in the following order: Tart < Citr < Acet. Nevertheless, to 

understand better the phenyl group contribution on this parameters, were calculate the 

difference  ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞  and  ∆[ܶ∆௧௥ܵெ௏ଶ஻−஺௎ோ�,∞ ] . The results are shown in the 

Figure 70. 
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Figure 70. (a)  ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞   and (b) ∆[ܶ∆௧௥ܵெ௏ଶ஻−஺௎ோ�,∞ ]  as function of the TLL 

of AcetNa + PPO425 + H2O (square symbol), CitrNa + PPO425 + H2O (round 

symbol) and TartNa + PPO425 + H2O (Triangular symbol) ATPS at 298.15 K. 

The  ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞  values show that; the phenyl group addition decreases the 

charge density on the dye structure causing the ion pairs formation with the bottom 

phase anions (∆௜௡௧்ܪ௉ℎெ−஻௉∞ ) weaker. Therefore, the needed energy to break these 
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interactions is less, and how the energy released for form the new interaction ∆௜௡௧ܪ஻௉−஻௉∞  is similar for both molecules, the result in the  ∆௧௥்ܪ௉ℎெ�,∞   values is more 

negative.  

On the other hand, if we consider the interactions magnitude in the upper phase 

of the similar system in the three ATPS and how the energy absorbed to break the ion 

pairs is greater in the following order:  ∆௜௡௧்ܪ௉ℎெ−஺௖௘௧∞   > ∆௜௡௧்ܪ௉ℎெ−்௔௥௧∞  >  ∆௜௡௧்ܪ௉ℎெ−஼௜௧௥∞  and the energy released for form the new interaction is greater in the 

next order: ∆௜௡௧ܪ஼௜௧௥−஼௜௧௥∞  >  ∆௜௡௧்ܪ௔௥௧−்௔௥௧∞  > ∆௜௡௧ܪ஺௖௘௧−஺௖௘௧∞ . The result in the  ∆∆௧௥ܪெ௏ଶ஻−஺௎ோ�,∞  values more negatives in the order: Citr > Tart > Acet. 

When the ATPS is formed by Acet anion the  ∆[ܶ∆௧௥ܵெ௏ଶ஻−஺௎ோ�,∞ ] values are 

more negatives, suggesting that the interaction between the TPhM dye and the Acet 

anion increases the dye structure hydrophobicity. Hence, causing the increase the 

number of water molecules needed to solvate this interaction decreasing the system 

entropy. In consequence this effect is less intense for the Tart and Citr anions 

respectively.   

3.2.2.3 Contribution of the positive charge on the dye molecule 

 In order to determine how the charge on the dye structure affects the 

thermodynamic transfer parameters and the dependence of the anion in this effect. The 

Figure 71 show the ∆௧௥ܩ௉ℎெ�,∞ , ∆௧௥ܪ௉ℎெ�,∞  and ܶ∆௧௥ܵ௉ℎெ�,∞   of MV6B (charge specie) and 

MVB (neutral specie) as a function of the TLL of  ATPSs formed by PPO425 + H2O + 

sodium organic salts at 298.15 K. 
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Figure 71. (a)  ∆௧௥ܩ௉ℎெ�,∞   (b)  ∆௧௥ܪ௉ℎெ�,∞   and (c) ܶ∆௧௥ܵ௉ℎெ�,∞   values of MV6B (closed 

symbols) and MVB (open symbols) as a function of the TLL of ATPS formed by 

(square symbol) AcetNa + PPO425 + H2O, (round symbol) CitrNa + PPO425 + H2O 

and (Triangular symbol) TartNa + PPO425 + H2O ATPS at 298.15 K. 

