LEANDRO RODRIGUES DE LEMOS

SISTEMAS AQUOSOS BIFASICOS: UMA NOVA ABORDAGEM PARA A
DETERMINACAO DE p-AMINOFENOL

Dissertacao apresentada a
Universidade Federal de Vigosa,
como parte das exigéncias do
Programa de Pds-Graduacdo em
Agroquimica, para obtencdo do
titulo de Magister Scientiae.

VICOSA
MINAS GERAIS — BRASIL
2010



Ficha catalogréfica preparada pela Se¢éo de Catalogacéo e
Classificacdo da Biblioteca Central da UFV

T

Lemos, Leandro Rodrigues de, 1984-
L557s Sistemas aquosos bifasicos: uma nova abordagem para a
2010 determinagdo de p-aminofenol / Leandro Rodrigues de

Lemos. — Vigosa, MG, 2010.
xvii, 59f. : il. ; 29cm.

Texto em portugués e inglés.

Orientador: Maria do Carmo Hespanhol da Silva.
Dissertag@o (mestrado) - Universidade Federal de Vigosa.
Inclui bibliografia.

1. p-aminofenol. 2. Sistemas aquosos bifasicos. 3. Urina.
4. Paracetamol. 5. Agua. I. Universidade Federal de Vigosa.

I1. Titulo.

CDD 22.ed. 547.632




LEANDRO RODRIGUES DE LEMOS

SISTEMAS AQUOSOS BIFASICOS: UMA NOVA ABORDAGEM PARA A
DETERMINACAO DE p-AMINOFENOL

Dissertacédo apresentada a
Universidade Federal de Vigosa,
como parte das exigéncias do
Programa de Pds-Graduacdo em
Agroquimica, para obtengéo do titulo
de Magister Scientiae.

APROVADA: 22 de fevereiro de 2010.

Prof. Luis Henrique Mendes da Silva Prof®. Jane Sélia dos Reis Coimbra
(Coorientador) (Coorientadora)
Prof®. Ann Honor Mounteer Prof. André Fernando de Oliveira

Prof® Maria do Carmo Hespanhol da Silva
(Orientadora)



Dedico este trabalho aos meus

pais, Luciano e Nayane.



A agdo nem sempre traz felicidade, mas ndo hd felicidade sem agdo.
(Benjamin Disraeli)



AGRADECIMENTOS

A Deus pela forga e coragem para sempre continuar em frente.

A Universidade Federal de Vigosa e ao Departamento de Quimica, pela
possibilidade de realizag¢ao deste trabalho.

Ao Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico, CNPq, ¢ a
Fundagdo de Amparo a Pesquisa do Estado de Minas Gerais, FAPEMIG pelo apoio
financeiro.

Aos meus pais, Carlinhos e Silvina, pelo incentivo, amor, carinho, educacio e
por estarem sempre ao meu lado em todas as situacdes. Pai e Mae obrigado por tudo!

Ao meu irmao Luciano, pelo incentivo, apoio, amizade. Lu, sem vocé eu nunca
conseguiria chegar aqui. Valeu!

A Nayane, pelo amor, paciéncia, dedicagio que foram extremamente
importantes pra essa conquista. Obrigado Amor!

A toda minha familia e agregados (v0, vo, tias, tios, primos, Claudia, Dona Eni),
pela grande torcida e apoio.

A Carminha, mais do que uma orientadora uma amiga, pelo apoio, orientac¢io e
por confiar no meu potencial. Seu exemplo e seus conselhos foram fundamentais, e
estardo sempre comigo na minha vida profissional e pessoal. Muito obrigado mesmo!

Ao Luis, um mestre, no sentido mais amplo dessa palavra; talvez, para ser mais
justo teria que usar o artigo definido, O MESTRE. Outro exemplo que carregarei
sempre comigo. Obrigado Luis!

Aos professores André, Jane e Ann, por aceitarem prontamente participar desta

defesa.



Ao grande amigo Guilherme, que eu agradeco ndo so6 pela ajuda importantissima
nesse trabalho, mas também pelos muitos anos de convivéncia. Valeu Feido, continue
assim que vocé vai alcangar seus objetivos. Oh Loyola!!!!

A Pamela que me ajudou bastante na condugdo deste trabalho. Valeu
paminharocha!

A todos os companheiros do grupo QUIVECOM, em especial a Vivianne pela
amizade, almocos e churrascos em Cajuri.

Aos grandes amigos Tonimar e Helisson, pelos bons momentos.

Agradego a todos que de forma direta ou indireta contribuiram para essa

conquista!



BIOGRAFIA

Leandro Rodrigues de Lemos, filho de Carlos Otavio de Lemos e Silvina
Rodrigues de Lemos, nasceu em 03 de dezembro de 1984, na cidade de Manhumirim,
Minas Gerais.

Em marco de 2004 ingressou no curso de Quimica da Universidade Federal de
Vigosa, diplomando-se com o titulo de Licenciatura e Bacharelado em julho de 2008.

Em agosto de 2008, iniciou o curso no Programa de Pds-graduagdo em
Agroquimica, em nivel de Mestrado, na Universidade Federal de Vigosa, submetendo-

se a defesa de dissertacao em fevereiro de 2010.

vi



SUMARIO

LISTA DE SIMBOLOS E ABREVIATURAS........coovieeeeeeeeeeeeeerereeneeens ix
LISTADE FIGURAS. ..ottt Xii
LISTADE TABELAS. ...ttt Xiv
RESUMO ...ttt sttt st sb et XVi
ABSTRACT ..ottt ettt s ae st et et e e aenae e Xvii

Capitulo 1: Revisdo de metodologias analiticas para a determinacdo de

P-aMINOTENOL........ooiiiiiieeee e 1
L1 INErOAUGAO ..t et e e e et e e et e e e e e aaaeae s 1
1.2. Metodologias analiticas para a determinagdo de p-aminofenol......................... 4
1.3. Referéncias BibliOGraficas. ........ccoocuiriieiiiiiiieiiieiieceee et 11
Capitulo 2: Sistemas AQU0S0S BIfaSICOS..........cc.covevveviiiiieieicieeeeeeeee e 15
2.1 Comportamento de particado de um soluto em um SAB...........ccceeviiieiiieecienn. 18
2.2 Referéncias biblioraficas...........ccoeviiiiiiiiiiiiiiieeee e 24

Capitulo 3: Aqueous two-phase system: a new approach for the

determination de p-aminofenol in water and

biochemical samples....... ... 29

ADSTTACT. . .ot 29
L INtrodUCHION. ... e 31
2. EXperimental. ... ..ot 34
0 B o) o 0 11 34

2.2, ChemiCalsS. .....ouuiei e 34

2.3. ATPS composition, solutions and standards......................c..eeee. 34

2.4, PrOCRAUIE....cueeeieiieieeteee ettt ettt et 36

2.5. Partitioning eXperimentsS. ........coueeenreeieeeeteeiteeaeeeireeneeanneannns 37

2.6. Water SAmPIes. ....ouiniii i 37

2.7. Determination of p-aminofenol in paracetamol formulations............ 38

2.8. Analysis of urine samples............oooviiiiiiiiiiiiii e 38

vii



3. Results and DiSCUSSION. ...ttt 39

3.1. Chemical and spectral characterisitics..............cevviiiiiiiinninnennn. 39
3.2. Phase dia@rams. ........couuvuiiiniiiie e e 41

3.3. Influence of tie-line length (TLL) and electrolyte on the partioning
BEhaAVIOT. . .o 41
3.4. Study of the sensitivity of the method......................coooiiiiii, 46
3.5. Analytical features of the developed procedure........................... 48
3.6. Application to real samples............ccoooiiiiiiiiiiii 49
003 4 1ed 1D T ) & 51
5. ACKNOWICAZMENLS......cviiiiiieiiieiieiieeie ettt e sase s eane s 51
6. ReTerenCes. .. .o 52

viii



LISTA DE SIMBOLOS E ABREVIATURAS

% (m/m) — Porcentagem massa/massa
4-AAP — 4-aminoantipirina
a5 € a5, —Atividade do soluto na fase superior e na fase inferior, respectivamente

¢ — Absortividade molar

¢; — Energia potencial do par i

p —Numero de sitios por unidade de volume

#™ e ¢ — Fragio volumétrica do componente i na fase superior e inferior,

respectivamente

W, — Energia de formagdo do par entre o soluto € o componente i
W; — Energia de formagdo do par entre os componentes i € J.

A. e A, — Absorbancia do soluto na fase superior e na fase inferior

FS Fl ~ ’ . . . .
Cro € C,o —Concentragdo de polimero em fase superior e inferior, respectivamente
C5 e C/| —Concentragdo de sal em fase superior e inferior, respectivamente

Cs e C, —Concentracdo do soluto na fase superior e na fase inferior, respectivamente

CE — capillary electrophoresis

CLA ou TLL —Comprimento de linha de amarrag@o ou tie-line lenght, respectivamente
CLAE-DE — Cromatografia liquida de alta eficiéncia com detector de elétrons
CLAE-UV - Cromatografia liquida de alta eficiéncia com detector ultravioleta
CONAMA — Conselho Nacional do Meio Ambiente

CV — Coeficiente de variacao

DNA — Acido desoxirribonticleico



EAM UV/Vis — Espectrometria de absor¢ao molecular no ultravioleta/visivel
EC-DE — Eletroforese capilar com detector de elétrons

EC-UV - Eletroforese capilar com detector ultravioleta

ELLT — Extra¢ao liquido-liquido tradicional

FI — Fase inferior

FIA-EAM UV/Vis — Anélise de inje¢do em fluxo com detector de Espectrometria de

absor¢ao molecular no ultravioleta/visivel

FS —Fase superior

GC — Gas chromatography

HL — Cloreto de hidroxilamina
HPBI — 2-(2-Hidroxifenil)-1H-benzimidazol
K —Coeficiente de parti¢ao

LA —Linha de amarracao

LB — Linha binodal

LC - Liquid chromatography
LOD — Limite de detecao

LOQ - Limite de quantificagdo
M —Massa molar

M, —Massa molar do soluto,
Nes € N, —Numero total de moléculas na fase superior e inferior, respectivamente

NMR — Nuclear magnetic resonance

NPS — Nitroprussiato de sddio

PAP — p-aminofenol

PCP — p-clorofenol

PEO1500 — Poli(6xido de etileno) 1500 g mol™

R — Coeficiente de correlagdo linear



R —Constante geral do gases,

SAB ou ATPS — sistemas aquosos bifasicos

T —Temperatura,

Triton X-100 — Polioxietileno octil fenil éter (C14H220(C2H40)n com (n = 9-10))
Ve e V, —Volume da fase superior e inferior, respectivamente

W, — Porcentagem massa/massa de polimero

W, — Porcentagem massa/massa de sal

WWTP — Estagdo de tratamento de 4gua residudria

z — Numero de sitios vizinhos

xi



Capitulo 2

Figura 1.

