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RESUMO
CASTRILLON, Elkin Dario CastellonD.Sc., Universidade Federal de Vigosa, agosto
de 2017.Determinacdo da contribuicdo dos grupos funcionais presentes na
estrutura quimica dos corantes de fenilmetano nas forcas motrizes de particdo dos

corantes nos sistemas aquosos bifasic@rientador: Luis Henrique Mendes da Silva.
Coorientadoras: Maria do Carmo Hespanhol e Ana Clarissa dos Santos Pires.

Os Sistemas Aquosos Bifasicos (SAB) sdo uma mistura de solu¢des aquosas de duas ou
mais espécies diferentes que a determinadas condi¢bes de concentracdo, pressao e
temperatura se dividem em duas fases. Esta caracteristica torna aos SAB uma técnica de
separacao liquidbguido ambientalmente segura e economicamente viavel. Além disso,

a diversidade de compostos utilizados para formar estes sistemas permite a regulagéo de
diversas propriedades, como por exemplo a hidrofobicidade das fases e forca ionica,
potencializando a eficiéncia do processo de separacdo. No entanto, o fundamento
termodindmico do processo de transferéncia de solutos nestes sistemas ainda ndo esta
bem definido, ja que ainda existem algumas questdes por resolver como por exemplo:
qual é a contribuicdo dos grupos funcionais do soluto nas forcas motrizes que governam
0 processo de particdo? Qual € o efeito da composi¢cdo do SAB nessas contribuicdes?
Por tanto, torna-se fundamental o desenvolvimento de um método experimental que
permita a determinacdo da contribuicdo da estrutura do soluto nos diferentes parametros
termodinamicos de transferéncia em SAB diferentes. Neste trabalho foram usados seis
corantes de fenilmetano com pequenas variacdes 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 contribuicbes associadas a
estrutura da molécula nos fatores que governam a particAo destes compostos em
diferentes SAB. Nesse contexto, foram usadas misturas de duas solu¢des aquosas de um
polimero ou copolimero com diferentes sais de sulfato ou sais orgéanicas de sédio, para

formar SAB com propriedades termodindmicas diferentes. Foi possivel assim
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determinar os diferentes parametros termodinamicos associados ao processo de
transferéncia dos corantes no estado padrao a condi¢des de diluicao infinita, tais como a
variacdo da energia livre de Gibbs de transferé(A,.G*>), a variacao da entalpia de
transferénci¢(A,-H>*) e a variacdo da entropia padrao de transferi(TA.,.S>*), e

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

hidrofobicidade das fases do sistema e a natureza do eletrélito que forma AsSAB.

contribuicdes do grupo GHo processo de transferénaiay kJ mot?, foram:AtrGgI;go
= —0.56, Atngi{O; = —4.86 ¢ TAtrSg;{O: = —4.53, enquanto as do grupo fenil foram:

Ay Gl = —13.02, Ay HES = —35.23 e TA.,.S5% = —28.16. A carga positiva na

,00

estrutura do corante ndo contribuiu nos valoresA,, G%® emboraAtnghM e

TAtrS,f;l",‘\’,, foram ambos iguais a 11.21 kJ mahdicando que a presenca da carga na
molécula do corante diminui a hidrofobicidade, melhorando o grau de liberdade na
rotacdo das moléculas de agua e aumentando a entropia do sistema. A transferéncia dos
grupos CH diminuiu os valores dAtrGﬁ;ﬁ\} guando o polimero é menos hidrofébico na
ordem de PEO > L64 > PPO. O efeito do cétion mostrou que a carga positiva na
estrutura do corante contribui no valor negativoAj;aHﬁ;f’;, na seguinte ordem Mg>
Na*> Li*. Quando o SAB e formado por sais organicos a contribuicdo do grupo fenil no
processo de transferéncia diminui a entropia do sistema dependendo do anion que forma

o0 SAB na seguinte order@itr > Tar > Acet.
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ABSTRACT
CASTRILLON, Elkin Dario CastellonD.Sc., Universidade Federal de Vigosa, August,
2017. Determination of the contribution of functional groups present in the
chemical structure of phenylmethane dyes in the driving forces of dye partitiom
two-phase aqueous systemg\dvisor: 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? Therefordf 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 tran(A.,.G%*), the variation of the
standard enthalpy of transf(A.,-H>*), and the variation of the standard entropy of
transfer(A..S*>), 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. TheGHs group contribution in the transfer process in kJ-ohs
MGl = =0.56, Ay Hejy = —4.86 ¢ TAySes = —4.53, while those of the phenyl
group were:A,.GE% = —13.02, A, HES = —35.23 and TA,SS5 = —28.16. The
positive charge in the dye structure did not contribute tm;héﬁ;{fl values, although

Ay-HS™ and TA..S5>  values were both 11.21 kJ moindicating 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. sThe CH
0,0

groups transfer decreases the valuedp€p;,, 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 valumr(big;f;, in the following order

Mg?* > Na > Li*. When the ATPS is formed by organic salts, the phenyl group

contribution in the transfer procedscrease the entropy depending of the anion in the

following order: Citr > Tart > Acet.
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CAPITULO 1
1.1 Introducéo

Um dos desafios constantes na ciéncia é a extracao de solutos de alto interesse a
partir de fontes naturais complexas. A extracdo de ions metalicokéculas volateis
altamente toxic&s farmacod biomolécula§ pigmentos ou corantes organicésentre
outras espéciés é alvo de diferentes areas do desenvolvimento humano como a
farmacéutica, confeccdo e tintura de téxteis, fabricacdo de 6leos, plasticos, fotografia,
alimentos, cosméticos, papelaria e na ciéncia medica e vetérihaRartanto, estas
areas necessitam de técnicas de extracdo 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 ad$driéiviacio seletivd,
métodos cromatogréafict’s sistemas de extracdo liquido-liquido usando solventes
organico$, entre outros. Estes sistemas sdo amplamente usados em areas especificas por
apresentar vantagens tais como eficiéncia e alta diversidade de compostos a serem
extraidos, no entanto também possuem desvantagens como por exemplo em alguns
casos alta complexidade operacional, envolvendo o uso de materiais perigosos e altos

custos de operacao.

Os Sistemas Aquosos Bifasicos (SABs) sdo misturas formadas a partir de duas
ou mais solucdes aquosas de diversos compostos que, a determinadas condi¢cdes de
concentracdo, pressao e temperatura, formam duas fases em equilibrio. Estas
propriedades fazem que estes sistemas sejam utilizados como uma técnica de separacdo
liquido-liquido ambientalmente segura e economicamente YAagelormacio de duas
fases durante o processo de mistura de solugbes aquosas de um polimero e de um sal
por exemplo dependera das interacdes intermoleculares entre o polimero o sal e a agua.

Serdo também estas mesmas interacdes as responsaveis por todas as propriedades
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fisicoquimicas presentes nas fases do SAB, como o coeficiente de particdo de um soluto
especificd*. Portanto, para cada sistema, habera pares de componentes que possuirdo
interacbes termodinamicamente diferentes permitindo a regulagéo de suas propriedades
como a massa das fases, o pH, a forga ionica e hidrofobicidade, podendo integrar
extracdo e preconcentracdo do soluto em apenas uma>efagéstas caracteristicas
permitem que os SAB sejam utilizados para extrair e/ou particionar inumeraveis
compostos de alta importancia em diversas areas como por exemplo na biotecnolégica
como aminoacidos, enzimas, virus e acidos nucléicdsPorém, mesmo diante desta

vasta aplicabilidade, ainda existe grande expectativa de se conhecer a natureza das
interagdes intermoleculares entre o soluto e os componentes do sistema e dessa forma
compreender a relagdo que existe entre a estrutura molecular do soluto e as forcas
motrizes que governam 0 processo transferéncia nestes sistemas, avaliando o efeito da

composicao do SAB nas diferentes interacdes intermoleculares.

Neste contexto, para determinar e/ou conhecer as forcas motrizes envolvidas no
processo de particdo € necessario analisar a termodinamica de transferéncia como uma
ferramenta essencial que permite compreender o processo de distribuicdo de solutos no
SAB, no entanto, sdo poucos os trabalhos que fornecem informagcdo sobre a
termodinamica do processos de particdo e além disso estes trabalhos sdo baseados em
modelos tedricos que generalizam os efeitos para todos as espécies particionadas e nao
em medidas experimentais que permitam determinar a variagdo nos parametros
termodinamicos de transferéncia causadas pelas mudancas estruturais no soluto em

diferentes SABs.

Em consequéncia, este trabalho propde a utilizacdo de 6 corantes de fenilmetano
(PhM) estruturalmente semelhantes para o estudo da contribuicdo dos grupos funcionais

no processo de particdo de solutos em diferentes SABs. O objetivo € propor uma



metodologia experimental para determinar os parametros termodinamicos de
transferéncia padraad\(.GS%,., A.HS), e A..SS,) através da relacdo entre estrutura
molecular do soluto e coeficiente de particdo e consequentemente contribuir para a

otimizacao das aplicacGes da técnica.

1.2 REVISAO DA LITERATURA

1.2.1 Sistemas Aquosos Bifasicos

Os SABs sdo misturas ternarias que possuem agua como O componente
majoritario na maior parte das vezes. Podem ser obtidos mediante a mistura de solucdes
aquosas de eletrélito e polimé&tade dois polimeros quimicamente distigtpsle dois
eletrolito$?, ou de polimeros e surfactantes n&do i0rficogue, sob determinadas
condi¢cdes de concentracao, temperatura e pressao apresentam duas fases em equilibrio

termodinamico.

Os primeiros estudos envolvendo esse tipo de sistemas foram atribuidos a
Beijerinck e posteriormente @stwald e Hertéf %, demostrando que em certas
condicbes de temperatura e concentracdo formavam-se misturas turvas, as quais,
deixadas em repouso, separavam-se em duas fases. Eles demostraram que diferencas
estruturais das espécies quimicas misturadas influenciam as composi¢cfes das fases no
equilibrio termodindmico, mudandaas interagbes intermoleculares entre o0s

componentes do sistefig’.

As propriedades termodindmicas de um SAB dependem das interacdes
intermoleculares presentes entre os componentes em solugéo, que determinam por sua
vez as variagcdes nas propriedades termodinamicas resultantes do processo de mistura.
Uma forma de representar estas variagbes seria mediante o parametro termodindmico
variacao energia livre de Gibbs de mistum,,;,G), a qual faz referéncia a diferenca
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entre a energia livre de Gibbs da solucég,;, e 0 somatorio da energia livre de Gibbs

de cada componente purG;, nas condi¢des da solugéo (Equagéo 1).

n n n
ApixG = Ggo1 — z G Z n;; — Z n; .ul = Z n; (.ui - /’L:) (1)

Sendoy; e u;, sdo os potenciais quimicos do componente i na solugdo e puro,

respectivamente n; € 0 numero de mols do componente

Quando misturas de dois ou mais componentes fornecem valorés,d& <
0, em termos termodindmicos, um sistema homogéneo é formado. Para valores de
ALiG >0, 0 sistema se separa em duas ou mais fases, buscando alcancar um estado
onde as interagdes e as configuracées dos componentes levem a valores de variacao de

energia livre de Gibbs negativos para o sistema alcancar o equilibrio termodfiamico

Alguns trabalhos tém-se concentrado na obtencdo de parametros
termodinamicos associados aos processos de formacéo dos SABs, ja que a diferenca nas
propriedades termodinamicas entre as fases do sistema torna-se um fator fundamental
na transferéncia de diferentes soléfto$® 3°. Por tanto, um dos requisitos para
compreender a particdo de espécies em SABs é conhecer as propriedades de dormaca
0s parametros termodinamicos de transferéncia, 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 € fundamental conhecer os diagramas de fase. As
informagdes que podem ser obtidas em os diagramas de fases sobre o comportamento
dos SABs em diferentes condi¢cdes termodinamicas podem potencializar suas aplicacfes

com fins diverso¥.



O conjunto das concentragfes totais de todos os componentes formadores do
sistema (composicao global) pode ser representada em um sistema de coordenadas que
permite observar de forma esquemética os dados que estdo associados a formacéo de

um sistema homogéneo ou heterogéneo em equilibrio termodinamico.

Um exemplo de diagrama de fases expresso em coordenadas retangulares de um
sistema aquoso bifasico composto por duas solucdes aquosas de polimero e sal, a uma

dada pressao e temperatura € esquematizado na figura 1.

——— Linha binodal

Linhas de amarraciao

2=

Regiao bifasica

[Polimero] / mol kg!

Regido monofasica

] [] )
1 2 3 4 5

[Eletrolito] / mol kg!

Figura 1 Diagrama de fases em coordenadas retangulares para um SAB formg

duas solucdes aquosas de polimero e sal.

Os eixos da ordenada e da abscissa representam os valores de concentracdo de
polimero e sal respectivamente em (mob)kd\ curva no diagrama que separa a regiéo
monofasica da bifasica € conhecida como curva binodal. Sua posicdo no diagrama

depende de diversos fatores que vado desde a natureza quimica do sal, massa molar e



natureza do polimero, pH do sistema e temperatura dé”naeimiados em condi¢des

de equilibrio termodinamico.

O equilibrio termodinamico nos SABs € alcancado quando a energia livre de
Gibbs do sistema é minimizada até alcangar o equilibrio e a variacéo infinitesiéhal de
atende seu valor minimo, ent@l = 0, sendo o potencial quimico de um dado
componente formador das fases, igual na fase supéidre( na fase inferiorHI),
incluindo a interfacelf). Isso pode ser mostrado pelas equacgdes 2, 3, 4 e 5 para um

SAB composto por polimero, sal (cation + anion) e agua.

#gglimero = :ugtl)limero = .ug;limero (2)
ﬂgz:ftion = :ugz'{tion = ﬂéﬁtion (3)
ﬂgrfion = llgtion = ﬂéiion (4)
ﬂggua = Hggua = M(Ifgua (5)

As linhas de amarracdo séo as linhas retas que unem dois pontos na curva
binodal, esta unido representa uma possivel composicdo de um sistema bifasico que
existe em equilibrio termodindmico. O comprimento desta linha reta também chamado
comprimento da linha de amarracdo (CLA) é um importante parametro termaatinami
que define a diferenca entre as composi¢cdes das fases inferior e superior, que é
amplamente utilizado como variavel decisiva nos processos de particdo de$Salutos

equacao 6 representa a forma como pode ser calculado o CLA.
CLA = [(Chai — CEbD? + (C5 — CEiD?1 V2 (6)

Onde ¢}, e Cf!, sdo as concentracbes de polimero em mdl i@ fase

superior e inferior respectivamente, enquant®f;, e Cf! s&o as concentracdes de



sal em mol kg na fase superior e inferior respectivamente. Desta forma esclarece-se
como o CLA é um parametro que pode expressar o quao distintas sdo as propriedades
termodinamicas intensivas das fases do sistema (como por exemplo, densidade, energia
livre de Gibbs molar parcial, potencial quimico e calor especifico), das fases que
coexistem em equilibrio termodindmico. Esta equacdo com sua relacédo de fases mostra
que quanto maior o comprimento da linha de amarragdo, maior sera a diferenca entre as

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

Sistemas preparados com composicfes de fase representadas por diferentes
pontos na mesma CLA terdo suas propriedades termodinamicas intensivas iguais, porém
as propriedades termodinamicas extensivas serdo diferentes, como por exemplo massa,

volume e entalpia.

Na literatura séo descritos diferentes métodos para a determinacédo do diagrama
de fases de um SAB, sendo geralmente mais utilizados os métodos de titulacdo

turbidimétrica e anélise das composicdes das fases em equilibrio termodif&fritto

1.2.2 Particdo de corantes em SAB

Os corantes sdo basicamente compostos quimico s que podem interagir com
distintas superficies ou tecidos para transmitir cor. Estas moléculas, sdo amplamente
utilizados em varias inddstrias, incluindo varios tipos de t&xtiisgimento de pap¥,
plasticos, alimentos, cosméticos, impressdo, entre outros, para a coloracdo de seus
produtos relacionadds®. Também s&o empregados no rastreamento das aguas
subterraneds e tratamento de agua salgddaToda a ampla gama de aplicagdes dos
corantes torna importante os processos de extracéo e purificagdo destes compostos. Os
SABs vém sendo uma excelente alternativa para particionar todo tipo de corantes. Em

1954 Albertsson investigou a particdo de cloroplastos em SAB (PEQ-sat) 1980



Hustedt et &F trabalharam com extraces de proteinas mostrando que ocorre uma forte
preferéncia por certos materiais pigmentados intracelulares para a fase rica em PEO.
Huddleston et & estudaram a separagéo e recuperacdo de amaranto, acido carminico e
quinolina amarela usados para tingir alimentos em SAB PEO e sulfato de amoénia. Logo
depois em 1999 Akama et*alpropuseram a formacdo de um SAB usando dois
surfactantes um anionico e outro catidonico, para separar laranja de metila. Em 2009
Mageste et & estudaram a separacdo de um pigmento natural (carmin) em SABs
formados por polimero ou copolimero e diferentes sais de sulfato; dessa forma os
autores conseguiram avaliar o efeito do eletrdlito, hidrofobicidade das fases e pH entre
outros efeitos. Em 2012 os mesmos autores (Mageste*%tpabpuseram uma
abordagem termodinamica para o estudar e otimizam a particdo de norbixim em SABs
formados por polimero ou copolimero com sais organicos. Ja em 2014 Ferréifa et al
estudaram a particdo de acido cloranilinico, azul indigo e Sudan Ill a partir de fontes
ambientais usando SABs formados por liquidos i6nicos e sais organicos e inorganicos.
Um foco similar foi empregado por Alvarenga étdra estudar a particdo de remazol
amarelo ouro a partir de fontes ambientais usando SABs formados por sais e polimeros

ou liquidos i6nicos.

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)

sdo corantes que pertencem a familia dos corantes de fenilmetand®(PhN\gue
apresentam um atomo de carbono central substituido por anéis de benzeno (2 ou 3) que,
por sua vez, esta substituido por grupos aminos (figura 2). S&o consideravelmente
toxicos, suspeitos de serem carcinogénifcegpouco sollveis em agua (na faixa de 1 a

4 g L't a 20°Cr%d).
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Figura 2 Estruturas quimicas dos corantes de PhM

Estes corantes sao estruturalmente semelhantes, possuindo configuracdes
compostas por um sistema de anel aromatico triciclico e biciclico com duplas ligacbes
conjugadas que funciona como um sistema cromoforo nestas moléculas. Possuem

também trés grupos amina doadores de elétrons.

Estas moléculas de PhM pertencem a uma importante classe de corantes
comerciais que estdo entre os primeiros pigmentos sintéticosr desenvolvido¥
5 A familia destes corantes € muito conhecida por sua alta intensidade de cor, seus
brilhantes tons e sua forte resisténcia &°)uzaracteristicas que permitem uma ampla
variedade de aplicacdes. A tabela 1 mostra de forma geral os potenciais usos destes

corantes na atualidade.



Tabela 1Aplica¢bes dos corantes de PhM em diferentes éreas.

Corante Aplicacbes

AUR Lubrificante & base de tirtfainddstria do papel, téxteis e cotfto

PRA Catalise enzimati& e multi-eletrocatalisé€ sensores em alimenf8s

impressdes digitais

VMB Téxteis, tintas e verniz&s plasticos, papel e celulose e cosméficos

MV IndUstria téxtil em tecidos, 6leos, ceras, plasticos, fotografia, alime

(2- 6-10B) processos bacteriologicos e histopatolédicosntas para pintur:

artistic&®.

