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RESUMO

Rodrigues-Silva, C. Degradagdo de flumequina por processos oxidativos avangados. 2013. Tese
(Doutorado em Engenharia Civil). Faculdade de Engenharia Civil, Arquitetura e Urbanismo,
Universidade Estadual de Campinas.

Nesse trabalho foi avaliada a degradacio de flumequina (500 pg L) por processo fisico
(fotolise-UVssy), quimico (peroxidagao-H,0,) e oxidativos avangados
(fotoperoxidagao-UV/H,0,, fotocatalise heterogénea-UV/Ti0,, reagente de Fenton-Fe(II)/H,0,,
foto-Fenton-UV/Fe(I1)/H,0,, eletroquimico e foto-eletroquimico) em um reator fotoquimico de
recirculacdo em batelada. Os processos UV/H,0; (Ch202 inicial = 1,0 mmol L'l) e a fotocatalise
(Crio2 suspensio = 0,62 mmol L'l) foram os processos mais eficientes, reduzindo cerca de 85% da
flumequina em 15 min de reagdo. A fotolise provocou a degradacao da flumequina em 91,2% em
60 min de ensaio, enquanto que o processo foto-Fenton 94%, quando usados 10,0 e
0,25 mmol L' de H,0, e Fe(ll), respectivamente. Por outro lado, a peroxidacio
(Cx202 = 1,0 mmol L'l) e o reagente de Fenton (Creqry = 2,0 mmol L'e Cu202 = 0,5 mmol L'l)
ndo atingiram mais de 10% e 40 % de degradacdo, respectivamente, apds 60 min de reagdo. Os
processos eletroquimico e foto-quimico atingiram aproximadamente 82 e 85% de degradacdo da
flumequina, apds 60 min de reacdo quando aplicado 45 mA cm™. A diminuicio da atividade
antimicrobiana das solugdes submetidas aos processos oxidativos avancados foi proporcional a
concentragdo residual da flumequina na solucao. Nao foi observada atividade antimicrobiana
residual nas solucdes submetidas aos seguintes processos oxidativos avancados e condigdes:
UV/H,0; (Ci202 = 1,0 mmol L™, 30 min de reagdo), UV/TiO, (Crioz = 0,62 mmol L™, 30 min de
reagdo), foto-Fenton (Creary = 0,25 mmol L' e Cu202 = 10 mmol L'l, 60 min de reagdo) e
foto-eletroquimico (45 mA cm™ e 60 min de reacdo). Os intermedirios formados foram
monitorados em 10, 15 e 30 min de reacdo nos processos oxidativos avancados e fotdlise, e foi
observado que os intermedidrios propostos possuiam uma atividade antimicrobiana menor que a
flumequina. A eficiéncia dos processos UV/H,0, e UV/Ti0; (1,0 mmol L'e 0,62 mmol L' de
H,0; e Ti0,) foi proximo a 100%, removendo totalmente a atividade antimicrobiana da solugao.

Palavras-chave: Farmacos, processos oxidativos avancados (POA), atividade antimicrobiana,
subprodutos.
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ABSTRACT

Rodrigues-Silva, C. Flumequine degradation by advanced oxidation processes. 2013. Thesis
(P.h.D. in Civil Engineering). Faculdade de Engenharia Civil, Arquitetura e Urbanismo,
Universidade Estadual de Campinas.

This work evaluated the degradation of flumequine (500 pg L) by physical process
(photolysis-UVys4), chemical process (H,O, - peroxidation) and advanced oxidation processes

(photoperoxidation - UV/H;0O,, heterogeneous photocatalysis - UV/TiO,, Fenton's
reagent - Fe(Il)/H,O,, photo-Fenton - UV/Fe(Il)/H,0;) in a batch-recirculation photochemical
reactor. The processes UV/H;O, (Cpo2 = 1.0 mmol L'l) and photocatalysis

(Crio2 suspension = 0.62 mmol L'l) are the most efficient ones, reducing about 85% of the
flumequine in 15 min of reaction time. The photolysis caused 91.2% of flumequine degradation
after 60 min of assay, while the photo-Fenton process degraded 94% of the drug when used 10.0
and 025 mmol L' of H,0, and Fe(ll), respectively. Moreover, peroxidation
(Cx202 = 1,0 mmol L'l) and Fenton's reagent (Creqr = 2.0 mmol L' and Cu202 = 0.5 mmol L'l)
did not achieve more than 10% and 40% degradation, respectively, after 60 min of reaction.
Eletrochemical and photo-eletrochemical processes degraded about 82% and 85%, respectively,
after 60 min of reaction at 45 mA cm™ The decrease of the solutions antimicrobial activity
subjected to advanced oxidation processes was proportional to the residual concentration of
flumequine in the solution. There was no residual antimicrobial activity in the solutions subjected
to the following advanced oxidation processes and conditions: UV/H,0; (Cyz02 = 1.0 mmol L'l,
30 min of reaction), UV/TiO; (Crio, = 0.62 mmol L'l, 30 min of reaction), photo-Fenton
(Creany = 0.25 mmol L' and Cu202 = 10 mmol L'l, 60 min of reaction) and photo-eletrochemical
(45 mA cm?, 60 min of reaction). The intermediates formed were monitored at 10, 15 and 30 min
of reaction in photolysis and advanced oxidation processes, where it was observed that the
proposed byproducts owned a lower antimicrobial activity than flumequine. The efficiency of the
processes UV/H,0, and UV/TiO; (1.0 mmol L' and 0.62 mmol L' of H,O, and TiO,,
respectively) was close to 100%, entirely removing the antimicrobial activity of the solution.

Keywords: Drug, Advanced oxidation Processes (AOP), antimicrobial activity, byproducts.
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1 INTRODUCAO

Os antimicrobianos sdo utilizados na medicina humana e animal para o tratamento e/ou
prevengdo de doengas causadas por bactérias. Na pecuaria, eles tém sido utilizados como
promotores de crescimento, sendo administrados aos animais em doses mais baixas (200 g por
ton de alimento por um periodo superior a 14 dias) do que de em terapia comum (Graham et al.,
2007). Uma vez administrados aos animais, a maioria desses farmacos nao ¢ totalmente
metabolizada, sendo excretados in natura nas fezes e/ou urina na sua forma ndo metabolizada ou
por meio de seus metabolitos ativos (Jjemba, 2006). Uma vez dispersos no ambiente, a biota fica

exposta aos antimicrobianos, podendo contribuir para o desenvolvimento de bactérias resistentes.

Pouco se sabe sobre o destino e efeitos dos farmacos veterinarios no meio ambiente. No
Brasil, onde existe uma legislacdo omissa em relacdo ao monitoramento da producao, destino e
aplicacdo de antimicrobianos, nao ¢ possivel desenhar, com maior precisao, a dispersao € o
impacto desses farmacos no ambiente. Sabe-se apenas que o mercado brasileiro alvo para o
emprego de antimicrobianos para fins terapéuticos, prevengao de doengas e como promotores de

crescimento ¢ de 1,6 bilhdo de animais (IBGE, 2011).

Dentre os antimicrobianos comumente usados na medicina veterindria destacam-se as
quinolonas, que atuam no DNA-girase da célula da bactéria inibindo sua duplicagdo. A
flumequina, da segunda geragdo das quinolonas, também referenciadas como fluoroquinolonas, ¢
ativa contra organismos gram negativos e positivos. As quinolonas ja foram detectadas em
efluentes de estagdes de tratamento de 4gua e esgoto na ordem de pg L' a ng L™ (Xiao e al.,
2008). A flumequina, por exemplo, ja foi detectada no Rio Sena na faixa de ng L
(Tamtam et al., 2008). Dessa forma, pode-se concluir o quao grande ¢ o potencial de dispersao
das quinolonas no ambiente. Além disso, apesar da concentracdo de flumequina detectada no
ambiente ser, aproximadamente, 300 vezes menor que a concentracdo minima para inibir o
crescimento de 50% da populacdo da cultura da bactéria Escherichia coli (ECsp), seu impacto

pode ser acentuado com o efeito aditivo da presenca de outras quinolonas no efluente.



As estagdes de tratamento de dgua (ETA) e esgoto (ETE) ndo sao projetadas para remover
antimicrobianos, como flumequina, visto que as etapas de purificagdo da agua se resumem,
principalmente, a processos fisicos-quimicos, ndo promovendo a oxidac¢ao de poluentes organicos
soluveis presentes no efluente (Backhaus et al., 2000; Hernando et al., 2007; Vieno et al., 2007,
Batt et al., 2007; Lin et al. 2009; Gao et al., 2012; Lai e Lin, 2009). E importante salientar que,
mesmo quando os estudos reportam a redugdo da concentragdo do antimicrobiano em um efluente
tratado, observa-se que o lodo da ETA apresenta elevadas concentragdes do farmaco monitorado,
podendo chegar até 1000 vezes mais concentrado do que no efluente de entrada da estagao (Lai e

Lin, 2009).

Diversos estudos tém reportado a degradagdo de farmacos veterindrios, inclusive
flumequina, por processos oxidativos avangados (POA) (Fatta-Kassinos et al., 2011; Homem e
Santos, 2011; Michael ef al., 2013). Os POA sao predominantemente caracterizados pela geracao
do radical hidroxila ("OH), que possui elevado potencial de reducao (E = 2,8 V). Os radicais
hidroxila, gerados nos POA, podem reagir com uma variedade de compostos organicos
recalcitrantes, oxidando-os a moléculas intermediarias mais simples, ou at¢ mesmo levando a sua

completa mineralizagao.

Dentre os POA, a peroxidacdo assistida por luz ultravioleta, ozonizagdo, reagente de
Fenton, foto-Fenton e fotocatalise sdo os processos mais comumente empregados no tratamento
de solugdes contaminadas por antimicrobianos (Homem e Santos, 2011). Os POA podem ser
considerados portanto como uma alternativa para o tratamento de efluentes contaminados por
antimicrobianos, ou mesmo como um tratamento terciario, visando o refinamento da qualidade

final da agua tratada.

Nao basta apenas avaliar a degradagdao do antimicrobiano alvo para comprovar a eficacia
de um POA, pois, durante o processo de degradagdao, podem ser formados intermedidrios com
atividade bioldgica igual ou superior ao composto original (Klamerth ef al., 2010). Dessa forma,
torna-se importante o monitoramento da atividade antimicrobiana da solugdo, assim como,
estudos dos intermediarios de degradagdo. E importante salientar que mesmo que o

antimicrobiano alvo estudado ndo possa ser mais detectado no efluente apods ser submetido a um



POA, a completa eficiéncia do processo somente sera comprovada caso a atividade

antimicrobiana tenha sido igualmente removida da solucao.

Este ¢ o primeiro trabalho dedicado a avaliagdo da atividade antimicrobiana residual, de
forma quantitativa, em solucdes de flumequina submetidas a degradacao pelos processos
peroxidacdo, fotolise, peroxidacao assistida por luz ultravioleta, Fenton, foto-Fenton, fotocatalise,

eletroquimico e foto-eletroquimico.

A presente tese foi confeccionada em modo alternativo e atende a resolucao
CPPG-EC/FEC-062/2013, sendo organizada da seguinte forma: 1 — resumo em portugués e
inglés; 2 —um capitulo de introdugdo; 3 — um capitulo de objetivos; 4 — revisdo bibliografica
no formato de artigo cientifico a ser submetido para revista, 5 — metodologia e resultados
apresentados na forma de trés artigos cientificos, ja publicados, e um artigo a ser submetido para
publicacao; 6 — um capitulo de conclusdo; 7 — referéncias bibliograficas; 8 — dois apéndices

em portugueés.






2 OBJETIVOS

2.1 Objetivo geral

O objetivo principal desse trabalho foi avaliar a degrada¢dao de flumequina em solucao
aquosa pelos processos oxidativos avangados: UV/H,O, (peroxidacao assistida por radiagdo
ultravioleta, reagente de Fenton (H,O,/Fe(Il)), foto-Fenton (UV/H,0,/Fe(Il)), fotocatalise com
Ti0; em suspensao (UV/Ti0, e UV/Ti0,/H,0,), eletroquimico e foto-eletroquimico.

2.2 Objetivos especificos

v" Consolidar um método analitico para a determinacdo de flumequina em matrizes aquosas,

usando a cromatografia liquida de alta eficiéncia (HPLC) associada a um detector UV;

v' Avaliar a eficacia dos processos de degradacgdo (fotdlise (UV), peroxidagdo (H,O,),
H,0,/UV, Fenton, foto-Fenton, UV/TiO,, eletroquimico e foto-eletroquimico) na

remogao da flumequina em solugdo aquosa;

v' Avaliar a remogdo da atividade antimicrobiana das solugdes de flumequina submetidas

aos processos de degradacao;

v Investigar e propor a estrutura quimica dos intermediarios formados durante a degradagio

da flumequina por processos oxidativos avangados.






3 REVISAO BIBLIOGRAFICA

A revisao bibliografica sera apresentada na forma de artigo cientifico “Degradacao de
quinolonas por processos oxidativos avancados”, o qual serd submetido a revista Quimica Nova.

Este artigo corresponde as paginas 8 a 47 desta tese.



DEGRADACAO DE QUINOLONAS POR PROCESSOS OXIDATIVOS

AVANCADOS

Caio Rodrigues-Silva, Milena Guedes Maniero, Marcela Souza Peres,
José Roberto Guimaries”
Departamento de Saneamento ¢ Ambiente, Faculdade de Engenharia Civil, Arquitetura e
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DEGRADATION OF QUINOLONES BY ADVANCED OXIDATION PROCESSES

In this review, studies on the occurrence of quinolones were analyzed. Their presence in the
environment matrices raises concerns about the risk of resistant bacteria development. They are
mainly detected in surface waters and effluents from sewage treatment plants. Conventional
methods of treating water and wastewater are not completely effective for degradation of
quinolones. The AOPs (UV/H,0,, Fenton, photo-Fenton, UV/Ti0;) and ozonation were efficient
for degradation of these emerging contaminants. The main routes of degradation of these drugs
by hydroxyl radicals as well as toxicity and antimicrobial activity data of solutions submitted to

degradation processes are presented.

Keywords: antimicrobials, occurrence, toxicity.



1. INTRODUCAO

Antimicrobianos sdo definidos como compostos naturais, sintéticos ou semi-sintéticos,
cuja finalidade ¢ prevenir ou tratar doengas infecciosas causadas por micro-organismos
patogénicos,’ tanto nos seres humanos como na medicina veterinaria. Visto que ndo sdo
totalmente metabolizados durante o uso terapéutico, os antimicrobianos estdo presentes no esgoto
domiciliar principalmente como resultado da excre¢do humana. O uso de antimicrobianos na
atividade pecuaria contribui, também, para a sua introdu¢do no meio ambiente, como resultado de
processos de manufatura, disposi¢do irregular ou excre¢do metabolica.” Dessa forma, esses
compostos sao continuamente lancados no ambiente e, considerando sua caracteristica
recalcitrante, de dificil remog¢ao e degradagdo, sendo essa classe de compostos considerada
pseudo-persistente.

Existem aproximadamente onze classes diferentes de antimicrobianos,” que se
diferenciam por sua estrutura quimica ou mecanismos de acdo no tratamento especifico de
determinado patdégeno. As quinolonas, antimicrobianos sintéticos, sdo eficientes no tratamento de
infeccdes por micro-organismos € por bactérias Gram-positivas ¢ Gram-negativas e sao
largamente empregadas tanto na medicina humana como veterindria. Bactérias Gram-negativas
sao aquelas que possuem mais de uma camada de parede celular como, por exemplo,
Pseudomonas aeruginosa (causadora de infecgdes no aparelho pulmonar, urinario e respiratorio),
Escherichia coli (causadora de infec¢des urinarias) e Salmonella (causadora de intoxicagdo
alimentar). Bactérias Gram-positivas sao aquelas que possuem apenas uma camada de parede
celular como, por exemplo, a Streptococcus pneumoniae.*”

Dentre os principais riscos para o meio ambiente da presenca de quinolonas destacam-se a
preocupacdo com o desenvolvimento de bactérias resistentes, a possibilidade desses poluentes

emergentes em afetar o sistema endodcrino, e inclusive, por oferecem riscos para espécies nao-
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alvo, seja por sua toxicidade e/ou por possiveis efeitos ecotoxicologicos ainda pouco
conhecidos.”"°

As estacdes de tratamento de agua e esgoto, que foram desenvolvidas no inicio do século
XX, estdo prestes a enfrentar uma variedade de desafios. Pesquisas cientificas tem reportado a
habilidade dessas estacdes de tratamento em apenas reduzir a concentragdo de compostos
farmacéuticos, sem necessariamente remové-los.” Além disso, os indices de remogao da
concentracdo de farmacos do afluente da ETE nao indicam, necessariamente, a degradagao dos
mesmos, uma vez que o lodo da ETE pode apresentar elevada concentragdo desses poluentes.'*'

Os processos oxidativos avangados (POA) tem sido apontados como uma alternativa de
solucdo para o tratamento de efluentes contaminados por farmacos, inclusive os pertencentes a
classe das quinolonas. Os POA sdo baseados na formagao do radical hidroxila ("OH), um forte
oxidante ndo seletivo com a capacidade de mineralizar compostos organicos, devido ao seu
elevado potencial de redugdo.'*"”

O objetivo desse trabalho foi avaliar a ocorréncia e rotas de contaminacao das quinolonas
em matrizes aquosas e solo, fazer uma revisdo na literatura dos trabalhos que investigam a

degradacao desses compostos por processos oxidativos avancados e discutir a atividade

antimicrobiana, toxicidade e produtos de degradagdo das solugdes submetidas a tratamento.

2. QUINOLONAS

A primeira quinolona, o 4cido nalidixico, foi sintetizada em 1962 a partir da cloroquina
(um farmaco destinado ao tratamento da malaria)."> Desde entdo, subsequentes altera¢des no
nucleo da quinolona, por meio da adicao de diferentes substituintes nas posi¢des N-1, C-6, C-7 e

C-8 (Figura 1), deram origem aos demais agentes antimicrobianos dessa classe de compostos.® A

10



adicao de selecionados substituintes nos ligantes-chave da estrutura principal da quinolona
viabilizou o desenvolvimento de antimicrobianos que fossem mais potentes e capazes de agir

contra um maior grupo de micro-organismos.

N

Figura 1. Principal nucleo das quinolonas.

Uma das principais mudangas na estrutura das quinolonas foi a adi¢ao do ion fluoreto na
posi¢ao C-6, que ampliou o espectro de acao das quinolonas para as bactérias Gram-positivas. A
adicao de um segundo fluoreto na posicdo C-8 resultou no aumento da absor¢cdo e aumento da
meia-vida da quinolona no organismo humano; no entanto, aumentou a fototoxicidade do
composto. A adi¢ao de um grupo piperazina na posi¢ao C-7 ampliou a a¢do contra as bactérias
aerobias Gram-negativas. Porém, uma vez adicionado um grupo metila ao nitrogénio da
piperazina, observou-se um aumento do tempo de meia-vida no organismo e da
biodisponibilidade. Um aumento da acao contra bactérias aerdbias patogénicas Gram-negativas e
Gram-positivas foi observado com a adi¢do de um grupo ciclopropil na posi¢io N-1.*

Nao ¢ totalmente claro na literatura como as quinolonas sao classificadas com relagdo as
geragdes, uma vez que cada autor emprega um método diferente. A Unica divisdo aceita
universalmente € a separacdo entre compostos com fluor (também denominadas como
fluoroquinolonas) das quinolonas de primeira geracdo, que nao possuem flior em sua
composicdo. King et al.,’ Ball,® Xiao ef al.,” e Bolon’ relacionam as quinolonas com o seu
espectro de abrangéncia contra micro-organismos patogénicos, classificando esses

antimicrobianos em quatro geracdes diferentes, apresentados na Tabela 1.
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Tabela 1. Classificagdo das quinolonas segundo seu espectro de a¢ao antimicrobiana

1* Geragdo: Organismos Gram-negativos aerdbios (ndo incluido pseudémonas).

Acido oxolinico

Acido pipemidico

Acido piromidico

Acido nalidixico
O OH 0O O o O O O
o <o (o WOH NN o
Z (N N"ON )l\ -
N"ON © N L N7 NN
k ) HN\) k
232 g mol” 261 g mol 303 g mol 288 g mol!
2% Geragd@o: Organismos Gram-negativos (inclusive pseudomonas), alguns organismos Gram-positivos e pneumococci (ndo incluido
streptococcus pneumoniae)
Flumequina Ciprofloxacina Enoxacina Lomefloxacina
O HO o 0 O O o o
F F
| K\N N | | |
N . A (NN NN N
i L o FL
261 g mol 331 g mol 320 g mol 351 g mol
Ofloxacina Fleroxacina Norfloxacina Pefloxacina
o O o O O OH O O
F OH F OH F 0 F OH
| (\ | | (\ |
(N N N N ‘/\N N N N
HN F
/N\) O\)\ - H HN\) ) - N\) K
F
361 g mol 369 g mol 319 g mol 333 g mol
Difloxacina Marbofloxacina Sarafloxacina
O OH O O O OH
F
F F
S ’ I LI
N N
N N
A SRS 4
N O NS
F
F
399 g mol! 362 g mol 385 g mol!