Figura 2.

Capitulo 3

Fig. 1.

Fig. 2.

LISTA DE FIGURAS

Sistemas aquosos bifasicos

Composi¢des do SAB composto por Poli(6xido de etileno)

1500 g mol™ (PEO1500) + sulfato de litio + 4gua 4 25 ° C

Representagdo grafica de um diagrama de fase expresso em
coordenadas retangulares para um SAB formado por polimero

T 8al F AGUA...eiiie e

Aqueous two-phase system: a new approach for the
determination of p-aminophenol in water and biochemical

samples

Absorption spectra of the [Fey(CN)o]'"" anion formed by the
reaction system between NPS, HL and (—) PAP, and (:--) a blank
assay spectrum in the PEO1500/Li,SO4 aqueous two—phase

system (ATPS) with a tie-line length (TLL) of 41.71 %

Partition coefficient (K ) of [Fea(CN)10]'* anion water

[Fey(CN)3o1'*”

ATPS as a function of increasing tie—line length (TLL), in ATPS

Xii

17

17



Fig. 3.

composed of PEO 1500 + salt + water. (A ) K;HPO4 + KOH; (0)

Na;SOy; (m) Li,SO4 and (0) Li,SOy4 in the presence of PCP......... 42

Effect of tie-line length (TLL) and electrolytes on the PAP
determination in an aqueous two—phase system (ATPS) composed
of PEO1500, salt and water: (m) Li,SO4, (0) K;HPO4 + KOH and

(A ) N23SOi oo seeeeeeeeeeseesseesseeeeeseeeseeeesesseeseeeeseseeeseeee s 47

Xiii



Capitulo 1

Tabela 1.

Tabela 2.

Tabela 3.

Tabela 4.

Tabela 5.

Capitulo 3

LISTA DE TABELAS

Revisdo de metodologias analiticas para a determinacao de p-

aminofenol

Propriedades fisico-quimicas do p-aminofenol [Adaptada, ref. 10].

Melhores condi¢des experimentais obtidas por Ettinger e et al.

[AAPL. L] e

Figuras de mérito e outros parametros para o método da 4-AAP

Parametros analiticos do método desenvolvido por Kang et al. [20].

Limites de detec¢do e quantificacdo de diversas técnicas usadas na

determinagd@0 de PAP .......cooooiiiiiiieeeeeeee e

Aqueous two-phase system: a new approach for the
determination of p-aminophenol in water and biochemical

samples

Xiv

10



Table 1.

Table 2.

Table 3.

Table 4.

Percent composition (w/w) for PEO1500 (wp), salt (ws) and water

aqueous two—phase systems (ATPS) at 25.0°C...........cceeeeneenn. 36

Comparison of the analytical figures of merit of the proposed

method (ATPS) with the standard method (4—AAP) [33]............. 49

Recoveries (%) of PAP in several water samples (n = 3)............. 50

Determination of PAP in pharmaceutical and human urine samples

XV



RESUMO

LEMOS, Leandro Rodrigues de, M.Sc., Universidade Federal de Vigosa, fevereiro de
2010. Sistemas aquosos bifasicos: Uma nova abordagem para a determinacéo de p-
aminofenol. Orientadora: Maria do Carmo Hespanhol da Silva. Coorientadores: Luis
Henrique Mendes da Silva e Jane Sélia dos Reis Coimbra

Este trabalho apresenta inicialmente uma breve revisdo sobre sistemas aquosos
bifasicos (SAB) e metodologias analiticas para determinag¢dao de p-aminofenol (PAP)
com énfase nas técnicas espectrofotométricas. Um novo método foi desenvolvido para a
determinagdo de PAP em agua, formulagdes de paracetamol e urina humana. Este
procedimento explora um SAB como técnica de extracdo liquido-liquido e a reagdo de
PAP, nitroprussiato de so6dio (NPS) e hidrocloreto de hidroxilamina (HL) em meio
alcalino (pH = 12), produzindo um 4nion complexo [Fey(CN)o]' que

espontanecamente se transfere para a fase superior do sistema (K =97.7). 0

[Fes (CN)jo1'""
SAB ¢ formado majoritariamente por agua e nado utiliza solvente organico. Os outros
componentes do SAB sdo polimero, poli(6xido de etileno), e sais (i.e., Li,SO4, Na;SOy4
or K,HPO, + KOH). O método apresentou uma faixa linear de 5,00 a 500 pg kg™ (R >
0,9990; n = 8) com coeficientes de variacao de 2,11 % (n = 5), um limite de detecgdo
(LOD) de 2,40 pug kg ' ¢ um limite de quantificagio (LOQ) de 8,00 pg kg '. O método
SAB exibiu recuperacdes entre 96,4 e 103 % para a determinacdo de PAP em amostras
de agua e efluentes, em excelente acordo com os resultados do método padrdo da 4-
aminoantipirina (4-AAP) para as mesmas amostras. O método proposto também foi
usado para a determinagdo de PAP em formulagdes farmacéuticas de paracetamol e

amostras de urina humana com recuperagdes entre 94,9 ¢ 101 %.
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ABSTRACT

LEMOS, Leandro Rodrigues de, M.Sc., Universidade Federal de Vigosa, February of
2010. Aqueous two—phase system: a new approach for the determination of p-
aminophenol in water and biochemical samples. Adviser: Maria do  Carmo
Hespanhol da Silva. Co-advisers: Luis Henrique Mendes da Silva and Jane Sélia dos
Reis Coimbra

This work initially presents a brief review of aqueous two-phase systems
(ATPS), and analytical methodologies for PAP determination with emphasis in
spectrophotometric techniques. A new method has been developed for the
spectrophotometric determination of p—aminophenol (PAP) in water, formulations of
paracetamol and human urine. The procedure exploits an aqueous two—phase system
(ATPS) liquid-liquid extraction technique and the reaction of PAP, sodium
nitroprusside (NPS) and hydroxylamine hydrochloride (HL) in an alkaline medium (pH
12.0), producing the complex anion [Fe,(CN);o]'" that spontaneously concentrates in

the top phase of the system (K = 97.7). The ATPS is formed mostly by

[Fey(CN);p1'"”
water and does not require organic solvent. The other components of the ATPS were
polymer, polyethylene oxide, and salts (i.e., Li,SO4, Na,SO4 or K;HPO4 + KOH). The
linear range was 5.00 to 500 pg kg™ (R > 0.9990; n = 8) with coefficients of variation
of 2.11 % (n = 5). The method exhibited a limit of detection (LOD) of 2.40 ug kg™ and
a limit of quantification (LOQ) of 8.00 pg kg . The ATPS method showed recoveries
between 96.4 — 103 % for the determination of PAP in natural water and wastewater
samples, in excellent agreement with the results of the standard 4—aminoantipyrine (4-
AAP) method for the same samples. The proposed method was also used for the
determination of PAP in paracetamol pharmaceutical formulations and human urine

samples with recovery rates between 94.9 — 101 %.

XVii



Capitulo 1
Revisdo de metodologias analiticas para a determinacéo de
p-aminofenol

1.1 Introducéo

Nos ultimos anos a preocupagdo com a poluigdo ambiental e seus efeitos no
clima, na disponibilidade de recursos hidricos e na fertilidade dos solos entre outros,
tem aumentado muito; haja vista que a populagdo humana tem sido afetada
drasticamente por essas mudancas no seu habitat, como por exemplo, a producido de
alimentos que exige cada vez mais insumos, o tratamento de 4gua para consumo
humano que requer processos mais elaborados, etc. A busca por alternativas para a
diminui¢do da poluicdo do planeta tem sido foco de diversos encontros e acordos
internacionais, como o Protocolo de Quioto (Quioto — Japao, outubro de 1988), a ECO-
92 (Rio de Janeiro — Brasil, junho de 1992), e mais recentemente a realizacdo do COP -
15 (Copenhague — Dinamarca, dezembro de 2009). Os corpos de dgua sdo os principais
receptores dessa poluicdo. Todos os dias milhdes de metros cubicos de esgostos
domésticos e efluentes industriais sdo langados nos rios, lagos e mares, além dos
poluentes do solo e do ar que sdo carreados pela chuva. A presenca de diversos
poluentes organicos, entre eles os compostos fendlicos, metais e etc, acaba
inviabilizando a utiliza¢do desse recurso na irrigacdo e no abastecimento industrial e da
polucdo humana.

Um dos principais grupos de poluentes, que chegam ao meio ambiente oriundo
de diversas atividades industriais e agricolas sdo os fendis e seus derivados. Eles sdo

considerados poluentes prioritdrios, pois, mesmo em baixas concentragdes sao



extremamente toxicos [1]. As principais fontes desses compostos sdo as industrias de
corantes, pesticidas, papel e celulose, petroquimica e siderturgica [2-6].

