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Resumo do Semindrio da Dissertagdo apresentada ao Programa de Pds-graduacdo em
Engenharia de Processos da Universidade Tiradentes como parte dos requisitos necessarios para
a obtencdo do grau de Mestre em Engenharia de Processos.

Aplicacdo de sistemas aquosos biféasicos baseados em tetrahidrofurano no particionamento e
concentracédo dos herbicidas diuron e atrazina

Filipe Smith Buarque

O uso prologando destes agrotdxicos é de grande preocupacdo, ja que os residuos que ndo
sofrem degradacdo permanecem em aguas superficiais e subterraneas em um limite que néo é
aceitavel para um ambiente saudavel. O diuron e atrazina sdo herbicidas amplamente utilizados
na agricultura para controlar uma variedade de ervas daninhas. S&o frequentemente detectado
em &guas subterraneas e superficiais. No entanto, 0s seus baixos niveis na dgua tornam inviavel
sua identificacdo e quantificacdo, o que significa um grande inconveniente na avaliacdo de suas
persisténcias e impacto ambiental. Neste contexto, propde-se um método de concentracdo para
estes herbicidas em aguas superficiais, com base no sistema aquoso bifasico (SAB) composto
por tetrahidrofurano (THF) e frutose comercial (para concentracdo de diuron) e SAB formado
por THF e glicerol (para concentracdo da atrazina). Os diagramas de fases dos sistemas ja foram
relatados por nosso grupo. As TL foram determinadas e, subsequentemente, a recuperacdo do
diuron (fase de topo) foi optimizada de 60,05 para 97,26%, ja a recuperacdo da atrazina (fase
de topo) foi optimizada de 70,90 para 96,46%. Além disso, o fator de concentracdo do diuron
atingiu 200 vezes com o sistema optimizado do diuron (12,5% em massa de frutose comercial
+ 60% em massa de THF, correspondendo a TLL de 66,27) e a atrazina atingiu 250 vezes da
atrazina (30% em massa de glicerol + 50% em massa de THF, correspondendo a TLL de 93.90).
O método mostrou uma resposta linear do diuron entre 0.01-2.5 pg.L™* com um coeficiente de
correlacgéo de 0,999 e um limite de detecgéo de 25 ng.L ™. Na atrazina o método apresentou uma
linearidade entre 0.01-2.5 ug.L™* com um coeficiente de correlagdo de 0,999 e um limite de
deteccdo de 50 ng.L™t. Essa concentracdo permitiu a identificacdo e quantificacdo de diuron e
atrazina em amostras reais de agua coletada na bacia hidrogréafica do rio Japaratuba previamente
diagnosticada como isenta deste composto, com valores de diuron entre 150 - 1900 ng.L ™ e de

95 - 2400 ng.L* para atrazina em aguas superficiais.

Palavras-chave: Sistema aquoso bifasico, concentracao, particionamento, diuron e atrazina.
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Abstract of Dissertation presented to the Process Engineering Graduate Program of University
Tiradentes as a partial fulfillment of the requirements for the degree of Master of Science
(M.Sc.)

Application of aqueous two-phase systems based tetrahydrofuran in the participation and

concentration of pesticides diuron and atrazine

Filipe Smith Buarque

Prolonged use of pesticides is of great concern, since waste that does not undergo degradation
remains in surface and groundwater at a limit that is not acceptable for a healthy environment.
Diuron and atrazine are herbicides widely used in agriculture to control a variety of weeds.
They are often detected in groundwater and surface waters. However, their low levels in water
make their identification and quantification impracticable, which means a major drawback in
assessing their persistence and environmental impact. In this context, a concentration method
is proposed for these pesticides in surface water based on ATPS composed of tetranydrofuran
(THF) and commercial fructose (for concentration of diuron) and an ATPS formed by THF and
glycerol (for concentration of atrazine). The phase diagrams of the systems have already been
reported by our group. TL were determined and, subsequently, recovery of diuron (top phase)
was optimized from 60.05 to 97.26%, while atrazine recovery (top phase) was optimized from
70.90 to 96.46%. Moreover, the diuron concentration factor reached 200-fold with the
optimized diuron system (12.5 wt% commercial fructose + 60 wt% THF, corresponding to TLL
of 66.27) and atrazine reached 250-fold of atrazine (30% wt% glycerol + 50% wt% THF,
corresponding to TLL of 93.90). The method showed a linear diuron response between 0.01-
2.5 pg.L* with a correlation coefficient of 0.999 and a detection limit of 25 ng.L . In atrazine
the method presented a linearity between 0.01-2.5 pg.L ! with a correlation coefficient of 0.999
and a detection limit of 50 ng.Lt. This concentration allowed the identification and
quantification of diuron and atrazine in real samples of water collected in the Japaratuba river
basin previously diagnosed as free of this compound, with diuron values between 150 - 1900

ng.L *and 95 - 2400 ng. L to atrazine in surface water.

Key-words: Aqueous two-phase system, concentration, participation, diuron, atrazine
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Capitulo 1

1. INTRODUCAO

O desenvolvimento social e econdbmico de qualquer regido esta fundamentado na
disponibilidade de &gua de boa qualidade e na capacidade de conservacdo e protecdo dos
recursos hidricos desse local. Atualmente a preocupagdo com a conservagdo desses recursos
tem aumentado como resultado da conscientizacdo em relacdo a mé distribuicdo e a escassez
de reservas de agua de boa qualidade. No mundo 70% da agua doce mundial é utilizada para
irrigacdo, este panorama nao é diferente para o Brasil que é um pais agricola e, portanto,
destaca-se no cendrio internacional como o maior consumidor mundial de agrotoxicos.
Enquanto que nos Gltimos dez anos o mercado mundial desse setor cresceu 93%, no Brasil, esse
crescimento foi de 190% (PELAEZ et al., 2013).

Apesar dos grandes nimeros, sabe-se que, em geral, 0s sistemas agricolas tém sua
producdo limitada por ervas daninhas que atacam as lavouras tais como fungos, bactérias e
ervas daninhas. Portanto, faz-se necessario o cuidadoso manejo das plantacGes de forma que as
grandes safras sejam mantidas. E neste contexto que a indUstria quimica auxilia a engenharia
agrondmica com a fabricacdo de pesticidas capazes de proteger a lavoura das pragas,
promovendo a otimizacdo e a boa manutencdo da producdo (NOUGADERE et al., 2011).
Apesar de trazerem beneficios a producdo agricola, o uso exagerado de agrotoxicos pode
proporcionar danos tanto no meio ambiente quanto ao préprio homem (BOMBARDI, 2011).

Uma das principais fontes de polui¢cdo dos recursos hidricos tem sido a agricultura,
que ao longo dos anos cresceu em produtividade e area cultivada, acompanhada pelo uso
intenso de agrotdxicos. Muitos agrotdxicos novos surgiram, com caracteristicas fisico-quimicas
que propiciam funcionalidades diferenciadas e comportamentos distintos no meio ambiente. A
contaminacéo dos recursos hidricos por agrotdxicos esta relacionada com 0s mecanismos que
influenciam na persisténcia e na mobilidade dos compostos, entre eles a degradacéo, a disperséo
atmosférica, o escoamento superficial, a infiltracdo, a absor¢do pelas plantas e os organismos,
além das condigdes ambientais como clima, solo, relevo, entre outros e propriedades quimicas
do composto (ALI et al., 2014).

O uso prologando dos herbicidas diuron e atrazina € de grande preocupagéo, ja que 0s
residuos que ndo sofrem degradacdo permanecem em aguas superficiais e subterrdneas em um
limite que ndo é aceitavel para um ambiente saudavel (SHARMA et al., 2011). Um dos
principais problemas com a utilizacdo destes compostos é que, como eles ndo séo totalmente
seletivos, podem causar efeitos toxicos em organismos ndo-alvo, o que representa uma ameaca

1



para a ecossistemas terrestres e aquaticos (MANSANO et al.,, 2016). Estes compostos
apresentam efeitos toxicoldgicos, afetando assim, a saide humana (SHARMA et al., 2011). No
entanto, em vérias regibes do Brasil a contaminacdo das aguas superficiais e das aguas
subterraneas por estes pesticidas ja foram relatados (DANTAS et al., 2011; BRITTO et al.,
2012).

Seguindo a tendéncia nacional, no estado de Sergipe, ao longo dos anos, o uso de
herbicidas, ganhou tanta expressao que motivou estudos sobre os riscos de contaminacgdo dos
recursos hidricos da Sub-bacia hidrogréfica do Rio Poxim quanto as concentrac@es de diuron,
atrazina e de mais 11 principios ativos (metribuzim; ametrina; glifosato; paraquat; hexazinona;
trifloxissulfurom; halossulfurom; oxifluorfem; 2,4-D; picloram; e imazapir) comumente
utilizados comercialmente, formulados isoladamente ou em misturas e aplicados nas &reas
cultivadas as margens do Rio Poxim (BRITTO et al., 2012).

Devido a ocorréncia de herbicidas em baixos niveis de concentracdo nas aguas, torna
muito dificil sua quantificacdo, o que requer além de uma extracao eficiente, também uma etapa
de pré-concentragdo. A busca por esses limites de quantificacdo cada vez mais baixos conduziu
a um crescente desenvolvimento de técnicas de pré-concentracdo de pesticidas, cada vez mais
eficientes, visando alcancar os limites impostos pela legislacéo.

Neste contexto, este trabalho utiliza o sistema aquoso bifasico (SAB), formados por
tetrahidrofurano + frutose e tetrahidrofurano + glicerol, como uma estratégia para concentragédo
de herbicidas, visando sua identificacdo e quantificacdo em aguas superficiais. Vale ressaltar o
baixo teor de herbicidas nas aguas superficiais e subterraneas torna inviavel sua identificacéo e
quantificacdo, o que constitui uma grande desvantagem na avaliacdo de sua persisténcia e seu
impacto ambiental. Portanto, requerem uma metodologia de concentragdo, que normalmente é
utilizado a extracdo em fase sélida (SPE), porém esta metodologia possui um alto valor se
comparado com os SABs propostos neste trabalho, como uma alternativa a concentragédo de
herbicidas. Importante ressaltar, o carater inovador dos dados apresentados, 0s quais ndo se

encontram na literatura referéncias sobre a sua utilizagéo até o presente momento.



Capitulo 2

2. REVISAO BIBLIOGRAFICA

Nesta revisdo bibliografica serd& dado um breve enfoque aos principais temas
relacionados ao trabalho desenvolvido nesta dissertacdo, iniciando-se pelos pesticidas e
enfatizando os herbicidas diuron e atrazina. Em seguida, seré apresentado a problematica
de contaminacdo de &guas superficiais e subterrdneas por pesticidas. Finalmente, sera
apresentado o estado da arte para concentracao do diuron e atrazina destacando os métodos
empregados para este fim e a aplicacdo de sistemas aquosos bifasicos no processo de

particionamento e concentracdo destes herbicidas.

2.1. Pesticidas

Os pesticidas, também conhecidos como agrotoxicos ou praguicidas, sdo substancias
quimicas ou biologicas que desempenham a funcdo de prevenir, destruir, repelir ou inibir a
ocorréncia ou efeito de organismos vivos, no combate de pragas e doencas que afetam a
agricultura. A Lei Federal n.° 7802, de 11/07/89, regulamentada pelo Decreto n.° 98816, no seu
artigo 2, inciso I, define o termo “pesticida” da seguinte forma: “Os produtos e 0s componentes
de processos fisicos, quimicos ou bioldgicos destinados ao uso nos setores de producéo,
armazenamento e beneficiamento de produtos agricolas, nas pastagens, na protecao de florestas
nativas ou implantadas e de outros ecossistemas e também em ambientes urbanos, hidricos e
industriais, cuja finalidade seja alterar a composicédo da flora e da fauna, a fim de preserva-la
da acdo danosa de seres vivos considerados nocivos, bem como substancias e produtos
empregados como desfolhantes, dessecantes, estimuladores e inibidores do crescimento”. Essa
definicdo exclui fertilizantes e compostos quimicos (BRASIL, 2004).

Estas substancias sdo principalmente compostos organicos sintéticos, mas também
podem ser compostos naturais que derivam de plantas ou minerais (RIVERQOS, 2012). Desta
forma, classificam-se em: inseticidas - que eliminam insetos, fungicidas — que eliminam
fungo, antiparasitario — eliminam parasitas e herbicidas — que combatem ervas daninhas
(TIXIER et al., 2002).

A classificacdo quimica destes compostos e onde sdo empregados é organizada por

meio de grupos, como os inseticidas e herbicidas.
2.1.1. Inseticidas

Os inseticidas representam um grupo de praguicidas que sdo tradicionalmente
utilizados em grande quantidade contra uma ampla variedade insetos. A atividade biol6gica dos
3



praguicidas implica que eles podem, se a dose for suficientemente alta e se houver exposicao

suficiente, exercer efeitos toxicos sobre 0 homem (TIXIER et al., 2002). Algumas subclasses

dos inseticidas:

Organoclorados: composto por atomos de carbono, hidrogénio e cloro, com baixa
solubilidade em &gua, elevada solubilidade em solventes organicos, baixa volatilidade
e elevada estabilidade quimica. A maioria s@o poluentes organicos persistentes que se
caracterizam por longos ciclos de vida no ambiente e por serem transportados a longas
distancias. Exemplos dessa classe temos, aldrim e heptacloro (SA et al., 2012).
Organofosforados: apresentam principalmente atomos de cloro e fosforo em sua
estrutura consistindo em uma importante classe inseticidas, normalmente derivados dos
acidos fosforicos, ditiofosforico e tiofosforico. Sdo compostos que contém ligagdes
carbono-fosforo, com alta solubilidade em solventes organicos. Apesar de ser bastante
perigosos para o operador, devido a sua toxicidade aguda, sdo pouco persistentes no
meio ambiente. Exemplo desta classe sdo os diazinon e dissultofon (SAVOY, 2011).
Carbamatos: Sdo compostos derivados acido carbamico, contendo um grupo funcional
- NH(CO)O -, estdo intimamente relacionados com os inseticidas organofosforados
quanto a acdo bioldgica e ndo sdo persistentes no meio ambiente. Os carbamatos séo
frequentemente utilizados no controle de insetos que, por alguma razdo, sdo resistentes
a compostos organofosforados. Estes compostos sdo considerados de toxicidade aguda
media e sdo rapidamente degradados. Como exemplo, tém-se o carbofuran e carbaril
(BRAIBANTE et al., 2012).

2.1.2. Herbicidas

Feniluréias: tém relativamente alta solubilidade em &gua e baixa tendéncia para
adsorcdo no solo, tornando-as moveis no solo. Varios herbicidas dessa classe e seus
compostos de degradacéo foram detectados como contaminantes de 4guas subterraneas,
rios, corregos, lagos e agua do mar. O uso prolongado pode causar efeitos toxicologicos
no ambiente e riscos graves para saude humana por meio da acumulacdo na cadeia
alimentar. Usado no tratamento pré e pds-emergente na agricultura, atuando como
inibidor nas plantas do processo fotossintético. Exemplos dessa classe sé&o o diuron e
linuron (SORENSEN et al., 2003; ZHANG et al., 2012; MEHTA et al., 2015).

