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RESUMO

AMIM JUNIOR, Jorge, M.S, Universidade Federal de Vigosa, fevereiro de 2006.
Efeito hidrofébico de macromoléculas sobre a particdo de
cianocomplexos em sistema aquoso bifasico. Orientador : Luis Henrique
Mendes da Silva. Conselheiros : Jane dos Reis Coimbra, Jos¢ Roberto da
SilveiraMaia, Luis Anténio Minin e Mariado Carmo Hespanhol da Silva

Dados de equilibrio de fase de sistemas aquosos bifasicos (SAB’S)
formados pela mistura de copolimero tribloco, fosfato de potassio (pH=7) e &gua
foram determinados neste trabalho em trés temperaturas 10°C, 25°C e 40°C e
com dois tipos de copolimeros L35 (1900g.mol™) e F68 (8400g.mol™).
Copolimero tribloco € uma macromolécula do tipo PEO-PPO-PEO onde PEO e
PPO sdo de poli(6xido etileno) e de poli(oxido propileno), respectivamente. Seis
SAB’s foram obtidos através do método de quantificacdo de fases. O efeito da
temperatura no diagrama de fase para ambos os copolimeros L35 e F68 n&o foi
significante. A ndo influéncia da massa molar sobre os diagramas de fase pode
ser explicada por efeitos associados a hidrofobicidade dos copolimeros. O
comportamento de particio dos anions [Fe(CN)s(NO)]? e Fe(CN)g]? foram
estudados em SAB’s formados por copolimeros triblocos e em SAB’s formados
por PEO.. Os coeficientes de particio para os ambos os anions foram
investigados em funcéo da temperatura, comprimento da linha de amarracéo
(TLL), hidrofobicidade das macromoléculas e da presenca ou auséncia do grupo
NO nos complexos. Um forte efeito de temperatura foi observado para a particéo
dos complexos. Ao aumentar a temperatura nos sistemas L35, F68 e PEO, o
coeficientes de particdo dos anions [Fe(CN)s(NO)]™? e [Fe(CN)g]™ diminuiram,
indicando um processo exotérmico de transferéncia A ordem relativa do
coeficiente de particdo é L35 <F68 <PEO para ambos o0s anions. Entretanto, o
anion [Fe(CN)s(NO)]? tem coeficientes de particBdo maiores do que o anion
Fe(CN)¢]® em todos SAB’s estudados. A banda de estiramento NO foi muito
sensivel a presenca de polimero indicando que o grupo NO tem um forte efeito

sobre a particdo do anion [Fe(CN)s(NO)]™. Os parmetros termodinamicos

Xii



obtidos para a ndo linear equacdo de Van't Hoff e medidas de caorimetria
mostram gue o processo de transferéncia dos anions para a fase superior em

todos os SAB’ s estudados é regido pela entalpia.
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ABSTRACT

AMIM JUNIOR, Jorge, M.S, Universidade Federal de Vigosa, february 2006.
Hydrophobic effect of the macromolecules on partitioning of the
cyanocomplexes in aqueous two phase systems. Adiviser: Luis Henrique
Mendes da Silva. Committe Members : Jane dos Reis Coimbra, José Roberto
da Silveira Maia, Luis Antonio Minin e Maria do Carmo Hespanhol da
Silva

Phase equilibrium of agueous two phase systems (ATPS) formed by
mixture of triblock copolymer, potassium phosphate (pH=7) and water was
prepared in this work in three temperatures 10°C, 25°C and 40°C and with two
different copolymer (L35 of 1900g.mol™? and F68 8400g.mol™). Triblock
copolymer is a macromolecule of the type PEO-PPO-PEO, where PEO and PPO
are poly(ethylene oxide) and poly(propylene oxide), respectively. Six ATPS was
obtained by phase quantification methods. The effect temperature on the phase
diagrams for both L35 and F68 copolymers was not significant. The not
influence of the molar mass upon the behavior of the phase diagram for both
macromolecules was compensated by effects associated to the hydrophobicity of
the copolymers. The partitioning behavior of the [Fe(CN)s(NO)]? and
[Fe(CN)g] ™ anions was studied in theses ATPS formed by triblock copolymers
and in ATPS formed by PEO.. The partition coefficients for the both anions were
investigated in function of the temperature, tie line length (TLL), hydrophobicity
of the macromolecules and a presence or absence of the group NO in the
complexes. A strong temperature effect was observed in the complexes
partitioning. Upon increasing the temperature in systems containing triblock L35,
F68 and PEO, the partition coefficient of the [Fe(CN)s(NO)] and [Fe(CN)¢] ™
decreased, indicating an exothermic process of the partitioning. The relative
order of the partition coefficient is L35<F68<PEO for both anions. However, the
[Fe(CN)s(NO)] @ anion has higher partition coefficient than [Fe(CN)e] > anion in
al ATPS studied. The IR NO stretching band was very sensitivity to presence of

Xiv



the macromolecules suggesting that group NO has a strong effect on
[Fe(CN)s(NO)]? anion partitioning behavior. The thermodynamic parameters
obtained for non-linear Van't Hoff equation and cal orimetric measurements show
that the transfer of the anions to the top phase in all ATPS studied is enthalpically

driven.
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1. INTRODUCAO

1.1. SISTEMAS AQUOSOS BIFASI COS

A formagdo espontanea de um sistema aquoso bifasico (SAB) ocorre
quando dois diferentes polimeros hidrossoluvels, ou um polimero e um sa
inorganico sdo misturados em &gua, sob determinadas  condicOes
termodinadmicas. Sistema aquoso bifasico (SAB) é reconhecido como um sistema
altamente eficiente na purificacdo e extracdo de biomoléculas (proteinas,
enzimas) [1,2] e tem sido aplicado também na extracéo de ions metalicos [3,4].

Em gera, a adicdo de um material em SAB resulta numa transferéncia
preferencial para uma das fases, devido, principalmente, as diferentes interacoes
intermoleculares que podem ocorrer entre o soluto e cada componente formador
das fases.

Para um SAB obtido a partir de uma composicdo global, geralmente
definida em termos de porcentagem massa/massa % (m/m), observa-se que afase
superior seraricaem polimero e afase inferior ricaem sal, sendo que, em ambas,

predominaaagua (Figura 1).

——3 Composigao da fase superior

_— | PEQ 25 4%0mim)
Composigao Glohal ‘.,___,‘.Jf Sal 3,1%(mim)
e ®al Aoua T 5%0MAT
PEC 12 3%(rmim] %)
0 LI
$a| 7 'B ’ﬁa(mfm) » Composicgio dafase inferior
Agua 79,2%(m/m) e/ PEO 4,8%(min)
*5 Sal 12, 2%0mim)
Agua S3%0mim)

Figura 1. Exemplo de um sistema aquoso bifasico formado por PEO (MM=3400g/moal),
MgSO,e H,0a25°C.

A composicdo quimica das duas fases que se encontram em equilibrio

termodindmico é geralmente representada em um diagrama de fase (Figura 2).



Estes dados de equilibrio liquido-liguido sdo de grande importancia para os
estudos de particéo, pois, sdo utilizados para o desenvolvimento e otimizacéo de

processos de extragao de diversos solutos.

Linha de amarragao

et E—
E l
E B |
= FE
T i b o
=Rt  _ Binodal
oo =
0 \ 1 FASE | | |
0 ] 4 E 2 10
Sal%ermim)

Figura 2. Diagrama de fase de um sistema aquoso bifasico formado por polimero e sal.

Neste diagrama de fase, a abscissa representa a concentragéo de sal e a
ordenada a concentracdo do polimero presente no sistema. Desta forma, o
diagrama nos informa em quais composi¢des globais 0 sistema se encontra
homogéneo ou bifasico, sendo essas duas regides separadas pela linha binodal
(BP.C) [5]. A posi¢cdo da binodal varia de acordo com o tipo e massa molar do
polimero, natureza quimica do sal, temperatura e pH do meio. Existem diferentes
métodos para a obtencdo da linha binodal, sendo geralmente utilizados os

métodos de titulacdo turbidimeétrica e de analise das composi¢cdes das fases [6,7].

No diagrama de fase, séo também representadas as linhas de amarracéo (ex:
linha BAC) que, para uma determinada composi¢éo global do sistema (ponto A),
fornece a composicdo das fases em equilibrio, representadas pelos pontos B (fase
superior) e C (fase inferior) (Figura 2). O ponto P, chamado de ponto critico,
representa um caso tedrico no qual a composicao e volume da fase superior e

inferior sdo idénticas.



A obtencéo das linhas de amarracéo é de grande importancia, pois, todas
as misturas com composi¢oes globais representadas por pontos presentes em uma
mesma linha de amarragéo, fornecerdo fases superiores com propriedades
termodinadmicas intensivas (ex: composicao) idénticas, porém com propriedades
extensivas (ex: volume) diferentes. O mesmo principio aplicase as fases

inferiores.

Um parametro termodinamico utilizado para expressar a diferenca das
propriedades termodindmicas intensivas entre as fases em equilibrio € o
comprimento da linha de amarracdo (CLA) [5]. Este parametro é calculado em
funcéo das diferencas de concentractes dos componentes em cada fase, conforme

indicado na equacéo 1.

CLA= [(cg -cLf +(cs- cl )2]% (equagsol)

em que, CS e C} sdo as concentragdes de polimero (%(m/m)) na fase superior e
inferior, respectivamente, enquanto CS e C. sdo as concentragdes do sal
(%(m/m)) na fase superior e inferior, respectivamente. A medida que o valor do

CLA aumenta, torna-se maior a diferenca de composicdo entre as fases,

elevando, conseguientemente, a eficiéncia na extragdo de um dado soluto.