Uma vez que esta informacéo engloba uma variedade de campos de estudo e/ou
aplicacbes sobre os corantes, torna-se evidente que estas espécies quimicas sao
empregadas em uma ampla variedade de &reas cientificas e industriais aproveitando
suas propriedades fisico-quimicas Unicas em solucdo. Estas caracteristicas especificas
estruturais leva a que cada area de interesse prefira uma estrutura em particular sobre

outra para seus diferentes proposftas 64,

Estes corantes exibem caracteristicas espectrais interessantes, que sdo uma
consequéncia direta da sua estrutura e sua interagio com o ambiente ciffundante
Estas caracteristicas espectrais sdo muitas vezes intimamente relacionadas com o
comportamento fotoquimico dos corantes e, portanto, € de grande interesse buscar uma

compreensao a respeito deste fendbmeno.
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Os espectros de absor¢cdo UV-vis dos corantes de PhM s&o compostos
geralmente por duas bandas de excitagdo n-n*, sendo uma banda o com um Amax = 590
nm ¢ uma banda  com um Amax = 550 nm, correspondentes a familia do violeta de
metila (VMB, VM2B, VM6B e VM10B). O numero de grupos metila nestas estruturas
afeta pouco o espectro de absorcao desses corantes. Entretanto, um efeito interessante e
evidente é observado quando ocorre a substituicdo de todos os @Hpos estrutura
do VM10B por atomos de hidrogénio (H) dando como resultado o corante PRA. Essa
mudanga provoca uma variacao nos Amax de absor¢do, onde a banda o aparece com Amax
= 540nm e a banda 3 com um Amax = 480 nm. Este efeito da variagdo na estrutura dos
corantes torna-se ainda mais evidente quando extrai-se um anel benzénico da estrutura
do VM2B resultando no corante AUR. Esta mudanca provoca alteracdes espectrais, na
qual a bada a apresenta Amax = 435 nm ¢ a banda B Amax = 370 nm. O espectro dos

corantes € mostrado na Figura 3.

int. / (a. u.)

300 400 500 600 700 800
A/nm
Figura 3. Espectros de absor¢cdo UN4 de corantes PhM (es¢) AUR, (—) PRA, (-

~)MV (B, 2B, 6B ou 10B).
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As origens dessas bandas foram estudadas de forma alternativa dando origem a

varias teorias:

a- Os perfis de excitacdo da maioria das bandas destes corantes substituidos foram
estudados com o fim de medir os efeitos das vibracdes e as unides eletrénicas
dos elétrons croméforos do benzeno, fornecendo informacdes sobre a origem
dos estados eletrbnicos e em particular, a caracteristica de absorcdo complexa de
um estado eletrbnico Unico, que apresenta uma estrutura fenil-nitrogénio. A
partir deste ponto de visteoncluiu-se que a resolucdo da estrutura que da
origem as bandas provém de um estado especifico dos elétrons pelos grupos
funcionais na estrutura da molé&ila

b- Estudos de uma possivel interacdo de uma carga ou dipolo com um dos grupos
amina pode ser responsavel por quebrar a simetria da estrutura dos corantes.
Assim a degeneracédo do estado eletrénico excitado que da origem a absor¢éo de
luz visivel e sua divisdo possibilita a existéncia de duas conformacdes do estado
fundamental, sendo uma simétrica e outra ndo simétrica. Dessa forma as bandas

s&o produto de uma transicéo eletronica para dois estados eXBitados

Entretanto uma hipdétese que em nosso caso vem sendo mais aceita é a existéncia de
estruturas moleculares monomeéricas e agregados moleculares (dimeros ou trimeros) dos
corantes gerando possivelmente duas espécies em solucdo e que resulta na existéncia de
duas bandas: uma banda de absorcdo em energias mais altas pibapedapode

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

que faria 0 oposto, quando o corante é submetido a diferentes intéPabes

A deconvolucdo € uma técnica que serve para elucidar as diferentes bandas que

compdem um espectro composto por mais de uma banda. A Figura 4 mostra o resultado
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da deconvolucdo de um espectro de absor¢édo UV-vis de um corante de fenilmetano

diluido em dois sistemas diferentes.

2.204 a

1.654

@ 1101 2
< <
0.55+
0.00+ == ="= = = = = / S - T= T T T T T T
. . . . . . 350 400 450 500 550 600 650
400 450 500 550 600 650 7 &/ nm
A/nm

Figura 4. Espectro de absor¢do UV-vis de VM-6B numa concentragdo de 3¢
mol kg (—), resultado de deconvolugdio da banda B (...) e banda a (---) interagindo
em: (a) agua pura, e (b) fase rica em polimero de SAB (PEO1500 +4Mg34D)

na primeira CLA a 25°C.

O resultado da deconvolucéo para (a) e (b) mostram duas bandas, uma em 550
nm (banda B) atribuida aos agregados moleculares diméricos e outra banda em 590 nm
(banda o) atribuida aos monomeros, embora os espectros mostrem a existéncia de duas
espécies em solucdo, nota-se a variacdo na intensidade das bandas quando o corante é
diluido em agua pura e quando € diluido em fase de um SAB rica em polimero. Por
meio da deconvolucdo pode-se observar como esses corantes podem auto-interagir de
maneira distinta dependendo do ambiente e dessa forma, se agregar molecularmente em
dimeros, tetrameros, octameros, ‘étdEsses agregados, que em comparagdo com o0s
mondmeros devido a geometria de suas estruturas podem provocar o deslocamento de

suas bandas de absorgdo para comprimentos de onda menores ou’imdiores
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hidrofobicidade e as forcas de van der Waals podem ser as forgas motrizes para gerar as
interagdes m-m controladas pela sobreposi¢do direcional dos orbitais HOMO com
LUMU, entre as moléculas dos corantes que provocam modificacdes nos estados
eletronicos fundamental e excitdtloEstas modificagdes provocam mudangas nos

espectros de absorcdo dos corantes apresentando novas bandas.

Esta claro que os corantes PhM tem atraido a atencdo da comunidade cientifica
por possuim propriedades espectroscopicas interessantes. Segundo o trabalho de
Horst B e colaboradore$, o mecanismo depende das substituicbes que as estruturas
podem apresentar nos estudos de agregacdo destes corantes. Em outros estudos
realizados por Kazakova e colaborad6tefi verificada a formacdo de complexos
entre Violeta de Metila (MV) e Calixareno, 0s quais mostraram caracteristicas

espectroscoépicas interessantes ao interagirem com outras espécies quimicas.

Estas propriedades espectroscépicas e eletronicas dos corantes de PhM séo de
fundamental importancia para contribuir ao estudo de particdo de solutos em SAB,
permitindo elucidar as forgcas motrizes que regem este tipo processo. Além disso,
fornecem informacdes que determinam os diferentes comportamentos em relacdo as
variacfes das interacGes intermoleculares, que ocorrem devido as mudancas em sua

estrutura molecular com os componentes do sistema.

1.2.4 Termodinamica de particdo em SAB

Ao adicionar um soluto em um sistema liquido composto de duas fases (SAB)
com diferentes propriedades termodindmicas em equilibrio, novas interacdes
intermoleculares entre o soluto e os componentes das fases comegam a ocorrer até que o
soluto se distribuia entre as duas fases e sua concentracdo em cada fase atinja um valor

fixo e o sistema alcance um novo estado de equilibrio termodirf@mRartanto, a
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razdo da concentragdo do soluto entre as fases do sistema é denominada “coeficiente de
particdo” (Ksoit0), € @ termodinamica pode nos auxiliar a entender o significado deste

parametro fisico-quimico.

O potencial termodindmico do processo de particdo sera a energia livre de Gibbs

(G), comoG e uma funcao de estado a variagh® seria expressada:

dG = —SdT + VdP + Z u; dn 7

Sendo —SdT a variagdo da energia livre de Gibbs como uma fungéo variacao
infinitesimal da temperatura)/dP é a variacdo da energia livre de Gibbs quando se
apresenta variacao infinitesimal na pressdo do siseemdn; a variacdo da energia

livre de Gibbs como uma funcdo do nimero de mols de cada componente do sistema.
Se considera que o sistema esteja em condicfes de temperatura e pressdo constantes, o
potencial termodinamico do processo de particdo serda a energia livre de &ibbs.
variacao deste potencial no sistema serd a soma do produto dos potenciais qujmicos

de cada componente multiplicado pela variacao infinitesimal do nimero de mols para
cada componente formador do SAB, mais do componente adicibiiatiurante o

processo de distribuicdo, como se mostra na equagéo 8.

dG = .upol dnpol + :usal dnsal .uagua dngf}ua + Ui s anS + :upol dnpol

.usal dnsal :uagua dngf]ua + .uFI anI (8)

FS FS FS
Onde #poz dnpol, uksS danfs; .uagua Anggua; K~ dn; referem-se  aos
potenciais quimicos de cada componente (polimero, sal, agua e oisohuidtiplicado
pelo respectivo numero de mol de cada componente na fase supanﬁrl én

FI .
pol»

pés anély nébuq dnflua  ui' dnf' referem-se aos potenciais quimicos de cada
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componente (polimero, sal, agua e o solytoultiplicado pelo respectivos numeros de

mol de cada componente na fase inferior.

Considerando que a quantidade adicionada do sbld® mude a composicao
das fases, o0 seja a variagdo do numero de mols do polimero, sal e agua (componentes
formador do SAB) sejam desconsideradas. Deste modo, se consideramiogogue

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

Figura 5. Transferéncia deem um SAB

A condicado de equilibrio seria dada pela expresséo 8
FS FS FI FI _
piodng” +pdng =0 )

E se cumpriria para cada variacdo infinitesimal no nimero de malsRig
tanto, a Unica maneira para que ocorra uma distribuicdcsdea devido a diferencia
dos potenciais quimicos denas fases g/°dni® — uf’dnf"). Assim ocorreria uma
diminuicdo da energia livre de Gibbs do sistema até se alcancar uma nova condi¢édo de
equilibrio termodinadmicadG = 0). Por tanto comainf’ = —dn; e dnf®* =dn; o

HH ™™ . ,,FS FI — FS FI

equilibrio atende uma nova express@o= u;”dn; —p;j'dn; = (> — ;' )dn; e

variacdo da energia livre de Gibbs do sistema neste novo equilibrio € expressa equacao

10.
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dG = (ufs — uf"y dn, (10)

Desta forma, apos se atingir uma nova condi¢cao de equilibrio termodinamico no

sistema, a variacdo da energia livre de Gibbs ficara igual a zero. Assim o potencial
s . . FS . s o- . s - .
quimico dei na fase superlc(rui ) ficara igual ao potencial quimico do componente

na fase inferior ( uf"), como expressam as equacgées 11, 12 e 13.

dG = (uf* — i) dn; =0 (11)
ufs —uf" =0 (12)
WS = pf! (13)

Ao fazer referéncia ao termo de “equilibrio de fases” para um dado sistema
termodinamico, nos referimos a qual condicédo de equilibrio o potencial quimico de uma
espécie determinada numa dada fase deste sistema é igual ao potencial quimico da
mesma espécie em todas as fases nas quais ela esteja presente. Assim, o potencial
guimico para uma espécig) nas FS e FI de um SAB € expresso pelas equacdes 14 e

15.
ufS = uP(FS) + R T Inaf® (14)
uf' = uP(FI) + R T Inal” (15)

Ondeu? (FS) e u(FI) sdo os potenciais quimicos padrdo da espéciaFs
e FI respectivamente® é a constante universal dos gages, a temperatura absoluta

do sistemaal® eal’ ¢ a atividade denaFS e naFI respectivamente do SAB.

As equacdes (14 e 15) quando substituidas em 13 geram como resultado a equacao 16 e

17.
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P (FS) + R T Inafs = u?(FI) + R T Ina!’ (16)

af®
u (FS) = u(FI) = =R T In— (17)

i

Onde a diferencauf (FS) — uP (FI) corresponde a variacdo de energia livre de
Gibbs de transferéncia do soluicquando ele e transferido desde fase inferior do SAB
no seu estado padrédo nessa fase para a fase superior do mesmo SAB no seu estado
padrdo dessa mesma fase. O estado padrdao e aquele no qual o soluto se encontra na

concentragdo unitaria (mol ®Kymas com comportamento de interagéo intermolecular
. e afs ~ .
igual do estado de diluicdo infinita. O ternjﬁy € a razao das atividades id@ma fase

i

superior e na fase inferior em equilibrio, que gera como resultado um parametro
termodinamico definido comoonstante de particdo(K). Desta forma a equacédo 17

tomaria a forma:

ApgG? = =R T InK (18)
Como:
al®
l
K = T (19)

Nos estudos de particdo é comum utilizar concentracdes de soluto muito
reduzidas ou no estado de diluicdo infinita.
1.2.5 Estado de diluicao infinita.

Molecularmente falando, uma solucéo real (ndo ideal) é definida como um
sistema composto por moléculas com diferente distribuicdo espacial e onde a magnitude

das interacbes entre moléculas de espécies diferentes sdo distintas as interagbes de
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espécies iguais. Por tanto, 0os potencias quimicos em sistemas reais sao expressados em

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

al = exp[”i_“’ie/R T] (20)

Ondeaq; € a atividade dé em qualquer solucaqy; € o potencial quimico dé nas
condicdes da solucdod o potencial quimico padrdo daas condigbes da solugéo
(para uma solucao rela o estado padrao seria 0 sgiute). Usando o logaritmo temso

que:

Ina; = (u; —p{)/RT (21)
Ui = /,tf + R T Ina; (22)
Expressando o potencial quimicoidem qualquer tipo de solucao.

Uma solucao ideal aparece na forma onde as moléculas das diferentes espécies
apresentam interagfes intermoleculares e distribuicbes espaciais semelhantes. Uma
forma de solucao diferente é quando a fragdo molar do solvente tem valores proximos a
unidade, porem o0 soluto se encontra em concentracdes muito baixas. Esta solugcéo se
denominasolucao idealmente diluidaou “estado de dilui¢io infinita”. Neste caso as
moléculas de soluto interagem apenas com as moléculas do solvente dada as
baixissimas quantidades do soluto. Desta forma se define o potencial quimico da

espécie em uma solucéo idealmente diluida como:
u; = f;(T,P) + R T Inx; (23)

Ondef;(T,P) é uma funcdo da temperatura e pressao ja que como as propriedades de

na solucdo infinitamente diluida dependem fortemente do solvente (que conforma o

entorno do soluto) o potencial quimico padrdo do solutd (T, P) ) seria uma fungéo
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daT e P da solucédo (senana concentracao da solucdo). Por tanto, se considerando que

o potencial quimico deno estado padréo seja{ = f;(T, P) a equacéo 23 se tornaria:
p; = ul + RT Inx; (24)

Isto significa que nos casos de solutos em condi¢des de diluicéo infinita a fracao
molar dei pode ser aproximadamente proporcional a concentracdo molaEd&o,

partindo a equacao 24 temos que:
p; = ul + RTIng (25)

Por tanto, a concentracéo ideeria:

C, = explti—#/RT] (26)

Em solucdes reais a concentracaad detrocada pela atividade dda;) que se
foi definida na equacédo 20. Porém, a diferenca do potencial quimico de uma espécie
em uma solucdo real ) e potencial quimico de uma espéc¢iem uma solucéo

idealmente diluiday(®) seria:

a;

,ui—,ufd=RTlnai—RTlnCi=RTlnC
i

(27)

Onde% seria a diferenca entre o comportamento real e o idealmente diluido,

i

portanto define-se o coeficiente de atividagé o componenté como:y; = a;/C; de

forma quea; = y;.C; para qualquer tipo de solucéo real.

Portanto, em uma solugdo idealmente diluida o tempe C;, porém o
coeficiente de atividade para uma solucdo em condi¢cdes de diluicao infinitg; seria

1.
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Dessa forma, o coeficiente de atividade no estado de diluicio infipita
utilizado para corrigir o valor da concentracao do soluto, aproxima-se da unidade (1) e o
valor da atividade pode ser conveniente aproximado ao da concentracdo daiespécie
Deste modo o coeficiente de particdo pode ser facilmente obtido através da
determinacdo experimental das concentracdes de equilibrionde fases superior e

inferior, conforme apresenta a equacao 26.

K = CL_FS (28)
cF

L

Onde C[° e C['sdo as concentragbes da espécie nas FS e FI
respectivamente, expressas em moldu em mol kg. Quanto maior o valor d&
maior é a quantidade do soluto que se encontra na fase superior em relacdo a fase
inferior do SAB. Se os valores de&k sdo maiores do que 1, o soluto concentra-se
majoritariamente n&S do sistema, enquanto que os valoreX &&o menores do que 1,
o0 soluto concentra-se preferencialmenté&havalores deK iguais a unidade significam

gue o soluto se distribui igualmente entiéSae aFI do SAB.

SendoK um parametro especifico intrinseco, do SAB, pode ser modulado
através da modificacdo das propriedades do sistema e seus componentes, w@sto que
coeficiente de particdo de um soluto em um SAB é uma propriedade termodinamica do
sistema e ndo um parametro relativo apenas do soluto. Dessa forma, modular os
parametros que caracterizam um determinado SAB pode gerar alteracdes significativas
no comportamento de particio das espécies estudadas e conseqguentemente
potencializando a aplicagcdo destes sistemas em métodos de extracdo-separacdo de

determinados solutos.

Os parametros comumente modulados num SAB depende de varios fatores como:
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» Natureza quimica dos componentes formadores do SAR espécie
particionada:
Ha uma ampla gama de polimeros e sais que podem ser combinadas entre Si
para formar SABs com diferentes caracteristicas. Por exemplo, a simples
mudanca do sal (anion ou cétion) ou da diferenca de hidrofobicidade e/ou massa
molar do polimero formador de um SAB, pode promover mudancas
significativas no comportamento de particio de uma e$pébBiessa mesma
forma uma pequena alteracdo na natureza quimica da espécie particionada pode
ser determinante no momento de alterar os valores do coeficiente de Particdo

» Comprimento da linha de amarragéo (CLA):
O efeito da CLA do SAB sobre o comportamento na particdo de séuntago
frequente em trabalhos desta natute&studos que avaliam a alteracdo do
coeficiente de particdo de uma espécie com a mudanca da CLA de determinado
sistema aquoso bifasico representam uma variagdo nos valores de K que podem
ser observados a medida que o CLA é alterado. Mesmo que ndo se tenha
verificado uma sistematica do comportamento de K em fungéo d6°CLA

> Interacdes que a espécie particionada tem com cada um dos componentes
das fases do SAB:
Pelo que j& foi discutido, quando um soluto entra em contato com o SAB, causa
mudancas nas interacdes especificas entre os componentes do SAB para este
alcancar novamente uma condicdo de equilibrio termodindmico. Quando se
alteram os componentes formadores do sistema e/ou a natureza quimica do
soluto em particdo, modifica-se o balan¢o das interacdes entalpicas e entropicas
entre o soluto e os componentes do SAB e/ou entre os componentes deste entre

Si.
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Estudos termodindmicos de particdo requerem que as medicoes desse
parametros sejam obtidas com precisdo. Por exemplo, determinar o coeficiente de
particdo de corantes em sistemas aquosos bifasicos pode ser desafiador quando solutos
se concentram quase que majoritariamente em uma das fases, impedindo a medicéo
exata da concentracdo na outra fase do sistema. Por exemplo, a figura 6 apresenta a

particao do corante PRA em SAB formado por: PEO15Pp@$Qs + H20.

FS(4g) [ FS (19)
[PEO1500] [PEO1500]
10.39 molkg! — 10.39 molkg!
[MgSO,] [MgS04]
0.06 molkg? 0.06 molkg?
F 1 (4g) Fl (79)
[PEO 1500] [PEO 1500]
1.32 molkg* — 1.32 molkg?
[MgS04] [MgS04]
1.38 molkg* | J 1.38 molkg?

COMPOSICAO GLOBAL CLA 3 =9.15 molkg
Figura 6. Particdo de PRA 3,9x10mol kg em SAB PEO1500 + MgSG- H.0, na

CLA 3 425°C. (a) Razéo das fases 1:1, (b) Razao das fases 1:7.

Quando a proporcao das fases é de 1:1 (a) torna-se dificil quantificar o corante
na fase inferior do sistema, e quando se muda de proporcéo 1:7 a quantidade de corante
passa ser conveniente para quantificacdo. Esta variagcdo ndo compromete os resultados

do coeficiente de particdo, visto que, a mudanca mostra claramente que a modulacéo da
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proporcao das fases é um dos parametros quem nao gerar alterages significativas no
comportamento de particAo do corante. Sendo esta, uma forma de alterar as
propriedades extensivas do sistema mantendo estavel a composi¢cdo das fases sem

alterar o K.

Como a energia livre de Gibbs € o potencial termodindmico do processo de
transferéncia de um soluto da fase inferior para a fase superior de um SAB, podemos
afirmar que o valor d& € resultado de um perfeito balanco de interacfes entalpias
entropicas existentes entre os componentes do SAB e destes com o soluto em particao.
Entdo, estudar estes parametros termodinamicos de transferéncia padréao
A.G% A, H® TA,.S%, tornase fundamental para conhecer as forcas motrizes qu

dirigem o processo de transferéncia de solutos em SABS.