Fenilpirazdis: sdo aminas aromaticas e heterociclicas, de desenvolvimento recente, e
atuam como venenos axonicos. Sofrem degradacdo lenta em agua e sedimentos em

condicGes anaerdbias, com tempo de meia-vida variando entre 116 e 130 dias. O fipronil



é o principal produto utilizado no Brasil sendo empregado para combater formigas
cortadeiras e carrapatos. (PICANCO, 2010).

e Organossulfurados: sdo compostos que possuem o enxofre centralmente a molécula.
Sao acaricidas especificos bem eficientes que agem sobre todas as fases de
desenvolvimento de acaros. (MOSTAFALOU & ABDOLLAHI, 2013).

e Triazinas: S&o derivados nitrogenados heterociclicos, em que o anel é composto de
atomos de N e C alternados no anel. Estes compostos inibem o inicio da via
fotossintética, impedindo assim o desenvolvimento das plantas. As Triazinas séo
bastante toxicas e persistentes no ambiente, principalmente em leitos ou corpos d’agua.
Exemplos dessa classe sdo a atrazina e ametrina (PATUSSI & BUNDCHEN, 2013).

e Acidos fenoxialquilicos: estes herbicidas normalmente apresentam longo tempo de
atividade residual em solos e aguas persistindo por varios meses. Entretanto, alguns
herbicidas da classe dos acidos fendxidos com baixa persisténcia permanecem no solo
por, aproximadamente, 2 semanas ap0s a aplicacdo, pois degradam-se facilmente em
agua, por acao da luz solar e de microorganismos. O &cido 2,4-diclorofenoxiacético
(2,4-D), membro desta classe, é altamente seletivo, sistémico e poOs-emergente
(SANTOS & ROCHA, 2000).

Os agrotoxicos podem ser classificados de outras maneiras, como a classificacdo
toxicoldgica, que indica que o agrotdxico é de maior ou menor periculosidade (SILVA et al.,
2014). A Tabela 1 apresenta essa classificagéo.

Tabela 1: Classe toxicoldgica e cor da faixa no rétulo de produtos agrotoxicos

Classe Toxicolégica Toxicidade do Produto Faixa Indicativa de Cor
I Extremamente toxico Vermelha
I Altamente toxico Amarela
Il Mediamente toxico Azul
v Pouco toxico Verde

Fonte: SILVVA et al., 2014.

De acordo com a classificagdo toxicologica, quanto menor a classe maior seré o perigo
de dano ao meio ambiente, e com isso a cor da faixa apresentada nos roétulos varia de vermelha
a verde, por exemplo: a Classe | apresenta maior perigo e é caracterizada pela faixa vermelha
(SILVA et al., 2014).



Entre os varios tipos de pesticidas no mercado, os herbicidas sdo os mais utilizados,
sendo comercializados uma quantidade recorde de 902.408 toneladas no ano de 2013
(acréscimo de 9,6% em relacdo a 2012). Desde 2008 o Brasil passou a ser 0 maior consumidor
de pesticidas do mundo, movimentando um mercado de mais de 7,1 bilhdes de reais por ano.
Devido ao modelo atual de producéo, o crescimento das areas cultivadas no pais, a utilizagédo
de pesticidas no Brasil cresce a uma taxa de aproximadamente 0,79% ao ano (EMBRAPA,
2014).

A expectativa para a producdo de graos de 2015/2016 para o Brasil, € que atinja 215,3
milhdes de toneladas, 15,3% acima da safra anterior (187,7 milhdes de toneladas), e tendo como
projecdo para o0 ano de 2023 de um acréscimo de 25,7% na sua producdo (CONAB, 2016). A
cana-de-acgucar € responsavel por cerca de 70% de todo o agUcar produzido no mundo tendo o
Brasil como o seu maior produtor mundial. Seguindo a tendéncia nacional, 0 censo sergipano
registrou a ocupacdo de 1.702,6 mil hectares de terras nas atividades de producdo de grédos
(cana-de-acucar, café, laranja) no estado, o qual corresponde 0,5% do valor da producédo
agricola brasileira na base de 2012. Em Sergipe o principal produto é a cana de agucar que no
ano de 2012 apresentou um percentual de producdo de 22,3% do valor da producdo agricola do
Estado. Ja a laranja teve uma participacdo de 13,6% no total da producdo agricola em Sergipe
(BRITTO et al., 2012).

A intensa utilizacdo de herbicidas deve-se a expanséo das areas cultivadas e ao fato de
as culturas agricolas serem suscetiveis a interferéncia imposta pelas plantas daninhas
(CHRISTOFFOLETI et al., 1994). Ao longo das ultimas décadas, com 0 aumento do uso de
agrotoxicos, intensificou-se a preocupacdo com o destino destes no ambiente. Os mananciais
hidricos, tanto superficiais quanto subterraneos, estdo expostos aos agrotoxicos aplicados em
areas agricolas (SILVA, 2011). Os corpos d"agua sofrem todos os impactos das atividades
antropogénicas ao longo da bacia, da qual recebem materiais, sedimento e poluentes, refletindo
0S usos e ocupacdo do solo nas éareas vizinhas (DELLAMATRICE & MONTEIRO, 2014). A
utilizacdo inadequada desses herbicidas vem causando serios problemas para o0 ambiente. Sabe-
se ainda que a maioria dos herbicidas destinados para essa cultura tem um efeito residual
prolongado. Os fatores que afetam o destino dos agrotdxicos no meio ambiente sdo a forma de
uso dos pesticidas, caracteristicas ambientais e propriedades fisico-quimicas do principio ativo
(LAABS et al., 2002; INOUE et al., 2000).

Quando aplicados diretamente no solo, os herbicidas podem ser degradados por vias
quimicas ou pela acdo de micro-organismos. Entretanto, estes compostos com alta persisténcia

(baixa taxa de degradagdo), como 0s compostos organoclorados, podem permanecer no



ambiente sem sofrer qualquer alteragdo. Estas moléculas podem ser adsorvidas nas particulas
do solo e carreadas pelas &guas superficiais (SMALLING et al., 2015).

Os pesticidas podem alcancar os ambientes aquaticos por meio da aplicacao
intencional, lixiviacdo e escorrimento superficial a partir de areas onde ocorreram as aplicagdes
(DORES & DE-LAMONICA-FREIRE, 2001; MEHTA et al., 2015). A presenca de agrotoxicos
nos mananciais pode trazer dificuldades para o tratamento da agua em virtude da eventual
necessidade de tecnologias mais complexas (SMALLING et al., 2015).

O uso de agrotoxicos é um dos mais graves fatores de degradacdo da qualidade dos
recursos hidricos. A presenca de agrotoxicos no meio ambiente é uma questdo de especial
preocupacao para a conservacao dos ecossistemas e a protecdo da satide humana (MEIRA et
al., 2014). Apesar de muitas vezes o valor da concentragdo encontrada ser baixo, varios desses
agrotoxicos tém a capacidade de bioacumulacdo, ou seja, possuem afinidade com tecidos
lipofilicos e por isso se acumulam no organismo (MEHTA et al.,, 2016). Mesmo em
concentragcOes baixas, 0s pesticidas representam riscos para algumas espécies de organismos
aquaticos que podem concentrar estes produtos até 1000 vezes, portanto, ndo existe nivel seguro
previsivel para pesticidas em agua quando pode ocorrer bioacumulacdo (ARMAS et al., 2007).

A aplicacdo desses pesticidas gera, comumente, grandes problemas: eles muitas
vezes sdo toxicos, podendo ser cancerigenos, mutagénicos, teratogénicos e mimetizadores
de hormoénios; sdo aplicados em grande quantidade, em areas bastante extensas e,
geralmente, possuem grande persisténcia no meio ambiente, além de gerar sérios
problemas de qualidade das &guas superficiais e subterrdneas (MOSTAFALOU &
ABDOLLAHI, 2013). Portanto, os efeitos sobre a saude humana sdo determinantes de
intoxicacdo aguda, subaguda ou crénica. Os efeitos agudos, ou seja, aqueles que resultam da
exposicdo a concentracdes de um ou mais agentes toxicos, capazes de causar dano efetivo
aparente em um periodo de 24 horas. Os efeitos cronicos resultam de uma exposicao continuada
a doses relativamente baixas de um ou mais produtos (PELAEZ et al., 2013; ARAUJO &
OLIVEIRA, 2016).

Para avaliar a contaminacdo de aguas subterrneas por residuos de pesticidas,
geralmente sdo empregados métodos cromatograficos de analise, como a cromatografia gasosa
e a cromatografia liquida. Atualmente, tem sido desenvolvida técnicas de analise cada vez mais
precisas, seletivas e sensiveis, pois ha a necessidade de se detectar simultaneamente varios
compostos em concentracdes a nivel de tragco, o que requer também uma etapa de pré-
concentragdo, geralmente utilizado a extracdo em fase sélida (do inglés — solid phase extraction
- SPE) (DUARTE et al., 2016).



A partir de dezembro de 2011, a Portaria MS n° 2914 de 12/12/2011 atualiza a
disposicdo sobre os procedimentos de controle e de vigilancia da qualidade da &gua para
consumo humano e seu padrdo de portabilidade. Esta nova portaria é a quinta versdo da norma
brasileira de qualidade de agua para consumo que, desde 1977, vem passando por revisoes
periodicas. (MINISTERIO DA SAUDE, 2011).

Ao longo das ultimas décadas, muitos herbicidas tem sido utilizados, como por
exemplo, atrazina (6-cloro-N2-etil-N4-isopropil-1,3,5-triazina-2,4 -diamine), ametrina (2-et-
ilamino-4-isopropilamino-6-metilmercapto-s-triazina), diuron ((3- (3,4-diclorofenil) -1,1-
dimetil-ureia), Irgarol 1051 (2-metiltio-4-terc-butilamino-6-ciclopropilamino-s-triazina) e
glifosato (N- (fosfonometil) glicina). Entre os herbicidas citados o diuron e atrazina sdo
amplamente utilizado na agricultura para o controle de ervas daninhas (GREGOIRE et al.,
2011).

2.2 Diuron

O Diuron, 3(3,4-diclorofenil) 1,1, dimetil uréia (CAS number: 330-54-1), pertence
ao grupo quimico das feniluréia, como observado na Figura 1 (GIACOMAZZ & COCHET,
2004; WONG & SOTOMAYOR, 2014). Segundo a EPA “Environmental Protection
Agency”, caracteristicas fisico-quimicas dos agrotéxicos como solubilidade em agua,
tempo de meia vida, coeficiente de particdo octanol-agua (Kow) € constante da Lei Henry
(Kn) sdo parametros que inferem sobre o potencial de transporte e risco desses compostos
no ambiente (COHEN et al., 1995; PESSOA et al., 2004). A partir disso, temos que 0
diuron é um composto ndo-idnico com solubilidade em agua moderada, cerca de 42 mg/L
a 25 ° C. Mantém-se no estado sélido a temperatura ambiente com um ponto de fusdo a
159 ° C com uma pressio de vapor é de 1,1x10 MPa a 25 °C e a constante da lei de Henry
calculado é 0,0012 Pa.m3/mol, sugerindo que diuron ndo é composto volatil em agua ou
solo, apresentando um coeficiente de particio octanol-agua - log Kow de 2,60.
(GIACOMAZZ & COCHET, 2004; CABRERA et al., 2010).

cl NH CHj

Cl

Figura 1: Estrutura quimica do herbicida diuron.



Este composto é amplamente utilizado em culturas agricolas como cana-de-acucar,
café, citros, soja e alfafa para o controle de plantas daninhas de folha larga, gramineas anuais,
perenes e também musgos (SALEH et al., 2014). E um dos herbicidas mais utilizados no
Brasil, como também um dos mais comercializados em todo o mundo, pois pode ser utilizado
tanto na agricultura quanto em jardinagem, calcadas, margens de ferrovias ou rodovias
(ROCHA, 2013).

Devido a sua elevada persisténcia (1 més a 1 ano), a contaminacdo das aguas
subterraneas tornou-se um problema grave (HUOVINEN et al., 2015; MANSANO et al.,
2016). Este herbicida atua como inibidor da fotossistema Il e sua atividade afeta plantas, algas
e cianobactérias, inibindo o transporte de elétrons nas membranas fotossintéticas, competindo
com a plastoquinona (QB) pelo sitio de ligacdo a proteina D1 do fotossistema Il interrompendo
o fluxo normal dos elétrons e, como consequéncia, ndo ocorre a sintese de ATP pelas células
(CABRERA et al., 2010; CIOU & SU, 2016).

E importante salientar que os pesticidas, ao serem expostos a radiacéo ultravioleta,
podem sofrer fotolise, gerando pelo menos um subproduto com toxicidade mais elevada do
gue o composto original, como a 3,4-dicloroanilina (3,4-DCA) (Figura 2) (GOODDY et
al., 2002). Assim, a poluicao da agua e do solo por diuron tornou-se um problema mais grave,
devido & formacéo da 3,4-dicloroanilina (BELLIDO et al., 2015; CASTANON-GONZALEZ
et al., 2016). Esta caracteristica € particularmente importante em paises tropicais, onde 0s
niveis de radiacdo ultravioleta sdo elevados durante o ano inteiro (BERNARDES et al.,
2011).
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Figura 2: Principais produtos da degradacéo natural do diuron.

A aplicacao indiscriminada do diuron tem efeitos graves para o ambiente, uma vez
que tém como principal propriedade a degradacdo e uma elevada afinidade de adsorcéo as
particulas organicas do solo (HUOVINEN et al., 2015), estes podem permanecer no
ambiente sem sofrer qualquer alteracdo ou serem transportados até as aguas (cOrregos,
reservatorios, aguas superficiais e subterraneas) (MANSANO et al., 2016), cruzam varios
niveis troficos através da cadeia alimentar e causam efeitos cumulativos em varias espécies,
incluindo os seres humanos (RIVEROS, 2012). E frequentemente detectado em aguas
subterraneas e superficiais, devido a sua utilizacdo em todo o mundo (DAGES, et al., 2015;
HUOVINEN et al., 2015; CASTANON-GONZALEZ et al., 2016).

Os agrotoxicos podem ser classificados de acordo com a toxicidade, que indica que
estes agrotoxicos se enquadra nos niveis de maior toxicidade (I) ou de menor toxicidade (1V).
Outra maneira é a classificacdo de periculosidade ao meio ambiente, quanto menor a classe
maior serd o perigo de dano ao ecossistema. A classificagdo toxicologica do diuron se
enquadra nos niveis Il (moderadamente toxico) e a ambiental na classe Il (produto muito
perigoso). A toxicidade documentada de diuron para 0s organismos aquaticos levou a sua
inscricdo na lista de substancias prioritarias do Quadro da Agua (STACHOWSKI-
HABERKORN et al., 2013), podendo causar impacto ambiental, afetando algas, fungos,

plantas e mamiferos. Nos seres humanos, a exposi¢do aos resultados diuron na formacéo de
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meta-hemoglobina no sangue, bem como anormalidades no figado e baco (WONG &
SOTOMAYOR, 2014).