3% Geragdo: Aumento do espectro de abrangéncia de agdo contra organismos Gram-positivos, inclusive streptococcus pneumoniae, e alguns

patogénicos atipicos.
Balofloxacina Sparfloxacina Levofloxacina Temafloxacina
0O o NH, O O O O 0 O
F F
oH F OH F OH ) oM
N L L l (\N N
N
1 A Y\N N (\N N ol .
/ LR | O
P “
_NH .
E
389 g mol 392 g mol 361 g mol 417 g mol
Danofloxacina Tosufloxacina Grepafloxacina Pazufloxacina
O OH O HO
F o Fo O o ] NH, O O i NH, O O
A v WY o I
N A F \/\N N Y\N N
HN\H F A HNj) F A
F
357 g mol”! 404 g mol! 392 g mol 318 g mol
4" Geragdo: Acrescentou a cobertura contra organismos anaerobios.
Clinafloxacina Gatifloxacina Gemifloxacina Moxifloxacina
O O O O O OH O OH
F oM F o Nz o F o
—0
N N NN N N N7 SN N N
cl A mw_J o A A oL A
HoN HoN N
366 g mol! 375 g mol! 389 g mol! 401 g mol!
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Tabela 1. Continuacao

4" Geragdo: Acrescentou a cobertura contra organismos anaerdbios.
Sitafloxacina Trovafloxacina Prulifloxacina Enrofloxacina
O O [*I] O 0 O O
F F F
| N/@N N7 N o (\ | |
N N N
DC' o A He @j O:/\OI/N N>/S O l
N /\ ~
HoN F F
410 g mol 416 g mol 461 g mol 359 g mol
3. OCORRENCIA

A porcentagem de um antimicrobiano excretado por um animal, em sua forma nao
metabolizada, depende de diversos fatores, entre os quais, a substancia aplicada, a dosagem, a
espécie e a idade do animal." Segundo Regitano e Leal,'’ as fluoroquinolonas apresentam uma
taxa de metabolizagdo maior que 20%, sendo classificadas como de moderada metabolizagao.
Dessa forma, uma vez administradas aos animais, as quinolonas podem ser excretadas in natura
por meio das fezes e/ou urina. Ressalta-se ainda que as fluoroquinolonas nao sofrem alteracoes
em sua estrutura quimica na auséncia de luz, sob aeracdo, variagdo de temperatura
(10 — 55 °C),""" ou mesmo durante o processo de compostagem, podendo dispersar-se no meio
ambiente em sua forma inalterada.

Essa classe de farmacos nao ¢ degradada ou completamente removida nas estagdes
convencionais de tratamento de 4gua e esgoto,'>'* limitando as possibilidades de sua eliminagio.
Efluentes com tracos de antimicrobianos podem atingir corpos receptores, como rios, lagos e
estuarios e, inclusive, lengois freaticos e aguas destinadas ao abastecimento publico.

Excre¢ao humana e animal, descargas de aquiculturas, descarte da industria farmacéutica,
disposi¢do dos residuos domésticos e hospitalares, que contenham, inclusive, produtos vencidos
e/ou ndo aplicados sdo responsaveis pela dispersdo de farmacos no ambiente (Figura 2)."">"

Dentre esses, a excrecao animal e a aplicacdo de farmacos na aquicultura sdo os meios

majoritarios de disseminacdo das quinolonas no meio ambiente aquatico.

13



Indastria Farmacéutica —'Ir

Medicina veterinaria

A

Medicina humana

T T s Voo v

. :}  Animais Ind. | .
Residuo: - : .. , . |i|Aquicultura
- Excrecao | domeésticos || pecuaria |
domeéstico e A : H
ucoe ] 1 N ——— i PR
hospitalar Efluentes ;
_..". v
| ETE | ___________ ey Aguas de
) superficie
Agricultura
| Lodo | g l

1 v

ETA
—>| Aterro sanitério I__, Solos l |
Aguas ,|  Sistema de
subterrineas distribuicao

Figura 2. Rota dos antimicrobianos no ambiente (adaptada de Kemper')

Nao existem dados e informagdes disponiveis na literatura sobre o volume de producao de
medicamentos, inclusive antimicrobianos, voltados a medicina humana e veterinaria no Brasil e
pouco se conhece sobre o destino e efeitos desses compostos no meio ambiente. No Brasil,
sabe-se apenas que a producao de medicamentos destinados a medicina humana e veterinaria
movimentou cerca de R$ 22,1 bilhdes em 2010, sendo R$ 1,3 bilhdo referente a produgdo e venda
de antimicrobianos destinados ao consumo humano e¢ R$ 1,5 bilhdo ao uso veterinario.'® Nos
Estados Unidos, o Animal Health Institute (AHI) apresentou uma estimativa onde apontou que
em 2008 dos 12 milhdes de quilos de antimicrobianos produzidos, 30% seriam empregados para
fins terapéuticos e que 13% seriam empregados como promotores de crescimento.'’

Pesquisas sobre o monitoramento de quinolonas em aguas superficiais sdo escassas na
literatura especializada. Dos trabalhos publicados sobre a ocorréncia e identificacdo de tais

compostos no ambiente, apenas algumas das quinolonas existentes (Tabela 1) sdo foco dos
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estudos, conforme Tabelas 2 e 3. As principais pesquisas sobre a ocorréncia de quinolonas em
matrizes aquosas (agua superficial, dgua para abastecimento publico, afluente e efluente de
estacdes de tratamento de esgoto, efluente hospitalar e efluente pecuario) foram realizadas na
Europa (Franga, Espanha, Austria, Holanda, Suica, Grécia, Italia e Suécia), Asia (China, Vietna e

Taiwan) e Estados Unidos (Tabela 2). A concentracdo das quinolonas variou entre ng L™ e ug L™

em matrizes aquosas, ~~°** ¢ em solo, variou entre ng g’ a pg g’ (Tabela 3).202%4547
Tabela 2. Ocorréncia das quinolonas em matrizes aquosas
Quinolona Co?zgnirggao ' Matriz Regido Referéncia
<10 Agua superficial Franca/Paris 20
14 Agua superficial Espanha/Castellon-Valencia 21
Acido 200-500 Amostra de ETE Espanha/Granada 22
nalidixico 40-200 Efluente de ETE Taiwan 23
450 Efluente de ETE Australia/Brisbane 24
60 Efluente de ETE Espanha/Castellon-Valencia 21
10-19 Agua superficial Franca/Paris 20
Acido 23 Agua superficial Espanha/Castellon-Valencia 21
oxolinico <5 Agua para abastecimento publico (clorada) EUA/Carolina do Norte 25
300-600 Amostra de ETE Espanha/Granada 22
6,5-13 Agua superficial China/Pequim 9
245 Agua superficial Espanha/Castellon-Valencia 21
Acido pipemidico 86 Afluente de ETE China/Pequim 26
200-1500 Amostra de ETE Espanha/Granada 22
12 Efluente de ETE China/Pequim 9
430 Efluente de ETE Espanha/Castellon-Valencia 21
Acido piromidico 200-1100 Amostra de ETE Espanha/Granada 22
7-9 Agua subterranea de regido pecudria China 27
31,8-42,5 Agua subterranea de regido pecudria China 28
<10 Agua superficial Franga 20
7,1-20 Agua superficial China 9
9.660 Agua superficial Franga/Rio Arc 29
5-116 Agua superficial EUA /Arkansas 30
740 Agua superficial Espanha/Castellon-Valencia 21
60,3 Agua superficial China/Baiyangdian 31
2,0-8,2 Agua para abastecimento publico (clorada) China/Macao 32
6,0-679,7 Agua para abastecimento publico (clorada) China/Guangzhou 32
99 Afluente de ETE China/Pequim 26
1.100 Afluente de ETE Austrélia 24
Ciprofloxacina 39-458 Afluente de ETE China/Chongqing 33
30 Amostra de ETE EUA 34
200-2.000 Amostra de ETE Espanha/Granada 22
780 Efluente de ETE Espanha/Madrid 35
45-400 Efluente de ETE Suica 36
30-70 Efluente de ETE Franca, Grécia, Italia e Suécia 37
<19 Efluente de ETE EUA 38
310 Efluente de ETE EUA 39
220-450 Efluente de ETE EUA 40
27 Efluente de ETE China 9
780 Efluente de ETE Espanha/Madrid 35
2292 Efluente de ETE Espanha/Castellon-Valencia 21
850-2.000 Efluente hospitalar EUA/Novo México 41
1.100-44.000 Efluente hospitalar Vietnd/Hanoi 42
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Tabela 2. continuagao

Quinolona Cm(llclegnltll_’la;gao Matriz Regido Referéncia
Ciprofloxacina 15.000 Efluente hospitalar Australia 24
20-300 Efluente pecudrio China 27
Enoxacina 11 Agua superficial Franca 20
100-1.200 Amostra de ETE Espanha/Granada 22
70 Agua superficial Espanha/Castellon-Valencia 21
4,42 Agua superficial China/Baiyangdian 31
2,8-5,2 Agua para abastecimento publico (clorada) China/Macao 32
8,3 Agua para abastecimento publico (clorada) China/Guangzhou 32
Enrofloxacina 8,3 Afluente de ETE China/Pequim 26
270 Efluente de ETE EUA 39
10-30 Efluente de ETE Franga, Grécia, Italia ¢ Suécia 37
50 Efluente de ETE Australia 24
220 Efluente de ETE Espanha/Castellon-Valencia 21
100 Efluente hospitalar Australia 24
6,35 Agua superficial China/Baiyangdian 31
Fleroxacina 14 Afluente de ETE China/Pequim 26
5,8 Efluente de ETE China 9
13-29 Agua superficial Franca/Paris 20
20 Agua superficial Espanha/Castellon-Valencia 21
Flumequina 12,3-25,9 Agua superficial China/Henan 43
2,0-2,5 ETA (Clorada) EUA/Carolina do Norte 25
41 Efluente de ETE Espanha/Castellon-Valencia 21
16-41 Agua superficial China 9
Gatifloxacina 66 Afluente de ETE China/Pequim 26
56 Efluente de ETE China 9
1,3-4,9 Agua superficial China 9
8,9-37,1 Agua para abastecimento publico (clorada) China/Macao 32
179 Agua para abastecimento publico (clorada) China/Guangzhou 32
Lomefloxacina 143 Afluente de ETE China/Chongging 33
162 Afluente de ETE China/Pequim 26
<41 Efluente de ETE EUA 38
130-320 Efluente de ETE Franga, Grécia, Italia ¢ Suécia 37
17 Efluente de ETE China 9
7,2-14 Agua superficial China 9
205 Agua superficial Espanha/Castellon-Valencia 21
Moxifloxacina 72 Afluente de ETE China/Pequim 26
200-2.500 Amostra de ETE Espanha/Granada 22
17 Efluente de ETE China 9
540 Efluente de ETE Espanha/Castellon-Valencia 21
2 Agua subterranea de regido pecudria China 27
13-163 Agua superficial Franga 20
19-66 Agua superficial China 9
54 Agua superficial Espanha/Castellon-Valencia 21
156 Agua superficial China/Baiyangdian 31
7,0-17,1 Agua para abastecimento publico (clorada) China/Macao 32
82,7 Agua para abastecimento publico (clorada) China/Guangzhou 32
775 Afluente de ETE China/Pequim 26
859 Afluente de ETE China/Chongging 33
120 Amostra de ETE EUA 34
Norfloxacina 200-1.600 Amostra de ETE Espanha/Granada 22
49-367 Efluente de ETE Suica 36
30-80 Efluente de ETE Franga, Grécia, Italia ¢ Suécia 37
<45 Efluente de ETE EUA 38
330 Efluente de ETE EUA 39
85-320 Efluente de ETE China/Hong Kong 44
85 Efluente de ETE China 9
250 Efluente de ETE Australia 24
310 Efluente de ETE Espanha/Castellon-Valencia 21
900-17.000 Efluente hospitalar Vietna/Hanoi 42
200 Efluente hospitalar Australia 24
10-200 Efluente pecudrio China 27
Ofloxacina 2-2,5 Agua subtt?rrénea de regido pecuaria China 27
10-55 Agua superficial Franga 20
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Tabela 2. continuagao

Quinolona C01(1Ic:gn1tll_’la;gao ' Matriz Regido Referéncia
149-535 Agua superficial China 9
17-182 Agua superficial EUA/Arkansas 30
74 Agua superficial China/Chongqing 33
400 Agua superficial Espanha/Castellon-Valencia 21
32,6 Agua superficial China/Baiyangdian 31
1.287 Afluente de ETE China/Pequim 26
200-1.700 Amostra de ETE Espanha/Granada 22
Ofloxacina 1800 Efluente de ETE Espanha /Madri 35
100-204 Efluente de ETE EUA 38
110 Efluente de ETE EUA/Novo México 41
503 Efluente de ETE China 9
53-991 Efluente de ETE Taiwan 23
120-580 Efluente de ETE Franca, Grécia, Italia e Suécia 37
925 Efluente de ETE Espanha/Castellon-Valencia 21
25.500-35.500 Efluente hospitalar EUA/Novo México 41
100-5.000 Efluente pecuario China 27
Pefloxacina 64 Agua superficial Espanha/Castellon-Valencia 21
112 Efluente de ETE Espanha/Castellon-Valencia 21
55 Agua superficial Espanha/Castellon-Valencia 21
. 28,2 Agua superficial China/Baiyangdian 31
Sarafloxacina 250 Efluente de ETE EUA 39
52 Efluente de ETE Espanha/Castellon-Valencia 21
Sparfloxacina 4.4 Afluente de ETE China/Pequim 26
Tabela 3. Ocorréncia das quinolonas em matrizes solidas.

Quinolona Coiflzn;na;gao Matriz Regido Referéncia
Acido nalidixico 1,1-22,1 Solo/irrigado com esgoto Franga 45
Acido oxolinico 1,2-4,8 Solo/irrigado com esgoto Franga 45

Acido pipemidico 270 Lodo de ETE China/Pequim 26
0,8-30,1 Solo China 28

Ciprofloxacina 2,4-641,6 Solo China/Shandong 46
1.040 Lodo de ETE China/Pequim 26

50 Solo de érea agricola Turquia/Istambul 47

Enrofloxacina 0,1-166,9 Solo China/Shandong 46
70 Lodo de ETE China/Pequim 26

Fleroxacina 80 Lodo de ETE China/Pequim 26
Flumequina 2,2-6,9 Solo/irrigado com esgoto Franca 45
Gatifloxacina 490 Lodo de ETE China/Pequim 26
Lomefloxacina 1.000 Lodo de ETE China/Pequim 26
Moxifloxacina 530 Lodo de ETE China/Pequim 26
Norfloxacina 0,4-288,3 Solo China/Shandong 46
7.230 Lodo de ETE China/Pequim 26

Ofloxacina 0,6-1,6 Solo China 28
7.790 Lodo de ETE China/Pequim 26

Sarafloxacina 530 Lodo de ETE China/Pequim 26
Sparfloxacina 40 Lodo de ETE China/Pequim 26

Das 15 quinolonas detectadas em 4guas superficiais € em estacoes de tratamento de
esgoto, 13 delas (4cido nalidixico, acido oxolinico, acido pipemidico, ciprofloxacina, enoxacina,

enrofloxacina, fleroxacina, flumequina, gatifloxacina, lomefloxacina, moxifloxacina,

norfloxacina, ofloxacina, pefloxacina e sarafloxacina) foram identificadas em ambas matrizes na
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faixa de 1,3 a 9660 ng L. A elevada concentragdo desses compostos nessas matrizes pode estar
relacionada ao intenso uso na medicina humana ou animal.

Em aguas superficiais, acido pipemidico, ciprofloxacina e ofloxacina foram detectados em
concentracdes superiores a 245 ng L. Destaca-se ainda que a gatifloxacina, uma das quinolonas
desenvolvida mais recentemente, foi detectada na China, tanto no esgoto como em aguas
superficiais, na faixa de 16 — 66 ng L™".

Ofloxacina, ciprofloxacina e norfloxacina foram detectadas em concentracdes bastante
elevadas em efluente hospitalar (35,5 pg L' de ofloxacina, 44 pg L' de ciprofloxacina e
17 pg L' de norfloxacina)*' ™. As concentracdes elevadas desses compostos nesse tipo de
efluente, quando comparadas as concentragdes encontradas nas outras matrizes aquosas
(Tabela 2), podem indicar seu extenso uso em humanos para fins terapéuticos. Duong et al.**
relataram que colonias de E. coli que foram expostas a um efluente hospitalar contendo
ciprofloxacina e norfloxacina tiveram sua populacao reduzida em duas escalas de grandeza; além
disso, destacaram que foram identificadas bactérias resistentes a essas fluoroquinolonas.
Ressalta-se também que a concentracio de ofloxacina encontrada por Brown ez al.*' no efluente
hospitalar foi 2,6 vezes maior do que a concentracdo de ofloxacina necessaria para causar efeito
em 50% das bactérias Vibrio fischeri (ensaio Microtox) (CEso24n). "

Tamtam ef al.*® constataram a presenca de 17 antimicrobianos no rio Sena, entre as
cidades francesas de Paris e Le Havre; a flumequina foi detectada na faixa de 13 a 29 ng L.
Apesar da concentracdo reportada por Tamtam et al.*® ter sido aproximadamente 1.450 vezes
menor do que a concentragdo necessaria para causar efeito em 50% dos organismos (CEsg 24n) nos
ensaios com Vibrio fischeri (19 pg L™),* a toxicidade nesse meio pode ser intensificada pela
presenca de outras quinolonas, que apresentam o mesmo mecanismo de acdo (inibicdo do
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A concentracdo de determinado fAirmaco variou bastante nas diversas regides reportadas.
Por exemplo, nos trabalhos realizados na China, a concentragdao de moxifloxacina detectada nas
aguas superficiais foi de 7,2 a 14 ng L™ e nas estacdes de tratamento de esgoto (ETE) de 17 a
72 ng L', essas concentracdes foram inferiores as encontradas na Espanha, tanto em 4guas
superficiais (205 ng L") como em ETE (200-2500 ng L™).

No solo ciprofloxacina, norfloxacina e ofloxacina foram detectadas em até 641,1, 288,3 ¢
1,6 ng g', enquanto que em amostras de lodo de ETE 1.040, 7.230, 7.790 ng g,
respectivamente.® 2% 24 A elevada concentracio das quinolonas em amostras de lodo de ETE
esta associado a transferéncia de massa durante o processo de purificagdo do efluente pelas
diversas etapas da ETE.*

A ocorréncia de antimicrobianos no meio ambiente € preocupante, visto a possibilidade

do desenvolvimento de alteragdes em organismos presentes nas matrizes ambientais.

4. IMPACTO AMBIENTAL

Dentre os riscos reais de periculosidade que as quinolonas representam para os seres
humanos e animais, pode-se destacar o aumento da resisténcia bacteriana. FArmacos podem afetar
diretamente o meio ambiente e seu equilibrio. Bactérias expostas a residuos de antimicrobianos
presentes em matrizes ambientais podem sofrer modificacdes em sua carga genética, resultando
na resisténcia do micro-organismo ao farmaco a que o foi exposto.”> Um numero significativo
de bactérias (tais como, coliformes fecais, E. coli e enterococos) com genes de resisténcia a
antimicrobianos tem sido encontrado em estacdes de tratamento de esgoto.”' > O crescimento da
resisténcia bacteriana a medicamentos torna necessario o uso de farmacos cada vez mais potentes
e onerosos no tratamento de doencas.

Além da resisténcia, uma reducdo da populagao de micro-organismos foi observada em
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sistemas de tratamento de esgoto, quando aplicadas concentracoes de antimicrobianos

333 a5 quinolonas possuem potencial para afetar

comumente presentes em efluentes hospitalares;
a comunidade microbiana, podendo afetar seriamente o processo de degradacdo da matéria
organica.
A disposi¢ao continua no meio ambiente desperta a preocupagdo quanto a possibilidade
. ~ A . . ;L. . . 54
de bioacumulagao e persisténcia, devido as caracteristicas recalcitrantes das quinolonas.

Estudos de degradagao de antimicrobianos sdo importantes para avaliar a eficacia das tecnologias

de tratamento disponiveis.

5. PROCESSOS DE REMOCAO
5.1. Processos convencionais

Residuos de quinolonas foram detectados em diversas matrizes, at¢ mesmo em amostras
de agua potavel destinada ao abastecimento publico (Tabela 2). Isso indica que as estagdes
convencionais de tratamento de dgua nao sdo projetadas para promover a total remocao e/ou
degradacao desses compostos recalcitrantes.

A remocio de ciprofloxacina, norfloxacina e ofloxacina foi avaliada por Vieno et al.”> em
uma estacdo piloto de tratamento de agua. Os pesquisadores observaram que os processos de
coagulagdo, floculagdo e sedimentacdo removeram, juntos, apenas 3% da concentragao dos
farmacos presentes no efluente (com excecdo da ciprofloxacina: 30% de remocdo). A filtracao
apresentou um indice de remog¢do de 10% dos compostos avaliados. Nas etapas de coagulagao,
floculagdo e sedimentacdo sao empregados reagentes quimicos para promover a aglutinacdo e
precipitacdo dos poluentes presentes no efluente e ndo a oxidagdo dos mesmos.

Batt et al.** monitoraram a concentracio de ciprofloxacina em quatro esta¢des de

tratamento de esgoto. Em trés delas, havia tratamento terciario com etapa de cloragcdo e/ou
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fotolise. Até a etapa secundaria do tratamento, onde sdo removidas as maiores cargas de matéria
organica e os soOlidos, registrou-se 50% de degradacdo do antimicrobiano. Dos tratamentos
terciarios empregados, a cloracdo nao provocou efeito no tratamento do efluente e a fotolise foi
ineficaz, sendo responsavel por uma baixa remog¢ao do farmaco detectado na entrada da estacao:
aproximadamente 25%.

Lin ef al.” avaliaram a presenca e remocio de farmacos, inclusive duas quinolonas, em
estacdes de tratamento de esgoto. Observaram que, mesmo atingindo indices de remogao de 46 e
88% para acido nalidixico e ofloxacina, respectivamente, a eficacia do processo de lodos ativados
na remocao de farmacos foi variavel. Além disso, os indices de remog¢dao de farmacos nao
indicam, necessariamente, a degradacdo dos mesmos, uma vez que o lodo da ETE pode
apresentar uma concentracdo do contaminante até 1000 vezes maior do que a encontrada no
efluente.”® Lai e Lin'' comprovaram a ineficiéncia dos processos aerdbio e anaerdbio na
degradacao de flumequina e acido oxolinico.