Os limites de fendis totais permitidos em corpos de agua ¢ regulamentado pela
resolu¢do do CONAMA n° 357 de 17 de margo de 2005 [7]. Para as aguas doce e
salobra destinadas ao consumo humano, irrigagdo de hortaligas e de frutas que sejam
consumidas cruas e sem retirada da pelicula, protecdo de comunidades aquaticas e para
o lazer com contato primario (Aguas Doce Classe 1 ¢ Salobra Classe 1) o limite
permitido de fenois totais ¢ de 3 pg L. Em 4guas destinadas ao consumo humano ap6s
tratamento avancado, a pesca amadora, a irrigacdo de culturas arboreas, cerealiferas e
forrageiras, e a recreacio de contato secundario (Aguas Doce Classe 3) é permitido
concentragdes de até 10 ug L. Aguas salinas usadas em recreagio de contato primario,
a preservacdo de comunidades aqudticas, em atividades de pesca e na aquicultura
(Aguas Salinas Classe 1) a concentragio méaxima permitida é de 60 ug L™ de fenois
totais. Essa resolug@o ainda dispde sobre o langamento de efluentes de qualquer fonte
poluidora em corpos de dgua, sendo que a concentracio de fenois totais ¢ limitada a 0,5
mg L.

Fenodis totais ¢ definido pela regulamentagdo do CONAMA [7] como
substancias que reagem com a 4-aminoantipirina (4-AAP). Esses substancias sdo o
fenol, o-cresol, p-clorofenol, o-nitrofenol, p-aminofenol (PAP) entre muitas outras [8].
Entre os derivados do fenol, o PAP ¢ um dos compostos mais usados em processos
industriais e farmacéuticos. Desde 1994 a produ¢do mundial de PAP tem crescido em
média 5% ao ano [9], devido a isso tem-se aumentado o volume de efluentes gerados

por essas industrias.



O PAP ¢ aplicado na industria de tintas e corantes, como revelador fotografico,
como anticorrosivo em lubrificantes entre outros [11]. e é responsavel pela grande parte
da constitui¢do de compostos fendlicos nos efluentes dessas industrias.

Além disso, o PAP ¢ um composto fundamental para a producdo industrial do
paracetamol, que tem efeito analgésico e antipirético, sendo uma das formulagdes
farmacéuticas mais consumidas no mundo, e ainda, ¢ o principal produto de degradacao
hidrolitica desse farmaco [12].

O PAP ¢ um composto formado por um anel benzénico ligado a uma hidroxila,
que forma o fenol, e a um radical amina na posi¢do para. As principais propriedades

fisico-quimicas deste composto estdo exibidas na Tabela 1.

Tabela 1: Propriedades fisico-quimicas do p-aminofenol [Adaptada, ref. 10]

Propriedade Valor
massa molar 109,13 g mol™
temperatura de fusao 189,9°C
temperatura de ebuli¢do 284,0°C
constantes de dissociagao pK;=5,48 ¢ pK, = 10,46
pressao de vapor 5,31 Pa
solubilidade em agua 6,5gL"
coeficiente de particdo octanol/agua 1,096

Ele ¢ toxico e irritavel aos olhos, pele e sistema respiratorio, além de aumentar a
temperatura do corpo humano e ¢ caracterizado por ter uma meia vida longa (o tempo

que requer para a metade do PAP ser removido do organismo através de processos



biofisicos e bioquimicos) [12-13]. As pharmacopéias européia, britdnica e americana
limitam em 50 pg a dosagem méxima de PAP em comprimidos de paracetamol [14-16].
O desenvolvimento de técnicas analiticas para a determina¢do deste analito ¢
fundamental para a aplicacdo das legislagdes vigentes que limitam o teor maximo de

PAP em aguas, dguas residudrias e formulagdes farmacéuticas.
1.2. Metodologias analiticas para a determinacao de PAP

Técnicas espectrofotométricas para a determinacdo de fendis totais em aguas
tém sido bastante relatadas nos tltimos 70 anos. Um dos primeiros métodos reportados,
e ainda hoje um dos mais usados ¢ o da 4AAP, que ¢ o método do “Standard Methods
for the Examination of Water and Wastewater” [17] para a determinag¢do de compostos
fenolicos em aguas e aguas residudrias. Em 1943 Edgar Emerson [18] descreveu a
reacdo entre o fenol e a 4AAP em meio alcalino e oxidante, conforme a reacdo geral
para compostos fendlicos representado na Equacgdo 1, formando um composto com
coloracdo vermelha intensa (A = 500 nm). Esta reagdo foi proposta como um método
qualitativo para andlise de compostos fenolicos em 4gua. Emerson estudou a

absortividade molar para varios derivados do fenol, inclusive para o PAP.

CH
C.H 6Hs
76''S OH |

N
0NN _CHy ox” Sy~ CHs
‘NT Ni K[Fe(CN),] (1)
+ —— e
OH = CH



A Tabela 2 mostra as melhores condigdes experimentais para determinacdo de
fenol obtidas por Ettinger et al. em 1951 [19]. Este método apresentou um limite de
detecgdo muito alto (100 mg L), por isso foi proposta uma etapa de extragio liquido-
liquido, a fim de promover a pré-concentragdo do composto formado para uma pequena

fase formada por cloroférmio, melhorando assim a sensitividade da reagao.

Tabela 2. Melhores condi¢des experimentais obtidas para a determinagao de compostos
fenodlicos por Ettinger ¢ et al. [adap.19]

Parametro Valor
pH 10,0 + 0,2
faixa linear (0,04 — 1,0) mg kg™
[4-AAP] 60 mg kg™
[Ks[Fe(CN)g] 400 mg kg™’
caminho 6tico 5cm
volume de amostra 500 mL
volume de cloroférmio 30 mL
Amix 500 nm

O método apresentado no “Standard Methods for the Examination of Water and
Wastewater” para a determinacdo de fenois totais sdo semelhantes as propostas por
Ettinger et al. A Tabela 3 mostra as figuras de mérito e alguns parametros obtidos para

este método.



Tabela 3. Figuras de mérito e outros parametros para o método da 4-AAP [17]

Parametro Método 4-AAP (sem extracao)
faixa linear (1000-5000) pg L™
coeficiente de correlagdo linear (R) 0,9998
caminho optico 1,00 cm
limite de detegdo (LOD) 100 ug L
precisao 0,350 %

Como pode ser observado na Tabela 3, o método padrdo sem uma etapa de
extracdo (pré-concentracdo) exibe um LOD bastante alto, e portanto ndo atende aos
limites da legislagdes ambientais e farmacéuticas. Utilizando uma etapa de pré-
concentragio e um caminho 6ptico de 5 cm, esse método atinge um LOD de 1 pg L'
para o fenol [17]. Como a reag@o ¢ mais sensivel para o fenol do que para o PAP, para
este 0 LOD deve ser um pouco mais alto. A desvantagem desta etapa € o alto consumo
de amostra (500 mL por andlise) e uso de cloroférmio, que € extremamente toxico ao
homem e ao ambiente [20].

Mais recentemente, Kang et al. [21] desenvolveram um método baseado na
reacdo descrita por Nagaraj et al. [22] entre o fenol ¢ o nitroprussiato de sédio em meio
basico com cloreto de hidroxilamina, formando o complexo cromoéforo,

decacianodiferrato ([Fex(CN);0]'"), representado na Equacio 2.

OH 0]

+OH —= + H,0
2
) o
NO

2 [Fe(CN)sNOJ> +2 + 6 NH,OH +6 OH" [Fex(CN)yg'® +2 + 3N, +12H,0




O meio basico promove a desprotonagdo da hidroxila deixando o anel mais
reativo. A maior densidade eletroncia do grupo fenolato favorece a ocorréncia de uma
reacdo eletrofilica no anel benzénico. O grupo nitroso do nitroprussiato de sddio (NPS)
ataca o anel, formando o complexo decacianodiferrato que exibe uma coloragdo azul-
esverdeada, com o comprimento de onda de maxima absor¢do em 700 nm. Os

parametros analiticos obtidos pelos autores estdo representados na Tabela 4.

Tabela 4. Pardmetros analitcos do método desenvolvido por Kang et al. [20]

Parametro Valores
faixa linear (50 - 5000) pg L™
coeficiente de correlagdo linear (R) 0,9996
caminho optico 2,00 cm
limite de detegdo (LOD) ~50 ug L
absortividade molar (¢) 1,38 10° L mol” cm™
precisao 2,6 %

O método desenvolvido sofre a interferéncia de ions como Mg(Il), Cu(Il),
Fe(II), Fe(III), AI(III), NH4", PO,>", HCO5", HSO5 ¢ S* acima de concentrac¢des iguais a
100 mg L' desses concomitantes, e além disso o método possui limite de deteccdo
inadequado para a quantificagao de fenol em aguas.

