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RESUMO

QUINTAO, Juan Carlos, D.Sc., Universidade Federal de Vigosa, fevereiro de 2018.
Sistema aquoso bifasico: obtencdo de novos sistemas, particio e determinacao
de Cloranfenicol. Orientadora: Maria do Carmo Hespanhol. Coorientadores: Luis
Henrique Mendes da Silva e Fabio Rodrigo Piovezani Rocha.

Contaminantes emergentes tém sido mencionados frequentemente como ameacas
potenciais ao meio ambiente. Os produtos farmacéuticos sdo uma classe
representativa desses contaminantes, com destaque para os antibidticos. Sistemas
Aquosos Bifasicos (SAB) sdo uma alternativa potencial para particdo/extracdo de
antibidticos. Para isso é de grande importancia o desenvolvimento de dados de
equilibrio liquido-liquido para esses sistemas, ampliando sua faixa de aplicacdo.
Assim, dados de equilibrio liquido-liquido para SAB compostos pelos polimeros
poli(6xido de propileno) (PPO425) e poli(6xido de etileno) (PEO900) e diferentes
eletrélitos de amoénio (NH4C,H30,, (NH4),CsH4O6, (NH4),CcHgO7 € NH4CHO,)
foram determinados em diferentes temperaturas. Os parametros energéticos para
estes sistemas foram estudados através do modelo nonrandom two-liquid (NRTL)
como também os fatores que influenciam sua formacdo (&nion, hidrofobicidade e
temperatura). Foi verificado que o aumento da temperatura aumenta a area bifésica
em todos os sistemas e que o anion tartarato apresentou maior capacidade em formar
SAB com PPO425. O modelo NRTL apresentou resultados satisfatdrios com desvios
de 1,82 %. Em outro trabalho, realizou-se o estudo termodinamico das forgas
motrizes envolvidas no processo de particio do antibidtico cloranfenicol em
diferentes SAB formados por polimero e eletrélito. Os parametros termodinadmicos
variacdo da energia livre de Gibbs de transferéncia (A..G?), variacdo de entalpia
padrio de transferéncia (A,-H?) e variagio de entropia padrio de transferéncia A,,.S?
foram determinados, variando de (-15.45+0.02) kJ mol™! < AtrG9< (-2.64+0.02) kJ
mol”, (-80.88+1.30) kJ mol™ < A, H?< (-8.33+0.04) kJ e (-64.09+0.85) kJ mol ™ <
TA,-SP< (1.26+0.12) kJ mol’, mostrando que o processo de transferéncia de
cloranfenicol da fase rica em eletrdlito para a fase rica em polimero € entalpicamente
dirigido e ocorre espontaneamente. Os efeitos da natureza do cétion, anion, massa
molar e hidrofobicidade do polimero foram investigados, mostrando a influéncia
dessas propriedades nos parametros termodinamicos. No ultimo capitulo ¢é

apresentada a proposta de um método em fluxo para extracdo, pré-concentracio e
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determina¢do de cloranfenicol em amostra aquosa usando SAB com detec¢do UV-

Vis.
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ABSTRACT

QUINTAO, Juan Carlos, D.Sc., Universidade Federal de Vicosa, February, 2018.
Aqueous two-phase system: obtaining new systems, partitioning and
determination of Chloramphenicol. Adviser: Maria do Carmo Hespanhol. Co-
Adpvisers: Luis Henrique Mendes da Silva and Fabio Rodrigo Piovezani Rocha.

Emerging pollutants have often been mentioned as potential threats to the
environment. Pharmaceuticals are a representative class of these contaminants,
especially antibiotics. Aqueous Two Phase Systems (ATPS) are a potential
alternative for antibiotic partition/extraction. For this, the development of liquid-
liquid equilibrium data for these systems is highly important, expanding its range of
application. Thus, liquid-liquid equilibrium data for ATPS composed of
poly(polypropylene oxide) (PPO425) and poly(ethylene oxide) (PEO900) and
different ammonium electrolytes (NH4C,H30,, (NH4).C4H4O06, (NH4)2CcHsO7 and
NH4CHO;) were determinated at different temperatures. The energetic parameters
for these systems were assessed with the nonrandom two-liquid (NRTL) model as
well as the factors that influence its formation (anion, hydrophobicity and
temperature). It was verified that temperature increases enlarge the biphasic area in
all systems and that the tartrate anion presented greater capacity to form ATPS with
PPO425. The NRTL model presented satisfactory results with deviations of 1.82 %.
In another work, the thermodynamic study of the driving forces involved in the
process of partitioning the antibiotic chloramphenicol was carried out in different
ATPS formed by polymer and electrolyte. The thermodynamic parameters transfer
standard Gibbs free energy change (A.-G?), transfer standard enthalpy change
(A -H?), and transfer standard entropy change (A.,.S?) were determined, ranging
from (-15.45%0.02) kJ mol™ < A, GP< -(2.64+0.02) kJ mol™, (-80.88+1.30) kJ mol™
< Ay HO< (-8.3340.04) kJ and (-64.09+0.85) kJ mol™ < TA,,-S%< (1.26+0.12) kJ mol’
h showing that the chloramphenicol transfer process from the electrolyte-rich phase
to the polymer-rich phase is enthalphically driven and occurs spontaneously. The
effects of the cation nature, anion, molar mass and hydrophobicity of the polymer
were investigated, showing the influence of these properties on the thermodynamic
parameters. In the last chapter a method in flow for extraction, preconcentration and
determination of chloramphenicol in aqueous sample using ATPS with UV-Vis

detection is proposed.
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CAPITULO 1

Revisao de Literatura
1. Contaminantes emergentes

Em razdo das mudancas ocorridas em todo mundo, no que diz respeito aos
aspectos econdmicos, sociais e demograficos, tem-se observado o surgimento de
novas ameacas quimicas ao meio ambiente devido a presenca dos denominados
contaminantes emergentes. Estes contaminantes, encontrados em ambientes
aquaticos e terrestres [1], pertencem a diferentes classes de produtos quimicos que
sdo definidos como poluentes previamente ndao reconhecidos ou que foram
introduzidos e/ou identificados recentemente [2].

Os contaminantes emergentes sao oriundos de firmacos e seus metabodlitos
(humanos e veterindrios), produtos de higiene pessoal, surfactantes, residuos de
surfactantes, aditivos de gasolina, produtos e subprodutos de desinfeccao,
nitrosaminas, drogas ilegais e seus metabdlitos, hormonios, compostos disruptores
enddcrinos, retardadores de chamas, plasticos organofosfatados, nanomateriais,
edulcorantes artificiais, compostos perfluorados, pesticidas polares (e seus produtos
de degradacdo), toxinas de algas, siloxanos, perclorato, benzotriazois, genes
resistentes a antibidoticos, dentre outros [1-3]. Além dessa diversidade de
contaminantes, outro problema que se soma sdo as possiveis transformagdes que eles
podem sofrer no meio ambiente ou durante o tratamento de dguas de despejo urbanas
e industriais. Isto resulta em um grande nimero de derivados desconhecidos ou
produtos de transformacdo [4]. Os processos de transformagao no ambiente incluem
biodegradacdo, oxidacdo e reducdo quimica, hidrélise e fotdlise. Embora esses
processos possam reduzir as cargas de contaminantes, alguns dos produtos de
transformagdo sdo considerados mais toxicos do que o composto original, gerando
preocupacdes em relagdo aos riscos a0 meio ambiente tanto quanto seus compostos
de origem [5, 6].

Um agravante dos contaminantes emergentes € que, muitas vezes, ¢
encontrada no ambiente uma mistura complexa desses contaminantes, o que pode
levar a efeitos sinérgicos indesejados. A ubiquidade de um elevado numero de

contaminantes potencialmente t6xicos no meio ambiente é decorrente da combinacio



de baixas taxas de remocgao e liberagdo continua, porém ainda existe a necessidade de
entender melhor sua ocorréncia, destino e impacto ambiental [7]. Além disso, ainda
ndo existe uma legislagdo especifica que rege sobre a descarga de contaminantes
emergentes e a necessidade de monitord-los no meio ambiente [8]. Existem apenas
algumas regulamentacdes divulgadas nos ultimos anos [9]em decorréncia dos
possiveis efeitos adversos que estes poluentes podem causar no ambiente, mesmo em
baixos niveis.

A contaminacdo ambiental ocorre principalmente pela descarga de &4guas
residuais “in natura” e tratadas, cujo tratamento ndo foi projetado para remover
contaminantes emergentes, resultando na contaminacao das dguas superficiais [7]. O
descarte de produtos quimicos responsdveis pela origem dos contaminantes
emergentes no solo também pode levar a contaminacdo de mananciais por
escoamento superficial e de aquiferos por infiltracio. A agricultura animal e a
aquicultura, também provocam contamina¢do ambiental, especialmente devido ao
uso de antibidticos € hormonios [1]. Assim, os contaminantes emergentes vém sendo
encontrados em todo mundo em efluentes de estacio de tratamento de aguas
residuais [10-12] e em 4guas de superficie [13-15], para consumo humano [16, 17] e
subterraneas [18]. Esses contaminantes estdo concomitantemente presentes em niveis

de concentracdo de ng L'a ug L' [8].

1.1 Farmacos no meio ambiente

Novos farmacos t€m sido cada vez mais usados pela sociedade e isto tem
acarretado no aumento da quantidade e do nimero de contaminantes emergentes no
ambiente. Dentre os farmacos mais usados podem-se destacar os antibioticos [19,
20]. Essa classe é cada vez mais notada devido aos seus impactos negativos
conhecidos sobre espécies aquaticas [21, 22] e ecossistemas [6], além de potenciais
impactos na saide humana [23-25].

Embora nem todos os fiarmacos sejam persistentes, seu uso continuo e
liberagdo para o meio ambiente os tornam "pseudo-persistentes" [26]. Estes produtos
possuem maior potencial para a persisténcia ambiental em relacdo a outros
contaminantes porque sua fonte se reabastece continuamente [26].

A maior preocupagcdo com as implicacdes toxicas dos farmacos € que eles
foram criados especificamente para maximizar a atividade bioldgica em baixas doses

e atingir certos mecanismos metabodlicos e enzimaticos. Esse modo de ac¢do pode ser



aplicado a toda biota aquatica, que € involuntariamente exposta a firmacos em seu

ambiente natural, aumentando assim o risco de efeitos ecotoxicolégicos [27].

1.1.1 Antibiéticos

Desde a descoberta da penicilina no inicio do século 20 pelo bacteriologista
escocés Alexander Fleming, os antibidticos tornaram-se indispensdveis para a saide
humana e animal [28] devido a sua eficdcia no tratamento de varias doengas. De
acordo com a defini¢do cléssica, antibiético é um composto produzido por um
microorganismo que inibe o crescimento de outro microorganismo [29]. Ao longo
dos anos, esta definicdo foi expandida, referindo-se a substancias com atividades
antibacteriana, antifungica, ou antiparasitdria, incluindo produtos sintéticos e semi-
sintéticos [29].

Dentre os farmacos, os antibidticos sdo considerados uma das drogas mais
utilizadas [28]. Os valores que comprovam essa afirmativa sdo bastante expressivos
em paises, por exemplo, como a China, que € um dos maiores produtores e
consumidores de antibiéticos do mundo [30], apresentando no ano de 2013, uma
producdo de 248000 e um consumo de 162000 toneladas, sendo 48% deste valor
destinado ao uso humano e o restante ao uso animal [30, 31]. Estima-se ainda que
China e paises como Estados Unidos, Brasil, India e México deverdo estar entre 0s
cinco maiores paises consumidores de antibidticos para criagdo animal em 2030 [32].

Uma grande preocupacdo em relacdo a liberacdo de antibidticos, seus
metabolitos e produtos de transformacdo no meio ambiente € porque eles podem
afetar as fungdes ecoldgicas e a estrutura da comunidade microbiana [33], além de
promover a resisténcia dos microrganismos [34]. Estes poluentes podem ser
encontrados no ambiente em baixas concentracdes (ng kg'1 a ug kg‘l) [35-37],
podendo em algumas situacdes, alcancar valores de concentracdes superiores a 1 mg
kg™ [38].

As possiveis rotas de antibidticos, usados em medicina humana e veterindria,
no meio ambiente sdo mostradas na Fig. 1. Nota-se que apds o consumo dos
antibidticos por seres humanos ou animais, estes podem ser transportados para o
meio ambiente através de dguas residuais agricolas e municipais, e de residuos
animais [39]. Os contaminantes excretados através de urina e fezes podem estar na
sua forma originalmente consumida [29], ja que 30 a 90 % dos antibidticos

permanecem inalterados quando excretados, assim como na forma de metabdlitos
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e/ou produtos de transformacao [40-42]. O residuo liquido oriundo dos processos de
tratamento € descarregado diretamente no ambiente aqudtico, enquanto o residuo
s6lido gerado € depositado no solo como fertilizante. Assim, os contaminantes
emergentes podem alcangar as dguas subterrineas através da lixiviacdo no solo, bem

como atingir dguas superficiais devido ao escoamento superficial [43].

C Aplicagao dos Antibidticos 3

~ Ny

‘f {]} Medicina Humana ‘ ‘ ‘:/‘ Medicina Veterinaria
Esgoto Excrecdo Esterco
ETE Terras Agricolas

Ambientes
- =

Aguas Superficiais Aguas Subterraneas

ETA | Agua Potavel |

Fig. 1. Possiveis rotas de antibiéticos no meio ambiente.

Os antibidticos podem ser divididos em diversas classes, tais como B-
lactamicos, quinolonas, tetraciclinas, macrolideos, sulfonamidas, aminoglicosideos,
nitrofuranos, anfenicois, dentre outros, destacando sua atividade antimicrobiana, usos
comuns e caracteristicas quimicas [29, 44]. Dentre eles, os anfenicéis sdo uma classe
de amplo espectro, altamente eficiente contra bactérias gram-positivas e gram-
negativas, além de serem eficazes contra microrganismos anaerobios. Essa classe
inclui cloranfenicol, tianfenicol e florfenicol que, embora de origem natural, t€m sido
sintetizados [45].

O cloranfenicol (Fig. 2) foi o primeiro anfenicol disponivel, sendo
amplamente utilizado na década de 1950 pelas medicinas humana e veterinéria [46].
Embora seja muito eficiente, foi banido da produgdo de alimentos animais em varios
paises devido aos graves efeitos adversos a saide humana [47]. Hoje, seu uso na

medicina humana € restrito a infec¢des oftdlmicas e algumas graves infeccoes,



enquanto o uso veterindrio inclui os tratamentos entérico, pulmonares, de pele,
abscessos de 6rgdos e mastite [45].

O cloranfenicol pode ser eliminado intacto ou biotransformado no seu
metabdlito cloranfenicol glucuronido [47]. Seu uso indiscriminado estd associado a
véarios efeitos colaterais, como resisténcia bacteriana, reacdes alérgicas, anemia
aplastica, depressdo da medula dssea e “sindrome do bebé cinza”[45]. H4 também

indicios de que o cloranfenicol pode causar cancer [45].

Cl Cl
S
HN 0
HO OH
—/N""\.
0~ ™0

Fig. 2. Estrutura quimica do cloranfenicol.

Diante do potencial risco que o cloranfenicol pode causar aos seres humanos
e também a determinados organismos no meio ambiente, € de fundamental
importancia o desenvolvimento de metodologias capazes de extrair e também
quantificar este antibidtico em diferentes matrizes. Uma alternativa simples, de baixo
custo e ambientalmente segura que pode contribuir para o avango cientifico nesta

area seria o uso de sistema aquoso bifdsico (SAB).
2. Sistema aquoso bifasico
2.1 Uma abordagem geral

O SAB ¢ considerado uma alternativa eficiente, versatil e ambientalmente

segura para a purificacio e separagao de diferentes solutos [48-52]. Ele foi descoberto



por Martinus Willem Beijerinck em 1896, porém somente na década de 1950 o SAB
foi aplicado para parti¢ao/purificacio pelo cientista Per-Ake Albertsson [52].

O SAB pode ser usado para realizar a extra¢do liquido-liquido devido a
particdo preferencial de determinado soluto para uma das fases do sistema. Os
métodos de extracdo liquido-liquido que empregam SAB oferecem vdrias vantagens
comparadas aos métodos convencionais de extracdo, pois ndo se utiliza solvente
organico, a separacdo de fases € rdpida, os materiais utilizados sdo de baixo custo e
ndo toxicos [49, 53]. Devido as suas vantagens, o SAB tornou-se uma técnica
emergente importante para a separacdo [54] e que futuramente poderd ser aplicada
industrialmente para separar e purificar produtos quimicos, farmacéuticos e

alimenticios em grande escala [55].

2.2 Principios e propriedades

O SAB ¢ formado pela mistura de duas espécies quimicas e dgua. As duas
fases do SAB se formam quando as duas espécies quimicas e a dgua sdo misturadas
em determinadas condi¢gdes termodindmicas especificas tais como composi¢do,
temperatura e pressao [54]. Essas espécies podem ser dois polimeros quimicamente
distintos [56], um polimero e um eletrélito [57], dois eletrdlitos [58], e ainda dois
surfactantes [59].