Apesar dos processos bioldgicos serem capazes de remover parte dos antimicrobianos
presentes no afluente contaminado, o sistema de lodos ativados pode ser prejudicado pela
presenca de elevadas concentragdes das quinolonas, conferindo toxicidade ao meio.**’

Processos que utilizam cloro t€m sido frequentemente usados nas ETA para garantir a
desinfeccao de aguas destinadas ao abastecimento publico. As vdarias espécies comumente
utilizadas (hipoclorito, cloro e dioxido de cloro) possuem alto potencial de redugdo
(Ecio-=1,48 V, Ecp = 1,36 V e Ecio, = 0,95 V). A avaliagao da degradagao de quinolonas por
cloragio em estacdes tratamento de 4dgua e esgoto é escassa. Wang et al.'’ avaliaram a
degradacio de sete fluoroquinolonas  (acido  pipemidico - 0,30 mg L,
ciprofloxacina - 0,33 mg L'l, enrofloxacina - 0,36 mg L'l, flumequina - 0,26 mg L'l,

lomefloxacina - 0,35 mg L™, norfloxacina - 0,32 mg L' e ofloxacina - 0,36 mg L") em efluentes
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de ETA e ETE utilizando-se o dioxido de cloro (Ccjo2= 1 mg L'l). Nesse estudo, foi observado
que a flumequina, em ambos os efluentes, nao sofreu degradagdao, mesmo apds um longo periodo
de contato (24 h). O mesmo foi observado para o acido pipemidico, uma vez que a degradacgao
maxima foi de 10%. Por outro lado, a adi¢ao de ClO; promoveu a redu¢ao da concentragdo das
fluoroquinolonas ciprofloxacina, norfloxacina, lomefloxacina, enrofloxacina e ofloxacina. Na
ETE, ofloxacina e enrofloxacina foram totalmente oxidadas ap6s 30 min de reagdo e, em ETA, o
processo de cloragdo promoveu a degradacdo de 80 e 75% da ofloxacina e da enrofloxacina,
respectivamente. Dodd ef al.>® ja haviam reportado a rapida oxidagdo de enrofloxacina com
hipoclorito: 50% de degradagio apds 3 min de reagdo. Mais recentemente, Najjar et al.”
verificaram que a levofloxacina (0,04 mg L), assim como a enrofloxacina, foram rapidamente

degradadas (1 min) usando hipoclorito de s6dio como oxidante (Cnacio= 1,14 mg L™).

5.2. Fotolise

A radiagao UV compreende os comprimentos de onda variando entre 100 e 400 nm do
espectro eletromagnético, entre os raios-X e luz visivel. A radiacdo UV pode ser classificada em
UV-vacuo (100-200 nm), UV-C (200-280nm), UV-B (280-315 nm) e UV-A (315-400 nm). A
radiacdo UV ¢ normalmente obtida por meio de lampadas de vapor de mercurio, as quais podem
ser de baixa pressao, emissdo em comprimentos de onda proximos a 254 nm, e de média pressao,
com emissdo de 180 a 370 nm.*

Fluoroquinolonas sdo resistentes a alteragdes de temperatura ou hidrolise, porém sao
sensiveis a radiacdo ultravioleta.’’ A fotolise depende da absorcdo da radiacdo pelo composto
alvo. Em amostras de rios, lagos e efluentes ETE, onde a elevada turbidez e cor dificultam a
permeabilidade da luz pela solucao, a fotodecomposicao de poluentes organicos dissolvidos pode

nao ocorrer ou sofrer perda da eficacia.
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As quinolonas possuem duas faixas caracteristicas de banda de absor¢ao na regidao do
ultravioleta, uma entre 240 e 300 nm e outra, de menor intensidade, entre 300 a 380 nm, devido
aos anéis aromaticos presentes na estrutura desses compostos.**

1.5 demonstraram que 84% da flumequina (concentragio inicial de 20 mg L™)

Sirtori et a
em agua deionizada foi degradada por fotdlise usando radiacdo solar simulada (300-800 nm);
porém, em solu¢do marinha sintética, essa eficiéncia caiu para 66%. Pouliquen et al.®* nio
conseguiram uma eficiéncia superior a 9,1% na degradagdo de flumequina (1 mg L) e 4cido
oxolinico (1 mg L") em efluente sintético, utilizando um sistema com radiagdo solar. Por outro
lado, sarafloxacina, lomefloxacina, difloxacina, ciprofloxacina, enrofloxacina e norfloxacina
mostraram-se fotossensiveis a radia¢do ultravioleta e solar, com degradacao superior a 50% em
menos de 1 h de exposi¢do, mesmo quando utilizada uma concentracio na ordem de pg L™.°%

Hapeshi et al.” verificaram que 40% da ofloxacina (concentragdo inicial de 20 mg L™)
em agua ultrapura foram degradadas sob radiacdo ultravioleta em 240 min. Nao foi observada
remogao de toxicidade da solugdo utilizando Daphnia magna como organismo teste. Destaca-se
que a eficiéncia da fotdlise na degradacdo do farmaco depende da sua estrutura, da sua
concentracdo ¢ da matriz em que o mesmo se encontra. Em geral, as quinolonas, quando expostas
a fontes de radiagdo ultravioleta artificiais, se mostraram suscetiveis a degradacao.

Dada a baixa eficiéncia dos métodos convencionais e devido ao longo tempo de exposi¢ao

11,14,58,59,63-67,69-80

a radiacao ultravioleta necessario para a degradacdo de quinolonas, conforme

apresentado na Tabela 4, torna-se importante o estudo e a avaliagdo de tratamentos avangados.
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Tabela 4. Aplicacdo de processos convencionais para a degrada¢ao de quinolonas em matrizes
aquosas.
. Ciniciat . Tratamento
Quinolona (mg L") Matriz Proposto/Condigdes Resultados Ref.
232 Agua ultrapura UV3500m, 60 min 36% de degradacdo 71
Acido Biorreator com membrana em
nalidixico 48 Efluente sintético conjunto com O; 100% de degradagdo 72
Co; = 68,7 mg L, 30 min
261 Agua ultrapura UV3500m, 60 min 7% de degradagdo 71
(A) Agua ultrapura; (B)
agua superficial (Franca, o o
) 1 Nantes), (C) agua A =300-800 nm, 14 dias (g);fa(eB(i)ez’rifae;oC) 64
Acido oxolinico marinha sintética (40% =70 g ¢
NaCl)
; . (a) processo anaerdbio e aerobio, o o
20 (/;fiuaasrilpse rﬁ:lia;) 12 dias; (b) exposigao radiagao @0 (ﬁerg()i)algg o de 11
wan, Syuej solar, 12 dias g ¢
303 Agua ultrapura UV3500m, 60 min 39% de degradacdo 71
Acido (A) 4gua superficial; (B) 5. _ q 100 <o,
pipemidico 0,303 Afluente de ETE Cloragdo: CC‘Onfin I'mg L7, 30 (A) lgfrfléf)aj o de 14
(sudeste dos EUA) g ¢
331 Agua ultrapura UV3500m, 60 min 34% de degradacdo 71
(A) 4gua superficial; (B) <. _ q o o
0331 Afluente de ETE Cloragao: CClornzin ImgL™, 30 (A) 2(()1:) reagz);(?ﬁ de 14
(sudeste dos EUA) g ¢
(A) 4gua potavel; (B) Cloragdo: Ccip' =12 mg L™, 60 (A) e (B) 90% de
0,5 . < 58
. . efluente de ETE min degradacgdo
Ciprofloxacina Agua superficial (Italia.
0,05 gu f;,avia) ’ UVi10mms12w S 60 min 100% de degradagio 73
Efluente hospitalar UV (125W-média pressdo), 300 95% de degradacado e 20%
0,2 . . . . N 67
(Brasil, Santa Maria) min de mineralizacdo
4 Afluente de ETE (Suiga, . o 5
1,29x 10 Lausanne) UVasanmsasw, 10 min 48% de degradagao 74
Danofloxacina 0,02 Agua su;;)e;\f,iizl)al (Itdlia, UV310mms12w m > 60 min 100% de degradagao 73
(A) 10,0 _ , _
( — 500, 2 (A)k=0,82h",(B)k=1,0
Difloxacina Eg; ?,8 Agua ultrapura A =290-800 nm, 500 W m b, (C) k=223 b 65
10 Agua ultrapura X =290-800 nm, 500 W m™ t,, =088 h 66
0,05 Agua S“p;;f‘;‘)al (Itdlia, UVs10mms12wm ™, 60 min 100% de degradagio 73
(A) 4gua superficial; (B) <. _ q o o
0.359 Afluente de ETE Cloragio: CCIOInZin ImgL™, 30 (A) 75(;2 eré(}?g ;(())OA; de 14
(sudeste dos EUA) g ¢
0.46 (A) 4gua potavel; (B) Cloragio: Co =4,6 mg L™, 3 (A) 45% e (B) 50% de 53
i efluente de ETE min degradac@o
Enrofloxacina (A) Agua deionizada,
(B) agua superficial - (A) k=0,435 min™',
3,59 (EUA, Lago Josephine, Radiagdo solar B)k=0261 min' | ©
St. Paul)
(a)k=1,210" min™",
? A =300-800 nm, 500 W: (a) pH (b)k=1,110"
10 Agua ultrapura 3,(b) pH 6,9, (c) pH 11 min', () k=8410° | °
min™
( 60 min: (a) UVs4mm 30w, (D) (a) 50% e (b) 0% de
18 Agua ultrapura UV sgommaeny degradacio 76
) 10% de degradacdo e ndo
20 Agua ultrapura UV 300-4000m»500w m'z, 60 min houve alteragdo da 77
atividade antimicrobiana
) 91% degradagdo e
Flumequina 0,5 Agua ultrapura UVas40m,15w, 60 min gompleta re_m(.)(;ao §1a 78
atividade antimicrobiana
) 10% degradagdo e 18% de
0,5 Agua ultrapura Ci202 = 34,0 mg L'l, 60 min remogao de atividade 78
antimicrobiana
i . (a) processos anaerobio e aerobio, o o
20 Agu a superﬁc1a ! 12 dias; (b) exposigdo radiagdo @) 0%e (b) 19 0% de 11
(Taiwan, Syuejia) . degradagao
solar, 12 dias
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Tabela 4. continuagao

. Cinicial . Tratamento
Quinolona (mg L'l) Matriz Proposto/Condigdes Resultados Ref.
(A) Agua ultrapura; (B)
agua superficial (Franga, o o
1 Nantes), (C) agua A =300-800 nm, 14 dias (A; i'}/ﬁée(}?iz: 1r,a8 d/ao Z(()C) 64
marinha sintética (40% e g ¢
NaCl)
(A) Agua deionizada;
(B) 4gua marinha _ 2 (A) 84% e (B) 66% de
Flumequina 20 sintética (23,5 g L %= 300-800 nm, 250 W m", 30 h degradagao 63
NaCl)
(A) agua potavel e (B) o
2,6 esgoto tratado (sudeste Cloragdo: Ccio, = 1 mg L'l, 24h (A()iee (r}:(iao ?Ode 14
dos EUA) gradag
Esgoto tratado (Espanha,
0,1 Almeria) na presenga de Ci202 =50 mg L'l, 15 min 10% de degradacdo 79
outras 14 quinolonas
(@) Cnuoci = 2,13 mg L e ~ o
(A) 0,36 ( o ] . (A,a)k=26mol” Ls" e
Agua ultrapura Crazs203=2,13 mg L™, 50 min; _ 15 59
(B) 0,04 (0) Creoci= 114 mg L, 1 min (B,b) k=4400 mol” Ls
Levofloxacina 20 Agua ultrapura Ultrassom + V;fll; =0,02 mL, 20 70% de degradagiio 80
0,05 Agua S“p;;f‘;‘)al (Itdlia, UVs10mms 12w o, 60 min 72% de degradagio 73
Lomefloxacina 10 Agua ultrapura UV-Agwn >, 25 min 80% de degradacdo 82
Marbofloxacina 0,05 Agua Suf;f;&?)al (Iralia, UV3100ms1 ZWm'Z, 60 min 95% de degradagio 73
Moxifloxacina 0,05 Agua su;;)e;\f,iizl)al (Italia, UV3100ms1 ZWm'Z, 60 min 60% de degradacdo 73
319 Agua ultrapura UV3500m, 60 min 26% de degradagdo 71
31,9 Agua ultrapura UVss40m, 120 min 50% de degradacdo 82
80 Agua ultrapura uv{azsw- I;?gla pressio), 60 0% de mineralizagdo 83
20 Agua ultrapura UV3650m,15w, 60 min 9,1% de degradacdo 84
Norfloxacina (A) Agua deionizada,
(B) agua superficial - (A) k = 0,448 min™', (B) k
3,19 (EUA, Lago Josephine, Radiagao solar =0,337 min” 69
St. Paul)
s Afluente de ETE (Suiga, . o 5
2,7x 10 Lausanne) UVas40ms25w, 10 min 36% de degradacdo 74
100% de degradagao, 31%
de mineralizagdo, remogao
) T ~ o A
20 Agua ultrapura UV (150W mec}la pressdo), 32 'de.85 A)Vda at1v1dgd§ 85
min antimicrobiana (bactéria P.
putida), remogdo de 87%
da toxicidade (V. fischeri)
. (A) 4gua superficial; (B) <. _ q o o
Ofloxacina 0.361 Afluente de ETE Cloragio: CClOInZin ImgL™, 30 (A) 80d/g er é(}?g ;(())OA; de 14
(sudeste dos EUA) g ¢
s Efluente de ETE (Suiga, . o 5
4,1x 10 Lausanne) UVasanmsasw, 10 min 65% de degradacdo 74
10 Agua ultrapura UV350_4000m,0w, 240 min 40% de degradagdo 70
3 Afluente de ETE . ~ o
5,2x 10 (Espanha, Madrid) Lodos ativados Remogao de 64,1% 86
Sarafloxacina 10,0 Agua ultrapura A =290-800 nm, 500 W m k=0,26h" 65
10 Agua ultrapura A =290-800 nm, 500 W m* tin=2,69 h 66
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5.3. Processos oxidativos avancados

Os POA podem ser definidos como processos baseados na formagao do radical hidroxila
("OH), um forte oxidante ndo seletivo com capacidade de mineralizar compostos organicos,
devido ao seu elevado potencial de redugao (E = 2,73 V), superior ao dos oxidantes

87-88

convencionais. Os radicais hidroxila se destacam frente a outros oxidantes visto a sua

capacidade de promover desinfeccdo e,*’ principalmente, de mineralizar compostos organicos

9991 como por exemplo, antimicrobianos presentes em matrizes aquosas.'®

recalcitrantes,
O uso da radiagdo solar e de lampadas de que emitem radiacdo ultravioleta tem se
mostrado indicado para a degradagdo de quinolonas em solu¢ao aquosa quando o emprego se da

13,61,67,70,73,74,76-79,82,83,85,92-117

em conjunto com H,0,, Os, Fe(Il) e TiO,, conforme apresentado na

Tabela 5.

5.3.1. UV/H,0;
O processo oxidativo avangado UV/H,0, gera radicais hidroxila quando dois processos
muito conhecidos sdo combinados: um fisico (fotélise) e outro oxidativo (peroxidagao), conforme

Equacao 1.

H,0, + hv > 2 "OH (1)

13 verificaram a eficiéncia do processo UV/H,O, na degradagdao da

Rivas et a
norfloxacina em solugdo aquosa; a radiagdo UV, por si sO6, ndo foi capaz de degradar esse

farmaco.
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Tabela 5. Aplicagao de processos oxidativos avangados para a degradacdo de quinolonas em

matrizes aquosas.

Cliourcia-Tio2 = 1,6 g L', 15 min

de degradagao

Quinolona ([ﬁgi;_i:"ll) Matriz Processo/Condicdes Resultados Ref.
UV/TiO,/H;0;: TiO, impregnado em
58 Agua ultrapura filme (TiO,-Fe(Il)) + Ciz0, = 108,8 mg 100% de mineralizagao 92
L' ¢ radiagdo solar, 120 min
(A) Agua
Acido desmineralizada, (B) Foto-Fenton: Cy;0, =200 mg L'e o o
nalidixico 45 dguasalina(3gL") | Crap=2mgL' (AcB)e20mgl’ | ® egjﬁ; o?a(/;; (;2 B% | g3
NaCl (C) efluente (C), pH 4 € UVss40m, 40 min gradag
industrial simulado
3 Amostra de ETE UV/H,0;: Ciz0.=7,8 mg L'e o ~
0,1 x 10 (Japio) UVasamman s, S min 100% de degradagao 94
oo 0 2 100% de degradagédo e
Acido oxolinico 20 Agua ultrapura UV/TiO;: Crio = 1 g L', UVsesmmawm™s total remogéo da 95
pH 7,5, 30 min .. L .
atividade antimicrobiana
Agua ultrapura na . a
UV/TiO;: Crio. = 0,5 g L™ e A>400 nm, o o
33,1 preseqnlfierll(()ileog::ras 4 450 W, 60 min 100% de degradagao 61
5 o
33,1 Agua ultrapura UV/TiO;: Crio2 = 0.5 g L ¢ 3>400 nm, diorgrflc?qeﬁgeclg:z(:xz(;(?e 96
’ 450 W, 120 min o .
antimicrobiana
(a) UV/H;Ozl CHZOZ =50 mg L-l,
UVasanms2sw, 10 min; (b) Fenton:
Cio2 =50 mg L e Creay=5mg L™, 30 o/ o/
1,29 x 10 (él?ilostr]iiaiesill;lg) min; (c) foto-Fenton: Cyzoo = 50 mg L! (al) 06(§’/A]Zifeb3:()r:)(i’a((;od) 74
¢a, € C]:e(n) =5 mg L-l, UVs4nms25w, 10 min; ’ ¢ ¢
(d) foto-Fenton: = Cyjz0, = 50 mg L'e
Creany = 5 mg L'l, radiacdo solar, 90 min
UV/TiO,: Crio;=1,5gL" e (a) 55%, (b) 75%, (c)
33,1 Agua ultrapura UVi6snm,12sw, 10 min: (a) pH 3, (b) pH 5, 95%, (d) 95% (e) 45% 97
Ciprofloxacina (c)pH7,(d)pHY (e)pH 11 de degradacdo
(a) 03: 225 mg L™ h™', pH 9, 60 min; (b)
. 03/H;0,: 225 mg L h' 05 € Cipzor = ) 0
02 | (Brast, Sants Marigy | S0 MEL",PHO. 60 min: @ UVITiO: | (GG BEE | 67
’ CTiOZ = 0,571 g L-l € UV-A]zsw, pH 3, ° g ¢
60 min
Foto-Fenton: Cyj;0, = 50 mg L'e Crean
1,04x 10° Amostra de ETE =SmgL",)=290-800 nm,30 W m>, | 100% de degradaio 98
(Espanha, Almeria) pH 3, 50 min
) Foto-Fenton: Cyj;0, = 11 mg L'e Creany | pH 2,5 €4,5: degradacdo
1 Agua ultrapura =0,36 mg L'l, UV365-410nm,15w5 90%; pH 6,5: degradagao 99
pH 2,5,4,5¢6,5, 10 min de 50%
(@) UV/TiOy: Cri0;=0,5gL" e
A P UV254nm,389;|Wcm-2, pH 10, 15 min (a) 70 ¢ (b) 60% de
15 Agua deionizada (b) UV/TiO;: Cri02=0,5¢g L'e degradagdo 100
UVs650m 485chm-2, pH 10, 15 min
T T . I 1
Danofloxacina 0,02 Agufl Vsuperﬁ.c1al UVITiOx: Criox 2 0,5 & L™, UVsioms 12w 100% de degradagdo 73
(Italia, Pavia) m 20 min
Agua ultrapura na . q
UV/TlOzZ CTiOZ = 0,5 g L eA>400 0 ~
359 prese’:lné:ierl1 (()ileo g::ras 4 m, 450 W. 60 min 100% de degradagao 61
BDD, 7,1 g L' Na,SO,, 33 mAcm™, pH
3: (a) Eletroquimico: 360 min; (b)
Enrofloxacina ) EletroFenton: Cr.q, =28 mg L™, 360 (a) 67%, (b) 78%, (c)
158 Agua ultrapura min; (c) Foto-eletroFenton: Cr.qp = 28 96% e (d) 97% de 101
mg L'e UV360nm,6w, 240 min; (d) Foto- mineralizagdo
eletroFenton: Cr.q;) =28 mg L'e
radiagio solar, 17 W m™, 240 min
4 Efluente de ETE UV/TiO;: Crino=0,2 g L'l, radiagdo o -
1.8x10 (Espanha, regido leste) solar,30 Wm? 6 h 90% de degradagdo 102
. N A T N 0 ~
R e Nl I
0
) UV/TiO; (UVis4um): (@) Crioo=1,6 g L’
Flumequina 1 s | N o
20 Agua ultrapura > (b) Curéxa-TlOZ 156 g L > (C) (a) 55 Ajs (b) ¢ (C) 90% 13
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Tabela 5. continuagao