Filik e Tavman [23] desenvolveram um método baseado na reagao entre o PAP
e 0 2-(2-Hidroxifenil)-1H-benzimidazol (HPBI) em meio oxidante produzindo um
composto cromoéforo azul, chamado indofenol. O PAP ¢ inicialmente desprotonado e
oxidado com o periodato de potéssio, € na sequéncia ocorre um acoplamento entre este
composto formado e o HPBI por uma reacao de substituicao eletrofilica, de acordo com

a Equacao 3.
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A novidade desse método ¢ uma etapa de pré-concentracdo utilizando a técnica
de ponto nuvem. Essa técnica baseia-se na separacdo em duas fases de uma solucao de
surfatante, apds um aumento de temperatura. Inicialmente prepara-se uma solucdo do
surfatante em uma concentragdo adequada e ao aquecé-la a uma determinada
temperatura o sistema anteriormente contendo uma fase isotropica, separa-se em duas
fases. A fase superior ¢ rica em micelas do surfatante e a fase inferior € rica em agua

com mondmeros do surfatante. Compostos mais apolares particionam preferencialmente



para o interior das micelas na fase superior. As grandes vantagens dessa técnica sao o
baixo custo, obtem-se altos indices de pré-concentragdo e o fato de ser ambientalmente
segura [24]. O surfatante utilizado foi o polioxietileno octil fenil éter
(C14H,0(C,H40))n com (n = 9-10), também conhecido como Triton X-100 a uma
concentragdo de 0,4 % (m/m) em uma temperatura de incubagdo (para a separagdo de
fase) de 80 ° C por 3 min. O método exibe um limite de detec¢do de 55 ug L' que ndo é
adequado para andlises de PAP em corpos de agua e em formulagdes farmacéuticas
[23].

Virias outras técnicas analiticas sdo aplicadas também a determinacdo de PAP
em paracetamol e outras matrizes. A Tabela 5 mostra vérias destas técnicas e seus
limites de deteccdo e quantificagdo. Observando os dados mostrados na Tabela 5
conclui-se que as técnicas cromatograficas sdo as mais sensiveis, apresentando limites
de detecgdo de até 1 ug L™, porém estas sdo de custo elevado. As técnicas baratas e
simples, em muitos casos, ndo atendem as necessidades das legislacdes, mostrando
assim a importancia de desenvolver métodos sensiveis e em acordo com os principios

da quimica verde [25].



Tabela 5. Limites de deteccdo e quantificagdo de diversas técnicas usadas na
determinagdo de PAP

Técnica Matrizes LOD(ugL™") LOQ(ugL™") Referéncia
EAM UV/Vis (4-AAP) Aguas 100 - 17
EAM UV/Vis (NPS) Aguas ~ 50 - 21
EAM UV/Vis (HPBI) Aguas 55 - 23
Espectrometria UV Paracetamol 46 - 26
Espectrosmetria UV Paracetamol 41 - 26
CLAE-UV Paracetamol 100 300 27
CLAE-UV Paracetamol 25 - 26
CLAE-UV Paracetamol 50 145 28
CLAE-DE Paracetamol 1,0 3,5 29
CLAE-DE Paracetamol 4.0 - 29
CLAE-DE Paracetamol e 50 - 30

Urina

EC-UV Paracetamol 11 37 31
EC-DE Paracetamol 120 - 32
EC-DE Paracetamol 540 - 33
FIA-EAM UV/Vis Paracetamol - 10 34

EAM UV/Vis = Espectrometria de absor¢do molecular no ultravioleta/visivel

UV = Ultravioleta

CLAE-UV = Cromatografia liquida de alta eficiéncia com detector ultravioleta

CLAE-DE = Cromatografia liquida de alta eficiéncia com detector de elétrons

EC-UV = Eletroforese capilar com detector ultravioleta

EC-DE = Eletroforese capilar com detector de elétrons

FIA-EAM UV/Vis = Analise de injecdo em fluxo com detector de Espectrometria de absor¢do
molecular no ultravioleta/visivel
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Capitulo 2

Sistemas aquosos bifasicos

O primeiro pesquisador a relatar a formagao de um sistema aquoso bifésico foi
Beijerinck [1,2] no final do século 19. Ele observou que ao misturar solugdes aquosas
de amido soluvel com gelatina, ou dgar com gelatina em concentragdoes adequadas € em
uma determinada temperatura, formava-se uma mistura que apresentava turbidez; que
depois de algum tempo em repouso separava-se espontaneamente em duas fases
limpidas. Ele ainda observou que a agua era o principal componente das duas fases do
sistema, com a fase superior rica em gelatina e fase inferior rica em agar (ou amido).

Ostwald e Herte [3,4] em estudos posteriores observaram que amidos
provenientes de diferentes origens (arroz, milho, trigo etc.), isto €, com diferentes
propor¢des de amilose e amilopectina produziam diferentes diagramas de fase. Este
comportamento mostrou a grande influéncia que variagdes minimas nas interagoes
intermoleculares tinham sobre as composi¢des em equilibrio.

Ja no final da década de 40, Dobry e Boyer-Kawenoki [5,6] a fim de verificar o
comportamento de separacao de fase em sistemas contendo macromoléculas, estudaram
a miscibilidade de diferentes pares de polimeros dissolvidos em solventes organicos ou
em agua. Eles observaram a generalidade da incompatibilidade entre polimeros, ja que
dos 35 pares de macromoléculas estudados, apenas quatro ndo geravam um sistema
biféasico.

As potencialidades desses sistemas ficaram evidentes apenas na década de 50
com os trabalhos de Albertsson [7], onde a aplicagdo destes sistemas para

particdo/purificagdo de materiais bioldgicos, como células e proteinas foi conhecida
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pela comunidade cientifica. Como as fases inferior e superior eram formadas
majoritariamente por agua, elas ofereceram um ambiente menos drastico para as
biomoléculas do que os solventes organicos utilizados nas extragdes liquido-liquido
tradicionais (ELLT), evitando assim, que elas perdessem suas conformagdes
responsaveis por suas atividades biologicas.

Na década de 80 Zvarova et al. [8] estudaram o comportamento de particao de
ions metalicos na presenca de extratantes soliveis em dgua em sistemas aquosos
bifasicos (SAB). A partir de entdo os SAB tém sido largamente aplicados na separagao,
purificacdo e pré-concentracdo de diversos tipos de solutos como organelas celulares,
[9,10] proteinas [11], membranas [12], DNA [13], anticorpos [14], nanoparticulas [15],
corantes [16-17] e ions [18-22].

Os SAB s3o formados espontaneamente apds a mistura de duas solucdes
aquosas de polimeros hidrossoluveis quimicamente diferentes [23], ou apOs a mistura de
uma solucdo aquosa de polimero e uma solucdo de eletrélito [24] ou entdo a mistura de
duas solugdes de sal [25]. A formagao do sistema bifasico s6 ocorre em determinadas
condi¢des termodindmicas como temperatura, pressao e concentragdo dos componentes,
condi¢des estas que sdo especificas para cada SAB [26]. Considerando SAB formados
por mistura de solugdes aquosas de polimero e sal nas condi¢cdes necessarias para a
formagdo de um sistema heterogéneo, a fase superior serd rica em polimero, e a fase

inferior enriquecida com sal [26], como na Figura 1.
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Fase Superior

(PEO1500] = 44,40 % (m/m)
Composicio Global || [Li;50,]=3,25% (m/m)
[PEO1500] - 24,46 % {m/m) |
(Li,SO,] - 10,66% {m/m) :_'__ Fase Inferior
[H,0] = 62,88 % {m/m) +——4| [PEC1500] = 5,91 % (m/m)
*oe | [Li,SO,]-19,32 % (m/m)
*Se/ [H,0]=74,77 % {m/m)

Figura 1. Composi¢des do SAB composto por Poli(éxido de etileno) 1500 g mol™

(PEO1500) + sulfato de litio + agua & 25 ° C [27]

As composi¢des das fases em equilibrio termodinamico sdo representadas por
um diagrama de fases. Este diagrama pode ser representado graficamente de forma
triangular, onde cada um dos trés eixos representa a composicao de um componente, ou

retangular como na Figura 2.

FS

30-
= Regiao Bifasica
E 201
£
52
o 10-
[+ }]
E
E 0- Regido Monofasica F

LB
-10 . . ———— .
0 5 10 15 20 25

Sal / % (m/m)

Figura 2. Representacao grafica de um diagrama de fase expresso em coordenadas

retangulares para um SAB formado por polimero + sal + agua.
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Nesses diagramas retangulares a concentragdo de polimero se encontra no eixo
das ordenadas e a concentragdo de sal no eixo das abscissas, sendo que essas
concentragdes sdo dadas em porcentagem massica, % (m/m).

Informagdes importantes sdo obtidas através da anélise de um diagrama. A linha
binodal (LB) delimita as regides de composi¢do onde o sistema ¢ homogéneo ou
bifasico, ou seja, as composi¢des que estdo representadas infinitesimalmente acima da
LB sdo as concentragdes minimas para se obter um sistema bifasico. A posicdo da LB
pode variar com a temperatura do sistema, pH, natureza quimica do sal, pressdo, e com
a natureza quimica e massa molar média do polimero [28]. Existem diferentes métodos
para a obtencdo da linha binodal, entretanto o mais utilizado envolve titulagdo
turbidimétrica e andlise das composicdes das fases [23]. A Figura 2 apresenta também
as linhas de amarragdo, LA, que determinam a concentragdo das duas fases em
equilibrio termodindmico. Ao longo de uma mesma LA, em qualquer ponto de
composicdo global utilizado para o preparo de um SAB, todas as propriedades
termodindmicas intensivas serdo iguais, enquanto as propriedades termodinidmicas
extensivas das fases serdo diferentes. Por exemplo, os pontos de composi¢ao global A,
B e C terdo uma mesma composi¢ao de fase superior, identificada pelo ponto FS, e uma
mesma composicdo de fase inferior, dada por FI. Em compensacdo, os volumes das
fases serdo diferentes em cada um destes pontos [27].