O processo de formagdo das duas fases em um sisttma composto por
polimero-polimero ou polimero-eletrlito ocorrerd em funcdo das interacdes
intermoleculares, expressas em termos de energia livre de Gibbs, entre os
constituintes formadores do SAB [60]. Desta forma, a energia livre de Gibbs de
mistura (A,,;,G), relacionada a formacao de uma solucgao, serd funcio das interacdes
e distribui¢cdes das moléculas na solugdao [60]. De acordo com a classica equagdo

tem-se:

ApixG = BpixH — TApixS (1)

onde A,,;,H corresponde a variacdo de entalpia de mistura, A,,;,S a variagdo de
entropia de mistura e T a temperatura.

Quando A,,;,G < 0 a mistura formard espontaneamente um sistema
homogéneo e, caso contrdrio, o sistema buscard uma nova configuracdo, como por

exemplo, a separacdo em duas fases, para alcancar uma menor energia livre [60].
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O SAB tem como principal caracteristica seu elevado conteido de dgua, que é
0 componente majoritirio em ambas as fases, fornecendo assim um ambiente mais
ameno e de baixa tensdo interfacial para a purificacio e separagdo de solutos,
principalmente biomoléculas [61, 62]. Além da dgua, cada uma das fases € rica em
um dos demais componentes formadores do sistema; por exemplo, uma fase € rica
em polimero e a outra em eletrdlito [63]. O SAB formado por polimero-eletrélito € o
mais utilizado na extracao liquido-liquido [52, 64]. Comparado ao SAB constituido
por polimero-polimero, o SAB formado por polimero-eletrélito tem a vantagem de
apresentar maior diferenca de densidade entre as fases, menor viscosidade e maior
seletividade [54]. Ainda em relacdio ao SAB composto por polimero-eletrélito, o
poli(6xido de etileno), PEO (Fig. 3), tem sido predominantemente empregado em
combinacdo com diferentes eletrdlitos. Isto porque o PEO apresenta baixo custo e

baixa viscosidade, € biocompativel, ndo € téxico, e € solivel em dgua [48, 65].

n

Fig. 3. Estrutura quimica do poli(6xido de etileno).

A Fig. 4 mostra um exemplo de SAB constituido por polimero + eletrélito +
dgua com as respectivas composi¢des da fase rica em polimero, fase rica em

eletrélito e composi¢do global dos componentes obtidas a 25 °C [55].



Composigdo fase ricaem
polimero
[PEO 1500]= 34,44 % (m/m)
[Li,S0,]=5,30 % (m/m)
[H,0]=60,26 % (m/m)

4-_}{

Composigao fase rica em
eletrélito
PEO 1500]= 6,85 % (m/m)
[Li,SO,]= 15,54 % (m/m)
[H,0]=77.61 % (m/m)

Composi¢ao Global
[PEO 1500]= 22,41 % (m/m)
[Li;SO,]=9,59 % (m/m)
[H,0]= 68,00 % (m/m)

Fig. 4. Composi¢des quimicas para um ponto de mistura do SAB formado por PEO1500 +
sulfato de litio + 4gua na temperatura de 25 °C.

Os dados de composicdo quimica referente as duas fases que estdo em

equilibrio termodindmico podem ser representados através de um diagrama de fase

retangular como mostrado na Fig. 5

[66].

FRP

15

Concentracéo de Polimero / % (m/m)

Linha de Amarragao

Regiado
Bifasica

10 1 %
5—- Regidgo PcC FRE
monofasica \
0- Curva Binodal
] ] ] ] T
0 5 10 15 20 25

Concentracao de Eletrélito / % (m/m)

Fig. 5. Diagrama de fase expresso em coordenadas retangulares de um SAB formado por um

polimero e um eletrdlito.

No diagrama, o eixo das abscissas expressa a concentracdo do componente 1

(por exemplo, um eletrélito), enquanto o eixo das ordenadas expressa a concentracao

do componente 2 (por exemplo, polimero), ambas em porcentagem massa-massa,

%(m/m). A curva binodal delimita a regido onde o sistema ¢ monofésico e bifasico



[60, 66]. As linhas de amarracdo (LA), também chamadas ‘“tie-lines”, ligam os
pontos que representam a composi¢do da fase rica em polimero (FRP) com a da fase
rica em eletrélito (FRE) [60, 66], sendo que quando o comprimento dessas linhas
aproxima-se de zero, atinge-se o ponto critico (Pc).

As diferentes composi¢des globais pertencentes a uma mesma LA apresentam
propriedades termodindmicas intensivas (por exemplo, concentragdo e densidade)
das fases idénticas, enquanto as propriedades termodinamicas extensivas (por

exemplo, volume e massa) sdo diferentes, como mostrado na Fig. 6.

-
(%]
|

-
o
|

Concentragao de Polimero / % (m/m)

FRE

I I I I I I

0 5 10 15 20 25
Concentragao de Eletrélito / % (m/m)

Fig. 6. Variacao das propriedades termodinamicas extensivas e conservacdo das intensivas
em funcdo das diferentes composi¢des globais do SAB.

Diferentes composi¢des globais (A, B e C), apresentam composi¢des
idénticas tanto na FRP quanto na FRE. Entretanto, os volumes de fase sdo diferentes.
O comprimento da linha de amarragdao (CLA) € uma propriedade importante a ser
estudada quando se trabalha com SAB, pois ele expressa a diferenga das
propriedades termodindmicas intensivas entre as fases em equilibrio, sendo uma
varidvel determinante na parti¢do de solutos [60, 66]. O CLA pode ser calculado de

acordo com a Equacao 2:

CLA = [(CER? - CERE)*+ (CER™- CERF)™ 2)
onde C5RP e CIRE sdo as concentracdes de polimero na fase rica em polimero e em

eletrélito, respectivamente; CERP e CERE sdo as concentracdes de eletrdlito na fase
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rica em polimero e em eletrdlito, respectivamente. As concentragdes sdo dadas em
%(m/m). A medida que o CLA aumenta, as fases ricas em polimero e em eletrélito
tornam-se mais diferentes em relacdo as suas propriedades termodinamicas
intensivas, e normalmente isto favorece a efici€éncia na extracao/particao de solutos

[60, 66].

2.3 Obtencao de sistema aquoso bifasico

A obten¢do de novos SAB € de grande importancia uma vez que, com esses
novos diagramas, aumentam-se as possibilidades de aplicacdo desses sistemas na
parti¢do/extracdo de um nimero cada vez maior de solutos. Com a modulagdo das
propriedades dos componentes formadores do SAB (tipo de eletrdlito e massa
molar/hidrofobicidade da macromolécula) pode-se aumentar a diferenca das
propriedades termodinamicas entre as fases do sistema. Isto favorece a interagdo do
analito com o componente majoritdrio da fase com a qual ele tem maior afinidade.

A obtencdo de novos diagramas contribui também para ampliar o
entendimento a respeito da formacdo destes sistemas, o que € de fundamental
importancia para pesquisadores que trabalham com SAB. Baseado nisso, uma boa
alternativa seria a obtencdo de SAB tendo como polimero formador do sistema o
poli(propileno glicol), (PPG) (Fig. 7), uma vez que diagramas contendo esse tipo de
polimero sdo escassos [57]. Essa macromolécula possui um grupo metil que confere
a mesma caracteristica mais hidrofébica, favorecendo assim a particdo/extracdo de

solutos desta natureza [67].

CH,
I
{c H,—CH —o}
n
Fig. 7. Estrutura quimica do poli(6xido de propileno).

3. Particao de soluto em sistema aquoso bifasico

Quando dois liquidos imisciveis sdo colocados em contato um com o outro e
separam-se em duas fases, as moléculas de soluto tendem a se distribuir de forma
desigual entre elas [68]. Isso ocorre devido a um intrincado e delicado balanco de

interacOes entre o soluto e os constituintes presentes em cada fase [60]. Essa
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distribuicdo do soluto entre as fases superior e inferior do SAB estabelece uma
relacdo de equilibrio, a partir da qual se pode obter o parametro termodinamico
“coeficiente de particao” (K). Para a determinacdo de K € necessdrio estimar o
potencial quimico do soluto em cada fase do SAB [60].

No processo de particdo, considerando que o sistema estd em equilibrio
termodinamico, o potencial quimico de uma determinada espécie i em ambas as fases

constituintes do sistema devem ser iguais.
FS _ , FI
Hi =K 3)

O potencial quimico da espécie i nas fases superior e inferior do sistema pode

ser expresso de acordo com as equagdes 4 € 5.

ufS = p?(FS) + RT Inaf® “4)
uf'= W (FD+RTInal’ )

onde pf (FS) e uf (FI) sdo os potenciais quimicos no estado padrdo da espécie i na

fase superior e inferior, respectivamente; R € a constante universal dos gases; T € a

FI

temperatura absoluta do sistema; ai® e al

sdo, respectivamente, a atividade do

soluto 7 na fase superior e inferior do sistema.

Substituindo as equacdes 4 e 5, na equacdo 3 obtém-se a equagao 6:
pS(FS)+RTInal®* =puf(FI) +RT Inal’ (6)

Reorganizando a equagdo 6, obtém-se a equacao 7:

o (FS) —p¢(F)+RTma® —RTInal" =0 (7

Rearranjando a equagdo 7, obtém-se a equacao 8:

alfs (8)
u (FS) —p{(FI) = =R T In—

i
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A diferenga u? (FS) — u? (FI) equivale a variagdo de energia livre de Gibbs
do sistema quando um mol do soluto i, no estado padrdo, transfere-se da fase inferior
para fase superior do sistema. A variacdo de energia livre de Gibbs padrio de

transferéncia (A,-G°) é o nome dado a diferenga entre os potenciais da FS e FI.

FS
A razdo —= é o parAmetro termodindmico denominado “coeficiente de
a

l

particdo”. Assim, a equacdo 8 pode ser reescrita da seguinte forma:
A G° =—RTInK 9)

Em condi¢des de diluicao infinita o “coeficiente de particao” (K) pode ser

dado por:

cfs (10
i
onde C/%e Cf'sdo as concentracdes do soluto i em condigdes de diluigio infinita, o
que ndo altera o estado termodinamico do SAB.

Dessa forma, é possivel relacionar o parametro K, obtido experimentalmente,
com A..G°, envolvendo todas as interacdes ocorridas no SAB [60]. Ainda em
relacdo ao processo de particdo, a alteracdo das propriedades das fases também
contribui para a distribuicdo do soluto, como, por exemplo, composicio do SAB
(CLA), temperatura, pH, tipo € massa molar da macromolécula, hidrofobicidade da
macromolécula, tipo de eletrdlito, etc [68]. Essa modulacdo de propriedades
contribui para aumentar a eficiéncia da separacdo e consequentemente maximizar a
recuperagdo do soluto [68, 69].

O crescente interesse a respeito dos SAB tem proporcionado sua utilizagdo
como ferramenta analitica e de processos, incluindo purificagdo e concentracdo de
solutos [52, 70].

O conhecimento a respeito dos mecanismos de particio em SAB, juntamente
com a integragdo dos mesmos a outras ferramentas, aumenta as possibilidades na

ciéncia da separacgdo, resultando em intiimeros avangos nas aplicag¢des [52].
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OBJETIVOS

Objetivo geral

O trabalho proposto apresenta como objetivo obter novos sistemas aquosos
bifasicos hidrofébicos, realizar um estudo termodindmico da particdo de soluto
emergente em sistema aquoso bifdsico e desenvolver um método para
extragdo/quantificacdo de contaminante emergente utilizando sistema aquoso

bifasico.

Objetivos especificos

1. Obter diagramas de fase formados pelos polimeros poli(propileno glicol) de massa
molar 425 g mol™ e poli(etileno glicol) de massa molar 900 g mol™ e eletrélitos

compostos pelo cation amOnio nas temperaturas de 283,2, 298,2 e 313,2 K.

2. Avaliar os efeitos do anion formador do sistema aquoso bifdsico (SAB) no
processo de separacdo de fase, o efeito da temperatura na composicao do SAB e o

efeito da hidrofobicidade na posicao da curva binodal.

3. Realizar um estudo termodinamico para compreensao do processo de transferéncia
de cloranfenicol, através da determinacdo dos parametros variacdo da energia livre
de Gibbs padrio de transferéncia (A.,.G%), variagio da entalpia padrio de

transferéncia (A,-H?) e variacdo da entropia padrio de transferéncia (A.,.S?).

4. Avaliar os efeitos causados na particdo do soluto pelas variagdes das propriedades
do SAB como massa molar e hidrofobicidade do polimero, tipo de cétion e tipo de

anion.
5. Propor um método por andlise em fluxo para extragdo/determinacdo de

cloranfenicol em matrizes aquosas usando sistema aquoso bifasico com deteccdo

UV-Vis.
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CAPITULO 2

Liquid-liquid equilibrium of the ternary ammonium salt + poly(propylene
glycol) + water system

Abstract

Aqueous two-phase systems (ATPS) have been investigated as alternative
systems for liquid-liquid extraction. Many ATPS phase diagrams for poly(ethylene
glycol) (PEG) have been reported, but little information is available regarding liquid-
liquid equilibrium data for poly(propylene glycol) (PPG). In the present work, the
phase diagrams for PPG425 + ammonium acetate + H,O, PPG425 + ammonium
tartrate + H,O, PPG425 + ammonium citrate + H,O, PPG425 + ammonium formate
+ H,0, and PEG900 + ammonium citrate + H,O were experimentally determined at
283.2, 298.2, and 313.2 K. The study of statistic treatment was introduced by the
nonrandom two-liquid (NRTL) model. This model is used to estimate the energetic
parameters of the studied systems. The binary interactions of the calculated
parameters are very important for designing or optimizing industrial processes. The
results were considered very satisfactory with global root mean square deviations of
1.82 %. Factors affecting the phase-forming capability of the polymer + electrolyte +
water ATPS, such as anion structure, temperature and polymer hydrophobicity were
evaluated. For all systems, the increase in temperature enlarges the area of the phase
diagram, indicating the enthalpic contribution to the formation of the biphasic
system. The ability of the different anions to induce ATPS formation with PPG425
followed the order: C4H4062' (tartrate) > C6H6072' (citrate) > C,H30, (acetate) >
CHO; (formate). The ATPS involving PPG425 showed a larger two-phase area than
that observed in the system formed by PEG900, which is more hydrophilic than
PPG425.

Keywords: Aqueous two-phase systems, Phase diagram, Poly(propylene glycol),
Poly(ethylene glycol), NRTL.

1. Introduction
Liquid-liquid extraction using aqueous two-phase systems (ATPS) has been

used to extract metals [1-3], dyes [4-6], biomolecules [7-9], and phenolic compounds
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[10, 11]. These systems can be formed by the mixture of aqueous solutions of
incompatible polymers [12-14], by a polymer and an electrolyte [4, 15-18], or by two
electrolytes [4, 19-21] at specific conditions of temperature, pressure, and
composition. The resultant system is composed of two phases, a polymer-rich phase
(PRP) and an electrolyte-rich phase (ERP).

The most commonly used ATPS contain hydrophilic macromolecules of
poly(ethylene glycol) (PEG) [3, 9, 10, 22]. This polymer is used in partitioning
studies of water soluble compounds, since the selective distribution of substances
between the phases at equilibrium is a consequence of the interactions established
between the solutes and the phase-forming constituents [1, 2, 5, 23]. In order to
extend the applicability of the system to hydrophobic compounds, a possibility is to
use poly(propylene glycol) (PPG) as the ATPS-forming component. There are
several reports detailing the liquid-liquid equilibrium data for PEG, but the literature
still lacks the phase diagrams for PPG. This macromolecule displays hydrophobic
characteristics due to the presence of one additional methyl group per monomer
when compared to PEG [24]. This remarkable property enables the handling of
strategic hydrophobic compounds in ATPS [24]. Moreover, PPG is biodegradable
[25], can be recovered by heating [25], and is safe [25, 26], enabling its use in the
food and cosmetics industry [26].

In the present work, we report the determination of the experimental liquid-
liquid equilibrium data for ATPS containing PPG with an average molar mass of 425
g mol! (PPG425) and different electrolytes: PPG425 + NH4,C,H30, + H,0, PPG425
+ (NH4),C4H4O6+ H,O, PPG425 + (NH4),CcHsO7 + H,0, and PPG425 + NH4,CHO,
+ HyO at 283.2, 298.2, and 313.2 K. One ATPS containing poly(ethylene glycol)
with an average molar mass of 900 g mol’! (PEG900) +(NH4),CsHcO7 + H,O was
also investigated at 298.2 K.

The interest in studying the ammonium salts in this work, it is because these
salts are less aggressive to analytical instruments, and due to the existence of few
phase diagrams formed by organic anions with the ammonium cations.