UV(médiapressdo, 125 W), 60 min

70% de mineralizag¢do

B Cinicial 0 o o~
Quinolona (mg L) Matriz Processo/Condicoes Resultados Ref.
Degradacdo: (a) 95%, (b)
0, 0, 0/ «
UV/TiO;: (a) TiO, imobilizado (cilindro 9(.) 0, ((.:) 90/0,’ (d) 80%;
. N mineralizagdo: (a) 80% e
) de vidro sintetizado) € UVasanm,zow, (b) (b) 65%; remogio da
18 Agua ultrapura TiO, imobilizado € UVigonmz6w, (€) Crioz azi’vi da d: 76
1gL" e UVassumsow € (d) Crioz 1 gL' e - P
UV 60 min antimicrobiana: (a) e (c)
360mm36W> 100%, (b) 50% e (d)
40%.
N A T 1
.(a)~UleOZ‘ CT‘.OZ 02gL"e Degradagdo de (a)
) radiagdo solar, 25 min, (b) Fenton (30 100%: (b) 10% para
20 Agua ultrapura min) e foto-Fenton (15 min): Cyp0z = Fent(;);l el 000/0 para 103
150 a 350 mg L! e Creany =2 mg L'e °P
radiacdo solar foto-Fenton
. _ q 98% de degradagio e
0,5 Agua ultrapura UV/H:0;: CH2023 034'mg L7 e UVassm, 100% de remogdo da 78
min atividade antimicrobiana
(A) Agua sintética; (B)
1 A1 . 0, 0,
efluente sintético; (C) UV/TiOy: TiO, imobilizado e A = 300- (A,a) 100%, (E:),b) 100%
0,5 efluente de ETE na . . e (C,b) 50% de 104
800nm: (a) 30 min e (b) 60 min ~
presenca de outros 14 degradagdo
Fl . farmacos
umequina (A) Agua sintética; (B) (A,a) 50%, (A,b) 100%,
esgoto sintético (a) Fenton (15 min) e (b) foto-Fenton (B,a) 45% e (B,b) 100%
0,1 (Espanha, Almeria) na | (60 min) modificado: Cy0, = 50 mg L de degradacdo; 105
presenca de outras 14 | e Creqy =5 mg L™, pH 7 e radiagio solar toxicidade aumenta (V.
quinolonas fischeri) ap6s 30 min
Esgoto tratado (a) Fenton (15 min) e (b) foto-Fenton
01 (Espanha, Almeria) na | (20 min) modificado: Cy0, = 50 mg L (a) 30% e (b) 100% de 79
’ presenga de outras 13 e Creany =5 mg L', pH 5,2 e radiagdo degradacdo
quinolonas solar
Agua ultrapura . q
UV/TlOzZ CTiOZ = 0,5 g L eA>400 0 ~
26,1 (presenf;a de outras 4 m, 400 W. 60 min 60% de degradacdo 61
quinolonas)
oo a 98% de degradagéo e
0,5 Agua ultrapura UV/T]J)\;/. Crio2 é%?nlllrllg Loe 100% de remogao da 106
254nm.13W> atividade antimicrobiana
" p
(a) Fenton (15 min): Cpp0, = 68 mg L' @) 4(3& de degra:iag:ao ¢
¢ CFe(II) =28 mg L-l, pH 2,8, 62A) de reI.no'an d.a
0,5 Agua ultrapura (b) foto-Fenton (60 min): Cio, = 340 | A1Vidade antimicrobiana |
mg L e Crn = 14 mg L, pH 2,8 ¢ (b) 94% de degradacdo e
E(L;V K ? 100% de remogdo da
234nm.13W atividade antimicrobiana
164 Aeua ultrapura 03: Cos-consumido = 31,2 mg L', pH 10,60 | k=3,8 mmol L min”, 108
’ g P min t1, = 7,8 min
T . N A I 1
Levofloxacina 0,05 A(gl?;izu};)e;g?)al UVITiO: CT‘Oi_z 2065 rrir]; » UVsionmizw 100% de degradagdo 73
3 Amostra de ETE UV/H,0;: Ciz0.=7,8 mg L'e o -
0,5x 10 (Japio) UVasimmor s, S min 70% de degradacdo 94
Marbofloxacina 0,05 Agua superficial UV/TiOy: Croa 05 8 L™, UVaiommiaw 100% de degradagdo 73
’ (Italia, Pavia) w s 20 min
Agua Superﬁcial UV/TiOz CTiOZ = 0,5 g L-l, Uv310nm,12W 0 ~
0,05 (ltilia, Pavia) 2,20 min 100% de degradagao 73
. . - ; UV/TiO;: Cri02=5,0g L™, o N
Moxifloxacina 5-25 Agua ultrapura UVsgsmmtssuns 14 min 100% de degradagao 109
. UV/TiO;: Crioz= 5,0 gL, 0 <
50 Agua ultrapura UV sgsmmissans’s 14 min (A) 85% de degradagao 110
i . - -1 =
10 Agua ultrapura UVITiO;: Criox = 1,0 g L7, A= 420 nm, 100% de degradagio 111
70 min
Agua ultrapura na . _ q
31,9 presenga de outras 4 UV/TiO;: Crio = 0,5 g L” e 2> 400 100% de degradagio 61
. . nm, 450 W, 60 min
Norfloxacina quinolonas
i UV/H;05: Cizor =91 mg L™, UVasunm, o 5
31,9 Agua ultrapura pH 7, 55 min 100% de degradagao 82
. 0. O — Bl o o
798 Agua ultrapura UV/TiO;: Cri;o=1gL" ¢ 100% de degradagdo e 83

28




Tabela 5. continuagao

Quinolona (lﬁ;‘i;_ij’_'l) Matriz Processo/Condicoes Resultados Ref.
100% de degradagao;
138 x 10° (];grﬁn; dlfeErTOE) UV/TiOy: Crin =02 ¢ L' ¢ UV | nio houve alteragio da | 112
eal, toxicidade
(a) UV/H;Ozl CHZOZ =50 mg L-l,
UVasanms25ws 110 min; (b) Fentoni
s Amostrade ETE | ez =30mg L7 e Crean=3mg L7, 30 1 16000 1)) 499 (c, d)
2,7x 10 (Suica, Lausannc) min; (c) foto-Fenton: Cy0o = 50 mg L 100% (ie deera d; éc’) 74
Norfl . &4, € Crean = 5 mg L', UVssm,25w, 10 min, ’ gradag
oto-Fenton: = Cyy0, = mgL- e
orfloxacina (d) foto-F C 50 L
Creany = 5 mg L'l, radiacdo solar, 90 min
5 Efluente de ETE UV/H,0;: Ciyor=7,8mgL", o <
Sx10 (Japdo) UVasanmsesw 1,025chm-2, 5 min 69% de degradagdo 4
(a) 05/UV: Co; = 15mg L,
< UV313nm;7OOW, 15 min (a) € (b) 100% de
10 Agua ultrapura (b) UV/TiOy: Co=100mg L', degradagio 13
UV3130m.700w, 30 min
(a) 60% de degr., 30%
de mineralizagdo e
(a) UV/TiO;: Crioo= 3 g L'l, radiagdo aumento de 90% da
10 Efluente de ETE solar, 120 min; (b) foto-Fenton: Cyp0, = toxicidade (D. magna); 114
(Chipre, Limassol) 92 mgL" e Creqn=5mgL", pH 3, (b) 100% de degradagao,
radiagdo solar e 30 min 50% de mineralizagdo e
aumento de 25% da
toxicidade (D. magna)
100% de degr., 31% de
mineralizagdo, remogao
N .
, UV/TiOy: Crio = 1 gL, UV (média | ¢ 84% da atividade
20 Agua ultrapura ressdo, 150 W), 32 min antimicrobiana (bactéria 85
p ’ > P. putida) e remogao de
86% da toxicidade
(Vibrio fischeri)
(a) UV/H;Ozl CHZOZ =50 mg L-l,
UVasanms25ws 110 min; (b) Fentoni
Ci202=50mg L™ e Creqy =5 mg L™, 30 o/ o/ .
41x10° (/;H;O:tr]iiadesil;lf) min; (c) foto-Fenton: Cyz0o = 50 mg L! (a)l ég‘gfi,e(gi 4r9agja; (;(’)d) 74
uiga, Lau € Crean = 5 mg L', UVasynm,2sw, 10 min, ? gracag
(d) foto-Fenton: = Cyj50, = 50 mg L'e
Crean = 5 mg L'l, radiagdo solar, 90 min
(a) UV/TiOy: Crioz = 250 mg L' (a) 100% de degr. ¢ 92%
W 20 miny | et O
Ofloxacina 10 Agua ultrapura UV/'1;102/H202: C_FOZ =250mgl e (c) toxicidade aumentou 70
Cizo2= 47,6 mg L, UVis0.400nmow, 120 0
o oL > a de 40 para 90% de
min; (¢) UV/TiO;: Crioo = 500 mg L™, . e .
UVss0400mm o, 30 min imobilizagdo (?aphma
o magna
3 Amostra de ETE UV/TiO;: Crio2 = 20 mg L'l, UV300. o -
1,61 x 10 (Espanha, Almeria) soonmaswn. 300 min 85% de degradacdo 115
. 78,6% de degr., (b
(a) Fenton: CHZOZ =175 mg L ! € CFe(II) = l(g())% de doe Cr Ce%rloAg C?C
5mgL", pH 2,8-2,9, 180 min; (b) Foto- | .~ ° ¢ ¢¢&"- "
Efluente de ETE Fenton: Cyizo =75 mg L ¢ Creap =5 mlf:f::ilgi@ioi 2(5/) llgo :
0.1 (Chipre, Nicosia) mg L", radiagdo solar, pH 2.8-2.9, 180 mineralifa. 30, alrmento 116
pre. min; (b) Foto-Fenton: Cyj;0, =75 mg L” da toxici d:de ’de 13.3%
e Creany = 5 mg L'l, radiagdo solar, pH X o 270
7 45 min para 60% (Daphnia
’ magna)
[ . Foto-Fenton: Cyj;0, = 12 mg L'e Crean
0,1 (é:gzﬁ}f;‘ng‘:fig) =5mgL", A >400 nm, 30 W, pH 5, 20 100% de degradagio 117
’ min
" Efluente de ETE UV/TiO;: Crin2=0,2 g L'l, radiagdo o o
2x10 (Espanha, regido leste) solar, 30 Wm? 6 h 78,5% de degradagio 102
(a) Foto-Fenton: Cyz0, = 50 mg L'e
Creany = 5 mg L, A, =290-800 nm, 30 W
1x10° Amostra de ETE m?, pH 3, 50 min; (b) Foto-Fenton (a) 100% e (b) 97% de 08

(Espanha, Almeria)

modificado: CHZOZ =50 mg L-l € Cpe(m
=5mgL", A=290-800 nm, 30 W m~,
pH 7, 50 min

degradagdo
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De La Cruz ef al.” comprovaram o aumento na eficacia da degradacdo de 32 poluentes
detectados em um efluente de ETE (inclusive trés fluoroquinolonas) quando empregado o
processo UV/H;0; ao invés da radiacdo UVjsanm 1soladamente. Apos 10 min de irradiagdo, 36%
da norfloxacina, 65% da ofloxacina e 48% da ciprofloxacina foram degradadas pelo processo
fisico. Adicionando 50 mg L' de H,0; e aplicando essa mesma dose de radiagdo (UV/H,0,),
observaram que 100% da concentragdo das fluoroquinolonas ofloxacina e norfloxacina presentes
no efluente foram degradadas apos 10 min de reacdo. Porém, para a ciprofloxacina, a total
degradacao foi observada apenas ap6s 30 min de reacgao.

Kim et al.’* aplicaram a fotolise para o tratamento de uma solug¢io contendo residuos de
39 farmacos. Para a remocdo desses compostos da solucdo aquosa, foi necessaria uma dose de
radiacdo UV de 2768 mJ cm? a qual pode ser considerada alta quando comparada aos
40-140 mJ cm™ necessérios para promover a desinfec¢do. Porém, com a adicdo de H,O,, houve
um aumento significativo na porcentagem de remoc¢do dos contaminantes, com o emprego de
uma menor dose de radiacio UV (923 mJ cm™). O mesmo foi constatado por Da Silva et al.”
durante a avaliacio da degradacdo de 0,5 mg L' de flumequina por UV/H,0,. Neste estudo,
reduzindo a dose de radiagio UV pela metade (de 5677 para 2839 mJ cm™), na presenca de
1,0 mmol L' de H,0,, resultados similares foram obtidos com relagdo a degradacdo da
flumequina (aproximadamente 98%). Além disso, a atividade antimicrobiana da solucdo
submetida ao processo UV/H,O, por 15 min foi semelhante a obtida quando empregado

5677 mJ cm™ (60 min) de radia¢io UV isoladamente.

5.3.2. Fenton e foto-Fenton
O POA reagente de Fenton produz radicais OH como resultado da clivagem de perdxido

de hidrogénio catalisado por Fe(Il), que por sua vez ¢ oxidado a Fe(Ill), como apresentado na
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Equacdo 2.""™"'"” A taxa de rea¢io diminui durante o processo devido ao consumo dos reagentes
(Fe(IT) e H,0,) e da reducao extremamente lenta do Fe(IIl) para Fe(II), conforme apresentado na
Equacio 3.""® Quando o processo Fenton ¢ conduzido sob radiacio UV (processo foto-Fenton),
ocorre a foto-reducdo do Fe(Ill) para Fe(Il). Esta regeneracdo do Fe(Il) gera, subsequentemente,
mais radicais hidroxila no meio aquoso, conforme apresentado na Equagdo 4.""®

O reagente de Fenton foi e continua sendo bastante empregado na remocao de cor de
efluentes das industrias téxtil, de couro e de papel. Na ultima década, o processo foto-Fenton tem
se mostrado uma alternativa eficiente no processo de degradagdo de contaminantes

emergentes.'*’

Fe(Il) + H,0, > Fe(IlI) + (OH) + *OH ( k = 53-76 L™ mol s) 2)
Fe(III) + H,O, > Fe(Il) + (OH) +"'O,H+H" (k=1-2x 10?2 L" mol s) (3)
Fe(Ill) + H,0 + hv > Fe(Il) + H' + "OH (4)

A eficéacia dos processos Fenton e foto-Fenton depende das concentragdes e da faixa do
pH, que deve estar entre 2,5 e 4. Caso o pH seja inferior a 2, havera uma diminuicdo dos "“OH
disponiveis no meio devido ao sequestro dos radicais formados, pelo H". Em pH acima de 4, o
processo foto-Fenton pode sofrer perda de eficacia devido a precipitagao de complexos de ferro,
inibindo assim a foto-redugdo do Fe(IIl). E importante salientar ainda que as reagdes de foto-
Fenton na faixa de pH de 2,8 a 4 sio mais eficientes sob radiacdo solar (A = 290-800 nm).”
Porém, reagdes de foto-Fenton modificado, em pH neutro, tém demonstrado serem mais eficiente

para a degradagao de antimicrobianos sob radiag¢ao UV254nm.74
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A fonte de Fe(Il) comumente utilizada na literatura ¢ o FeSO4.7H20.79’93’98’103’105 107,120 A
proporcao entre Fe(Il) e H,O,, para atingir a eficiéncia maxima, deve ser avaliada, uma vez essa
relagdo varia de acordo com o composto a ser degradado e a matriz em que 0 mesmo se encontra.

A eficacia dos processos Fenton e foto-Fenton no tratamento de um esgoto sintético
contendo 15 contaminantes emergentes, incluindo flumequina e ofloxacina, foi avaliado em um
reator solar em escala piloto por Klamerth ez al.'® Os pesquisadores observaram que a adi¢io de
5 mg L de Fe(Il) e 50 mg L de H,O, resultou na redugio maxima de 45% da concentragio
inicial de flumequina (0,1 mg L") presente no efluente. Porém, com a introdugdo da radiacio
solar no processo, a degradacdo da flumequina atingiu 100% ap6s 60 minutos de reagdo, devido a
regeneragao de Fe(Il), conforme mostrado na Equagdo 4. Devido ao rapido consumo de H,O,,
doses extras de perdxido de hidrogénio (50 mg L) foram adicionadas periodicamente para
manter o reagente disponivel no processo. E importante salientar que, apesar do processo foto-
Fenton ter sido eficaz na degradacao dos 15 contaminantes, a aplicacdo desse POA no tratamento
do efluente de ETE resultou em uma solugdo com toxicidade maior que a inicial, quando
utilizada a bactéria V. fischeri como organismo teste. Klamerth e al.” avaliaram a degradacio
desse mesmo efluente por Fenton e foto-Fenton modificado e constataram que,
independentemente do tempo de reagdo para a degradacao total dos poluentes, as reacdes com
Fenton podem ser aprimoradas pela adi¢do de oxalato de ferro e substancias huimicas, com a
vantagem da possibilidade de utilizacdo do pH natural do efluente, ou seja, pH em torno de 7.

Rodrigues-Silva et al.'” avaliaram a eficacia dos processos Fenton e foto-Fenton para a
degradacdo de flumequina (0,5 mg L") em solucdo aquosa. Mesmo que a degradacdo maxima
observada tenha sido de 94% (Creary= 14 mg L'l, Cr202= 340 mg L'e UV2540m = 5677 mJ cm'2),
verificaram que a toxicidade da solugdo para V. fischeri nao foi alterada apos o processo foto-

Fenton e que a atividade antimicrobiana da solugdo foi totalmente removida. Os pesquisadores
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concluiram também que os excessos de Fe(Il) e/ou H,O, resultam na perda de eficiéncia do
processo Fenton e foto-Fenton.

De acordo com Sirtori et al.”'®, as fluoroquinolonas 4cido nalidixico ¢ flumequina
presentes em solucdes aquosas podem ser degradadas por foto-Fenton; porém, a complexidade
das matrizes (como efluentes industriais), a salinidade das amostras e a elevada concentracao de

cloro presente nos efluentes podem alterar a cinética de degradacao.

5.3.3. UV/TiO;

A fotocatalise envolve o emprego de semicondutores, os quais sdo caracterizados pela
banda de valéncia, banda de condugao e a diferenca de energia entre elas, o band-gap. Dentre os
fotocatalisadores, o didxido de titanio (TiO,) destaca-se devido a alta banda de foto-sensibilidade,
natureza nao toxica, valor de band-gap adequado para a utilizacdo com radiacao UV, elevada
estabilidade quimica, baixo custo e dispensar o uso de reagentes coadjuvantes. A fotocatalise
pode ser procedida de duas maneiras: empregando semicondutor em suspensdo ou
imobilizado.'**"'**

A absorcao de fotons, pelo semicondutor, com energia maior que o band gap resulta na
promocao do elétron da camada de valéncia para a de conducdo. A promogao para o estado
eletronicamente excitado ocorre pela irradiacdo UV na superficie do semicondutor. Para que seja
gerado um elétron lacuna (Equacao 5), a energia necessaria para superar o band gap necessita ser

superior a 3,2 eV.'”* Nas Equacdes 5 a 10 sdo apresentadas as reacdes envolvidas durante a

formacio dos radicais pelo processo fotocatalitico com TiO,.'*

TiOs+hv > e +h' (5)

O,+e 2 0y” (6)
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H,0+h" > "'OH+H" (7)

O, +H' = HOy (8)
2 HO;" = H,0,+ 0, 9)
H,0,+0,” 2> "OH+ OH + O, (10)

A adsor¢do do composto alvo na superficie do TiO, ¢ uma das principais etapas do
mecanismo de reagdo da fotocatilise. No estudo de Paul er al.®' 5% da ciprofloxacina
(1,65 mg L) foi adsorvida em 0,5 g L' de TiO, em suspensdo em 5 min de contato. Rodrigues-
Silva et al.' reportaram a adsorgdo méaxima de 29,6% de flumequina (concentragdo inicial de
0,5 mg L") em 150 mg L' de TiO, apds 30 min de agitagdo. Esse resultado esta de acordo com o
estudo de Palominos ef al.,”’ os quais reportaram que a adsor¢io méxima de flumequina
(concentragdo inicial de 20 mg L") em 1,5 g L' de TiO, foi de aproximadamente 26%. A
adsor¢ao de compostos no semicondutor varia conforme a concentragdo do poluente,
concentragdo do adsorvente e da complexidade da matriz.

A fotocatalise com TiO, tém sido aplicada com sucesso na degradacao de quinolonas
presentes em  solucBes aquosas,!616770.7376-77.8395:97,100,102-104106,109-111113-114 oo trabalhog
publicados, pouco]s sdao aqueles aplicados para a remocao de quinolonas nas concentragdes reais
presentes em efluentes. Bernabeu et al.'® detectaram, em um efluente de ETE na Espanha,
2,0 x 10* mg L de ofloxacina e 1,8 x 10* mg L de enrofloxacina e aplicaram a fotocatalise
como polimento (tratamento terciario), visando a remogao desses contaminantes. Utilizando 200
mg L' de TiO, em suspensdo, apés 6 horas de exposi¢do a radiacio solar, observaram a
degradacdo de 78,5 e 90% da ofloxacina e enrofloxacina, respectivamente. Mesmo ndo sendo

atingida a total remog¢do dessas fluoroquinolonas, observou-se que a fotocatalise foi altamente

eficaz em relagdo a desinfec¢do, removendo 99% dos coliformes fecais apds 1 h de tratamento.
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No entanto, os autores ressaltaram que a aplicacdo em larga escala desse processo ndo seria
tecnicamente vantajosa devido a necessidade de remogao do TiO; ao final do processo, quando
comparada ao processo de fotdlise e UV/H,0..

Palominos ef al.”” analisaram a degradacio da flumequina utilizando TiO, em suspenséo,
na presenca de uma fonte luminosa simulando a luz solar. Verificaram total degradacdo da
flumequina apds e 80% de mineralizacdo apds 30 min de ensaio. Além disso, ndo foi detectada
atividade antimicrobiana nas solugdes submetidas ao processo de degradacao, indicando alteragao
da estrutura da quinolona estudada. Nieto et al." utilizaram a oxidacdo fotocatalitica com diéxido
de titanio na forma pura (TiO;), na presenga de uréia (u-TiO,) e tiouréia (t-TiO;) (técnica de
sol-gel) para a degradagdo de flumequina em solugdo aquosa, atingindo 55, 90 e 90% de
degradacao, respectivamente, apos 15 min.

No processo de fotocatalise com TiO, em suspensao, a avaliagdo da faixa de concentracao
do catalisador a ser aplicada no processo ¢ imprescindivel para se atingir a maxima eficiéncia de
degradacdo. Rodrigues-Silva ez al.'® utilizaram concentra¢des de TiO, em suspensio variando de
5a 150 mg L', com o objetivo de degradar 0,5 mg L' de flumequina em 4gua ultrapura. Foi
observada uma total degradacio do farmaco apods 30 min de radiagio UV, utilizando 50 mg L™ de

Ti0..