Uma das técnicas mais representativas para a abordagem destes estudos € a
Calorimetria de Titulacdo Isotérmica, com a qual se obtém valores de variacdo de
A, H® e com os valores d&,,.G? (obtidos pela equacahy,,G® = —RTInK) pode-se

calcular os valores deA,,-S® usando a equacéo fundamental de Gibbs.

Ay G = A, H® —TA,,S° (29)

1.2.6 Calorimetria de Titulacdo Isotérmica

A Calorimetria de Titulagdo Isotérmica (ITC) hoje € considerada uma das
técnicas mais fortemente usadas na pesquisa para detectar minimas variacdes de energia
em forma de calor. Qualquer reacdo, interacdo quimica e/ou mudanca éfisica
acompanhada de uma mudanca no valor de entalpia do sistema. Esta energia pode ser
absorvida ou liberada e depende dos diferentes processos termodinamicos gerados pela

interacdo de duas espécies moleculares permitindo determinar diretamente valores
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correspondentes a variagdes de entalpia de interacdo, em condi¢cdes de temperatura e

pressdo constantés

A primeira lei da termodinamica expressada pela equacédo 30 ficaria da seguinte

forma:
dU =dq + dw (30)

OndedU é a variacdo infinitesimal de energia interna do sistdgqagpresenta
a quantidade infinitesimal de energia em forma de calor trocada entre sistema e
vizinhanca edw é a quantidade infinitesimal do trabalho feito pelo sistema ou sobre ele.
Considerando um processo que seja analisado entre um estadd(ihieialm estado
final (f), do qual esteja restrito a realizagdo de trabalho de expansdo ou compressao

com presséo constante, integrando a equacéo 30 tem-se:

f f f
j dU=j dq—j P, dV (31)
i i i

Onde P,,; é a pressdo externa no sistendVe é a variacao infinitesimal do volume

do sistema. Agora resolvendo as integrais definidas na equacgéao 31 temos que:
Ur = Ui = q = Pt (Vs = V) (32)
Reordenando em funcéo ge
(Ur + PextVy) = (Ui + PexiVi) = q (33)

O termoU + P,,.V na equacéo recebe o nome de enti H)a Considerando a
entalpia nos estados finainicial, o resultado que se obtém € uma variacdo de entalpia

como mostra a equagao 34.

AH = Hy — H; = q (34)
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Esta equacgao refere-se a um processo termodindmico em que a variagcao de
entalpia do sistema é numericamente igual & quantidade de energia trocada na forma de
calor entre sistema e vizinhanca, em condi¢des onde o sistema s6 pode realizar trabalho

de compreensao e expansao a pressao constante.

Desta forma, poderiamos determinar as variagcbes de energia resultantes dos
processos de quebra de interacdes intermoleculares e formacdo de novas interacdes
intermoleculares entre o soluto e os componentes das fases responsaveis pelo processo

de transferéncia em SAB.

O instrumento no qual a técnica analitica faz as medidas calorimétricas esta
constituido por um par de celas, uma de amostra e outra de referéncia, estas celas se
encontram em equilibrio térmico com a vizinhanca num ambiente de temperatura

altamente controlado, como se esquematiza na Figura 8.

1  Motor de injecéo
2  Micro seringa
3  Coluna de referéncia

4  Coluna de amostra

5  Motor agitador
- ™\
6  Agitador
7  Termopilhas
8 Cela de referéncia
9 Cela de amostra
Nano-voltimetro 10 Banho termostatico
\, / .
10 11 Dissipador de calor

Figura 7. Descrigdo do Calorimetro de Titulagédo Isotérmica (ITC)
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A cela de amostra atua como vaso de reacao (9) e a outra cela como referéncia
(8). Os efeitos térmicos que se reproduzem na cela de amostra ocorrem pela mistura de
dois sistemas, onde aliquotas de volumes controlados, do sistema titulante (2) sao
adiciona@s por meio de um injetor controlado mecanicamente (1) ao sistema titulado
no interior da cela de amostra. Variagdes de energia na forma de calor resultantes dos
processos de mistura destes sistemas, produto de rompimentos de interacfes ja
existentes e formacdo de novas interagfes intermoleculares, leva a mudangas n
temperatura do sistema. Para que o equilibrio térmico seja restabelecido, trocas de
energia na forma de calor entre sistema (11) e vizinhanca (10) comecam &%0éorrer
energia resultante, absorvida ou liberada pelo sistema, € detectada por dispositivos
chamados de termo pilhas (7), as quais fazem contato com as celas calorimétricas. Essa
energia gera uma diferenca de potencial elétrico em seus terminais que é registrado pelo
nano-voltimetro e convertido em poténcia por meio de uma relacdo que envolve a
variagcdo de energia em forma de calor ao longo do tempo, tal e como se mostra na

Equacéo 35.

_4q

P =
dt

(35)

O sinal térmico obtido gera um pulso resultado dos processos de mistura entre
titulante e titulado, permitindo obter um gréafico de poténcia, indicando o momento da
adicdo de um volume conhecido do titulante em funcdo do tempo. Este grafico

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 poténcia em funcdo do tempo mostram se as
energias correspondem a processos exotérmicos ou endotérmicos. Estes picos séo
integrados para determinar a quantidade de energia na forma de calor correspondente a
cada injecdo e consequentemente a variacdo de entalpia transferida no processo de

mistura pode ser adquirida como se mostra na Equacéo 36.

t2
AH=q=] P dt (36)
t1

Por meio do procedimento relatado, os valores de entalpia de diljgad do

soluto no solvente podem ser calculados.

Os valores da variacéo de entalpia de diluigggH séo plotados em funcéo da
concentracdo do soluto obtendo um gréafico dg;;H; / kJ mot* versus {] / mol kg

para encontrar uma fungcdo matematica que permita calcular os valoreg, iie
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quando a[i] = 0. Dessa forma pode-se determinar os valores de entalpia padrdo de

interacdo do soluto e o solvente em condicdo de diluicdo inﬂkﬁ;gﬂf'm).

O termo variacdo de entalpia de transferéncia padrdo em estado de diluicao
infinita ( A,-H?*) faz referéncia as contribuicdes entalpicas resultantes das interages
intermoleculares entre o soluto e o solvente (componentes das fases) no estado de
diluicdo infinita, que foram determinadas a partir dos valore(sxger’“) da espécie
estudada nas fases superior e inferior do SAB (equacdo 37). Ele fornece informacéao
sobre em que fase estdo presentes os componentes formadores do sistema com 0s quais

a espécie particionada apresenta interacdes intermoleculares mais favoraveis.
A HO® = AgyHE %o — Mgy HES 37
tr = Bquli s — Aqutl (37)

Onde Ad”Hf_"j;’S e Ad”Hf_";?I sdo as variacdes de entalpia de diluicdo na condicdo de
diluicdo infinita, produto das interacdes intermoleculares envolvidas nos processos de

diluicdo da espécie nas fases superior e inferior respectivamente.

Determinando-se os valores g H?® e A,,.G%* pode-se calcular os valores

deTA..S%* usando a equacéo 38.

TAy SO = AL HO™ — A, GO (38)
1.3 Modelo de Johansson et gfcontribuicdes entalpicas e entrdpicas para 0s
valores deK”

Este modelo sugere que o processo de particdo de um soluto em um SAB pode
ser dirigido por contribuicbes entalpicas e entropicas refletidas no coeficiente de
particAoK. A contribuicdo entropica € dada pelo aumento ou redugcdo do numero de

configuracdes que pode ter o soluto ao distribarntre as fases superior e inferior do
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SAB. A contribuicdo entalpica est4d associada aos rompimentos das interacdes

intermoleculareg a formacao de novas interagcdes durante o processo de transferéncia.

O potencial quimico de um solutdd no equilibrio quando particionado entre as
fases de um sistema aquoso bifasico € dado pela rejgtas ui’, onde o potencial
quimico na fase superior € dado pela equacgéo 39.

uPs — (M

- ) = 4 + RT @' + (u*)Fs (39)
ani T,P,nj:tni

Onde A,,,;,G"* é a variacdo da energia livre de Gibbs provocada pela mistura da
espéciei naFS nf® é o nimero de mols denaFS, u; é o potencial quimico de
puro, (uf*)FS é o excesso de potencial quimicoi de fase superior @f° ¢ a fracéo de

i na fase. Esta fracdo é definida pela equacéo 40:
nfs
o7 = M; # (40)

SendcM; o grau de polimerizacady o numero total de moléculas da espéciaFS.

Como, o corante se encontra em condi¢des de diluicdo infinita, pode-se assumir
gue sua presenca nao ira mudar a composicdo das fases. Isto significa que sob tais
condi¢cdesK pode ser determinado diretamente a partir do diagrama de fase, sem contar

o solutoi, segundo a equacao 41.

FS

1
InK; =In — [ = (W] (41)

l —
@Fl — RT

Onde (uf*)fé o potencial quimico em excessoi dea fase inferior, produto do
excesso de entropia de mistura dos componentes formadores das fases, e as interacdes
nao favoraveis entre os componentes da fase inferior, por exemplo, (polimero-solvente,

soluto-sal, entre outras).
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1.3.1 Contribuig&o entropica noK.

Segundo o modelo que esta sendo discutido (Johanssdi.)ea alariacdo da

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

m-1 m

AmixG = ApixH — TAS' = NRTZ—ln(D +Nz Z 0; 0 jw;j (42)

i=1 j=i+1

Assumindo que A,,;,H € zero, encontra-se a contribuicdo entropica para o

potencial quimico do soluté, ajustando a equacgédo 39 em 42 de modo que:

. 0AS? ¢;
wo—pi =T = RT |indp; — by + 1 MZ (43)
T,P,nj#n;

li]

O termo logaritmicdR T Ind; representa a variacdo da entropia molar parcial
ideal no processo de mistura. Os trés termos restantes represepf@mmna fase,
conforme o definido na equacédo 39. Sendo o coeficiente de particdo do soluto definido

como.

FI

Ink; = —( &FS — ) + M, Z‘bl _Z Zq)] Z‘bl (44)

i#j i#j i#j i#j

Onde a segunda igualdade deriva do fato de que na condi¢éo de diluicdo infinita,

o e pf' devem de ter valores minimos e semelhantes, portanto:
@ —dfH=0
FS
(@ /M) = (nfINP5)= (22 (45)

OndeNS é o nimero de sitios da rede da fase supep@,0 nimero de sitios

da rede por unidade de volumV*S o volume da fase superiorM é a massa molar
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do soluto. Deste modo a contribuicdo entropica sdbigode ser descrita pela equacao

46.

Mi nFS TLFI
InK; = " (ﬁ — W) (46)

Onde nfS e nf! representam o nimero total de moléculas na fase superior e
inferior, respectivamente. Esta relacdo indica que na auséncia de efeitos entélpicas, o
corante se particionara entre ambas as fases devido a diferenca do nimero de moléculas
por unidade de volume (densidade numérica) entre a fase superior e a inferior do SAB.
Sob tais condi¢des, o soluto ird particionar preferencialmente para a fase com a maior

densidade em ndmero.

A entropia da mistura aumenta em propor¢cao o numero de formas distintas de
distribuir as moléculas do soluto espacialmente, contribuindo na diminuicdo da energia
livre de Gibbs de mistura no sistema. Desta forma, a fase com maior densidade
numérica, dard a possibilidade de acomodar o soluto em um maior nimero de
configuracdes espaciais diferentes, fazendo que a particdo do soluto seja maior nesta
fase. Geralmente alguns SABs tradicionais s&o caracterizados por apresentar uma maior
densidade numérica na fase inferior, isto é causado pela diferenca de moléculas de agua
entre as fases, entdo um soluto interagindo nestes sistemas se concentrara mais na fase

inferior.

1.3.2 Contribuig&o entélpica aos valores d¥.

Quando ndo existe uma contribuicdo entropica em um SAB, por exemplo no
caso em que as densidades numéricas das fases séo idénticas, o processo de particdo de

um soluto dependera apenas da variacao de entalpia molar parcial do soluto nas fases
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superior e inferior, condicdo em que os valore& dpode ser representado da seguinte

forma:

InK = —— Z((DFS (DFI)WaL Z Z(d)FS(pFS d)FI(pFI)Wa] (47)

a=1j=

Onde®fS e &f! sado as fracbes de volume do componentena fase superior e
inferior, respectivamente (sendo= &agua, polimero ou sal)M; € a massa molar da
espeécie particionadaw,; € w,; Sdo as energias do par potencial e a-j. Estas

energias podem ser definidas pela equacéo 48.

1
Waj = Z(Eaj - E(Eaa + E]])) (48)

Onde Z é o numero de moléculas vizinhas que interagem com o compomente
enquanto ag,; representa a energia de interagdo envolvida na formagao do par
potencial ec;; e g, representam as energias resultantes dos rompimentos das

interacdeg- j e a-a respectivamente.

Com base na Equacdo 48, as interacbes presentes no sistema podem ser

constituidas por dois somatérios, onde o primeiro seria:

3
> @S - afywg,
a=1

Que representa a energia absorvida ou liberada no processo de interacdo do espécie
particionada com os componentes formadores de ambas fases. O segundo somatério

seria;

2 3
Z PACAT AR
a=1j=2
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Que representa a energia do processo de formacao de uma cavidade, ou seja, 0
rompimento de interacdes intermoleculares na fase superior e o fechamento de uma
cavidade fazendo referéncia a formacéo de novas interagfes intermoleculares na fase
inferior quando o soluto € transferido da fase inferior para a fase superior. Estes

somatorios fazem referéncia a uma energia denominada auto-energia do sistema.

As multiplas propriedades e a grande variedade de sistemas aquosos que podem
se formar em busca de impulsar o desenvolvimento da pesquisa de particdo de solutos,
criam a necessidade fundamental de compreender as forgcas motrizes fundamentais que
regem o comportamento das espécies quimicas formadoras das fases no momento de
interagir com um soluto, e os efeitos que produzem essa interacdo no coeficiente de

particao.
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CAPITULO 2

Chemical groups contribution to the driving forces in the partition of

phenylmethane dyes in PEO1500 + MgS3 H20 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 + Mgs® H.O ATPS, enabling the calculation of
chemical groups contributions to standard thermodynamic transfer parameters at infinite
dilution conditions as standard Gibbs free energy chaA,,.G%*), standard enthalpy
change A, H?*®) and standard entropy chancTA,,S%%). The CHz group average
contributions, in kJ mdl, were: A, G = —0.56, A, HE%o = —4.86 and TA,,.SS =

—4.53, while those of the phenyl ring were; GE:> = —13.02, A, HE% = —35.23 and

TA.-S g;f;,, = —28.16. The positive charge in the dye molecule does not contribute to the

Ay-GO values, butd,HS% and TA..SS5% increased to around 11.21 kJ rhol
indicating that the presence of charge in the dye molecule decreases its hydrophobicity,

thereby enhancing the water solvation freedom rotational degree.

1. INTRODUCTION

Currently, agueous two-phase systems (ATPSs) are used in a broad range of purposes:
in drug separatidn protein extractiofy removal of hydrophilic ionic liquids enzyme
recovery, extraction of antimicrobial peptidesrecovery of biomoleculés metal

extraction and separatibfi, extraction of natural pigmerits, aminoacid partitiot?,
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organic compounds partitibh'4 and dyes partitiof, 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 chang@,.-H ) and the transfer entropy chan@s,.s)® 1%2°, As is

well known, this approach has some limitations: (i) since the van’t Hoff A,.H value is
obtained from the In Krersusl/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 al' proposed a new method to calculate direatlyH using nanocalorimetry. They
added a solution of the solute (using the bottom phase as solvent) in a hanocalorimeter
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 calculateg? . 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 theH values. Recently Rengifo et?al
proposed a new approach to calculateApd! 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 staig,H*).
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 + MgS®@+ HO ATPS. This novel experimental method allows the
determination of the following standard solute transfer parameters for each dye:
standard transfer Gibbs free energy chaiA,,.G%*), standard transfer enthalpy
change(A,-H%*®) and standard transfer entropy cha(TA,-S%®). 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*mwehs purchased from
Synth (Brazil). The inorganic salt magnesium sulfate heptahydrate (Mg30) was
purchasedrbm Vetec (Brazil). The dyes MV10B (purity > 90 %), MV6B (purity > 90

%), MV2B (purity > 98 %), PRA (purity > 90 %), 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 diagfafisTo 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 g®fLtOp
phase and 7.0 g of bottom phase) were addedgL of the PhM dye stocksdution (3.1
x 103 mol kg?) in glass tubes. The finabncentration of the dyes in the tubes was 3.9
x 107° mol kg?. For each tie-line length (TLL) and each ATPS, three systems were
prepared: a blank without dye, a sample and a repliddese 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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_ (Abs™)x(fd™)

K= absP)x(faeP)

(1)

where(Abs™) and(AbsB?) are the absorbance of the dyes in the diluted upper phase
and the diluted bottom phase, respectively, discounting the absorbance of the

corresponding blanks, ai(fd™") and(fd??) 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:

TLL = [(CY% = CBRY? + (€, = CER? @

where C;/* and CJ* are the polymer concentrations in the top and bottom phases,

respectively, and’¥? andCE?P 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,G?)

For all ATPSs, the\,,.G® was obtained with the thermodynamic relationship given by

Equation 3:
A, G® = —RTInK (3)

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

extrapolatingk versus[dye] curves to zero dye concentration.
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2.3.2 Dyes transfer enthalpy chang@,,-H®)
Isothermal titration calorimetry (ITC) was used to determine the dye standard

dilution enthalpy chang@yg;H?) in the ATPS bottom and the upper phases. The
experiments were conducted in a CSC-4200 microcalorimeter (Science Corp.
Calorimeter). Theh,,.-H? values for all PhM dyes in each TLL was obtained with the

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

(AgiiHppy) 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 pL of the dyes stock solutions at a concentration of (5.8%xmt0d

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 poawesustime 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 (2bpcontrolled 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: in phase a (o = bottom or

upper phaseyersusdye concentrationAG;;Hpy,, 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 conditiorrst,(Hﬁ;l"l';,) for each PhM dye in
both ATPS phases.
The standard enthalpy change at infinite dilution condition was determined using

Equation 4:

f,00 __ oo,UP c0,BP
Aterm\/I - Aalill‘lphz\/I - AdialhM (4)
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Where: Ag Heo? and Ag Heys? are the dye standard dilution enthalpy change at

infinite dilution conditions in the upper and bottom phases, respectivemtaﬁﬁ;sj, is
thedye standard transfer enthalpy chaagefinite dilution condition.