The non-random two-liquid (NRTL) [27] model was used to represent the
energy parameters of the system. The temperature is the dependent variable of this
model. The experimental data were correlated with the modified NRTL model for the

activity coefficient, with estimation of new interaction parameters.
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2. Materials and Methods

2.1. Materials
Deionized water (Millipore, Milli-Q) was used to prepare all solutions.
Analytical-grade reagents were used as received without further purification as

shown in Table 1.

Table 1. Specification of chemical samples.
Initial Mole

Chemical

Source Fraction
Name )

Purity
PPG425% Aldrich 0.999
PEG900P Aldrich 0.999
Ammonium citrate dibasic ~ Fluka 0.990
Ammonium acetate Neon 0.980
Ammonium tartrate Vetec 0.990
Ammonium formate Vetec 0.960

* Poly(propylene glycol) with an average molar mass of 425 g mol™.
® Poly(ethylene glycol) with an average molar mass of 900 g mol™.

2.2. Preparation of the aqueous two-phase systems

Aqueous stock solutions of PPG425 and the electrolyte were prepared using
an analytical balance (AY 220, Shimadzu; uncertainty of + 0.0001 g). Appropriate
quantities of these stock solutions were weighed in glass vessels to obtain the desired
global compositions. The samples were stirred in a vortex mixer (Certomat MV, B.
Braun Biotech International) until the system became cloudy, and were placed in a
temperature-controlled bath (MQBTC 99-20, Micro-quimica; uncertainty of + 0.1 K)
at 283.2, 298.2, or 313.2 K for at least 48 h. The thermodynamic equilibrium was
characterized by the presence of two clear phases that were collected and

appropriately diluted for quantification.

2.3. Determination of equilibrium composition

The electrolyte concentration (ammonium acetate, ammonium citrate,
ammonium formate, and ammonium tartrate) was determined by conductivity (DM-
32, Digimed) after obtaining the analytical curves (R* > 0.999) of the electrolyte in

the dynamic range of 1.00x10™ to 300x10~ % (w/w). The electrolyte solutions show
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the same conductivity in water and in the diluted polymer solution. A refractometer
(Abbe 09-2011, Analytik Jena) was used to measure the PPG425 and PEG900
concentrations. Aqueous polymer solutions (or electrolyte aqueous solutions) were
prepared and analyzed in a refractometer, and analytical curves with similar linear
adjustments for PPG425 / PEG900 and electrolyte were obtained. Thus, the
refractive index was considered an additive property, i.e., the refractive index value
is proportional to the sum of the concentration of electrolyte and polymer for the
ATPS phases. The total concentration of the phase components (polymer and
electrolyte) was determined by the refractive index, and the PPG425/PEG900
concentration was obtained by subtracting the electrolyte concentration (acquired by
conductivity). The water content was determined from the mass balance. All

analytical measurements were performed in duplicate.

2.4. Nonrandom two-liquid (NRTL) model and Parameter Estimation

The NRTL activity coefficient model was used in this work. The
experimental data were correlated with this model and new thermodynamic
interaction parameters were estimated. The equations of the original NRTL model
were altered for systems containing electrolytes and polymers. This model has five
adjustable parameters for each binary pair.

The estimation of the new binary interaction parameters was performed using
the FORTRAN code WTML-LLE (weight temperature-maximum likelihood —
liquid-liquid equilibrium).

3. Results and Discussion

3.1. Aqueous two-phase system compositions

In general, ATPS containing a macromolecule, electrolyte, and water are
more efficient than ATPS formed by two macromolecules and water for the
extraction and purification of different solutes. Therefore, the modification of the
ATPS-forming polymer or electrolyte allows modulation of the characteristics of the
phases, to enable their application for different compounds. The phase compositions
for new aqueous two-phase systems formed by PPG425 + NH4C,H;O, + H»O,
PPG425 + (NH4):C4H4O6 + H,O, PPG425 + (NH4),CsHeO7; + H,O, PPG425 +
NH4CHO; + H;0, and PEG900 + (NH4),CsHsO7; + H,O at different temperatures
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(283.2, 298.2, and 313.2 K) and the tie-line lengths (TLL) are shown in Tables 2 to
6. The standard uncertainties were calculated using the compositions of the polymer-
rich phase and electrolyte-rich phase at 298.2 K and 313.2 K. The measurements at
283.2 K were difficult to carry out due long period necessary to splitting phase and
reach the thermodynamic equilibrium, being thus less precise. The phase

compositions are presented in mole fraction (X).

Table 2. Experimental (liquid + liquid) equilibrium data for the system PPG425 (1)
+ NH4C,H;30; (electrolyte) (2) + water (3) for mole fractions x at the temperature
283.2 to 313.2 K and pressure p = 0.09341 MPa. *

Overall polymer-rich phase(PRP) electrolyte-rich phase(ERP)
X4 Xo X3 X3 X5 X3 X3 Xs X3 TLL
T=2832K

0.3338 0.02362 0.6425 0.6275 0.004737 03662 0.1318 0.03883 0.8173  0.4969
0.3440 0.02619 0.6298  0.6605 0.004714 0.3332 0.1106 0.04579 0.8295 0.5514
0.3543 0.02883 0.6168  0.6672 0.004814 0.3265 0.1054 0.04770 0.8323  0.5634
0.3651 0.03156 0.6034 0.6729 0.004527 0.3211 0.08963 0.05425 0.8397 0.5854
0.3761 0.03440 0.5895 0.6897 0.004879 0.3039 0.07230 0.06001 0.8496  0.6199
T=2982K
0.2940 0.01220 (6938 0.4461 0.006281z  0.5476 0.1520 0.01792 0.8301 0.2943
0.3024 0.01255 0.6851 0.4608 0.005994 0.5332 0.1410 0.01961 0.8394 0.3201
0.3115 0.01291 0.6756 0.4769 0.005720 0.5174 0.1279 0.02125 0.8509 0.3493
0.3205 0.01328 0.6662 0.4984 0.005431 0.5174 0.1209 0.02290 0.8562 0.3779
0.3299 0.01366 0.6565 0.5144 0.005259 0.4804 0.1143 0.02444 0.8613 0.4006
T=3132K
0.3024 0.01255 0.6851 0.6132 0.001971  0.3848 0.05537 0.02314 0.9215 0.5582
0.3297 0.01367 0.6566  0.6845 0.001522  0.3140 0.05534 0.02439 0.9203 0.6296

* Standard uncertainties u are u(temperature) = 0.1 K, u(PPGypgp) = 0.0091, u(PPGggp) = 0.00185, u(electrolyteprp) =
0.000027, u(electrolyteggrp) = 0.00064, u(waterpgp)= 0.0099, u(waterggp)= 0.0012 and u(p) = 0.20 kPa.
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Table 3. Experimental (liquid + liquid) equilibrium data for the system PPG425 (1)
+ (NH4),C4H4Og (electrolyte) (2) + water (3) for mole fractions x at the temperature
283.2 K, 298.2 K and pressure p = 0.09341 MPa.”

overall polymer-rich phase(PRP) electrolyte-rich phase(ERP)
X1 X2 X3 X1 X2 X3 X1 X2 X3 TLL
T=283.2K

0.2678 0.01233  0.7199 0.5182 0.0005435 0.4813 0.01534 0.03018 0.9545 0.5037
0.2873 0.01303  0.6996  0.5494 0.0004443 0.4502 0.01317 0.03238 0.9545 0.5372
0.3088 0.01379 0.6774  0.5577 0.0004907 0.4419 0.01277 0.03471 0.9525 0.5460
T=2982K
0.2195 0.005090 0.7754 0.3452 0.001972 0.6528 0.08146 0.008314 0.9102 0.2638
0.2274 0.005260 0.7673 0.3600 0.001741 0.6383 0.07465 0.008949 0.9164 0.2854
0.2360 0.005500 0.7585 0.3742 0.001602 0.6242 0.06551 0.009857 0.9246 0.3088
0.2445 0.005560 0.7499 0.3943 0.001467 0.6043 0.05782 0.01101 0.9246 0.3366
0.2522 0.005740 0.7420 0.4082 0.001282 0.5905 0.05190 0.01202 0.9361 0.3565

* Standard uncertainties u are u(temperature) = 0.1 K, u(PPGpgp) = 0.0018, u(PPGggrp) = 0.00073, u(electrolyteprp)
=0.000012, u(electrolytegrp) = 0.000128, u(waterpgp)= 0.0018, u(waterggp)= 0.0005 and u(p) = 0.20 kPa.

Table 4. Experimental (liquid + liquid) equilibrium data for the system PPG425 (1)
+ (NH4)2CeHgO7 (electrolyte) (2) + water (3) for mole fractions x at the temperature
298.2 K, 313.2 K and pressure p = 0.09341 MPa."

overall polymer-rich phase(PRP) electrolyte-rich phase(ERP)
X3 X5 X3 X Xo X3 X1 X5 X3 TLL
T=2982K

0.2406 0.005247 0.7541 0.3436 0.002684 0.6537 0.07613 0.01010 0.9138 0.2676
0.2600 0.005517 0.7345 0.3821 0.002171 0.6158 0.05399 0.01329 0.9327 0.3283
0.2805 0.005816 0.7137 0.4081 0.001774 0.5902 0.04364 0.01543 0.9409 0.3647
0.3013 0.006133 0.6926 0.4387 0.001514 0.5597 0.03304 0.01817 0.9488 0.4060
0.3235 0.006477 0.6701 0.4656 0.001274 0.5332 0.02607 0.02022 0.9537 0.4399
T=3132K
0.2410 0.005239 0.7538 0.5416 0.0004768 0.4580 0.04105 0.008862 0.9501 0.5006
0.2598 0.005523 0.7347 0.5625 0.0003731 0.4372 0.03483 0.01012 0.9551 0.5277
0.2804 0.005818 0.7138 0.5654 0.0003857 0.4342 0.03055 0.01100 0.9585 0.5350

0.3021 0.006140 0.6917 0.5967 0.0003586 0.4029 0.02532 0.01272 0.9620 0.5716

* Standard uncertainties u are u(temperature) = 0.1 K, u(PPGpgp) = 0.0122, u(PPGggrp) = 0.00144, u(electrolyteprp)
=0.0000162 , u(electrolytegrp) = 0.000341, u(waterpgp)= 0.0122, u(waterggp)= 0.0009 and u(p) = 0.20 kPa.
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Table 5. Experimental (liquid + liquid) equilibrium data for the system PPG425 (1)
+ NH4CHO, (electrolyte) (2) + water (3) for mole fractions x at the temperature
283.2 to 313.2 K and pressure p = 0.09341 MPa.”

Overall polymer-rich phase(PRP) electrolyte-rich phase(ERP)
X1 X2 X3 X1 X2 X3 X1 X2 X3 TLL
T=2832K

0.3278 0.02611 0.6461 0.6410 0.005622 0.3534 0.1536 0.03710 0.8093 0.4884
0.3616  0.02834 0.6101 0.6572 0.006743 0.3361 0.1445 0.04439 0.8111 0.5141
0.3799 0.02955 0.5906 0.6763  0.006954 0.3168 0.1454 0.04834 0.8063 0.5325
T=2982K
0.2964 0.01554 0.6881 0.4832  0.007529 0.5093 0.1552 0.02269 0.8221 0.3283
03171 0.01616 0.6667 0.5169  0.007254 0.4758 0.1465 0.02646 0.8270 0.3709
03398 0.01682 0.6434 0.5642 0.006956 0.4289 0.1260 0.03028 0.8437 0.4388
03635 0.01752 0.6190 05724  0.006829 0.4208 0.1112 0.03477 0.8540 0.4620
0.6147  0.006512 0.3788 0.09623 0.03937 0.8644 0.5195

T=3132K
0.2961 0.01554 0.6884 0.6162 0.002519 0.3813 0.05335 0.02702 0.9196 0.5634
0.3171 0.01616 0.6667 0.6548  0.002612 0.3425 0.05229 0.03014 0.9176 0.6031
0.3399 0.01682 0.6433 0.6709 0.002674 0.3264 0.04530 0.03301 0.9217 0.6263
0.3636  0.01752 0.6189 0.6804 0.002709 0.3169 0.04030 0.03738 0.9223 0.6410

0.3878 0.01824 0.5939 0.7104  0.002940 0.2866 0.04127 0.03849 0.9202 0.6701

# Standard uncertainties u are u(temperature) = 0.1 K, u(PPGpgp) =0.0049, u(PPGggp) = 0.00147, u(electrolyteprp)
=0.000358, u(electrolytegrp) = 0.00054, u(waterprp)= 0.0049, u(waterggp)= 0.0010 and u(p) = 0.20 kPa.

0.3880 0.01823 0.5938

Table 6. Experimental (liquid + liquid) equilibrium data for the system PEO900 (1)
+ (NH4),CeHgO7 (electrolyte) (2) + water (3) for mole fractions x at the temperature
298.2 K and pressure p = 0.09341 MPa.

overall polymer-rich phase(PRP) electrolyte-rich phase(ERP)
X1 X2 X3 X1 X2 X3 X1 X2 X3 TLL
T=2982K

0.1418 0.03764 0.8206 0.2574 0.02326 0.7193  0.002870  0.05776 0.9406 0.2569
0.1514 0.03899 0.8096 0.2805 0.02082 0.6987 0.001720  0.06140 0.9368 0.2817
0.1608 0.04036 0.7989 0.3030 0.01927 0.6778 0.00007100 0.06584 0.9341 0.3065

0.1715 0.04186 0.7866 0.3202 0.01822 0.6615 0.00007357 0.07201 0.9279 0.3246

* Standard uncertainties u are u(temperature) = 0.1 K, u(PEOpgp) = 0.0034, u(PEOggp) = 0.00113000,
u(electrolyteprp) = 0.00018, u(electrolyteggrp) = 0.00061, u(waterpgp)= 0.0033, u(waterggp)= 0.0015 and u(p) =
0.20 kPa.

The tie-lines were obtained by linear regression fitting the values of overall
composition and the compositions of the PPG425-rich phase and electrolyte-rich
phase. The TLL presented in Tables 2 to 6 express the difference in phase
composition between both ATPS phases, and at constant pressure and temperature
could be related to the difference in intensive thermodynamic properties between the

polymer-rich phase and the concentrated salt phase. The TLL can be calculated by
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Eq. (1):

ey

1
TLL = [(xB% — <)% + (e — ER0)?]

where x5®P and xERP are the polymer mole fractions in the polymer- and electrolyte-

rich phases, respectively, and x£R®F and xERP are the corresponding electrolyte mole
fractions in the polymer- and electrolyte-rich phases, respectively.

As normally observed for other salt-polymer ATPS, an increase in TLL
promotes the enrichment of polymer content along with a decrease of water and
electrolyte quantity in the PRP, while in the ERP, water and -electrolyte

concentrations increase along with a decrease in the polymer concentration.

3.2. Effect of the nature of anion on the phase separation process

The minimum composition required for the formation of two phases is
represented by the binodal curve. In the present work, was investigated the binodal
position for the four electrolytes with different anionic structures (C4H4Og”,
CeHeO7>, C,H3057, and CHOy) at 298.2 K (Fig. 1). As the phase separation process
occurs due to a decrease in the Gibbs free energy of the system, caused by specific
molecular interactions between the ATPS components (H,O-H,O, H,O-PPG, H,O-
ion, PPG-PPG, PPG-ions, and ion-ion), it was appropriate to express the phase
diagram in mole fraction to facilitate comparison with systems containing the same

number of molecules.
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Fig. 1. Influence of the anion on the phase diagram of the PPG425 + ammonium electrolyte

+ Hzo Systems at 298.2 K. (.) (NH4)2C4H4O6, (A) (NH4)2C6H607, (.) NH4C2H302 and (O)
NH,CHO..

Considering that all four electrolytes shared a common cation (NH;"), the
difference in the phase diagram could be attributed to the anion effect. The ability of
the anions to promote phase splitting decreases in the following order: C,H,06” >
C¢HsO,” > C,H;0,” > CHO, .

A microcalorimetric investigation of the driving force for the ATPS
formation process, carried out by da Silva and Loh [28], verified that at polymer and
salt compositions which produce phase separation, the change in system enthalpy
caused by the phase appearance is positive, implying that the phase splitting process
is entropically driven. As proposed by these authors, the mechanism of phase
separation could be described as follows: while the polymer-electrolyte mixture is
homogenous, the electrolyte cations/anions interact with the macromolecule chains,
releasing the water molecules that solvated them, increasing the system entropy. This
macromolecule-electrolyte interaction continues as more salt is added, until an
energetic saturation of the macromolecule chains occurs. At this point, the added
1ons will organize the water molecules in their solvating layers, increasing the Gibbs
free energy (A,,i,G) of mixing of the system due to the decrease in configuration
entropy. In order to reduce the A,,;, G, the polymer-electrolyte mixture segregates
into two phases. Based on the da Silva and Loh [28] model, our results regarding the
anion effect on the phase diagram may be interpreted considering the interactions
between each kind of anion with the PPG-cation surface.