5.4. Ozonio

O ozonio possui elevado potencial de redugdo (E = 2,07 V), superior ao de compostos
oxidantes, como o H,O, e o cloro. Em meio basico, decompde-se levando a formacao de radicais
hidroxila, cujo potencial de redug¢dao ¢ ainda mais elevado. Em altas concentragdes, ¢ um gas
toxico, tem um odor peculiar similar a0 do cloro e sofre decomposicao rapida em altas

temperaturas. E instavel em dgua, possuindo uma meia-vida de minutos, devendo, portanto, ser
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produzido in-situ (no local € no momento a ser consumido). A decomposi¢do do ozdénio pode ser
acelerada pelo aumento do pH, pela adi¢io de peroxido de hidrogénio ou pela radiagio UV.'> 1%
Desta maneira, a oxidagdo de quinolonas durante a ozoniza¢ao pode ocorrer via 0zonio molecular
(reagdo direta - predominante em meio acido) ou radical hidroxila (reacdo indireta - predominante
em meio basico). Em meio neutro, ambos oxidantes podem estar atuando.

Viarios estudos tém avaliado a aplicagdo de 0zénio para a remogao de fluoroquinolonas
presentes em efluentes.’’ ¢ 7282198127 Negses estudos, concluiu-se que, elevando-se o pH acima
de 10, a eficiéncia da degrada¢ao aumentou.

Balcioglu ¢ Otker'”” avaliaram a aplicagdo de ozdnio em efluente de ETE sintético
contendo enrofloxacina. Trés valores diferentes de pH foram avaliados: 3, 7 ¢ 12. A ozonizagao
foi combinada com H,0; e com radiacdo UVjs4nm. Os pesquisadores concluiram que a melhor
condigdo de trabalho foi em pH 12, para o qual obtiveram resultados de remocao de
enrofloxacina similares aos obtidos para o processo O3/H,O,. O processo O3/UV apresentou uma
eficiéncia de 20% acima da obtida utilizando a fotdlise isolamente.

Rivas ef al.'”® concluiram que, mesmo que o processo de ozonizagdo tenha sido capaz de
degradar rapidamente 90% da norfloxacina presente no efluente, 70% do teor de carbono

organico total inicial continuou presentes na solucdo, devido aos intermediarios formados, os

quais poderiam contribuir para a atividade antimicrobiana residual da solugao.

6. INTERMEDIARIOS FORMADOS
Para que os produtos formados das reagdes entre os radicais hidroxila e as quinolonas

possam ser identificados, normalmente utiliza-se a espectrometria de massas, massa em tandem e

66,68,73,85,93,95-97,101,103,106,107,128-130.

distribuicao isotdpica. As estruturas dos possiveis produtos

formados sdo propostas baseando-se na composicao elementar dos fArmacos e mecanismos de
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reagcOes organicas apresentados na literatura especializada. Salienta-se que a identificacdo dos
produtos formados durante os processos de degradagao ¢ uma etapa bastante trabalhosa devido as
baixas concentragdes em que esses intermediarios se encontram. E importante ressaltar que, para
comprovar a identidade dos intermediarios formados e propostos ¢ necessario a aquisi¢ao de
padrdes analiticos desses intermediarios, os quais nem sempre encontram-se disponiveis.”’'*

O ataque do radical hidroxila a compostos organicos nao ¢ seletivo, ou seja, o radical
pode interagir com qualquer regido da molécula alvo. Dependendo da estrutura quimica do
analito, a investigacdo dos intermediarios formados pode ser dificultada.'*°

A elevada concentracao de compostos organicos presentes nos efluentes pode interferir na
eficiéncia do POA, bem como dificultar o processo de identificagdo dos intermediarios formados,
devido a possibilidade de formagao de produtos a partir dos outros compostos que sao diferentes
da molécula alvo do estudo, ou seja, dos interferentes.%*!7:13¢

Além da presenca de matéria organica, solugdes contendo excesso de sais de sodio,
potassio e amodnio podem promover a formag¢dao de adutos. Adutos sdo ifons formados pela
combinagdo direta entre a molécula ionizada e outro fon que nio seja um préton (H"); eles ndo se
fragmentam quando empregada a energia de ionizagdo comumente utilizada em andlise de massa
em tandem,"' o que dificulta a sua caracterizagio ao longo do processo de degradagio.

132

De acordo com Albini e Monti, °° ndo ¢ esperado que as fluoroquinolonas sofram

rearranjo em sua estrutura quimica durante a exposicao a radiagdo UV. A principal modificagao

que deve ocorrer na estrutura da fluoroquinolona durante o processo de fotdlise ¢ a perda do

fluoreto (F), seguida da eliminagdo do grupo carboxila (COOH).'"!*?

1'% ¢ Klamerth ef al.”” constataram um aumento da concentra¢io de F~ em

Sirtori et a
solucdes aquosas (contendo flumequina e ofloxacina) submetidas aos processos foto-Fenton e

fotocatalise. Os autores demonstraram que reagdes com ‘OH provavelmente promovem também a
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remocdo do F~ ligado ao C-6 das fluoroquinolonas avaliadas. Giraldo et al.”’ relataram que o
processo de hidroxilagdo das quinolonas deve ocorrer por reagdes do tipo photo-Kolbe,
resultando na substitui¢ao do grupo carboxila (COOH) ligado ao C-3, por um préton ou uma
hidroxila. Sirtori et al.,“’m3 An et al.,97 Rodrigues-Silva et al.,m("m7 Sturini et al.,73’1296 Vasquez
et al.® propuseram que as quinolonas 4cido nalidixico, ciprofloxacina, danofloxacina, ofloxacina
e flumequina perdem o COOH durante reagdes com o radical hidroxila.

Liu et al'® propuseram que a principal rota de degradacio da ciprofloxacina,
norfloxacina e lomefloxacina ocorre na regido alcalina (N-1 e/ou anel piperazinico) dessas
fluoroquinolonas. Pretali e al.'*® concluiram que o caminho de degradacdo da marbofloxacina se
inicia com reagdes no anel piperazinico, corroborando com o trabalho de Kusari ez al.,°® os quais

avaliaram os produtos da degradagdo da sarafloxacina.

7. TOXICIDADE E ATIVIDADE ANTIMICROBIANA RESIDUAL
7.1. Toxicidade

A compreensdo de como um efluente tratado serd reabsorvido pelo ambiente ¢ uma peca
importante para definir os ganhos com o processo aplicado. Os POA tém sido largamente
empregados para o tratamento € remoc¢do de contaminantes organicos € inorganicos, assim como
para aumentar a biodegradabilidade de efluentes. Entretanto, a oxida¢ao incompleta de
contaminantes pode resultar na formag¢ao de intermediarios mais toxicos do que o composto
original. Por esse motivo, ensaios de monitoramento da toxicidade sdo desejaveis, principalmente
quando a total mineraliza¢io dos contaminantes ndo é atingida.'"?

A cloragdo, um dos processos mais comumente usados nas ETA, foi aplicada na
degradagio da levofloxacina por Najjar et al.”’ Mesmo atingindo 93% de degradagdo da

fluoroquinolona, houve uma aumento de 88% da toxicidade da solucdo, avaliada pela inibi¢do da
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fluorescéncia da bactéria V. fischeri). O mesmo foi observado por Li e al’' em solucdes
contendo enrofloxacina submetidas a fotolise: a inibi¢ao da fluorescéncia da V. fischeri aumentou
de 26,5% para 67,2% em 60 min. Pode-se concluir, portanto, que o tratamento empregado para a
degradacao de contaminantes nao resulta necessariamente na remog¢dao e/ou diminuicdo da
toxicidade da solugao.

Klamerth et al.'®”

avaliaram a toxicidade aguda para V. fischeri de um efluente real
contendo 15 contaminantes (inclusive flumequina e ofloxacina) e concluiram que, apos a
aplicacdo do processo foto-Fenton, apesar da concentragdo desses compostos ter diminuido, a

1.'7 n3o observaram

toxicidade da solu¢do aumentou. Por outro lado, Rodrigues-Silva et a
alteragcdo na fluorescéncia da bactéria V. fischeri das amostras de flumequina em agua ultrapura
submetidas ao processo foto-Fenton. Segundo Backhaus ez al.,”® a toxicidade de uma solucdo de
compostos quimicos ndo pode ser atribuida a apenas um dos contaminantes presente na solugao,
devido ao diferente mecanismo de agdo biologica de cada composto. Dessa forma, ensaios de
toxicidade em amostras complexas nao necessariamente refletem a toxicidade de um composto
especifico do efluente.

A toxicidade residual pode ser afetada pelo tipo de processo aplicado para a degradagao
dos contaminantes. Michael ez al.''"* avaliaram a toxicidade residual (Daphnia magna, 48 h) de
solucdes de ofloxacina submetidas aos processos foto-Fenton (radiacdo solar) e fotocatalise.
Concluiram que a toxicidade da solugdo aumentou apds a aplicagdo do processo foto-Fenton ao
longo do tempo de reacdao (0 a 60 min). Resultados opostos foram obtidos quando empregada a
fotocatélise: a toxicidade da solugdo diminuiu. Essa diferenca pode ser explicada pelos diferentes
intermediarios formados durante esses dois POA.

Os ensaios de toxicidade aguda fornecem uma informagdo rapida e preliminar da

periculosidade que uma solu¢do pode causar a biota. No entanto, nem sempre esses ensaios
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fornecem resultados devido a baixa concentracdo do contaminante no efluente e a baixa
toxicidade das fluoroquinolonas. Concentragdo efetiva maior que 10 mg L™ para ensaios cronicos

com Daphnia magna vem sendo reportada.’”**"°

7.3. Atividade antimicrobiana

A atividade antimicrobiana das quinolonas esta relacionada com a formacao de ligacdes
de hidrogénio entre os grupos aceptores (COOH, C=0 e F) desses compostos com o DNA-girase
das bactérias, resultando na inibicdo da duplicagdo dos microrganismos. O DNA-girase ¢ uma
enzima que evita o emaranhamento da fita de DNA da bactéria durante e apos sua duplicagdo. Ao
inibir essa enzima, ocorre uma sintese descontrolada de RNA mensageiro e de proteinas,
determinando a morte das bactérias.'**

Caso ocorram alteragdes nos sitios da molécula da quinolona, onde se formam as ligagdes
de hidrogénio, espera-se que a atividade antimicrobiana diminua. As reagdes entre os radicais
hidroxila e as quinolonas ndo sdo facilmente identificaveis, uma vez que o radical hidroxila ndo ¢
seletivo, podendo entrar em contato com qualquer regido da molécula alvo.

Sao raros os dados na literatura sobre a atividade antimicrobiana de solugdes que foram
submetidas a um POA.76789390106-107.135 Degtaca-se que essa avaliagio ¢ de fundamental
importancia, uma vez que, mesmo o composto sendo altamente degradado, os intermediarios
formados podem apresentar atividade biologica. Com os ensaios de atividade antimicrobiana, ¢
possivel prever possiveis impactos no meio ambiente.

Nos trabalhos de Mansilla et al.,76 Palominos et al.”’ e Giraldo et al.”® foi avaliada a
atividade antimicrobiana baseando-se na medida do halo de inibigdo formado no filme de agar de
uma placa de Petri inoculada com E. coli. Porém, os resultados desses estudos podem ser

considerados apenas qualitativos ou semi-quantitativos para a avaliacdo da atividade
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antimicrobiana residual de uma solucdo, visto que esta avaliagdo ndo ocorre pela contagem de
microrganismos na solugao.

Dodd et al.,135 Paul et al.,% Da Silva et al.”® e Rodrigues-Silva et al.'%1%7 avaliaram a
atividade antimicrobiana residual de solugdes de quinolonas submetidas aos POA por ensaios de
inibicdo do crescimento da bactéria Escherichia coli. As solug¢des iniciais € as solucodes
submetidas aos processos de degradagdo foram serialmente diluidas e expostas a uma
concentracdo definida de microrganismos. Nesses estudos, os autores concluiram que a atividade
antimicrobiana da solu¢do decaiu conforme a quinolona foi degradada. Porém, ¢ importante
salientar ainda que esses estudos foram realizados apenas para ciprofloxacina, enrofloxacina e
flumequina e em agua ultrapura.

E possivel que a desativagdo da atividade antimicrobiana ocorra mesmo quando ndo seja
alcancada a total mineralizacdo do composto alvo presente na solu¢dao. No trabalho de

Paul et al.,96

a atividade antimicrobiana da solucdo de ciprofloxacina foi reduzida apds a mesma
ser submetida ao processo de fotocatdlise, mesmo quando o nucleo da quinolona permaneceu
intacto. Portanto, pode ser considerado eficiente os tratamentos que desativem a atividade
biologica ou que modifiquem a estrutura dos antimicrobianos.”®

Da Silva ef al.’”® avaliaram a remocdo da atividade antimicrobiana de uma solucdo de
flumequina submetida aos processos de H;O,, UVasanm € UV/H0,. O processo oxidativo
avangado foi capaz de remover totalmente a atividade antimicrobiana da solugdo em apenas
30 min, enquanto que para a fotolise, foram necessarios 60 min de ensaio. Por fim, os ensaios
com H;0, nao resultaram na diminuicdo da atividade antimicrobiana da solugao.

Rodrigues-Silva et al.'”’

observaram que o processo foto-Fenton foi eficaz na remoc¢do da
atividade antimicrobiana da solugdo: em apenas 15 min, a mesma foi completamente removida.

Similar eficiéncia foi atingida utilizando o processo de fotocatalise com TiO, em suspensdo.'*®
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Além disso, Rodrigues-Silva et al.'” constataram que os produtos formados deveriam apresentar
baixa atividade antimicrobiana devido as modificagdes no sitio de ligagdo com o DNA-girase.
Esses estudos demonstraram a eficacia dos POA na desativagdo da atividade antimicrobiana de

solucdes contendo flumequina.

8. CONCLUSOES

Os métodos analiticos de deteccao disponiveis permitem a quantificacdo das quinolonas
em matrizes aquosas na ordem de pug L™ a ng L. Destaca-se a presenca desses contaminantes
emergentes na ordem de ng L' em 4gua destinada ao abastecimento publico. Os processos
convencionais de tratamento de aguas e efluentes nao sdo completamente eficientes na
degradacao desses compostos.

Vérios processos oxidativos avangados foram avaliados e mostraram ser eficientes na
degradacao das quinolonas. No entanto, muitos trabalhos ainda utilizam uma concentracao inicial
do analito bastante alta (ordem de mg L") quando comparada com a concentragdo encontrada nas
matrizes aquosas ambientais.

Apenas alguns trabalhos publicados abordaram ensaios ecotoxicoldgicos. Nesses
trabalhos, a toxicidade residual das solucdes foi avaliada utilizando apenas um organismo teste. A
toxicidade das quinolonas pode ser considerada baixa para a maioria dos organismos utilizados,
tornando também de fundamental importancia a avaliagdo da atividade bioldgica das solucdes
submetidas aos processos de degradacdo, ou seja, no caso das quinolonas, da atividade

antimicrobiana.
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4 RESULTADOS E DISCUSSOES

4.1 Degradacao de flumequina por UV/H,0,

Artigo ‘““Antibacterial Activity Inhibition after the Degradation of Flumequine by
UV/H;0,” publicado na revista Journal of Advanced Oxidation Technologies, volume 14,
numero 1, paginas 106 a 114, no ano de 2011. Este artigo corresponde as paginas 50 a 58 desta

tese.
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Antibacterial Activity Inhibition after the Degradation of Flumequine
by UV/HzOz

Caio Rodrigues da Silva', Milena Guedes Maniero', Susanne Rath?, and José Roberto Guimaries*’'

'Civil Engineering, Architecture and Urban Design School, University of Campinas — UNICAMP — P.O. Box
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Abstract:

Flumequine is a broad-spectrum antibacterial agent of the quinolone class widely used as veterinary drug in
food-producing animals. It is considered as pseudo-persistent compound continuously introduced into the
environment and its presence in the environment may contribute to the development of drug resistant bacterial
strains. In this study antibacterial activity removal during flumequine degradation by UV/H,0O, was evaluated.
The results showed that the advanced oxidation processes (AOPs) using UV/H,0, was effective in removing the
antibacterial activity of flumequine in aqueous solution. The dose-response dropped as the AOP removed
flumequine from the solution during the treatment. After 15 minutes, the log dilution rose from -1.0 to -0.18 to
achieve the antibacterial veterinary drug ECsy. Moreover, after 30 minutes it was untraceable, which indicates
flumequine degradation through AOP, as confirmed by quantitative HPLC analyses (degradation higher than
99%). It was also shown that the by-products formed during the oxidation did not offer stronger antibacterial
activity. These results showed that AOP is technically efficient for the treatment of aqueous solutions containing

flumequine.

Keywords: Flumequine, antibacterial activity, degradation, UV/H,O,

Introduction

Antimicrobials are veterinary drugs widely used in
food producing animals, primarily for therapy, pro-
phylaxis, infection control (metaphylaxis) and growth
promotion purposes. After administration, they are
usually not fully metabolized due to the low absorption
of the antimicrobials in the animal’s digestive system.
Thus, the antimicrobials may be eliminated in natura
through urine and feces, being excreted both non-
metabolized and as active metabolites (1), which are
discarded into the receiving water and soil. The
presence of veterinary drugs in aquatic environments
has concerned the scientific community in European
countries (2), and thus should claim attention in Brazil,
where the livestock population surpasses that of the
human beings (IBGE — Brazilian Institute of Geography
and Statistics).

Veterinary drugs represent real risks for the
environment, due to their persistence. With large use
in animal husbandry, they are introduced directly into
the environment, and so, even in low concentrations,
may cause synergic effects (3). In addition, concerns
about the occurrence of antimicrobials in the environ-
ment have been growing due to the potential evolution
of antibiotic resistant bacteria (4).

*Corresponding author; E-mail address: jorober@fec.unicamp.br
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Flumequine is a broad-spectrum synthetic anti-
bacterial agent of the quinolone class, especially active
against gram-positive bacteria, widely used as a
veterinary drug in food-producing animals. Its primary
target is the bacterial enzyme DNA gyrase (or topo-
isomerase II), which renders the DNA molecule
compact and biologically active, with the subsequent
blocking of bacterial multiplication (5). Flumequine is
administered orally to various animal species, and it is
mainly used for treatment of enteric infections (6).
Involuntary dietary consumption of antibiotics alters
the normal flora, contributing to increased susceptibility
to bacterial infections. Moreover, antibiotics can also
generate allergy and toxicity and favor the development
of antibiotic resistance bacteria (7).

Flumequine residues often occur in aquatic
environments, but little is known about their fates.
This knowledge is necessary for proper risk assessment
and management for both humans and the environment
().

Antimicrobials, including flumequine, usually are
not degraded or easily removed by conventional water
treatment systems, a fact that limits its removal options.
Nevertheless, treatment using advanced oxidation
processes (AOPs) has been reported as a possible
method to remove veterinary drugs from water (7). The

ISSN 1203-8407 © 2011 Science & Technology Network, Inc.
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AOP can be defined as a process based on hydroxyl
radical formation (*OH), and with strong capability to
mineralize organic compounds because of its high
oxidation potential (E =2.730 V) (9).

It is important to highlight the unavailability of
research related to the degradation of flumequine by
peroxidation assisted by ultraviolet light. Palominos et
al. (7) analyzed the degradation of this quinolone by
the AOP photocatalytic oxidation carried out on
aqueous TiO; suspensions assisted by simulated solar
light. Total depletion was reached after 30 minutes
and 80% of flumequine mineralized after 60 minutes
of reaction. Nieto et al. (10) treated aqueous solutions
with photocatalytic oxidation through titanium dioxide,
in its pure form (TiO;), and in the presence of urea (u-
TiO,) and of thiourea (t-TiO,), prepared using the sol—
gel technique, achieving 55, 90 and 90% of degradation
respectively, after 15 minutes of treatment.

The UV/H,O, spawns hydroxyl radicals when two
very popular processes are combined: one physical
(UV radiation) and other oxidative (peroxidation). The
generation of hydroxyl radical excels amongst the
other oxidation processes due to its capability for
disinfection (11), color removal (12), and destruction
of organic contaminants in water (13a). Hydroxyl
radical generation in the UV/H,O; process is shown in
reaction 1.

H,O, + hv 2 2°'0OH Reaction (1)

The degradation of pharmaceutical compounds
used in the syntheses of the antibiotic cefazolin by
photolysis and by AOP (UV/H,0,) was evaluated by
Lopez et al. (14), who verified the superior efficiency
of the AOP, since cefazolin compounds were degraded
in less time than when only photolysis was applied.
Vogna et al. (15) used UV/H,O; in their studies and
verified the process was efficient in the degradation of
carbazepine; UV-light by itself was not capable of
removing the drug from experimental samples in
solution. In the research of Kim er al. (13b) the
maximum radiation dose applied to the degradation of
90% of solubilized drugs and personal care products
in aqueous solution was 5644 m] cm’2, Furthermore,
the addition of H,O, during the treatment by photolysis
resulted in a significant increase of the compound
removal percentage with less time of treatment
exposure.

However, in addition to drug removal, it should be
assured that the antibacterial activity is also removed,
since some reaction products may also be active.
Antibacterial activity inhibition analyses provide
information about microorganism behavior when in
contact with residual compounds and by-products of

an oxidative process. Thus, it is possible to suppose its
impacts in the environment. Moreover, this assay can
provide complementary information to confirm a
superior efficiency of an oxidative or advanced
oxidative process. Palominos et al. (7) evaluated
antibacterial activity by seeding Escherichia coli in
agar with irradiated samples and Paul et al. (16) and
Dodd et al. (17) used the microdilution technique to
determine the dose-response of the irradiated solution
in E. coli culture compared with a standard. In this
study the toxicities of the treated solutions were
analyzed by microdilution assays.

The purpose of the present study is to evaluate
antibacterial activity removal during flumequine
degradation, in aqueous solution, by photolysis (UV),
peroxidation (H,O») and peroxidation assisted by UV
light (UV/H,O,). Moreover, quantification of
flumequine (i.e. treated and standard solutions), spectra
in the UV-visible region and hydrogen peroxide con-
centrations were also evaluated.