2.3.3.Standard transfer entropy change 4,-5%)
The PhM dyes standard transfer entropy chaatgmfinite dilution condition

(TAtrS,‘f;ffV,) was determined with the classic thermodynamic relationship given by
Equation 5:

AtrGgilO;I = AtnghO;/I - TAtrSgiLo;l (5)
Where: Atng;f; is the dye standard transfer enthalpy chaagenfinite dilution

condition anchtrG,f,f}; is the dye standard transfer Gibbs free energy chanigéinite

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 beh&vidherefore it is
very important to determine the relationship between the PhM partition
coefficient(Kppm) and its total concentration with the ATPS studied in this work. If
Kppm Changes with increasing dye concentration, then different chemical species are
transferred between both ATPS phases. HowevE&g,if; is independent of the colorant
concentration, it can be concluded that only one chemical compound is traft$férred

Figure 2 shows the PhM partition coefficigiiy,,,) as a function of its total
concentration, in mol kg, in a PEO1500 +MgS& H,O ATPS at 298.15 K, in the first

TLL (5.27 mol kg?).
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Figure 2. K values of PhM dyes aa function of the concentration measured

PEO1500 + MgS@+ H,O ATPS at 298.15 K and TLL 1 = 5.27 molkg

It can be seen that the valueskgf, ¢z and otheiK,,,, 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 + Mg§» + HoO ATPS is to obtain dye UVis spectra for
each ATPS phase and compare them with W/spectra of dyes in pure water. In
aqueous solutions, the MV6B molecules exhibit two superimposed bands: the long
wavelergth a-band fmax= 590 nm), which corresponds to monomer absorption, and the
short wavelength B-band fmax= 550 nm), which corresponds to the dimer absorption
28_

The self-assembly process of MV6B can be studied by thevis\band
deconvolution method, which allows to calculate the contribution of the monomer and

dimer species for thgV-vis spectrum (Figure 3).
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Figure 3. UV-vis absorption spectrum of MV6B at a concentration of 3.9x1h0l

kg 1 (—), deconvolution result B band (..) and a band ¢--) obtained in: (a) pur

water, (b) M&Qsaqueousolutions , (c) ATPS salt rich phase and (d) ATPS poly

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

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

of the sum of two bands witkimax= 590 nm §¢-band) andimax= 550 nm(p-band), and

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

and the dye concentration. Figure 4 shows the tatiween the areas of the o and

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

of MV6B in pure water, in MGQs aqueous solution and APTS bottom and ug

phase of PEO1500 + M + H,O ATPS at 298.15 K at TLL = 5.27 mol kg

For 3.9 x 10° mol kg ! of MV6B in water (Figurea), the band is higher than
the o band (/B = 0.50), meaning that the presence of dimers is predominant.
Ghanadzadeht aP® 3° showed that methyl violet aqueous solutions at [MV86B].5 x
10°° mol L™ contain dimers in thermodynamic equilibrium with MV6B monomers, and
the amount of clusters increases as the dye total concentration increaEsSOn
aqueous solutien(Figure 3b and igure 4), monomers and dimers have almost the
same contributiono{= 0.89) to the UWis band, whilst in the ATPS salt rich phase
i.e, an aqueous mixture of Mg®Gnd PEO1500 (Figure 3c and figure 4), the
concentration of monomers is predomnn (a/f = 89). Since in MgS® aqueous
solutions there are almost equal concentrations of monomers and dimers, this higher
monomer concentration in the Mg&@ch 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 formatipn=(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
n-n interaction, which is controlled by directional overlapping of HOMOs with

LUMOs®L,

3.2. MV6B patrtition 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, eté3 At [MV6B] = 3.9 x 10° mol kg?, 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 patrtition in the
ATPS, we have examined the relationship betwi&gg, or A, Gy, 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(thgz andA.,-Gyes

values as a function of the TLL of the ATPS PEO1500 + MgE®.0O ATPS at 298

K.
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+ HO ATPS at 298.15 K.

The K¢ Values ranged between (105.58 + 4.03) and (8960.57 + 6.25) for TLL
magnitudes varying between 5.27 and 12.98 mol?! kghowing that MV6B
concentrated intensely in the upper ATPS phase. Moreover, an increase in TLL caused
an exponential increas& .z = 4.96 x 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 iSA.-Goveg = —R TIn Kyyep.

The results ofAtrGlﬁ';‘;B versus TLL are shown in Figure 5. T, Goyes
values for the PEO1500 + Mg%® H.O ATPS decreased with increasing TLL, ranging

from (-11.5 + 0.1) to€22.5 + 0.2) kJ mol. The negative values dftrG,g"}";B 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 extractiof®*3°, Shiri et aPf® 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) andSa or N&COs or (NH4)2SOQy or
KH2PQs.They found that the best ATPS performance for the dye extraction process was
effected with PEO4000 + N@Os + 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. Alvareeyaf* 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 J}&@, Li>SQs, MgSQ.7HO and
NaSQy] or organic [CitrNa (NakCsHsO7) and TartNa (N#CsH406.2H:0)] salts, for
which the highest K (150 < K < 1200 ) values were obtained with the PEO1500 +
LioSQs + H,O 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. Magestal'! studied the partition of the
natural dye Norbixin in different ATPS formed by organic saita&CsH40e6.2H.O and
C4HsOsNa.6H0) 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
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order: Kya,c,n,0.2 1,0- > Kc,n,0,6 1,0 @and the polymer hydrophobicity, withpko >
Kiss > Kppo The authors measured the valuesAgH (dye molar enthalpy transfer
change) by microcalorimetry, ranging fron2.71 kJ mof on the first TLL of ATPS
L35 + NaCsH406.2H0 + HO t0—9.10 kJ mofon the fifth TLL of the ATPS PPO400
+ NaC4Hs06.2HO + HO. 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 chartyg §?) and the standard transfer entropy change
(A,,-S?) to the standard transfer thermodynamic potentha)l¢?) must be determined.

Here we have proposed a novel approach to calculate these parameters.
3.3. Thermodynamic Transfer Parameters

Sincethere 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:f,,,) expressed by equation 6:

[PRM]YP.yEEy
[PhM]BP.yEE,

ApGluyy = —RT InKppyy = —R T In (6)

Where R is the ideal gas constant, T is the system temperpfaré] is the PhM
concentration angp;,, is the PhM activity coefficient. The superscript indexes BP and

UP are bottom and upper phases, respectively.

Despite the fact thatdtiation 6 is thermodynamically rigorous, it is of limited
use, mainly because in geneitais not an easy task to determine activity coeffident

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

thermodynamic state wheye does not affectA,,.GJ,,,. 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 whiclycase

1. With this assumption, Equation 7 is obtained:

[PAM]VP

AI:TGPhM —RTIn <[Pill§\1/;n—>0 W) = —RTanphM (7)

Where A, GE is the standard transfer Free Gibbs energy change at infinite dilution

condition, in which case Equation 8 is satisfied:

lim VPhM = VPhM =1 (8)

[PhM]—-0 [PhM]

To obtainKz;,,,, theKp,,, values were plotted against [PhM] and extrapoléted

[PhM] equal to zero. Applying Equation ZX,rGg;l‘}\'j, can be estimated, which represents
the system free energy change when 1 mol of PhM dyes are transferred from time botto

phase to the upper phase in infinite dilution conditions.

As is well known, in order to better understand the molecular processes
occurring within the systemis is necessary to determine the componentAt,oGPhM,

ie, AtnghM and Atrsg,'f;’l. To determine the standard enthalpy change at infinite

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

dilution state 4, PhM) Equation 9 can be applieth this transfer process the dye

molecule interacts only with components of the pbase
9,00 co, e}
AcHpy = AauHpny — DauHpyng )

TheAg Heoh? and Ay Hersfvalues are the dye dilution (in the upper phase and in the
bottom phase respectively) enthalpy chaagenfinite dilutions. The\,; Hpy3y (00 = UP

or BP) were determined through the curve of enthalpy change of dye dilutiondn the
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phase versus dye concentration AQ;Hpyy, VS [PhM]) by extrapolating the dye
concentration to zeroAu; Hpyy expresss the following interactions AHg, y—phu
AHpym-water, AHPpM—-saie @M AHpyy_po, Which could be simplified byA g, Hppy =
AHE y—pm + AH iy —sowent- At Infinite dilution, Ay, Hpy, becomes equal to

AHR - soment ONlY, becaus@Hz, _pny 1S €qual to zero at this thermodynamic state.

The standard transfer entropy change at infinite diIutimgSﬁ;l",‘j,) can be

calculated with Equation 10.

A HE® — AL G
Atr5§;5\}= tr PhMT trYPhM (10)

Applying these theoretical approachesthe partition process of MV6B, we
have obtained all thermodynamic parameters for the transfer of MV6B in the PEO1500

+ MgSQ + HO ATPS, as a function of the TLL at 298.15 K (Tabje 1

Table 1L Thermodynamic transfer parameters of MV6B as a function of the TLL
values in the PEO1500 + Mg + H,O ATPS at 298.1K.

TLL BorGhives AerHiives TAwrShives
mol kg* kJ mol?

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

Ay HY® . values ranged from—25.50 + 0.02) to99.61 + 0.04) kJ mot,
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 incheasf...,
could be considered as a combination of four types of interactions, as expressed by
Equation 11.

6,0 o) oo oo %)
AtTHPhM = AintHPhM—BP + Ai?’ll“I_IBP—BP-|_Ai1’li,“I_IUP—UP + Al'TltI_IPhM—UP (11)
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whereA;,.Hpy,—pp 1S the energy spent to break the interactions of PhM molecules and
the bottom phase components;,,:Hgp_gp iS the energy released when the bottom
phase components interact with the that solvated the MV6B moledyeRp_yp IS

the energy required to disrupt the interactions among the upper phase components in
order to allocate MV6B molecules; alg,,.Hpy, ) —yp IS the decrease in the system
energy due to the formation of the new interactions between PhM molecules and the

upper phase components. Sidg ,?;;4 was negative, one can conclude that:

|AineHgp—pp + DineHpyhy—uyp| > |1AintHppp—pp HAine Hip—ypl (12)

As TLL values increase, the number of PEO-PhM and PhM-salt interactions
increases, and sinc&ter,,"‘}"sB became more negative the differeidgHgp_gp +
AieHeyy—up| — |AineHphm—ppHAineHpp—ypl becomes higher. This enthalpic
contribution to thel,;,), values can be describbgt a model developed by Johanssbn

al.® (Equation 13), where enthalpic effectsi),,, can be represented as:

3 2 3
D @Y = B g + ) ) (@D — P OE Iy | (13)

a=1 a=1b=2

Mppym
RT

InKppy = —

Where®d!P and®2? are the volume fractions of componenin the upper and bottom
phase respectively, (being = water or polymer or saltMp,,, is the PhM dye molar
mass,w,_ppy andw,_, are the energies of effective potential parPhM and a-b.

These energies can be defined by Equation 14.

1
Wap = Z(Sab - E (Saa + ebb)) (14)

WhereZ is the number of neighboring molecules that interact withattemponent

£q4p represents the interaction energy involved in the formation of the potential pair, and
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£qq and g, represent the energies resulting from the break of atae and b-b

interactions, respectively.

Based on equation 14, the enthalpic interactions affect the partition behavior be
means of two terms, the first beif_,(®YF — ®EP)w,pny, 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, @egative A”H,i’;:; refers to a specific interaction between PhM
molecules and PEO segmentg;§_p,y< 0) in order to make the terjd>_,(®YF —
DEPYw,pnm Negative. The second termz_; Yi_, (@YY dl? — dBP dBPywy,, 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:

MPhM [

InKppy = TTRT (Wyp—phm — Eup) — Wgp_prm — Egp)] (15)

Where Wyp_pny represents the energy released because of new intermolecular
interactions formed between PhM molecules and the components of the upper phase,
whist Ep is the energy requirei break intermolecular interactions among the upper
phase components to obtain cavities in this phase that accommodate PhM molecules.
On the other handWzp_pny represents the energy required to break intermolecular
interactions between PhM with the components of the bottom phasdzand 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 df..H2:y, mean thal Wyp_ppy + Egpl> | Wap_pnu + Eupl
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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 Johansson3t thle 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.

MMV6B nUP nBP
ln KMV6B = ) VUP - VBP (16)

where Kyyep and My, are the partition coefficient and the molecular weight of
MV 6B respectively, whilei’Pandn? are the total number of molecules in the upper
and bottom phases which, when divided by Y& andV2?, result in the molecular

density number of each phase. Finaplyjs 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 + Md$%0O
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 conteA{H, 0] 4rps) between both ATPS phases, as

indicated by Equation 17:

A[HZO]ATPS = [HZO]BP - [HZO]UP (17)

Where[H,0]zp and[H,0],p are the concentrations of water, in mot’kn the bottan
and upper phases respectively. For this specific AIB,0] 4rps Values range from
8.86 mol kg for the first TLL to 13.82 mol K¢ for the last TLL, showing that the

concentration of water in the bottom phase is higher than in the upper phase. Moreover,

theseA[H,0] 4rps Values are enlarged as TLL increases. As a conseqdén(,:ﬁ,ﬁ'[?‘;B

BP
becomes negative because dye molecules move from the bottom phase’—;@%igl‘ter

UpP
the upper phase (Iowe’;@), thereby reducing the system entropy. Figure 6 shows

TA,SS™ - Versus Anygeer (AMywater = AnBE,., — AnUP,..), 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. TA.,.S5™ . values as a function oA[H,0]rps = [H201gp — [H20]yp]

for the PEO1500 + MgSOr H,O ATPS at 298.1K.

3.4. Effect of PhM chemical structure on the thermodynamic transfer

As discussed o, GE:> and A, HES, for MV6B in the PEO1500 + MgSO+
H>O 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 gyih;,,, 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. AgyHY s (@) andA,, HED » (b) as a function of dye concentration
upper and bottom phases of PEO1500+Mg3$00 ATPS at 298.15 K.

The result ofAy;Hyyep Versus [MV6B], Derives in a mathematical equation usually
polynomial of 2 order (equations 18)

AgitHyvep = Intercept + b[MV6B] + a[MV6B] (18)
Thus when the dye concentrations are zero (Infinite dilution state)

AgitHyvep = INtercept (29)

Table 2 Kyyeg ValuesAg; Hyyep Values in upper (UP) and bottom (BP) phases,
the TLL of PEO1500 + MgSO+ H.O ATPS at 298.1K.

TLL Kuves AgiHyives DauHiven
mol kg? kJ mott
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

67



214 b
18-
. o 154
S o . 1
= £ 124
2 2
= 'S
2] -~ 9_
S 3
§ S 6. -=TLL1
T IE | —eo—TLL2
_ M < 0'- DEly
1os) ) ] —eo—TLL5
0.0 3.0x10° ) 6.0x10° 0.0 2.0>|<105 4.0>|<105 6.O>I<105
[VM10B] / molL [VM10B] / molL ™

Figure 8. Ay HYY 105 () andA,; HED .5 (b) as a function of dye concentration
upper and bottom phases of PEO1500+Mg3$0Q0 ATPS at 298.15 K.

Table 3. Kyy10g Values andd;;Hypyvqop Values in upper (UP) and bottom (B
phases, for the TLL of PEO1500 + Mg&®H,O ATPS at 298.1K.

TLL Kuvios AdLlHMVloB AdleﬁngB
mol kg kJ mot?
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. Ay HYD .5 (a) andAg; HED .5 (b) as a functions of dye concentration
upper and bottom phases of PEO1500+Mg3$0Q0 ATPS at 298.15 K.
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Table 4.Ky,5 Vvalues and\;;;Hyyy»5 Values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 + MgSO+ H.O ATPS at 298.1K.

TLL Kwvag DauHyvzp AaiHiv2s
mol kg* kJ moft kJ moft
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.A4,HYE, (a) andA,;, HEE, (b) as a function of dye concentration in up|
and bottom phases of PEO1500+Mg$B3,0 ATPS at 298.15 K.

Table 5 Kpp, values and\;Hpr4 values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 + MgSO+ H.O ATPS at 298.1K.

TLL Kpra AquHEgs AgyHERs
mol kg? kJ mott

5.270 54.550.07 -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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Table 6. Kyyp Vvalues and\;;;Hy, s Values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 + MgSO+ H.O ATPS at 298.1K.

TLL Kuvs AquHyive AauHyve
mol kg kJ mot?
5.270 113.60+0.07 -41.79+0.01 -7.32+0.05
8.056 927.93:0.01 -43.23+0.04 13.11+0.07
9.949 2109.310.04 -47.81+0.01 25.69+0.03
11.669 3703.620.05 -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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0 guuu=sossssssesd b
o] =T 30 /,/Mw‘m
—o-TLL?2
< 10 —&TLL 3 - 20+ W
S 01 wTLL4 <)
5-15- TS 5 104
3 204 2 o
L L
q 5. a < 50
07 o 0000000000000 .20
0.0 2.0)|<105 4.0>'<105 6.0)I<105 0.0 2.0>'<105 4.0>'<105 e.o;aos
[AUR] / molL ™ [AUR] / molL

Figure 12.A,4;HYE, (a) andA,;, HE R (b) as a function of dye concentration in up;
and bottom phases of PEO1500+Mg$B,0 ATPS at 298.15 K.
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Table 7. K,y values and\;; H 3z Vvalues in upper (UP) and bottom (BP) phas

for the TLL of PEO1500 + MgSO+ H.O ATPS at 298.1K.

TLL Kaur AauHiyn DauHigR
mol kg* kJ moft

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 th
of PEO1500 + M§Qy + H,O ATPS at 298.1K.

TLL 1/5.27 mol kg*

PhM dyes AtrGg';;oM AyH g,;:oM TAtrS%IC:OM
kJ mol?
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
MV B -11.7+40.01 -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?
MV 10B -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
MV 2B -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*
MV 10B -19.08+0.04 -65.04+0.05 -45.86+0.01
MV 6B -18.01+0.02 -55.93+0.10 -37.40+0.08
MV 2B -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 molkg™?
MV 10B -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
MV 2B -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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TLL5/12.99 mol kg-1

MV 10B
MV6B
MV 2B

PRA
MVB
AUR

-21.68+0.01
-21.11+0.03
-20.57+0.07
-18.60+0.09
-21.55+0.04
-15.59+0.07

-109.20+0.04
-99.63+0.08
-89.71+0.09
-50.76+0.10

-120.84+0.03
-52.24+0.09

-87.35%£0.03
-78.42+0.05
-69.04+0.02
-32.06+0.01
-99.19+0.07
-36.57+0.02

The dependence of,.Gory, Ay-Hore and TA. S5 on the dye chemical

structure can be described from different contributions, as described below.

3.4.1. Contribution of the number of CHs groups.

TheAtrGﬁ;L‘f,, values as a function of the number of {3joups, for the partition of PhM

dyes different in the PEO1500 + @4 + H.O ATPS are show in the figure 13.
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Figure 13. AtrG,?;f}\'} values as a function of the number of £gtoups, for the
partition of MV10B or MV6B orMV 2B or PRA in the PEO1500 + N + H.O
ATPS at 298.15 K

The number of methyl groups on the dye molecules decreases in the following

order: MV10Be.chs) > MV6BE.cHy) > MV2B@4chz) > PRAocHz). The change oithe
degree of dye methylation affects tIA@rGf,’,'l‘}; values becomes slightly more negative

with increasingCHzs for all TLL values. By using a simple linearization fit of the

72



AyGlioe versusnumber of CH curves, we have obtained slope values that are almost

independent of TLL, which enables the calculation of an average magnitude for the term

L)
a::% = -0.56+0.03 kJ mol. This result shows that the transfer of 1 mol ofsCH
H3

groups at infinite dilution from the bottom phase to the upper phase decreases the
system Gibbs free energy by 0.56 kJ. Silvegtoal®® studied thepartition 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 tra@sfer of

groupsin the ATPS formed by PEO8000 or UCON (an EO-PO random copolymer) and
inorganic salts NaeSQu, Li2SOy or (NHz)2SQy). TheAtrGg’Hz values were—0.64 kJ
mol*for the ATPS formed by PEO NaxSQy + H20; —0.69 kJ mol* for PEO +Li,SQy

+ H20; —0.82 kJ mol* for PEO + (NH)SQs + H20; and for systems containing UCON
the corresponding values AITGE’HZ were:—0.89,-0.75 and-1.01 for NaSQu, LioSOy
and (NH}SOQu respectively. The authors have attributed t:k}i,s(;g’H2 magnitude to a

more favorable hydration of GHgroups in the polymer-rich phase than that in the
electrolyte-rich phase because the aqueous polymeric phase is more hydédphabic

order to confirm this hypothesis, it is necessary that the authors to determine the
enthalpic and entropic componentsﬂg;tGgHz, and the same must apply to the present

study.

Thereforethe Fgure 14 shows tha,,.HS% andTA,,.S5% values as a function

of the number of CElgroups present in the chemical structure of different PhM dyes.
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Figure 14. Atngh",}} (@) andTAtrS,th (b) values as a function of the number ofsC
groups, for the partition of MV10B or MV6B avlV 2B or PRA in the PEO1500

MgSQs + H.O 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 enthalp$0& 0.01 <
A HSS, < —109.26 £ 0.03 kI mot) and entropy &50+ 0.02 <A, S5, <
—87.45 + 0.02 kJ motY), and, as the methylation degree of the PhM dye molecule

increases, tha,,.HS%5, and TA,,.Sfs,, values become more negative.

As occurred WlthAtrGgh",?,,, the values of\.,.HS, (Figure 14a) and'A,.S55,

(Figure 14b) decrease proportionally with increasing number afdtélips. However,

G A HE ATA- S8
contrary toR; = % the values oy = % andRg = % depend on
CH3 CH3 CH3

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 CH; groups is transferred from the bottom to the upper phase. Figure 15 shows

Ry andRs as a function of the TLL for the PEO1500 + 8@ + H.O ATPS.
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Figure 15. Ry (-m-) and R (-e-) values as a function of TLL for the PEO150C

MgSQs + HO ATPS at 298.15 K (a) arRl; versusRs (b).