In general, as the electrical charge of an anion increases, the intensity of its
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interaction with the polymer-cation surface and its capacity to promote phase
separation increase, because it is possible to energetically saturate the macromolecule
surface with a lower amount of salts. In order to determine the electrical charge of
the predominant species in the ATPS, the relative concentrations of the species as a
function of the pH, called alpha coefficients (a) [29], were determined. For the
PPG425 + (NH,),C4sH406 + H,O ATPS at TLL = 0.3565, the system pH (pH'™" =
7.06 and pH™®* = 6.21) induces the formation of the tart” chemical species (aPRP =
99.8 % and a®RP = 98.6 %) in both phases. The pH of the ATPS composed by
PPG425 + (NH,4),C¢HgO7 + H,O at TLL = 0.4399 (pH™®" = 5.67 and pH™" = 4.86)
leads to the formation of the species H,Cit (a’RP = 9.40 % and aERP = 43.3 %),
HCit” (a™®F=76.2 % and a"RF = 54.4 %), and Cit" (a®R® = 14.4 % and aERP =
1.59 %). As both salts produced predominantly bivalent anions, which interact
similarly with the polymer-cation surface, they have almost equal binodal positions
with a slightly larger two-phase region for the tartrate ATPS. This proposal is
supported by the results of Hamzehzadeh and Zafarani-Moattar [30]. The authors
evaluated the effect of pH on the binodal position of the PPG400 + sodium
citrate/citric acid + HoO ATPS. It was verified that the two-phase area expands upon
increasing the pH of the aqueous medium, i.e., the increase in pH induced the
formation of the more deprotonated species. The species with higher electrical
charge strongly interacts with the polymer-cation surface and promotes the phase
separation with a lower quantity of the electrolyte. The system pH of PPG425 +
NH,C,H;0, + H,0 at TLL = 0.4006 (pH™®" = 7.45 and pH™ " = 7.32) and PPG425 +
NH,CHO, + H,0 at TLL = 0.5195 (pH™®" = 6.89 and pH™" = 6.82) induces,
respectively, the preferential formation of acetate anion (a*RP = 99.80 % and aERP =
99.73 %) and formate anion (a"R¥ =99.93 % and a®RP =99.92 %). As the formate
and acetate anions have lower valence (-1) than the tartrate and citrate ions, they are
less effective in inducing phase separation. Probably, the higher capacity of the
acetate compared to formate to induce phase separation is related to the additional
methyl group in the acetate structure, which increases the hydrophobic contribution

to the interaction of this anion with the polymer chain hydrophobic segments.

3.3. Effect of temperature on ATPS composition

The minimum polymer and electrolyte concentrations at which the ATPS is
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produced at two different temperatures are presented in Fig. 2. The temperature
effect was investigated in all the PPG-systems at three different temperatures.
However, since some systems remained turbid for a long time, which made their
quantification unfeasible, we decided to show the effect of two temperatures for each
phase diagram. Fig. 2 shows the phase diagrams for the PPG425 + NH4C,H;0, +
H,O at 283.2 and 298.2 K and PPG425 + NH,CHO, + H,O system at 283.2 and
313.2 K.
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Fig. 2. The effect of temperature on the phase diagram of the PPG425 + electrolyte + H,O
ATPS. a) NH,C,H;0,: (A) 283.2 K and (o) 298.2 K; b) NH,CHO,: (A) 283.2 K and (D)
313.2 K.

In all investigated systems, the increase in temperature expands the area of
the phase diagram where both ATPS phases coexist. The same behavior was
observed for the PPG425 + (NH,),C:H4O¢ + H,O ATPS, and PPG425 +
(NH4),CcHeO7 + H,O ATPS. This is an indication that the phase-separation process
is endothermic, i.e., the phase-separation process is entropically driven as proposed
by da Silva and Loh [28]. A possible molecular mechanism for this temperature
effect on the binodal position could be described as follows: the interactions of PPG
segments with water molecules become less intense while the PPG-PPG interactions
become stronger at higher temperatures, resulting in a decrease in PPG solubility.
This causes the exclusion of PPG by the electrolyte, promoting the formation of the

ATPS systems [30, 31].

33



The effect of temperature on the composition of the phase equilibrium can
also be analyzed through the slopes of the tie-line (STL). The STL values (Table 7)
can be calculated by Eq. (2):

PRP .ERP
. (XppG - XppPG (2)

=~ 7 PRP . ERP
(XgLT - XELT

STL

where xPRE  and xERE are the PPG425 mole fractions in the polymer- and

electrolyte-rich phases, respectively, and xERF and xERF are the electrolyte mole
fractions in the polymer- and electrolyte-rich phases, respectively.

According to the results (Table 7), for all analyzed systems, the increase in
temperature promotes an increase in the module of the STL. By analyzing the

numerator of Eq. (2), the term x5RE is always higher than the term x5RE, so this

term is always positive. In the denominator, the term xZRF is always higher than

xERP Thus, the value in the denominator is always negative. Thus, a mathematical
analysis of this equation shows that the increase of the module of STL is due to an
increase in the polymer mole fraction in the PRP, and a reduction in the electrolyte
mole fraction in the ERP. As proposed in other references [15, 17, 18, 21, 30], this

can be explained by considering that, at the same global composition, higher

temperatures promote the transfer of water molecules from the polymer-rich phase to

the electrolyte-rich phase. This causes an increment in xbA% , and a reduction in
ERP
XppG-
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Table 7. STL systems values at 283.2, 298.2,

and 313.2 K.
PPG425 + NH,C,H;0, + H,O
TLL 283.2 K 298.2 K 313.2 K
0.2943 - -25.27 -
0.3201 - -23.48 -
0.3493 - -22.46 -
0.3779 - -21.58 -
0.4006 - -20.81 -
0.4969 -14.56 - -
0.5514 -13.39 - -
0.5634 -13.08 - -
0.5854 -11.71 - -
0.6199 -11.18 - -
0.5582 - - -26.35
0.6296 - - -27.55
PPG425 + (NH,),C4H,O¢ + H,O
TLL 283.2 K 298.2 K 313.2 K
0.2638 - -41.60 -
0.2854 - -39.60 -
0.3088 - -37.43 -
0.3366 - -35.19 -
0.3565 - -33.09 -

05037  -16.74 - -

05372 -16.57 - -

0.5460  -15.76 - -
PPG425 + (NH,),CeHO, + H,0O

TLL 2832K 2982K 3132 K
0.2676 - -35.79 -
0.3283 - -28.99 -
0.3647 - -26.33 -
0.4060 - -23.93 -
0.4399 - -22.88 -
0.5006 - - -59.86
0.5277 - - -54.23
0.5350 - - -50.40
0.5716 - - -46.13

PPG425 + NH,CHO, + H,O

TLL 2832K 2982K 3132 K
0.3283 - -21.67 -
0.3709 - -19.21 -
0.4388 - -18.61 -
0.4620 - -16.33 -
0.5195 - -15.54 -

0.4884 -15.46 - -
0.5141 -13.62 - -
0.5325 -12.84 - -

0.5634 - -23.01
0.6031 - - -21.87
0.6263 - - -20.56
0.6410 - - -18.34
0.6701 - - -18.73

3.4. Effect of the polymer hydrophobicity on the binodal position
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We analyzed the efficiency of two polymers (PEG900 and PPG425) in
forming the aqueous biphasic system. Fig. 3 shows the phase diagram of PEG900 +
(NH4),CcHeO7 + H,O ATPS and PPG425 + (NH4)>CsHsO7 + H,O ATPS at 298.2 K.
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Fig. 3. Influence of the polymer hydrophobicity on the phase diagram of the polymer +
(NH,4),CsHgO7 + H,O systems at 298.2 K for (o) PPG425 and (e) PEG900.

The ATPS containing PPG425 showed a phase separation process at lower
polymer and electrolyte concentrations than that observed in the system formed by
PEG900. When comparing the PEG900 + (NH4),CsHsO; + H,O and PPG425 +
(NH4),CcHeO7 + H,O ATPS, the PPG425 concentrations were higher than the PEG
content in the macromolecule-rich phase while the water quantity in the PPG425-rich
phase was considerably lower (Tables 4 and 6). These results can be explained
considering that PPG is more hydrophobic than PEG due to the additional methyl
group in the polymer chain. The PPG structure decreases the water-macromolecule
and electrolyte-macromolecule interactions, favoring the phase separation process at

lower ATPS component concentrations.

3.5. Thermodynamic modeling and Estimation Procedure

The nonrandom two-liquid (NRTL) [27] model was used in this work to
correlate the liquid-liquid equilibrium data of the systems. In particular, the NRTL
model is dependent of the compound since the energetic parameters are adjusted
according to temperature, molar mass and compositions of the systems phases. This

model is based on concept of the local composition, being applicable to partially-
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miscible systems [32]. The local composition concept, which was introduced by
Wilson [33], considers that the composition of the system in the neighborhood of a
molecule is not the same that the bulk composition due the intermolecular
interactions [34, 35]. This model was not developed for systems involving
electrolytes. Nevertheless, the original NRTL model has been empirically extended
to consider the electrolyte effect on liquid-liquid equilibrium [36].

The NRTL activity coefficient (y;) in multicomponent systems is given by

Eq.(3):

5 TjiGjin 5 Wkrijkj
J M wiGji ko M
Iny. = +2, -
i G .w, 7 Gk'wk y Gk Wy
z .]l M' ] Z .]
M TR M kM )]

where w; and M; are the mass fraction and molar mass, respectively, and the

parameters of interaction energy of the molecules i-j (Gj) can be calculated by

Eq.(4):

A..
—expf — = AT
Gij —exp( aijrij) where 7 T (le T jl) @

The modified NRTL model has five adjustable parameters for each binary
pair (Aogij, Aoji, Anj, Ay and o), which are determined by mean regression of
experimental data for a specific system.

Where « is the non-randomness factor in the mixture (o = o), which is
derived from the local composition concept [34, 35], and range from 0.2 to 0.47 [37].
If, a;; = 0 means to complete randomness, or ideal solution [38]. This parameter can
also be kept fixed. Ao, Agji, Arij, Ajji are interaction parameters which represent the

energy of interaction between molecules 1 and j [32, 34, 35, 39]. These parameters

take into account pure-component liquid jpteractions and mixed-liquid components
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interactions [40], and are given by Eq. (5) and Eq. (6):

Ay = Ay + AT (5)

A=Ay + AT (6)

These parameters of interaction energy were estimated using experimental
data. For this, the estimation was performed using the Fortran code WTML-LLE,
based on the Simplex method [41] and Maximum Likelihood principle [42], by

means of minimizing of a concentration-based objective function, S, given by Eq.

(7):

m 2 a a,m B B p.m 2
g = if Tjk -T | CkZ_“] Wik ~ Wik + Wik ~ Wi )
ko j O-Tjk i O-wijka Gwzjkﬁ

where D is the number of data sets, Nk and Ck are the number of tie-lines and
components in each data set k, respectively. o 1jk, O wijke and o yijig are the standard
deviations obtained in the independent variables temperature, compositions of phase
a and compositions of phase S, respectively. The superscript m means measured.

The results of the new interaction energy parameters of all systems in this

work, for the modified NRTL model, are shown in Table 8.
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Table 8. Estimated NRTL parameters.

i i Agij Ayii Ay Ajji %
PPG425 ammonium acetate -337.23 7526.4 -0.57566  -23.682 0.46922
PPG425 ammonium tartrate -589.97 2045.2 2.2273 16.393 0.46708
PPG425 ammonium citrate -10310.1  4355.7 -105.12 41.997 0.37578
PPG425 ammonium formate -251.98 21.585 0.90389  1.6910 0.46999
PPG425 Water 7567.9 -11601.1  500.24 42.627 0.28629
PPG425 PEO -0.26161  133.12 74.865 56.838 0.21323
ammonium Water 297452 181.22 14.744 1.8461 0.24902
acetate

water ammonium tartrate 3603.9 56058.2  40.970 173.85 0.20442
water ammonium citrate -270.34 12.715 9.1537 28.066 0.30610
water ammonium formate 0.96002  -28.384 0.51585  -3.9746 0.29330
water PEO 2785.7 765.33 0.12446  19.960 0.26828

With the energy interaction parameters estimated, correlations of equilibrium
data were performed. Comparing the experimental and calculated composition of
each component of both phases were made through root-mean-square (rms)

deviation. The rms deviations are given by Eq. (8):

{ a a,m ( s B.m }
Z W, =W, W w, (8)
ow = 1001/

2NkCk

The root mean square deviation between experimental and calculated

compositions is shown in Table 9.
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Table 9. Root mean square deviations in ternary systems.

Systems NRTL Ow (%)
PPG425 + ammonium acetate + water at 283.2 K 1.42
PPG425 + ammonium acetate + water at 292.2 K 1.69
PPG425 + ammonium acetate + water at 313.2 K 229

PPG425 + ammonium tartrate + water at 283.2 K 121

PPG425 + ammonium tartrate + water at 292.2 K

1.37

PPG425 + ammonium citrate + water at 298.2 K 1.29
PPG425 + ammonium citrate + water at 312.2 K 1.92
PPG425 + ammonium formate + water at 283.2 K 1.33
PPG425 + ammonium formate + water at 298.2 K 1.48
PPG425 + ammonium formate + water at 313.2 K 1.85
PEO900 + ammonium acetate + water at 298.2 K 1.22
global (48 tie-lines) 1.82

The results of the correlation showed in Table 9 are very satisfactory. The
global root mean square deviation, with 48 tie-lines of the modified NRTL model is

1.82 %.

4. Conclusion

Experimental ATPS data were obtained for five new aqueous two-phase
systems: PPG425 + NH4C,H30; + H,O, PPG425 + (NH4)>C4H4O6 + H,O, PPG425 +
(NH4),CsHeO7 + H0O, PPG425 + NH4CHO, + H,0, and PEG900+ (NH4)>,CsHcO7 +
H,O at different temperatures (283.2, 298.2 and 313.2 K) and tie-line lenght. The
influence of temperature, ATPS forming-electrolyte, and the polymer hydrophobicity
were investigated, and all these parameters were shown to affect the phase diagram.
As the temperature increased, the two-phase area expanded and the slope of tie-line
increased. The ability of the anions to promote phase separation in the systems
formed by PPG425 was successfully explained by the da Silva and Loh model and
followed the order: C4H406> > C¢HgO7% > C,H30, > CHO,. The ATPS containing
the hydrophobic PPG425 polymer exhibited a phase separation at lower polymer and
electrolyte concentrations than that observed in the system formed by the hydrophilic

PEG900 polymer. The activity coefficient value was calculated and the new
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interactions parameters for the modified NRTL model were obtained. This model
could correlate 11 systems and they are very satisfactory for the liquid-liquid
equilibrium data in this work, since the global root mean square deviation is 1.82 %.
The results presented here increase the literature database of liquid-liquid
equilibrium data for polymer + electrolyte + water ATPS. The developed PPG425
systems display interesting hydrophobic nature, and are strategic ATPS for the

manipulation of hydrophobic solutes.
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CAPITULO 3

Chloramphenicol partitioning in ATPS: a driving-force determination approach

Abstract

Aqueous two-phase systems (ATPS) are efficient for extraction of different solutes,
featuring low cost and non-toxicity, and being easy to handle. However,
understanding the transfer thermodynamic process of solutes in these systems is still
a great challenge. Here, the transfer standard Gibbs free energy change (A.-G?),
transfer standard enthalpy change (A.-H?), and transfer standard entropy change
(A-S%) for chloramphenicol were determined, enabling the comprehension of the
ATPS properties in the transfer thermodynamic process of this antibiotic in polymer
+ electrolyte + water ATPS. Antibiotic partition from the electrolyte-rich phase to
the polymer-rich phase was enthalpically driven, with (-80.88+1.30) kJ mol™ <
Ay HO< (-8.33+0.04) kI mol™, (-64.09+0.85) kJ mol™ < TA,,-S?< (1.260.12) kJ mol
' and (-15.45+0.02) kJ mol™ < A G 0< (-2.64+0.02) kJ mol'l, showing preferential
and spontaneous transfer of the solutes to the polymer-rich phase. The nature of
cation and polymer molar mass changed the magnitude of the interactions between
the antibiotics and ATPS components, influencing the values of partition coefficient
and transfer thermodynamic parameters. The ATPS composed by the cation Li*
presented k values about six and seven times higher than the ATPS formed by Mg**
and Na" cations, respectively. For molar mass effect, ATPS composed by PEO1500
presented k values about four and eleven times higher than ATPS formed by
PEO10000 and 35000, respectively. Chloramphenicol partitioning to the polymer-
rich phase depends on the nature of the ATPS, being governed by enthalpic and
entropic contributions. This study allows extending the ATPS applications to

extraction and pre-concentration of antibiotics in different matrices.