Experimental
Chemicals

Flumequine (99%) was supplied by Sigma-Aldrich,
methanol (HPLC grade) and BaCl,.2H,0 (99%) by J.
T. Baker, oxalic acid (99.5%) by Merck, hydrogen
peroxide (30%, v/v) and concentrated H,SO,4 by Synth,
H;PO4 (85%) and KH,PO, (98%) by Nuclear, KOH
(85%) by Ecibra and NH4VO;3; (99%) by Riedel-de
Haén. Mueller-Hinton broth cultures were supplied by
Himidia and agar by Biobrds. Milli-Q water was
obtained through a Milli-Q Academic water
purification system (Millipore) and used throughout
the studies.

Stock Solution

The stock solution of flumequine was prepared at
250 mg L' in methanol and stored at 4 °C, protected
from light. Flumequine working solutions (500 pg L")
for peroxidation, photolysis and peroxidation assisted
by UV light were prepared by dilution of the stock
solution with water. The chemical structure of
flumequine is shown in Figure 1.

Experimental Set-up

The degradation assays were carried out in a
borosilicate glass reactor (190 mL), with 3.6 cm inner
diameter and 42.0 cm length with a concentric low
pressure mercury lamp (15 W, Apax = 254 nm and 2.1
cm indoor diameter).

Figure 2 shows the experimental system constituted
of a reactor, a magnetic stirrer, a 1000 mL reservoir
and a peristaltic pump (for solution recirculation). The
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Figure 1. Chemical structure of flumequine.
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Figure 2. Experimental system used in the degradation studies: 1—
magnetic stirrer, 2— reservoir, 3— peristaltic pump and 4— photo-
chemical reactor.

flow applied in the experiments was around 100 mL
min”. A similar experimental system was used by
Nogueira and Guimardes (18) and Guimardes and
Barreto (19) with satisfactory results for the degradation
of dichlorophenol and Clostridium perfringens.

The radiation intensity emitted from the UV-lamp
of 8.3 mW cm™ was measured through a Cole Parmer
(VLX 3 W model) radiometer, previously calibrated at
254 nm. It is worth emphasizing that the time shown
on the x-axis of the plots represents the total time,
which differs from the irradiation time, since the
volumes of the reactor (190 mL) and the solution
(1000 mL) (i.e. solution under treatment) are not the
same. The irradiation time was calculated according to
equation 1.

V

reactor

x —reactor Equation (1)

total

Lirradiation = treaction

where tiyadiaion 15 the exposition time, freacrion 1S the
reaction time, V,.qcor and Viouion represent the reactor
volume and sample volume, respectively.

The radiation dose (W s cm™) was measured as the
product of radiation intensity (W cm™) by exposition
time (s), according to equation 2.

D=1xt,

irradiatio

Equation (2)
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where D is related to the UV radiation dose, [
represents the radiation intensity and ¢ the exposition
time.

The reaction time analyzed for the photolysis,
peroxidation and UV/H,0, were between 0 to 60
minutes. The hydrogen peroxide concentration varied
from 0.5 to 4 mmol L', All tests were performed with
the flumequine working solution without pH correction
(around pH 7).

The percentage of degradation was calculated by
using equation (3):

_[Cyl-IC]

0

Degradatio n(%) x 100

Equation (3)

in which, [C] is the initial flumequine concentration
and [C] is the flumequine concentration after the
degradation process.

Analytical Methods

Flumequine degradation was evaluated by high
performance liquid chromatography (HPLC) with UV
detection. Sample preparation prior to the quantifica-
tion was done by solid phase extraction (SPE).

The SPE was carried out using a Cg solid phase
cartridge (Varian 500 mg/6 mL), previously conditioned
with methanol (6 mL) and water (6 mL). One liter of
sample was percolated through the cartridges at a flow
rate of 10 mL min'. Subsequently, the sorbent was
dried under vacuum and the analyte was eluted with
methanol (4 mL). The eluate was filtered (0.22 ym
membrane filters) before HPLC-analyses. The recovery
ranged from 89 to 104% for samples containing
flumequine in the concentration range of 50 to 500 pg
L.

All HPLC analyses were carried out using a Waters
chromatographic system equipped with a solvent
delivery system, model 510, a Tunable Absorbance
Detector, model 486 and a Rheodyne 7725 injector
with a sample loop of 20 L. Quantitation was per-
formed at 236 nm. The analytical column used was an
XBridge® RP18 from Waters (250 mm x 4.6 mm I.D.,
5 um). The mobile phase was methanol and 0.010 mol
L' oxalic acid (60:40, v/v). The flow rate was 1.0 mL
min~'.

UV-vis-spectra were obtained with a HACH
spectrophotometer model DR4000. The initial solution
(500 pg L' of flumequine) and the samples after
treatment were analyzed. The spectra were scanned
from 200 to 800 nm. The sample was concentrated
using the same SPE procedure. After elution with
methanol (4 mL) the solution was filtered and diluted
10-fold and subsequently, analyzed at the UV-vis
spectrophotometer.

52



C.R.da Silva et al.

The hydrogen peroxide consumption was evaluated
by residual peroxide assay with metavanadate. The
vanadate solution, of light yellow color, turns to red-
orange in the presence of peroxide and a strong absorp-
tion band with a maximum at 450 nm is observed,
indicating the formation of peroxovanadium cation
according to reaction 2 (20).

VO» + H,0, > VO,™ + 3H,0 Reaction (2)
Microbiological Antibacterial Activity Assay

Broth cultures were prepared under sterile condi-
tions by transferring E. coli K12 wild type (ATCC:
23716) colonies sampled to thawed Mueller-Hinton-
glycerol (60:40, v/v) solution into 10 mL of Mueller-
Hinton broth and incubated 24 hours at 37 °C on a
shaker (100 rpm).

The antibacterial activity inhibition was evaluated
with Escherichia coli K12 culture inoculated in Mueller
Hinton solution at a population density of 1.0 x 10°
CFU/mL. The untreated control solution and the treated
samples were first diluted 50-fold in 1.0 mmol L
phosphate buffer (pH 8). Subsequently, ten-member
2:1 serial dilution (i.e., 1.5-fold) series were prepared
from each sample across the corresponding row of a
96-well micro titer plate (containing 100 puL of 1 mmol
L' phosphate buffer, pH 8, in each well) by dosing
300 pL of the 50x diluted sample to the first well of
the row, then pipetting 200 pL of this solution to the
next well in the series, and repeating this sequence
until all ten dilutions were prepared, and leaving the
last well (i.e. 12™) only with buffer solution. Each
well of the plate was then inoculated with 100 pL of
Escherichia coli K12 culture solution, sealed and
incubated under 100-rpm agitation for 8 h at 37 °C.
After incubation the absorbance of each sample well
was measured at 630 nm using a Multiskan MS (series
number 352010672) micro plate reader from Lab-
systems. The antibacterial activities of flumequine
standards and treated samples containing flumequine
were quantified in duplicate using modified procedures
from Paul er al. (16) and Dodd et al. (17).

Absorbance measurements were then converted to
growth inhibition (%), I, following equation (4):

1 (%) = ¥ %100 % Equation (4)
0
where, Ay is related to the absorbance of the phosphate
buffer incubated with E. coli culture and A refers the
absorbance of the sample incubated in each well, both
at 630 nm.

The dilution in each well of the micro plate after

the serial dilution was determined by equation (5).

1.04
0.94
0.84
-6~ UV - Photolysis
074 <8~ Peroxidation
= 064 == UV/H,0,
3
= 0.54
e
0.4+
0.3
0.2+
0.1+
0.0: T T by
0 20 40 60

t (min)

Figure 3. Flumequine degradation by photolysis, H;O, and UV/
H,0, ([H;05] initial = 1.0 mmol L.

1 .
dilution = — Equation (5)
mn
where m represents the serial dilution factor (i.e. 1.5-
fold) and = is related to the number of dilutions.

Results and Discussion
Degradation Assays

Figure 3 shows the results for flumequine depletion
in aqueous solution by photolysis, peroxidation and
UV/H,0, (1.0 mmol L' hydrogen peroxide concen-
tration) vs. reaction time. Photolysis was efficient
when two times more UV radiation was apllied than
with UV/H,O,. The chemical process (peroxidation)
presented itself as inefficient, even after long time
exposure (60 min). The combined chemical and
physical process produced the highest flumequine
degradation (98%) in aqueous solution after 30 minutes
reaction.

Both photolysis and peroxidation processes were
evaluated to determine comparative parameters in order
to establish the AOPs effectiveness. The photolysis
assays proved that just the UV-light provided
flumequine degradation, achieving around 80% of
flumequine removal after 45 minutes reaction at a
radiation dose higher than 4258 mJ cm™. The maxi-
mum effective degradation observed through the
quantitative HPLC analysis was around 91% with
5677 mJ cm? radiation. These results indicate that a
more effective flumequine removal occurs with longer
reaction time and higher irradiation doses.

The highest flumequine depletion observed (Figure
3) is due to the radical hydroxyl formation during the
AOP (Reaction 1). It is important to highlight that
complete flumequine depletion after 30 minutes by the
AOP can also be related to simultaneous photolysis.
During the AOP, while photolysis promotes the
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hydrogen peroxide cleavage, the radiation can also
degrade flumequine. It is possible to conclude that the
addition of 1.0 mmol L' hydrogen peroxide in the
AOP was able to produce sufficient radicals to remove
the drug from the aqueous solution, saving both energy
(2838 mJ cm™) and time (30 minutes) if compared to
the simple photolysis treatment.

These results are in agreement with those reported
by Lopez et al. (14), Vogna et al. (15) and Kim et al.
(13b). In addition, comparing the results available in
the literature (7, 10) with the results obtained in this
work, using UV/H,O, (Figure 3), it is possible to
conclude that the AOP, by *OH generated, is an efficient
technology to remove flumequine from aqueous
solutions.

Influence of Hydrogen Peroxide

Peroxidation was evaluated using H,O, in con-
centrations between 0.5 to 4.0 mmol L™ as a control
experiment. After 45 minutes, for all H;O, concen-
trations used, the flumequine removal was less than
10%. Moreover, hydrogen peroxide consumption in
the analyses stayed below the detection limit of the
employed technique (0.0274 mmol L'). These results
indicate low chemical oxidation, i.e., the reaction
between H,O; and flumequine was negligible. In fact,
this process was not effective in the degradation of
flumequine, using HO, in the evaluated concentration
range.

Neyens and Baeyens (21) reported the low per-
formance of peroxidation chemical process for certain
classes of refractory contaminants, due to low reaction
rates when moderate quantities of H,O, were used.
Xu et al. (22) reported low degradation of organic
composites by peroxidation due to the modest potential
of H,O, oxidation, suggesting its use with UV
irradiation.

It is worth emphasizing that other studies reported
in the literature dealing with peroxidation or UV
assisted peroxidation of pharmaceutical, recommend
hydrogen peroxide concentrations close to those
employed in this research (13b, 22, 23). Thus, due to
the low removal rates achieved by peroxidation, it can
be concluded that this process is not involved in
flumequine degradation.

In the UV assisted peroxidation process (UV/
H;0,) no relevant differences were found among the
degradation assays for hydrogen peroxide concentra-
tions varying from 1.0 to 4.0 mmol L' (Figure 4). It
was verified that degradation reached 85 and 98%
after 15 and 30 min, respectively. Nevertheless, the
degradation was lower when an H,O, initial concen-
tration of 0.5 mmol L' was applied. This indicates
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UVH,0,

-e- 0.5 mmol L' H,0,
= 1.0 mmol L' H,0,
-4 2.0 mmol L™ H,0,
¥ 4.0 mmol L' H,0,
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Figure 4. Flumequine degradation by UV/H;O, ([H2Oxlinitia1 = 0.5
to 4.0 mmol L™").

that the ideal concentration of hydrogen peroxide to
be used for flumequine degradation by UV/H,O, must
be at least 1.0 mmol L. This H,O, concentration was
sufficient to generate enough hydroxyl radicals to
degrade 500 pg of this drug in 1000 mL aqueous solu-
tion during the AOP.

For the UV/H,0,; process, different from than for
the peroxidation process, there was an oxidant con-
sumption observed during the reaction. This consump-
tion indicates that the hydrogen peroxide was able to
absorb the UV light, which promoted the cleavage of
the oxygen bond in the peroxide, forming "“OH radicals
(Reaction 1). With increases in the initial H,O, con-
centration (from 1.0 to 4.0 mmol L), there was an
increase in oxidant consumption, promoting an increase
in *OH, the major oxidant agent for advanced oxidative
processes. It is possible that the hydrogen peroxide
acts as a hydroxyl radical scavenger when an excess
of oxidant is present, generating the hydroperoxide
radical (HO;") (Reaction 3), H,O and O, (Reaction 4)
or even the regeneration of the peroxide occurs
(Reaction 5) (9, 24). It is important to remark that the
hydroperoxide radical has a lower oxidation potential,
therefore reducing the degradation process (25). How-
ever, for the peroxide concentrations used in these
studies, an increase of the rate of flumequine degrada-
tion was not observed, as shown in Figure 4.

H202 +'OH~> HQO + HOz.
HO;" + "OH 2> H,0 + O,
‘OH + "OH > H202

Reaction (3)
Reaction (4)
Reaction (5)

For the hydrogen peroxide concentration of 1.0
mmol L'! and reaction time of 10 min (UV dose of
946 mJ cm’®), flumequine degradation was higher than
70%. Using this same UV dose (i.e. approximately
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Figure 5. Absorbance spectra of the flumequine solutions treated by (A) peroxidation, (B) photolysis and (C) peroxidation assisted by

ultraviolet light ((HyO5] inigiar = 1.0 mmol L"),

1000 mJ cm™) and 0.74 mmol L' of H,0,, Wu and
Linden (26) observed degradation of 70% of parathion,
a potent insecticide and acaricide, in solution. Thus,
applying similar ultraviolet radiation doses, the degrada-
tion obtained in this research was comparable to those
obtained by other authors. In conclusion, the UV/H,0,
process is effective for the degradation of flumequine.

It should as be noted that during the assays of UV-
assisted peroxidation there was a solution pH decrease
from 7 to close to 4. The kinetics for peroxide consump-
tion was monitored during the assays. Hydrogen
peroxide depletion behaves with zero-order kinetics
and the consumption reaction rate (k) decreases with
its concentration in the treatment system (i.e., -0.003, -
0.006, -0.012, -0.025 mmol L' min™' related respec-
tively to: 0.5, 1.0, 2.0 and 40 mmol L"). It is
important to emphasize that in all experiments a residual
hydrogen peroxide concentration was observed,
indicating that there was no lack of this reagent during
the reaction time.

UV-visible Spectrometry

Absorbance in the wavelength range of 190-300
nm may be representative of conjugated double and
triple C—C bonds in a compound and the UV absorption
band at 288 nm could be associated with the presence
of a phenolic ring (27).

The UV spectrum of flumequine in methanol
indicate that this molecule present a maximum absorp-
tion at 236 nm and a smaller absorption at 324 nm.
Spectrophotometry is only suitable to monitor residual
flumequine in solution after previous concentration
using SPE. Usually, it is not possible to obtain these
spectra from samples containing contaminants at low
concentrations (28).

Figure 5.A to 5.C present the UV spectra for the
standard (i.e. 500 pg L") and treated samples of

flumequine after different degradation processes. A
significant difference in the UV-spectra of the samples
treated by the AOP was observed. The flumequine
solution is colorless and does not present absorption in
the visible region. Moreover, the spectra obtained for
the samples degraded by hydrogen peroxide did not
show any difference (Figure 5.A).

In the studies using photolysis (Figure 5.B) and
peroxidation assisted by ultraviolet light (Figure 5.C),
there was a significant difference in the spectra of the
samples before and after treatment. The UV/H,O,
provided a further decrease of some absorbance bands
in the range of 200-400 nm in relation to photolysis.
For these two processes, it is possible to conclude that
flumequine was degraded (supported by HPLC analysis,
Figure 3) during the reaction.

Antibacterial Activity Test

As shown in Figure 3 (flumequine degradation,
evaluated by HPLC analysis), traces of the antibiotic
are still present in the solution after the treatment,
which indicates incomplete flumequine mineralization.
Even residual drug traces in the environment concern
the scientific community, due to risks of bacterial
resistance development. In order to evaluate possible
antibacterial activity, assays were performed on treated
samples and compared to standards (i.e untreated
samples).

First, the micro plate absorbance results were
evaluated by equation (4) and then the growth inhibition
percentage of the E. coli K12 wild type culture (I, as
shown in equation 6) vs. the log of the corresponding
flumequine concentration serial dilution was plotted,
as shown in Figure 6. The dose-response curve, which
presents the relationship between the serial dilution
and the growth inhibition percentage was evaluated
using Richard’s equation (16, 17, 29):
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I(Growthinhibition,%) = 1
1 -1

(1 +10 (log EC 5y —log( 1/m")xH )S

max, min, ¢

+

min, ¢

Equation (6)

where: ., and I, represent the maximum and
minimum growth inhibition for each data sample
respectively; ECsy is the effective dose (i.e., dilution)
at which 50% growth inhibition is achieved; H is the
Hill slope for the experimental conditions and S refers
to a parameter that quantifies the asymmetry of the
dose-response curve slope.

The dose-response curves related to each process
applied in flumequine degradation were compared to
untreated standards. Figure 6 shows the growth inhibi-
tion data corresponding to the samples treated by
peroxidation (Figure 6.A), photolysis (Figure 6.B) and
peroxidation assisted by UV light (Figure 6.C). All the
antibacterial activity assays results were treated using
GraphPad Prism (GraphPad software) as suggested by
Paul et al. (16) and Dodd et al. (17). All results are
presented with 95% confidence limits as error bars in
each graph of antibacterial activity and stoichiometric
analysis.

The dose-response dropped as the AOP removed
flumequine from the solution over reaction or irradiation
time. After 15 minutes the log dilution rose from -1.0
to -0.18 to achieve the antibacterial veterinary drug
ECsp; this means that the treated sample was diluted
about 6.66 times less to reach the same ECsy of the
original untreated sample. Moreover, after 30 minutes,
it was not possible to determine ECs) due to high
flumequine degradation through the AOP (more than
99% - determined by HPLC analyses) and the probable
absence of by-products with antibacterial activity.
This indicates that the dilution of flumequine solution
treated by UV/H,O, process needed to achieve the
ECs is reduced, and thus, a less toxic environment is
observed in the solution evaluated.

It is possible to relate the dose-response shifts for
each sample treated to the flumequine degradation rates.
The correlation can be determined as the “potency
equivalent” (16) or PEQ value (shown in equation 7).

E CS() 0

PEQ =
E CSO X

Equation (7)

where: ECsg represents the effective dose at which
50% growth inhibition was observed in the untreated
flumequine solution and ECs, is the ECsy value
calculated from dose-response data measured for each
treated sample.
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Figure 6. Dose-response relationships for flumequine deactivation
by (A) peroxidation, (B) photolysis and (C) UV/H;0, ([HxOxlinitial
= 1.0 mmol L™'). The averages of duplicated experimental measure-
ments are shown with 95% confidence intervals.

The PEQ result can be plotted vs. [C]/[Cy] to
evaluate the quantitative relationship between
flumequine depletion in the solution and the correspond-
ing changes in biological activity (16). The ideal
flumequine stoichiometry can be seen in Figure 7 as a
hypothetical line, where the supposed loss of PEQ per
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Figure 7. Correlation between residual flumequine concentration
and its antibacterial activity potency in solutions treated by
peroxidation, photolysis and UV/H,0,.

flumequine equivalent molar fraction is shown. Figure
7 also compares the stoichiometry of flumequine de-
activation by AOP to the photolysis and peroxidation.
As can be verified, AOP was responsible for the total
deactivation of the antibacterial activity of the drug
after 30 minutes. With just 15 minutes of reaction, the
AOP was as statistically effective as 60 minutes of
UV irradiation.

Besides, the PEQ value results also indicate that the
residual organic compounds are not antibacterial agents.
Since none of the evaluated processes resulted in
higher antibacterial activity, it is possible to suppose
that the treatments applied in this research did not
generate compounds with higher toxicity, and so the
UV/H,O, was very effective in flumequine removal
from aqueous solution and in reducing its antibacterial
activity.

These results corrobore with those published by
Dodd et al. (17), where they confirmed that nearly all
of the antibacterial model compounds investigated
(which includes fluoroquinolones) by micro dilution
assays were also deactivated by "‘OH with effective
quantitative stoichiometry. Paul et al. (16) related
superior UVA-TiO, photocatalysis capacity to de-
activate ciprofloxacin antibacterial activity if compared
to visible light-TiO, and to photolysis. The hydroxyl
radical generation in the AOP resulted in a higher
deactivation of the antibacterial agent, which converts
into safety for the environment and its surroundings.
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Conclusion

A significant difference in flumequine degradation
by the three evaluated processes was verified. The
advanced oxidation process, UV/H,O,, was the most
efficient, followed by photolysis (UV), while the
chemical process of peroxidation (H,O,) had the lowest
performance, independent of the peroxide concentra-
tion used (0.5 - 4 mmol L") Photolysis proved to be
efficient for high UV radiation doses: above 4200 mJ
cm’ (45 minutes of reaction).

Through the absorbance spectra of flumequine
solutions treated by UV and UV/H,0, it is possible to
conclude that the antibiotic was degraded thorughout
the reaction time.

Antibacterial activity inhibition was not detectable
after UV/H,0O, treatment, which indicates that
flumequine was degraded through the AOP; this
conclusion is sustained by HPLC analyses (degradation
higher than 99%). It also shows that the by-products
formed during the oxidation did not present stronger
antibacterial activity.