Um parametro importante no estudo de um SAB ¢ o comprimento de linha de
amarracdo, CLA. Este ¢ um valor numérico calculado que mede a distancia entre os
pontos FS e FI no diagrama de fases, expressando a diferenca entre as propriedades
intensivas de ambas as fases. Ou seja, quanto maior o valor de CLA, mais distintas sdo
estas propriedades entre as duas fases, o que sabidamente eleva o coeficiente de particao

do analito de interesse. Este pardmetro ¢ calculado de acordo com a Equacao 2 [24].
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FS _CFl

CLA =[(C55 -CH)* +(C5 —CL )’ (1)

sal sal

Fl

oo 80 as concentragdes de polimero em fase superior ¢ inferior,

Sendo que CEOS, e C

respectivamente, e CF> e CL sdo as concentracdes de sal em fase superior e inferior,

sal sal
respectivamente. O CLA ¢ fundamental quando se deseja comparar o comportamento
de particdo de um soluto em diferentes SAB. Neste caso, os CLA dos sistemas

estudados devem ser os mais proximos possiveis [24].
2.1 Comportamento de parti¢cdo de um soluto em um SAB

A adi¢do de um soluto num determinado SAB resultarda numa concentraciao
preferencial deste soluto em uma das fases, determinada por interagdes especificas entre
este e os componentes de cada fase. Na auséncia dessas interagdes a forga motriz de
particdo serd a entropia. Esta caracteristica dos SAB torna-os vidveis para a aplica¢do
em separagao, concentracao e purificagdo de varias substancias.

O parametro que caracteriza a distribui¢dao do analito entre as duas fases aquosas

do SAB ¢ o coeficiente de particdo, K, que ¢ definido como:

K=—=z—"- (2)

onde, a;e a; sdo as atividades do soluto na fase superior e na fase inferior

respectivamente, e C; ¢ C, sdo as concentragdes do soluto na fase superior e na fase
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inferior respectivamente. Em situacdes em que o soluto estd muito diluido os valores da
concentragdo e atividade tornam-se muito proéximos.

O comportamento de particdo do soluto ¢ influenciado por diversos fatores
ligados a natureza do soluto e ao SAB utilizado. Em relacdo a natureza do soluto os
principais fatores sdo: a presenca de carga elétrica, hidrofobicidade, composicdo e
conformacdo. J4 em relacdo ao SAB a massa molar e a concentragdo do polimero, além
da presenca de ligantes ao longo da cadeia polimérica influenciam no comportamento
de parti¢ao; bem como o pH, a temperatura, e o eletrélito formador do sistema.

A termodindmica de parti¢do de um soluto no SAB ¢ discutida pelo modelo de
Johansson et al. [29], que ¢ um conjunto de equagdes analiticas que expressam o
coeficiente de particdo em termos das contribuigdes entrdpicas e entdlpicas. Este
modelo ¢ baseado na teoria de Flory—Hiiggins para solugdes poliméricas, onde estas
solugdes sdo tratadas como uma rede tridimensional, onde os sitios sdo ocupados por
uma molécula do solvente, segmentos do polimero (em um volume correspondente ao
tamanho da molécula do solvente), e pela molécula do sal; e entdo contribui¢des
entalpicas e entropicas sdo abordadas.

A equagdo para a contribuicdo entrdpica € representada na Equagdo 3, onde
considera-se inexistente a contribuicdo entdlpica para a variagdo da energia livre de

Gibbs [29].

hﬂ(:M(ni_ni] (3)
P\ Ves Vg

onde, M ¢ a massa molar do soluto particionado, p ¢ o nimero de sitios por unidade de

volume de todo sistema aquoso bifésico, N € N;, sdo os nimeros total de moléculas
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na fase superior e inferior respectivamente, Vg € Vi, sdo os volumes da fase superior e

inferior respectivamente.

A Equagao 3 mostra que s6 havera contribui¢cdo entropica se houver diferencga de
densidade numérica entre as duas fases. Caso nao exista essa diferenga o soluto presente
no SAB terd o mesmo numero de possibilidades de distribuirem-se espacialmente em
ambas as fases. A entropia impulsionara o soluto para a fase com maior niamero de
moléculas por unidade de volume, j& que nesta fase haverd um maior nimero de
possibilidades de distribuir as moléculas espacialmente, aumentando a contribuicdo da
entropia configuracional para a minimizagao da variagdo da energia livre de mistura. As
moléculas de 4gua estdo presentes em maior nimero na maioria dos SAB conhecidos,
por isso ela ¢ o componente determinante para a densidade numérica das fases. Entdo a
contribui¢do entropica, na auséncia de efeitos entalpicos, fara o soluto particionar para a
fase com maior nimero de moléculas de dgua [30].

Em um SAB formado por um eletrolito e um polimero [24,26-28], forcas de
natureza entropica fardo com que o soluto particione para a fase rica em eletrdlito, pois
esta contém uma maior densidade numérica. Neste tipo de SAB entdo, o soluto ird para
fase polimérica somente se houver for¢as de natureza entalpicas.

O fator entdlpico também ¢ de grande importancia em alguns processos de
parti¢do, principalmente quando a diferen¢a de densidade numérica entre as fases ¢é
pequena, ¢ quando ha interagdes fortes entre o soluto e algum componente do SAB. A

Equacdo 4 representa todas as interagdes entalpicas que ocorrem dentro do SAB [29].

an:_i\{/{; i (¢IFS_¢IFI)WiS_ mz_l i (¢IFS¢jFS_¢iFI¢jFI)Wij (4)

i=1(i#s) i=1(i#s) j=i+1(j#s)
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onde, M, representa a massa molar do soluto, R ¢ a constante geral do gases, T ¢ a
temperatura, 4~ € ¢~ sdo as fragdes volumétricas do componente i na fase superior e
inferior respectivamente, W, ¢ a energia de formacdo do par entre o soluto e o
componente i ¢ W; € a energia resultante da formagao do par entre os componentes i € j.

Na Equacao 4 o primeiro somatério representa as interagdes entre o soluto com
cada componente formador do SAB, e o valor desse somatério é proporcional a
diferenga de composicio entre as fases. O componente que interagir mais fortemente

com o soluto, apresentard um valor de W, mais negativo, isto ¢ contribuird mais para a

minimizagdo da energia livre de Gibbs; portanto o soluto particionara para a fase mais
rica do componente com que ele interaja mais fortemente [30].

O segundo somatdrio na equagdo 4 representa as interagdes entdlpicas entre os
componentes do SAB, associado ao processo de transferéncia de fase do soluto. Este
termo independe da natureza do soluto particionado, e pode ser interpretado como o
contetido energético de cada fase. Quando o soluto sofre o processo de transferéncia de
fase, ele libera um volume na fase que estava, possibilitando assim a interagao entre os
componentes desta fase, e ao chegar a outra fase ele formara uma cavidade impedindo,
no volume ocupado, a interagdo entre os componentes desta fase. O saldo energético
deste processo influenciara na parti¢ao deste soluto no SAB.

Baseado nas discussoes das Equacdes 3 e 4, pode-se inferir sobre a influéncia de
alguns fatores, como por exemplo, o CLA e a massa molar do polimero utilizado no
SAB, no comportamento de parti¢ao.

Quanto menor o valor do CLA, mais o coeficiente de parti¢do se aproximara de
1; ja que menor ¢ a diferenca entre a composicao das fases e consequentemente menor ¢
a diferenca entre elas em termos da densidade numérica, da auto energia e da energia de

interagdo. Com o aumento do CLA a diferenca entre as fases com relacdo a essas
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variaveis também aumenta, crescendo também a tendéncia do soluto por uma das fases.
Portanto, o coeficiente de particdo cada vez mais se distancia de 1 a medida que o CLA
aumenta.

Em relacdo 4 massa molar do polimero, o aumento desta aumentard o grau de
polimerizacdo, como conseqiiéncia havera uma diminui¢ao da entropia configuracional.
Em geral, uma massa molar maior do polimero em uma fase, na auséncia de efeitos

entdlpicos, fard com que o soluto particione preferencialmente para a outra fase.
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Capitulo 3

Aqgueous two—phase system: a new approach for the determination of p-

aminophenol in water and biochemical samples

Abstract

A new method has been developed for the spectrophotometric determination of p—
aminophenol (PAP) in water, formulations of paracetamol and human urine. The
procedure exploits an aqueous two—phase system (ATPS) liquid-liquid extraction
technique and the reaction of PAP, sodium nitroprusside (NPS) and hydroxylamine
hydrochloride (HL) in an alkaline medium (pH 12.0), producing the complex anion
[Feo(CN)jo]'" that spontaneously concentrates in the top phase of the system

(K = 97.7). The ATPS is formed mostly by water and does not require

[Fey(CN )]
organic solvent. The other components of the ATPS were the polymer, polyethylene
oxide, and salts (i.e., Li,SO4, Na;SO4 or K;HPO4 + KOH). The linear range was 5.00 to
500 mg kgf1 (R >0.9990; n = 8) with coefficient of variation of 2.11 % (n = 5). The
method exhibited a limit of detection (LOD) of 2.40 ug kg' and a limit of
quantification (LOQ) of 8.00 ug kg '. The ATPS method showed recoveries between
96.4 — 103 % for the determination of PAP in natural water and wastewater samples, in
excellent agreement with the results of the standard 4-aminoantipyrine (4-AAP) method
for the same samples. The proposed method was also used for the determination of PAP
in paracetamol pharmaceutical formulations and human urine samples with recovery

rates between 94.9 — 101 %.
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1. Introduction

Public health and environmental safety concerns have grown over the last few
decades. The disposal of toxic pollutants in water sources can be very harmful both to
the environment and human health. Thus, the establishment of simple, fast, low-cost,
greener, sensitive, and selective analytical methods for the determination of pollutants
in water and other strategic matrices is a main line of research in environmental
chemistry.

The determination of phenol and its derivative compounds (such as
aminophenol) is of significant importance, since these species are toxic [1,2] and
involved in many industrial processes [3—5]. For example, according to environmental
legislation, the maximum concentration limits of total phenols in bodies of water are in
the range 3.5-10 ug L' [6,7].