Keywords: Aqueous two-phase systems, chloramphenicol, partition, driving force,

thermodynamic
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1. Introduction

Aqueous two-phase systems (ATPS) are an attractive alternative for
conventional liquid-liquid extraction (LLE) [1]. These systems are composed mostly
of water and offer an ideal environment for the partition/extraction of different
solutes [2-8], besides presenting low cost, low toxicity and possibility of easy handle
[9-11]. ATPS are formed by mixing aqueous solutions of two chemically distinct
polymers [12], or a polymer and an electrolyte [13], or two electrolytes [14], or even
two surfactants [15], under specific thermodynamic conditions, resulting in two
immiscible phases. Despite the large number of work using ATPS for
partition/extraction of different classes of analytes [16], studies involving the solute
transfer thermodynamics between ATPS phases are scarce, and the major
contribution of these studies would be the strategic understanding of the driving
forces that govern the partitioning.

Until now, only nine works [5, 6, 17-23] have been carried out to obtain
thermodynamic parameters of transfer, such as standard Gibbs free energy change
(A-G9), standard enthalpy change (A.,-H?) and standard entropy change (A,-S?). In
most of them, these parameters were obtained using the van’t Hoff approximation.
For example, Zhang et al, using this approach, conducted studies of the
chloramphenicol transfer in ATPS composed of I1-hydroxylhexyl-3-
methylimidazolium chloride (HO[C6mim][Cl]) and potassium carbonate (K,COs3)
[6]. These authors observed that the temperature greatly influences the
chloramphenicol partition from the K,COs-rich phase to the HO[C6mim][Cl]-rich
phase, showing that its increase promotes the solute partition decrease, characterizing
an exothermic process Ay H%= (-183.17) kJ mol™. The influence of temperature in
this study was similar to the previous study [24], however it was contrary to other
[25], in which the temperature had no significant influence in the partition of
different biomolecules. Da Silva et al, also using the Van’t Hoff approximation,
studied the partition thermodynamic of pentacyanonitrosylferrate ([Fe(CN)5(NO)]27)
and hexacyanoferrate ([Fe(CN)s]’) anions in ATPS composed by potassium
phosphate electrolytes and polymer or triblock copolymers [19]. For the first time,
these researchers performed the comparison between the Van’t Hoff enthalpy
(ranging from (-41.2 + 0.4) kJ mol ' to (-53.0 + 0.9) kJ mol™") and calorimetric
enthalpy (ranging between approximately (-27.0) kJ mol™' and approximately (-30.0)

kJ mol "), which indicated an exothermic transfer process. However, the significant
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differences in the enthalpy measurements showed that the Van’t Hoff approximation
presents some limitations, i.e. the modification of ATPS phase composition due
temperature alteration, emphasizing the importance of using calorimetry in these
studies. With the Isothermal Titration Calorimetry (ITC) technique, Mageste et al
studied the partition thermodynamic of the norbixin dye in ATPS formed by polymer
or copolymer and organic electrolytes [17]. In contrary of other partition studies
performed with dyes in ATPS [2, 26-28], the goal of this work was to understand the
driving force responsible for the transfer of dye in ATPS. The obtained values of
A, H® showed that the transfer process was exothermic, ranging from (-2.71) kJ
mol ™' to (-9.10) kJ mol ", considering all ATPS studied. The norbixin transfer from
the electrolyte-rich phase to the polymer-rich phase was favored by enthalpy and
entropy contributions. Rengifo et al, also using ITC, studied the transfer
thermodynamics parameters of chymosin in ATPS formed by macromolecules
(polymer or copolymer) and electrolytes (organic or inorganic) [5]. The authors
observed that the process of chymosin transfer from the electrolyte-rich phase to the
polymer-rich phase of the ATPS was exothermic (ranging from (-4.84 kJ) mol ' to (-
170.34) kJ mol ') and enthalpically driven, presenting distinct results from the work
performed by Spelzini and coworkers [22], which used the van’t Hoff approximation
for studying chymosin partition in other ATPS and found endothermic values
ranging from (33.8) kJ mol ! to (96.0) kJ mol . In addition, the authors concluded
that this process was entropically driven.

According with studies later mentioned, different approaches have been used
to obtain the A, H?parameter. However, some limitations may still be found, e.g. the
change of partition coefficient values due to modification of the ATPS phase
composition, which occurs with temperature alteration, or even by contribution of
solute-solute interactions [6, 17].

Even with these relevant studies performed up to here, there is still a demand
for elucidation of the solutes transfer phenomenon in ATPS. The goal of this work is
to understand the driving forces involved in the choramphenicol (CAP) antibiotic
(Fig. 1) transfer process in ATPS formed by polymer + electrolyte + water, through
the transfer thermodynamics parameters A,,G%, A, H? and A.,.S?, and also their

dependence on the properties of these systems.
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Fig. 1. Chemical structure of chloramphenicol.

2. Experimental section

2.1. Materials

The polymer poly(ethylene oxide) (PEO) of molar mass 1500 was purchased
from Synth (Sdo Paulo, Brazil), with purity of 100% and those of molar mass 400,
10000 and 35000 g mol™ were purchased from Aldrich (St. Louis, USA), all also
with purity of 100%. The polymer poly(propylene oxide) (PPO), of molar mass 425
g mol ™, was obtained from Aldrich (St. Louis, USA). The electrolytes lithium sulfate
(Li,SO4.H,0; 99.0%) and magnesium sulfate (MgSO4.H,0; 98.0%) were obtained
from Synth (Diadema, Brazil) and Dinamica (Diadema, Brazil), respectively. Sodium
sulfate (Na,SOy4; 99.0%), sodium tartrate (Na,C4H4O¢-2H,O; 99.5%) and sodium
citrate (NazCgH507-2H,0; 99.0%), were obtained from Vetec (Rio de Janeiro,
Brazil). All polymers and electrolytes were analytical-grade and used without further
purification. Chloramphenicol (=98.0%) was obtained from Aldrich (St. Louis,
USA). Deionized water (Millipore Corp., Molsheim, France) was used for preparing

all aqueous solutions.

2.2. ATPS preparation and measurements of the CAP partition coefficient
Solutions with specific concentrations of polymer and electrolyte were

prepared and added in tubes of 50 mL according to the desired ATPS overall

composition. The ATPS overall compositions were obtained from equilibrium liquid-

liquid data as found in the literature [29-33]. The tubes were manually stirred until
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reaching turbidity and after that they were left in a controlled bath (MQBTC 99-20,
Microquimica, Palhoga, Brazil) with uncertainty of + 0.1 K at 298.2 K for at least 12
h or until reaching the thermodynamic equilibrium. The equilibrium state was
determined by the absence of turbidity in the electrolyte and polymer rich-phases.
After achieving the equilibrium state, for each global composition, aliquots of 2.0 g
of each phase were collected and mixted with 0.10 g of CAP solution (1.90x107%
mol kg'1 to achieve an adequate concentration in glass tubes. Blanks were prepared
under the same conditions by replacing the solute solution with deionized water. The
procedure was carried out in duplicate. These systems were stirred in a vortex mixer
(Certomat MV, B. Braun Biotech International, Melsungen, Germany) until the
turbidity showed, for one minute. They were left in a controlled bath (MQBTC 99-
20, Microquimica, Palhoca, Brazil) with uncertainty of + 0.1 K at 298.2 K for at least
12 h, or until reaching the thermodynamic equilibrium. The equilibrium state was
characterized by the absence of turbidity in both phases. Aliquots of the polymer-rich
phase and electrolyte-rich phase were collected with a syringe and appropriately
diluted with deionized water for spectrophotometric measurements using a UV-Vis
spectrophotometer (2550 Shimadzu, Kyoto, Japan).

The partition coefficient (Kcap) of the CAP molecules was calculated using

equation 1:

. _ (ABST ). fd"F
“AF T (ABSERP..). fdERP

ey

where ABSERP  and ABSERF, . are the diluted CAP absorbance values obtained at
276 nm in the polymer-rich phase and in the electrolyte-rich phase, and fd?®F and

fdERPare the dilution factors of the phases, respectively.

2.3. Thermodynamic parameters of CAP transfer

2.3.1. CAP transfer standard Gibbs free energy change (A,,G?)
The transfer standard Gibbs free energy change (A.G®) was obtained from
values of the CAP partition coefficient (Kcap) of all studied ATPS, with the

following thermodynamic relationship:
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AtrGe = _R T ln KCAP (2)

where R is the real gas constant in (kJ mol! K'l), T is the absolute temperature (K),

and K. 4p is the CAP partition coefficient.

2.3.2. CAP transfer standard enthalpy change (A, H®)

The technique Isothermal Titration Calorimetry (ITC) was used to determine
the CAP transfer standard enthalpy change (A,-H?) from the electrolyte-rich phase to
the polymer-rich phase, using a CSC-4200 microcalorimeter (Science Corp.
Calorimeter). A gas-tight Hamilton syringe (250 pL) controlled by an instrument was
utilized for the injections, and a stirrer helix stirring at 300 rpm was used during the
experiment. The experiments were realized by filling the reference and sample cells
with 1.80 mL of the electrolyte-rich phase or polymer-rich phase, and titrating the
sample solution (contained in the sample cell) with ten consecutive injections of 25
puL of CAP stock solutions at a concentration of (4.6x10’5 ) mol kg'l. The CAP stock
solutions were prepared in the electrolyte-rich phase or polymer-rich phase of the
ATPS. The same experiment was performed in the CAP absence to discount the
energy related with friction effects. The flow of energy registered during all process
was recorded as a power versus time curve, being that the area of each peak was
integrated to obtain the enthalpy change of each dilution process. The curve of CAP
standard dilution enthalpy change (Ay;HEZ,p). in the electrolyte- rich phase or
polymer-rich phase as function of CAP concentration was plotted and extrapolated to
CAP concentration equal zero, obtaining the CAP standard dilution enthalpy change
in infinite dilution conditions (Ag4;H®®), for each phase. Thus, the A,-H%® values
for CAP were obtained through of difference between these measurements in infinite

dilution conditions of the polymer-rich phase and electrolyte- rich phase.

A HO® = Mgy HOEE — DauHO%EF 3)

Equation 3 could then be used to calculate A,.H®®, where Ad”Hewgfff’ and
AgiyHO<ERP are the CAP standard dilution enthalpy change at infinite dilution

conditions in the polymer-rich phase and electrolyte-rich phase, respectively.

52



2.3.3. CAP transfer standard entropy change (TA,S%)
The CAP transfer standard entropy change (TA,-S?) was determined through

the classic thermodynamics relationship:

A, G? = AL H® —TA,, S 4

where A,,-G® and A,,-H? values are known for a given temperature T.

3. Results and discussion

3.1. Influence of CAP concentration in the partition coefficient

In ATPS partition studies it is of importance to evaluate the influence of
solute concentration on it partitioning coefficient. The K values will be independent
of solute concentration only if during the transfer processes to occur the partitioning
of just one molecular species between the phases of the ATPS systems [34]. In order
to determine if only one molecular species is transferred during CAP partitioning
experiment, the dependence of Kcap values in relation to antibiotic concentration was
measured in the tie-line length (TLL) (= 29% m/m) of the system PEO1500 + H,O +
Li,SOy, at 298.2 K, as shown in Fig. 2.
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Fig. 2. Partition coefficient values of CAP as a function of its concentration in ATPS formed
by PEG1500 + Li,SO, + H,O in the TLL of (= 29 %(m/m)) at 298.2 K.

As can be seen, for all the studied CAP concentration range, the Kcap values

were almost independent of antibiotic concentration, ranging from 41.47+2.19 to
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47.36+0.06, with a relative standard deviation of approximately 4.0%, presenting a
good accuracy. Based on this independent CAP concentration transfer process, we

can to conclude that only one chemical species is been partitioned between both

ATPS phases.

3.2. The effect of tie-line length of aqueous two-phase systems on the
partitioning of CAP

The analytes distribution between ATPS phases can be explained through
intermolecular interactions occurring between system components and the
partitioned solute [35]. Generally, in works that studies the solute partitioning
behavior in ATPS, an important parameter analyzed is the tie-line length (TLL),
which expresses the differences between the ATPS component interactions occurring
in the polymer-rich phase from that interactions present in the electrolyte-rich phase

of the ATPS [36]. The TLL can be calculated with equation 5:
2 212
TLL = [(CERP _ CERP) n (CERP _ CERP) ] 5

where CERP and CERP are the polymer concentrations in % (m/m) and CERF and

CERP are the electrolyte concentrations in % (m/m), in the polymer-rich phase and
electrolyte-rich phase, respectively.

As long as the TLL values increase, the differences between intensive
thermodynamic properties of ATPS phases are enhanced, making the solute
molecular interactions with polymer-rich phase component more different from
solute molecular interaction with electrolyte-rich phase component, and usually

increasing the unequal solute distribution. Fig. 3 shows Kcap measured in ATPS

composed by PEG1500 + lithium sulfate + H,O as a function of TLL, at 298.2 K
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Fig. 3. Partition coefficient of CAP as a function of TLL in ATPS formed by PEG1500 +
Li,SO, + H,O at 298.2 K.

CAP prefers to concentrate in the polymer-rich phase of the ATPS, showing
its greater affinity with polymer-rich phase components, since the K, presented
values higher than unity. TLL values increase promotes enhancement in the solute
transfer process from the electrolyte-rich phase to the polymer-rich phase of ATPS,
with partition coefficients ranging from 46.37+1.88 to 874.33+62.48, when TLL
change from 29 to 52% (m/m), almost presenting an exponential behavior.

The solute transfer process from electrolyte-rich phase to polymer rich-phase
occur due the rupture of solute interactions with the components of electrolyte-rich
phase and formation of interactions between the constituents of this phase, while
simultaneously, in the polymer-rich phase, interactions between the components this
phase are disrupted to formation of a cavity into which the solute fit to interact with
these constituents [21].

The energy resulting from these molecular interactions balance is expressed
by standard transfer Gibbs free energy change (A,-G?). The A,-G? value is the free
energy change of the system whenever one mole of solute is transferred from the
electrolyte-rich phase to the polymer-rich phase (see equation 2).

Fig. 4 shows A..G? values to CAP as a function of TLL, using the system
formed by PEO1500 + Li,SO4+ H>O at 298.2 K.
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Fig. 4. A,-G? of CAP as a function of the TLL for the ATPS composed by PEO1500 +
LizSO4 + Hzo at 298.2 K.

The A.,-G® values decrease almost linearly with the increase in TLL, ranging
from (-9.51+0.10) to (-16.79+0.18) kJ mol”. To the best of our knowledge, the
results presented here are the first concerning the CAP partitioning in ATPS
composed by polymer + electrolyte + H,O. According to reported works in the
literature, the only used ATPS for CAP partition or extraction has been those formed
by ionic liquids + electrolytes [6, 37, 38]. All results of partitioning demonstrated
that occurs the preferential transfer of CAP to ionic liquid-rich phase. As our results,
for these works, the obtained A, G values are all negative, ranging from (-4.49) to (-
11.92) kJ mol .. However, the Kcap values shown range from 5 to 160, which are
smaller than the those obtained in the present work, using the system formed by
PEO1500 + Li,SO4 + H>0.

To better understand the CAP partition process it is necessary to evaluate the
energetic and configurational solute transfer contributions to A.,.G?, i.e. the enthalpic
(A-H?) and entropic (TA.-S%) components of A.,.G? (see equation 4).

The A.,H® contribution to the ATPS solute transfer process can be
determined by using an isothermal titration calorimeter, which detects low levels of
system enthalpy change. To obtain the A, H?, it is necessary to determine the solute
dilution enthalpy change in infinite dilution condition (Ag; H*®), which is the net
energy from the interactions of solute with the components of each ATPS

phase. Ag;; H*® values were obtained from fitting the experimental data of curves of
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A4y H as a function of CAP concentration for both ATPS phases, and extrapolating
the analytical functions obtained by the fitting to zero CAP concentration. Fig. 5
shows A, H as a function of CAP concentration obtained for both ATPS phases, in
all TLL of the system PEO1500 + Li,SOs + H,O at 298.2 K. The results for the
others ATPS here studied are showed in the appendix (see figures F1 to F6).
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Fig. 5. CAP AiH value in polymer-rich phase (a) and electrolyte-rich phase (b) for
PEO1500 + Li,SO, + H,O ATPS: (W/UJ) (= 29 %(m/m)) TLL, (@®/O) (= 35 %(m/m)) TLL,
(A/A) (=42 %(m/m)) TLL, (¥/V) (= 46 %(m/m)) TLL and (4/<V) (= 52 %(m/m)) TLL at
298.15 K.

Despite of TLL values, the CAP dilution process was ever exothermic in the
polymer-rich phase while in the electrolyte-rich phase the same process was ever
endothermic. In addition, the CAP-CAP interaction is enthalpy favorable on the
polymer-rich phase while in the electrolyte-rich phase this kind of interaction is
unfavorable. Ag; H** magnitude measured in both PEO1500 + Li,SO4 + H,O ATPS
phases, at 298.15 K, are showed in the table 1. Some results were also obtained for

others ATPS studied in this work (see appendix tables T1 to T6).

Table 1. CAP Ag;H"” values in polymer-rich phase and electrolyte-rich phase,
for different TLL of system PEO1500 + Li,SO4 + H,O at 298.15 K.