1.2. TERMODINAMICA DE FORMACAO DE MICELAS
MACROMOLECULARES

O polimero poli(éxido de etileno) € uma macromolécula linear que contém,
em sua cadeia, a unidade repetitiva (-CH,-CH,-O-) e grupos terminais R= OH e
R’= H. Ja o copolimero da série Pluronic € constituido por segmentos de Oxido
de etileno (-CH,-CH,-O-) e oOxido de propileno (-CH,-CH(CH3)-O-) e é
designado por (PEO),-(PPO)-(PEO), [8]. A homenclatura para os copolimeros &

definida através de letras e nUmeros. A letra L € utilizada para copolimeros que



sejam liquidos, P e F para pasta e flocos, respectivamente. O primeiro algarismo
indica a massa molar do bloco PO e o ultimo indica a fragdo em massa do bloco
EO. Por exemplo, o plurénico L35 é um liquido com aproximadamente 950g/mol
de PO e com 50% m/m de EO. Ja o F68 séo flocos com 1750g/mol de PO e 80%
m/m de bloco EO.

Os copolimeros estédo divididos em randémicos, e em blocos. Nestes
altimos, as diferentes unidades repetitivas sdo organizadas em grupos, sendo
classificados de acordo com o nimero de blocos que cada molécula contém e
com o modo pelo qual estéo arranjados. A figura abaixo mostra alguns exemplos

de arranjo molecular para os copolimeros.

AN e

aleatorio Bloco (du, tr1)

AN

Enxertado (grafi)
Estrela - star

Figura 3. Arranjos moleculares para os copolimeros.

A representacdo geral das estruturas quimicas do polimero PEO (com n
unidades repetitivas EO) e do copolimero tribloco (com n unidades repetitivas

EO e m unidades PO) estdo representadas na Figura 4.
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Figura 4. Estrutura quimica do: (A) poli(éxido de etileno); (B) copolimero tribloco PEO-PPO-
PEO.

O bloco intermediario de poli(oxido propileno) (PPO) interage menos
intensamente com as moléculas de &gua do que os blocos de poli(oxido etileno)
(PEO), devido, principalmente a presenca de um grupo metila a mais na cadeia
do segmento do Oxido de propileno [8,9]. Variando a propor¢éo de segmentos
PPO ou PEO nos copolimeros pode-se conseguir propriedades distintas para as
solugbes aquosas destas macromoléculas, como por exemplo, variar o balanco
hidrofilico/hidrofobico e, conseguentemente, as interagdes dos componentes
dessas solucdes com os diferentes solutos presentes no sistema.

Devido a estas caracteristicas os copolimeros s muito utilizados na
indastria como detergentes, na formulacdo de cosméticos, em liberacdo de
farmacos, solubilizagéo de materiais [10].

A temperatura € um pardmetro termodindmico que influencia
significativamente as propriedades fisico-quimicas dos copolimeros em solucéo.
O aumento da temperatura dessas solugdes faz com que a interagdo dos
segmentos PO e EO com a agua diminua e, conseqlentemente, causa um
aumento na hidrofobicidade desses diferentes blocos que formam a

macromolécula, promovendo a sua agregacdo em estruturas denominadas



micelas. Estes agregados possuem um nucleo formado por unidades PO, que sGo
rodeadas pelos segmentos de EO. A Figura 5 exemplifica a estrutura de uma
micela formada por copolimero tribloco (PEO-PPO-PEO).

PEC

/

PPO

Figura 5. Estrutura de uma micelaformada por um copolimero.

A temperatura na qual as primeiras moléculas de copolimeros se agregam é
chamada de temperatura micelar critica (TMC). Esta mesma agregacdo ira
ocorrer quando em um sistema, a temperatura constante, a concentragdo do
copolimero aumentar, sendo esta conhecida como concentracdo micelar critica
(CMC) [8]. Em temperaturas proximas a 25°C e, em elevadas concentragdes, as
solugbes aquosas de copolimeros formam um gel. Estes géis surgem a partir da
agregacao de micelas em redes tridimensionais que aprisionam as moléculas do
solvente.

A formacdo de micelas de copolimeros é explicada por um modelo
molecular [8,9] no qual a forma enovelada do copolimero esta em equilibrio com
a forma micelar (equilibrio associativo-dissociativo). A energia livre para a

formacé&o desses agregados (néo i6nicos) € cal culada pela equagéo 2:

Dmic(30 = RTIn(CCMC) (equagéo 2)



Em que R € a constante dos gases, T € a temperatura em gue se encontra o
sistema e Cgyc € aconcentragcdo micelar critica.
Aplicando a equacdo de Gibbs-Helmoholtz encontramos a entalpia padréo de

micelizagdo:
+ (equacéo 3)

Finalmente, a entropia padréo de micelizagéo é dada pela equacéo 4-

D_.H°-D,_G°
DMCSO — mic T mic (equa(!‘éo 4)

Dados experimentais de caorimetria diferencial de varredura e da
dependéncia da CMC com a temperatura [8,9,10] mostram que o processo de
micelizacdo de copolimeros em solugdo aguosa € um processo endotérmico,
indicando que, termodinamicamente, a formacdo de micelas é regida pela
entropia (A icS>0).

Este aumento na entropia ocorre porque, na formagéo das micelas, ha a
liberacdo das moléculas de agua que antes interagiam com segmentos da
macromol écula que estavam livres em solugdo, causando, consegientemente, um
aumento no grau de liberdade trandacional das moléculas do solvente,
promovendo, assim, um ganho entrépico paratodo o sistema.

Por ser determinado entropicamente, o processo de micelizacdo € uma
funcdo do comprimento e da proporcdo dos segmentos de PO, isto &, a parte
hidrofébica do copolimero. Para grupos de PEO-PPO-PEO , em que se mantém o
nimero segmentos de EO constante e se varie a quantidade de segmentos PO nos
copolimeros, em uma dada temperatura e concentracdo, percebe-se que 0s
valores de CMC caem com o aumento do nimero de segmentos de PO [9]. Logo
aformacdo de micelas é dificultada quanto mais hidrofilica for a macromolécula,

ou segja, quando possuir mais segmentos de EO em sua estrutura quimica.



1.3. EFEITO HIDROFOBICO

O termo “interacOes hidrofébicas’ denota a tendéncia de certos tipos de
moléculas de se associarem em um meio aquoso [11,12]. Essas interacOes
contribuem para o enovelamento de proteinas, a formagdo de micelas por
surfactantes ou copolimeros e formacéo de emulsdes.

Muitos estudos termodinamicos foram feitos na tentativa de interpretar e
explicar este fendbmeno. O primeiro modelo foi baseado nos paréametros
termodinamicos de hidratagéo, obtidos experimentalmente de varios compostos
apolares em agua, sendo que a baixa solubilidade em égua estaria associada ao
valor positivo da variacdo da energia livre de Gibbs de transferéncia de um soluto
para a fase aguosa (A G >0). A Tabela 1 mostra as propriedades termodindmicas

de hidratac8o do gas metano em varios solventes.

Tabela 1. Par@metros termodindmicos de hidratacdo para 0 gas metano em
vérios solventes a 25°C

Solvente AG (kd/mol) AH°(kJ/mol) -TAS® (kJ/mol)
decano 13,0 -2,30 17,3
hexano 13,1 -2,26 15,4
benzeno 15,3 -1,25 16,6
acetona 15,6 -2,80 18,4
etanol 16,5 -8,78 25,3
metanol 17,5 -7,94 25,4
agua 25,5 -13,8 39,3

Os resultados da Tabela 1 mostram que a baixa solubilidade do metano é
completamente governada pela perda de entropia do sistema, devido,

principa mente a perda de entropia configuracional das moléculas do solvente.



Em 1945, Frank e Evans [11] propuseram um modelo molecular
aproveitando os parametros termodinamicos obtidos anteriormente. O modelo,
conhecido como “modelo do iceberg”, explica a baixa solubilidade de compostos
apolares em agua em termos da organizacdo das moléculas de &gua em torno do
soluto apolar, que ocorreria com a perda de entropia no sistema. A este tipo de
interagdo &gua-soluto denominou-se hidratag&o hidrofobica

As propriedades fisico-quimicas da &gua se devem principalmente a
distribuicdo heterogénea de cargas elétricas e ao angulo de ligacdo O-H [5,13].
Essas caracteristicas lhe permitem fazer quatro ligagdes de hidrogénio com outras
moléculas de agua, propiciando a formacdo de uma grande rede tridimensional

(Figura 6) de estrutura tetraedrica e com alto cooperativismo molecular.

Q Qaigénio  @Hidrogénio

Figura 6. Rede tridimensional da estrutura da égua liquida.

A dissolucdo de um soluto apolar na &gua ocorreria com a hidratacéo
hidrofdbica, com isso as ligagOes de hidrogénio gue antes se mantinham em uma
estrutura tetraédrica passariam a formar camadas em torno dos solutos mais
organizados conhecidos como clatratos (Figura 7). Esta nova configuragdo das
moléculas de agua ocorre principal mente com perda de graus de liberdade, o que

leva areducédo da entropia do sistema.



Para este model o, a agregacdo dos solutos apolares em solucéo aquosa ou as
atrativas interagbes entre esses solutos sdo oriundas das interacbes entropicas

desfavoraveis gque ocorrem no sistema.