 

 For both structures, the transference process occurs with   ∆௧௥ܩ௉ℎெ�,∞  decrease in 

the ATPSs studied. Besides, these values become more negative with the increment of 

the TLL. Again, the difference in  ∆௧௥ܩ௉ℎெ�,∞  values for both dyes structures is around the 

experimental error of the measurement, indicating that the charge does not contribute on 

the standard transference Gibbs free energy change for the ATPSs studied.  
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In contrast, the charge on the dye structure contribute in the enthalpy and 

entropy values depending of the anion and of the phases components concentration. The ∆௧௥ܪ௉ℎெ�∞  values show that the transference process for both structures is exothermic and 

the charge contribute to become this values more negatives in the ATPS formed by Tart 

or Citr. Suggesting that as the electrolyte concentration in the bottom phase increases, 

the break of interactions between the charged dye and the anions absorb less energy, 

while the new interactions between the anions release a greater amount of energy, 

making the values of ∆௧௥ܪ௉ℎெ�∞  more negative. This effect is more intense when the 

anion is Citr than Tart. In contrast, in Acet anion presence the absorption energy in the 

break of interactions PhM-Acet is greater than the release energy in the interaction 

Acet-Acet inducing to ∆௧௥ܪ௉ℎெ�∞  values less negatives. 

The ܶ ∆௧௥ܵ௉ℎெ�,∞  values exhibit a compensatory effect of entropy loss caused by 

the dye molecules transfer   from a region with greater number of configurations for a 

region with smaller number of configurations.  In addition, with the increase in the 

concentration of the components of the phases also increases the ionic pairs between the 

charged dye and the anions in the order Citr > Tart > Acet decreasing the water 

configurational entropy in both phases of ATPS. 

4. Conclusion 

The methyl groups transfer is more spontaneously and entropically directed in 

more hydrophilic systems. The phenyl group make more efficient and directed 

enthalpically the transference of PhM dyes in ATPS with less hydrophobicity degree. 

When the pseudopolication is formed by EO segment and cation Li+ the transfer process 

of more hydrophobic molecules is entropically directed and more efficient than when 

formed by Na+, but when the cation is or Mg2+ the -CH3 and phenyl groups contribution 
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in the transfer process is less efficient and enthalpically directed. The charge on the dye 

molecule does not contribute in the partitioning process, but if in the specific 

intermolecular interactions modifying the entropy and enthalpy of the system. When the 

ATPS is formed by organic Acet anions, the transfer process becomes less efficient by 

decreasing the system enthalpy according to the methyl groups number in the dye 

structure increases. In contrast, when the ATPS is formed by Tart or Citr anions, the 

transfer process is more efficient when increase the methyl and phenyl groups 

decreasing the system enthalpy. The ATPSs studied allowed to determine the 

contribution of functional groups different on phenylmethane dyes in the process of 

partitioning, providing valuable information on the thermodynamic involved in the 

specific intermolecular interactions between solute and system components responsible 

for the process of species transfer in ATPS. 
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Considerações finais: 

Esta nova abordagem experimental permitiu descobrir que a transferência dos grupos 

metilo em SAB é mais eficiente e entropicamente dirigida em sistemas mais 

hidrofílicos. O número de grupos fenil na estrutura do corante de fenilmetano aumenta a 

hidrofobicidade da molécula tornando mais eficiente a transferência entalpicamente 

dirigida em ATPS com menor grau de hidrofobicidade. Quando a pseudopolication é 

formada por segmento EO e cátions Li+, o processo de transferência dos corantes é 

entropicamente dirigido e mais eficiente do que quando e formado por  Na+ou  mas ou 

Mg2+.  A carga na molécula do corante não contribui no potencial termodinâmico de 

partição, embora, trona-se fundamental nas interações intermoleculares específicas 

modificando a entropia e a entalpia do sistema. Quando o ATPS é formado por aníons 

orgânicos de Acet, o processo de transferência torna-se menos eficiente ao diminuir a 

entalpia do sistema conforme o número de grupos metilo na estrutura do corante 

aumenta. Em contraste, quando o ATPS é formado por aníons Tart ou Citr, o processo 

de transferência é mais eficiente ao aumentar os grupos metilo e fenilo aumentando a 

entalpia do sistema. Portanto, os ATPS estudados permitiram determinar a contribuição 

de diferentes grupos funcionais presentes na estrutura química dos corantes de 

fenilmetano no processo de partição, fornecendo informações valiosas sobre a 

termodinâmica envolvida nas interações intermoleculares responsáveis pelo processo de 

transferência de espécies em SAB. 

 

  