The Ry values show that the transfer of 1 molGHlz 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. mgsg’g; values are

similar toAtngf,‘;, 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 EH>-CH- groups), both the entropy and enthalpy decrease compensatory
and proportionally (Figure 9b) resulting in small system free energy decrease, probably

because both groupsdHsz and CH,-CH>-) are very hindered.
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3.4.2. Phenyl groups contribution.
While AUR is a diphenylmethane (DPhM) dye and tMV/2B is a

triphenylmethane (TPhM) dye, both molecules are similarly substituted. Therefore, both
structures only differ by a benzene ring (Figuje 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 thg.G2:o values as a function of TLL for AUR

and MV2B partitioned in the PEO1500 + BQ: + H.O ATPS.
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Figure 16. (@) AyGayy Of AUR (-e-) and MV2B (m-) (b) AAyGrvop_aur @S2

function of TLL for the PEO1500 + Mg0s + HoO ATPS at 298.15 K.

The Atersz values are more negative thaﬁtrGf,'j’;, indicating that

hydrophobic interactions contribute to the phenilmethane dyes partition thermodynamic,
and the differenceAd, G2 n sur = AwGios — DuGln (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, tha,.G,_, - 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, th&, Hery, and TA,,.S2 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) A-HSo and (b) TA,SE%, values of AUR (e-) and MV-2B (=-) as

a function of TLL in the PEO1500 + M + H.O 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. HoweyeH AUR(DPhM) >
Agrr Msz(TPhM) 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 ofAtr e N 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
TA.. S5 values for both dye structures decreases as TLL increaseBAthE:"> are

higher tharTAtrS,Z'{}‘;B. 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 MY6B 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 afd Loh
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 tha,,.G2:> values as a function of TLL for MV6B and MVB

partitioned in the PEO1500 + gy + H.O ATPS.
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Figure 18. AtrGﬁ;ffV, as a function of the TLL for MV6B (e-) and MVB (m-)

partitioned in the PEO1500 + Nsg% + H.O ATPS at 298.15 K.

The A, G2 values for both ionic and neutral structures become more negative
with the increment in TLL, ranging from-{1.5 + 0.1) to {21.0 £ 0.2), and from
(—11.7 + 0.1) to £21.7 + 0.2) kJ mot), for MV6B and MVB respectively. When the

dye molecule is chargedtrG,?,'m values are a little less negative, but the difference is

around the experimental error of tha,.G2% measurement, so the electrostatic

interaction does not contribute to the thermodynamic transfer potential. However,

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 determineAtt,Hé,f;{f,, and

TA..S5> values for both structures. Figure 19 shows thgHZ'r (18a) and
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TA.-S PhM ° (18b) values for thé1V6B and MVB dyes as a function of the TLL for the

PEO1500 + M§Qs + HO ATPS at 298 K.
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Figure 19. (a) A-HS% and (b) TA,.SZ% values of MV6EB (e-) and MVB (s-) as

a function of the TLL in PEO1500 + Mgy + H.O 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 betw2gS £ 0.1 <
ApHESep < —99.6 + 0.3 kJ mot!) and 35.5 + 0.4 < A, Hips < —120.8 4 0.7 kJ
molt) for MV6B and MVB respectively. Similarly, the entropy change varies between
(=23.7+ 0.4 < TA,Spes < —784+01 kJ mot) and (24840.7<
TALSEs < —99.2 + 0.7 kJ mot) for MV6B and MVB respectively. Clearly, the
values of A.,-HSo and TA.,.S5;% show significant differences for the ionic and neutral
structures. The magnitude ofAAtrHMV(B 6By = AtrH,%{fg AtrH,HWGB 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 madeA{dTAtrS,e,’{,"’(B_GB)]. The

80



Figure 20 presentﬁAtrH,[‘;’;"(B_w) and A[TAWS,[‘;'{}‘ZB_M)] as a function of TLL for the

partition of the dye in the PEO1500 + MgS©H20 ATPS at 298.15 K.
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Figure 20. AA.Hyip opy (-m-) and A[TA,, Sy s o] (-o-) values as a functio

of the TLL for the dye partitioning in the PEO1500 + 8@ + H.O ATPS at 298.1¢

K.

The MDA Hyps sy Values are always negative
(AieHmves—sp™ AineHyys—pp), 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 favorableA(,:Hyvs—up > AintHaveg—yp 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, theAAterf;’(B_w) values become more negat&®TLL increases,

indicating that the enhanced interactions between6Bi\(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 phaseATrAl,eS,[‘;'{fEB_GB) versus
TLL curve shows similar behavior of thmAtrHﬁ"‘sz_w) versus TLL curve.

TheTAtrS,‘Z,"f; values are more negative th&mtrs,f,'lj";B, 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 parameterd,,.G%®, A,H®® and TA,S%*) 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 dfHs or charge or benzene ring were very small
for A,.G%%, whilst their effects orA,,H%® and TA,,.S%* were more intense. The
methyl group contribution or A,H®* and TA,,.S%* occurred by means o#
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.

82



5. Referenes

1. Zafarani-Moattar, M. T.; Shekaari, H.; Jafari, P., Aqueous two-phase system based on
cholinium chloride and polyethylene glycol di-methyl ether 250 and it use for
acetaminophen separatiah.Chem. Thermody2017,107, 85-94.

2. Kress, C.; Sadowski, G.; Brandenbusch, C., Solubilization of proteins in aqueous
two-phase extraction through combinations of phase-formers and displacement agents.
Eur. J. Pharm. Biopharn2017,112 38-44.

3. Wu, H. R;; Yao, S.; Qian, G. F.; Song, H., Development of tropine-salt aqueous two-
phase systems and removal of hydrophilic ionic liquids from aqueous soldtion.
Chromatogr. A2016,1461, 1-9.

4. Mathiazakan, P.; Shing, S. Y.; Ying, S. S.; Kek, H. K.; Tang, M. S. Y.; Show, P. L,
Ooi, C. W.; Ling, T. C., Pilot-scale aqueous two-phase floatation for direct recovery of
lipase derived from Burkholderia cepacia strain S3&p. Purif. TechnoR016,171,
206-213.

5. Sant'Anna, V.; Correa, A. P. F.; da Motta, A. D.; Brandelli, A., Liquid-liquid
extraction of antimicrobial peptide P34 by aqueous two-phase and micellar systems.
Prep. Biochem. Biotechn®016,46 (8), 838-843.

6. Lee, S. Y.; Khoiroh, I.; Ling, T. C.; Show, P. L., Aqueous Two-Phase Flotation for
the Recovery of BiomoleculeSep. Purif. Rex2016,45 (1), 81-92.

7.Zhang, Y. Q.; Sun, T. C.; Lu, T. Q.; Yan, C. H., Extraction and separation of tungsten
(VI) from aqueous media with Triton X-100-ammonium sulfate-water agueous two-
phase system without any extractantChromatogr. 2016,1474 40-46.

8. da Silva, L. H. M.; da Silva, M. D. H.; Amin, J.; Martins, J. P.; Coimbra, J. S. D;

Minim, L. A., Hydrophobic effect on the partitioning of Fe(CN)(5)(NO) (2-) and

83



Fe(CN)(6) (3-) anions in aqueous two-phase systems formed by triblock copolymers
and phosphate saltSep. Purif. TechnoR008,60 (1), 103-112.

9. Ebrahimi, T.; Shahriari, S., Extraction of Betanin Using Aqueous Two-Phase
SystemsBull. Chem. Soc. Jpr2016,89 (5), 565-572.

10. Mageste, A. B.; de Lemos, L. R.; Ferreira, G. M. D.; da Silva, M. D. H.; da Silva, L.
H. M.; Bonomo, R. C. F.; Minim, L. A., Aqueous two-phase systems: An efficient,
environmentally safe and economically viable method for purification of natural dye
carmine.J. Chromatogr. £009,1216(45), 7623-7629.

11. Mageste, A. B.; Senra, T. D. A.; da Silva, M. C. H.; Bonomo, R. C. F.; da Silva, L.
H. M., Thermodynamics and optimization of norbixin transfer processes in aqueous
biphasic systems formed by polymers and organic sa¢fs. Purif. TechnoR012,98,

69-77.

12. Salabat, A.; Abnosi, M. H.; Motahari, A., Investigation of amino acid partitioning in
aqueous two-phase systems containing polyethylene glycol and inorganicJsalts.
Chem. Eng. Dat2008,53 (9), 2018-2021.

13. da Silva, N. R.; Ferreira, L. A.; Madeira, P. P.; Teixeira, J. A.; Uversky, V. N.;
Zaslavsky, B. Y., Analysis of partitioning of organic compounds and proteins in
aqueous polyethylene glycol-sodium sulfate aqueous two-phase systems in terms of
solute-solvent interactiond. Chromatogr. 2015,1415 1-10.

14. Rodrigues, G. D.; de Lemos, L. R.; Mendes da Silva, L. H.; Hespanhol da Silva, M.
d. C.; Minim, L. A.; dos Reis Coimbra, J. S., A green and sensitive method to determine
phenols in water and wastewater samples using an aqueous two-phase T3isteta.

2010,80 (3), 1139-1144.

84



15. Hao, L. S.; Liu, M. N.; Xu, H. M.; Yang, N.; Nan, Y. Q.; Deng, Y. T., Partitioning

of Dyes, Free Anthraquinones, and Tanshinones in Aqueous Two-Phase Systems of
Cationic/Anionic Surfactantd. Dispersion Sci. Techn®@015,36(7), 1047-1058.

16. Di Nucci, H.; Nerli, B.; Pico, G., Comparison between the thermodynamic features
of alpha 1-antitrypsin and human albumin partitioning in aqueous two-phase systems of
polyethyleneglycol-dextrarBiophys. Chen001,89 (2-3), 219-229.

17. Dreyer, S.; Salim, P.; Kragl, U., Driving forces of protein partitioning in an ionic
liquid-based aqueous two-phase systBrachemical Engineering Journ2D09,46 (2),
176-185.

18. Jimenez, Y. P.; Galleguillos, H. R.; Claros, M., Liquid-liquid partition of
perchlorate ion in the aqueous two-phase system formed by NaNO3 + Poly(ethylene
glycol) + H20.Fluid Phase Equilibria2016,421, 93-103.

19. Chen, Y. H.; Deng, Y. C.; Meng, Y. S.; Zhang, S. M., Partitioning Equilibria and
Thermodynamics of Gallium, Indium, and Thallium in Aqueous Two-Phase Systems.
Chem. Eng. Dat2015,60 (5), 1464-1468.

20. Lu, Y. M.; Lu, W. J.; Wang, W.; Guo, Q. W.; Yang, Y. Z., Thermodynamic studies
of partitioning behavior of cytochrome c in ionic liquid-based aqueous two-phase
system.Talanta2011,85 (3), 1621-1626.

21. Rengifo, A. F. C.; Ferreira, G. M. D.; Ferreira, G. M. D.; da Silva, M. C. F;
Rezende, J. D.; Pires, A. C. D.; da Silva, L. H. M., Driving forces for chymosin
partitioning on the macromolecule-salt agueous two phase syseod Bioprod.
Process2016,100, 361-371.

22. Martins, J. P.; Carvalho, C. d. P.; Silva, L. H. M. d.; Coimbra, J. S. d. R.; Silva, M.
d. C. H. d.; Rodrigues, G. D.; Minim, L. A., Liquitiquid Equilibria of an Aqueous

Two-Phase System Containing Poly(ethylene) Glycol 1500 and Sulfate Salts at

85



Different Temperatureslournal of Chemical & Engineering Dat2008,53 (1), 238-

241.

23. Huddleston, J. G.; Willauer, H. D.; Rogers, R. D., Phase Diagram Data for Several
PEG + Salt Aqueous Biphasic Systems at 25Jdlirnal of Chemical & Engineering
Data2003,48 (5), 1230-1236.

24. Lueck, H. B.; Rice, B. L.; McHale, J. L., Aggregation of triphenylmethane dyes in
agueous-solution - dimerization and trimerization of crystal violet and ethyl violet.
Spectroc. Acta Pt. A-Molec. Biomolec. Spet®92,48 (6), 819-828.

25. Akama, E.; Tong, A. J.; Ito, M.; Tanaka, S., The study of the partitioning
mechanism of methyl orange in an aqueous two-phase syt&damta 1999, 48 (5),
1133-1137.

26. Baraldi, I.; Caselli, M.; Momicchioli, F.; Ponterini, G.; Vanossi, D., Dimerization o
green sensitizing cyanines in solution. A spectroscopic and theoretical study of the
bonding natureChemical PhysicR002,275(1-3), 149-165.

27. Mironova, D. A.; Muslinkina, L. A.; Syakaev, V. V.; Morozova, J. E.; Yanilkin, V.
V.; Konovalov, A. I|.; Kazakova, E. K., Crystal violet dye in complexes with
amphiphilic anionic calix 4 resorcinarenes: Binding by aggregates and individual
moleculesJournal of colloid and interface scien2813,407, 148-154.

28. Dimitrijevic, N. M.; Takahashi, K.; Jonah, C. D., Visible absorption spectra of
crystal violet in supercritical ethane-methanol solutidsurnal of Supercritical Fluids
2002,24 (2), 153-159.

29. Ghanadzadeh, A.; Zeini, A.; Kashef, A., Environment effect on the electronic
absorption spectra of crystal violdburnal of Molecular Liquid2007,133 (1-3), 61-

67.

86



30. EGERTON, G. S.; MORGAN, A. G., The Photochemistry of DyesSbme
Aspects of the Fading ProceBgepartment of Polymer and Fibre Science, University of
Manchester Institute of Science and Technol®j0,Box No. 88

31. Avakyan, V. G.; Shapiro, B. I.; Alfimov, M. V., Dimers, tetramers, and octamers of
mono- and trimethyne thiacarbocyanine dyes. Structure, formation energy, and
absorption band shiftRyes and Pigmen®014,109, 21-33.

32. Rashidi-Alavijeh, M.; Javadian, S.; Gharibi, H.; Moradi, M.; Tehrani-Bagha, A. R.;
Shahir, A. A., Intermolecular interactions between a dye and cationic surfactants:
Effects of alkyl chain, head group, and counteri@aolloid Surf. A-Physicochem. Eng.
Asp.2011,380(1-3), 119-127.

33. Shiri, S.; Khezeli, T.; Lotfi, S.; Shiri, S., Aqueous Two-Phase Systems: A New
Approach for the Determination of Brilliant Blue FCF in Water and Food Sambples.
Chem.2013 6.

34. de Alvarenga, J. M.; Fideles, R. A.; da Silva, M. V.; Murari, G. F.; Taylor, J. G.; de
Lemos, L. R.; Rodrigues, G. D.; Mageste, A. B., Partition study of textile dye Remazol
Yellow Gold RNL in aqueous two-phase systefisid Phase Equilibria2015,391, 1-

8.

35. Johansson, H. O.; Karlstrom, G.; Tjerneld, F.; Haynes, C. A., Driving forces for
phase separation and partitioning in aqueous two-phase systiumal of
Chromatography B998,711(1-2), 3-17.

36. Silverio, S. C.; Madeira, P. P.; Rodriguez, O.; Teixeira, J. A.; Macedo, E. A.,
Delta G(CH2) in PEG-salt and Ucon-salt aqueous two-phase sysiefdbem. Eng.

Data 2008,53 (7), 1622-1625.

87



37. da Silva, L. H. M.; Loh, W., Calorimetric investigation of the formation of aqueous
two-phase systems in ternary mixtures of water, poly(ethylene oxide) and electrolytes

(or dextran)Journal of Physical Chemistry 000,104 (43), 10069-10073.

88



CAPITULO 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 t
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 0,G%* A, H?” and TA,.S%®). The CHs and phenyl groups increase
hydrophobicity degree on the dye structure rendering the transfer more efficient from
ATPS the bottom phase to the upper phase decreasingt,tﬁé,’lﬁ values in an
entropically and enthalpically directed process favored by intermolecular interactions
that depend otthe 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 valued, ;3;;;; and TAtrSf,;f;

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 speciek!* is based on the simplicity to modulate some the
system properties, such as: relative hydrophoBicépd ionic strengt, 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 ATH8e Van't Hoff approximation was the first
approach used to study thermodynamics the process of partitioning solutes, evaluating
the effect chemical nature of ATPS compongnts®’. The authors who used this
approximation determined the partition coefficienky @t different temperatures and

with the relation IrK versus 1/T they calculated thg.H 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 value¥ .ofOther authors recently used
isothermal titration calorimetry to determidg.H values, titrating solute solutions in

both phases of ATBP%?2 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 valyeR of

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 changA,,G%*), standard transfer enthalpy chanA,,H?*) and
standard transfer entropy chanTA,,.S%%) 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).

N NH2+ . N/CHa
IN ci I cl \
H3C\NN/CH3 | |
| |
CHs CHs ch\N N/CH3
H2N NH; <‘:H3 L‘“,H3
AUR PRA MVB

MV2B MV6B MV10B

Figure 1. PhM dyes molecular structures

90



2. MATERIAL AND METHODS

2.1 Materials

Poly(ethylene oxide) (PEO), with a molar mass of 1500 g*nithk triblock copolymer
L64 with a molar mass equal to 2900 g thahd poly(ethylene glycol) (PPG), with a
molar mass of 425 g mblwere purchased from Synth (Brazil). The inorganic salts
lithium sulfate (LbSQu; 98.0%), sodium sulfate (N&Qs; 99.0%), magnesium sulfate
heptahydrate (MgS@7H-0), the organic salts sodium Acetate (AcetNa,;
NaGH30.: 3H0; 99.5%) sodium tartrate (TartNa; XaH4Oes-2HO; 99.5%), and
sodium citrate (CitrNa; N&eHsO7-2H0O; 99.0%), were all purchased from Vetec
(Brazil). The PhM dyes M10B (purity > 90%), MV6B (purity > 90%), MV2B (purity

> 98%), PRA (purity > 90%), 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 didgfame 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 systemachieved 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, théf uL. of the PhM dye stock solution

were added (3.1x1® mol kg?) in two tubes a sample and a replicate leaving one
without dye (white). The final concentration of the dyes in the tubes was 3.9wal0

kg?l, 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 coefficientsKdy,) between both phases was
determined by the concentration ratio of the analyte in each phase of the ATPSs studied
In agreement with the Bedrambert law, the absorbance of the analyte at a specific
wavelength is directly proportional to the analyte concentration. Thusthe value
can be given as described in Equation 1.

_ (Abs™)x(Fd™)
Kenw = CAps5P)x(FdPP) M

where (Abs™)and (AbsB?) are the absorbances the dyes of the diluted top phase and
the diluted bottom phase, respectively, discounting the absorbance of the corresponding
blanks, anc(fd™?) and (fdB?) are the dilution factors of the phases.

The Kppy 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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pol salt

TLL = J(cUP — CBRY2 + (CUE, — CBP )2 2)

where Cj5, and Cj;; are the polymer concentrations in the top and bottom phases,

respectively, and’2;, andC2f, 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
(AG%)

For all ATPS studied, tha,,.6%> was obtained following the thermodynamic
relationship:

Ay G®® = —RT InKppy (3)
where R is the real gas constant in (kJ ilY), T is the absolute temperature,
andkp,, is the dyes partition coefficient obtained at infinite dilution state.
(extrapolating oKy, versus [PhM] curves to zero dye concentration.

2.3.2 Standard transfer enthalpy change at infinite dilution stat€A,, H%>)

Isothermal titration calorimetry (ITC) was used to determine the dye standard
dilution enthalpy changat infinite dilution state (A,;H%®) 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 ﬂA;eHg;f&) was determine

using the following equations:

6,0 __ o,UP co,BP
AtrHPhM - AdilHth\/1 - AdilHPhM (4)
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where:Aq, Hevol and Ay, Heys! 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 state4,,$%*)

The PhM dyes transfer entropy change at infinite dilution statess{"*) was
determined from the following classic thermodynamic relationship:

TAtrSH'OO = AtrHe'oo - AtrGg'Oo (5)

Where:AtrH,f;f; is the dye standard transfer enthalpy chaatgefinite dilution

state andAtrG,f,ffw is the dye standard transfer Gibbs free energy changefinite

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 ATPS

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+MgEDATPS
(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 changeel
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In order to answer these questidhe 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 concentratiorlence, 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 segmefitsTherefore, 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 coefficigtit,, ) values ofMvV10B, MV6B,

MV2B, PRA, MVB and AURas a function of the TLL of (PEO1500 or L64 or PP0O425) +

NaSQ; + HO ATPS at 298.15 K.
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Figure 2. Kppy, values of MV10B (A-), MV6B (-e-), MV2B (-m-), PRA (-¥-)

MVB (-¢-), AUR (-0-) asa function of the TLL of PEO1500+N8Qs+H.0 (a),

L64+NaSOy+H20 (b) and PPO425+ N8Ow+H-0 (c) ATPS at 298.15 K.