TLL / (% m/m) AgH*/ (kJ.mol ™) AgH"” / (kJ.mol ™)
polymer-rich phase electrolyte-rich phase
29 -1.85+0.62 6.66+0.87
35 -7.55%1.44 12.67+0.37
42 -22.73+1.21 16.04+0.92
46 -35.39+1.53 21.38+0.92
52 -52.21+0.45 28.67+0.90
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The A4 H*™ values measured in the polymer-rich phase were negative and in
the electrolyte-rich phase were positive. As long as TLL increase, Ay H*™ values
are more negatives in the polymer-rich phase while in the electrolyte-rich, are more
positives. Despite of the great amount of water in both ATPS phases, Ay; H*™ values
were very distinct in these phases, indicating that the mains molecular components in
CAP solvation shells is not only water but mainly polymer (in the polymer-rich
phase) and ions (in the electrolyte- rich phase). For ATPS studied the polymer-CAP
interactions were exothermic while electrolyte-CAP were endothermic, except for
ATPS formed by PEOI500 + MgSO;, + H,O, which electrolyte-CAP were
exothermic (see appendix tables T1 to T6). The negative values obtained in polymer
rich-phase imply enthalpically favorable interaction, while positives values obtained
in the electrolyte-rich phase indicate unfavorable interaction.

By means of the Agz;H*® measured in the polymer-rich phase and
electrolyte-rich phase for each TLL, it is possible to determine the A, H®of CAP

with equation 6:
0 _ 9,00 0,00
AerH” = AHgy cap—prp — DHgy cap—krp ©)

where AH glolo cap—prp 18 the standard dilution enthalpy change at infinite
dilution state resulting of the CAP interaction with the components of the polymer-
rich phase, and AHJ; -ap_grp i the standard dilution enthalpy change at infinite
dilution state resulting of the CAP interaction with the components of electrolyte-
rich phase.

The A, H® values express the system enthalpy change whenever one mole of
CAP is transferred from the electrolyte-rich phase to the polymer-rich phase,
disregarding solute-solute interactions during the transfer process. In Fig. 6
the A, H® of CAP is shown as a function of TLL for the system PEO1500 + Li;SO,4
+ H,O at 298.2 K.
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Fig. 6. A H® of CAP as a function of the TLL for the ATPS composed by PEO1500 +
LizSO4 + Hzo at 298.2 K.
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The CAP transfer process is exothermic, with A,.H° becoming more
negative, ranging from (-8.51%+1.49) to (-80.88+1.22) kJ mol™, with TLL increase.
The CAP transfer process occurs from the electrolyte-rich phase to the polymer-rich
phase. Thus, in the electrolyte-rich phase occurs the process of disruption of CAP-
polymer, CAP-water and CAP-electrolyte interactions, while that polymer-polymer,
electrolyte-electrolyte, water-water, water-electrolyte, water-polymer and electrolyte-
polymer interactions are formed. In the polymer-rich phase, the main energy
involved in the processes is related to the rupture of water-water, polymer-polymer,
electrolyte-electrolyte, polymer-water, electrolyte-water and polymer-electrolyte
interactions for cavity formation, followed by solvation process of CAP molecules,
which are surrounded by polymer, water and electrolyte, establishing new
interactions of CAP-polymer, CAP-water and CAP-electrolyte. Forming interactions
reduce the enthalpy of the system by means of energy release, while to rupture
interactions, causing an increase of energy. This balance shows that more energy is
released than absorbed to break interactions.

Another evaluated parameter was the CAP TA,,.S®. This term describes the
increase or decrease in the number of different possibilities of components
distribution present in the ATPS, due the transfer process of CAP from the
electrolyte-rich phase to the polymer-rich phase. Fig. 7 shows the TA,-S® values
obtained for CAP partitioning as a function of TLL, for system PEO1500 + Li,SO4 +
H,0 at 298.2 K.

59



_—10F A i

g

30 35 40 45 50 55
TLL / % (m/m)

Fig. 7. TAS® of CAP as a function of the TLL for the ATPS composed by PEO1500 +

Li,SO, + H,O at 298.2 K.

In Fig. 7 it can be observed that TA.,-S? values are almost all negative, except
the first TLL. The values range from (1.00+0.09) to (-64.09+0.85) kJ mol!. These
negative values indicate that the CAP transfer process occurs with enthalpic
contributions. According to the model developed by Johansson et al [39], the

entropic contribution to the CAP partition can be obtained with equation 7:

e Mg p (nPRP nERP ,
nlcap = p \VPRP ~ VERP (7

where M 4p is the molar mass of the partitioning solute, p is the number of lattice

sites per unit volume, n’RP and nfRP are the total number of molecules in the

VPRP VERP

polymer-and electrolyte-rich phases, respectively, and and are the
volumes of the polymer-and electrolyte-rich phases, respectively.

As shown by equation 7, considering only entropic effects, the partition of the
solute will occur to the phase with more molecules per volume. The numerical
density is higher in the electrolyte-rich phase than the polymer-rich phase, due to its
higher content of water. The liquid-liquid equilibrium data of the system PEO 1500 +
Li»SO4 + H,O at 298.2 K show that the difference between the amount of water in
the electrolyte-rich phase and polymer-rich phase increase with increasing TLL [31].
According to the Johansson et al model [39], the solute should be concentrated in the

electrolyte-rich phase, in which it has greater configurational entropic contribution.
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Nevertheless, different behavior of CAP partition was observed, presenting partition
coefficient values higher than unity, indicating more interaction of this solute with
the polymer-rich phase. Thus, the CAP concentration in the polymer-rich phase
causes a decrease in the entropy of the system with increasing TLL because there is a
lower amount of water in this phase. This behavior confirms that the CAP tranfer

process must be enthalpically driven.

3.3. Effect of cation on the CAP partitioning

The change in the electrolytes cations which make up the ATPS can alter the
intensity of the intermolecular interactions and, consequently, the partition
coefficient [35]. Studies have been performed to evaluate this effect on different-
solute partitioning behavior in these systems [5, 26, 40]. Fig. 8 shows the CAP
partition coefficient (Fig. 8a) and A.,.G? (Fig. 8b) as a function of TLL, in different
systems composed by the same polymer (PEO1500) and different sulfate electrolytes
(LipSO4, Na;SO4 and MgSOy), at 298.2 K.
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Fig. 8. CAP partition coefficient (a) and AtrGe (b) as a function of the tie-line length (TLL),

at 298.2 K. ATPS: (@) PEO1500 + Li,SO4 + H,O; (A) PEO1500 + Na,SO, + H,0; (o)
PEO1500 + MgSO, + H,0.

It was observed that comparing the partition coefficient in similar TLL (=
40% m/m), the ATPS composed by electrolyte Li,SO4 (k=263+4) presented higher
partition coefficient of CAP than the ATPS composed by Na,SO, (k=36+2) and
MgSO, (k=47+2) electrolytes. Similar cation effect was observed in other previously

[40] reported works [2, 5, 26]. This effect can be explained according to the work
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realized by da Silva et al [41]. In this work, was realized the partitioning of the
anions pentacyanonitrosylferrate-(Il), [Fe(CN)sNO]Z', and hexacyanoferrate,
[Fe(CN)6]3', both with the same molar volume, in ATPS formed by PEO 35000,
different sulfate electrolytes (LioSO4, Na;SO4 and MgSO,) and water. The results
showed that hexacyanoferrate anion also transfers to the polymer-rich phase, but this
transfer is smaller when compared with the [Fe(CN)sNO]Z' anion. The authors
verified that the cost of energy involved in process of cavity formation is not the only
force which influences the transfer process of the both anions. It was observed that
the presence of the NO groups in the anion structure influenced the partitioning
behavior of ions in ATPS. This direct interaction was confirmed by infrared
spectroscopy measurements, showing that NO stretching band is very sensitive to
PEO concentration in relation to pure water, indicating a site-specific interaction
[41]. Based on this, the CAP transfer from the electrolyte-rich phase to the polymer-
rich phase occurs due to specific enthalpic interactions between CAP and segments
of PEO macromolecules by means of NO groups present in this molecule and
electron pairs of oxygen atoms. Moreover it is well known that lithium cations have
higher capacity to interact with the PEO segments, which compose the polymeric
chain due to stronger interactions [41]. Thus, since the CAP has pka = 5.5 [42-44]
and the pH of ATPS probably are near neutrality, the CAP specie are negatively
charged favoring also the transfer process due interaction com positively-charged
polymer chain (pseudopolycation). The A.,G® values were negative ranging from (-
16.79+0.18) to (-6.66+0.13) kJ mol™, and the cation effect was discrete for the A.,-GP
parameter, being in the ATPS composed by electrolytes Li;SO4, AnG® = (-
13.8240.04) kJ mol™, Na,SOy, A,-G? = (-8.91+0.12) kJ mol”, and MgSOy, A,,G? =
(-9.56+0.14) kJ mol’l; however, A.-G % value obtained in the ATPS formed Li,SO4
electrolyte was more negative, indicating greater interaction with the solute.

To better understand the driving forces that direct the CAP partition in the
ATPS, the transfer thermodynamic parameters A, H® and TA,,.S® were evaluated. In
Fig. 9 the transfer thermodynamic parameters A, H? (Fig. 9a) and TA,,-S® (Fig. 9b)

are shown as functions of the tie-line length (TLL), at 298.2 K.
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Fig. 9. A, H® (a) and TA,,-S? (b) as a function of the tie-line length (TLL), at 298.2 K.

ATPS: (@) PEO1500 + Li,SO, + H,0; (A) PEO1500 + Na,SO, + H,0; ([1) PEO1500 +
MgSO4 + Hzo

The AtrHe values are negative, ranging from (-80.88+1.30) to (-1.37+0.14)
kJ mol'l, while TAtrSg values range from (-64.09+0.85) kJ to (6.82+0.35) kJ mol™,
decreasing with TLL increase for all studied systems. This behavior shows that the
CAP transfer process is enthalpically driven. The results in similar TLL can be

pointed out according table 2:

Table 2. A, H® and TA,,-§® obtained CAP transfer process in ATPS formed
by different cations.

ATPS TLL / (% m/m) A H 1 (kI mol™)  TA,,.S?/ (kJ mol™)
PEO 1500 + Li,SO, + H,0 42 -38.77+2.10 -24.95+0.71
PEO 1500 + Na,SO, + H,0 40 -43.86+1.49 -34.95+0.83
PEO 1500 + MgSO, + H,0 40 -19.20+0.37 -9.64+0.16

It can be observed that interactions governed by enthalpic nature are stronger
in the ATPS composed of Na,SO,. Despite this, as already mentioned, A..G?
parameter in the ATPS formed Li,SOj4 electrolyte was more negative. Evaluating
theses entropy values according the model proposed by Johansson and coworkers,
the liquid-liquid equilibrium data of these systems [31] show that the difference
between the water content of the electrolyte-rich phase and polymer-rich phase does
not obey a relation with the values of entropy, indicating that besides the

configurational entropy, other entropic contributions should be involved.
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3.4. Effect of polymer molar mass on the CAP partitioning

Molar mass is also an important variable studied in partitioning processes
since the solute distribution in the ATPS can be affected by size of the system-
forming polymer [45]. Commonly, an increase of polymer-molar mass, decrease the
solute concentration in the polymer-rich phase [17, 26]. This occurs due steric and
entropic effects. Based on this, it is of fundamental importance to evaluate the
influence of the polymer molar mass in the partition behavior of CAP.

Fig. 10 shows the CAP partition coefficient (Fig. 10a) and A;.G 6 (Fig. 10b)
as functions of TLL in ATPS composed by the same electrolyte (Li,SO4) and
polymers (PEO) with different molar masses (1500, 10000 and 35000 g.mol) at
298.2 K.
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Fig. 10. CAP partition coefficient (a) and AtrGe (b) as a function of the tie-line length (TLL),
at 298.2 K. ATPS: (@) PEO1500 + Li,SO, + H,0; (O) PEO10000 + Li,SO4 + H,0; (V)
PEO35000 + Li,SO4 + H,O.

The ATPS composed by polymers PEO 1500, 10000 and 35000, in similar
TLL of approximately 34 %(m/m), presented partition coefficient (k = 70+1), (k =
16+1) and (k = 60.5), respectively, following the order Kpgo 1500 > Kpro 10000 > Kpro
35000 This behavior is explained because, with the increase of polymer molar mass,
there occurs a decrease in the contribution of configurational entropy for CAP in the
polymer-rich phase, due to spatial unavailability of some segments of PEO [26, 46].
The obtained results agree with some data presented in the literature [26, 47],
confirming this partition behavior for certain solutes. The A,,.G? values range from (-

16.79+0.18) kJ mol™ to (-3.55+0.08) kJ mol™. A.-GP obtained were A, G% = (-
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10.53+0.01) kJ mol”, A,-G? = (-6.80+0.12) kJ mol" and A,-G%= (-4.63+0.19) kJ
mol™ for ATPS composed by PEO 1500, 10000 and 35000, respectively. In order to
evaluate, the enthalpic and entropic contributions in the solute transfer process the
parameters A, H? and TA,,.S® were studied.

Fig. 11 shows the transfer thermodynamic parameters A, H? (Fig. 11a) and

TA.,-S? (Fig. 11b) as functions of the tie-line length (TLL), at 298.2 K.
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Fig. 11. A, -H® (a) and TA.,.S% (b) as a function of the tie-line length (TLL), at 298.2 K.
ATPS: (@) PEO1500 + Li,SO, + H,0; (O) PEO10000 + Li,SO, + H,0.

Due to experimental limitations, enthalpy and entropy associated with CAP
transfer process were not studied for ATPS formed by PEO35000 + Li,SO4 + H,O.
The A;H 9 values ranging from (-80.88+1.30) to (-8.33+0.04) kJ mol” decrease with
TLL increase for both ATPS and present more negative values for the ATPS
composed by PEO1500 than ATPS composed by PEO10000. The TA.-S¢ values
range from (-64.09+0.85 kJ mol’l) to (1.00+0.09 kJ mol'l), decreasing with TLL
increase for the system formed by PEO1500, and present almost constant behavior
with TLL increase for the system composed by PEO10000. The A,,-H? values were
more negative for ATPS composed by PEO1500 A, H? = (-20.22+1.8) kJ mol™' than
PEO10000, A.H®= (-9.82+0.05) kJ mol”, because PEO1500 presents higher
number of sites available to interact with CAP molecules, thus interacting directly
and more strongly, while A,.H? value is less negative for PEO10000 because, in
order to CAP interact with this polymer, it has to spend more energy to break the

segment-segment interactions of this macromolecule, because of high entanglement.
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The obtained TA..S? values were more negative for PEO1500, TA..S%= (-
9.69+0.43) kJ mol'l, than for PEO10000, TA¢,-S = (-3.02+0.04) kJ mol'l, since the
difference of water content between the electrolyte-rich phase and polymer-rich
phase in the ATPS composed by PEO1500 is higher than the difference of this
content in the ATPS composed by PEO10000, thereby causing a greater decrease in
entropy for the system composed by macromolecules with lower molar mass [31]. A

similar behavior was reported by Rengifo et al in the Chymosin partition ATPS [5].

3.5. Effect of anion on the CAP partitioning

As already mentioned, the change of ATPS components can affect the solute
partitioning process [48]. As the cation, anion can also to influence on the process of
solute partition in ATPS. Thus, understanding the interactions between these ions,
the other ATPS components and the solute, contributes to an advance on separation
and extraction process. Based on this, Fig. 12 shows the influence exerted by the
ATPS-forming anion on the values of the partition coefficient (Fig. 12a) and A,,.G®

(Fig. 12b), for different TLL, at 298.2 K.
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Fig. 12. CAP partition coeficiente (a) and A.-G° (b) as a function of the tie-line length
(TLL), at 298.2 K. ATPS: (A) PEO1500 + Na,SO, + H,O; () PEO1500 + Na;C¢HsO; +
Hzo, (4) PEO1500 + Na2C4H406 + HQO

The anion effect was less pronounced when compared to the cation effect.
The ATPS composed by the SO47 anion (k = 36+2) presented higher partition
coefficient of CAP than the ATPS composed by C4H40¢” (k = 18.20.7) and C¢Hs0;~
(k = 13+0.2) anions, considering TLL of approximately 40% (m/m). For all ATPS
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there is an increase in the CAP partition coefficient values with increasing of TLL. It
can still be observed that SO,? anion presents a greater effect in relation to citrate
and tartrate anions. This occurs because the sulfate anions present higher charge
density when compared to other anions. As a result, the solute transfer process to the
polymer-rich phase occurs more markedly due to repulsion between the CAP
molecules (negatively charged) and these anions in the electrolyte-rich phase. As
reported by Han and coworkers [37], in a study of pH effect on the extraction
efficiency of CAP, using the ATPS composed by [Bmim]BFs-Na;CsHsO7, CAP was
stable in pH ranging from 6 to 10, being that in others conditions of the reaction
medium, such as acid or strongly alkaline, CAP was decomposed. The pH this
system studied was about 8.0, without adjustment. Thus CAP molecules were
negatively charge under the experimental conditions realized. Based on this and also
in the pka of CAP, in the present work it was assumed that the reaction medium has a
pH close to neutrality and that the CAP is negatively charged. The A,-G values
range from (-12.34+0.25) to (-3.68+0.01) kJ mol ™. The anion effect also was not
very pronounced for the A¢G® parameter, as shown by the following results: ATPS
composed by anions SO4~2, A,G? = (-8.91+0.12) kJ mol”, C4H4067, A,GP = (-
7.18+0.09) kJ mol™, and C¢Hs0;7, A, G? = (-6.40+0.04) kJ mol™. However, based
on these values, the stronger interaction of CAP with the components of the polymer-
rich phase was confirmed for the ATPS formed by the SO4'2 anion.