Para controlar a contaminac&o de diuron nas agua de superficie e subterranea, a Agéncia de
Protecdo Ambiental dos Estados Unidos (US-EPA) estabeleceu niveis maximos de contaminacéo
para diuron de 10 pug.L™* (US-EPA, 2005). A legislagio europeia é mais restritiva e considera que a
concentragio méaxima admissivel de pesticidas na dgua é de 0,1 pg.L%, sem, no entanto, exceder 0,5
ug. Lt considerando a soma de todos os pesticidas (COMUNIDADE EUROPEIA, 2011). No
Brasil, 0 Ministério da Satde n° 2914, de 12/12/2011, atualiza sobre os procedimentos de controle e
vigilancia da qualidade da &gua para consumo humano. Especificamente, sobre o diuron, afirma que
a 4gua potavel contém um valor maximo permitido de 90 pg.L* (MINISTERIO DA SAUDE, 2011).
No entanto, a legislagao brasileira, por meio do Conselho Nacional de Meio Ambiente (CONAMA),
nao contempla niveis maximos permitidos de diuron nas aguas superficiais e subterraneas.

O estado de Sergipe corrobora com a tendéncia nacional e identifica que o aumento da
atividade agricola desenvolvida em areas de mananciais tem causado preocupacao quanto ao
potencial de contaminacdo decorrente da aplicacao de herbicidas, entre eles, o diuron. (BRITO
et al., 2001; GRUTZMACHER et al., 2008). Por meio do estudo de Britto et al. (2012) ao
avaliarem os riscos de contaminacdo dos recursos hidricos da Sub-bacia hidrografica do Rio
Poxim, que tem como afluentes os rios Poxim-Mirim e Poxim-Agu, foram encontrados valores
para diuron nos meses de julho de 2009, maio e julho de 2010 no Rio Poxim-Mirim, que fica
localizado na cidade de Aracaju/SE, em concentracdes de 0,2; 0,9 e 0,2 ug/L, respectivamente.
Esses valores sdo preocupantes quando comparados com padrdes da Comunidade Europeia. A
simples deteccdo de residuos de herbicida é preocupante, pois em termos ecol6gicos o efeito
crénico (ao longo do tempo) da contaminagdo, mesmo sob concentragcdes baixas (sub-letais),
pode originar alteracdes imperceptiveis a longo prazo, com a diminuicao do potencial bioldgico

de espécies tanto animais quanto vegetais (HUOVINEN et al., 2015).

2.3 Atrazina

A atrazina (2-cloro-4-etilamino-6-isopropilamino-s-triazina) & um dos herbicidas mais
utilizados mundialmente (HOU et al., 2017). Pertence ao grupo quimico das triazinas, é
formada por um anel heterociclico clorado e N-alquilado que confere a molécula uma grande
resisténcia a degradacédo biologica (GUPTA et al., 2015), a estrutura da moléecula de atrazina
estéd ilustrada na Figura 3. Mantém-se no estado solido a temperatura ambiente com um
ponto de fusdo a 176 ° C com uma pressdo de vapor é de 4x107° Pa a 20 °C e a constante
da lei de Henry calculado é 0,045 Pa.m3/mol, sugerindo que a atrazina é composto pouco
volatil em agua ou solo, apresentando um coeficiente de particdo octanol-agua - log Kow
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de 2,34. Apresenta uma solubilidade em agua de aproximadamente 33 mg/L a 25 °C e
densidade de 1,3 g/cm3 e uma meia-vida no solo entre 15 e 100 dias (SANTOS et al., 2015;
STIPICEVIC et al., 2015).
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Figura 3: Estrutura quimica do herbicida atrazina.

A atrazina é utilizada no controle em pré e pds-emergéncia das plantas daninhas de
folna larga em plantacdes de cana-de-aclcar, milho, soja, trigo, feijdo, laranja
(BARCHANSKA et al., 2012; LIU et al., 2015). Atua como um inibidor da fotossistema e a
aplicacdo é realizada de forma convencional, estima-se que cerca de 90% dos agroquimicos
aplicados convencionalmente nunca atinge seu alvo, nas quantidades precisas. Isto acontece
porque ocorrem perdas tais como degradacéo, lixiviacdo, volatilizagéo e adsorcéo do herbicida.
O resultado da tentativa de compensar estas perdas € a utilizacdo de quantidades excessivas
destes agrotdxicos. Devido ao excesso de ingrediente ativo inicialmente aplicado, tem ocorrido
um aumento na poluicdo ambiental e problemas ecoldgicos. Assim, devido a sua ampla
utilizacdo e persisténcia no ambiente, a atrazina e seus metabolitos tem sido frequentemente
encontrado em aguas superficiais e subterraneas detectadas em concentra¢@es acima do limite
maximo permitido, apresentando riscos potenciais para a saude da populacdo (VIEIRA et al.,
2014, STAYNER et al., 2017).

Uma vez no ambiente, a atrazina podem se distribuir, degradar ou acumular no meio
ambiente e nos seres vivos, pois uma vez detectados no solo podem ser também encontrados
nos lengois freaticos, dguas superficiais e em areas agricolas. O excessivo uso desse herbicida
causa a translocacdo do nitrogénio para os ambientes aquaticos, que serdo gradativamente
eutroficados e empobrecem a quantidade de oxigénio disponivel para a vida animal (CAMILO
etal., 2016; STAYNER et al., 2017).

A atrazina pode se degradar em varios metabdlitos, que variam em persisténcia no
ambiente e em toxicidade. Os metabdlitos mais comuns sdo a hidroxiatrazina (HA),
desetilatrazina (DEA) e desisopropilatrazina (DIA) (Figura 4), tem merecido destaque, tanto
por serem frequentemente detectados em corpos d’agua como pelo seu potencial de
contaminacgdo, o qual é fortemente influenciado pela sua persisténcia e efeitos toxicoldgicos
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sobre a saude humana. A DEA é encontrada em maiores concentragdes e apresentando
toxicidade semelhante & atrazina. Por sua vez, a DIA é de 3 a 4 vezes menos toxica, enquanto
que a HA é resultante de outras rea¢fes quimicas no solo, sobretudo em pH inferiores a 6.
(ROUSTAN et al., 2014 KUKLENYIK et al., 2012).
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Figura 4: Principais produtos da degradacgédo da atrazina.

A contaminacéo dos recursos hidricos pela atrazina pode ter consequéncias graves para
0 meio ambiente e para a saude humana. A US-EPA classifica a atrazina como possivel agente
cancerigeno humano (ROUSTAN et al., 2014, AMARAL et al.,, 2014). O arraste deste
herbicida que permanece durante longo tempo no ecossistema aquético e acaba contaminando
a cadeia alimentar é ainda mais grave (QU et al., 2016). Sua classificacdo toxicoldgica se
enquadra nos niveis Il (moderadamente toxico) e a ambiental no nivel Il (produto muito
perigoso) (DALTON et al., 2014). O uso da atrazina foi restrito nos Estados Unidos, devido
ao risco da contaminagdo de &guas destinadas para consumo humano (SHAMSIPUR et al.,
2012). Na Europa, houve uma baixa comercializagéo de atrazina devido as restricdes de uso, a
contaminacéo de aguas superficiais e subterraneas e a comprovacao que esse herbicida provoca
distdrbios enddcrinos em peixes e aves. Contudo, em paises produtores de grdos como o Brasil,
seu uso continua ocorrendo, sendo detectadas elevadas concentracBes tanto em aguas
superficiais como subterraneas. (STIPICEVIC et al., 2015 VONBERG et al., 2014)

Para monitorar a presenca de atrazina na agua superficial, a Agéncia de Protecéo
Ambiental dos Estados Unidos (US-EPA) estabeleceu niveis maximos para a presenca de
atrazina de 3 pg.L? (US-EPA, 2005). A legislacdo europeia estabelece que a concentracio
méxima admissivel de pesticidas na agua é de 0,1 pg.L* (COMUNIDADE EUROPEIA, 2011).
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No Brasil, segundo a resolucdo do Conselho Nacional de Meio Ambiente (CONAMA) n ° 357
de Marco de 2005, o limite m&ximo permitido de atrazina em &guas superficiais e subterraneas
¢ de 2 ug.Lt (CONAMA, 2008).

Por meio do estudo de Vasco et al. (2016) foi detectado por meio de cromatografia
liquida de alta eficiéncia (HPLC) e extracdo em fase solida como etapa de concentracdo, o
herbicida atrazina no més de dezembro de 2014 numa concentracao de 0,03 pg.L™? na bacia do rio
Sao Francisco, localizado no estado de Sergipe. Portanto, a contaminagao dos corpos hidricos por
diuron e atrazina tem motivado pesquisas sobre a deteccéo e quantificacdo desses poluentes organicos,
pois mesmo com baixa solubilidade na 4gua pode causar sérios problemas para 0 meio aquatico e 0s
seres humanos (BRITTO et al., 2012).

Vaérias técnicas analiticas foram utilizadas para a determinacdo de herbicidas sendo
baseadas em cromatografia gasosa-espectroscopia de massa (GC-MS) (ZHAO et al., 2013;
SAPOZHNIKOVA, 2014), cromatografia liquida de alta eficiéncia (HPLC) (GATIDOU et al.
2005), cromatografia liquida de alta eficiéncia acoplada a massa (LC-MS / MS) (SANCHES et
al., 2013; LUCCI & NUNEZ, 2014; GOLGE & KABAK, 2015, GUI et al., 2016, MUNZ et
al., 2016). Vale ressaltar o baixo teor de herbicidas nas dguas superficiais e subterraneas torna
inviavel sua identificacdo e quantificacdo, o que constitui uma grande desvantagem na
avaliacdo de sua persisténcia e seu impacto ambiental. Portanto, requerem uma metodologia de
concentracédo, que normalmente utiliza-se as membranas (MEHTA et al., 2015) e extracdo em
fase solida (LOOS et al., 2013; LUCCI & NUNEZ, 2014; MUNZ et al., 2016). Assim, uma
alternativa a recuperacao e concentracdo de diuron e atrazina é o uso de sistemas aquosos
bifasicos (SAB) (PASSOS et al., 2012; DINIS et al., 2015).

2.4 Sistema aquoso bifésico - SAB

A formacao dos sistemas aquosos bifasicos (SAB) é conhecida desde o final do século
XIX, e de forma cronologica o progresso da aplicacdo dos SAB ¢ apresentada a seguir.

Em 1896 Beijerinck (1896) observou a formagéo de duas fases liquidas apos misturar
solugdes aquosas de gelatina e agar. Posteriormente Ostwald & Hertel (1929), continuaram 0s
estudos sobre esses sistemas e verificaram que amidos produziam diferentes diagramas de fase.
Com o intuito de constatar uma possivel generalidade do fendmeno de separacdo de fase em
sistemas contendo macromoléculas (Dobry e Boyer-Kawenoki, 1947) estudaram a
miscibilidade de pares de polimeros soltveis em dgua ou em solventes organicos, e a ocorréncia
ou ndo de separacio de fases. Porém, foi apenas com os trabalhos de Per-Ake Albertsson (1958)
que ficou evidente para comunidade cientifica o grande potencial que esse sistema possuia para
particdo/purificacdo de materiais biologicos.
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Ryden & Albertsson (1971) fizeram a primeira publicacdo descrevendo resultados de
tensdo interfacial de SABs em sistemas formados por PEG. Em 1998, Silva e Loh, descobriram
que a adicdo de CH,Cl, a um sistema aquoso bifasico formado por Na,SO4/PEO/H,0 resultava
em um sistema trifasico (SILVA & LOH, 2006).

Gutowski et al. (2003) foram os primeiros a mostrar que as solugdes aquosas de
liquidos i6nicos a base de imidazélio podem formar SAB em presenga de solugdes aquosas de
certos sais inorganicos, como por exemplo K3POa. Alguns autores estudaram a particdo de
biomoléculas em sistemas acetonitrila e agua a baixa temperatura (GU & ZHANG, 2007). No
ano de 2010, Pereira et al. (2010) utilizaram liquidos idnicos como adjuvantes na formacao de
sistemas bifasicos formados por PEG/sulfato e sua aplicacdo na particdo de aminoacidos.
Recentemente, o solvente tetrahidrofurano (THF) foi mostrado capaz de formar SABs com
adicdo do tampdo biolégico HEPES (TAHA et al., 2012), cabe ressaltar que esta foi a primeira
vez que o THF foi utilizado para formar SAB

A formacao dos SAB ocorre quando dois compostos sollveis em agua sdo misturados
acima das concentracdes criticas de cada um desses componentes, resultando em duas fases
imisciveis (fase de topo e fase de fundo). Cada fase do sistema torna-se enriquecido com um
dos compostos, originando duas fases aquosas de natureza quimica e fisica diferentes, que
propicia a migracdo das biomoléculas para uma das fases (DINIS et al., 2015; WANG et al.,
2015). Estes sistemas sdo descritos por diagramas de fases, 0s quais s80 compostos por um
conjunto de dados, que uma vez unidos formem a curva binodal, linha de amarragdo
(usualmente referido como TL, do inglés Tie Line), comprimento dessa TL (usualmente
referido como TLL, do inglés Tie Line Length) e o seu ponto critico (Pc).

O diagrama de fases (Figura 5), é divido em duas regides por uma linha curva chamada
binodal ou curva de equilibrio. Sistemas cuja composi¢do se situa acima da binodal formam
duas fases homogéneas, enquanto que sistemas cuja composicao fica abaixo da binodal formam
uma unica fase (ALBERTSSON, 1986).
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Figura 5: Diagrama de fases genérico, expresso em coordenadas cartesianas.

As curvas binodais podem ser construidas por meio da determinagdo da concentracao
dos componentes por diferentes métodos. A utilizacdo da cromatografia liquida de alta
eficiéncia (CLAE) é o método mais preciso para a determinacdo da composicao das fases que
formam o SAB (ALBERTSSON, 1986; PLANAS et al., 1997). Por outro lado, um método
bastante utilizado devido a simplicidade e rapidez baseia-se em um processo de titulacdo entre
0s componentes que formam os sistemas, porém o método baseia-se na observacdo visual de
mudanca das fases, o que pode aumentar o grau de incerteza da determinacdo. Este método €
extensivamente o mais utilizado e comumente chamado “cloud-point” (GLYK et al., 2014).

Para correlacionar os pontos experimentais que descrevem o0s sistemas, Merchuk et

al., (1998) prop6s um modelo matematico com trés parametros ajustaveis (Equacéo 1).
Y=Axexp[BX *%)-(CX )] (1)

onde: Y e X sdo as percentagens em fracdo de massa do componente 1 e do componente 2,
respectivamente. Os parametros de ajuste A, B, C sdo obtidos pela regressdao dos minimos
quadrados.

Neste mesmo diagrama também estdo representadas as linhas de amarracdo ou do
inglés Tie-Lines (TL), que sdo retas que ligam os pontos no diagrama que representam a
composicao das duas fases em equilibrio. Qualquer ponto sobre essa mesma linha fornecera
fases de topo e fundo com composicgdo final iguais, porém com diferentes relagdes de volumes
entre as fases. O comprimento da linha de amarracao (usualmente referido como TLL, do inglés
Tie Line Length), € um parametro termodinamico importante geralmente utilizado como

variavel determinante dos processos de particdo. A TLL pode ser calculada a partir das
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diferencas nas concentracdes dos componentes de cada fase, por meio da Equacéo (2) (SILVA
e LOH, 2006):

TLL= \/(XT _XB)Z +(YT _YB)2 )

Outra particularidade dos diagramas de fases é o ponto critico (Pc), no qual as
propriedades fisico-quimicas como, composi¢do e volume, sdo iguais. Desta forma, se a
composic¢do do sistema se aproxima do Pc, menor ¢ a diferenca entre as fases, ou seja, no Pc, 0
coeficiente de particdo € igual a 1 (um). Este ponto pode ser obtido pela interseccdo de uma
linha que passa pelo ponto médio de varias TL, com a binodal (ALBERTSSON, 1986; GLYK,
et al., 2014). A determinacdo do ponto critico (Pc) para sistemas ternarios é estimada aplicada
a equacdo 3 (FREIRE et al., 2012).