Figura 7. Estruturaorganizadada agua

Pioretti [11] desenvolveu um outro modelo, conhecido como modelo da
cavidade, em inglés Scaled Particle Theory (SPT), no qual as interagOes
entalpicas entre soluto e solvente dominariam o processo de agregacdo das
moléculas apolares. Nesta proposta, a dissolucdo de uma particula em uma

solucao envolve duas etapas:

1) criagdo de uma cavidade no solvente gue tem um tamanho apropriado
para acomodar 0 soluto. Nesta etapa, 0 processo seria endotérmico,
devido a quebra de interagBes das moléculas do solvente;

2) estabelecimento de interagbes entre moléculas do soluto e do solvente.
Este processo seria exotérmico, devido as novas interagbes, mas que
levaria a uma reducdo entrépica do sistema (perda nos graus de liberdade

das moléculas do soluto e do solvente).
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A teoria usa argumentos estatisticos para descrever a criacdo de um
elemento de volume em um dado liquido para acomodar uma particula, sendo
gue neste processo é necessaria uma certa quantidade de trabalho sobre o sistema
para que ocorra uma reorganizagéo das moléculas do solvente para formar essa

cavidade. A distribuicdo de Boltzmann expressa este modelo (equacéo 5) :

geW(R,Q)'_Q
P(R,Q) —e* T 0 (equacio 5)

Sendo que P(R,Q) € a probabilidade de surgir, dentro das flutuactes estatisticas
das moléculas do solvente, uma cavidade. Q € o nimero de moléculas do soluto
por volume (N/V), W(R,Q) € o trabalho requerido para criar a cavidade de raio
R.

Este modelo, SPT, foi usado para estudar o comportamento de solvatacdo
de gases apolares em solucdo aquosa. Os resultados experimentals sugeriram gque
a baixa solubilidade desses gases em agua estava principal mente relacionada ao
pegueno volume molar das moléculas de agua. Ou sgja, a freqiiéncia com que se
formavam as cavidades na solugdo aguosa ndo era suficiente para acomodar esses
gases.

A relagdo entre essas duas propostas, que enfatizam diferentes aspectos das
moléculas de &gua, ainda nd € completamente conhecida [14]. Mas estes
modelos sdo utilizados, por exemplo, para explicar a formagdo de micelas de
molécul as de surfactantes ou de macromol éculas em solugdo aguosa.

Por exemplo, ao introduzirmos as primeiras moléculas de copolimeros em
agua, havera o surgimento da cavidade para acomodar essas macromoléculas.
Interacbes que antes ocorriam entre as moléculas de agua serdo quebradas e
novas interacdes com segmentos das macromoléculas surgirdo. Neste novo
ambiente, as moléculas de agua se organizardo ao redor das macromoléculas
assumindo novas estruturas (clatratos), perdendo graus de liberdade.

A medida que aumentamos a concentragd das macromoléculas na

solucdo, maior sera a hidratacdo hidrofobica e mais clatratos seréo criados. Logo,
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0 sistema perde em entropia com 0 surgimento dos clatratos. Ao surgir o
primeiro valor de concentragdo do soluto (copolimero) que tornaria a energia
livre de Gibbs de dissolucéo positiva, a CMC da macromolécula, o sistema &
levado a uma nova configuragdo afim de diminuir a energialivre de Gibbs.

Isto ocorre através da quebra das estruturas de solvatacdo das moléculas de
agua (clatratos) que, consegiientemente, ganham graus de liberdade, sendo este
evento chamado de efeito hidrofébico [8]. Juntamente com a liberacdo das
moléculas de agua ocorre a associacdo das macromoléculas em agregados

micelares.

1.4. APLICACAO DE COPOLIMEROSEM SISTEMAS AQUOSOS
BIFASICOS

Sistemas agquosos bifasicos (SAB’s) sdo utilizados para estudos de particdo
de biomol éculas desde a sua descoberta por Albertsson em 1950 [15]. Diferentes
tipos de SAB’s podem ser utilizados para este tipo de experimento, entretanto
SAB'’s formados por PEO e dextrana (polissacarideo) sdo os mais utilizados.
Devido ao ato custo da dextrana e da dificuldade de separar as biomoléculas da
fase polimérica, alternativos SAB’s foram desenvolvidos para minimizar estes
problemas [16,17].

Estes novos sistemas séo compostos por copolimeros que sofrem separacéo de
fase com uma mudanca moderada da temperatura do sistema em que se
encontram (ponto de névoa). Esta separacéo de fase resulta em uma fase ricaem
adgua e outra rica em polimero. Esses tipos de polimeros sdo chamados de
polimeros termosseparavels. PEO também € polimero termosseparavel, mas tem
um ponto de névoa muito ato (100°C) para separacéo de biomoléculas.

Os copolimeros triblocos do tipo PEO-PPO-PEO e diblocos PEO-PPO séo
termosseparaveis e tém baixo ponto de névoa em relagdo ao PEO. Logo, SAB’s
formados por esses copolimeros tém sido utilizados para a particdo de solutos
[18] e em seguida, com 0 aumento da temperatura, € feita a separacéo do soluto

de interesse do copolimero [19].
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Copolimeros tém a capacidade de formar agregados micelares em solucéo,
com este comportamento os copolimeros triblocos séo utilizados para particéo de

biomoléculas hidrofilicas e hidrof ébicas.

e/ {)’ >>[copolimero] @ @ >>[copolimero] %ﬁjgﬁﬁ%
e ————

Q ~_ ~_

Figura 8. Formagdo das micelas macromoleculares em SAB’s quando se
eleva a temperatura do sSstema e a concentragdo do  copolimero
([copolimera]).

A Figura 8 mostra como € o comportamento dos copolimeros em SAB’s. A
fase superior fica muito mais hidrofébica que a fase inferior com o aumento da
temperatura e da concentracdo da macromolécula (formagdo das micelas),
possibilitando diferentes propriedades ao sistema em relagdo aos SAB's
formados por PEO.

Por causa dessas propriedades em solucéo, Berggren et al. [20], em 1995,
realizaram experimentos de particdo com diferentes proteinas (albumina do soro
bovino, lisozima, b-lactoglobulina A, mioglobina e citocromo C) em SAB’s
formados por copolimero dibloco (PEO)so(PPO);, com o intuito de avaliar o
efeito da hidrofobicidade dessas proteinas nesse sistema. Berggren e
colaboradores concluiram que a particdo das proteinas era dependente da sua
hidrofobicidade e que a hidrofobicidade das macromoléculas que constituiam os
SAB'’s e a presenca de distintos eletrélitos também afetavam a particdo dessas
biomoléculas. A maior vantagem desses sistemas foi a possibilidade de recuperar
essas proteinas sem que sofressem desnaturagao.

Sistemas formados por copolimeros dibloco (PEO)so(PPO)s, também
foram utilizados por Persson et al. [18] em 1999. O objetivo desse trabalho era

de separar trés proteinas (albumina do soro bovino, lisozima e apolipoproteina A-

13



1) e de verificar o efeito de sais na extragdo dessas proteinas. Esses pesquisadores
chegaram a mesma conclusdo de Berggren et al. [20] a de que SAB’s formados
por copolimeros eram sistemas promissores para purificacdo de biomoléculas.

Com os poucos trabal hos que existem de extracdo ou purificacéo de solutos
em SAB’sformados por copolimeros diblocos, amaior parte deles utilizou-se de
sistemas aquosos bifasicos formados pela mistura desses copolimeros com outras
macromoléculas como dextrana [21] e maldotextrina [18]. Somente em 2004, Li
e Peeples [22] determinaram diagramas de fase com o copolimero PEO-PPO
(2500g.mol ™) e eletrdlitos (NH,),SO, e, em seguida, fizeram um estudo de
particdo de uma enzima.

Svensson et al. [23] comegaram a utilizar copolimero tribloco para a
particdo de aminoacidos e oligopeptideos em SAB’'s . Nesse trabalho foi
investigado o efeito de agregacdo do P105 (6500g.mol ™) sobre o comportamento
de particio dessas biomoléculas. A extracdo dessas particulas foi
significativamente influenciada pela temperatura o qual foram submetidas para a
extracdo, pois os coeficientes de particdo para esses solutos aumentavam com a
temperatura. Os autores atribuiram este comportamento a capacidade do
copolimero de se agregar (formagdo de micelas) em altas temperaturas.

Em outro trabalho, Svensson et al. [24] comegou a avaliar a capacidade dos
copolimeros em formar micelas e afetar o comportamento de particdo de uma
série de proteinas em SAB’s formados por copolimeros e dextrana. Para isso,
esses pesguisadores usaram dois copolimeros com razdes EO/PO diferentes,
P105 (50%EO m/m) e F68 (80%EO m/m). Os coeficientes de particdo das
proteinas eram afetados pela temperatura nos SAB’s formados por esses dois
copolimeros, as proteinas se concentravam mais em uma fase rica em F68 do que
em fase uma rica em P105. Uma possivel razéo era de que o F68 tinha menor
capacidade de formar agregados e, por isso, a extragdo em relacdo ao P105 era
diferente para as varias proteinas particionadas.

Sistemas aquosos bifasicos formados por copolimeros estéo sendo utilizados
atualmente com a principal finalidade, como no trabalho de Rabelo et al. [25], de

purificar biomol éculas.
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1.5. APLICAGAO DE SISTEMAS AQUOSOS BIFASICOS NA
EXTRACAO DE METAIS

O primeiro trabalho aplicando SAB’s para extracéo de ions metdlicos foi
publicado em 1984 por Zarova et a. [26]. Em geral, existem poucos trabalhos
desenvolvidos até o momento que apliguem SAB’s na extragdo de ions
metalicos. Contudo, estes trabalhos mostram que a maioria dos ions metélicos
prefere se concentrar na fase ricaem eletrolitos [27].