Independent of the ATPS th&p,,, values were greater than one for all PhM
dyes, meaning that the dye molecules were preferably concentrated in the pakmer
phase. For the three ATPSs studied kg, values increase exponentially when the
concentration of the ATPS components increment (TLL) and this values are greater
when the number of phenyl an@Hs 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 PEOQO than that L64 or PPO.

However, for a better understanding the relationship between the functional
groups contribution and thé,,,, values in the different ATPSs, the standard
thermodynarnt transfer parameters at infinite dilution state for each dye in the different
ATPS studied. The Atr(;;’;;;; was obtained from equation 3 using tkgy,, values
shown in the figure 2. To determim@ng;l",‘\’,, values the equation 4 was applied, using
the relationship the dilution enthalpy variation of the dye in each phase versus the dye

concentrationX4; Hpy,,, 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 (Atrsg,'{j\’,,) 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.

G

10]--TLL?2

—-A—TLL 3
0{—-wTLL4

-304
.50

-40- M
-60- M -501
o] M -60- M

'70'| T T T
0.0 2.0x16°  4.0x10°  6.0x10° 0.0 2.0x10°  4.0x10°  6.0x10°

[MV10B] / molL ™ [MV10B] / molL *

/ kImol™
S

-404

ouUP -1
Adil H MV10B / kJmOI

oBP

MV10B

AdilH

Figure 3. Ay Hib105 (@) andAg; HED o5 () as functions of dye concentration
upper and bottom phases of PEO1500:8@+H>0 ATPS at 298.15 K.

The result ofA;;Hyy10p VErsus [MV10B], derives in a mathematical equation
usually polynomial of 2 order (equations 6)

AgitHyv10p = Intercept + b[MV10B] + a[MV10B] (6)
Thus when the dye concentrations are zero (Infinite dilution state)
AgiiHyv10g = INtercept (7

Table 1 Kyy10p Vvalues andd;; Hyyvqop Values in upper (UP) and bottom (B
phases, for the TLL of PEO1500 +4$&% + H-O ATPS at 298 K.

TLL Kmvios AgiHrivios AgiHyivios
mol kg? kJ mott

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.
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upper and bottom phases of PEO1500:8@+H.0 ATPS at 298.15 K.

Table 2 Kyyeg Vvalues andd,;Hyyep Values in upper (UP) and bottom (B
phases, for the TLL of PEO1500 +1$&% + H,O ATPS at 298.1K.

TLL Kmves AaiHitves AgyHipves
mol kg kJ mot?

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. Ay HYb,5 (@) andAg; HED, 5 (b) asa functions of dye concentration i
upper and bottom phases of PEO150G:80a+H.O ATPS at 298.15 K.

Table 3 Ky, Vvalues andA,;Hyyop Values in upper (UP) and bottom (B
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phases, for the TLL of PEO1500 +4$& + HO ATPS at 298.1K.

TLL Kmyv2s AquHyoss AquHyivss
mol kg* kJ moft

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. Ay, HYE, (a) andAy; HEE, (b) asafunctions of dye concentration in upp

and bottom phases of PEO1500+8ia;+H>0 ATPS at 298.15 K.

Table 4. Kpp, values and\;;Hpr, Values in upper (UP) and bottom (BP) phas

for the TLL of PEO1500 + N&Qy + H2O ATPS at 298.1K.

TLL Kpra AauHpga AauHpis
mol kg? kJ mott

6.85 173.30+£1.03 -1.41+0.02 -3.92+0.12

7.44 266.06x0.10 -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. Az HYY s (@) andA,; HED 5 (b) as functions of dye concentration in up
and bottom phases of PEO1500+8ias+H20 ATPS at 298.15 K.

Table 5 Kyyp Vvalues and\;;Hy 5 Values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 + N&Oy + H,O ATPS at 298.1K.

TLL KMVB AdllHMVB AdllHIO\;IéIB?
mol kg kJ mot?
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
5
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Figure 8. Ay HYFr (8) andA 4, HEL, (b) asafunctions of dye concentration in upp
and bottom phases of PEO1500+8i@+H20O ATPS at 298.15 K.

Table 6. K,z values and\;;H,jz values in upper (UP) and bottom (BP) phas
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for the TLL of PEO1500 + N&OQs + H,O ATPS at 298.1K.

TLL Kaur AaitHAGR DauHigR
mol kg* kJ moft

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

8.29 225.7%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
of PEO1500 + Ns5sQy + H2O ATPS at 298.1K.

TLL 1/6.85 mol kg*

PhM dyes AtrGgﬁOM Ay H g;:oM TAtrSz'lc:oM
kJ mol*
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 -2.4320.02
PRA -12.77+0.01 -13.39+£0.07 3.36x0.06
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*
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*
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 -16.2G:0.31 -5.37+0.29 10.80+2.01
PRA -15.1G: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
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. Ay H 105 (@) andAyHED o5 (b) as functions of dye concentration
upper and bottom phases of L64+-8&y+H.O ATPS at 298.15 K.

Table 8 Kyyi0g Vvalues andd;;Hypyvqop Values in upper (UP) and bottom (B
phases, for the TLL of L64 + N&Q; + HoO ATPS at 298.1K.

TLL Kuvios AgiHivios AgiHyiv 08
mol kg kJ mot?
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. Az HY s (A) andAy; HED 5 (b) asa functions of dye concentration |
upper and bottom phases of L64+48&u+H.0 ATPS at 298.15 K.
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Table 9. Kyyen

values andA; Hypyep Values in upper (UP)

phases, for the TLL of L64 + MN&Q; + Ho O ATPS at 298.1K.

and bottom (B

TLL Kuves AgiHives AgiHiives
mol kg kJ mot?
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. Ay HYY,5 (@) andA,;, HEY,; (b) asa functions of dye concentration |
upper and bottom phases of L64+48&u+H.O ATPS at 298.15 K.

Table 10 Ky, Vvalues andAg;; Hypy2p values in upper (UP) and bottom (B
phases, for the TLL of L64 + N&Q; + Ho O ATPS at 298.1K.

TLL Kuv2s AauHiivap AaitHyiv2s
mol kg kJ mot?

3.27 95.11+0.32 -37.49+0.05 1.21+0.01

4.07 232.17+0.19 -26.76x0.01 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. A4, HYE 4 (a) andAg; HER 4 (b) asafunctions of dye concentration in upp
and bottom phases of L64+p+H>0O ATPS at 298.15 K.

Table 11 Kpg, Vvalues and\;;Hpy,4 Values in upper (UP) and bottom (BP) phas
for the TLL of L64 + NaSQ, + H,O ATPS at 298.1K.

TLL Kpra AguHpgs AguHprs
mol kg kJ mot?
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.A4;HY s (2) andAg; HED 5 (b) asafunctions of dye concentration in upp
and bottom phases of L64+p&+H>0 ATPS at 298.15 K.
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Table 12 Ky values and\;;Hy; s Values in upper (UP) and bottom (BP) phas

for the TLL of L64 + NaSQy + HO ATPS at 298.1K.

TLL Kuvs AguHyivk Ay Hyive
mol kg kJ mot?
3.27 92.46+0.02 -45.88+0.08 -9.18+0.09
4.07 268.50+0.09 -37.3340.05 -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. Ay, HY R (a) andA,;, H2E: (b) asa functions of dye concentration in upp
and bottom phases of L64+p8+H>0 ATPS at 298.15 K.

Table 13 K,;r values and\;;Hs;z Values in upper (UP) and bottom (BP) phas
for the TLL of L64 + NaSOQy + H,O ATPS at 298.1K.

TLL Kqur AauHiyn Ay Higk
mol kg? kJ mott

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




Table 14 Thermodynamic transfer parameters of PhM dyes as a function of the
of L64 + NaSQ, + H,O ATPS at 298.1K.

TLL 1/3.27 mol kg*

PhM dyes AtrGg';:oM Ay H Ia;,’c:oM TAtrsglc:oM
kJ mol?
MV10B -12.31+0.09 -47.65%0.07 -31.54+0.02
MV6B -11.69+0.03 -41.21+0.01 -29.4710.02
MV2B -11.27+0.01 -38.68+0.05 -27.431£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*
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
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*
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 7.7910.11
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. A4 Hib 105 () andAg; HED o5 (b) asafunctions of dye concentration i
upper and bottom phases of PPO425:8@+H.0 ATPS at 298.15 K.

Table 15 Kyy10p Values and\y;;Hypy105 Values in upper (UP) and bottom (B
phases, for the TLL of PPO425 + 1% + H,O ATPS at 298.1K.

TLL Kuvios Ay Hipv1op AgqiHyiv o5
mol kg kJ mot?
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. Ay HYY s (@) andAy; HED 5 (b) asa functions of dye concentration i
upper and bottom phases of PPO42580+H,0 ATPS at 298.15 K.
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Table 16 Kyyeg Vvalues andidg; Hyyep Values in upper (UP) and bottom (B

phases, for the TLL of PPO425 + %6 + H O ATPS at 298.1K.

TLL Kuves AgiHyives AaiHyives
mol kg kJ mot?
5.28 57.18x0.01 -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 -68.5910.07
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Figure 17. Az, HYY .5 (a) andAy; HEY, 5 (b) asa functions of dye concentration i
upper and bottom phases of PPO425:8@+H>0O ATPS at 298.1K.

Table 17. Ky, Vvalues andAg;Hyy25 vValues in upper (UP) and bottom (B
phases, for the TLL of PPO425 + %6 + H O ATPS at 298.1K.

TLL Kuv2s AguHiysp AaitHyiv2s
mol kg kJ mot?

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.A4;,HYE, (a) andA4; HEE, (b) asa functions of dye concentration in upp
and bottom phases of PPO425+8l@+H>0 ATPS at 298.1K.

Table 18 Kpg, Vvalues and\y;Hpr,4 Values in upper (UP) and bottom (BP) phas
for the TLL of PPO425 + N&Q; + H,O ATPS at 298.1K.

TLL KPRA AdllHPRA AdilHIgoRBAP
mol kg kJ mot?
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 -79.76x0.09 -30.06+0.08
13.05 650.15%0.22 -103.18%0.06 -52.18+0.15
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Figure 19.A4;,HY s (2) andAg; HED 5 (b) asafunctions of dye concentration in upp
and bottom phases of PPO425+8la+H20O ATPS at 298.1XK.

Table 19 K,z values and\;;Hyyy s Values in upper (UP) and bottom (BP) phas
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for the TLL of PPO425 + N&Os + H2O ATPS at 298.1K.

TLL Kyys AguHyvg AquHyivk
mol kg? kJ moft
5.28 65.860.01 -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.A4;,HYF, (a) andAy;, HEZE, (b) asa functions of dye concentration in upp
and bottom phases of PPO425+8i@+H20 ATPS at 298.1K.
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Table 20 K,yr values and\;;Hs;z Values in upper (UP) and bottom (BP) phas
for the TLL of PPO425 + N&Q; + H,O ATPS at 298.1K.

TLL Kaur AauHiyr DauHiGR
mol kg kJ mott

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 th

of PPO425 + N&5Oy + H2O ATPS at 298.1K.




TLL 1/5.28 mol kg*

PhM dyes AtrGg';:oM Ay H Ia;,’c:oM TAtrsglioM
kJ mol?
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*
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*
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 34.89x+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?
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 -39.46x0.07 -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 gf8uphen by investigating four PhM
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dyes with different methylation degree (MV1@Bh3), MV6Bs.chs), MV2B4chz and
PRA (ocHg), one can determine th€Hs groups contribution in the thermodynamics

transfer potential at infinite dilution statmt(Gg;l‘j\'j,) of PhM dyes in ATPSs

hydrophobically different. Figure 21 show tthg;l‘j\'j, values as function of number

of -CHz groups in ATPS formed by (PEO1500 or L64 or PPO425) :508a+ H.O at

298.15 K.
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Figure 21. AtrGg,;,‘j as a function of the number d€Hs groups, of MV10Es-chs),

MVG6B s-chz), MV2Bu-crs) and PRAo-chg) partitioningin (a) PEO1500 + N&Qy +

H20 (b) L64 + NaSQy+ H20 and (c) PPO425 + N&Q, + H.0 ATPS at 298.15 K.

Independent of the ATPS, the PhM dye transfer is carried out with deanease

AtrG,f,'m. Besides, this values become more negatives as the polymer hydrophobicity

decreases in the order PEO1500 < L64 < PP0O425. Since in each ATPS studied the

Ay-GY values decrease linearly with the incremienthe TLL and the number of -

CHs groups in the dye structure, one can calculateatiezage slope of the liner
relationshipAtrGg;j; versus number ofGHs groups, allowing to comparate the methyl

groups contribution in each ATPS studied. Therefore, the slope of the linear relationship

a - (7]
QlurGc; -0.39+0.03; -0.27+0.03 and -0.13+0.02 kJ thfur the ATPS formed by

ancu,
PEO1500; L64 and PPO425 respectively, revealing that G groups contribute

more favorably forAtTGg,'m 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 ¥tvethen studied theGH:
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 ofGH. groups, in ATPS formed by PEO or UCON and salts

(NaeSQy or LioSOw or (NH)2SQy). The AtrGgH2 values found were: -0.64, -0.69, -0.82
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kJ mof! for PEO + Na&SQu, Li-SQ: and (Hi).SQurespectively. For the ATPS
composed by UCON andaSQ;, LioSQs and (NH4)2SOsthe values were -0.89, -0.75
and -1.01 respectively. The results show thatAh&.,, 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 hydropB@bbic -
groups are preferably transferred for a more hydrophobic phase. Similarly, Mata et al
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 transf€Haf and the
results ofA,.Gcy, Were -2.14; -2.27 and -2.45 kJ mpkoncluding that the\,,.G .
values are more negatives when the ATPS is formed by IL with longer alkyl chains i.e.

a more hydrophobitt .

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 cha@gélgg’;’,, and TAWSP?;E.

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 thmtng;;f,, values as a function of the numb@&Hs groups in ATPS formed by

(PEO1500 or L64 or PPO425) + D, + H20 at 298 K.

114



. .
n(-CH)
0 b C
45
74
L -48-
L -1ad g
S 2 514
E =z ~
~ L ]
— T 544
& 28 -
I < o | TLLL
‘_35_ —&-TLL5 -o— TLL2
v TLL4 —A— TLL3
—A-TLL3 -60
-421 -@-TLL2 “v-TLLA
-=TLL1 —— TLL5
0 1 2 3 4 5 6 0 1 2 3 4 5 6
n(-CH) n(-CH)

Figure 22. AtrH,f;f; values as a function of the number &@Hs groups, for
MV10Be.cHs), MV6B5-cHz), MV2B(a.chs and PRAo-cHg) partitioning in (a) PEO150!
+ NaSQy + H20, (b) L64 + NaSOs+ H20 and (c) PPO425 + NaGy + H20 ATPS at

298.15 K.

For the ATPS formed by PEO1500, thg.HS:%, values became less negative

when the TLL increased, PRAcHs) even reached a positive value in the fourth TLL. In

addition, when the methylations degree in the dye structure incrememrﬂﬂéﬁ}
values decrease in a range of 4.95+0.05 to -24.2+0.03 k3 foolPRAochs tO

MV10Be.cHg) respectively.

Similarly, in the ATPS formed by L64 tMetrH,f;l",';, values decrease in a range

of -1.03+0.07 to -43.7+0.1 kJ mblfor PRAo-cHs) to MV10Be.crz respectively. In

contrast, thd&tng;f; values in ATPS formed by PPO425 bemomore 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 mafi for PRAo.cHz) to MV10Be.chs) respectively.

The methyl group contribution to th&trHﬁ;j}'Q values can be determinates

a r B0 .
calculating the average slope of the linear relationsl%ﬁ?% = -2.44+0.05 kJ motin

CH3
PEO1500; -1.97+0.06 kJ mbln L64 and -1.50+0.03 kJ mbin PPO425. These values
indicate that theGHz groups contribution in thetng;l",';, values were more favorable

when the transference process is carried out in ATPS formed by PEO1500 > L64 >

PPO. Moreover, if we consider thatcng;ﬁ,, as a parameter composed of four

processes that involve absorption and/or release of energy, as expressed by equation 8:
6,00 1) ) [ o)
AtrHppy = DineHpp_pp + BineHppy—up + BineHppy—pp + BineHyp—up  (8)

Where A;,.:Hgp_gp IS the energy released in the formation of new interactions between
the bottom phase componens,. Hp,,,—yp IS the energy released due to the formation

of the new interactions between dye molecules and the upper phase components,
AieHpnm—gp 1S the energy absorbed to break the interactions of dye molecules and the
bottom phase components adg,.H;,_yp IS the energy absorbed to disrupt the
interactions between the upper phase components. Therefore, in order[fgrl-tﬁﬁ,

values to be negative it is necessary that the processes that release energy have
magnitudes greater than the processes that absorb energy|Aj.eHgp_gp +
AieHeyy—up| > |AieHpm—gpHAineHop—ypl- In consequence, as the interaction
between the dye and bottom phases component are similar for all ATPS studied, the
Atng;f,‘\} values is more negative in PEO1500 than that with L6RR@ because the

energy absorption is less in the breakdown of interactions between tB©EEgments
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(AineHp—yp) @and releases more energy to form the new interactions between the PhM

dye and upper phase componedsHpyy—up)-

The Figure 23 shows thBA,.S5> values as function of the numbeEHs

groups in ATPS formed by (PEO15660L64 or PPO425) + N&Qs + H20O at 298 K.
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Figure 23. TAtrsg,'l",';, values as a function of the number &@Hs groups, for
MV10B-cHs), MV6B-cHs), MV2Ba-chs) and PRAv.cHz partitionin (a) PEO1500 +
NaSQ; + H20 (b) L64 + NaSOQw + H20 and (c) PPO425 + NaOs + HO 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 thEAtrSIf;f; 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 negaftivg.S5<» 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.

6,0

The methyl group contribution to th&A..Sp;, Vvalues was determinate

_ _ ) TAerSEY
calculating the average slope of the linear relations [ari SEL for each ATPS
CH3

studied and the results were -0.58+0.02; -1.61+0.04 and -1.21+0.01 RJtanBEO;

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
TAtTS,f;f,‘\’,, 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

Ay-GY> values of AUR and MV2B as functions of the TLL of ATPS formed by

(PEO1500 or L64 or PPO425) + ¥, + HO ATPS.
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Figure 24.(a) AtrG}?ﬁl values of AUR (closed symbols) and MV2B (open symb

and (b)AAtrGﬁ;{’,‘(q as a function of the TLL of ATPS formed K{gquare symbgl
PEO1500 + Ng5Qs + H20, (round symbol) L64 + N&Q: + HO and (triangular

symbol) PPO425 + N8Q: + H2O ATPS at 298.15 K.

Independent of the ATPS, the AUR and MV2B transference occur avith

decrease of Gibbs energy. However, thngVe;V‘f;B values are more negative than

AtrGfl',"; in all the ATPS studied, indicating that the benzene ring plays a fundamental

119



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 ahesS; values of each dye
(AAL'TGI\Z'];;B—AUR = AtrGla'l;.;B - Atrsz}o;)- The figure 4b show the&AtTGIZ’I;OZB—AUR

values as a function of the TLL of each ATPS studied.

The results of theAA,.GE5 ., r for each ATPS as a function of the TLL,
shows thatAA,, G55 -PES - were from -2.88 to -3.91AA,.Goom-St » were from -2.86
to -4.65 andAAtrG,a';‘;;’ﬂ%R 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
(A.-HY ) and triphenylmethane (TPhM) dye MV2R{.HYs» ) as a function of the
TLL of (PEO1500 or L64 or PPO425) + p&O + H:O ATPS. The results are shown in

the figure 25.
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Figure 25. (a) A, HYs,, values of AUR (closed symbols) anti,HZsr,, MV2B

(open symbols) and (MS)AWH,QV,'{}"ZB_AUR as a function of the TLL of ATPS formed
(square symbol) PEO1500 + P8Oy + H20, (round symbol) L64 + NSOy + H20

and (triangular symbol) PPO425 +18&, + H,O 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 theHSs =~ values was from

14.70+0.03 to 15.7620.02 kJ mowith the TLL increment. In contrast, thg,Hoy, .

values were from -18.83+0.01 to 0.79+0.01 kJ ‘fdhis 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 10.10£0.04 < A,.Him k* < -14.62+0.03 kJ mdl and -
38.69+0.05 < A, HI5 6* < -8.52+0.02 kJ mot) respectively. On the other hand, in the
ATPS formed by PPO the transfer process was exothermic and unlike previous ATPSs
and theA,.HS~""° values became more negatives with the TLL increment for both

molecules. Nevertheless, tnetng;‘j‘,’lM values varied between -37.21+0.06 and -
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46.29+0.03 kJ mol and were less negative than theH2s, . values that varied from -

49.68+0.04 to -56.79+0.06 kJ molvhen 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 differan 13’3023—AUR =

Ay HE o — A HEw . The results were show in the figure 25b.