Y =f +gX )

onde f e g sdo parametros de ajuste.

O coeficiente de particdo (K) é uma grandeza adimensional que descreve a migracao
das moléculas entre as fases coexistentes de um SAB. E definido como a razdo entre a
concentracdo de uma molécula nas fases de topo e de fundo. As moléculas, aplicadas nos SAB
para extracdo distribuem-se entre as duas fases aquosas, podendo ser definido um coeficiente
de particdo desta molécula, pela utilizacdo da equacao (4) (MAGESTE, et al.,2009; WANG et
al., 2011; PRINZ et al., 2014).

K=—"
c. (4)

onde, Cre Cr sdo as concentragOes do soluto nas fases de Topo e Fundo.

Essa distribuicdo depende tanto das caracteristicas da molécula que se distribui (massa
molar, carga, hidrofobicidade superficial, etc.), quanto da natureza dos constituintes do SAB
utilizado (massa molar, concentracdo, pH, forca ibnica, etc.). Embora a manipulagdo das
propriedades do sistema possa controlar a particdo das moléculas no sistema, controlar esse
mecanismo ainda é uma tarefa complicada, pois cada molécula reage de forma singular,

considerando as suas caracteristicas e as caracteristicas do SAB (CHAIWUT et al., 2010)

Para promover a formacgéo de SAB, varios compostos podem ser utilizados, tais como
sistemas polimero — polimero (GUNDUZ e KORKMAZ, 2000; MADEIRA et al., 2011),
polimero — sais inorgénicos (SILVA et al., 2009; SOUZA et al., 2010), solvente organicos —
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sais inorganicos (OOI et al., 2009; WANG et al., 2011), liquidos i6nicos — carboidratos
(FREIRE et al., 2011).

Os sistemas aquosos bifasicos formados por solventes organicos foram também
utilizados na separacdo de moléculas devido a sua elevada polaridade, seletividade adequada e
devido a facil recuperacdo de solventes (ZHANG et al., 2013), por exemplo alcool + sal (REIS
et al., 2012), acetonitrila + carboidratos (CARDOSO et al., 2013), acetonitrila + poli6is
(CARDOSO et al., 2014). Recentemente SOUSA et al., (2016) avaliou a capacidade do THF
em induzir SAB com poliois e com carboidratos (SOUSA et al., 2017).

2.5 Constituintes do Sistema Aquoso Bifasico

Uma diversidade de constituintes para SAB vem sendo descritos na literatura, sendo
relacionados abaixo os compostos utilizados como formadores dos sistemas desenvolvidos
neste trabalho.

2.5.1 Tetrahidrofurano

O tetrahidrofurano (Figura 6) (THF; Cs4HgO; CAS No. 109-99-9), Oxido de
tetrametileno ou d6xido de butileno, € uma molécula orgénica no qual tem sido largamente
estudada, tanto tedrica quanto experimentalmente, devido a sua excelente potencialidade como
solvente organico (COLYER et al., 2007).

O

Figura 6: Estrutura molecular do tetrahidrofurano

O tetrahidrofurano, € um solvente organico aprotico, moderadamente polar, incolor,
apresentando odor e sabor picante, volatil (pressdo de vapor de 17,5 kPa a 20 °C), altamente
inflamavel (ponto fulgor 40° C), possui baixa viscosidade (0,48 cP a 25 °C), densidade de 0,89
g/cm3 a 20 °C, tem ponto de fusdo de -108,5 °C e ponto de ebuli¢do de 66 °C (HAN, 2015). O
composto é soltvel em &gua e solventes organicos (log Kow € 0,53). A toxicidade oral aguda de
tetrahidrofurano é relativamente baixo (HELLWIG et al., 2002). Uma desvantagem de THF ¢
a sua tendéncia para formar peréxido durante o armazenamento (BANKOVIC-ILIC et al.,
2015).
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O THF é um éter ciclico que apresenta excelente poder de solvatacdo para numerosas
substancias organicas (KARAMODDIN & VARAMINIAN, 2014), também é utilizado para a
extracdo de biocompostos horticolas, incluindo os carotenoides (SU et al., 2002). Possui
prétons aceptores de oxigénio que formam pontes de hidrogénio com agua, como resultado,
este composto é completamente miscivel em agua a qualquer composicdo (PURKAYASTHA
et al., 2013). Este solvente representa a estrutura mais simples da familia de éteres ciclicos
saturados (VERDICHIO et al., 2015), sendo também, um importante produto quimico em
varias industrias de polimeros.

O THF é atualmente produzido por meio de varias rotas industriais tais como
hidrogenacdo oxidativa de anidrido maléico, desidratacdo catalisada por &cido de 1,4-
butanodiol (BDO), aliada a hidroformilacao de alcool, e oxidagdo de butadieno (BD) (ZHANG
et al., 2013). Todas estas matérias-primas sdo produtos quimicos a base de petrogquimica,
producdo de THF a partir destes produtos quimicos pode levar a varios problemas, tais como

preco instavel e poluicdo ambiental. (HONG et al., 2014).

O THF pode ser convertido no éter de politetrametileno-glicol (PTMEG), poliésteres
termoplasticos, elastomeros de poliuretano e também é largamente utilizado como um solvente
na fabricacdo de cloreto de polivinila (PVC) (ROCCO et al., 2012), como solvente para reacao
de Grignard (RAVENZWAAY & KAUFMANN, 2003), usados industrialmente como um
solvente para o fabricacdo de plasticos (HELLWIG et al., 2002; RAVENZWAAY &
KAUFMANN, 2003), na extracdo de biocompostos (SU et al., 2002), extracdo de metais
(HIRAYAMA et al., 2014), para purificacdo de lipase (SOUZA et al., 2015), particdo do
herbicida diuron (SOUSA et al., 2016; SOUSA et al., 2017). A sintese do acido adipico e a
producdo de borrachas sintéticas sdo exemplos de aplicagdes em grande escala de THF. A
demanda de THF vem crescendo anualmente e no mercado global esta projetada para exceder
0s 800 mil toneladas em 2017 (URTIAGA et al., 2014).

2.5.2 Frutose

A frutose (CsH1206), como visto na Figura 7, faz parte do grupo dos carboidratos
conhecidos como agUcares simples ou monossacarideos, sendo a principal agucar das frutas. Na
frutose consiste somente de uma unidade de poliidroxicetonas, as quais podem ter de trés a sete
atomos de carbono. Devido a alta polaridade, é solido cristalino em temperaturas ambiente
(FRANCISCO JUNIOR, 2008), alta solubilidade em agua (log Kow = -1,46) e insollveis em
solventes ndo polares, possui um ponto de ebuli¢do de 60°C (CHEMICAL SPIDER). A sua

estrutura é configurada por uma cadeia carbbnica ciclica, ndo ramificada, na qual um dos
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atomos é ode oxigénio, constituindo assim um grupo carbonila. O restante dos atomos de
carbono possui um grupo hidroxila. Quando o grupo carbonila esta na extremidade da cadeia,
0 monossacarideo é uma aldose, caso o grupo carbonila esteja em outra posicdo, o

monossacarideo é uma cetose.

HO @) OH

OH
HO OH

Figura 7: Representacdo da estrutura da D-frutose.

2.5.3 Glicerol

Esta molécula é biodegradavel, ndo toxica e constituem uma matéria-prima renovavel
e é um subproduto da industria do biodiesel. Portanto, o glicerol (Figura 8) é considerado como
alto potencial substituto para os sais convencionais utilizados na formagdo de SAB, com a
vantagem de minimizar os custos. O Propanotriol ou como mais comumente é chamado,
Glicerol ou Glicerina, de formula estrutural apresentada na Figura 8 (RODRIGUES et al.,
2017).

HO

OH

HO

Figura 8: Representagdo da estrutura do Glicerol.

O glicerol, ¢ um composto organico, pertencente a familia dos &lcoois. E liquido a
temperatura ambiente, inodoro, possui viscosidade media (1,5 Pa.s a 25 °C), densidade de 1,26
g.cm3a 20 °C, tem ponto de fuséo de 18,2 °C, ponto de ebuli¢do de 290 °C e alta solubilidade
em &gua (log Kow = -2,32). A presenca de trés grupos hidroxila na estrutura do glicerol é
responsavel pela solubilidade em agua e sua natureza higroscopica. E uma molécula altamente
flexivel formando liga¢des de hidrogénio tanto intra como intermoleculares. Na fase aquosa, a
molécula de glicerol é estabilizada por uma combinacdo de ligagbes de hidrogénios intra-
moleculares e solvatacdo intermolecular das hidroxilas (BEATRIZ et al., 2011).
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O glicerol é produzido via quimica ou fermentativa. Ele € uma substancia quimica que
apresenta uma infinidade de aplica¢des, sendo utilizado na industria cosmética, farmacéutica,
alimenticia e quimica. Os processos de fabricagdo de glicerol sdo de baixa complexidade
tecnoldgica facilitando seu uso. O crescente aumento na producdo mundial de biodiesel (ésteres
alquilicos derivados de matérias graxas de ocorréncia natural, como 06leos vegetais e gordura
animal) gera, concomitantemente, um aumento consideravel na disponibilidade da glicerina,
podendo esta ser purificada e utilizada pelos diferentes segmentos da inddstria. Naturalmente,
a forte expansao que hoje se verifica na industria de biodiesel causara uma eventual reducéo no
valor comercial da glicerina que, mais barata, podera ser absorvida pelo mercado como insumo
para uma variedade de aplicacfes até hoje ndo exploradas por razdes fundamentalmente
econdmicas (HOLMIERE et al., 2017; RODRIGUES et al., 2017).

2.6 Fatores que influenciam a particéo dos SAB

Existem muitas varidveis que influenciam na formacdo de SAB e na particdo de
moléculas. Contudo, ao se fazer um estudo da particdo de moléculas é necessario conhecer 0s
dados de equilibrio para todos os sistemas. Para cada sistema existe um diagrama de fases que
define as proporc6es entre os componentes formadores das fases. Alguns desses diagramas
estdo disponiveis na literatura, porém é importante conhecer as condi¢des operacionais (efeito
da TLL, temperatura, hidrofobicidade) (ALBERTSSON, 1986; ZASLAVSKY, 1995).

2.6.1 Efeito da TLL

Segundo Malpiedi et al. (2009), o aumento da TLL ocasiona uma diminui¢do do
volume livre na fase de fundo do sistema. A medida que o valor do TLL aumenta, torna-se
maior a diferenca de composicao entre as fases, podendo elevar, a eficiéncia na extracdo e/ou
particdo da molécula de interesse (PEI et al., 2012).

2.6.2 Temperatura

A influéncia da temperatura é complexa devido ao seu efeito na composic¢éo das fases
em equilibrio, assim como na alteragéo da estrutura da biomolécula e desnaturagdo. Na maioria
das vezes, para baixas temperaturas (menores que 20 °C) a curva binodal desloca-se em direcéo
as baixas concentragdes dos componentes que formam as fases, resultando no aumento do
comprimento das linhas de amarragdo. Os sistemas proximos do ponto critico podem ser mais

influenciados pela mudanca de temperatura devido a sua instabilidade, quando a curva binodal
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é deslocada, podendo assim o sistema passar facilmente para a regido monofésica (SARUBBO,
2000).

2.6.3 Hidrofobicidade

O efeito hidrofébico das fases esta diretamente relacionado com a identidade quimica
dos componentes do sistema, bem como as suas concentracdes. Embora, a principio, ambas as
fases do sistema s&o hidrofilicas devido a grande quantidade de &gua, a fase rica em solvente
organico é geralmente mais hidrofobica. A influéncia desta caracteristica favorece a separagéo

das moléculas hidrofdbicas para esta fase em particular (PRINZ et al., 2014).
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Capitulo 3

3. OBJETIVOS

3.1. Objetivo geral

Aplicar o sistema aquoso bifasico baseado em tetrahidrofurano + frutose comercial
como uma estratégia para concentragdo de herbicidas, visando sua identificagdo e quantificacdo

em aguas superficiais.

3.2. Objetivos especificos

o Determinar as tie-lines no nos sistemas formados por THF + frutose, THF + frutose
comercial e THF + glicerol,

o Determinar os coeficientes de particdo e eficiéncia de extracdo do diuron e atrazina
nos SABSs propostos;

e  Avaliar o fator de concentracdo dos herbicidas diuron e atrazina no sistema aquoso
bifasico;

e  Auvaliar a precisdo do método de concentracdo proposto através cromatografia liquida
acoplada a espectroscopia de massa tipo TOF do diuron e atrazina, como também a
avaliacdo do limite de deteccéo e reprodutibilidade;

e  Avaliar aaplicacdo da concentracdo na deteccdo e quantificacdo dos herbicidas diuron

e atrazina em aguas superficiais.
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Capitulo 4

4. INTRODUCAO AOS CAPITULOSS5 E 6

Os capitulos 4 e 5 serdo apresentados em forma de artigos cientificos, e estdo organizados
conforme as normas propostas pelo periodico a que sera submetido a sua publicacdo. Estes
capitulos sdo compostos por pequenas introducbes, os materiais e métodos utilizados no
desenvolvimento de cada artigo, os resultados obtidos e suas discussdes, bem como as

conclusdes observadas.

Capitulo 4 (Artigo 1 — “Improvement of diuron detection in water using aqueous two-phase
system based on tetrahydrofuran and fructose”), was studied the method concentration of
diuron in aqueous two-phase system, for detection and quantification in surface water. Artigo

submetido no periddico “Sustainable Chemistry and Engineering .

Capitulo 5 (Artigo 2 — “Aqueous two-phase system based on tetrahydrofuran and

glycerol: an improve of atrazine detection water sample”), was studied the method

concentration of atrazine in aqueous two-phase system, for detection and quantification in

surface water. Artigo a ser submetido ao periddico “ Water Science and Technology”.
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Capitulo 5

5. Improvement of diuron detection in water using aqueous two-phase

system based on tetrahydrofuran and fructose
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Abstract

Diuron is a pesticide widely used in agriculture to control a variety of weeds, and therefore it is
often detected in groundwater and surface water. However, the low solubility of diuron in water
makes its identification and quantification unfeasible, causing great inconvenience in the
evaluation of its persistence. In this context, this work proposes a method of concentrating
diuron in water based on an aqueous two-phase system (ATPS) composed of tetrahydrofuran
(THF) and pure or commercial fructose. The phase diagrams were determined, and
subsequently the recovery of the diuron in THF-rich phase was optimized from 60.05 to
97.26%. In addition, the concentration factor of diuron reached 200-fold in a composition
system (12.49 wt% commercial fructose + 60.02 wt% THF, corresponding to tie-line length =
66.27). The method showed a linear response to diuron concentration between 0.01 and 2.5
ug.L ™t with a correlation coefficient of 0.999 and a detection limit of 25 ng.L™. This method
allowed the identification and quantification of diuron in real samples of water collected in the
hydrographic basin of the Japaratuba River, in the state of Sergipe, Brazil, which was previously

diagnosed as being free of this compound, with values of 75-1900 ng.L™ in surface water.