No estudo sobre a extragdo de ions metdlicos, o uso de sistemas formados
por misturas de poli(oxido de etileno) (PEO) e sal inorganico predomina em
numero,sendo que a maioria das pesquisas € feita utilizando-se o poli(éxido de
etileno) de massa molar igual a 2.000g.mol™ [27]. O emprego de polimeros de
baixa massa molar visa a otimizacdo de propriedades termodinamicas do
Sistema, tais como a diminuicdo da viscosidade das fases, solubilidade do
polimero e tempo de separacdo das fases.

Existem poucos estudos feitos com SAB’s na particdo de ions metalicos
formados por polimeros, que contém unidades repetitivas diferentes do dxido de
etileno, ou sga, que tenham distintas hidrofobicidades,. Um exemplo disto foi a
utilizacdo do copolimero L64, do PPO poli(oxido propileno) e PVP
poli(vinilpirrolidona) no estudo de particdo do anion pertecnatato (TcO,) [28].
Entretanto, trabalhos avaliando o efeito de sais na distribuicdo de ions metalicos
em SAB’s s80 bem numerosos [29,30]. Como por exemplo, a pesquisa
desenvolvida por Graber et a. [31], investigando o efeito de anions e cations
sobre arazéo de distribuicéo de complexos do tipo BiX, (paraX=CI", Br’, I).

Segundo Roger et a. [27], a extracdo de ions metalicos pode ser feita de
trés formas: (a) na presenca de um complexante soltvel em &gua; (b) utilizando-
se de um anions inorganicos e (€) na auséncia de qualquer agente extrator.

Dentre as trés formas de extragdo, a mais empregada € aquela em que se
usa complexantes sollveis em agua, organicos ou inorganicos. Em geral, esses

complexantes promovem uma melhora na particdo dos ions metélicos para a fase
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rica em polimero. Essa melhora € decorrente de uma maior interacdo do
complexo metalico formado com os componentes presentes na fase polimérica

Percebe-se, em geral, que complexantes organicos que sdo soluveis em
agua, que apresentam uma elevada afinidade pela fase rica em polimero e que, ao
complexar com 0s ions, tenham uma significativa constante de estabilidade séo
utilizados para a extracéo de ions metalicos [27]. Neste caso, podemos citar o
trabalho de Visser et al. [32], no qual a particéo dos fons Fe™, Co*®, Ni*?, Cd*?
entre outros, foi feita utilizando complexantes aromaticos, tais como PAN (1-(2-
piridilazo)-2-naftol), TAN (1-(2-tiazolilazo)-2-naftol), PAR (4-(2-piridilazo)-
resorcinol) e TAR (4-(2-tiazolilazo)-resorcinol). Nessa pesquisa, a particdo dos
ions foi muito influenciada pelo pH do meio e pelo tipo de complexante
utilizado. A explicacdo dos autores esta associada a capacidade de complexacéo
dos ions com essas moléculas organicas e com a constante de ionizagdo dos
complexantes.

Fontana e Ricci [33] fizeram um estudo de particdo do fon Cu*® usando
como complexante a 1,10-fenantrolina em SAB’s formados por PEO
(3350g.mol™) e sulfato de aménio em vérias temperaturas. O que se percebeu é
que o coeficiente de particdo do complexo Cu*?-1,10-fenantrolina era muito
maior do que o coeficiente de particdo do fon Cu™®. Este comportamento foi
xplicado em termos da hidrofobicidade do complexo que teria uma maior
afinidade pela fase rica em polimero (fase superior). Este tipo de metodologia de
extracdo de ions metalicos utilizando complexantes ainda € bem utilizado, e pode
ser feito utilizando anions inorgénicos para extragao de ions.

Para 0 segundo tipo de extracdo, classificado por Rogers et a. [27],
utiliza-se anions como I°, SCN', F, CI", como exemplo temos o trabalho feito por
Shibukawa et al. [34], no qual foram feitos estudos no comportamento de
extracdo dos fons Fe™, Co™, Ni*%, Zn™, Mn™, Cu*? Cd" e Li* em SAB's
formados por PEO/N&a,SO4/H,O na presenca de iodedo e tiocianato.

O éanion pertecnatato (TcO,) até o momento € o0 Unico ion que se
concentra em uma fase rica em polimero em SAB’s sem a utilizagcdo de qualquer

complexante, sendo portanto, uma excecdo em termos de particdo de ions em
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SAB’s [28,35]. Recentemente, trabalhos feitos por Aquino [36], em SAB’s
formados por PEO e sais de sulfato a 25°C, demonstraram que 0 anion
pentacianonitrosilferrato [Fe(CN)s(NO)]? concentra-se, preferencialmente, na
fase rica em polimero, sendo evidente uma forte interagdo entre o ion e o
polimero. Contudo, ainda néo foi estudado o comportamento de particdo desse
anion em SAB’s formados por macromoléculas com hidrofobicidade diferente

do poli(6xido etileno).

1.6. ESTUDO DA PARTICAO DE SOLUTOSEM SAB’'S

Para a interpretacdo dos resultados experimentais de particdo existem
alguns modelos na literatura [37,38]. O modelo tedrico desenvolvido por Haynes
et al. [39], que é baseado na teoria de Flory e Huggins , descreve as forcas
motrizes que regem a particdo de um soluto em SAB’s através de duas equacdes
analiticas, uma relacionada a contribuicdo entalpica e outra a entropica
Neste modelo, a contribuicdo da entropia no processo de transferéncia de um

soluto para umas das fases sera descrita pela equagéo 6 :

. = MM 2n ° n'd r06
Ky == §v5 vi s (equagéo 6)

Onde K é o coeficiente de particdo do soluto, MMg a sua massa molar, ? €
a densidade numérica molecular global do sistema aquoso bifasico, n°e V° sio o
numero de mol éculas presentes na fase superior e 0 seu volume, respectivamente,
n e V' correspondem a0 nimero de moléculas na fase inferior e 0 seu
corresponde volume.

A eguacdo € aplicada guando consideramos ausentes as contribuicdes
entalpicas na particdo de um soluto. Com isso, um soluto ira se transferir para

uma fase preferencialmente (Ks? 1) se os nimeros de moléculas por unidade de
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volume das fases forem diferentes. Além disso, a particdo ocorrera para a fase

que possuir a maior densidade numérica de moléculas ?i/lg. A densidade

eVg

numerica serd, principamente, determinada pelo nimero de moléculas de agua
em cada fase, visto que é o componente mgjoritario nos SAB’s.

A contribuicdo da entalpia para a particdo de um soluto € dada pela

equagao 7 :

MMSgés.(fis'fil)‘Nis'ééa(fisfjs'filf;)wijg (equagéo?)
u

Gi=1 i=1j=2

InKS:-

Sendo FeF! as fragcbes volumétricas do componente “i” na fase
superior e inferior, respectivamente. Enquanto que wj ou Wis S30 0S pares

potenciais efetivos, dado pela equagéo 8:

~

W; = deij - l(eii - € )u (equacio 8)
2 H equac

W;; € o par efetivo entre os componentes formadores do SAB’s“i” e“j”;

Wis € 0 par efetivo entre o componente “i” na fase superior ou inferior com o
soluto “S’;

z éototal de pares potenciais que ocorrem entre os componentes do SAB’s“i” e

“en

J
6, 8i €6§; SA0 0s pares potenciais.

ou como soluto “S’;

A equacdo 7 mostra dois termos que refletem as diferentes causas que
podem promover a particdo de um soluto.
. 63 (s .\ U : : N
O primeiro termo, &g (fi - f. )\NiSL,jl refere-se a todos os tipos de interagbes
€i=1 u
que ocorrem entre 0 soluto e 0s componentes presentes tanto na fase superior ou

inferior. Logo, este termo reflete a tendéncia de o soluto se transferir para a fase
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onde existe a maior concentracdo do componente com o0 qual tem a maior
interagéo, ou sgja, 0 menor valor de wis.
O segundo termo da equagdo, [é 53 (f -t )wij ], demonstra a diferenca
=1 j=2
do contelido entalpico entre as fases, sendo esta energia proveniente somente das
diferentes interacbes dos componentes formadores do sistema aquoso bifasico. O

termo ndo expressa as interacoes devidas ao soluto.

2 3
Desta forma, éé(fisf JS)N” define a auto-energia de cada fase

i=1 j=2
Conseglientemente, um soluto ira se transferir para uma regido que se encontrar
em um estado termodindmico de maior energia, ou segja, onde se gastara menor

energia para quebrar e formar novas interacoes.
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ARTIGO

Hydrophobic effect on the partitioning of [Fe(CN)s(NO)] ?and [Fe(CN)g]
anionsin aqueous two phase systems formed by triblock copolymers

Abstract

The partitioning behavior of the [Fe(CN)s(NO)]™ and [Fe(CN)¢] ™ anions were
studied in aqueous two phase systems (ATPS) formed by potassium phosphate
and two types of macromolecules - poly(ethylene glycol) (1500 g/mol) and
Pluronic block copolymers. The Pluronic molecule is a triblock copolymer of the
PEO-PPO-PEO type, where PEO and PPO are poly(ethylene oxide) and
poly(propylene oxide), respectively. Two Pluronic copolymers with different
hydrophobicity were used, L35 (50%EO and 1900 g/mol) and F68 (80%EO and
8400 g/mol). The partition coefficient for the [Fe(CN)s(NO)] and [Fe(CN)g]>
anions in each ATPS were investigated as a function of the temperature, tie line
length (TLL), hydrophobicity of the phases and in the presence or not of the NO
group in the complexes. A strong temperature effect was observed in the
partitioning of the complexes. Upon increasing the temperature in systems
containing L35 or F68 and PEO, the partition coefficient of the both anions
decreased, indicating an exothermic process in the partitioning. However, the
partition coefficient increases exponentially when tie line length increase in all
ATPS studied for the anions. The relative order of the partition coefficient is
L 35<F68<PEO for the anions. The IR NO stretching band was very sensitive to
polymer concentration suggesting that the NO group has a strong effect on the
[Fe(CN)s(NO)]? anion partitioning behavior. The thermodynamic parameters
obtained for Van T Hoff equation and calorimetric measurements suggest that

the transfer of anions to the top phase is enthal py driven.