The compound p-aminophenol (PAP) is recognized as a serious environmental
pollutant, and has been widely used as a raw chemical material and important
intermediate in various fields, such as medicine, sulfur and azo dyes, rubber, feeding
stuff, petroleum, and photography [8—10]. Moreover, PAP is a parent material for the
production of paracetamol, and can also be formed by the degradation of this analgesic
and its analogs in the human body and during the storage of its medicinal preparations
[11]. In addition, PAP is toxic and irritable to the eyes, skin and respiratory system, and
its target sites are blood and kidney [9,12]. Furthermore, PAP increases the body
temperature of humans and is characterized by a long biological half-life (the time
required for half of the PAP to be removed from the organism by biophysical and

biochemical processes). According to the European Pharmacopoeia [13], 50 pug L™ is
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the specification limit of PAP in paracetamol drug substances. Thus, PAP is both
biochemically and environmentally hazardous, so the determination of its trace amounts
in matrices, such as waters, pharmaceutical formulations and human fluids, is
important.

Numerous analytical methods have been developed for the analysis of PAP and
other phenolic compounds, including gas chromatography (GC) [14-16], liquid
chromatography (LC) [17-19], capillary electrophoresis (CE) [20-22], potentiometric
titration [23], nuclear magnetic resonance (NMR) [24], enzyme—based assays [25] and
electrochemical analysis [20,26,27] However, these methods do not allow for in situ
continuous monitoring, require expensive instruments, demand skilled operators and
require derivatization of the analytes. Spectrometric analysis has also been applied in
the determination of phenols, mainly by UV—Visible detection [28-31].

The most commonly used analytical method (described in the Standard Methods
for the Examination of Water and Wastewater [32]) is a spectrophotometric method
based on the oxidative coupling of phenols with 4—aminoantipyrine (4-AAP). However,
this procedure has many disadvantages, including (i) the requirement for large amounts
of reagents, especially chloroform, which is toxic and carcinogenic [33]; (ii) difficulty
in finding suitable buffers, due to the sensitivity of the reaction to pH variations; and
(ii1) tedious operations.

An interesting spectrophotometric method for the determination of phenolic
compounds has been reported by Nagaraj et al. [34] and improved by Kang et al. [35].
Based on the reaction between phenol, sodium nitroprusside (NPS) and hydroxylamine
hydrochloride (HL) in an alkaline medium, a blue—colored complex anion
[Fea(CN)0]'" s produced. However, this procedure is not yet suitable for the

determination of phenols at concentrations lower than 50.0 pg L' nor for analyses in
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the presence of electrolytes, such as phosphates and sulfates, which introduce errors.
Moreover, a previous distillation step for sample preparation is required [36].

A convenient approach to address these limitations is to promote the complex
formation reaction at the interface between the bottom and top phases of an aqueous
two—phase system (ATPS). This reaction avoids salt interference and the posterior
transfer of the complex to a small volume of the ATPS top phase. Within this context,
ATPS can be a strategic liquid-liquid extraction technique for PAP determination.
Under specific thermodynamic conditions, an ATPS can be formed by mixtures of
aqueous solutions of (i) certain electrolytes and a polymer [37], (ii) two types of water—
soluble polymers [38] or (ii1) two types of salts [39]. The resulting systems are two
immiscible liquid phases with a polymer—enriched top phase (or enriched with a salt)
and a salt-enriched bottom phase (or enriched with the second polymer or salt).
Moreover, water is the major component of both phases, thus providing an extraction
technology that eliminates the use of hazardous solvents. Finally, ease of use, low costs,
shorter times for phase splitting and recycling of the system components are the
advantages of the technique [40]. The ATPS methodology has already been applied
successfully by Rodrigues et al. in the determination of phenol and o—cresol in different
water samples [36].

This work aimed to determine PAP in water, formulations of paracetamol and
human urine, using an ATPS composed of polyethylene oxide 1500 (PEO1500) + salt
(L12SO4, Na,SO4 or K,HPO4 + KOH) + water. The proposed method is based on the
reaction between PAP, NPS and HL in an alkaline medium and spectrophotometric
detection of the reaction product. Specific parameters, such as the nature of the ATPS
electrolyte, ATPS tie-line length (TLL), and partitioning behavior and influence of p-

chlorophenol (PCP) in the analysis, were also investigated.
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2. Experimental

2.1. Apparatus

Spectrophotometric measurements were performed with a UV—Visible (UV/Vis)
spectrophotometer (Shimadzu, UV-2550) using quartz microcells with a 1.00 cm
optical path length and a total capacity of 450 pL. The slit width was kept at 2.0 nm.
The software used for system control and data acquisition was UVProbe. The pH
measurements were collected with a combined glass electrode using a digital pH meter
(Digicron Analitica Ltda, Digimed model DM-20). An ultrasonic bath (Ultra—Cleaner,
USC 1400) and a centrifuge (Thermo Scientific, Heraeus Megafuge 11R) were used to

prepare the paracetamol formulations.

2.2. Chemicals

All reagents were of analytical-grade quality and used as received without
further purification. Distilled water was used throughout the experiments. The polymer
was polyethylene oxide (Synth, Diadema, Sao Paulo, Brazil) with an average molar
mass (Mp) of 1500 g mol™ (denoted as PEO1500). The chemicals in the proposed
method, Li,SO4, Na,SO4, Ko;HPO,4, KOH, NaOH, NPS and HL, were obtained from
Vetec (Duque de Caxias, Rio de Janeiro, Brazil). The reagents for the 4-AAP procedure
[32] were 4—aminoantipyrine, NH4OH, K;[Fe(CN)s] (Merck, Darmstadt, Germany),
K,HPO, and KH,PO4 (Vetec). p—aminophenol and p—chlorophenol (PCP) were also

purchased from Merck (Darmstadt, Germany).

2.3. ATPS composition, solutions and standards
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The three ATPS types applied in the development of the procedure were
PEO1500 + Li,SO4 + water; PEO1500 + Na,SO4 + water [37] and PEO1500 +
(K,HPO4 + KOH) + water. For each system, at least three different compositions were
studied to verify the effect of the TLL in the partitioning behavior of the [Fex(CN);0]'"
complex (Table 1). Moreover, global compositions shown in Table 1 are relative to an
ATPS composed of 2.00 g of the top phase and 10.0 g of the bottom phase, which were
used in most assays.

All solutions were prepared with distilled water. In the ATPS method, the pH of
the water was adjusted to 12.0 with NaOH because this pH is more favorable to the
complete reaction of NPS with PAP. For systems composed of the salts K,HPO, +
KOH, correction was not necessary because the pH was 12.0. Stock solutions of the top
and bottom phases were prepared in distilled water (pH 12.0). The PEO1500 and salt
concentrations in the phase stock solutions are provided in Table 1. These solutions
were used as solvents to prepare the solutions of NPS and HL. The HL working stock
solutions (259 mg kg') were prepared by weighing the appropriate quantity of
hydroxylamine hydrochloride in the bottom phase using an analytical balance
(Shimadzu, AY 220) with an uncertainty of +0.0001 g. The NPS working stock
solutions (1.99 g kg ™) were obtained by dissolving the appropriate amount of salt in the
top phase. Working standard solutions of PAP between 0.125 and 50.0 mg kg were
prepared daily by using water as the solvent and the appropriate dilution of a 1.00 g kg’
stock solution. In the 4-AAP method, the solutions and standards were prepared as

described in the literature [32].
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Table 1. Percent composition (w/w) for PEO1500 (wp), salt (Ws) and water (Wy) in aqueous

two—phase systems (ATPS) at 25.0 °C.

Tie-line Global
length (TLL) Wp Ws Wy
PEO1500 + Li,SO, + water
29.43 11.4 13.83 74.77
34.97 12.0 14.73 73.27
41.71 12.3 16.64 71.06
46.36 12.8 17.62 69.58
51.67 13.5 18.79 67.71
PEO1500 + (K;HPO,4 + KOH) + water
24.65 9.38 13.19 77.43
34.45 9.09 16.09 74.82
36.83 8.97 17.71 73.32
46.55 7.00 21.65 71.35
52.30 7.52 24.43 68.05
PEO1500 + Na,SO, + water
32.51 7.45 13.50 79.05
35.96 7.52 15.17 77.31
40.10 7.87 16.53 75.60

2.4. Procedure

Liquid-liquid equilibrium cells were used for ATPS preparation. Working stock
solutions of 2.00 g of NPS and 10.0 g of HL were weighed. Next, 0.2000 g of a PAP
working standard solution were added to the system. A similar technique was adopted
in the analysis of the samples. A final composition of PAP between 2.50 and 1000 pug
kg™ in the bottom phase was obtained, and the global concentrations of NPS and HL
were 332 mg kg’ and 216 mg kg ', respectively. The final concentrations of PEO1500
and salt in the ATPS varied depending on the TLL (Table 1). Subsequently, the biphasic

systems were manually stirred for 3 min and allowed to settle for 20 min at (25.0 £ 0.1)
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°C in a temperature—controlled bath (Microquimica, MQBTC 99-20). Finally, aliquots
of the top phase were collected with a syringe and diluted by a factor of 1.50. The
UV/Vis spectrophotometric measurements were carried out at 720.0 nm.

The afore-mentioned parameters (pH, NPS concentration, HL concentration, sample
stirring time and phase splitting time) were previously investigated and optimized by

Rodrigues et al. [36].

2.5. Partitioning experiments

To determine the [Fey(CN)jo]'"" complex partition coefficient (K[Fez(CN)IO]IO—)

between the two phases, the ATPS was kept for 24 h in a temperature—controlled bath to
reach thermodynamic equilibrium. Subsequently, aliquots of the top and bottom phases

were collected. Therefore, the parameter K can be defined as

[Fey (CN)3o]'"”

[Fe(CN), 1 A,

where A, and A, are the absorbance (at 720.0 nm) of the [Fea(CN)10]'" complex in the

top and bottom phases, respectively.
The influence of the TLLs in the partitioning behavior of the complex anion was

studied by determining K[ as a function of the TLL for the ATPS composed

Fe, (CN)y 1"

by PEO1500 + Li,SO4 + water.