Key-words: aqueous two-phase system, concentration, diuron, detection

26



1. Introduction

Since 2008, Brazil has become the largest consumer of pesticides in the world, managing a
market of over US$ 2.09 billion a year, and the use of pesticides in the country is increasing at
a rate of approximately 0.79% a year!, which represents a potential risk to water quality
standards. Due to the high consumption of pesticides, contamination of groundwater, surface
water, and abstraction, even at low levels, can cause problems in humans such as the formation
of meta-hemoglobin in the blood, deformations in the liver and spleen, genetic malformations,
neurodevelopmental disorders, and damage to the immune system?.

Diuron, 3(3,4-diclorofenil) 1,1, dimethyl urea, belongs to the group of phenylureas, is a
compound that is widely used on agricultural crops such as sugar cane, coffee, citrus, soybean,
and alfalfa for the control of weeds. This pesticide has non-ionic characteristics and low water
solubility (42 mg.L* at 298 K)3. Diuron suffers from environmental degradation (Figure 1),
mainly leading to the formation to 3,4-dichloroaniline (DCA) and 3,4-dichlorophenylurea
(DCFU), which are intermediate compounds are more toxic than Diuron. Moreover, they are
highly persistence (1 and 12 months), becoming a serious environmental and human health

problem due to possibility of water contamination*®.
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Fig 1: Reactions of the diuron degradation process.

The agrochemicals can remain in the environment without undergoing any alteration, can
be transported by waters (streams, reservoirs, surface water, and groundwater), can cross
several trophic levels through the food chain, and can cause cumulative effects in several
species®.

In order to control diuron pollution in surface water, the United States Environmental
Protection Agency’ has established maximum contamination levels for diuron of 10 pg.L*. On
the other hand, the European legislation is more restrictive and considers that the maximum
permissible pesticide concentration in water is 0.1 pg.L%, while the sum of all pesticides® should
not exceed 0.5 ug.L™ . In Brazil, the Health Ministry Procedure no. 2914 of 12 December 2011
updates the provision on the procedures for control and surveillance of water quality for human
consumption. Specifically, with regard to diuron, it states that drinking water should contain a
maximum allowable value® of 90 pg.L!. However, the Brazilian legislation, through the
National Environmental Council (CONAMA) Resolution 357/05, does not specify maximum
permitted levels of diuron in surface water and groundwater. Therefore, the contamination of

water bodies by diuron has motivated research on the detection and quantification of these
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organic pollutants®®.

The main analytical techniques used for the determination of diuron are based on gas
chromatography—mass spectroscopy (GC-MS), high-performance liquid chromatography
(HPLC)**3, HPLC coupled with tandem mass spectroscopy (LC-MS/MS)**18, It is worth
highlighting tandem mass spectrometry hat the low content of diuron in surface water and
abstraction makes its identification and quantification unviable, which is a great disadvantage
in assessing its persistence and environmental impact. Therefore, a concentration methodology,
which normally uses membranes, is required 2, together with solid phase extraction” 6, Thus,
an alternative method for the recovery and concentration of compounds is the use of aqueous
two-phase systems (ATPSs)!8:19,

ATPSs are composed of two immiscible aqueous liquid phases that are macroscopic in
concentrations higher than the critical concentration of each component. Each phase of the
system becomes enriched with one of the compounds, resulting in two aqueous phases of
different chemical and physical nature, leading to migration of molecules to one of the phases®®
19 The firsts ATPSs consisted of two aqueous polymer—polymer or polymer—salt mixtures?:.
However, the applicability of these systems is restricted due to the limited range of polarities,
leading to the development of new ATPSs formed of different constituents such as ionic
liquids?? and deep eutectic solvent?,

ATPSs based on organic solvents were also used in the separation of molecules due to
their high polarity, adequate selectivity, and easy recyclability of solvents®*, for example
acetonitrile + carbohydrates®, tetrahydrofuran + carbohydrates?®®, and tetrahydrofuran +
polyols?”.

Therefore, this study evaluates the application of ATPS based on tetrahydrofuran (THF)
and commercial fructose as a strategy for concentrating diuron from surface water. For this
purpose, a comparison of the similarity of the systems formed by pure and commercial fructose

was initially carried out. After that, the partition coefficient and recovery were determined,
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which posteriorly yielded the concentration factor of the diuron in a single step, followed by
the detection limit of proposed method. After this evaluation, the proposed method was applied

to samples of real water for the detection and quantification of diuron.

Materials and methods

Reagents. The ATPS was formed using D-(-)-fructose (> 98% purity) and THF (99.9% purity)
acquired from Sigma-Aldrich. Diuron (> 98% purity), 3,4-dichlorophenylurea, and 3,4-
dichloroaniline were also purchased from Sigma-Aldrich. Commercial fructose of food quality
was acquired from the local market of Aracaju, SE, Brazil. Water was distilled and further
treated with Milli-Q Plus 185 water purification equipment.

Water sample collection. The water sample from the hydrographic basin of the Japaratuba
River, located in the state of Sergipe, Brazil, was collected at a water catchment point, with
geographic coordinates of a latitude of 10° 42' 13.2" south and longitude of 36° 59' 32.0" west,
and the collected water was used as the water supply. Water samples were collected between
December 2015 and 2016 and stored in amber vials. After arrival at the laboratory, the samples
were filtered through a 0.45-um membrane and stored at 253 K until analysis.

Tie-line. The equilibrium data of the ATPSs used in this work, formed of THF + D-(-)-fructose
and THF + commercial fructose, were described by Sousa et al. (2017)%. The tie-lines (TLs) of
each ATPS, depicting points of the biphasic region of the ternary system, were determined by
a gravimetric method. The ATPSs were prepared, stirred vigorously, and centrifuged at 4000
rpm for 10 min. The tubes were brought to equilibrium in a thermostatic bath at 298 K for at least
4 h. The tubes were closed during this period to avoid vaporization of the THF. After that, the
top and bottom phases were carefully separated and weighed and their volume was determined.
Individually, each TL was determined by mass balance using a relation to describe the weight
of the top phase and the total weight of the system?®,

The length of the TL was determined by applying Equation (1):
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TLL = \/([THF]T —[THF]g )? + ([FRU]; —[FRU] g )? (1)

The critical point of the ternary phase system was determined by extrapolating the TLs
of individual systems by applying Equation (2)%.
[FRU] =f +g[THF] 2

where f and g are setting parameters.

The consistencies of the measured TLs of the pure and commercial fructose were measured

using the Othmer—Tobias equation (3) and the Bancroft equation (4):

100—[THF]; | _, (100-[FRU]g ' ®3)
[THFl; ) 7\ [FRUJg
100 [THF]; —[FRUJT) _, (100 [THF]s —[FRU]g @
[THF], e [FRU]g

where ki, n, ks, and r are the fitting parameters. Linear dependence of log((100-
[THF]7)/[THF]) on log((100-[FRU]s)/[FRU]s) and log((100-[THF]+-[FRU]T)/[THF]T) on
log((100-[THF]e-[FRU]g)/[FRU]g) indicates the consistency of the results.

Diuron partitioning in ATPS. The systems were prepared in 15-mL graduated tubes for
different mixture points, containing the appropriate amounts of THF, commercial fructose, and
an aqueous solution of diuron with a concentration of 42 mg.L™? (maximum compound
solubility). Then, the system constituents were vigorously stirred, centrifuged (Hettich
Universal 320R) at 4000 rpm for 10 min, and finally placed at room temperature (4 h) using a
thermostatic bath (Marconi MA-127) to reach equilibrium. The vials were sealed to avoid THF
vaporization. The two phases were carefully separated and their volume and weight were
evaluated®. The diuron concentrations in the top and bottom phases were determined by
spectroscopy using a UV-Vis spectrophotometer (Varian Cary 50 Bio UV/Vis) at a wavelength

of 250 nm in triplicate to obtain the final average concentration with the related standard
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deviation. The calibration curve previously was established using diuron at different
concentrations (0.02, 0.2, 1, 2, 4, 6, and 8 mg.L™?) as a standard and either water (calibration
curve) or the corresponding phase in the analysis (partitioning process) as a blank was used.
The diuron partition coefficient is the ration between the top (THF-rich) and bottom (fructose-
rich) concentration.

The recovery in the top phase was determined by the solute in the top phase (R), which
was evaluated by Equation (5).

100 (5)

l+( 1 J
RVXKDIU

where Ry is the volume ratio between the top (V) and the bottom (Vg) volume of the phase.

RT(%) =

The values of Kpu and Rt were investigated by varying the values of tie-line length (TLL),
thus acquiring maximum values of Kpiy and Rr.

Density and viscosity. The density and viscosity of the THF-rich and fructose-rich phases were
determined at different temperatures (298-328 K) using an automated SVM 3000 Anton Paar
rotational Stabinger viscosimeter-densimeter. The density had an absolute uncertainty of 5 x
10 g.cm3, while the relative uncertainty of dynamic viscosity is 0.35%. The viscosimeter-
densimeter was calibrated using a standard solution composed of mineral oils with different
viscosities and densities.

Diuron concentration factor. The concentration process aimed to explore the maximum
diuron concentration factor in the same TL that obtained the best recovery, which is measured
by the weight of water added to the system per weight of the THF-rich phase and determined
through the lever rule, and several extractions were performed in different weight ratios. The
systems of the same TLL (66.27) were prepared using graduated centrifuge tubes (50 mL)
containing THF (5.5-2.2 wt%), fructose (76.3-83.7 wt%) and water (18.2-14.1 wt%), and a
total weight of approximately 50 g. It should be noted that along the same TL, the composition

of each phase, the partition coefficient and recovery in the top phase are maintained, while only
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the volume or weight ratio of the phases is varied. A decrease in the volume ratio of these phases
increases the diuron concentration factor®.

In order to test the applicability of the proposed method, standard solutions of diuron
(initial concentration of 5-0.25 pg.L™) were inserted into the ATPS at a concentration factor of
200 fold and the THF-rich phase was analyzed by ultra-fast liquid chromatography (UFLC)
coupled with a time of flight mass spectrometer (LC-TOF system).

Diuron quantification in water surface. The diuron was quantified using chromatography on
a Shimadzu UFLC instrument coupled with a LC-TOF system. The mobile phase consisted in
a water:acetonitrile mixture (52:48, v/v) with 0.1% formic acid and had a total execution time
of 10 min with a C-18 column (100 mm x 2 mm) at a flow rate of 0.7 mL-min* with an injection
volume of 5 pL. The detection/quantification of diuron was performed at a wavelength of 250
nm. The oven temperature was 313 K, the ion polarity was positive, and the mass load range
was 50-1000 (m/z). It should be noted that the analytical standards used in the calibration curve
have a purity higher than 99.8%. For the creation of the linear equation, 10 points (0.05, 0.1,

0.2,0.4,0.6, 0.8, 1.0 ug.L ™) of the standard diuron solution were used.

Results and Discussion

Tie-lines (TLs), tie-line length (TLL), and critical point (CP). The equilibrium data for the
ATPS in this work were reported by Sousa et al. (2017) based on the binodal curve
compositions for THF + fructose and THF + commercial fructose. The number of TLs was
expanded and the value of the critical point (CP) was determined. The regression parameters
(A, B, and C), standard deviations (c), and correlation coefficients (R?) were as follows: for the
THF + fructose system, A = 131.04 +5.64, B =-0.33+0.01,C =1.39 x 10® + 2.59 x 10”7, and
R? = 0.998, and for the THF + commercial fructose system, A = 154.35 + 3.69 + 5.64, B = —

0.35+0.01,C=1.92 x 10 ®+ 2,55 x 107, and R? = 0.999%.
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The phase compositions expressed as weight percentages (wt%) for the ATPSs formed
by the mixtures of THF + fructose and THF + commercial fructose are shown in Figure 2. From
the experimental TLs, the respective TLLs, and the compositions of the studied systems (Table
S.1), itis observed that the THF concentration in the ATPS bottom phase (fructose-rich) is very
low. Besides that, the CPs were estimated for extrapolation of TL compositions by applying

Equation (6) (Table S.2).
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Figure 2. Phase diagrams for ternary systems constituted of THF + carbohydrates + water, with
TLs and CPs (#) at 298 K and 0.10 MPa: (a) fructose: e TLL (39.84), @ TLL (67.31), ® TLL
(92.80), o TLL (118.47); (b) commercial fructose: e TLL (38.41), e TLL (54.75), TLL

(66.27), ® TLL (77.62), ® TLL (85.27), ® TLL (98.53).

The precision of the TLs for the system was verified by applying the Othmer—Tobias and
Bancroft equations (7) and (8), and the respective fitting parameters and correlation coefficients
(R?) are shown in Table S.3. The parameters of the systems using pure fructose and commercial
fructose differ due to the difference in the slopes of the TLs for theses carbohydrates. However,
the TL data are reliable because the correlation coefficients are bigger than 0.984, showing a
good degree of consistency in the experimental data.

The densities and viscosities in the temperature range between 298.15 and 328.15 K were
determined for several ternary compositions of each ATPS studied (see Table S.1, with the
respective TL data). The characterization of the top and bottom phases in the different ternary

systems, at different compositions and temperatures, is important for the design and scaling up
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of the extraction processes. Differences in density between the two phases allowed faster and
easier phase separation®®. For the systems studied, the THF-rich phases were less dense than
the corresponding fructose-rich phases.

A comparison between pure fructose and commercial fructose shows little difference
between these systems. The density of the bottom phase (fructose-rich) ranged from 0.937 g.cm’
3 for commercial fructose (TLL = 38.41) to 0.934 g.cm™ for pure fructose (TLL = 39.84) at
298.15 K. This demonstrates a similarity between pure and commercial fructose (Figure 3 and
Tables S.4-S.6). An ATPS based on IL and K3POs (15 wt% KsPOs + 25 wt% IL) presented
densities of 1.037 g.cm™ ([Camim][N(CN)_]) in the IL-rich phase and 1.2291 g.cm= (K3POQa)
in the bottom phase?®. However, ATPSs formed from THF and fructose are easier and faster to

separate than those based on IL + K3POa.
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Figure 3. Experimental density (p/g.cm™®) as a function of temperature for different
ATPSs composed of commercial fructose + THF + water (system 1): e TLL (38.41), e
TLL (54.75),  TLL (66.27), ® TLL (77.62), @ TLL (85.27),  TLL (98.53) and pure
fructose + THF + water (system 2): m TLL (39.84), m TLL (67.31), m TLL (92.80), m TLL

(118.47), at 298 K and 0.10 MPa.
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The differences in density between the commercial fructose-rich phase and the THF-rich
phase K ranged from 0.935 to 1.075 g.cm™ (TLL = 54.75) at 298.15 K (Figure 3 and Table S.4-
S.6).

Figure 4 depicts the decrease in viscosity with increasing temperature. This decrease is
mainly dependent on the intra- and intermolecular interactions, of which H-bonding is the most
important for the systems under study*C. The THF-rich phase was shown to be less viscous than
the corresponding fructose-rich phase for all systems investigated. The viscosity data for pure
fructose and commercial fructose agreed with those reported by Sousa et al. (2017)%.
Differences in the viscosities between the THF-rich phase and commercial fructose-rich phase
for the system with TLL = 98.53 ranged between 14.623 mPa.s (commercial fructose-rich) and

0.640 mPa.s (THF-rich phase) at 298.15 K (Figure 4 and Tables S.4-S.6).