The AOP is technically efficient for the treatment
of aqueous solutions containing flumequine and is
able to inhibit the veterinary drug antibacterial activity.
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4.2 Degradacao de flumequina por Fenton e foto-Fenton

Artigo “Degradation of flumequine by the Fenton and photo-Fenton processes: Evaluation
of residual antimicrobial activity” publicado na revista Science of the Total Environment, volume
445-446, paginas 337 a 346, no ano de 2013. Este artigo corresponde as paginas 60 a 69 desta

tese.
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HIGHLIGHTS

» Photo-Fenton process achieved the maximum performance, degrading 94% of flumequine.
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Flumequine is a broad-spectrum antimicrobial agent of the quinolone class, and it is widely used as a veterinary
drug in food-producing animals. The presence of flumequine in the environment may contribute to the develop-
ment of drug resistant bacterial strains. In this study, water samples fortified with flumequine (500 pg L~ ') were
degraded using the Fenton and photo-Fenton processes. The maximum degradation efficiency for flumequine by
the Fenton process was approximately 40% (0.5 mmol L~ Fe(Il), 2.0 mmol L~ ' H,0 and 15 min). By applying
UV radiation (photo-Fenton process), the efficiency reached more than 94% in 60 min when 0.25 mmol L~!

Keywords: o .
Antimicrobial activity Fe(Il) and 10.0 mmol L~ H,0, were used. Under these conditions, the Fenton process was able to reduce the bi-
Byproducts ological activity, whereas the photo-Fenton process eliminated almost all of the antimicrobial activity because it

E. coli was not detected. Four byproducts with an m/z of 244, 238, 220 and 202 were identified by mass spectrometry,
Fenton and a degradation pathway for flumequine was proposed. The byproducts were derived from decarboxylation

Flumequine
Photo-Fenton

and defluorination reactions and from modifications in the alkylamino chain of the fluoroquinolone.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Flumequine is a broad-spectrum synthetic antimicrobial agent that is
active against gram-negative bacteria. The primary target of flumequine
is the bacterial enzyme DNA-gyrase, which prevents DNA replication
and blocks bacterial multiplication (Shen et al., 1989). Due to the efficacy
of flumequine for many microbial infections (Ruiz-Garcia et al., 1999), in-
cluding respiratory infections (Villa et al., 2005), it has been widely used
in veterinary medicine and animal husbandry (Villa et al., 2005; Kemper,
2008; Ellingsen et al., 2002).

Antimicrobials, such as flumequine, cannot be completely removed by
conventional wastewater treatment systems (Batt et al., 2007; Lai and Lin,
2009); therefore, residues of these compounds often appear in the envi-
ronment. The scientific community in Europe has already reported
the presence of flumequine in soil at concentrations of approximate-
ly 6.9 ug g~ ! (Tamtam et al, 2011) and in aquatic environments
at concentrations between 2.5 and 50.0 ng L™' (Pozo et al., 2006;

* Corresponding author. Tel.: +55 19 3521 2378; fax: +55 19 3521 2411.
E-mail address: jorober@fec.unicamp.br (J.R. Guimardes).

0048-9697/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.scitotenv.2012.12.079

Tamtam et al., 2008). Little is known about the fate of antimicrobials
in the environment, which raises concerns about the possibility of
bacteria mutation resulting in microbial resistance (Reyes et al.,
2006).

The Fenton and photo-Fenton processes have been reported to be
possible methods for removing flumequine from municipal wastewater
treatment plants (Klamerth et al., 2010, 2011) and distilled water
(Sirtori et al., 2009). However, this study is the first dedicated to the
quantitative evaluation of residual antimicrobial activity. This evalua-
tion is required because even after the extensive degradation of the
original compound, the remaining solution may still have antimicrobial
activity that is equal to or even stronger than the original solution due
to possible byproducts formed by the advanced oxidation processes
(AOPs). Therefore, analysis of the residual antimicrobial activity is crit-
ical for reducing the risk of bacterial resistance. It is also important to
highlight the scarcity of research on the quantitative evaluation of resid-
ual antimicrobial activity of solutions subjected to AOPs (Dodd et al.,
2009; Paul et al., 2010; da Silva et al., 2011). AOPs involve the formation
of hydroxyl radicals ("OH), which are capable of mineralizing organic
compounds due to their high oxidation potential.
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According to Shen et al. (1989), the antimicrobial activity of
flumequine is related to the hydrogen bonds between the carbonyl
groups on the quinolone ring and the hydrogen bond donors of
the DNA bases on the separated DNA strands. The hydrogen bonding
domain of the fluoroquinolones is located where the acceptors, C=0,
COOH and F, are present. Therefore, the deactivation of antimicrobial
activity could be related to reactions at these positions.

The purpose of this study is to evaluate the degradation of flumequine
using Fenton's reagent (H,0,/Fe(1l)) and photo-Fenton (UV/H,0,/Fe(1I))
processes and the reduction in antimicrobial activity. Furthermore, the
byproducts formed during these reactions were identified.

2. Experimental
2.1. Chemicals

Flumequine (99%) was purchased from Sigma-Aldrich (St Louis, USA),
and its molecular formula and molecular weight are C;4H;,FNO; and
261.25 g mol !, respectively. Methanol (HPLC grade) and BaCl,-2H,0
(99%) were purchased from J. T. Baker (Edo. de México, Mexico); oxalic
acid (99.5%) was purchased from Merck (Darmstadt, Germany);
hydrogen peroxide (30%, v/v), FeSO4-7H,0 (99%), NaHSOs; (58.5% of
S0,), concentrated H,SO,4, and NaOH (97%) were purchased from Synth
(Diadema, Brazil); H3PO4 (85%) and KH,PO, (98%) were purchased
from Nuclear (Sdo Paulo, Brazil); KOH (85%) was purchased from Ecibra
(Sao Paulo, Brazil); and NH,VO3; (99%) was purchased from Honeywell
Riedel-de Haén (Seelze, Germany). Mueller-Hinton broth cultures were
purchased from Himidia, and agar was purchased from Biobras (Mumbai,
India). Ultrapure water was obtained using a Milli-Q Academic water
purification system (Millipore) and used throughout the studies.

2.2. Stock solution

A flumequine stock solution (250 mg L~ !) was prepared in methanol,
and stored at 4 °C, protected from light. Flumequine working solutions
(500 pg L) for the Fenton and photo-Fenton processes were prepared
daily by appropriate dilution of the stock solution with ultrapure water.

2.3. Experimental setup

The degradation assays were performed using a system that was com-
posed of a reactor (made of borosilicate glass - 3.5 cm inner diameter
and a 38.5 cm length - with a concentric low-pressure mercury lamp
- 2.4 cm diameter - operating at 15 W with N\ j,.x =254 nm with a use-
able volume of 190 mL), a magnetic stirrer, a 1000 mL reservoir, and a
peristaltic pump to keep the solution in constant recirculation. In this
experimental system, the lamp was in direct contact with the circulat-
ing solution. A similar experimental system on a larger scale was used
by Guimardes et al. (2012).

The average irradiance was 8.3 mW cm 2, as measured using a Cole
Parmer (VLX 3W model) radiometer that was previously calibrated at
254 nm. The radiation dose, D (J cm~2), was measured as the product

of the irradiance (W cm~2) multiplied by the exposure time (s) (Eq. (1)).

D = E x tindiation W

where D is related to the UV radiation dose, E represents the irradi-
ance and ti;ragiation 1S the exposure time to UV radiation.

The Fenton and photo-Fenton processes were evaluated between
0 and 60 min. The concentration of hydrogen peroxide was varied from
0.5to0 10.0 mmol L™, FeSO4-7H,0 was used as the catalyst, as suggested
by Li et al. (2009) and Dal Bosco et al. (2011), and the Fe(II) concentration
was varied between 0.25 and 1.0 mmol L', All of the Fenton and
photo-Fenton reactions were stopped by the addition of sodium bisulfite
at a 1:1 molar ratio with hydrogen peroxide. All of the assays were

performed at pH 2.8, which is in the effective pH range for Fenton's
reagent.

To identify the byproducts formed during the degradation process-
es, aqueous solutions containing 5 mg L~ ! of flumequine were used
to avoid the loss of byproducts during the concentration step. The
Fenton and photo-Fenton processes were evaluated between 0 and
60 min using 5.0 mmol L~ Fe(Il) and 10.0 mmol L~ H,0,.

2.4. Analytical methods

2.4.1. High performance liquid chromatography

The degradation of flumequine was evaluated using high performance
liquid chromatography (HPLC) with UV detection. The preparation of the
samples before quantification was performed by solid phase extraction
(SPE). SPE was performed using a C;g solid phase cartridge (Varian
500 mg/6 mL) that had been conditioned with methanol (6 mL)
and water (6 mL). One liter of the sample was percolated through
the cartridges at a flow rate of 10 mL min~'. Subsequently, the sor-
bent was dried under vacuum, and the analyte was eluted with
methanol (4.0 mL). The eluates were filtered (0.22 um membrane fil-
ters) before the HPLC analyses. The recoveries ranged from 89 to 104%
for samples containing flumequine in the concentration range of 50 to
500 ug L.

The chromatographic system consisted of a Waters solvent delivery
system (model 510), a Tunable Absorbance Detector (model 486) and a
Rheodyne 7725 injector with a sample loop of 20 pL. Quantitation was
performed at 236 nm. The analytical column used was an XBridge®
RP18 from Waters (250 mmx4.6 mm LD., 5 um). The flow rate was
1.0 mL min~'. Methanol:0.01 mol L' oxalic acid (60:40 v/v) was
used as the mobile phase. The LOD and LOQ were 0.24 ug L~ ' and
1.0 pg L1, respectively, using a concentration factor of 250.

2.4.2. Spectrophotometry

UV-vis spectra were obtained in the wavelength range of 200 to
800 nm with a Shimadzu model UV-1601 PC spectrophotometer. Initial
sample solutions containing 500 ug L~ of flumequine and samples sub-
mitted to the Fenton processes were analyzed. Due to the low concentra-
tion of flumequine in the samples, the flumequine was first concentrated
by SPE using the same procedure described for the HPLC analyses.

2.4.3. Mass spectrometry

The detection and identification of the byproducts formed during
the advanced oxidation processes were evaluated using a Micromass®
quadrupole (Q)-time of flight (ToF) mass spectrometer (Waters, Milford,
MA, USA). Data processing was conducted using the MassLynx software
(Waters, Milford, MA, USA). Spectra were acquired between m/z 100
and 600. The typical operating conditions were as follows: cone gas
flow (50 L h—1), desolvation gas flow (300 L h—1), polarity (ES +), capil-
lary energy (1300 V), sample cone energy (35 V), extraction cone energy
(5 V), desolvation temperature (250 °C), source temperature (150 °C),
ionization energy (1 V), collision energy (10 V) and multi-channel plate
detector energy (2700 V).

2.5. Antimicrobial activity assay

First, a sample of Escherichia coli K12 wild type (ATCC: 23716) in a
Mueller-Hinton-glycerol (60:40, v/v) solution was thawed at 25 °C.
Then, 0.1 mL of this culture was inoculated in 10 mL of Mueller-Hinton
broth, and the broth culture was incubated for 24 h at 37 °C on a shaker
(100 rpm) (Marconi, model MA-420, Piracicaba, Brazil). The 24-h E. coli
culture was diluted to match the absorbance of a McFarland stock solu-
tion (0.5 mL of 0.048 mol L~ BaCl, in 99.5 mL of 0.18 mol L™ H,S04)
at 630 nm. This absorbance corresponded to a population density of
1.0x 108 CFU mL~". The antimicrobial activity was evaluated using the
E. coli K12 culture at a population density of 1.0x10° CFU mL™'.
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The antimicrobial activity assays were performed according to the
method of Paul et al. (2010) with certain modifications. The initial
and degraded samples were first diluted 50-fold in 1.0 mmol L™
phosphate buffer (pH 8). A 300 pL aliquot of the 50 diluted sample
was added to the first well of each row of a 96-well microtiter plate,
and 100 pL of 1 mmol L™ ! phosphate buffer (pH 8) was added to
all wells of the plate except the first well of each row. Subsequently,
a 10-member 3:2 serial dilution (i.e., 1.5-fold) series was prepared
from each sample across the corresponding row by dosing 200 pL of
the solution from the first well to the next well (2nd) and repeating
this sequence until the 11th well. The last well (i.e., the 12th well)
contained only the buffer solution. After the serial dilution, all wells of
the row plate were then inoculated with 100 pL of the E. coli K12 culture
solution. The plate was sealed and incubated under 100 rpm (Marconi,
model MA-420, Piracicaba, Brazil) agitation for 8 h at 37 °C. After incu-
bation, the absorbance of each sample well was measured at 630 nm
using a Multiskan MS microplate reader (Labsystems, Helsinki, Finland).
The antimicrobial activities of the flumequine standards (control), the
initial solution (t=0 min) and the samples subjected to the processes
(t=15, 30,45, and 60 min) were quantified in duplicate using previous-
ly reported procedures (da Silva et al,, 2011).

Absorbance measurements were converted to growth inhibition
values (%), I, according to Eq. (2).

Ag—A

%) = =
0

x 100% (2)

where Ag is the absorbance of the phosphate buffer incubated with
E. coli culture, and A refers to the absorbance of the sample incubated
in each well; both absorbances were determined at 630 nm.

The dose-response curves and the ECs, (the effective dose at which
50% growth inhibition is achieved) values of the treated and untreated
solutions were evaluated using the Graph-Pad Prism 5.0 software
(LaJolla, CA, USA). The dose-response curves, which represent the rela-
tionship between the log serial dilution and the growth inhibition per-
centage (Eq. (2)), were evaluated using Eq. (3).

Imax.t_lmin.t (3)

(1 +10<logEC50710g(ﬁ)) x H)

I(%) = lmin,t +

where Ijax ¢ and Inin e represent the maximum and minimum growth
inhibition for each data sample, respectively; ECso is the effective
dose at which 50% growth inhibition is achieved; m is the serial dilu-
tion factor (i.e. 1.5-fold); n is the number of dilutions; and H is the Hill
slope for the experimental conditions.

2.6. Toxicity tests with Vibrio fischeri

The toxicity assays were carried out according to standard L5.227
(CETESB, 2001), using a Microtox Model 500 Analyzer (Strategic Diag-
nostics Inc., Newark, Delaware, USA). The toxicity of the initial solution
and of the solutions submitted to the photo-Fenton process was evalu-
ated, monitoring the changes in initial V. fischeri luminescence and their
luminescence after 15 min of exposure. The samples were serially dilut-
ed (1:2); the concentration varied between 89.1% and 0.32%. The results
were expressed as ECsg (effective concentration responsible for 50% in-
hibition of luminescence) and were calculated following the established
protocol of the Microtox program (SDI MicrotoxOmni 4.0) (Strategic
Diagnostics Inc., Newark, Delaware, USA).

3. Results and discussion
3.1. Degradation by the Fenton and photo-Fenton processes

In the present study, the tests were performed using a 15 W low
pressure mercury lamp with a maximum emission at 254 nm to allow
the comparison between the Fenton and photo-Fenton processes with
our previous work (UV and UV/H,0,;) (da Silva et al., 2011).

The Fenton degradation was rapid within the first 15 min of the re-
action and then no further degradation was observed. However, for the
irradiated samples (photo-Fenton), faster degradation of flumequine
occurred within the first 15 min and was then followed by a gradual
degradation (Fig. 1).

The Fenton's reagent generates hydroxyl radicals as a result of the in-
teraction between hydrogen peroxide and the ferrous ion, which causes
the oxidation of Fe(II) to Fe(Ill) under acidic conditions (Eq. (4)) (Rozas
etal, 2010). The reaction rate will decrease due to consumption of the re-
agents (Fe(I) and H0,) (Eq. (4)) and the extremely slow reduction of
Fe(IIl) to Fe(Il) (Eq. (5)) (Rozas et al., 2010).

Fe(IT) + H,0,—Fe(Ill) + (OH)~ +'OH, k = 53-76Lmol 's ™' (4)

Fe(Ill) + H,0,=Fe(Il) + HO, + H' ,k = 1-2 x 10 *Lmol 's ™" (5)

The photo-Fenton process is more efficient due to the photo-
reduction of the ferric ion by UV radiation (Eq. (6)) (Rozas et al.,
2010); the reaction stops when the hydrogen peroxide is completely
consumed.

Fe(III) + H,0 + hv—Fe(Il) + H +OH (6)

The best result for the Fenton process is presented in Fig. 1(d), where
0.5 mmol L~ Fe(II) and 2.0 mmol L~ H,0, resulted in the degradation
of 40% of the flumequine after 15 min of reaction. The lowest efficiency of
the Fenton process was observed using 0.25 mmol L=' Fe(ll) and
10.0 mmol L~ ! H,0, (Fig. 1(a)). However, under this condition, a UV ra-
diation dose of 1420 m]J cm~2 was sufficient to achieve the best

@ () ® (b) & (c) ® (d) © (e) & () & (g) © (h)

crc,

t (min)
Fig. 1. Degradation of flumequine. Fenton: (a) Cge(j;y=0.25 mmol L~ "and Ch,0,=
10.0 mmol L™, (b) Cre;1y="0.5 mmol L™ " and Cy,0,=4.0 mmol L™ ", (¢) Cre(1iy=
1.0 mmol L™ and Cy,0,=4.0 mmol L', and (d) Cre;y=0.5 mmol L™" and
Ch,0,=2.0 mmol L', Photo-Fenton: (e) Crey=0.25 mmol L™' and Cy,0,=
10.0 mmol L™, (f) Cre(y=0.5 mmol L™ " and Cyy,0,=4.0 mmol L™, (g) Cre(iy=
1.0 mmol L™ and Cp,0,=4.0 mmol L', and (h) Cre(;y=0.5 mmol L™" and

Ch,0,=2.0 mmol L™,
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degradation result for the photo-Fenton reaction within 15 min, which
reduced approximately 86% of the flumequine (Fig. 1(e)). As published
before (da Silva et al., 2010), photolysis itself degraded only 25.8% of
flumequine at a UV radiation dose of 1420 mJ cm 2, i.e,, photo-Fenton
was 3.3 times more efficient than photolysis and 2.2 times more than
Fenton. By increasing the reaction time to 60 min (i.e., 11.4 min of illu-
mination and 5680 mJ cm~? total radiation), photolysis degraded 91%
of the flumequine (da Silva et al., 2010), and the photo-Fenton process
achieved 94% of drug degradation. Finally, all of the photo-Fenton reac-
tions performed better than the reactions performed in the dark
(Fenton's reagent).

Considering the best conditions for each process and comparing these
results with our previous work (da Silva et al.,, 2011), it is possible to con-
clude that, after 30 min, the efficiency for the degradation of flumequine
was as follows: UV/H,0,> photo-Fenton > UV > Fenton > H,0,.

Klamerth et al. (2010) evaluated the efficiency of the Fenton and
photo-Fenton processes for treating municipal wastewater contaminated
with 15 emerging contaminants, including flumequine, using solar light.
The addition of 5 mg L~ Fe(II) (0.09 mmol L~ ') and 50 mg L~ ! H,0,
(1.5 mmol L™ 1) did not reduce more than 35% of the initial flumequine
concentration (100 pg L~ 1), but by applying UV radiation, the degra-
dation of flumequine reached almost 100% after 60 min (approxi-
mately 38 min of illumination). Sirtori et al. (2009) used 2 mg L~!
Fe(II) (0.036 mmol L") and 250 mg L™ H,0, (7.35 mmol L™') to
degrade 20 mg L~ ! of flumequine using the solar photo-Fenton process
and reached complete degradation after 18 min of illumination.

3.1.1. Influence of H,0, and Fe(ll) concentrations on the Fenton process

In the Fenton process, it is important to establish the best H,O, and
Fe(Il) concentrations for rapid and efficient oxidation. The optimum
doses of the oxidant and catalyst are inter-related and are therefore the
key to achieving the maximum degradation efficiency and the minimum
consumption of reagents, thereby minimizing costs. Using the ferrous ion
concentration at 0.25 mmol L~! (Fig. 2(a)) and varying the hydrogen
peroxide concentration from 0.5 to 10.0 mmol L™ resulted in only a
minor degradation rate.

When 0.5 mmol L™ ferrous ion was used (Fig. 2(b)), the degradation
of flumequine increased from 20 to 40% when the concentration of hy-
drogen peroxide increased from 0.5 to 2.0 mmol L™ for a 15 min reac-
tion. Subsequent increases in the concentration of H,0, in the process
decreased the degradation of flumequine to 15% and 8% for H,0, initial
concentrations of 4.0 and 10.0 mmol L™, respectively. The same behav-
ior was observed when 1.0 mmol L~ ferrous ion was used and the H,0,
concentration was increased from 1.0 to 10.0 mmol L~ (Fig. 2(c)). A
molar ratio of Fe(Il):H,0, higher than 1 can increase H,0, scaveng-
ing and also the competition for ‘OH (Neyens and Baeyens, 2003).
As shown in Fig. 2(c), this phenomenon most likely occurred when
the Fe(II):H,0, ratio of 1:0.5 was used. Based on these results, Fe(Il)
concentrations higher than the H,0, concentration were not evaluated
for the photo-Fenton process.

When 1.0 or 2.0 mmol L~ of H,0, were used, an increase in the con-
centration of the ferrous ion from 0.25 to 0.5 mmol L~ ! resulted in a sig-
nificant increase in the degradation of flumequine; however, increasing
the concentration of H,0, from 0.5 to 1.0 mmol L~ did not resulted in
further degradation. For H,0, concentrations of 4.0 and 10.0 mmol L™,
the degradation of flumequine increased as the concentration of the fer-
rous ion increased from 0.25 to 1.0 mmol L.