The AAWH,Z'{}ZB_AUR values show that the phenyl groups contribution in the
ATPS formed by PEO varied from -33.5+0.02 to -14.91+0.01 k3‘nvahen is formed
by L64 varied from -19.59+0.02 to 6.08+0.01 kJ thaind in presence de PPO the

values varied from -131+0.02 to -10.51+0.03 kJ mdl This shows that the phenyl

group contributes favorably to the values Mng;f,‘fl 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 tHeA,,.S2 = and TA,.S%:>  as a function of the TLL of

(PEO1500 or L64 or PPO425) + ¥4 + HO ATPS.
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Figure 26.(a) TA,,.S2s , values of AUR (closed symbols) affid,,.S%5  values of

MV2B (open symbols) and (h)TAtrSﬁ'{f’ZB_AUR as a function of the TLL of ATP!
formed by (square symbol) PEO1500 + p&Ow + H20, (round symbol) L64 +

NaSQy + H20 and (Triangular symbol) PPO425 +1$&x + H,O 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

TAtrSff;m 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 generﬂtessg;f,'},, 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 differencA[TA,.SEs surl = TAnSEHS . — TALSSS™ for each ATPS

studied. The results are shown in the figure 26b.
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The A[TA.SE - .ur] 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\[TA,,.S& . , -] 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 Figur27 shows theAtr oy (@), A H PhM (b) andTAtr oy (€)

values of MV6B and MVB as function of the TLL of three ATPSs formed by

(PEO1500 or L64 or PPO425) + 0 + H,O at 298.1%K.
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Figure 27. (a) A4G PhM (b) AL4H PhM (c) TAtTSP;lM values of MV6B (closec
symbols) and MVB (open symbols) as a function of the TLL of ATPS forme
(sgquare symbol) PEO1500 M&SQy + H20, (round symbol) L64 + N&Oy + H20

and (triangular symbol) PPO425 +48&x + H.O 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 differenceAi,gGﬁﬁ,, ,

AtrHPhM, TAtrSPhM 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
solute€?. 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 behaVioFherefore 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 patrtition 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 af*. 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 th&;,, values of six PhM dyes in different ATPSs formed
by (MgSQ or NaSQy or LioSQy) + PEO1500 + bD at 298.15 K. The results are show

in the Figure 28.

w
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14
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Figure 28. Kpjy 0f MV10B (-A-), MV6B (-e-), MV2B (-a-), PRA (-¥-) MVB (-¢-
), AUR (-0-) as function of the TLL of PEO1500+SQ:+H.0 (a),
PEO1500+NgS0s+H:0 (b) and PEO1500+MgS@®H-0 (c) ATPS at 298.15 K.

The Kpp) values showed that all PhM dyes were concentrated preferably in the
ATPS upper phase. Besides, tlig,, values in each dye increase with the cation

change in the following order: Li> Na > Mg?. This suggest that, the
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pseudopolycation formed by the'tEO 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 Alvarengat%tTale authors
determined the Remazol Yellow partition coefficient in ATPS formed by different
sulfate salts (L, Na" and NH*) + PEO1500 + bD. Finding that theX 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 orkivalues were not elucidated.

In this approach it is observed that, the,, 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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Table 22 Kyyq10p Vvalues andAy;;Hypy10p Values in upper (UP) and bottom (B
phases, for the TLL of PEO1500L+SO; + H:O ATPS at 298.1K.

TLL Kuvios AaiHrivios AgiHyivios
mol kg kJ mot?

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.A,4;HY b ep (8) andAy, HEY o (b) as functions of dye concentration in upj
and bottom phases of PEO150Qi3SQs + H,O ATPS at 298.1K.

Table 23 Kyyeg Values andAg; Hyyep Values in upper (UP) and bottom (B
phases, for the TLL of PEO1500L+>SQ; + HO ATPS at 298.1K.

TLL Kuves AgiHyives DauHiven
mol kg? kJ mott

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
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Figure 31. Ay HYY,5 (@) andAy;HED .5 (b) as a functions of dye concentration
upper and bottom phases of PEO1500:50; + H.O ATPS at 298.1K.

Table 24 Ky, Vvalues andAg; Hypy2p Values in upper (UP) and bottom (B
phases, for the TLL of PEO1500L+>SQ; + HO ATPS at 298.1K.

TLL Kuv2p AdllHMVZB Adlezov?ggB
mol kg kJ mot?
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. A4 HYE 4 () andA,;, HEE, (b) asafunctions of dye concentration in upp
and bottom phases of PEO150Qi3SQs + H2O ATPS at 298.1K.
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Table 25 Kpg, values and\;;Hpy,4 Values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 +i.SOy + H,O ATPS at 298.1K.

TLL Kpra DauHpga DquHpRs
mol kg* kJ moft

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.A4;HYY s (a) andAy; HEY 5 (b) as functions of dye concentration in up
and bottom phases of PEO150Qi3SQs + H.O ATPS at 298.1K.

Table 26 Ky values and\y;Hyp g Values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 +i.SQy + H,O ATPS at 298.1K.

TLL Kuvs AguHivs AiHyve
mol kg* kJ mot?

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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Table 27. K,yr values and\y; H,3r Values in upper (UP) and bottom (BP) phas

for the TLL of PEO1500 +i>.SOy + H:O ATPS at 298.1K.

TLL Kaur AquHigR AgyHaR
mol kg kJ mot?

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
of PEO1500 + iSOy + H.O ATPS at 298.1K.

TLL 1/6.34 mol kg*

PhM dyes AtrG%}?M Ay-H gl:oM TAtrSg'l:oM
kJ mol-?
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 7.9940.01
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*
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*

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 31.73x0.02
TLL 4 /9.84 mol kg*
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 23.70x£0.06 43.52+0.03
MVB -20.35%0.02 19.34+0.07 39.69x0.05
AUR -16.85+0.06 16.90+0.10 33.75+0.04
TLL 5/10.98 mol kg*
MV10B -22.57+0.01 28.94+0.03 51.51+0.02
MV6B -22.21+0.09 30.33x0.01 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

1
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Figure 35.A4;H 105 (@) andAg; HED o5 (D) as a functions of dye concentration
upper and bottom phases of PEO1500+Mg$0Q0 ATPS at 298.1K.
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Table 29 Kyyq10p Vvalues andAy;; Hypy10p Values in upper (UP) and bottom (B
phases, for the TLL of PEO1500 + Mg&6®H,O ATPS at 298.1K.

TLL Kuvios AaiHrivios AquHii 08
mol kg kJ mot?

5.270 119.93+0.02 -32.90£0.02 -2.19+0.03

8.056 1045.71+0.02 -46.18%0.07 0.79x0.02

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. Az HYY g (a) andA,; HEY» (b) as a functions of dye concentration
upper and bottom phases of PEO1500+Mg$00 ATPS at 298.15 K.

Table 30Kyep ValuesA,; Hyyep Values in upper (UP) and bottom (BP) phases.
the TLL of PEO1500 + MgSO+ H.O ATPS at 298.1K.

TLL Kuves AquHiives AaiHyives
mol kg* kJ mot?
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. Ay HYY,5 (@) andAy HED ., (b) as a functions of dye concentration
upper and bottom phases of PEO1500+Mg3$0Q0 ATPS at 298.1K.

Table 31Ky, Vvalues and\y;Hyy.5 Values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 + MgS©O+ HoO ATPS at 298.1K.

TLL Kuv2s AguHyivss AgiHivss
mol kg? kJ mot! kJ mot*
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. Ay HYE, (@) andA,;HEE, (b) as a functions of dye concentration
upper and bottom phases of PEO1500+Mg3$0Q0 ATPS at 298.15 K.
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Table 33 Kpr, Vvalues and\;;Hpr4 Values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 + MgSO+ H.O ATPS at 298.1K.

TLL Kpra DaitHpR4 AaqiHpra
mol kg kJ mot?

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 4.60x0.04
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.A4;Hib s (a) andAg; HED 5 (b) as a functions of dye concentration in up
and bottom phases of PEO1500+Mg$B,0 ATPS at 298.15 K.

Table 34 K,z values and\;;Hy, 5 values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 + MgSO+ H.O ATPS at 298.1K.

TLL Kuvs AaiHyive AauHuve
mol kg? kJ mott
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 2109.220.04 -47.82+0.01 25.69+0.03
11.669 3703.6&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. Ay HY R (@) andAg; HEP: (b) as a functions of dye concentration
upper and bottom phases of PEO1500+Mg3$0Q0 ATPS at 298.1K.

Table 35 K,z values and\;;Hy 3z values in upper (UP) and bottom (BP) phas
for the TLL of PEO1500 + MgS©O+ HoO ATPS at 298.1K.

TLL Kaur AaiHAyR AaiHATR
mol kg kJ mot?

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 thi
of PEO1500 + M§Q: + H,O ATPS at 298.1K.

TLL 1/5.27 mol kg*

PhM dyes Atrag’;:oM An-H gl:oM TAtrSg'l:oM
kJ mol?!
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
MV B -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*

MV 10B -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
MV 2B -15.01+0.03 -32.75+0.09 -17.74+0.06
PRA -13.7940.02 -10.91+0.03 2.87+0.01
MVB -16.86+0.03 -54.26+0.05 -37.4040.02
AUR -10.8840.01 -2.78+0.02 8.10+0.01

TLL 3/9.95 mol kg*

MV 10B -19.08+0.04 -65.04+0.05 -45.86+0.01
MV 6B -18.01+0.02 -55.93+0.10 -37.40+0.08
MV 2B -17.4640.01 -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 molkg?

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
MV 2B -19.76+0.05 -68.02+0.10 -48.15+0.05
PRA -17.3240.02 -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 -21.6840.01 -109.20+0.04 -87.35+0.03
MV6B -21.11+0.03 -99.63+0.08 -78.42+0.05
MV 2B -20.5740.07 -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 parametets. Gy, A,-Hr andTA..S5% ) are
discussedonsidering the following contributions:
3.2.1.1. Contribution of the CH3s group

The cation effect on theCHz groups contribution will be discussed for each
thermodynamic parameter similarly to Section 3.1.1. Therefore, the calculation of the
AtrG,f;l",\‘j, values as a function of the @idroups in the dyeMV 10Be.cHs), MV6Bs-
cHa), MV2Ba-chs), and PRAv.chz) for ATPS formed by (12SQ: or Na@SQuor MgSQy) +

PEO1500 + HO at 298.15 K are shown in Figure 41.
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Figure 41. AtrGg;,‘j as a function of GHs groups for MV10Bs.cHs), MV6B5-cHs),

MV2B-cHy and PRAo.chg partitioning in (@) PEO1500 + 1$Qu + H20, (b)

PEO1500 + Ng5Qy + H20 and (c) PEO1500 + MgS® H20O ATPS at 298.15 K.

Independent of the ATPS, the PhM dyes transference process from bottom phase
to upper phase occurs with a decreaséhé AtrGﬁ;l‘}';, values. These values become
more negatives witlthe methylation degree increasedicating that theGHz groups
promote the dye transference from bottom phase to upper phase. Beside§ﬁﬁa§,
values are more negatives when the cation forming the ATPS is changed in the follow
order: Li* > Na" > Mg?*. 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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: : : 90 GEY
linear relationshipA,.Gary versusncy, and the results were———2 = -0.330.01, -
6nCH3

0.40+0.01 and -0.56+0.03 kJ rroffor the ATPS formed byLi*, Na and Mdg*

respectively.

Despite, theA,,GF;% values are more negative in ATPS formed b the -
CHz groups contribution in the standard transference Gibbs free energy change is more
favorable in the ordekg?* > N&a > Li*. To elucidate the origin of these resulisre

determinate the methyl groups contribution in the standard transference enthalpy and
entropy change at infinite dilution stat&t,(Hg;j,, and TAWS,?;E). The Figures 42 and

43 shows thed, Hoiy. and TA,, Spiy values as a function of the Glgroups in the
dyes MV 10Be-cHz), MV6Bs.chs), MV2Bachs), and PRAvcHg for ATPS formed by

(Li2SQu or N&SOs0r MgSQy) + PEO1500 + D at 298.15 K.
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Figure 42. A, HZ; as a function of GHs groups for MV10Bs.crs), MV6Bs.ch,

MV2B@cHs) and PRAochs partitioning in (a) PEO1500 + iSO + H20, (b)

PEO1500 Na&SOQs+ H20 and (c) PEO1500 + MgS® H20 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 Withﬁthé{g;f’,‘\’,, values negative only in the first
TLL, become more negatives with the increment of dye methylation degree.
Nevertheless, when the TLL increase theHS; values are positive and increases
proportionally with the TLL increment, but the process is less endothermic when the
number €Hs group increases. This behavior in mgHﬁ;l",';, values is reduced in the
ATPS composed by Nawhere only the last TLL has positive values. In contrast, in the
presence of Mg where the dye transfer process is exothermic and i€, ", 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 thatAtheHp),,,—yp interaction occur whit the

release of less energy in the ordléf < Na™ < Mg?*. This means that a higher charge

141



density in the Li-EO segments pseudopolycation causegreater electrostatic
repulsion to interact with the cationic dye, releasing less energy, makirjgrﬂﬂgf;’

values positives because of the relationshiy,,;Hgp_gp + AineHpnpy—upl <
|AineHphm—gp +AimeHyp_ypl.  Therefore, this energy increases when the

pseudopolycation charge density decrease, investing the previous relationship to obtain

A Hp values.
To evaluate theGHz group contribution in the!xtng;l‘f\’,, in each ATPS the

60
relationship slopgAat;H—PW was determined. The results were, -0.87+0.01, -1.77+0.01, -
CH3

2.44+0.06 kJ mot, for ATPS formed byLi*, Na" and Mg?* respectively, suggesting

that the €Hs group contribute more favorable to thg.H5, values in the following
orderMg?* > Na' > Li*. Indicating that theGHs transfer process is enthalpically driven

in the ATPS formed by Mg or N&.
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Figure 43. TAtrSg;f: as a function of GHz groups for MV10Bs.cHs), MV6B (s.cHs),

MV2B@cHsy and PRAochg partitioning in (a) PEO1500 + 1SOQv + H20, (b)

PEO1500 + NgSQu + H20 and (c) PEO1500 + MgS@® H20 ATPS at 298.15 K.

In the presence of Lithe PhM dyes transfer process occurs with an entropy

increment, besides when the TLL increase T, S5 values are more positive.
However, these values show a small decrease when the methylation degree in the dye
structure increase. Similarly, féfa” cation presence tHEAtrSg;f,‘fl values are positive

when there are no methgtoups in the dye molecule. When the TLL increase these

values are more positive, but, with the metindups increment in the dye structure the

TAtrSff;l",‘\} values decrease becoming are negative in the first TLL.

In ATPS formed by Mg and absence o€Hsgroups the transference process is

o0}

carried out withTAtrS,f;lM values going from positive to negative with the TLL

increase. Besides, when the dye structure methylation degree incremeﬁts,rﬂﬁg‘fd
values become more negative. This results reveals that, the smalien ksize 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 reIationShmrsﬁ;f,; versusncy, allows us to

determine the contribution of the methyl group in this parameter. The values of

9 - 6o ]
ATrSens) - 48+0.03, -1.18+0.01, -8.73+0.07 kJ rhofor ATPS formed by.i*, Na'

6nCH3

andMg?* respectively, demonstrating that, ti&Hs group contribute unfavorably in the

TAtrsg;;; values in the orddri* > N& > Mg?".

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 parammg;f,ﬁ,,

Ay-HS™ and TA..SE% of AUR (DPhM) and MV2B (TPhM) in PEO1500 +25Qy +

H20; PEO1500 + N0y + H20 and PEO1500 + M8y + H2O ATPS at 298.15 K.
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Figure 44.(a) A,GEo (b) AL HES and (c)TA..SE%, values of MV2B (closec

symbols) and AUR (open symbols) as a function of the TLL of PEO1500 + Mgy
H20 (square symbol), PEO1500 + p&0O, + H20 (round symbol) and PEO1500

LioSQy + H20 (Triangular symbgIATPS at 298.15 K.

Independent of the ATPS the both molecules transfer process is generated with a

decrease in the Gibbs free energy. Tb@rG,f;;j'l values become more negative
depending on the cation in the following ordgf > Na > Mg?*. This show that
Independent of the dye molecular structuré,dation promotes greater dye transfer for
the system upper phase. On the other hand, AtJ)GPhM 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 valueANfG s ur =

oo

Ay G o — Ay GO The Figure 45a shows the results of th,,.G ., x Values

as a function of the TLL of the studied ATPS.
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Figure 45.(a) AAtrGﬁ,’;’l (b) AAtng;;’l and (c)ATAtrS,?;l",‘\’,, values as function o

the TLL of PEO1500 + MgSH+ H20 (square symbol), PEO1500 + p&O4 + H20O

(round symbol) and PEO1500 +8Q; + H20 (Triangular symbgIATPSs at 298.1¢

The AA,.Go s 4ur Values are more negatives for the ATPS formed b§*Mg
then by N& and last i, indicating that the phenyl group has a more favorable
contribution in the standard transfer Gibbs free energy change in the ATPS formed by
Mg?* > Na > Li*. To understand the origin of this contribution were studied the values
of AnHS% and TA.SS and the results are shows in the Figure 44b and 44c
respectively.
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For DPhM dye the AtngiS\} values show that the transfer process is
endothermic in the ATPS formed by'L* Na'. But when this process is in presence of

Mg?* become exothermic. However, the transfer process of the TPhM dye occur with

the Atng,':}';, 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’Mthe transference

6,0

is exothermic and the\.,.Hp;,, 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 differeﬂA@rHﬁ'{f’ZB_AUR. The Figure 45b

shows the values oA, He oo s _,ur @S a function of the TLL of the ATPS studied.

The results of theAAterV,'{fZB_AUR values reveal that the phenyl group has a
greater contribution in the ATPS formed by #gbut this contribution has a small
variation with the TLL increase. On the other hand, this phenyl groups contribution
decreases when the TLL increasghe ATPS formed by Naand kecanes lower until
reaching positive values when'lis 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 A[TA.-S4s_aur] Values show an entropic compensatory
effect, where the phenyl group transfer contributes to the entropy decrease of the system

formed by Md@*. Moreover, in the ATPSs formed by Nar Li* the phenyl group

contribution on the dye transfer process generates negafi,,. S5, .,x] 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 catidosriialler 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 tha,.Go, AqHEry and TA,.S5> values of MV6B (charged

specie) and MVB (neutral specie) as a function of the TLL of (MgS8NaSQ: or

Li2SQOy) + PEO1500 + KO, ATPS at 298.15 K.
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Figure 46.(a) A.,GEo (b) AL HES and (c)TA..SE%, values of MV6B (closec
symbols) and MVB (open symbols) as a function of the TLL of ATPS forme
(square symbol) PEO1500 + Mg%® H:0, (round symbol) PEO1500 + A&y +

H>O and (Triangular symbol) PEO1500 &0 + H2O ATPS at 298.15 K.

In all ATPS studied, the charge in the dye molecular structure does not
contribute in theA,.G5%, values. However, the transfer process of both structures

occurs with decrease oh,.GS »ny Vvalues and these are more negative when the TLL

increase in the following ordési* < Na* < Mg?*.

The A, H PhM values show that in presence of Idation 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 A,-HE% values. When the cation that form the ATPS i¢,Nae A, H values

are negative for both molecules in the three first TLL. However, these values are less

o

negative with the TLL increase, even tmer,’;lM 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?Mgation the dye

transference process is carried out with enthalpy decrease, this enthalpy change is less
when the TLL increase. ThAtrHIZ'{}"GB values in the cationic specie are less negative

than theAtrHﬁ,"?‘; 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

A -HE o less negative than that, HY ..