16 EH
® °
141 @ : ® System 1 - Top a0 System 1 - Bottom
129 o ® @ ] ®
- o) o © . ® e
I Lo 3 : ® o o e © ® J‘:.‘ 10 [ ]
né isje g @ o ® o - e o 2
8 ‘ g 2 ° ERRT ¢
; 6 I ' g bt @ i 15 o * g ‘
0.4 ! ' 8 10 e 0o ® © g
e @
02 ® e 5 * 8 g ] g 8 E 5 ®
0.0 v v T v [} =l g :
280 290 300 310 320 330 340 280 290 300 310 am 330 340
T(K) T
18 80
151 ® - System 2 - Top ELIE Y System 2 - Bottom
149 g - 61 m
o 12 (] ] _.im g
S . " - @ 5 .
né 0l ® o " = L A 0 =
= n = = . & m
= 06 4 = = | | 30 | ]
’ o B g u = B o
04 =] : o g 20 = = E P
02 3 E: 10 - -:l=ﬁl
]
00 - = -J_JL
0 ; . .
% 50 300 510 L s 0 280 290 300 310 30 30 340
T(K) T(X)

Figure 4. Experimental viscosity (n/mPa.s) as a function of temperature for different
ATPSs composed of commercial fructose + THF + water (system 1): e TLL (38.41), e
TLL (54.75), TLL (66.27), ® TLL (77.62), e TLL (85.27),  TLL (98.53) and pure
fructose + THF + water (system 2): m TLL (39.84), m TLL (67.31), m TLL (92.80), m TLL

(118.47) at 298 K and 0.10 MPa.
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The viscosities of the top phase (THF-rich) were in the range of 1.209 mPa.s for the
system with TLL = 39.84 and 1.226 mPa.s for the system with TLL = 38.41 at 298.15 K. A
comparison between pure fructose and commercial fructose shows little difference between
them, with the viscosity of the fructose-rich phase ranging from 13.331 mPa.s (TLL = 38.41)
to 13.733 mPa.s (TLL = 39.84) at 298.15 K. ATPSs based on PEG and MgSO4 (50 wt% PEG
+ 20 wt% MgSO4) present viscosities of 325.5 mPa.s (PEG-8000), 76.5 mPa.s (PEG-3350),
and 24.3 mPa.s (PEG-1000) at 298 K®'; at this temperature the viscosity in the fructose rich-
phase ranged from 3.021 mPa.s (TLL =54.75) to 14.623 mPa.s (TLL = 98.53) for system 1 and
from 13.733 mPa.s (TLL = 39.84) to 31.905 mPa.s (TLL = 118.47) for system 2. Therefore, an
ATPS based on fructose can be formed and separated more easily than one based on PEG. The
abovementioned data indicate similarities in density and viscosity in the systems containing
pure and commercial fructose. However, commercial fructose was selected due to its low cost
compared with pure fructose. This result corroborates that found by Sousa et al. (2017)%, who
compared the similarity of pure and commercial carbohydrates.

Effect of TLL on diuron partition. Diuron shows affinity for the THF-rich phase, because
the partition coefficient is always higher than 1 (1.33 < Kpjuy < 19.74). This tendency occurs
because the octanol-water partition coefficient (log Kow) of diuron is 2.6, that of THF is 0.53,
and that of fructose is -1.46 2. Thus, diuron migrates to the more hydrophobic phase (THF-
rich phase). Although the diuron has a hydrophobic character, this compound is water soluble
(42 mg.L1), and in this case it can be separated and/or concentrated using ATPSs. This same
tendency was observed by Sousa et al. (2016)?” when partitioning diuron in an ATPS based on
THF + polyols and by Sousa et al. (2017)?® when partitioning diuron in an ATPS based on THF
+ carbohydrate.

Figure 5 depicts the impact of TLL on the recovery of diuron (top phase) and partition
coefficient. The results show that that an increase in TLL (from 38.41 to 66.27) occurred

between the recovery in the top phase and the partition coefficient of diuron. However, the yield
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from the top phase exhibited a decrease from the system TLL of 66.27. This decrease may be
attributed to the fact that the free volume of the top phase is totally occupied by the partitioned
diuron (caused by the increased TLL) and once phase saturation is achieved, the migration of
diuron to the bottom phase occurs. This explanation can be confirmed by the fact that the

concentration of diuron is increased in the bottom phase® above the TLL of 66.27.
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Figure 5. Effect of TLL on the recovery in the top phase (green bar) and diuron partition
coefficient (o) in an ATPS based on THF and commercial fructose at 298 K and 0.10

MPa.

Based on the partition of diuron in the THF-rich phase and the volume of each system
phase, an attempt was made to optimize the recovery of the diuron to reach 100%. However the
maximum percentage obtained was 97.26 + 0.6 % (ATPS composition of 60 wt% THF and 12.5
wt% commercial fructose, with TLL = 66.27) and was found to be always above 60.05 + 1.8%,
as shown in Figure 5. Thus, the chosen mixture point for the study concentration process was
TLL =66.27, Kpiu =19.74 £ 0.3, and Rt = 97.3 + 0.6%.

Diuron concentration factor. The procedure used for the concentration factor analysis of an
ATPS consists in screening the compositions of an initial mixture and then gradually decreasing

the volume or weight of the phase in which the solute is being extracted, in this case, the THF-
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rich phase. For that purpose, a successive decrease of the amount of THF accompanied by an
increase of the amount of fructose must be carried out (Figure 6). Thus, is possible to control
the volume ratio at the same TLL (66.27) while keeping the same values of the partition
coefficient and recovery in the top phase of diuron.

In this context, using the ratio between weigh of water (solution diuron) added to the
system per weight of THF-rich phase, it was possible to obtain a concentration factor of 200
fold®® 3 as seen in Figure 6. The mixture point necessary to create this condition is 2.24 wt%
THF + 83.7% wt% commercial fructose. This result corroborates that found by Passos et al.
(2012), who obtained a concentration factor of 100-fold for bisphenol using an ATPS (mixture
composition: 2.5 wt% IL + 45 wt% KsPOs). In fact, this ability to increase the diuron
concentration by a factor of 200-fold can overcome the main problem in its detection, which is
the low concentration in surface water, allowing its proper identification and quantification. The
economic and sustainable viability of the method to detect diuron in surface water is also
ensured. The amount of THF used to form the ATPS is inversely proportional to the
concentration factor. For example, for an ATPS with a total weight of 50 g, only 2.24 wt% THF

is needed to obtain a concentration factor of 200-fold.
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Figure 6. Process of concentration of diuron in the THF-rich phase through the variation
of the initial mixture composition along the same TL (60 wt% THF + 12.5 wt%

commercial fructose) at 298 K and 0.10 MPa.
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In order to test the applicability of the proposed method, standard solutions of diuron were
added to the ATPS at a concentration factor of 200-fold and the THF-rich phase was analyzed
by LC-TOF. Standard samples of diuron (concentration range of 5-0.25 pg.L™*) were used to
evaluate the precision method on concentration factor of 200-fold in the ATPS. The major goal
is to reach a final concentration of diuron at the THF-rich phase without saturating this phase.
The reproducibility study was performed for three injections. The diuron limit of detection
(LOD) found was 25 ng.L™. Figure 7 shows graphically the concentration observed by
chromatography (represented by the data points) and the expected concentration (represented
by the line). The slope of the linear regression line is 1.0, indicating an excellent concordance

between observed and expected values.

5
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Experimental concentration (ug.L1)

Figure 7. Plot of the observed concentration (represented by data points) versus expected

concentration of diuron (represented by the line).

Validation of the proposed method was carried out to evaluate its linearity, precision,
concentration factor, and limit of detection (LOD). The linearity was established in pure water
in the range of 0.01-2.5 pg.L? (Table S.7), and the correlation coefficient (R?) was always
higher than 0.999.

The concentration of diuron is traditionally performed by the solid phase extraction (SPE)

technique with the use of organic solvents such as acetonitrile. However, this methodology has
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a higher cost than the proposed methodology. The price of the SPE technique for the
concentration of a water sample was US$ 4.68 (Discovery DSC-18, product 52603-U, Sigma-
Aldrich = US$ 4.24; acetonitrile UHPLC Plus > 99.9%, Sigma-Aldrich = US$ 0.44), whereas
the price of the ATPS was US$ 0.20 (THF = US$ 0.02; commercial fructose = US$ 0.18).
Therefore, the use of ATPS reduced the cost of the concentration process by 95.73% without
affecting the diuron recovery capacity.

Diuron analyses in water sample. In order to evaluate the proposed process to concentrate
diuron, real water samples from the hydrographic basin of the Japaratuba River were analyzed
by LC-TOF without carrying out any type of concentration; these samples of water do not
present detectable concentrations of diuron or degradation products (Figure 8). Moreover, blank
control samples were analyzed, and the absence of any signal at the same selected compound
retention time shows that there was no interference from the matrix or contamination that can
give a false positive signal.

The water samples were inserted into ATPS with a concentration factor of 200-fold and
analyzed again by chromatography. The values obtained by the equipment were divided by 200
to find the initial concentration in the samples. The diuron and degradation products presented
significant signals in some months, and a concentration range of 75-1900 ng.L™* was obtained
(Figure 9). The concentration of 3,4-dichloroaniline increases while the concentration of diuron
decreases over the months (Figure 9), which is due to the route of natural degradation of the
diuron (Figure 1). This result agrees with the work of de Britto et al., (2012)%°, who detected a

concentration near to 500 ng.L™* in samples from the Poxim River located in Sergipe, Brazil.
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Figure 8. LC-TOF chromatograms of water samples from the hydrographic basin of the Japaratuba River in August without previous treatment (a)

and after ATPS (THF + commercial fructose) concentration of diuron and byproducts (b).
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Concentration (ng.L!)

Months

Figure 9. Monitoring of the diuron and degradation products after 200-fold concentration in
water samples expressed in nanograms per liter. m Diuron, m 3,4-dichloroaniline, m 3,4—

dichlorophenylurea.

The concentrations of diuron and degradation products in samples of real water without
pretreatment do not indicate detectable signs of the herbicide diuron or degradation products,
but after going through the process of concentration. The ATPS presented values above the
allowed limits, because in seven of the twelve months analyzed the values obtained were found
to be above the maximum permissible concentration compared with the European Community
regulation, which allows a maximum concentration of any pesticide of 100 ng.L* in water for
human consumption. The concentrations of diuron found are within the American norm
established by the EPA, which specifies a maximum concentration of 10 pg.L™. It is expected
that access to information on the incidence of diuron in surface water will lead to changes in
technical and legal procedures regarding the legislation and application of products, mainly due
to the great importance of agriculture in Brazil. The simple detection of these contaminants

provides a warning signal, because in ecological terms the chronic effect of contamination (over

43



time), even at low concentrations (sub-lethal), can become irreversible over time, even though
it is difficult to observe®.

The hydrographic basin of the Japaratuba River, where the water samples were collected,
coincides with a sugarcane production area where the herbicide diuron is usually used, and this
surface water is still used as abstraction water for supply to humans. It is observed (Table S.8)
that concentrations of diuron are related to the off-season of sugarcane production. The months
that did not show significant signs of diuron and its degradation products coincided with the
months in which there was no production of sugarcane in the region in which the water samples
were collected.

It is observed that the rainy season coincided with the concentrations found for diuron
and its degradation products. The pluviometry index of the region for the months of June, July,
and August presented values of 272, 215, and 195 mm, respectively, and when diuron was
applied in this period, leaching into water occurred. In September, the pluviometry index of the
region was 206 mm, and together with the excessive application of the pesticide in this period,
it contributed to increases in the concentration of diuron and its degradation products in the
region in October. February, March, April, and May presented values of the pluviometry index
of 47, 57, 58, and 77 mm, respectively, and concentrations of pesticide were not found in the
water in this period, which indicates a relation between the rainy period of the region and the

diuron concentrations found.

Conclusion

With the aim of overcoming one of the major limitations in the analysis and monitoring of
surface water, a novel methodology is proposed here to concentrate diuron by the application
of an ATPS based on THF + commercial fructose. Therefore, this type of system was tested to

evaluate the concentration capacity of diuron in ATPS. It was found that by tuning the mixture

44



point composition to obtain a minimum volume of the THF-rich phase, the concentration of
diuron in surface water can be increased by up to 200-fold in a single step, presenting a detection
limit of 25 ng.L-1. This concentration of diuron allowed the detection and quantification of the
compound in waters previously diagnosed as free of this compound, and both diuron and its

degradation products presented values of 75-1900 ng.L-1 in surface water.
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Table S1. Weight fraction composition for TLs and their respective TLLs of the ATPS formed

by fructose (Y) and tetrahydrofuran (X) at the top phase (T) (tetrahydrofuran rich phase) and

bottom phase (B) (fructose rich phase), initial of the mixture composition (M) at 298 K and

0.10 MPa.
Weight fraction composition (wt%)
Fructose [FRUm [THF]m [FRU]r [THF]r [FRU]s [THF]s TLL
Pure 14.98 44.97 8.72 56.15 28.23 21.15 39.84
20.02 44.98 7.78 59.37 51.28 8.09 67.31
30.02 44.98 4.07 75.90 63.71 4.81 92.80
39.82 44.99 4.02 78.36 80.89 2.13 118.47
Commercial 14.99 45.00 8.52 55.32 28.94 22.80 38.41
12.53 54.98 2.61 80.12 23.71 29.19 54.75
12.49 60.02 2.07 84.10 28.40 24.29 66.27
12.55 64.97 1.82 86.19 26.85 16.93 77.62
20.00 54.98 1.61 88.22 42.89 13.61 85.27
25.01 54.99 1.29 91.6 54.88 9.32 98.53

Table S2. Critical point of system composed of fructose + tetrahydrofuran + water and

commercial fructose + tetrahydrofuran + water, at 298 K and atmospheric pressure (0.10 MPa).