Keywords: agueous two phase system, thermodynamic parameters, triblock

copolymer.
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1. Introduction

Traditionally the extractions of metal ions from agueous solutions have been
carried out by liquid-liquid extraction using water and an organic solvent that
form two non-miscible phases [1]. However, these organic solvents employed for
metal extraction are toxic, flammable and volatile. In recent years, aqueous two
phase systems (ATPS) have started to be used for the same purpose. One of the
main advantages of these systems is that the partitioning occurs between two
non-miscible agueous phases, which has evident environment benefits [2]. ATPS
can be formed by combining either two water-soluble polymers differing in their
chemica structure or a polymer and a salt in a certain concentration and
temperature [3]. Most published work focuses on the experimental determination
of partition coefficients for metal ions [4-7] and in this context, ATPS have
shown to have great potential to separate metallic ions from agueous solutions.

Different agueous two phase systems can be used for partitioning of metalic
ions; polymer/polymer and polymer/salt are examples of systems studied. Most
attention has been focused on the poly(ethylene glycol) (PEG) of molar mass
2000g.mol™ [9] and some inorganic anions (CO5?, SO,% OH™ or PO,”) [8,9].
Several factors can influence the outcome of the partitioning such as. tie line
length, type of salt, pH, temperature, molecular size and hydrophobicity of the
phase-forming polymers.

Rogers et a. [9] classified metal ion extractions in the aqueous two phase
system into three categories. (1) extraction using a water soluble extractant; (2)
extraction of metal complexes of inorganic anions and (3) extraction by the
polymer-rich phase alone without an extractant. Among the three types of metal
extraction the most applied are 1 and 2, because the distribution ratios (D) of the
ions are often all very low (D<1) inthe ATPS[9].

In general, those water soluble extractant and inorganic anions promote an
improvement in the partitioning of the metallic ions to the polymer-rich phase

[1,9]. That occurs because of the better interaction of the metal complexe formed
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with the components in the polymeric phase. However, the partitioning behavior
of those solutesin ATPS is poorly understood at present.

The pertechnetate anion (TcOy) is an exception of the first and second type
of the extraction the metal ions in ATPS, because the anion partition
guantitatively to the polymer rich phase in the absence of any added extractant.
The pertechnetate’s preference for polymer rich phase has been explained
because of its large relatively hydrophobic nature and the small value of its
estimated Gibbs free energy of hydration (Apy4G) [10].

But recently, it was discovered that the pentacyanonitrosylferrate anion
prefers to concentrate in the polymer rich phase, in the absence of any extractant
[11]. The partitioning behavior [Fe(CN)s(NO)]? has been investigated as a
function of the type of salt, PEO molecular mass and tie line length, and this
behavior has been explained as due to a strong interaction between the anion and
the EO segments of the polymer. However, was not still studied the contribution
of the hydrophobicity of macromolecules on the partitioning behavior of the
anionin ATPS.

Block copolymers have been applied in the partitioning of the hydrophilic
and hydrophobic biomolecules [12-14]. Little attention has been paid to meta
extraction in ATPS formed by copolymers. The PEO-PPO-PEO polymer is a
triblock copolymer where PEO is poly(ethylene oxide) and PPO is
poly(propylene oxide). This type of triblock copolymer self-associates upon
increasing temperature and/or concentration into micellar-like aggregates
consisting of a core dominated by PO units, surrounded by a corona of EO
chains. The temperature at which the copolymer molecules start to self-associate
is referred to as the critical micellization temperature (CMT) and the
corresponding concentration, the critical micellization concentration (CMC).

In this study, we have investigated the partition coefficient of
[Fe(CN)s(NO)] 2 and [Fe(CN)g] ™2 anions in ATPS formed by triblock copolymers
and PEG as a function of the hidrophobicity of the polymers. We carried out
partitioning studies with two different copolymers, L35 and F68. The

experiments were performed at four different temperatures, to study the effect of
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triblock copolymer self-aggregation on the partitioning of [Fe(CN)s(NO)] and
[Fe(CN)g] ™ anions. The thermodynamic parameters were obtained from a non-
linear Van T Hoff equation and calorimetric measurements to determine the

force driven associated with the transfer of anionsin ATPS.

2. Methods and materials

2.1. Materials

The triblock copolymers L35 and F68 were obtained from Aldrich (USA),
with average molecular mass of 1900 g/mol and 8400 g/mol, respectively. They
have the following nominal compositions, L35: (EO),1(PO)s(EO):; and F68:
(EO)go(PO)3o(EO)go. The polyethylene glycol PEO (average molecular mass of
1500 g/mol) was obtained from Sigma. All macromolecular compounds were
used as received. The salts KH,PO, and K,HPO, were purchased from Vetec
Quimica Fina (Brazil). Nay[Fe(CN)s(NO)] and Kj;[Fe(CN)g] were purchased
from Merck. All salts were of analytical grade and used without any further

purification. Millipore water was used in all experiments.

2.2. Phase diagram determination

The phase diagram for the systems formed by L35/ potassium phosphate
(pH=7)/ water and F68/ potassium phosphate (pH=7)/ water were determined at
10°C, 25°C and 40°C. Mixtures consisting of known weights of copolymers and
sat stock solutions (L35, 70% w/w, F68 35% w/w and potassium phosphate
(pH=7) 30% w/w) were prepared on an analytica balance. The Henderson-
Hasselbach equation [15] was used to determinate the ratio, in mass, of the
mono- and dibasic salts (KH,PO, K,HPO,) necessary to obtain pH=7. The
prepared samples were stirred for 1 min and left to equilibrate for approximately
72h in a thermostatic bath (TECNAL, TE-184, Brazil) After this treatment, the

two phases became clear and transparent, and the interface was well defined.
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Samples in triplicate from the top and bottom phases were collected to determine
the composition of each phase, using syringes. The concentrations were
calculated as mass percent (% w/w).

The concentrations of the copolymers and salt in the phases were
determined in two steps. First, the potassium phosphate (pH=7) in both phases
was quantified using spectrophotometry (Cary 50, Varian, Austraia) [16].
Second, the concentration of the copolymers was determined by measuring the
total refractive index of the solutions and then subtracting the contribution of the
salt. The refractive index measurements were performed with a refractometer
(Analytic Jena AG Abbe refractometer 09-2001 model, Germany), at 30°C. All

analytical measurements were performed in triplicate.

2.3. Partitioning experiments

To prepare the agueous two phase systems, stock solutions of the phase
component L35 70% (w/w), F68 35% (w/w), PEO 50% (w/w) and 30% (w/w) buffer
phosphate at pH=7 (KH,PO,; K;HPO,) in water were mixed in order to obtain a total
system composition in accordance with the obtained phase diagrams. For the
partitioning in ATPS formed by PEO/ potassium phosphate / water, the diagrams
reported by Carvalho [17] were used. Four different compositions were chosen from
each phase diagram. The copolymers, PEO and buffer phosphate solutions were
weighed in graded 40mL plastic tubes. The total weight of the system was 40g. The
prepared aqueous two phase systems (ATPS) were allowed to equilibrate for a
minimum of 48h in a thermostatic water bath (TECNAL, TE-184, Brazil). After of
the ATPS attaneid thermodynamic equilibrium, the top and bottom phase were
removed. Then, 259 of each phase were mixed with 10mg of the solid
(Nag[Fe(CN)s(NO)] or K3[Fe(CN)g]) complexes in a glass tube. These systems were
slowly mixed and left in thermostatic water bath for in the minimum of 48h to reach the

thermodynamic equilibrium. Each experiment was carried out in triplicate.
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2.4. Partition coefficients

The partition coefficient (K) of the [Fe(CN)s(NO)]? and [Fe(CN)¢l™

between the two phasesis defined as:

C. ]

K:Kd (eq.1)

where C; and Cy are the equilibrium concentrations of the partitioned anions in
the top and bottom phase, respectively.

[Fe(CN)s(NO)]? and [Fe(CN)g]™ concentrations in the both phases were
determined by measuring the absorption at 260nm and at 302nm, respectively.
Diluted phases from each aqueous two phase systems without the complexes
were used as blancks, which had been prepared in parallel. Absorvances were

measured with a Cary 50, Varian, Australia spectrophotometer.