The TA..S85, values shows that, the charge in the dye structure does not

contribute in the standard entropy transference change, when the ATPS is forméd by Li

or Na'. Nevertheless, the dye transference process occurs withAthsS, values
positive that become more positive with TLL increase in the orderNa". In the

ATPS formed by M§" the transference process is carried out ith,.S5%, 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 kg, values of six PhM dyes
measurein ATPS formed by (Nagi:O. (AcetNa) + PPO425 + 1D; NasCeHsO7

(CitrNa) + PPO425 + pD and NaCsH4Os (TartNa) + PPO425 + #D at 298.15 K.
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Figure 47. Partition Coefficient of MV10B (A -), MV6B (-e-), MV2B (-m-), PRA (-
V-) MVB (-¢-), AUR (-0-) as function of the TLL of PPO425+AcetNaibBi (a),
PP0O425+CitrNa+kD (b) and PPO425+TartNa+@ (c) ATPS at 298.15 K.

Although the Kpj,, 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(S027), presenting values o0&y, > 1000 and for organic anion
theKpp), values are less than 900. These results show a similar behavior to that found
by de Oliveira et al, where the authors studied the anion effect onGhemucoid
partition in ATPS formed by (sodium sulfate, sodium carbonate or sodium citrate) +

PEO1500 + HO, finding that theK 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 parametersN®SQy+ PPO425 + BHO 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 + PPO425C: H
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Figure 48. Ay HiG 105 (@) andAy; HED o5 (D) as a functions of dye concentration
upper and bottom phasesrRFO425+AcetNa+D ATPS at 298.1K.

Table 37. Kyy10s Vvalues andA,;Hyyv10g Values in upper (UP) and bottom (B
phases, for the TLL d?PO425+AcetNa+D ATPS at 298.1K.

TLL KMVlOB AdllI_IMVloB AdilHIT/;JgZILDOB
mol kg

13.52 9.86+0.08 -34.27+0.05 -28.16%0.02

13.90 16.94+0.03 -32.06£0.02 -23.1320.07

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. Ay Hib¢s (@) andAg; HED . (b) as a functions of dye concentration
upper and bottom phasesR#O425+AcetNaH,O ATPS at 298.15 K.

Table 38 Kyyep Values andA,;Hyyep Values in upper (UP) and bottom (B
phases, for the TLL dPPO425+AcetNaH,O ATPS at 298.1K.

TLL Kuves AgiHives AgiHyves
mol kg? kJ mott
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. Ay HYP .5 (@) andAg;HEY,, (b) as a functions of dye concentration
upper and bottom phasesrR#0O425+AcetNa+D ATPS at 298.1K.
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Table 39 Ky, Vvalues andA,;Hyy,p Values in upper (UP)
phases, for the TLL dPPO425+AcetNa+kD ATPS at 298.1K.

and bottom

(B

TLL Kmv2s Mgy Hyivzs AgiHyivss
mol kg* kJ moft
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.A4;HYY, () andA4;, HEE, (b) as a functions of dye concentration in up
and bottom phases BP0O425+AcetNa+D ATPS at 298.1K.

Table 40 Kpg, values and\,;;Hpr,4 values in upper (UP) and bottom (BP) phas
for the TLL of PPO425+AcetNa+D ATPS at 298.1K.

TLL Kpra AgyHpga AgyHERs
mol kg kJ mot?

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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6.0x10°

Table 41 K,y values and\;;Hyy 5 values in upper (UP) and bottom (BP) phas
for the TLL of PPO425+AcetNa+yD ATPS at 298.1K.

TLL Kuvs AquHyive Ay Hyive
mol kg kJ mot?
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. Ay HYb R

(a) andAdilelIIJR

(b) as a functions of dye concentration in up
and bottom phases of PPO425+AcetNa®ATPS at 298.1K.
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Table 42 K,z values and\;;Hyz values in upper (UP) and bottom (BP) phas
for the TLL of PPO425+AcetNa+kD ATPS at 298.1K.

TLL Kaur DauHiyr DauHigR
mol kg? kJ moft

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 ths
of PPO425 + AcetNa + H20 ATPS at 298KL5

TLL 1/13.52 mol kg?

PhM dyes DerGopy AerHippyy TAwSpny
kJ mol?
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
MV B -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?
MV 10B -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
MV 2B -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?
MV 10B -7.38+0.01 -12.32+0.01 -4.94+0.03
MV 6B -7.87+0.05 -14.12+0.09 -6.25+0.06
MV 2B -8.35+0.02 -15.95+0.01 -7.60+0.02
PRA -10.10+0.08 -22.9810.07 -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?
MV 10B -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
MV 2B -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*
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MV 10B -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
MV 2B -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. Ay HYb 105 (@) andAg HED o5 (D) as a functions of dye concentration
upper and bottom phases of PPO425 + CitrNa® ATPS at 298.1K.

Table 44 Kyy105 Vvalues andA,;Hyyv10p Values in upper (UP) and bottom (B
phases, for the TLL d?PPO425 + CitrNa + 0 ATPS at 298.1K.

TLL Kmvios AauHiivios AgitHyivios
mol kg* kJ mot?

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. Ay HY s (@) andAg; HED » (b) as a functions of dye concentration
upper and bottom phases of PPO425 + CitrNa® ATPS at 298.1K.

Table 45 Kyyep Values andA,;Hyyep Values in upper (UP)

and bottom (B

phases, for the TLL d#PO425 + CitrNa + D ATPS at 298.1K.

TLL Kuves AgitHyives AaitHyives
mol kg kJ mot?
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. Az HYY,5 () andA,;HED, 5 (b) as a functions of dye concentration
upper and bottom phases of PPO425 + CitrNa® ATPS at 298.1K.
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Table 46 Kyy,p Vvalues andA,;Hyy,p Values in upper (UP)
phases, for the TLL d#PO425 + CitrNa + D ATPS at 298.1K.

and bottom (B

TLL Kuvap AgitHyivzs AaitHriv2s
mol kg kJ mot?

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 69.98x0.07 -102.64+0.01 -68.9810.01

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. A4, HYE, (a) andAg; HEER, (b) as a functions of dye concentration in up

and bottom phases of PPO425 + CitrNa-OHTPS at 298.1K.

Table 47. Kppy values and\;;Hpr, values in upper (UP) and bottom (BP) phas
for the TLL of PPO425 + CitrNa + ¥D ATPS at 298.1K.

TLL Kpra AaitHpRa AaiHpRA
mol kg kJ mot?

13.52 2.68+0.09 -57.5610.01 -36.68%0.03

13.90 7.67+0.03 -77.22+0.04 -39.84+0.07

14.01 16.67+0.08 -77.6610.01 -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
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Figure 58.A4;,HYY s (8) andA,; HED  (b) as a functions of dye concentration in up
and bottom phases of PPO425 + CitrNa-OHTPS at 298.1K.

Table 48 Kyyp Vvalues and\;;Hyy s values in upper (UP) and bottom (BP) phas
for the TLL of PPO425 + CitrNa + D ATPS at 298.1K.

TLL Kuvs AaiHyive AauHuve
mol kg kJ mot?
13.52 20.88x0.03 -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 -74.931£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. A4, HY : (a) andA,;HEP, (b) as a functions of dye concentration in up
and bottom phases of PPO425 + CitrNa-OHTPS at 298.1K.
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Table 49 K,z values and\;;H, 3,z values in upper (UP) and bottom (BP) phas
for the TLL of PPO425 + CitrNa + D ATPS at 298.1K.

TLL Kaur AauHiyn DauHigR
mol kg* kJ moft

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

of PPO425 + Citda+ H20 ATPS at 298.1K.

TLL 1/9.02 mol kg

PhM dyes AtrGg’lC:oM Ay H g;:oM TAtrSz'lc:oM
kJ mol?
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 -2.4520.06 -20.88+0.02 -18.43+0.03
MV B -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?
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
MV 2B -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 kgt
MV10B -12.70+0.06 -46.36+0.04 -33.66+0.05
MV 6B -11.67+0.08 -42.03+£0.03 -30.37+£0.07
MV 2B -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?
MV 10B -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
MV 2B -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*

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
MV 2B -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 -28.951+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.A4;,H Y105 (@) andA,; HEP. o5 (b) as a functions of dye concentration
upper and bottom phases of PPO425 + TartNaG ATPS at 298.1K.

Table 51 Kyy10p Vvalues andA,;Hyy10p Values in upper (UP) and bottom (B
phases, for the TLL of PPO425 + TartNa Z0HATPS at 298.1K.

TLL KMVlOB AdilHIC\)/IongB AdilHIOV(I)gli)OB
mol kg? kJ mott

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. Ay Hibep () andAy;HED 5 (b) as a functions of dye concentration
upper and bottom phases of PPO425 + TartNaG ATPS at 298.1K.

Table 52 Kyyep Values andA,;Hyyep Values in upper (UP) and bottom (B
phases, for the TLL of PPO425 + TartNa Z0HATPS at 298 K.

TLL Kuves AquHives AaiHriges
mol kg kJ mot?
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. Ay HYb,5 (8) andAy; HED,; (b) as a functions of dye concentration
upper and bottom phases of PPO425 + TartNaG ATPS at 298.1K.
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Table 53 Ky, Vvalues andAg;Hyy,p Values in upper (UP)
phases, for the TLL of PPO425 + TartNa Z0HATPS at 298 K.

and bottom (B

TLL Kuy2s AquHivss AgyHiibzn
mol kg* kJ moft

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. A4, HYE, (a) andAg; HEE, (b) as a functions of dye concentration in up
and bottom phases of PPO425 + TartNax® IATPS at 298.1K.

Table 54 Kpg, values and\;;Hpr, values in upper (UP) and bottom (BP) phas
for the TLL of PPO425 + TartNa +-:8 ATPS at 298.1K.

TLL Kpra AaitHpRa AaiHpRA
mol kg* kJ mot?

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 30.73x0.06 -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 -77.71x0.07
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Figure 64.A,;,HYY 5 () andA,; HED 5 (b) as a functions of dye concentration in up
and bottom phases of PPO425 + TartNax® IATPS at 298.1K.

Table 55 Ky values and\;;Hyy s Values in upper (UP) and bottom (BP) phas
for the TLL of PPO425 + TartNa +:8 ATPS at 298.1K.

TLL Kuve AguHioh AguHiok
mol kg kJ mot?
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 -102.1440.05
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Figure 65.A4;H = (a) andA,; HEE, (b) as a functions of dye concentration in up
and bottom phases of PPO425 + TartNax® IATPS at 298.1K.
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Table 56 K,;z values and\;;H,r values in upper (UP) and bottom (BP) phas
for the TLL of PPO425 + TartNa +:8 ATPS at 298.1K.

TLL Kaur DauHiyr DauHigR
mol kg? kJ moft

13.52 3.74+0.01 -50.28+0.02 -42.33+0.03

13.90 9.46x0.01 -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 th

of PPO425 + TaMa + H20 ATPS at 298.1K.

TLL 1/8.62 mol kg*

PhM dyes AtrGg’lC:oM Ay H g;:oM TAtrSz'lc:oM
kJ mol?
MV10B -6.04+0.10 -21.45+0.08 -15.41+0.18
MV6B -5.43x0.07 -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
MV B -5.7520.08 -19.85+0.02 -14.10+£0.11
AUR -3.27+0.01 -7.96+0.03 -4.68x0.02
TLL 2 /9.56 mol kg*
MV 10B -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
MV 2B -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 -8.2620.09 -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 kgt
MV 10B -10.80%0.02 -26.06%0.08 -15.25+0.06
MV 6B -10.04+0.04 -24.55+£0.01 -14.51+0.05
MV 2B -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?
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
MV 2B -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*

MV 10B -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
MV 2B -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 CH3s groups

The effect of the anion forming the electrolyte on tGélz groups contribution

will be studied in each thermodynamic transfer parameter applying the proposal of the
section 3.1.1. Consequently, the calculation ofAIg,e{;g;lj‘j, values as a function of the -

CHs groups for ATPS formed by (NaBs3O2 (AcetNa) or NaeCsH4Os (TartNa) or

NasCsHsO7 (CitrNa)) + PPO425 + D at 298.15 K are shown in the Figures 66.

T a

'
co
Il

A G*/kimol®
5

[y
N
1

-14

167



2 b 2] C
) R -\’\'\
-6
-
©
£ -8
=)
X
~ -10-
‘(D
_-124
q
14| = TLLL
14 —@—TLL2
—A—TLL3
16 ¥ TLL4
—&-TLL5
T

0 1 2 3 4 5 6
n(-CH,) n(-CH,)

Figure 66. A, GS> as a function of GHs groups MV10Bschsy, MV6Bs.chs,
MV2B 4.cHs) and PRAo-cHg) partitioning in (a) AcetNa + PPO425 +® (b) CitrNa +

PPO425 + HO and (c) TartNa + PPO425 ©-®IATPS at 298.15 K.

The A,GZ% 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, tl"mtrG,f';l‘j\'j, values are negative for all PhM dyes and
become more negative with the TLL increment. Nevertheless, these values are less
negative when theCHs 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,At,J;G,ﬁ’;l‘j;

values are negative for all dyes and are more negative when the TLtherddH3
groups number increas8uggesting that the methyl group contributes favorably in the
dye transfer process depending on the ATPS forming anion in the following order Tart

> Citr.

168



To better understand the methyl group contribution to the PhM dyes
thermodynamic transfer potential, was calculated the slope average of the linear

relatlonshlmtr(;ﬁ;lﬁ versus-CHs groups for each ATPShe results were—a: Hs =
CH3

0.44+0.01, -0.69+0.05 and -1.09+0.01 kJ ™fdr the ATPS formed by Acet, Tart and
Citr respectively, demonstrating that th@Hs 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, tha,.H5% and TA,.S2% 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. A, Hg;: as a function of GHs groups MV10Bschy, MV6Bescrs,

MV2B 4-cHs) and PRAo-cHg) partitioning in (a) AcetNa + PPO425 +®l (b) CitrNa +

PPO425 + HO and (c) TartNa + PP0O425 ©-®IATPS 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 interactionsUiye-

components |Q;,:Hphwm—upHAincHop—yp|) are the same for the three ATPS, then the
interactions that promote the difference in mgyg’;;’ values are in the bottom phase

(1AineHppp—gp HAineHgp—gpl). 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 thektTHg,',";’ 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 ﬂ}eHg;,";’ values

become more negatives when the methylation degree on the dye structure increment,
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unlike the system with Acet that thatng,',";” values are less negatives when the

' . ‘ _ _9AeHE®
methylation degree increment. This can be observed in the calculatlerg—eh';1 1 =
CH3

1.80+0.03, -1.32+0.07 and -1.46+0.03 kJ ™fir the ATPS formed by Acet, Tart and
Citr respectivelyShowed that the phenyl group contribute unfavorably in the PhM dyes

transfer in ATPS formed by Acet and favorably in presence of Citr > Tart.

]
w
L

1
[<2)
1

A S™/ kImol™

[y
N
1

1o

n(-CH)
-30 -8
b C
-31
-10
-32
- o 124
S -331 S
E =
2 2 144
%-35- {’1.16-
-36- a_
.18
-37-
T T T T T T T '20 T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
n(-CH) n(-CH,)

Figure 68. TAtrS,f,’l‘f\’,, as function of €Hs groups for MV10B(6€H3), MV6EB(5-
CHs), MV2B(4-CHz) and PRA(OE€HS3) partitioning in (a) AcetNa + PPO425 +6l

(b) CitrNa + PPO425 + #D and (c) TartNa + PPO425 +®IATPS at 298.15 K.
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The TAtrS(f?;'f3 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 mrsgg; values are less
negative when the methyl groups number increase. Unlike, the ATPSs formed by Citr or
Tart that theTAtrS(f?,‘;f3 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

60
IM8rSCns — 1 4140.01, -0.59+0.02 and -1.01+0.02 kJ fndr the ATPS formed by

6nCH3
Acet, Tart and Citr respectively. Indicating that thes@kbups 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 thd,.Gir, AnHyo and TA,SSy values of AUR
(DPhM) and MV2B (TPhM) as functions of the TLL in PPO425 zOH+ sodium

organics salts ATPSs.
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Figure 69. (a) Atram (b) Atng;f;’l and (c)TAtrS,‘f;,‘(l values of MV2B (closec
symbols) and AUR (open symbols) as a function of the TLL of AcetNa + PPO:«
H>O (square symbol), CitrNa + PPO425 +:® (round symbol) and TartNa

PPO425 + HO (Triangular symbgIATPS at 298.15 K.

The A,.G27,, values are more negative than,Gor» ., 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&trGg;m 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 A, HSS and TA.SE% 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 AA,HY s ur and A[TALSE . ,,r] . The results are shown in the

Figure 70.
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Figure 70.(a) AALHS . ue and (D)A[TA..SE . ,.x] as function of the TLL
of AcetNa + PPO425 + # (square symbol), CitrNa + PP0O425 +® (round

symbol) and TartNa + PPO425 +® (Triangular symbgQIATPS at 298.15 K.

The AAtrH,f,';"ZB_AUR values show that; the phenyl group addition decreases the
charge density on the dye structure causing the ion pairs formation with the bottom

phase anionsA(,:Hrrny—pp) 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
AineHEp_gp is similar for both molecules, the result in thg.Hoxr  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:A;,:Hipny—acer > AintHiphm-tare >
AineHipnu—-cier @nd the energy released for form the new interaction is greater in the
next order: Ay Heier—cier > BincHTare-tare > BincHacet—acer- The result in the

AAtrH,%;B_AUR values more negatives in the order: Citr > Tart > Acet.

When the ATPS is formed by Acet anion t§TA,,.S5> . ,,z] 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 thatrG,?;f;’l, Atng,'le and TAtrSg;f,‘(l of MV6B (charge specie) and
MVB (neutral specie) as a function of the TLL of ATPSs formed by PPO425 + H20 +

sodium organic salts at 298.K5
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Figure 71.(a) A,-Go (b) Ay HY and (C)TA..S5, values of MV6B (closec
symbols) and MVB (open symbols) as a function of the TLL of ATPS forme
(square symbglAcetNa + PPO425 + #D, (round symbal CitrNa + PPO425 + tO

and (Triangular symbplTartNa + PPO425 + #D ATPS at 298.15 K.

For both structures, the transference process occurs wiflg 2> decrease in
the ATPSs studied. Besides, these values become more negative with the increment of
the TLL. Again, the difference imtrGg,'l‘}; 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
A-HE, 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 oA, HS5, 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 ta\,,.H3:5, values less negatives.

The TAtrS,f;{’,'(,, 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 cafidimeliransfer process
of more hydrophobic molecules is entropically directed and more efficient than when

formed by N&, but when the cation is ®dg?* the CHz 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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Consideracoes finais:

Esta nova abordagem experimental permitiu descobrir que a transferéncia dos grupos
metilo em SAB é mais eficiente e entropicamente dirigida em sistemas mais
hidrofilicos. O niamero de grupos fenil na estrutura do corante de fenilmetano aumenta a
hidrofobicidade da molécula tornando mais eficiente a transferéncia entalpicamente
dirigida em ATPS com menor grau de hidrofobicidade. Quando a pseudopoliation
formada por segmento EO e cations, lo processo de transferéncia dos corantes é
entropicamente dirigido e mais eficiente do que quando e formado pau Nmaas ou

Mg?*. A carga na molécula do corante ndo contribui no potencial termodinamico de
particdo, embora, trona-se fundamental nas interacdes intermoleculares especificas
modificando a entropia e a entalpia do sistema. Quando o ATPS é formado por anions
organicos de Acet, 0 processo de transferéncia torna-se menos eficiente ao diminuir
entalpia do sistema conforme o numero de grupos metilo na estrutura do corante
aumenta. Em contraste, quando o ATPS é formado por anions Tart ou Citr, 0 processo
de transferéncia é mais eficiente ao aumentar os grupos metilo e fenilo aumentando a
entalpia do sistema. Portanto, os ATPS estudados permitiram determinar a contribuicdo
de diferentes grupos funcionais presentes na estrutura quimica dos corantes de
fenilmetano no processo de particdo, fornecendo informacBes valiosas sobre a
termodinamica envolvida nas interacdes intermoleculares responsaveis pelo processo de

transferéncia de espécies em SAB.
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