Critical point
Carbohydrate f g R?
[FRU] [THF] [water]
Fructose -64.92 1.79 0.945 12.58 43.45 43.97
Commercial fructose -203.07 2.79 0.987 3.48 74.01 22,51
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Table S3. Values of the fitting parameters of the Othmer-Tobias and Bancroft equations for the

ternary systems composed of fructose + THF + water and their correlation coefficients (R?) at

298 K and 0.10 MPa.

Othmer-Tobias Bancroft
Fructose
n K1 R? r Ko R?
Pure -2.210 1.951 0.993 -2.137 0.441 0.984
Commercial 1.145 2.641 0.995 -0.983 -1.047 0.993
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Table S4. Viscosity and density of the top (T) and bottom phases (B) for the systems composed of THF + fructose + water

Fructose
45/15 45/20 45/30 45/40
Top Bottom Top Bottom Top Bottom Top Bottom

K mPas g.cm® mPas g.cm?® mPas gcm® mPas gcm® mPas gcm® mPas gcm® mPas gcm® mPas g.cm?
283.15 1.638 0.949 42846 1.196 1.353 0.926 53996 1.227 1.083 0919 59.993 1254 0.883 0.909 66.993 1.284
288.15 1.473 0944 29.814 1192 1199 0921 39412 1224 0928 00914 46.744 1251 0.728 0.903 51.744 1.281
293.15 1331 0939 20.981 1.188 1.055 0916 29445 1220 0.773 0909 34371 1.248 0.623 0.899 39.371 1.278
298.15 1.209 0934 13.733 1.184 0.909 0910 22069 1.217 0.672 0.903 25905 1.244 0522 0.893 31905 1.274
303.15 1.060 0925 8.153 1.180 0.780 0905 14945 1.214 0577 0.898 19.967 1.241 0447 0.890 24967 1.271
308.15 0.948 0915 5478 1174 0.678 0900 9.830 1.210 0536 0.892 15686 1.237 0.396 0.886 20.686 1.267
313.15 0.852 0909 3.190 1168 0579 0894 7.877 1206 0.449 0.887 12538 1.233 0.309 0.881 18538 1.263
318.15 0.774 0902 1911 1165 0505 0889 6.538 1.202 0.385 0.881 10.151 1.229 0.245 0.877 15151 1.259
323.15 0.711 0895 1.737 1154 0463 0883 5496 1.198 0.302 0876 8.364 1.225 0.202 0.871 12.364 1.255
328.15 0.631 0891 1505 1.154 0417 0878 4.688 1.194 0.278 0870 6.976 0.148 0.148 0.864 11976 1.252
333.15 0550 0.888 1.344 1143 0374 0872 4.004 1190 0.237 0865 5874 1215 0.111 0.858 9.874 1.245
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Table S5. Viscosity and density of the top (T) and bottom phases (B) for the systems composed of THF + commercial fructose + water

Commercial Fructose

45/15 55/12.5 55/20 55/25
Top Bottom Top Bottom Top Bottom Top Bottom

K mPas g.cm® mPas g.cm?® mPas gcm® mPas gcm® mPas gcm® mPas gcm® mPas gcm® mPas g.cm?
283.15 1522 0952 27585 1197 1375 0949 7.859 1.087 0.906 0922 22358 1.183 0.799 0.916 32459 1.232
288.15 1.437 0945 20925 1194 1298 0944 5565 1.083 0.824 00916 17407 1.180 0.763 0.910 24.130 1.222
293.15 1.345 0942 16.396 1.192 1229 0939 4275 1079 0.749 00911 12568 1.177 0.694 0.905 18371 1.212
298.15 1.226 0937 13.331 1.188 1.091 0934 3.021 1075 0.683 0906 9.487 1.174 0.640 0.900 14.623 1.205
303.15 1.116 0.932 9499 1.185 0968 0929 2141 1071 0625 0900 6.930 1170 0559 0.894 10.838 1.198
308.15 0.990 0928 7583 1.180 0.857 0925 1514 1070 0571 0895 5241 1.167 0507 0.88 8.385 1.192
313.15 0.885 0924 6.084 1176 0.756 0923 1.141 1067 0522 0889 4119 1163 0451 0.883 6.386 1.189
318.15 0.793 0.923 508 1.172 0.648 0921 0.890 1.064 0479 0884 3392 1159 0399 0.878 5.038 1.182
323.15 0.710 0921 4.086 1168 0562 0915 0.719 1063 0446 088 2416 1.155 0.328 0.872 4190 1.177
328.15 0.645 0919 3.801 1165 0527 0912 0.659 1061 0409 0874 1657 1.151 0.272 0.866 3.638 1.172
333.15 0569 0916 2.880 1.161 0.442 0909 0.467 1.059 0.357 0868 1193 1.147 0.216 0.861 2.784 1.170

55



Table S6. Viscosity and density of the top (T) and bottom phases (B) for the

systems composed of THF + commercial fructose + water

Commercial Fructose

60/12.5 65/12.5
Top Bottom Top Bottom

K mPas g.cm® mPas g.cm® mPas gcm?® mPas g.cm?
283.15 1.161 0933 11562 1.108 1.005 0926 16.606 1.143
288.15 1.061 0927 8.150 1104 0.922 0921 13.19 1.140
293.15 0961 0922 5782 1101 0.842 0915 9376 1.136
298.15 0.873 0916 4.047 1097 0.771 091 7.018 1.133
303.15 0.798 0911 3.057 1.095 0.703 0905 4.994 1.129
308.15 0.730 0908 221 1093 0.653 0899 4217 1.125
313.15 0.667 0.904 1800 1.092 0.604 0.894 355 1.124
318.15 0.608 0.899 132 1.092 0559 0889 2759 112
323.15 0558 0894 1.075 1091 0521 0883 2162 1.115
328.15 0508 0888 0.712 1089 0471 0878 1738 1.111
333.15 0431 0883 0.631 1088 0.404 0872 1.171 1.106
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Table S7. Validation parameters of the proposed method.

Pesticides RT (minutes) R? Linear range (ug.L') LOD (ng.L?)
Diuron 7.5 0,999 0.01-25 25
3,4-dichlorophenylurea 7.3 0,996 0.01-25 75
3,4-dichloroaniline 7.6 0,995 0.01-25 75

Table S8. Concentration of diuron in surface water samples expressed as ng.L*!

Pesticides
Month Diuron 3,4-dichloroaniline  3,4-dichlorophenylurea
December/2015 200 350 150
February/2016 75 90 -
March/2016 - - -
April/2016 - - -
May/2016 - - -
June/2016 - - -
July/2016 500 - -
August/2016 470 1250 450
September/2016 350 1215 500
October/2016 815 1900 780
November/2016 280 410 230
December/2016 220 340 130

- : no detected
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6. Aqueous two-phase system based on tetrahydrofuran and glycerol: an

improve of atrazine detection water sample
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Abstract

The use of herbicides is the most serious factors of degradation in the quality of water resources.
The atrazine is used in control in pre and post-emergence weeds of broad leaved in plantations
of sugar cane, corn, orange. The contamination of water resources by atrazine can have serious
consequences for the environment and for human health. In this context, this work proposes a
method of concentration of atrazine surface water based on aqueous two-phase system (ATPS)
composed of tetrahydrofuran (THF) and glycerol. The tie-lines were determined, and
subsequently recovery of the atrazine in THF- rich phase was optimized from 70.90 to 96.47
wt%. In addition, the concentration factor of atrazine reached 250-fold with the optimized
system (30 wt% glycerol + 50 wt% THF, corresponding to tie-line length 93.90). The method
showed a linear response to atrazine between 0.05-5 pg.L? with correlation coefficient of
0.999, and a detection limit 50 ng.L™. This concentration allowed the identification and
quantification of atrazine in real samples of water collected in the basin hydrographic of the
Japaratuba River, in the state of Sergipe, Brazil, which was previously diagnosed as being free

of this compound, with values of 95 — 2400 ng.L™ in surface water.

Key-words: agqueous two-phase system, atrazine, concentration, detection
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INTRODUCTION

Pesticides are substances employed used to protect agriculture against a wide range of weed,
fungus and pest threats, avoiding economic losses and increasing agricultural productivity and
performance. (Hurtado-Sanchez et al., 2013). Among the thousands of pesticides on the market,
the herbicides are the most widely consumed, being sold a record of 902,408 tons in the year
of 2013 (increase of 9.6% compared to 2012) (Embrapa, 2014).

The atrazine (2-chloro-4-etilamino-6-isopropilamino-s-triazine) is being employed pre
and post-emergence weed control of broad leaf in plantations of sugar cane, corn, soybeans,
wheat, beans, and orange It belongs to the chemical group of triazines and solid at ambient
temperature (melting point of 176°C), featuring a half-life in the soil between 15 and 100 days
(Liu et al., 2015).

The contamination of water resources by atrazine can have serious consequences for the
environment and for human health. Although, even low concentrations, this herbicide presents
risks for species of aquatic organisms, which can concentrate these products up to 1000-fold.
Therefore, there is no predictable safe level for atrazine in water (Armas et al., 2007). The US
Environmental Protection Agency (EPA) sorts the atrazine as a possible human carcinogen
agent (US-EPA, 2005).

In order to monitor the presence of atrazine in surface water, the US-EPA established
maximum levels for the presence of atrazine of 3 pg.L* (US-EPA, 2005). European legislation
states that the maximum permissible concentration of pesticides in water is 0.1 pg.L™* (European
Commission, 2011). In Brazil, according to the resolution of the National Environmental
Council (CONAMA) No. 357 of March 2005, the maximum permitted limit of atrazine in
surface and groundwater is 2 pg.L™%. However, an accurate measuring of the contamination of
atrazine on surface water is crucial, because even in low levels of concentration in water can

cause serious problems for the aquatic environment and humans (Vasco et al., 2011).

60



The main analytical techniques used for the determination of atrazine are based on gas
chromatography-mass spectroscopy (GC-MS) (Bonansea et al., 2013), ultra-fast liquid
chromatography (UFLC), to TOF mass spectrometer (LC-MS) (Bernardi et al., 2016).
Nevertheless, the presence of unknown atrazine in low levels in matrices of water and the high
detection limits of the equipment traditionally used are the major shortcomings in the atrazine
identification and quantification. Therefore, it requires a methodology of concentration, which
normally uses membranes (Mehta et al., 2015), and solid phase extraction (Bonansea et al.,
2013; Bernardi et al., 2016). Thus, an alternative recovery and concentration is the use of
aqueous two-phase systems (ATPS) (Passos et al., 2012).

Agqueous two-phase systems (ATPS) are currently recognized as efficient pre-treatment
techniques for concentrating metabolites from one aqueous phase to another (Passos et al.,
2012). ATPS are composed of two aqueous phases formed by the constituent’s addition with
concentrations higher than the critical concentration of each component (Albertsson, 1990).

Various compounds may be used to promote the formation of ATPS such as polymer-
polymer systems (dextran + polyethylene glycol (PEG) and PEG + maltodextrin) (Gunduz e
Korkmaz, 2000; Madeira et al., 2011), ionic liquid — inorganic salt (Ventura et al., 2012),
organic solvent - inorganic salts (Souza et al., 2015) and recently, tetrahydrofuran +
carbohydrates/polyols) (Sousa et. al., 2016; Sousa et al., 2017).

In this sense, the tetrahydrofuran (THF) is an aprotic organic solvent, moderately polar
and completely soluble in water at room temperature (Bankovi¢-Ili¢ et al., 2015). THF was
described as able to form ATPS for lipase purification (Souza et al., 2015), partition of herbicide
(Sousa et al., 2016; Sousa et al., 2017).

In this work, we propose to apply the ATPS based by THF + glycerol as a strategy to
concentrate of atrazine present in water. For this, initially the partition coefficient and recovery

on top phase was optimization. After these evaluation, the ability of ATPS as a alternative to
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the concentration used in the in water atrazine identification and quantification was

investigated, followed by the detection limit of proposed method.

MATERIALS AND METHODS

Reagents

The ATPS of this work have been formed using glycerol (> 99.5% purity), tetrahydrofuran
(99.9% of purity) and atrazine (> 98% purity) were acquired by Sigma-Aldrich®. Water was
distilled and further treated with Milli-Q Plus 185 water purification equipment.

Water sample collection

The water samples were collected monthly during December/2015 to December/2016, as
monitoring of the basin hydrographic of the Japaratuba River, whose geographic coordinates
are 10° 42' 13.2" south latitude and 36° 59' 32.0" west longitude, located in state of Sergipe-
Brazil. These samples were conditioned in amber vials and stored at 253 K until further analysis
Tie-line

The tie-lines (TLs), which are straight lines that describe the composition of the coexisting
phases of a given mixture point, were determined by a gravimetric method. Different mixture
points at the biphasic region were prepared, vigorously stirred at 3000 rpm for 10 min and
allowed for at least 4 h at 298 K to reach equilibrium. After separation of the two phases, both
the top and bottom phases were weighted. Each individual TL was determined by application
of the lever-arm rule to the relationship between the top weight phase composition and the

overall system composition, as describe by the equation 1-4 (Merchuk et al., 1998).

[GLY]; = Axexp(B[THF]®) - (C[THFE) @)
[GLY]s = Axexp(B[THF]S®) - (C[THF]3) 2
GLY], {[GL;]M)_(l;aj[GLY]B -
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[THF]; {[THF]'V' )—(l_aj[THF]B (4)

a a

where the subscribes M, T and B mean, the initial mixture, the top and bottom phase,
respectively. The value of a is the proportion between the top phases mass and the total mass
of the mixture.

The tie line length (TLL) denotes the distance, i.e., the differences in composition,
between the glycerol-rich phase and the THF-rich phase and was calculated according to

equation 5:

TLL = \/([THF]T ~[THF]g ) 2 +([GLY1 1 —[6LYI )2 (5)

The critical point of each ATPS was also determined by extrapolating the TLs’ slopes of
individual systems followed by the fitting using equation 6.
[GLY]=f+g[THF] (6)
where f and g are setting parameters.

The consistency of the measured TLs was further checked using equation 7 the

Othmer—Tobias:

[100 —[THF]TJ ) [100 —[GLY]BJU
il LLL: o PR e

(7
[THF]¢ [GLY]g
and Brancroft, equation 8:
(100 —[THF]; - [FRU]TJ » [100 _[THF]B - [GLY]g jr ©
[THF; 2 [GLY]g

where ki, n, kz and r are fitting parameters. A linear dependence of log ((100-[THF]1)/[THF]r)
against log ((100-[GLY]g)/[GY]g) and log ((100-[THF]t-[GLY]r)/[THF]t) against log ((100-
[THF]e-[GLY]g)/[GLY]g) indicate the consistence of the results.

Atrazine Partitioning
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The ternary mixtures compositions used in the partitioning experiments were chosen based on
the phase diagrams determined in this work for tetrahydrofuran-glycerol-water system.
Different mixture compositions were studied to evaluate the effect of the concentration of the
phase-forming components through the recovery of atrazine. Atrazine at concentration of circa
33 mg.L? were also used as the aqueous solution. Each mixture was vigorously stirred,
centrifuged 4000 rpm for 10 min, and left to equilibrate for 4 h at 298 K (Marconi MA-127) to
reach the atrazine complete partitioning between the coexisting phases. After, a careful
separation of the phases was performed and the amount of atrazine in each phase was quantified
by spectroscopy using a UV-Vis spectrophotometer (Varin Cary 50 Bio UV/Vis) at the
wavelength of 222 nm. Each phase was diluted at a 1:5 (v:v) ratio in water. At least three
independent ATPS were prepared and 3 samples of each phase were quantified. The diuron
partition coefficient is the ration between the top (THF-rich) and bottom (glycerol-rich)
concentration. The maximum value of the partition coefficient was investigated varying the
values of TLL, thus acquiring a maximum value of Katz.

The recovery on top phase was determined by the solute in the top phase (Rt), which was

evaluated by the Equation 9.

100
Ry = 9)
1

1+
RyxKarz

where Ry is the volume ratio between the top (V) and the bottom (Vs) volume of the phase.
The maximum value of the Karz and Rt was investigated varying the values of tie-lines length
(TLL).