2.5. Determination of thermodynamic parameters associated with the
partitioning of the complexes

2.5.1. Van't Hoff approximation

The partition coefficients were determined at four different temperatures
and the dependency of InK on /T was approximated by a polynomial expression
as represented by equation 2 [18]:

.. .2 .3
InK = a+b€elg+ cgelg +d€elg F o (eq.2)
elg elTg ¢€lg

And by applying the non-linear Van't Hoff equation 3:
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u
D, H® =- Rg)+2cgelg+3d€;elg oo a (eq.3)

8 elg eTg g

the enthal py associated to the anion partitioning was calculated. The transfer free
energy change (A;G°) was determined from equation 4:

D,G° =- RTInK (€q.4)
And the transfer entropic from equation 5:
qszﬁﬁ;qe) (eq.5)

2.5.2. Calorimetric M easur ements

Solution enthalpies were determined in a Thermometric 2225 Precision
Solution calorimeter by the ampule breaking technique. This unit was inserted
into a thermostatic water bath operating at 25°C, with stability of 0.0001 degree.
Typically 400mg of sodium pentacyanonitrosylferrate was loaded into a thin
glass ampule which was inserted and broken in 100mL of water and in the top
and bottom phase of the ATPS. With the amounts of substance used, the
minimum energy measured in the experiment was 3J, well above the energy
exchanged by breaking an empty ampule. The accuracy of the equipment and of
the procedure were confirmed by measuring solution enthalpies of KCI, with
agreement better than 1% with respect to literature data. All of the reported
enthal pies are averages of the two independent experiments.

The enthalpy of the transfer (?;H) of the anion between the bottom and top
phases, obtained by calorimetric measurements, was defined as.

D,H =Dg,H - DyguomH (eq.6)
2.6 Infrared measurements

The FTIR spectra of [Fe(CN)s(NO)] > anion in water and in different concentrations
of macromolecules L35 and F68 were taken on a Perkin Elmer 1000 FTIR spectrometer
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using DTGS (deuteron-triglycine sulfate) detector. All spectra were recorded at 25°C.

The concentration of anion was maintained constant in all samples (5% w/w).

3. Results and discussion

3.1. Phase diagrams

The phase diagrams determined for the F68/ salt/ water and L35/ salt/ water
systems at 25°C are shown in Fig.1, as example. The systems separated into two
isotropic phases, the top and bottom phases being enriched in macromolecules
and salt, respectively. The tie lines were obtained by linear regression of the
corresponding set of overall bottom and top phase concentrations. Four tie lines
were determined for each copolymer/sat ATPS. The analyses of phase
compositions for these copolymers ATPS showed that these agueous two phase
systems have top phases with lower water content than ATPS constituted by
PEO. This behavior could be explained by the hydrophobic character of the
triblock copolymers that has smaller interaction with water than PEO [19].

As can be seen in Fig. 1, the shape of the phase diagrams at 25°C does not
differ significantly in the two copolymers systems. The biphasic area was not
affected by the kind of copolymer. This behavior was observed for all

temperatures studied.
70
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o o o
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Copolymer%(w/w)

10+

Salt%(w/w)

Figure 1. Influence of copolymer molecular weight on phase diagram for the ATPS
formed by L35/potassium phosphate/water (} ) and F68/potassium phosphate/water (w)
at 25°C and pH=7.
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The overlap of the phase diagrams, observed in the Figure 1, is verified
for these copolymers (F68 and L35) at all temperatures. According to the theory
of Flory-Huggins the polymer of the higher molar mass should more easily
induce the separation of phases by has lower mixture entropic. However, this
ehavior was not observed for these two copolymers (L35 and F68). This not
influence of the molar mass in the phase diagram was compensated by the effects
associated to the hydrophobicity of the macromolecules. The presence the block
PO in the copolymers decreases the interaction with water molecules. Then, an
increase of the PO segments in macromolecules promotes a decrease in the

solubility in water.
80

70
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Figure 2. Temperature effect on the phase diagram for the L35 /potassium phosphate/water at
ph=7,(} ) 25°Cand (] ) 40°C.

Figure 2 shows a very small influence of the temperature on the phase
diagram for the L35 copolymer. This tendency was also verified for the F68.The
effect of the temperature on the phase diagrams caused more accentuated
changes in the slope of the tie lines than in the binodals position; this effect was
higher for L35 than for F68. However, with increase in the temperature, changes

in the distribution of water in system occur, when more water is transferred to the
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salt phase in ATPS formed by L35 e F68 copolymers. This is attributed to the
ability of these macromolecules to form micelles [20]. This behavior has been

presented previously [21].

3.2 Stability of the [F&{CN)s(NO)] 2 anion

Partitioning experiments with [Fe(CN)s(NO)]™ anion were performed in
absence of light, so that the anion did not decompose. The anion stability was
studied through electronic spectra in the top and bottom phases. The spectra
obtained were similar to the anion in water. Infrared spectra and elemental
analysis confirmed that the [Fe(CN)s(NO)]™ anion did not decompose in the

presence of the macromolecules used in this study.

3.3. Effect of increasing polymer hydrophobicity on the partition coefficient of
[Fe(CN)s(NO)] .

The pentacyanonitrosylferrate anion ([Fe(CN)s(NO)]™) was partitioned at
25°C in three kinds of ATPS containing top phases with distinct hidrophobicity,
mainly due to the presence of macromolecules with different EO/PO ratio. The
most hydrophilic phase was formed by poly(ethylene oxide) and the higher
hydrophobic phase was formed by L35, a triblock copolymer composed by 50%
in weight by unit of poly(propylene oxide), which exhibits a weak molecular
interaction with water molecules [22]. The F68 copolymer contains 80% of
hydrophilic EO units. Figure 1 shows the partition coefficient of the anion, K,

versustie-line length (TLL).
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Figure 3. Partition coefficient (K) of pentacyanonitrosylferrate anion in ATPS formed by
mixture of triblock copolymers (} ) L35, (?) F68 and (? ) PEO with phosphate salts (pH=7) at
25°C versustieline length (TLL).

The tie line length is a parameter, which expresses the difference in the
intensive thermodynamic functions between the top and bottom phases [3]. It is
dependent on the difference of salt and macromolecules concentration (% w/w)

present in the top and bottom phases. The TLL is calculated by equation 7.

TLL = [(c; -cef+(cl-co )2]% ea.7)

Where C! and C} are the macromolecule concentration in top and bottom
phases, while C{ and C¢ are applied in the same way to the salt.
As can be seenin Figure 3, for all ATPS studied, the partition coefficient

of the [Fe(CN)s(NO)]™ anion increase as TLL increase, occurring in every case, a
preferential concentration of the anion into the macromolecule rich phase. This
result agreed with Aquino [11], where he observed, independent of the polymer
molar mass, the same crescent exponential relationship between K and TLL, for
ATPS formed by PEO and different sulfate salts. However, all the values of K
obtained from ATPS formed by sulfates salts were higher than the partitioning
coefficients measured in this investigation, showing again the strong influence of
the electrolyte on the partitioning behavior of the pentacyanonitrosylferrate
anion. Other authors have pointed out the same strong effect of the ATPS
forming salts on the partitioning behavior of other ions[23-25].

32



As shown in Figure 3, the [Fe(CN)sNOJ™? partitioning behavior is
dependent on the hydrophobic/hydrophilic balance existent in each
macromolecular top phase, decreasing, while the hidrophobicity increase. The
ratio of EO/PO increases in the same order that the K, L35<F68<PEO. A very
useful thermodynamic parameter related with hydrophobic contribution to
partitioning is the transfer free energy D,G°[26]. This thermodynamic variable is
the change in free energy associated with the process of transferring 1 mol of the
[Fe(CN)sNO] @ anion from the bottom phase to the top phase and is calculated by
the classic thermodynamic equation, D,G°= -RT InK.

Figure 4 shows the relationship between the variables D,G° and TLL for
the three kinds of ATPS studied. Independent of the macromolecule used, the
transfer of the [Fe(CN)sNO] 2 anion caused a linear decrease in the free energy of

the system during the increase of TLL.

-10-

D,G (KJ/mol)
©

-11-

30 40 50 60
TLL

Figure 4. Transfer free energy D,G° of pentacyanonitrosylferrate anion in ATPS formed by
mixture of triblock copolymers (} ) L35, (?) F68 and (? ) PEG with phosphate salts (pH=7) at
25°C versustieline length (TLL).

Even with small values of TLL there is a difference in the D,G° value
from ATPS formed by polymers and copolymers, following the order:
PEO>F68>L35. This difference continues as the TLL increases and could reflect
the contribution of the micelle to the thermodynamic state of the phases formed

by copolymers. At low temperature and/or concentrations the tri-block
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copolymers exist in solution as individual macromolecules. However, increasing
the copolymer concentration a spontaneous formation of thermodynamically
stable micelles occurs, consisting of a core dominated by PO units, surrounded
by a corona of EO chains. The aggregation number is independent of the
copolymer concentration, while the number of aggregates is proportional [22].
Both parameters increase with temperature [22]. Another important characteristic
is that the critical micellization concentration (CMC) and temperature (CMT)
decrease with an increase in the copolymers PPO content or molar mass [22]. If
this molecular aggregation has a significant contribution to the [Fe(CN)sNOJ]™
anion transfer process, a non-linear relationship between D,G° and the TLL
between is observed, because the micelles number and size will not change
linearly with TLL vaues [20]. Then, we can suppose that, when the
[Fe(CN)sNOJ @ anion transfers to the top phase, it does not to interact with the
micelle core, because the micelle center is formed predominantly by PPO chain
with a very small amount of water molecules, producing then an unfavorable
surrounding to ion species [22].

Thermodynamically, D,G° energy could be split into two contributions, a
enthalpic D,H® and another entropic D,S’. In order to investigate the
contribution of the enthalpic molecular interaction to pentacyanonitrosylferrate
anion transference, we calculated the D,H° using the classic Van't Hoff
approximation. In general, enthalpy of transfer could be estimated indirectly from
studies of the temperature dependence of the partitioning coefficient. The well-
known Van't Hoff equation:

dinK _B,H

= .8
dT RT? (eq )
or its non-linear alternate form
InK = a+bg——+c8819 +d8819 T (€9.9)
elg eTg elg
D, H® = Ra)+2c€e19+3d8819 b (€q.10)
e ¢€elg a
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may be used to obtain the enthalpy of transfer from such data [14]. In these
equations, K is the partitioning coefficient, T the absolute temperature, R the gas
constant and a,b,c,d...constants of equation 9.