In the Fig. 13 the transfer thermodynamic parameters A,.-H? (Fig. 13a) and
TA.-S 6 (Fig. 13b) are shown as functions of the tie-line length (TLL) in ATPS
formed by PEO1500 + Na,SO4 + H,O and PEO1500 + Na3;C¢HsO7 + H,O, at 298.2
K.
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Fig. 13. A, H (a) and TA,-5% (b) as a function of the tie-line length (TLL), at 298.2 K.
ATPS: (A) PEO1500 + Na2$O4 + HQO; (}) PEO1500 + Na3C6H5O7 + HQO

The A;-H b values range from (-73.23+£1.96) to (-25.49+3.97) kJ mol™, while
TAtrSg values range from (-62.23+0.01) to (-18.83+1.65) kJ mol™. As can be seen
the A, -H? values are all negatives. This can be explained considering some main
interactions in the transfer process. In the electrolyte-rich phase, the electrolyte-CAP
interactions are broken, while in the polymer-rich phase, are broken polymer-water
interactions (endothermic process). Mutually, electrolyte-water interactions are
formed in the electrolyte-rich phase and CAP-polymer interactions are formed in the
polymer-rich phase (exothermic processes). Thus, the A, -H? values are negative
because to form interactions more energy is released than the energy expended to
break interactions. In TLL closer 40% (m/m), the A.-H 0 values were (-46.36%1.46)
and (-43.86+1.49) kJ mol™! for ATPS composed by C6H507'3 and SO4'2, respectively.
The A, -H® value showed that the interaction of CAP with components of the
polymer-rich phase in the ATPS composed by the CsHs07” anion is more
enthalpically favorable, releasing more energy in relation to other system. The
TA;-S° values for both anions were C6H507'3, TAq S b= (-39.96+0.22) kJ mol'l, and
SO42, TA,-S? = (-34.95+0.83) kJ mol™". This greater entropic loss for ATPS formed
by anions C¢HsO;~ can be attributed to chemical species as H,O and citrate ions,
which interact and partition with the CAP, from the electrolyte-rich phase (which
present higher-number-density) to polymer-rich phase, thus causing its greatest loss
configurational entropy. These entropic contributions of chemical species for

partition coefficient are important and should be considered. Thus, both
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thermodynamic parameters contribute to the CAP transfer process in these ATPS

studied.

3.6. Effect of hydrophobicity on the CAP partitioning

The hydrophobic nature of the propylene oxide segments that compose the
polymer/copolymer macromolecule contribute to increase the polymer-rich phase
hydrophobicity [17]. Since these segments present weak interactions with water
molecules in relation to ethylene oxide segments, in this study the influence of
polymer hydrophobicity was investigated in the CAP transfer process. Fig. 14 shows
the partition coefficient of CAP (Fig. 14a) and A,,.G? (Fig. 14b) as functions of TLL
for ATPS formed by PEO400 + Na,SO4 + H,O and PPO425 + Na,SO4 + H,0, at
298.2 K.
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Fig. 14. CAP partition coefficient (a) and A,-G® (b) as a function of the tie-line length
(TLL), at 298.2 K. ATPS: (ll) PEO400 + Na,SO, + H,0; ([>) PPO425 + Na,SO, + H,0.

As shown in Fig. 14, the increase in hydrophobicity promotes a small
decrease in the CAP partition coefficient to the polymer-rich phase, showing that the
hydrophobic interactions present a small effect to the CAP partitioning. The partition
coefficients obtained were k = 95+10 and k = 51+0.2 for ATPS PEO400 + Na,SO,4 +
H,0 and PPO425 + Na,SO4 + H,O, respectively, considering TLL of approximately
46% (m/m). The AtrGe values were all negative ranging from (-15.45+0.27) to (-
6.18+0.05) kJ mol”. In the ATPS composed by polymers PEO400, A, G% = (-
11.30+0.27) kJ mol’'; and PPO425, ApG9 = (-9.76+0.01) kJ mol ™. According to this
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result, the hydrophobic interactions have a small influence in the CAP partition
coefficient. Nevertheless, according to the AtrG19 values, the CAP interactions with
the polymer-rich phase components of the ATPS composed of PEO400 + Na,SO,4 +
H,O is stronger than interactions with the polymer-rich phase of the components of
ATPS formed by PPO425 + Na,SOs + H;O, confirming the characteristic higher
hydrophilicity of these molecules. A less pronounced hydrophobic effect was also
reported by Rengifo and coworkers [5] in the study of Chymosin partition. The
hydrophobic effect was also analyzed through the transfer thermodynamic
parameters Atng and TAtrSG. In Fig. 15 AtrHe (Fig. 15a) and TAtrSe (Fig. 15b)
are shown as functions of the TLL in ATPS formed by PEO400 + Na,SO4 + H,O and
PPO425 + Na,SO4 + Hy0, at 298.2 K.
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Fig. 15. A, -H® (a) and TA,,.S% (b) as a function of the tie-line length (TLL), at 298.2 K.
ATPS: (H) PEO400 + Na,SO, + H,0; (I>) PPO425 + Na,SO, + H,0.

The AtrHe values range from (-74.594+2.17) to (-33.38+3.17) kJ mol'l, and
TAtrSe values from (-59.61£1.32) to (-24.58+1.22) kJ mol'l, decreasing with TLL
increase for both systems, indicating that the CAP transfer process is enthalpically
driven. The A, H® values were more negative for ATPS composed by PEO400,
A H? = (-20.22+1.8) kJ mol™), than PPO425, A, H? = (-9.82+0.05) kJ mol,
indicating a higher interaction with the polymer-rich phase of system more
hydrophilic. As the electrolyte-rich phase of both ATPS are formed by the same
electrolyte, the interactions occurred in this phase are of the same magnitude

(electrolyte-water and CAP-electrolyte) being disregarded. Thus, evaluating the
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process can be observed that to break PEO-water interactions, more energy is spent
than to break PPO-water interactions (endothermic process). Consequently, as the
A.,H? final balance is negative, the process of CAP-PEO interaction releases more
energy than the CAP-PPO exothermic process, showing that CAP-PEO and CAP-
PPO are the main interactions associated with the transfer process of CAP in both
systems. The TA.-S? values follow the same behavior, presenting for PEO400,
TA,-S? = (-49.80+1.8) kJ mol' and PPO425, TA,.S = (-37.59+0.46) kJ mol.
Evaluating theses entropy values and comparing with the liquid-liquid equilibrium
data of these systems [29, 30], it was observed that the difference between the water
content of the electrolyte-rich phase and polymer-rich phase does not have a relation
with the values of entropy. The greater difference in water content is observed in the
ATPS formed by PPO425. However this system presented lower entropy decrease,
indicating that, besides the configurational entropy, others contributions, such as

intermolecular interaction are involved in this process.

4. Conclusion

The study of chloramphenicol partition was realized in different aqueous two-
phase systems formed by polymers + electrolytes + water. The transfer
thermodynamic parameters (A.,G?, A,H? and TA.S?) were determined and
showed the influence of driving forces in chloramphenicol transfer process from the
electrolyte-rich phase to the polymer-rich phase. It was observed that solute transfer
is exothermic, presenting decrease of system entropy, thus characterizing an
enthalpically-driven process, with specific chloramphenicol-polymer interactions.
Aqueous two-phase systems parameters such as anion and cation nature, polymer
molar mass and polymer hydrophobicity affected the chloramphenicol partition
coefficient, showing the wviability for the development of advantageous

methodologies for the partition/extraction of this antibiotic.
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CAPITULO 4

In-syringe liquid-liquid microextraction using aqueous two-phase system
coupled with UV-Vis spectrophotometry: a simple approach for

preconcentration and determination of chloramphenicol in aqueous samples

Abstract

A simple and non-toxic in-syringe method for the extraction, preconcentration and
determination of the chloramphenicol antibiotic in water samples, based on aqueous
two-phase system coupled with UV-Vis spectrophotometry has been developed. The
extraction and preconcentration steps were performed using aqueous two-phase
system composed by polymer + electrolyte + water within the 10-mL plastic syringe,
which was connected to a syringe pump, for subsequently injection and UV-Vis
detection. The proposed method presented satisfactory results with a linear range of
14.1-240 pg kg™ and low limits of detection (4.65 pg kg”) and quantification (14.1
ng kgh). The repeatability, expressed as relative standard deviation (RSD), was
10.3% (n=3; 115 pg kg™"). A sampling rate of 12 samples per hour was obtained. The
chloramphenicol recovery ranged between 100-114%. The proposed method
demonstrated to be simple and environmentally safe, presenting satisfactory results,
and has been successfully applied to preconcentration and determination of the

chloramphenicol in aqueous samples.

Keywords: In-syringe, preconcentration, aqueous two-phase  systems,

chloramphenicol, determination

1. Introduction

Water is of essential importance to all living organisms in the performance of
their vital activities [1], besides presenting important role in economic and social
development of every country. Thus, the preservation of water resources is of great
importance. However, several emerging contaminants have been a concern due
chemical contamination of surface water and groundwater [1, 2]. Unfortunately,
these pollutants can be an increasing threat to our waters resources. Among these

contaminants, antibiotics are a concern since they have been widely used in human
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medicine and also animal medicine [3, 4], being transported to the environment
though municipal, agricultural, and industrial wastewater [5, 6]. Researches have
showed that although these compounds present low concentrations in the
environment (ng L to pg L™, there are potential ecological risks and also, they can
cause adverse effects in human health [7, 8]. An example of pollutant antibiotic is
the chloramphenicol (CAP) [9]. CAP (2,2-dichloro-N-((1R,2R)-1,3-dihydroxy-1-(4-
nitrophenyl)propan-2-yl)acetamide) is a broad spectrum bacteriostatic antimicrobial
isolated from bacterium Streptomyces venezuelae, which currently is synthetically
produced [10, 11]. It presents effective antibacterial activity in the treatment of
diseases, being used since the 1950s as human and veterinary antibiotic [9, 11, 12].
Although efficient, its use is associated with serious harmful side effects on humans,
such as, aplastic anemia, hypoplastic anemia, thrombocytopenia, bone marrow
depression and gray baby syndrome [10, 11, 13, 14]. Besides that, their residues can
cause ecological problems [15, 16] in aquatic environment due its toxicity to
determined microorganisms [17]. Nowadays, because of these series of problems
presented, its use to human therapeutic is restricted to the treatment of serious
infections and ophthalmic infections treatment [9, 10, 18]. However, due to its low
cost, effectiveness and easy acquisition, CAP is illegally used in livestock and
aquaculture, being able to cause unwanted effects [10, 13, 18]. There are some
methods for CAP determination [19-24], including also the chromatographic
methods, such as gas [25, 26] and liquid [11, 27-29] chromatography, which are
widely used. Pretreatment methods as solid-phase extraction (SPE) [27, 30] and
liquid-liquid extraction (LLE) [11, 26] have been used. Though this methods present
some limitations such as time consuming desorption step and use of organic solvent,
still are steps necessary due complexity of matrix and low concentration of CAP in
environment samples [13]. Other pretreatment methods is dispersive liquid-liquid
microextraction (DLLME) [31], which also have been used coupled with high
performance liquid chromatography (HPLC) to determinate CAP in samples of food.

An attractive alternative to the presented methods are aqueous two-phase
system (ATPS) [32]. These systems are formed by mixture of determined
compositions of components such as two electrolyte [33], two surfactants [34], two
structurally different polymers [35], and polymer and electrolyte [36], with water.

ATPS are more environmentally friendly, being mainly composed of water and
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present low cost. These systems are a useful technique of pretreatment it has been
widely applied to purify, recovery and separate several solutes [37-41].

Despite the advantages, there are only four reported methods for the
determination of CAP using ATPS [13, 18, 42, 43]. Jiang et al [13] realized a work
with ATPS composed by an ionic liquid 1-butyl-3-methylimidazolium chloride
([C4mim]Cl) and K,;HPO,, coupled with high-performance liquid chromatography
(HPLC) for CAP concentration and determination in meat samples. The obtained
detection limit was 0.23 ng g and recovery of 94.4 to 107%. Another method was
proposed by Yao and Yao [43], which use a magnetic ionic liquid aqueous two-phase
system coupled with HPLC to preconcentrate and determine CAP in water
environment samples. This method presented detection limit of 0.14 ng mL™,
quantitation limit of 0.42 ng mL", and recoveries were range of 94.6 to 99.72%. The
method developed by Han et al [18] used ATPS formed by imidazolium ionic liquid
and organic salt coupled with HPLC for the determination of CAP in different
samples. The proposed method presented broad linear range (2 to 1000 ng mL™), low
limit of detection (0.3 ng mL'l) and limit of quantitation (1.0 ng mL‘l), and
recoveries between 90.4 and 102.7%. Another study, also proposed by Han et al [42],
used an ionic liquid aqueous two-phase system with solvent sublation coupled HPLC
for CAP analysis. This method presented a linear range of 0.5 to 500 ng mL™", limit
of detection of 0.1 ng mL" and limit of quantitation of 0.3 ng mL"'. The CAP
recoveries were between 97.1 and 101.9%. Though the reported methods present
good merit figures, they also have some shortcomings as high cost of ionic liquid,
high instrumental cost and laborious methodologies.

Thus, due to scarcity of methods for CAP pretreatment and determination
using ATPS, and also for the shortcomings above mentioned, the development of
methodologies for preconcentration, extraction and determination of CAP (trace
level) in aqueous media is highly important due to the potential risks this solute for
environmental [15, 16] and human health [9]. Moreover, simple methodology using
ATPS formed by polymers and electrolytes have benefits such as low cost,
environmentally safe and easy handling [44, 45].

Based on that, the goal of this work is to propose an in-syringe method using
ATPS formed by polymer + electrolyte + water, coupled with in-flow UV-Vis
detection for the extraction, preconcentration and determination of the CAP

antibiotic in aqueous media.
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2. Experimental

2.1. Reagents

The polymer poly(ethylene oxide) (PEO) of molar mass 1500 mol g'1 was
purchased from Synth (Sdo Paulo, Brazil), with purity of 100%. The magnesium
sulfate (MgSO4.H,0; 98.0%) electrolyte was obtained from Dinamica (Diadema,
Brazil). The polymer and electrolyte were analytical-grade and used without further
purification. Chloramphenicol (=98.0%) was obtained from Aldrich (St. Louis,
USA). Deionized water (Millipore Corp., Molsheim, France) was used for preparing

the aqueous solutions.

2.2. Apparatus

A syringe pump (NE-1000, New Era Pump Systems, Inc., Farmingdale, USA)
coupled with 10-mL plastic syringe was used as fluid propulsion unit. The software
(OOIBASE32 spectrometer operating software version 2.0.6.5, Ocean Optics,
Dunedin, USA) was used for data acquisition and processing. A spectrophotometer
(USB 2000 CCD, Ocean Optics, Dunedin, USA) was coupled to a Z-type 1 cm
optical-path flow cell and a UV-Vis radiation source composed of deuterium and
halogen lamps (DH-2000-BAL, Ocean Optics, Dunedin, USA), which was
transported to the flow cell by means an optical fiber. The data treatment was
realized through Origin Pro 8.0 software. Fig. 1 shows the scheme of experimental

apparatus of the proposed method.
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Fig. 1. Experimental scheme of LLME in-syringe using ATPS coupled with in-flow UV-Vis
detection.

2.3. ATPS preparation

Solutions with specific concentrations of polymer and electrolyte were
prepared and added in tubes of 50 mL according with desired ATPS overall
composition. The ATPS overall composition was obtained from equilibrium liquid-
liquid data from literature [46]. The ATPS used in this study is composed by
PEO1500 + MgSO4 + H,O. This ATPS was prepared in the tie-line length (TLL) =
52 % (m/m). The tube containing the solutions was manually stirred and left to 25
°C, in a temperature-controlled bath (MQBTC 99-20, Microquimica, Palhoga, Brazil)
for at least 12 h.