Atrazine concentration factor

The concentration factor of atrazine along the TL was evaluated through weight of water added
to the system per weight of THF-rich phase. The volume decreased of this phases leads to a rise

of the atrazine concentration factor. It should be noted that along the same TL the composition
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of each phase, the partition coefficient and recovery on top phase is maintained while varying
only the volume ratio of the phases. The systems of TLL (93.90) were prepared using graduated
centrifuge tubes (50 mL) content tetrahydrofuran (11.62 — 3.27 wt%) and glycerol (79.98 —
93.98 wt%), with the total weight of 50 g approximately (Marrucho & Freire 2016). In order to
apply the method proposed, standard solutions of atrazine (initial concentration of 5—0.5 pg.L"
1y were inserted into the ATPS at a concentration factor of 250-fold and the THF-rich phase.
Atrazine quantification in surface water

The quantification of atrazine was performed using ultra-fast liquid chromatography (UFLC),
chromatography system Shimadzu coupled to TOF mass spectrometer (LC-TOF system) was
used. The analysis was performed with an C-18 column (100 mm x 2 mm), at a flow rate of 0.2
mL.min™. The mobile phase consisted in a water:acetonitrile mixture with 0.1% formic acid.
The elution started at 2% of eluent B (acetonitrile) during 6 min, and then it was increased to
90 % until 13 min. After that, it was returned to the initial conditions in 13.1 min, and the
column was preequilibrated during 1.9 min obtaining a total run time of 15 min. The oven
temperature was at 313 K, with an ion polarity being positive and mass load range of 50-1000
(m/z). The detection/quantification of atrazine (215.7 g.molt) was performed wavelength of

222 nm.

RESULTS AND DISCUSSION

Tie-Lines (TL), Tie-Lines Length (TLL) and Critical Point (CP)

The equilibrium data for the ATPS in this work were reported by Sousa et al. (2016), based on
the binodal curves compositions by THF + glycerol and in the percentage of the partition
coefficient and recovery. In addition, because glycerol is low in cost and it is by-product of the
biodiesel industry, glycerol has been chosen as the suitable constituent for ATPS. A series of

tie-lines in the two-phase region of the binodal curve were investigated and are reported in
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shown in Figure 1 and Supplementary Table S1, together with the overall composition, TLL,
and critical point. The regression parameters (A, B and C), standard deviations (c) and
correlation coefficients (R?) were for the system THF + glycerol (A: 150.59 + 6.13, B: -0.31 +

0.01, C: 1.25 x 10 + 2.73x10” and R?: 0.997) (Sousa et al., 2016).
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Figure 1 Phases diagram for ternary systems constituted of tetrahydrofuran + glycerol + water,

tie-lines, mixture point (m, m, m, m), critical point (e), at 298 K and 0.10 MPa.

The tie-lines are approximately parallel to each other, thus allowing easily to estimate the
coexisting phase compositions for any system. The concentration of THF is higher in the top
phase and that of glycerol in the bottom phase, this is because the TLL represents the difference
between THF and glycerol concentrations in the upper and lower phases approximately
(Marrucho & Freire 2016). The critical point (CP) for the studied systems was estimated by
extrapolation from the TLs compositions applying Equation. (6) (Supplementary Table S2).

The consistency of the TLs was further checked using the Othmer—Tobias and Bancroft
equations (Equation 7 and 8), and the respective fitting parameters and correlation coefficient
(R?) are shown in Table 1. The TL data are reliable since the obtained regression coefficients

are close to 1, indicating therefore a good degree of consistency of the experimental data.
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Table 1 Parameter values of fitting parameters of Othmer-Tobias e Bancroft equation for the
ternary system composed of tetrahydrofuran + glycerol + water, correlation coefficients (R?)

and at 298 K and 0.10 MPa.

Othmer-Tobias Bancroft
n K1 R? r k2 R?
Glycerol 0.499 1.439 0.992 -0.235 0.1816 0.985

TLL effect in atrazine partition

Atrazine has preference for more hydrophobic and organic phases (2.84 < Katz < 15.17) as
reflected by its octanol-water partition (log Kow) is 2.34. In fact, THF is more hydrophobic
(log Kow = 0.53) than glycerol (log Kow = -2.32) (Chemical Spider, 2017). As shown by Yang
et al. (2014) in ATPS based on acetonitrile and KoHPOg in the recovery of atrazine herbicide
in the milk on bottom phase (K2HPQOj4-rich phase).

Especially about TLL, an intrinsic reduction of water content is measured when TLL is
increased, making the phases more hydrophobic (with fewer hydroxyl groups available), thus,
an adjusted balance of interactions between the atrazine and the phases of the system is reaching
(Marrucho & Freire, 2016), which promoted the partitioning of atrazine to the top phase. The
partition coefficients of atrazine increased from 2.84 + 0.6 (TLL = 30.30) to 15.17 £ 0.3 wt%
(TLL =93.90) (Figure 2) for the glycerol + THF system (data in Table 1). Sousa et al. (2017)
showed similar observations in the pesticide diuron partition (ATPS based THF +

carbohydrates).
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Figure 2 Tie Line length effect in the top recovery (blue bar) and atrazine partition
coefficient (O0) in aqueous two-phases system based in tetrahydrofuran and glycerol, at

298 K and 0.10 MPa.

The best atrazine recovery values found were 96.47 £ 0.2 wt% (TLL =93.90), was found
to be always above 70.90 + 0.4 wt%, as shown in Figure 7, these results showed that the
recovery of atrazine was higher in the top phase for longer TLL. Thus, based in the recovery
and atrazine partition coefficient in THF-rich phase, the chosen mixture point for the study
concentration process was TLL =93.90 (50% wt% of THF and 30% wt% of glycerol); Karz =
15.17 £ 0.3 and Rt = 96.47 + 0.9% wt%. The TLL values range from 30.30 to 93.90, which
means that it is possible to optimize the process to be more economical and environmentally
benign by decreasing the concentration of THF without losing the recovery on the top phase.
Atrazine concentration factor
The manipulation of the initial compositions along the same TL, and with a TLL value 93.90,
lead to different volume ratios of the coexisting phases (THF-rich and glycerol-rich phases),
while differing in the volume. Nevertheless, since the aim of this work is the concentration of
an aqueous sample containing atrazine in surface water, it should be considered that the amount

of the real sample added to the system will be the same amount of water required to create the
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initial mixture point. Thus, in this situation, the concentration factor is the ratio between weigh
of water (solution atrazine) added to the system per weight of THF-rich phase, as describe by
Marrucho & Freire (2016). In this context, was possible to obtain concentration factor of 250-
fold, as seen in Figure 3. This result corroborates with by Passos et al. (2012), in which obtained
a concentration factor of 100 of bisphenol using ATPS (mixture compositions: 2.5 wt% of IL
+ 45 wt% of K3POy).

80 T

70 1
60 4 TLL=93.90
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wt%, Glycerol
Figure 3 Concentration process the atrazine in the THF-rich phase, through the variation
of the initial mixture composition along the same TL (60 wt% of THF + 38 wt% of

glycerol), at 298 K and 0.10 MPa.

Concentration factor of 250 can be obtained in the TLL (93.90) of the ternary system
(Figure 3). The mixture points required to create these conditions are 3.27 wt% of THF + 93.98
wt% of glycerol. Li et al. (2005), reported the pioneering application of IL-based ATPS as a
pretreatment/extraction strategy in the analysis of opium alkaloids (codeine and papaverine).
The ATPS investigated was composed of [Csmim]CI and phosphate salt (K2HPOa).

In order to evaluate the applicability of the proposed method, standard solutions of
atrazine (range concentrations of 5 - 0.05 pg.L ™) were inserted into the ATPS at a concentration

factor of 250-fold and the THF-rich phase were analyzed for its quantification on LC-TOF.
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Therefore, the concentration of atrazine in surface water can increase at least up to 250-fold, in
a single-step, without saturating the THF-rich phase. The reproducibility study was performed
for three injections. The found atrazine detection limit was 50 ng.L™. Linear regression analyses
were performed using the observed concentration in the chromatography versus the expected
concentration, presenting a value of 1.0, indicating an excellent agreement between the
observed and expected values (Figure 4).

5

LOD: 50 ng.L!

Observed concentration (ug.L1)

Experimental concentration (ug.L1)

Figure 4 Plot of the observed concentration (represented by data points) versus

concentrations expected atrazine (represented by line).

To validate the proposed method, standard atrazine solutions in water pure at
concentrations ranged 0.05-5 pg.L™ were analyzed in LC-TOF (Supplementary Table S3).

The pre-concentration of atrazine from surface water is traditionally carried out by solid-
phase extraction (SPE) techniques and involve, according to well-known protocols of SPE
cartridges which are usually of US$ 4.68 by concentrated sample (the price of the SPE
(Discovery DSC-18, product 52603-U (Sigma-Aldrich®) - US$ 4.24; acetonitrile UHPLC Plus
>99.9% (Sigma-Aldrich®) — US$ 0.44). The cost of the ATPS is 0.37 (THF — US$ 0.02;
glycerol - US$ 0.35). The low of the ATPS is low is confirmed having a reduction in 92.09%

on the total cost of the concentration process.
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Atrazine analyses in water sample

Samples water from basin hydrographic of the Japaratuba River were analyzed in the LC-TOF,
with no detectable signs of the herbicide atrazine (Figure 5a). The concentration process using
ATPS with a concentration factor 250-fold was used to concentrate the surface water samples.
Subsequently, the THF-rich top phase was subjected to LC-TOF analysis for the detection and
quantification of atrazine (Figure 5b).

The atrazine presented significant signals in some months, obtaining the concentration
range 95 - 2400 ng.L* (Figure 6), the obtained values in the equipment were divided by 250-
fold for initial concentration knowledge in the samples (Supplementary Table S4). This result
agrees with the work de Vasco et al. (2011) where concentration 30 ng.L™ of atrazina was
detected in samples of S&o Francisco River located in Sergipe-Brazil.

The concentration of atrazine present in the surface water presented values above the
allowed, because was verified that nine of the twelve months analyzed were above the
maximum permissible concentration in relation to the European Community, which is 100 ng.L
! for any pesticide in water. The value in October/2016 found were also higher, to the maximum
limit established by the Brazilian legislation that is 2000 ng.L™* and within the American norm
established the EPA, where it has a maximum concentration of 3000 ng.L™* (Figure 6). Simple
detection of these contaminants causes a warning signal because in ecological terms it can cause
environmental impact, affecting algae, fungi, plants and mammals. In humans, exposure to
atrazine results in the formation of meta-hemoglobin in the blood as well as liver and spleen

abnormalities (Wong & Sotomayor, 2014).
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Figure 5 LC-TOF chromatograms of water samples from the hydrographic basin of the Japaratuba River in August/2016 without previous treatment

(a) and after ATPS (THF + glycerol) concentration of atrazine (b).
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Figure 6 Monitoring the atrazine after 250-fold concentration in water samples expressed

inng.Lt.

The collected surface water is used as captation water for human supply, this area
coincides with an area of agricultural activity to produce sugarcane, where the herbicide
atrazine is generally used to control weeds. It is possible to observe (Supplementary Table S4)
that concentrations of atrazine are related to the sugar cane production period, in the months
that it is not possible to detect the herbicide coincides with the off-season in the collection
region of the sugarcane and the month with the highest concentration of atrazine (2400 ng.L™)
coincides with the pre-harvest of the product.

The pluviometry index in the region where the water samples were collected, in months
February, March, April and May were 47, 57, 58 and 77 mm, respectively, coinciding with the
low concentrations of atrazine found in water during these months. However, the pluviometry
index for the months of June, July and August was 272, 215 and 195 mm, respectively, which
contributed to the leaching of atrazine in the soil. The herbicide concentration peak was in

October, due to the large application of this pollutant because it is the pre-harvest of the
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sugarcane as well as its leaching in the soil by the pluviometry index of the region in this period,

which it contributed to increases in the concentration of atrazine.

CONCLUSION

ATPS based THF + glycerol was successfully applied here to partition atrazine. The recovery
of atrazine in the phase THF-rich, where the percentage obtained reached 96.46 % and Karz =
15.17 (ATPS composition of 50 wt% THF and 30 wt% glycerol, with TLL = 93.90), revealing
the high affinity of atrazine for the more hydrophobic phase. Therefore, these types of system
were tested to evaluate the concentration capacity of atrazine in ATPS. It was found that by
tuning the mixture point composition for a minimum volume of the THF-rich phase, the
concentration of atrazine in surface water can be increased by up to 250-fold in a single step,
presenting a detection limit of 50 ng.L™X. This concentration of atrazine allowed the detection
and quantification of the compound in waters previously diagnosed as free of this compound,
presenting values of 95-2400 ng.L? for atrazine. In conclusion, small Kits containing the
optimized tetrahydrofuran and glycerol in fixed amounts, to which the surface water could be
simply added, can be conceptualized as a new and commercial complement to analytical for the

identification and quantification of atrazine is required.
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Table S1 Weight fraction composition for TLs and their respective TLLs of the ATPS formed
by glycerol () and tetrahydrofuran (X) at the top phase (T) (tetrahydrofuran rich phase) and

bottom phase (B) (glycerol rich phase), initial of the mixture composition (M) at 298 K and

0.10 MPa.
Weight fraction composition (wt%)
[GLY]m [THF]m [GLY]t [THF]r [GLY]s [THF]s TLL
Glycerol 16.99 4999 519 7733 2759 29.17 30.30

19.99 4499 493 8249 3511 2192 4913
24.99 50.01 3.86 89.03 44.02 1595 70.18

29.99 4998 218 96.60 53.94 11.09 93.90

Table S2 Critical point of system composed THF + glycerol + water, at 298 K and 0.10 MPa.

Critical point
RZ
[GLY] [THF] [water]
Glycerol -8.29 0.61 0.985 63.91 9.08 27.01
Table S3 Validation parameters of the proposed method.
Pesticide RT (minutes) R? Linear range (ug.L?) LOD (ng.L?)
Atrazina 7.9 0,999 0.05-5 50
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Table S4 Concentration of atrazine in surface water samples expressed as ng.L™

Month Atrazine
December/2015 600
February/2016 230
March/2016 95
April/2016 -
May/2016 -
June/2016 100
July/2016 540
August/2016 870
September/2016 1680
October/2016 2400
November/2016 955
December/2016 570

-: no detected
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Capitulo 7

7. CONSIDERACOES FINAIS

Visando superar uma das principais limitacdes na analise e monitoramento de &gua de
superficie, uma metodologia nova é aqui proposta para concentracdo dos herbicidas diuron e
atrazina pela aplicacdo SAB com base em THF.

Os herbicidas migraram preferencialmente para a fase rica em tetrahidrofurano (fase
de topo) em todos os SAB (tetrahidrofurano/frutose, tetrahidrofurano/glicerol) estudados.

A recuperacdo do diuron foi optimizada de 60,05 para 97,26 %, ja a recuperacao da
atrazina foi optimizada de 70,90 para 96,46 %. Além disso, o fator de concentracdo do diuron
atingiu 200 vezes e a atrazina atingiu 250 vezes. Essa concentracdao permitiu a identificacéo e
quantificacdo dos herbicidas em amostras reais de dgua coletada na bacia hidrografica do rio
Japaratuba previamente diagnosticada como isenta deste composto, com valores de diuron entre
150-1900 ng.L™* e de 95-2400 ng.L* para atrazina em aguas superficiais.

Diante do exposto, pequenos kits contendo o THF + frutose comercial (para diuron) e
THF + glicerol (para atrazina) otimizados em quantidades fixas, aos quais a 4gua superficial
poderia ser simplesmente adicionada, este método pode ser conceituado como um novo e

complemento comercial para a identificacdo e quantificacdo de herbicidas.
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