Partitioning of [Fe(CN)sNO]? anion was performed in three ATPS
systems at four different temperatures. The influence of temperature on
partitioning behavior is shown in Figures 5 and 6 where InK is plotted against the

inverse of the absolute temperature.
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Figure5. Non-linear Van'T Hoff equation for [Fe(CN)sNO]? anion in ATPS formed by L35
(1) and F68 (?) for four tie line lengths.
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Figure 6. Non-linear Van' T Hoff equation for [Fe(CN)sNO]? anion in ATPS formed
by PEO (? ) for four tie line lengths.

As is evident from the Figures 5 and 6, for each ATPS system, the partitioning
coefficient decrease as the temperature increases, indicating that the [Fe(CN)sNO]?
anion transferring from the phosphate rich phase to the macromolecular rich phase, is an
exothermic process. The natura logarithms of the observed values for Kyp fit a
polynomial quadratic plot vs. /T with a correlation coefficient of 0.99 leading to
enthalpic transfer energy values listed in Table 1. Using the classical thermodynamic
relationship, DyG°=D,H°-TD,S’, it is possible obtain the entropy change associated with
this transferring process (Table 1).
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Tablel

Thermodynamic parameters obtained by non-linear Van'T Hoff equation for
[Fe(CN)s(NO)] 2 anion in ATPS formed by three different polymers at 25°C

Thermodynamic

Tieline length

ATPS 33.28 3652 38.60 4117
AuG® (k3/mol) 9774001 -10.47+0.06 -10.9+0.1 11.4+0.1
oeo  AdHe (ka/mol) -41.15+0.4 “47.05£0.9 49+1 531
AyS (KJK.mol)  -0.105£0.001  -0.123:0.003  -0.130+0.003  -0.140+0.003
AuG® (k3/mol) -7.61+0.06 -8.41+0.01 -8.89+0.06 -9.4+0,1
F68 A H° (kd/mol) -30+4 3842 35¢3 -35.08+0.8
AyS (KIKmol)  -011#001  -0.102+0.007  -0.09:001  -0.086+0.003
AuG® (k3/mol) 5.7+0.2 6.96+0.03 7594002 -8.17+0.04
L35 ALH° (kIimol)  -61%5 761 -82.6+0.5 861
AyS (KIKmol)  -019+002  -0234+0003  -0252+0002  -0.261+0.003

A first analysis of the Table 1 reveds that the partitioning of the

[Fe(CN)sNOJ? is enthalpic driven with a small decreasing in the system
entropy. For the PEO/phosphate and L 35/phosphate ATPS systems, as the TLL

increases, the enthalpy and entropy of transfer became more negative. However,
in the case of ATPS formed by F68, the thermodynamic variables, D,H° and D, S°
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turn less negative, indicating the existence of the an endothermic molecular
process that does not occur or does not contribute significantly to D,H° values,
in the PEO and L35 ATPS systems. A possible source of this small energy
absorption could be changes in the micelle’'s aggregation number and/or size or
the spontaneous transferring of water molecules from the macromolecular
enriched phase to the salt concentrated phase, both caused by the presence of
[Fe(CN)sNOJ? anion in the solvation shell of the macromolecular segment.
Interestingly, all the pentacyanonitrosylferrate anion enthalpy of transfer from the
ATPS formed by L35 (more hydrophobic phase) was more exothermic, showing
the following order: |Dy,H°ss|<|DyHpeo|<|DyrHL35.

In order to reveal more thermodynamic information about the
[Fe(CN)sNO]™ anion partitioning, for example, the existence of a two-stateness
process of transference [27], we did a comparison between the calorimetric
enthalpy (D,H%4) and Van't Hoff enthalpy (D,H%n). The results are illustrated

in Figure 7, where both enthal pies were plotted versus TLL.

o5
R ) D S S
.35
_40.
45

D H (KJ/mol)

28 32 36 40
TLL

Figure 7. Comparison between ?H obtained by calorimetric measurements (?) and non-linear
Van'T Hoff equation (?) in ATPS formed by PEO (1500g.mol™®) at 25°C,
forpentacyanonitrosylferrate anion ([Fe(CN)sNOJ?).

Decreasing TLL values, both enthalpies curves are approaching the
same value, approximately -27.0 kJmol™, however for all other TLL there are a

differences between the Van't Hoff and calorimetric enthalpies. In general, when
DyH°%4 = DyH . the thermodynamic changes is regarded as a two-state process,

with an infinite entropy difference between the two states, while when D,H%y !

38



DyHa there is a multi-step process or a two-step change occurring between two
states with a very small entropy difference [27]. This approach has been widely
applied, eg., vapor sorption [28], micellar aggregation [29], coil-collapse
transition of polymers[30], and protein folding [31].

One usually considers the ratio k °© DyHe to quantify the deviation from

e Ml
DyH%H, and therefore from a thermodynamic two-stateness, for a given process
of transferring. In the present case 0.53<k<0.65 showing that the [Fe(CN)sNO] 2
anion move to the top phase causing innumerous changes (steps) leading to multi
states with small entropy differences. Probably these states are related to
changes in polymer/copolymers conformations and formation of aggregates.

The [Fe(CN)sNO]? enthalpy of transfer may be rationalized as a sum of
seven independent processes, according to:
DyH°= DnpwH® + DypsH® + Dw.sH® + DswH® + DyemH® + DwmH® + DsmH°
(eg. 11)
where D, jH° is the enthalpy of interaction between the components i and j. The
components are: water (W), Salt (S), Macromolecules (M), [Fe(CN)sNO]? (NP).
The main differences in the composition between the two phases are sdlt,
enriched in bottom phase and macromolecules, enriched in top phase. Then, in
the equation 9, the main contribution to pentacyanonitrosylferrate enthalpy of
transfer are Dyp.sH®, Dw. mH®, DnewH® and Dy.sH® with the two first terms
positive (since for the [Fe(CN)sNO]? to move from the bottom phase to the top
phase, the systems should absorb energy to break the NP-salt and water-
macromolecules interaction) and the last two terms are related to exothermic

A

process. Then, the resultant D,H° <O occur because &yp.yH® + Dy.sH® &Dyp.
HO+Dyy. yHC.

All the transfer thermodynamic properties obtained from ATPS formed by
polymers and salts depend on long-range electrostatic interactions between the
ions and short-range nonionic and ionic interactions with the uncharged
macromolecules [32]. From this point of view, there is a great number of models

describing these kinds of interactions, as for example, extended Debye-Huickel
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expression used to ion-ion interaction [33], water-polymer interactions described
by the extension of UNIQUAC-NRFL model [34] and ion-polymers interactions,
calculated by the Bransted-Guggenheim expression [35].

All these approaches are very complete and accurate, but unfortunately,
they do not lead to any simple free energy equations and, consequently, produce
more complex partitioning analysis. In order to obtain semi-quantitative
description from the thermodynamic results associated with [Fe(CN)sNO]?
transferring, we opted for a ssmpler model, derived from the Flory-Huggins
theory, and that produces a semi-quantitative analytical expression for the
partition coefficient . In these equations, derived by Haynes et. a [36], the
enthalpic and entropic contributions to K are explicit, thereby allowing
straightforward qualitative interpretation of driving forces dominating the
spontaneous transference.

In the Haynes' model the entropic contribution to partitioning is described

by equation 12.
M n n®
InK = —(—- — A2
nK == (0r - ) (eq.12)

where M is the molar mass of partitioning solute, n' e n® are the total number of
molecules in the top and bottom phases, respectively, which result in a parameter
called as phase density number when divided by volume phase, V' and V®.

As just pointed out, the pentacyanonitrosylferrate anion transferring
process leads to a decrease in the entropy systems. Based on equation 11, this
occurs due to the [Fe(CN)sNO] ™ and itscontra-ion that moves from aregion with
the highest density number (salt rich phase) to another (macromolecules rich
phase) where the number of molecules by unit volume is lower.

In the ATPS studied here, the density number is determined basically by
the water content. With increase in TLL occurs an increment in water
concentration difference between the bottom and top phases, making more
entropically unfavorable the transfer of the [Fe(CN)sNO]? anion. However, as

shown by figure 8, as more water moves to the salt rich phase, higher becomes
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the transference process of the [Fe(CN)sNO]™? anion, indicating a partitioning
behavior driven by enthalpy change in agree with Van't Hoff enthal py results.

100 ~
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Figure 8. Partition coefficient (K) of pentacyanonitrosylferrate anion in ATPS formed by
mixture of triblock copolymers (} ) L35, (?) F68 and (7 ) PEO with phosphate salts (pH=7)
at 25°C versus the difference of water (%w/w) between the bottom phase and top phase (?H,0).

The model enthalpy contribution to the partitioning coefficient is given by
equation 13.
—_ Ms 81 T B °2 63 T T B B
|nK—‘_[a(Fi'Fi)WNP-i'aa(FiFj'FiFj)Wii (eq.13)
i=1(it S i=1j=2

where F| and F ?are the volume fraction of the component i on the top phase

and on the bottom phase, respectively, w;; is the effective pair-wise interchange

energy defined as. w; = e, - %(eii +e;)]; z is the number of nearest neighbors

and g; is the potential energy of ani-j pair.