2.4. ATPS preparation in-syringe

It was prepared aqueous solution of CAP in the concentration of 600 mg kg™
Aliquot of this solution was diluted in certain amount of electrolyte-rich phase in
order to obtain the desired stock solution of CAP. Using this stock solution, working
solutions were prepared at desired concentrations, being also diluted in electrolyte-
rich phase. 10 ml of each solution was sucked in 10-mL plastic syringe (extraction
unit), and after that, was injected 200 uL of polymer-rich phase by means of a

micropipette into the syringe (which contained electrolyte-rich phase and CAP).
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Each syringe was sealed with Teflon and a needle. For extraction, the mixture was
vigorously stirred for 3 minutes. After 12 minutes, the separation of the two phases
was achieved. The plunger of the syringe was leisurely moved and the polymer-rich
phase containing the analyte was fitted onto the tip of the syringe for injection. This

procedure was performed for both, the standards and the samples.

2.5. In-syringe flow procedure

The 10-mL plastic syringes containing standard or sample were coupled one
at a time to the syringe pump and flow cell. Prior to the injection of the sample zone,
the flow cell was always kept filled with polymer-rich phase. Then, the sample zone
was injected toward the flow cell, with a flow rate of 70 uL min "' for subsequent
spectrophotometric detection at 276 nm. After that, the washing of flow cell was
performed with 30 mL of water and dried with air pumping. The residue resultant of
injection was directly discharge to waste. The remaining residue of each syringe was
dispensed from the syringe to waste. The obtained analytical signals were straight

lines, being the average of the signals considered for data treatment.

3. Results and discussion

3.1. Evaluation of In-syringe method performance

Some analytical parameters such as linear range, limit of detection (LOD),
limit of quantification (LOQ), repeatability and recovery were studied. As previously
mentioned, the ATPS used in this study is composed by PEO1500 + MgSO4 + H,O
in the TLL = 52 % (m/m). Some tests were also performed using PEO1500 + Li,SO4
+ H,O ATPS in the TLL = 52 % (m/m), but unsuccessful due to some experimental
limitations, such as crystallization of the electrolyte at the tip of the syringe and
difficulty in reproducing the results.

Figure 2 shows the in-flow analytical signal obtained for each concentration

of standard.
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Fig. 2. In-flow analytical signal of standards.

As can be seen, the analytical signal present five distinct parts. The first part
(number 1 in figure) corresponds to baseline, the second part (number 2 in figure)
corresponds to an air bubble which filled the tip of the syringe to separate the
polymer-rich phase which was inside the syringe and contained the analyte, from the
polymer-rich phase which was held inside the flow cell to zero the equipment. The
third part (number 3 in figure), corresponding to the straight line, is the signal of the
chloramphenicol in polymer-rich phase, which is the part of interest, being the mean
value this signal, in the same time interval used for quantification. The fourth part
(number 4 in figure), characterized by an elevation, occur due to the change of
medium, indicating the presence of the electrolyte-rich phase in the flow cell (and
detector). Finally the fifth part (number 5 in figure) shows the signal decreases to
zero due to the absence of the chloramphenicol at this phase, thus returning to
baseline.

Figure 3 shows the spectrum obtained for each concentration of standard with

a wavelength (1) maximum at 276 nm.
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Fig. 3. Spectrum of standards.

The spectra are in agreement with reported data in the literature [47-49], with
a small variation in the maximum absorption wavelengths, and can be attributed to
the transitions of N=O group (7—7z*) and also the transitions of nitrophenil (r—n*)
[47].

The analytical curve obtained presented linear range of 35.0-240 ug kg‘l. The
curve was described by the equation ABS = 0.00105[CAP] + 0.005575, showing a
good linearity with a good correlation coefficient of 0.994, where ABS corresponds
the CAP absorbance at 276 nm and [CAP] express the chloramphenicol
concentration in ug kg'l. The LOD of method presented the value of 4.65 g kg'1
(calculated as 3.3 times the standard deviation of the blank signals divided by the
slope of the calibration curve). The LOQ was of 14.1 ug kg™ (calculated as 10 times
the standard deviation of the blank signals divided by the slope of the calibration
curve). Other methods reported in the literature [42, 43] present LOD and LOQ
lower than the proposed method. However these limits are reached due to the use of
instruments more sensitive and of higher cost, as also due a higher pre-concentration
factor. Nevertheless these results show a good sensitivity of the proposed method.
The relative standard deviation (RSD) calculated was acceptable, with value of
10.3%, which was obtained of triplicate analysis of CAP in the concentration of 115

ug kg These results are summarized in the Table 1.
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Table 1. Analytical figures of merit of In-syringe method for CAP determination.

Linear range / 2 RSD / (%) LOD/ LOQ/
Analyte ) R . B
Y (ugke") (n=3) (ugkg") (ugke")
CAP 14.1-240 0.994 10.3 4.65 14.1

Figure 4 shows: (4a) the in-flow analytical signal obtained for each
concentration of sample; (4b) the spectrum obtained for each concentration of sample

with a maximum wavelength at 276 nm.

270 T T T T T T T T T T T 015 T T T T T T T T T T T T T
| a) —— Sample 95 ugkg”' | b) —— Sample 95 ugkg" |
—— Sample 160 pgkg™ —— Sample 160 pgkg™
15} —— Sample 220 pgkg” 4 0.4 —— Sample 220 pgkg™ 7|
£ 0,3 —
=
o 1,0
N ga ﬁlmaximum CAP:Z’76 nm
N 0,2}
ﬁ 0,5+ <
0,1+
0,0 -
0,0+
-0’5 [, 1 7 [ TR S S SR |

0 50 100 150 200 250 200 300 400 500 600 700 800 900
Time / (s) Wavelength / (nm)

Fig. 4. Determination of CAP: a) In flow analytical signal of samples, b) Spectrum of
samples.

The results of chloramphenicol determination in spiked deionized water

sample are presented in Table 2.

Table 2. Results of chloramphenicol determination in spiked deionized water
sample.

Samples Concentration added  Concentration determined Recovery / Relative error / (%)
P /(ugkg) / (ugkg) (%)
Dz-A 95.9 110 114 14.7
Dz-B 159 159 100 0
Dz-C 220 226 103 2.73

According to Table 2 the chloramphenicol recovery presented values ranging
from 100 to 114%, with a relative error ranging from O to 14.7%. Besides that, this
method presented a short time of analysis (4 minutes per sample), with a sampling

rate estimated at 12 determinations per hour. Consume of the sample and reagent was
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low, and small residue quantity was generating (about 40 mL per sample) including
the washing step.

As previously mentioned, most methods use chromatographic techniques for
CAP determination, being HPLC the most used. Due to the complexity of the
matrices, in most studies, complicated pretreatments are required involving the use of
toxic solvents. Therefore, a simpler, cheaper and environmentally friendly alternative
was presented through the present method. In addition, the method uses as UV-Vis
spectrophotometry detection system. The table 3 shows some characteristics of the

methods reported in the literature and the proposed method.
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Table 3. Comparison of some methods for CAP determination.

Detection Prior Linear
. Organic solvent  procedure / LOD LOQ Reference
technique . range
time /s
. 0.14 0.42 12.25-
HPLC - UV-Vis None 60 (ng mL'l) (ng mL'l) 2200 [43]
(ng mL™)
Acetonitrile,
HPLC - ESI- ethyl acetate, a a a a
MS/MS hexane, NS NS Al Al [11]
methanol
Ethyl acetate,
diethyl ether
HPLC - ESI- ’ a a a
MS/MS methanol, >780 NS NS NS [14]
acetone,
hexane, toluene
. 0.1 0.3 0.5-500
HPLC - UV-Vis None 600-900 (ng mL") (ng mL'l) (ng mL'l) [42]
HPLC - UV-vis nehloroacetic g3, 023 077, NS* [13]
acid (ngg?) (ngg)
Trichloroacetic 0.3 1.0 2-1000
HPLC - UV acid 600-900 (ng mL™) (ng mL™) (ng mL ") [18]
Ethyl acetate,
n-hexane
ELISA ’ a a a
HPLC-MS/MS .methanol >1500 NS NS NS [20]
iso-octane/
chloroform,
a 43 a 9.7-3200
Voltammetr Methanol NS B} NS B 23
y (ngL") werh 2
Ethyl acetate
GC-MS ’ a a a
LC-MS/MS n-hexane, >720 NS NS NS [25]
methanol
. 4.65 14.1 14.1-240 Propose
UV-Vis None 900 § : ,
(ugkg"h  (ugkg)  (ugkg')  method

*not specified

It can be observed that the proposed method does not use organic solvent as

the majority of presented methods, and also uses a cheaper detection technique.

Besides, it presents good figures of merit and the time of preparation of the sample is

comparable with most reported methods.

Thus, the development of methodologies that encompass simplicity and

reliability, associated with low cost and small residue generation is of great

importance in relation to environmental, economic and scientific aspects. The
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proposed method attained promising and satisfactory results, presenting potential for
extraction, preconcentration and determination of chloramphenicol in aqueous

samples.

4. Conclusion

An in-syringe liquid-liquid microextraction method using aqueous two-phase
system coupled with UV-Vis spectrophotometric detection has been developed for
the extraction, preconcentration, and determination of chloramphenicol in water
samples. The proposed method used a 10-mL plastic syringe as unit for extraction of
chloramphenicol, and it showed some advantages as low instrumental cost and
simple operation, besides using ATPS formed by PEO + MgSO4 + H,O, which
presents quick phase separation and is more environmentally safe. Good sampling
rate, low reagent consumption and little waste generation were obtained. The method
presented satisfactory recovery and repeatability, wide linear range, and low limits of
detection and quantification. This study showed that the proposed in-syringe method
using ATPS coupled with UV-Vis detection presented a great potential to be used in

determination of CAP in aqueous samples.
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CONSIDERA COES FINAIS

A realizacdo deste trabalho permitiu a obtencdo de novos sistemas aquosos
bifasicos (SAB), formados por poli(6xido de propileno) + eletrdlito organico + dgua
ou por poli(6xido de etileno) + eletrélito organico + &4gua, contribuindo para o
aumento dos dados de equilibrio liquido-liquido, principalmente para sistemas
formados por poli(6xido de propileno), que sdao escassos na literatura. Um estudo da
termodinamica de particdo do antibidtico cloranfenicol em diferentes SAB formados
por polimero + eletrdlito + 4dgua foi realizado. Através da obtengdo dos parametros
termodindmicos A.,-G%, A, H® e TA,,S? foi possivel uma melhor compreensdo a
respeito das forcas motrizes envolvidas neste processo de transferéncia, contribuindo
para o desenvolvimento futuro de metodologias de extracdo e quantificacdo deste
soluto. Por dltimo foi apresentada uma proposta de andlise em fluxo para pré-
concentracdo, extracdo e quantificacio de cloranfenicol utilizando SAB.

O desenvolvimento de todo este trabalho reforca a importancia e a vasta
aplicabilidade do SAB no desenvolvimento de métodos para extracdo, purificacdo e
determinacdo de analitos de interesse alimenticio e ambiental, além de possibilitar
um conhecimento maior a respeito dos complexos processos envolvidos na formacdo
e particdo de soluto nestes sistemas, contribuindo para um avang¢o em ciéncias de

separacao.
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Fig. F1. CAP AgiH value in polymer-rich phase (a) and electrolyte-rich phase (b) for
PEO1500 + MgSO, + H,O ATPS: (W/0J) (= 34 %(m/m)) TLL, (@/O) (= 40 %(m/m))
TLL, (A/A) (= 44 %(m/m)) TLL, (¥/\) (= 47 %(m/m)) TLL and (4/<]) (= 52 %(m/m))
TLL at 298.15 K.

Table T1. CAP Ag;H™ values in polymer-rich phase and electrolyte-rich phase,
for different TLL of system PEO1500 + MgSO,4 + H,O at 298.15 K.

TLL / (% m/m) AH"/ (kJ.mol ™) AgH" / (kJ.mol ™)
polymer-rich phase electrolyte-rich phase
34 -22,79 21,42
40 -46,14 -26,94
44 -57,73 -30,16
47 -81,08 42,14
52 97,76 -45,88
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Fig. F2. CAP Ay;H value in polymer-rich phase (a) and electrolyte-rich phase (b) for
PEO1500 + Na,SO, + H,O ATPS: (W/UJ) (= 33 %(m/m)) TLL, (@®/O) (= 36 %(m/m))
TLL, (A/A) (=40 %(m/m)) TLL, and (¥/V) (= 47 %(m/m)) TLL at 298.15 K.

Table T2. CAP Ag;H™™ values in polymer-rich phase and electrolyte-rich phase,
for different TLL of system PEO1500 + Na,SO,4 + H,O at 298.15 K.

TLL / (% m/m) AgH"*/ (kJ.mol™) AgnH" / (kJ.mol ™)
polymer-rich phase electrolyte-rich phase
33 -20,22+2 .98 5,27+0,99
36 -28,41+0,58 6,48+1,26
40 -34,04+0,58 9,82+0,91
47 -37,04£1,61 13,08+1,71
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Fig. F3. CAP AgiH value in polymer-rich phase (a) and electrolyte-rich phase (b) for
PEO10000 + Li,SO, + H,O ATPS: (/L)) (= 22 %(m/m)) TLL, (@/O) (= 26 %(m/m))
TLL, (A/A) (= 31 %(m/m)) TLL, (¥/V) (= 34 %(m/m)) TLL and (/<) (= 37 %(m/m))
TLL at 298.15 K.

Table T3. CAP Ag;H™™ values in polymer-rich phase and electrolyte-rich phase,
for different TLL of system PEO10000 + Li,SO, + H,O at 298.15 K.

TLL / (% m/m) AgH"* / (kJ.mol ") AgH™™ / (kKJ.mol ™)
polymer-rich phase electrolyte-rich phase
22 -3,35,+0,02 4,98,+0,02
26 -3,65,+0,02 5,25+0,04
31 -3,82,+0,01 5,58,#0,01
34 -3,94,+0,02 5,88+0,03
37 -4,12,+0,06 6,34,+0,09

100



@ ' ' 3 6) ' ' _

A LS B B B B

oo 0000

AditH’ / (J.mol Ty
< o
4 | 4 [ 4 |}
| 2 [ ] [
e [
H° / (kJ.mol 1)

A A A A AAaA 5
o v 1 <5 1
v A ]
VY Yvyy O A
-45 N 1 N 1 N 1 N 1 N 1 N 1
0,0 2,0x10° ~ 4,0x10° , 6,0x10° 0,0 2,0x10° ~ 4,0x10° _ 6,0x10°
[CAP] / mol kg [CAP] / mol kg

Fig. F4. CAP Ay;H value in polymer-rich phase (a) and electrolyte-rich phase (b) for
PPO425 + Na,SO, + H,O ATPS: (l/0J) (= 31 %(m/m)) TLL, (®/O) (= 48 %(m/m)) TLL,
(A/A) (=59 %(m/m)) TLL, and (¥/V) (= 69 %(m/m)) TLL at 298.15 K.

Table T4. CAP Ag;H™™ values in polymer-rich phase and electrolyte-rich phase,
for different TLL of system PPO425 + Na,SO,4 + H,O at 298.15 K.

TLL / (% m/m) AgH"” / (kJ.mol ™) AgH"™ / (kJ.mol ™)
polymer-rich phase electrolyte-rich phase
31 -11,07+0,36 28,77+0,65
48 -17,91£0,40 29,44+0,71
59 -17,68+0,34 38,12+1,24
69 -24,78+0,35 49,81+1,82
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Fig. F5. CAP A4;H value in polymer-rich phase (a) and electrolyte-rich phase (b) for
PEO400 + Na,SO, + H,O ATPS: (/L) (= 38 %(m/m)) TLL, (®/O) (= 41 %(m/m)) TLL,
(A/A) (= 46 %(m/m)) TLL, and (¥/V) (= 51 %(m/m)) TLL at 298.15 K.

Table T5. CAP AgH™™ values in polymer-rich phase and electrolyte-rich phase,
for different TLL of system PEO400 + Na,SO, + H,O at 298.15 K.

TLL / (% m/m) AgnH"™” / (kJ.mol ™) AgH™ / (KJ.mol™")
polymer-rich phase electrolyte-rich phase
38 -29,52+42,37 3,86+0,80
41 -40,14£1,11 9,39+0,66
46 -48,94+1,48 12,17+0,46
51 -55,98+1,53 14,37+0,27
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Fig. 6. CAP A4;H value in polymer-rich phase (a) and electrolyte-rich phase (b) for
PEO1500 + Na;C¢Hs0; + H,O ATPS: (W/LJ) (= 28 %(m/m)) TLL, (@/O) (= 38 %(m/m))
TLL, (A/A) (= 45 %(m/m)) TLL, (¥/V) (= 52 %(m/m)) TLL and (/<)) (= 56 %(m/m))
TLL at 298.15 K.

Table T6. CAP Ag;H™™ values in polymer-rich phase and electrolyte-rich phase,
for different TLL of system PEO1500 + Na3;CsHs507 + H,O at 298.15 K.

TLL / (% m/m) AdilHO’w/ (kJ.mol’l) AdﬂHO’Oc / (k].molEl)
polymer-rich phase electrolyte-rich phase
28 15,41+0,45 53.62+0.46
38 -7,7620.44 38.59+0.21
45 -29,12+0.41 25.84+0.63
52 -48,59+0.26 18.15+0.48
56 -68,38+0.32 4,85+0.30
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