2.6. Water Samples
To determine the applicability of the method in environmental samples, the

recovery rates provided by the proposed method were determined in samples such as
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natural river water, industrial water, distilled water, tap water and samples from waste
water treatment plants (WWTPs). In these cases, the appropriate amounts of PAP were
added to the samples without the distillation step. The 4-AAP method [32] was also
applied to the same samples for comparison and to check the accuracy of the proposed

method.

2.7. Determination of PAP in paracetamol formulation

Paracetamol formulations were obtained from different manufacturers. Ten
tablets, containing 750 mg of paracetamol per tablet, were finely pulverized,
homogenized and accurately weighed. Each weighed sample was extracted with 25 mL
of ethanol for 15 min in an ultrasonic bath. The suspension was centrifuged for 20 min
at 3000 rpm to obtain a clear supernatant, to which the appropriate amounts of PAP
were added. The experiments were carried out according to the general procedure and
the recovery rates of PAP in the samples were determined. In our previous studies, it
was observed that the addition of ethanol quantities lower than 0.200 g in the system

has no influence in the analytical response.

2.8. Analysis of urine samples

The same assays were used for the analysis of urine samples from healthy
volunteers. Urine samples were collected 5 hours after the administration of a single
750 mg dose of paracetamol and then stored in plastic containers. The samples were
100—fold diluted with distilled water and the appropriate amounts of PAP were added.
The experiments were carried out according to the general procedure and the recovery

rates of PAP in the samples were determined.
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3. Results and Discussion

3.1. Chemical and spectral characteristics

The proposed method is based on the reaction of PAP, NPS and HL according to
the mechanism studied by Kang et al. [35]. In an alkaline medium, the phenol group is
deprotonated, which makes the benzene ring very reactive. The higher electronic
density in the phenolate enables the eletrophilic reaction to take place more easily. In
the reaction of PAP, the nitroso group ('NO) of the nitroprusside attacks the benzene
ring, preferably, in the ortho—position to yield the green—blue complex anion
[Fe2(CN)10]'* [36].

Figure 1 shows the absorption spectra of the reaction product [Fey(CN)o]'"
obtained in the ATPS top phase. The product shows an absorption spectrum with a
maximum at 720.0 nm, a wavelength fortunately with an insignificant blank signal.
According to spectra obtained in aqueous solutions by Kang et al. [35], the product of
the reaction among PAP, NPS and HL exhibits maximum absorbance at 700 nm. The
different environment surrounding the product in the ATPS top phase compared with

the aqueous solution in previous experiments may account for this shift in the

absorption maximum.
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Fig. 1. Absorption spectra of the [Fey(CN) 10]'*" anion formed by the reaction system

between NPS, HL and (—) PAP, and () a blank assay spectrum in the

PEO1500/L1,SO4 aqueous two—phase system (ATPS) with a tie-line length (TLL) of

41.71 % (wW/w).

In general, cyan complexes are photosensitive, so the experiments were
performed in the absence of light to avoid complex decomposition. The stability of the
[Fex(CN)10]'" anion complex was previously investigated by Rodrigues et al. [36].
Spectral analysis revealed that the signal relative to the maximum absorbance of the

complex remained constant for over 75 hrs.

3.2. Phase diagrams

All of the phase diagrams were previously constructed and are reported in the
literature [37], except for the ATPS composed of PEO1500 + (K,HPO4 + KOH) +
water. After mixing the components, at a specific global composition (Table 1), the
systems spontaneously separated into two isotropic transparent phases, with the top and

bottom phases being enriched in macromolecules and salt, respectively.
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The tie-lines were obtained by linear regression of the corresponding set of
overall bottom— and top—phase concentrations. At least four tie—lines were determined

for each system.

3.3. Influence of tie-line length (TLL) and electrolyte on the partitioning behavior

In order to improve the sensibility of the proposed method, it is very important
to determine the partitioning behavior of the [Fex(CN)10]'" anion as a function of the
tie-line length (TLL). The increase in the preferential transfer process of the complex
anion in the top phase makes it possible to increase the absorbance signal, decreasing
the limit of detection. The TLL is a thermodynamic parameter in the ATPS that
expresses the difference in intensive thermodynamic functions between the top and
bottom phases at constant pressure and temperature [41]. The TLL is expressed by the
difference between polymer and salt concentrations present in the different phases, and
is commonly used as a variable determining the processes of solute partitioning. The

TLL is calculated by Equation 2:

TLL=[(C; —Cg)* +(Cg ~C5)*1” )

where C. and CJ are the polymer concentrations in the top and bottom phases,
respectively, and C{ and C¢ are the corresponding salt concentrations.

Figure 2 shows the partition coefficient (K[ ]10,) of the [Fey(CN);o]'"

Fe,(CN)yo
anion plotted against TLL in ATPS composed of PEO1500 + salt (Li,SO4 or K,HPO,4 +
KOH or Na,S0,) + water. As shown in Figure 2, the [Feg(CN)lo]lof complex anion has
a spontaneous concentration in the polymer—rich phase, reaching values of 97.7 for a

TLL of 51.67 % (w/w) in the PEO1500/Li;SO4 ATPS. To explain the [Fey(CN)jo]'™
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partitioning to the ATPS top phase, the simple Haynes’ model was used, which was
derived from the Flory—Hiiggins theory. This model consists of analytical equations that

express the partition coefficient in terms of enthalpic and entropic contributions.

100+

TLL (% (w/w))

Fig. 2. Partition coefficient (K, - ) of [Fex(CN),o]'" anion water ATPS as a

Fep(CN)yo]
function of increasing tie—line length (TLL), in ATPS composed of PEO 1500 + salt +
water. (A) KoHPO4 + KOH; (0) NaySOy; (m) Li,SO4 and (o) LipSOy4 in the presence of

PCP.

In Haynes’ model, the entropic contribution to partitioning is described by

Equation (3):
T B
In KC :%(n__n_] (3)
yo,

where M, is the molar mass of the partitioning solute ([Fe2(CN)10]'"), n' and n® are

the total number of molecules in the top and bottom phases, respectively, which result
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in a parameter called the phase number density when divided by the phase volume, V' e
VB, and p is the number of lattice sites per unit volume.

Based on Equation 3, the complex transferring process leads to a decrease in the
entropy of the system in the absence of enthalpic effects, such that the solute will
partition to the phase with the larger number of molecules per unit volume. Therefore,
the [Feo(CN);0]'" anion should partition to the ATPS bottom phase, which has a higher
number density than the polymer-rich phase, mainly due to the larger water content in
the salt-rich phase, as shown in Table 1. However, Figure 2 shows that the complex
concentrates preferably in the top phase, decreasing the entropy of the system,
indicative that the solute partitioning is an enthalpy-driven process.

The Haynes’s model enthalpy contribution to the partition coefficient is given by

Equation 4:

M v T B S S T T By, B
anc:__C z ((Di _cDi )Wic_ Z z ((Di(Dj_(DicDj)\Nij] (4)

i=1(i=C) i=1(izC) j=i+1(j=C)

where ®] and ®] are the volume fractions of the ATPS—forming compounds on the

top and bottom phases, respectively, W, is the effective pair-wise interchange energy

j
defined as: w; = z[&; —(1/2)(¢; + &;;)], where z is the number of nearest neighbors and

g; 1s the potential energy of an i—j pair.

In Equation 4, the enthalpic contribution is described by two terms. The first,

m
[ z (®] —®dP)w,. ], is a energetic contribution relative to interactions between the
i=1(i%C)

([Fe2(CN)10]'") anion and all of the remaining ATPS components. Stronger i—complex

interactions (ic) lead to more negative W,. values and a more enthalpically favorable
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transfer of the complex to the i—component rich phase. Considering that the
([Fe2(CN)10]'") anions are concentrated in the PEO-rich phase, the enthalpic molecular
interactions between the complex molecules and polymer molecules are the driving

force of the partitioning behavior.

m-1 m
The second term, Z Z CI)iT(I)TjWij , 1s the self-energy of the top phase and

i=1(i=C) j=i+1(j=C)

gives the total enthalpy of this phase formation (in the absence of the complex anion)
divided by the number of lattice sites in the top phase. Insertion of the [Fes(CN);0]'"
anion into a phase requires breaking interactions between the original components of
the phase to create a cavity into which the complex fits. Although this process is
dependent on the solute volume, da Silva et al. [42—44] demonstrated that the phase
self-energy does not significantly contribute to the partitioning behavior. Consequently,
the anion partition behavior can be attributed to specific enthalpic interactions between
[Fea(CN)10]'® and macromolecules, which are concentrated on the top phase.

The value of K[ increases as the TLL increases (Figure 2). With

Fe, (CN) I
increasing TLL, the differences between the intensive thermodynamic properties of the
top and bottom phases (salt and polymer compositions) become higher [45-47]. As a
consequence, higher concentrations of [Fez(CN)lo]lof are observed in the top phase. In
other words, the higher TLL increases the number of interactions of the complex with
polymer molecules, such that the first term of Equation 4 becomes more negative,

thereby increasing the K[ o value [45].