Based on the equation 13 the enthalpic contribution has two terms. The
first is an energetic contribution for a direct interaction between the
[Fe(CN)sNOJ? anion and al remaining components in each phase. The
stronger is the NP-i interaction, i.e, more negative is Wyp.i, the more enthalpically
favorable will be the transfer of the anion to the rich phase on the i component.
Basically, based on the first term of equation 13, we can conclude that the

[Fe(CN)sNO] @ anion concentration in the macromolecular rich phase occur
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because of the a more favorable PEO-[Fe(CN)sNO]? (or L35-NP/F68-NP)
interaction. As proposed by Aquino [11], a possible way to quantify the
macromol ecul e-pentacyanonitrosylferrate anion interaction is to measure the
change in the frequency of NO stretching band as the macromolecules
concentration increase in the agqueous solutions. The figures 9 and 10 show the

effect of F68 and L35 concentration on the NO freguency.
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Figure 9. Graph of |AG°| the pentacyanonitrosylferrate anion in ATPS formed by F68 versus
the between in %(w/w) of the copolymer between the top and bottom phases (w), at 25°C and

AnNO of the anion versus the variation of the concentration of F68 in aqueous solution at 25°C
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Figure 10. Graph of |AyG°| the pentacyanonitrosylferrate anion in ATPS formed by L35 versus
the between in %(w/w) of the copolymer between the top and bottom phases(e), at 25°C and
AnNO of the anion versus the variation of the concentration of L35 in aqueous solution at 25°C

(®).



Interestingly, when we plot D,G°and Dn (Dn = (n ﬂ:o - NS soution) ) VETSUS

A copolymer (F68 or L35) between the top and bottom phases, two parallel
straight-line are obtained, suggesting that the NP-Macromolecule interaction
caused, not only Dn, but also the [Fe(CN)sNO] ™ transference.

In order to confirm the last conclusion we must estimate the contribution
of the cavity formation energy to the [Fe(CN)sNO] ™ process of transference. This
evaluation could be done analyzing the second term on equation 13. The
partitioning of the [Fe(CN)sNO]™? anion, imply to breaking unlike enthalpic
interaction between forming top phase component (cavity formation process),
while occuring simultaneously the formation of interactions between all
compounds present in the bottom phase (cavity disrupting process). Since both
processes are dependent on partitioning solute volume, it was decided to study
the distribution of hexacyanoferrate [Fe(CN)g] 3, an anion with amost the same
size as pentacyanonitrosylferrate, [Fe(CN)sNOJ?, in order to evauate the
contribution of this enthalpic term.

Figures 11 and 12 show the dependence of the partitioning coefficient of
[Fe(CN)sNOJ? and [Fe(CN)g] ™ in relation to TLL, for all ATPS studied at 25°C.
A common trend is that the ratio Knp/Knex >>1 and the preferable [Fe(CN)sNO] ™

anion transferring behavior increase with the increase of phase hydrophobicity.
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Figure 11. Comparison between the partition coefficient (K) of pentacyanonitrosylferrate anion
in ATPS formed by mixture of triblock copolymers (] ) L35 and (?) F68 with the partition
coefficient (K) of hexacyanoferratein L35 (} ) and F68 (?) at 25°C versustie line length (TLL).
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Figure 12. Comparison between the partition coefficient (K) of pentacyanonitrosylferrate anion
in ATPS formed by PEO (? ) with the partition coefficient (K) of hexacyanoferrate in PEO
(? ) at 25°C versustielinelength (TLL).

It can be concluded, from the Figures 11 and 12, that the cavity formation
energy and the hydrophobic interaction had a low contribution to partitioning
behavior of both inorganic complexes, confirming that, the main cause of
transference of [Fe(CN)sNO]? anion to the top phase is a specific enthalpic
interaction between this anion and macromolecules segments.

It is important to mention that the presence of nitrosyl group (NO) had an
important effect on this intermolecular interaction, considered as change in free
energy. However, it is very important to discriminate the entropic and enthalpic
contribution to the transfer process of the [Fe(CN)g]>. Both thermodynamic
parameters were obtained by a non-linear Van't Hoff equation approach and the

results are given in the Table 2.



Table2

Thermodynamic parameters obtained by non-linear Van'T Hoff equation for
[Fe(CN)g]™® anionin ATPS formed by three different polymers at 25°C
Thermodynamic Tieline length
ATPS Parameters 33.28 36.52 38.69 41.17
Ay G® (kd/mol) -6.46+0.05 -7.17+0.02 -7.77+0.03 -8..6+0.1
PEO Ay H °(kJ/mol) -40.65+0.5 -45.7+0.1 -49.4+0.1 -53.4+0.5
AyS® (KJ/K.mal) -0.115+0.002  -0.1292+0.0003 -0.1396+0.0003 -0.150+0.002
Ay G° (kd/mal) -4.42+0.05 -5.15+0.04 -5.63+0.02 -6.17+0.01
F68 o
AgHe (kd/mol) -38+3 -43+2 -45+1 -48+1
Ay'S® (KJI/IK.mal) -0.11+0.01 -0.123+0.007 -0.135+0.003 -0.1419+0.0003
Ay G° (kJ/mal) -2.180+0.004 -2.32+0.01 -2.43+0.02 -2.59+0.02
L35 o
AyHe (kd/mol) -38+3 -42+3 -45+3 -50+4
AyS® (KJ/K.mal) -0,12+0.01 -0.13+0.01 -0.15+0.01 -0.16x0.01

Based on results shown in Tables 1 and 2, the difference in partitioning

behavior observed for the two complexes is only originated from distinct

entropic change when the anions move from the salt rich phase to the

macromolecule rich phase. The transference of the [Fe(CN)] > anion causes a

larger decrease in the entropy of the systems, but almost the same decrease in

transfer enthalpy change promoted by the [Fe(CN)sNO]™? partitioning.

In the Hayne's model the entropy change is due only to ATPS phases

characteristics, not considering aspects related to the solute molecules.

However, our data show that in the pentacyanonitrosylferrate anion
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transference, some distinct molecular process occurs decreasing the loss of
entropy. One possible reason for this lower entropy decrease is that the
macromol ecule-[Fe(CN)sNO] ™ interaction occurs releasing water molecules
from the macromolecule and anion solvation shells, increasing the trandation

entropy of the water moleculesin the top phase.

4. Conclusions

The study of the partitioning of two anion inorganic complexes,
[Fe(CN)sNOJ?  and [Fe(CN)g]3, as model ions, was performed in different
aqueous two phase systems, giving insights about the driving power governing
the ion transference in ATPS. The triblock copolymers L35 and F68, and
poly(ethylene oxide) were used as top phase forming components in order to
investigate the influence of hidrophobicity on partitioning behavior. For all
ATPS used, the partitioning coefficient of the nitrosylcomplex was higher than
the cyanocomplex, and this difference increases as the phase hidrophobicity
enlarges. However, the effect of hydrophobic/hydrophilic balance on the K
values was weaker than the effect of the nature of the forming ATPS electrolyte.

The pentacynonitrosylferrate anion transfers preferably to the top phase
due to specific enthalpic interaction between [Fe(CN)sNO]? anion and the
macromolecular segments, as can be concluded from thermodynamic parameters
obtained by the Van't Hoff approach and confirmed by calorimetric
measurement. The entropy and enthalpy of transfer are negative, independent of
tie-line length of the biphasic systems. The presence of nitrosyl group on the
[Fe(CN)sNOJ? complex had astrong effect in its partitioning behavior.
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APENDICE

Tabela 1. Composicoes globais utilizadas para a particéo dos
complexosem sistemas agquosos hifasicos formados por
PEO/ fosfato de potassio (pH=7)/agua

Temperatura Ponto Composicao

(°C) Global PEO%(m/m) SAL%(m/m)

1 15,85 10,60

2 17,11 12,07

> 8 17,86 13,19

4 19,60 14,85

5 20,84 16,39

1 15,97 11,27

25 2 16,96 11,97

3 17,96 13,01

4 19,32 14,00

! 14,49 11,14

2 15,82 10,65

3 3 16,65 11,66

4 17,33 12,51

5 18,68 12,87

! 15,44 10,70

2 16,32 11,52

45 3 17,55 12,50

4 18,69 13,71

> 19,67 16,12
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Tabela 2. Composi¢oes globais utilizadas para a particdo dos complexos em sistemas
aquosos hifasicos formados por F68/ fosfato de potéssio (pH=7)/agua
Ponto Sistemas a 10°C Sistemas a 25°C Sistemas a 45°C

Global  F68%(m/m) Sal%(m/m) F68%(m/m) Sal%(m/m) F68%(m/m)  Sal%(m/m)

1 14,25 7,98 14,02 6,99 12,99 5,99
2 17,02 9,97 17,02 7,99 15,99 7,99
3 20,12 10,99 18,99 8,97 18,99 8,99
4 21,89 12,79 22,07 10,99 20,93 9,96

Tabela 3. Composicdes globais utilizadas para a particéo dos complexosem sistemas
aquosos hifasicos formados por L35/ fosfato de potéssio (pH=7)/agua.

Ponto Sistemas a 10°C Sistemas a 25°C Sistemas a 45°C
Global L35%(m/m) Sal%(m/m) L35%(m/m) Sal%(m/m) L35%(m/m)  Sal%(m/m)
1 13,11 9,99 12,78 8,83 21,07 4,99
2 18,36 14,00 17,15 11,98 30,15 6,99
3 22,99 16,99 20,07 14,92 38,03 8,77
4 28,22 20,99 24,01 16,96 47,06 10,98
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