Fe, (CN)yo ]
The effect of the electrolyte nature on the partitioning behavior of [Fes(CN);0]'"
was investigated (Figure 2). For similar TLL wvalues, systems composed by the

electrolyte Li,SO4 present higher values of K[ o, In comparison to ATPSs

Fe,(CN)yo ]
formed by Na,SO4 or K;HPO4 + KOH. This behavior may be explained by the model
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proposed by da Silva and Loh [48], who investigated the thermodynamics of ATPS
formation. According to their model, when PEO and salt are mixed, there is an
interaction between the salt cations and the PEO macromolecule, which is driven by an
entropy increase due to the release of some water molecules. The interaction of the
cation—PEO pair is driven by an increase in the system entropy caused by releasing
some water molecules that were solvating the macromolecule and the ions. This process
continues as more salt is added, until the macromolecule becomes saturated with ions
and no further gain in entropy is possible, and therefore phase splitting becomes more
favorable. After splitting phases, the polymer-rich phase contains the PEO
macromolecules solvated with cations of the salt, resulting in a positively charged
polymer surface called a pseudopolycation, which can interact with negatively charged
species. Through calorimetric measurements, da Silva and Loh [48] noted that Li"
cations interact more strongly with the EO segments of the macromolecules than the
other cations, indicating that more Li" is necessary energetically to saturate the polymer
chain. Consequently, in the ATPS composed of Li,SO4, the macromolecule of PEO is
more positively charged than the systems composed of KoHPO4 + KOH or Na,SOy,
enabling a stronger electrostatic interaction between the pseudopolycation and the
[Fea(CN)0]' complex.

Figure 2 presents the study of the partitioning behavior of [Fey(CN)jo]'"
produced by the reaction among PAP, NPS and HL, in the presence and absence of PCP
in an ATPS composed by PEO1500/Li,SO4. The reactivity is determined by the
electrophilic or electrophobic properties of the substituents in the benzene ring, which
affect the reaction extension and consequently the formation of the [Fea(CN)0]""

complex [49]. Due to the position and eletrophilic properties of the chlorinated

substituent, the reaction of the proposed method does not take place with PCP, although
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its presence does not interfere with the reaction with PAP and the partitioning of the
complex to the top phase of the ATPS. A study on the selectivity of the proposed
method showed that PCP has no interference at concentrations under 7.00 mg kg ',
when considering a sample with 1.00 mg kg ™' of PAP. This selectivity of the reaction
allows for the quantification of certain phenolic compounds in the presence of other

nonreactive derivatives.

3.4. Study of the sensitivity of the method

Figure 3 shows the influence of the TLL on the sensitivity of the method for
PAP determination for the three kinds of ATPSs. These data were obtained by plotting
analytical curves for all of the TLLs of the ATPS and then comparing with absorbance
values of the PAP standard (600 ug kg '). The ATPS PEO1500/Na,SO, studies in TLLs
> 40.10 % (w/w) were not practical due to the precipitation of sulfate. The absorbance
increases as the TLL increases, but the signal becomes constant or even decreases at
higher TLL values. Increased TLLs cause increased differences between the intensive
thermodynamic properties of the top and bottom phases [42]. As a consequence, higher

1" were observed in the top phase. This partitioning

concentrations of [Fey(CN)g
behavior contributes to the enhanced sensitivity observed for smaller TLL values.
However, the increase in TLL also induces an increase in the ATPS salt concentration
(Table 1), which interferes with the formation of [Fe;(CN)0]'°—, as described by Kang
[35]. This decrease on the [Fe,(CN);0]'"" concentration causes a decreased sensitivity of
the method at higher TLL values. Thus, the sensitivity of the method depends on the
balance between the formation of [Fes(CN)y0]'* and its concentration in the top phase,

which in turn depends on the TLL. Since the reaction occurs at the interfaces in the

ATPS method, the interference of ions, such as sulfate and phosphate, is insignificant in
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comparison to reports by Nagaraj et al. [34] and Kang et al. [35], indicating that the
tolerance limit for sulfate and phosphate is lower than 25,000 and 5,000 mg L

respectively.

0.40 a.
0.354
0.30- "

0.25- \

0.20- ™~

Absorbance

0.154

0.10+ A

(@)

15 | 2|O | 2|5 | 3|O | 3|5 | 4|0 | 4|5 | 5|0 |

TLL (% (wiw))
Fig. 3. Effect of tie-line length (TLL) and electrolytes on the PAP determination in an
aqueous two—phase system (ATPS) composed of PEO1500, salt and water: (m) Li,SOs,

(0) K;HPO4 + KOH and (A) NaySO4

Figure 3 also shows the effect of electrolyte nature on the sensitivity of the
method. A TLL value of 41.71 % (w/w) using the PEO1500/Li,SO4 ATPS presented
the highest response among all of the systems studied, previously explained by its
partitioning behavior, according to the da Silva and Loh model [48]. Therefore, the
PEO1500/Li,SO4 ATPS system is more suitable for applying the proposed method in
the determination of trace concentrations of PAP in industrial and environmental water

samples.

3.5. Analytical features of the developed procedure
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Additional experiments were performed under optimal conditions [36] to
establish the analytical features of the proposed method. Due to the higher sensitivity
(Fig. 3), the ATPS composed by PEO1500 + Li,SO4 + water was applied in these
studies. To improve the limits of detection (LOD) and quantification (LOQ), an ATPS
with 1.00 g of the top phase and 23.0 g of the bottom phase was used, offering a higher
concentration factor of [Fez(CN)lo]m_ and consequently a reduction in the range of the
analytical curve.

Table 2 shows the main characteristics of the proposed method compared to the
standard method [32]. The linear response (R = 0.9990, n = 8) was within 5.00 to 500
mg kg™ of PAP, which is suitable for the determination of phenols in water samples
according to the limits established in American and Brazilian legislation [6,7]. The
method has an LOD of 2.40 ug kg™ and an LOQ of 8.00 pg kg'. These values are
lower than those obtained using the 4-AAP method [32] without extraction. The 4—
AAP method provides a lower LOD when three consecutive extractions with
chloroform are used. However, this procedure produces large amounts of waste
(approximately, 550 mL per determination) and the use of chloroform is harmful to the
environment and human health.

Moreover, the coefficient of variation (CV) was 2.11 %, and the proposed
method offers a significant reduction in the volume of waste compared to the reference
method. Hence, the new procedure is an environmentally friendly alternative to
methods available in the literature that employ hazardous solvents, such as chloroform,
or generate large amounts of waste. Furthermore, these results support the feasibility of

applying the proposed method to the determination of PAP in several strategic samples.

Table 2. Comparison of the analytical figures of merit of the proposed method (ATPS) with the

standard method (4-AAP) [32].
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Parameter Proposed method 4—-AAP method [32]°

Linear Range 5.00-500 (ug kg 1000-5000 (ug L™
R(n=28) 0.9990 0.9998
Cell optical path 1.00 cm 1.00 cm
LOD 2.40 pg kg™ 100 pg L™
LOQ 8.00 pg kg NA
CV (%) (n=5) 2.11 0.350
Waste volume (mL)" 24.0 100

@ without extraction, ® Estimated per determination; NA means not available,

3.6. Application to real samples

Table 3 shows the results of recovery studies on water samples. The ATPS
method was compared with the standard 4-AAP method [32] to check the accuracy and
reliability of the proposed procedures. Studies were carried out using natural river
water, industrial water, tap water, distilled water and samples from WWTPs. Recovery
rates between 96.4 — 103 % were obtained, and the results had excellent agreement with
the standard method [32] at the 95 % confidence level according to a paired t—test [50].

The proposed method was also used for the determination of PAP in
paracetamol pharmaceutical formulations and human urine samples spiked with

approximately 100 pg kg ™' of PAP.
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Table 3. Recoveries (%) of PAP in several water samples (n = 3).

Water sample ATPS method 4-AAP method
Distilled 998+34 979+0.5
Tap 103+1 96.4+0.6
River 102+3 99.3+0.6
Industrial 98.0+0.5 98.0+0.9
WWTP 1 98.6 £4.8 99.8 £0.6
WWTP 2 101 £4 96.6 £0.6

WWTP: wastewater treatment plant.

Table 4 shows the recovery results for two paracetamol formulations and two

urine samples. The method is capable of quantifying 100 pg kg ' of PAP with recovery

rates between 94.9 — 101 %. Morover, blanks assays were analyzed without added PAP

in the system and no signal relative to the analyte was observed. Therefore, the present

method could be used for the quantitative detection of trace PAP in urine and real

pharmaceutical formulation samples, such as paracetamol tablets, and can be extended

to other systems.

Table 4. Determination of PAP in pharmaceutical and human urine samples (n = 3).

Sample PAP added (ug kg-1) PAP found (ug kg-1)  Recovery (%)
Paracetamol A 98.2 97.9 99.7+0.7
Paracetamol B 97.5 97.3 99.7+3.9

Urine A 102 96.8 949+3.7
Urine B 96.2 97.1 101 +£2

4. Conclusions
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The above experimental results demonstrated for the first time the capability and
advantages of the proposed ATPS for the determination of PAP in environmental and
industrial water, pharmaceutical formulations and human urine samples. The procedure
exploits the reaction between PAP, NPS and HL, producing the [Fe;(CN);o]' anion
complex, which concentrates in the top phase of the ATPS, offering high sensitivity to
the method. The ATPS offers clearly advantageous analytical features in comparison to
the standard method [32], including an enhanced sensitivity and linear range as well as
reduced waste volumes and no organic solvents. Due the reaction takes place at the
interfaces of the ATPS, the interference of ions, such as sulfate and phosphate, is
significantly lower in comparison to other spectrophotometric methods that employ the
same reaction [34, 35]. Furthemore, since the presence of PCP in the system has no
interference on the reaction among PAP, NPS and HL, the method is suitable to
determination of certain phenolic compounds in the presence of other nonreactive
derivatives. Pre—concentration of analyte in the polymer-rich phase of the system
allows the method to reach LOD and LOQ values that are suitable for determining PAP
in water, pharmaceutical formulations and urine with high accuracy and in compliance
with the regulatory requirements of environmental agencies [6,7] and pharmacopoeia

[13].
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