3.1.2. Influence of H,0, and Fe(II) concentrations on the photo-Fenton
process

The initial concentration of H,0, applied in the photo-Fenton
process significantly influenced the flumequine degradation rate
(Fig. 3). A progressive improvement in the degradation of fluoro-
quinolone was observed when the initial ferrous ion concentration
was 0.25 or 0.5 mmol L™~ ! and the hydrogen peroxide concentration
increased from 1.0 to 10.0 mmol L~ (Fig. 3(a) and (b)). However,
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# Cypop= 1.0 mmol L
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* Cpppop=10.0 mmol L
0.0 : : : .
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t (min)
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& Cyppop= 1.0 mmol L™
0.2 { & Cyjp0p= 2.0 mmol L
4 Cyppop= 4.0 mmol L

% Cyjp0p=10.0 mmol L
0.0 T T T ]
0 15 30 45 60

t (min)

0.6 1

c/c,

Creqy=1.0 mmol L
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* Ciypop=10.0 mmol L
0.0 . . ; .
0 15 30 45 60

t (min)

0.4 4

Fig. 2. Degradation of flumequine by the Fenton process, varying Cy,o, from 0.5 to
10.0 mmol L. (@) Creny=0.25 mmol L™, (b) Creny=0.5 mmol L™, and (¢) Crey=
1.0 mmol L™,

when 1.0 mmol L~ ! of catalyst ion was used (Fig. 3(c)), a different
behavior was observed. The degradation of flumequine increased
with increasing oxidant concentration up to 2.0 mmol L™, Lower
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Fig. 3. Degradation of flumequine by the photo-Fenton process, varying Cy,o, from 1.0 to
10.0 mmol L™ . (a) Creery=0.25 mmol L™, (b) Creqy=0.5 mmol L™, and (c) Crey=
1.0 mmol L.

degradation of the drug was observed when the hydrogen peroxide
concentration was higher than 4.0 mmol L™'. This behavior was
likely due to the recombination of hydroxyl radicals and/or reaction

between them and the hydrogen peroxide, as illustrated by Eqs. (7)
to (9) (Melo et al., 2009).

"OH + OH—H,0, (7)
‘OH +0,H—H,0 + 0, (8)
‘OH + H,0,—'0,H + H,0 )

For the photo-Fenton process, using the initial concentration of H,0,
at 1.0 mmol L~ and increasing the initial concentration of the ferrous
ion from 0.25 to 1.0 mmol L~ ! significantly increased the degradation.
Increasing the catalyst concentration most likely improved the degrada-
tion of flumequine. However, when a higher concentration of H,0,
(i.e., 4.0 mmol L™ 1) was used, the oxidation of this fluoroquinolone de-
creased with increasing initial concentration of the ferrous ion. In ex-
cess, Fe(Il) or H,0, may act as a hydroxyl radical scavenger, which
decreases the degradation efficiency (Dal Bosco et al,, 2011).

Fenton
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Fig. 4. Absorbance spectra of flumequine solutions degraded by (a) the Fenton process
(Ch,0,=2.0 mmol L' and Creqy=0.25 mmol L™ '), and (b) the photo-Fenton process
(Ci202=10.0 mmol L~ " and Cre(yy=0.25 mmol L~ 1).
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3.2. UV-vis spectrometry

As previously reported by da Silva et al. (2011), flumequine
showed maximum absorption at 236 nm, and a weaker absorption
at 324 nm. According to Neugebauer et al. (2005), the UV-vis spectra
of fluoroquinolones show a characteristic absorption band between
300 and 380 nm and a second maximum absorbance between 240
and 300 nm due to the aromatic ring.

The UV-vis spectra for a flumequine standard solution (t=0 min)
and sample solutions subjected to the Fenton (Fig. 4(a)) and photo-
Fenton (Fig. 4(b)) processes, under the optimal conditions, were com-
pared. A significant difference in the absorbance values for the samples
subjected to the Fenton and photo-Fenton processes was observed. For
the samples submitted to the Fenton process, a minor modification in
the UV profile of the samples was verified (Fig. 4(a)). Note that 15 min
of reaction was sufficient to achieve minimum absorbance at the charac-
teristic wavelengths of flumequine, which indicates the maximum degra-
dation of flumequine in this process. For photo-Fenton process, the
absorbance band in the range of 200-400 nm decreased with time
(Fig. 4(b)), which indicated that the flumequine concentration continu-
ously decreased.

3.3. Evaluation of residual antimicrobial activity
To evaluate possible antimicrobial activity, assays were performed on
samples subjected to the Fenton and photo-Fenton processes and com-

pared to the untreated samples (t=0 min). The effective dose at which
50% growth inhibition was achieved (ECsq) was initially evaluated. The
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flumequine stock solution (250 mg L~!) was diluted 100-fold in phos-
phate buffer at pH 8, and then it was serially diluted. The dose-response
curves of the control were obtained for a flumequine concentration range
of 1.25 mg L~ ! to 21.7 ug L~ !, which corresponds to the concentrations
inside of each well in the plate. Ten different assays (in duplicate) were
performed to obtain the ECso, which varied from 14.0x107° to
15.3%x 107> g L~ . The median value (14.65x 107> g L~ ') was the con-
trol value for evaluating the dose-response curves of the untreated solu-
tions (t=0 min).

3.3.1. Residual antimicrobial activity of the solutions after the Fenton
process

The dose-response curves obtained for the solutions subjected to
the Fenton's reagent are presented in Fig. 5. The antimicrobial activity
decreased as the flumequine concentration in the solution decreased.
It was verified that no changes in the dose-response curves occurred
after 15 min of reaction. As previously presented (Fig. 1), the degrada-
tion of flumequine by the Fenton process reached a maximum after
15 min. Potency equivalent values (PEQ), which represent the relation-
ship between the ECsq of the untreated samples and ECs of the solu-
tions subjected to a degradation process (Eq. (10)), can be used to
analyze the changes in the biological activity of a solution.

ECSO.O

PEQ —
ECSOAX

(10)

where PEQ is the potency equivalent value, ECsoo represents the
effective dose at which 50% growth inhibition was observed in the
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Fig. 5. Dose-response curves for flumequine degradation by the Fenton process: (a) Cge(ny = 0.25 mmol L~ 'and Cii,0,=10.0 mmol L=, (b) Cre(y=0.5 mmol L~ 'and Ch,0,=4.0 mmol L
(€) Creqy=1.0 mmol L~" and Cyy,0,=4.0 mmol L', and (d) Crequy=0.5 mmol L~ and Cy;,0,=2.0 mmol L.
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Fig. 6. Dose-response curves for flumequine degradation by the photo-Fenton process: (a) Creqry=>0.25 mmol L™" and Cii,0,=10.0 mmol L™, (b) Crey=0.5 mmol L™" and
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untreated flumequine solution and ECs is the ECsq value calculated
for each sample submitted to a degradation process.

By evaluating the PEQ, it is possible to conclude that the
reduction in antimicrobial activity is related to the degradation of
flumequine, which suggests that the byproducts formed during
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Fig. 7. Luminescence inhibition assay with Vibrio fischeri.

the degradation process did not have higher antimicrobial activity
than flumequine.

The Fenton process using Fe(II) and H,0, concentrations (mmol L~ ')
of 0.25 and 10.0 (Fig. 5(a)), 0.5 and 4.0 (Fig. 5(b)), 1.0 and 4.0 (Fig. 5(c)),
and 0.5 and 2.0 (Fig. 5(d)), respectively, resulted in significantly different
ECs values. In the 15 min of reaction, the potency equivalent value (PEQ)
decreased to 0.63, 0.53, 0.46 and 0.38, respectively, when compared with
the initial solution (i.e., the activity was reduced from 37 to 62%). There-
fore, increasing the efficiency of the degradation of flumequine, the PEQ
was proportionally reduced. These results are consistent with data pub-
lished by Dodd et al. (2009), Paul et al. (2010) and da Silva et al. (2011),
which all observed that the antimicrobial activity decreased after degra-
dation by AOPs.

3.3.2. Residual antimicrobial activity after photo-Fenton process

Unlike in the degradation using the Fenton's reagent, the reaction
time in the photo-Fenton process directly influenced the degrada-
tion of flumequine and the residual antimicrobial activity. The
dose-response curves are shown in Fig. 6. In the experiments
performed with 0.25 mmol L~ ! Fe(II) and 10.0 mmol L™ ! H,0,,
where the best degradation of flumequine was achieved (94%), no
antimicrobial activity was observed after 15 min of reaction
(Fig. 6(a)). Other combinations of catalyst and oxidant were not
able to remove biological activity in less than 60 min. Comparing
all conditions at 15 min, the PEQ value decreased from 1.0 (initial solu-
tion, t=0 min) to 0.20, 0.33, and 040, respectively, for the reactions
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using Fe(Il) and H,0, concentrations (mmol L™') of 0.5 and 4.0
(Fig. 6(b)), 1.0 and 4.0 (Fig. 6(c)) and 0.5 and 2.0 (Fig. 6(d)). These
results indicated that the antimicrobial activity of the solutions
were reduced 80, 67 and 60%, respectively.

By applying the Fenton process (1.0 mmol L~! Fe(Il) and
4,0 mmol L™ ! H,0,), the antimicrobial activity of the solution was re-
duced by 54%. The samples subjected to the photo-Fenton process
presented lower antimicrobial activity; it was reduced 67% in 15 min.
Due to the photoreduction of Fe(IIl) to Fe(II), the biological activity of
the solution continuously decreased and achieved a maximum reduc-
tion of 80% after 60 min. Therefore, the more efficient the degradation,
the lower the observed antimicrobial activity.

3.4. Toxicity assays

To evaluate the toxicity of the treated solutions, biological tests with
V. fischeri were carried out for the samples submitted to the photo-
Fenton process and compared to the toxicity of the untreated sam-
ples (t=0 min). The assays were performed using the best condition
for the photo-Fenton process, that is, Fe(II) and H,0, concentrations
of 0.25 and 10.0 mmol L~ respectively (as shown in Fig. 1). No al-
teration in toxicity was observed for reaction times from 0 to 60 min
(Fig. 7).

A solution containing 15 emerging contaminants including
flumequine was shown to have its toxicity increased when submitted
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to photo-Fenton process (Klamerth et al, 2010). However, Backhaus
et al. (2000) reported that the toxicity of chemicals with a different
mode of action cannot be predicted by increasing concentration. It can
only be determined for a specific group of action compounds with com-
mon molecular mechanisms. Based on the fact that toxicity of flumequine
samples did not vary regardless of the reaction time, the evaluation of re-
sidual antimicrobial activity of flumequine and its intermediates become
the main concern.

3.5. Identification of byproducts formed during flumequine degradation
by the Fenton and photo-Fenton processes

Analyses of the molecular ions, fragmented ions and isotopic distri-
bution allowed the assignment of a chemical structure to four molecular
ions (m/z of 244, 238, 220 and 202) identified in the full scan spectra of
the flumequine solutions submitted to the Fenton and photo-Fenton
processes. These ions were selected as precursor ions and fragmented.
Although some of the flumequine intermediates had been previously
reported (Palominos et al., 2008; Sirtori et al., 2009, 2012), none of
these studies related the byproducts with the residual antimicrobial ac-
tivity. The focus of this study was to increase the knowledge about the
formation of intermediates during the Fenton and photo-Fenton pro-
cesses and address their antimicrobial activity.

Fluoroquinolones, which are polynuclear heteroaromatics, are not
expected to photorearrange (Albini and Monti, 2003), and the sequence
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Fig. 8. Proposed flumequine oxidation byproducts formed by the Fenton and photo-Fenton processes.
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of reactions with hydroxyl radicals or after photoexcitation is through
substitution and/or elimination reactions (Albini and Monti, 2003;
Vasconcelos et al., 2009; Sturini et al., 2012). According to Albini and
Monti (2003), the main photoreaction that occurs under neutral condi-
tions is the defluorination of fluoroquinolones, which is then followed
by decarboxylation. Furthermore, these heterocyclic fluorine com-
pounds might remain intact when the reactions occur under acidic con-
ditions, leading to reactions with the alkylamino side chain first (Pretali
et al, 2010). The primary reaction in the alkylamino site of the
flumequine molecule that is proposed is the cleavage of the 1IN-C
bond in the non-aromatic ring. This reaction would afford 8-ethyl-
6-fluoro-4-oxo-1,2,3,4-tetrahydroquinoline-3-carboxylic acid (Fig. 8,
Compound A, m/z of 238).

Because hydroxyl radicals have a high oxidation potential
(E®°=2.80 V) and attack organic molecules non-selectively under acidic
conditions (as in the Fenton and photo-Fenton reactions; pH=2.8), pho-
tochemical defluorination could be considered a possible pathway in the
degradation of flumequine. Sirtori et al. (2009) monitored the degrada-
tion of flumequine by the photo-Fenton process and photocatalysis and
verified that a considerable amount of fluorine was present as fluoride
(F7), which supports the defluorination pathway. The hydroxyl radicals,
once in contact with the compound, first promote loss of a fluoride
ion, generating 5-methyl-1-oxo0-6,7-dihydro-1H,5H-pyrido[3,2,1-ij]
quinoline-2-carboxylic acid (Fig. 8, Compound D, m/z of 244). The
loss of the fluoride (F™) results in a decrease of the hydrogen bonding af-
finity 840-fold (Shen et al., 1989); therefore, the antimicrobial activity
of the compound m/z 244 may be lower than of flumequine. After
defluorination, decarboxylation yields 9-fluoro-5-methyl-1-oxo-6,7-
dihydro-1H,5H-pyrido[3,2,1-ij]quinoline-2-carboxylic acid (Fig. 8, Com-
pound F, m/z of 202). According to Shen et al. (1989), the quinolones
require the 3-carboxyl group for activity; therefore, the proposed
Compounds E and F (m/z 202) do not present antimicrobial activity.

The pathway where decarboxylation occurs first, which leaves the
aromatic ring with the fluorine intact, was also considered. In this
case, the molecule likely loses a carboxyl group, forming a byproduct
of m/z 220 (Fig. 8, Compound B or C), and therefore, it loses its activity.
This compound can then react with hydroxyl radicals in solution until
the cleavage of the C—F bond occurs and Compound E and/or F is
formed.

Finally, it is important to highlight that even after 60 min, flumequine
could still be identified after the Fenton and photo-Fenton processes by
mass analysis, in addition to a considerable number of byproducts with
low signal intensity.

4. Conclusions

The photo-Fenton process was the most efficient method for the deg-
radation of flumequine, whereas the Fenton's reagent had the lowest per-
formance regardless of the concentrations of hydrogen peroxide and
ferrous ion used (0.5 to 10.0 mmol L~ H,0, and 0.25 to 1.0 mmol L™!
Fe(II)).

A significant difference in the residual antimicrobial activity of the so-
lutions subjected to the Fenton and photo-Fenton processes was verified.
The antimicrobial activity assays presented quantitative data related
to the residual biological activity of the solutions submitted to AOPs.
The studied processes were not able to completely mineralize the
flumequine; however, it was demonstrated that this fluoroquinolone
oxidation was sufficient to deactivate the antimicrobial activity. The
byproducts did not present stronger biological activity than flumequine
because as the flumequine concentration decreased, the antimicrobial
activity also decreased.

In conclusion, the photo-Fenton process is an efficient method for
treating aqueous solutions that contain flumequine, and it is able to
reduce the antimicrobial activity of these solutions. Finally, the anti-
microbial activity assays could be performed to evaluate the treat-
ment of effluents containing antimicrobial drugs.
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4.3 Degradacao de flumequina por UV/TiO,

Artigo “Degradation of flumequine by photocatalysis and evaluation of antimicrobial
activity”, publicado na revista Chemical Engineering Journal, volume 224, paginas 46 a 52, no
ano de 2013. Este artigo corresponde as paginas 71 a 77 desta tese, € o material suplementar as

paginas 78 a 81.
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» UV/TiO, was able to degrade 98% of
flumequine within 45 min.

» A total loss of antimicrobial activity
was observed in 30 min.

» H,0, addition improved the
degradation efficiency and biological
activity reduction.

» Byproducts with m/z of 244, 234,
232, and 202 were identified.
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This study evaluated the efficiencies of advanced oxidation processes (UV/TiO, and UV/TiO,/H,0,) for the
flumequine degradation, an antimicrobial and emergent pollutant. The photocatalytic process was capa-
ble of degrading approximately 55% of the drug after 15 min of reaction using 0.31 mmol L' TiO, in sus-
pension; the addition of H,0, (0.5 mmol L™') increased flumequine degradation to 81.6%. For UV/TiO,,
increasing catalyst concentration (0.08-0.62 mmol L~!) corresponded to an increase in the degradation
efficiency. Using mass spectrometry, it was possible to identify five putative byproducts formed during
the advanced oxidation processes. Due to the risks of bacterial resistance, the antimicrobial activity of
the treated solutions was evaluated and compared to an untreated solution. Residual antimicrobial activ-
ity was detected after 15 min of reaction in all of the evaluated conditions. The antimicrobial activity was
considerably reduced by the photocatalytic processes (UV/TiO, and UV/TiO,/H,0,) throughout the
reaction.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Flumequine, an antimicrobial agent of the fluoroquinolone fam-
ily, is commonly used in veterinary medicine. Due to its continuous

Veterinary drugs are widely used in animals for infection con-
trol, prophylaxis and therapeutic uses [1]. The majority of these
drugs are not fully metabolized by animals due to their low
absorption in the digestive tract. Therefore, these drugs can be ex-
creted in natura via feces and urine in their non-metabolized form
or as active metabolites, thereby contaminating soils and surface
waters [2].

* Corresponding author. Tel.: +55 19 3521 2378.
E-mail address: jorober@fec.unicamp.br (J.R. Guimaraes).

1385-8947/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2012.11.002

introduction into the environment and resistance to degradation,
flumequine residues have been detected in aquatic environments
(2.5-50ng L") [3-5], and in soil (6.9 ugg~!) [6]. When present
in the environment, flumequine may cause alterations in microbial
communities (e.g., the development of resistant bacteria) and can
affect organisms. The presence of this drug in water and soil has at-
tracted the attention and concern of the scientific community
[3,7,8]. Veterinary drugs are also frequently released into the envi-
ronment as a result of manufacturing processes, illegal disposal,
metabolic excretion and accidental discharges during drug applica-
tions [9-11]. Several studies have reported the low efficiency of the
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removal of these compounds by water and sewage treatments
plants [12-14].

Advanced oxidation processes (AOPs) present efficient mecha-
nisms for the reduction of persistent substances. Among the com-
monly used AOPs, photocatalytic processes have been successfully
used for the degradation of antimicrobial drugs in aqueous solu-
tions [15-24]. TiO, is the most widely used photocatalyst due to
its high stability, low cost, and low environmental impact [25].

In our previous study [26], flumequine in aqueous solutions was
degraded by UV/H,0,, whereas Miranda-Garcia et al. [15], Paul
et al. [17], Nieto et al. [20], Palominos et al. [22] and Mansilla
et al. [24] used photocatalysis to degrade this fluoroquinolone. De-
spite the available literature regarding flumequine degradation by
photocatalysis, reports of residual antimicrobial activity are rare.
This evaluation is needed because even after the extensive degra-
dation of the original compound, the generated byproducts may
present antimicrobial activity. In the reports of Palominos et al.
[22] and Mansilla et al. [24], irradiated solutions were examined
in terms of their antimicrobial activity against Escherichia coli
based on measurements of the inhibition halo formed around the
micro drops seeded in bacteria-inoculated agar plates. However,
these studies aimed to qualitatively or semi-quantitatively evalu-
ate the antimicrobial activity.

The quantitative analysis of antimicrobial activity in degraded
drug samples is seldom reported in the scientific literature. Paul
et al. [18] studied modifications in the antibacterial potency of
aqueous ciprofloxacin solutions during photocatalytic treatment
processes. In our previous work [26], a reduction in antimicrobial
activity was evaluated during flumequine degradation by photoly-
sis, peroxidation and UV/H,0,. This study is the first dedicated to
the quantitative evaluation of residual antimicrobial activity of
flumequine solutions submitted to UV/TiO, and UV/TiO»/H,0,
processes.

The objective of the present study was to evaluate the reduction
in antimicrobial activity during flumequine degradation by photo-
catalysis with TiO, in suspension. In addition, the influence of
hydrogen peroxide additions was assessed, and the resulting deg-
radation byproducts were investigated.

2. Experimental
2.1. Chemicals

Flumequine (99%) was purchased from Sigma-Aldrich (St.
Louis, USA). The molecular formula and molecular weight of
flumequine are Cy4H;,FNO; and 261.25gmol~!, respectively.
Methanol (HPLC grade) and BaCl,-2H,0 (99%) were purchased
from ].T. Baker (Edo. de México, Mexico); oxalic acid (99.5%) was
purchased from Merck (Darmstadt, Germany); hydrogen peroxide
(30%, v/v), NaHSOs3 (58.5% of SO,), concentrated H,SO4 and NaOH
(97%) were purchased from Synth (Diadema, Brazil); H3PO,4 (85%)
and KH,PO4 (98%) were purchased from Nuclear (Sdo Paulo, Bra-
zil); KOH (85%) was purchased from Ecibra (Sdo Paulo, Brazil);
NH4VO; (99%) was purchased from Honeywell Riedel-de Haén
(Seelze, Germany); and TiO, was obtained from Degussa (Frank-
furt, Germany). Mueller-Hinton broth cultures and Mueller-
Hinton:Agar were purchased from Himidia (Mumbai, India).
Ultrapure water used throughout the study was obtained using a
Milli-Q Academic water purification system (Millipore).

2.2. Stock solution

A flumequine stock solution (250 mgL~') was prepared in
methanol and stored at 4 °C while protected from light. Flumequ-
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ine working solutions (500 pg L~') were prepared daily by appro-
priate dilutions of the stock solution in 1000 mL of ultrapure water.

2.3. Experimental setup

AOP studies were performed using a previously described sys-
tem [26], which was composed of a reactor (made of borosilicate
glass with a 3.5 cm inner diameter and a 38.5 cm length containing
a concentric low-pressure mercury lamp operating at 15 W with
Jmax =254 nm and a 2.4 cm inner diameter; 190 mL volume), a
magnetic stirrer, a 1000 mL reservoir, and a peristaltic pump, to
maintain the solution in constant recirculation. In this experimen-
tal system, the lamp was in direct contact with the circulating solu-
tion. The irradiance was 8.3 mW cm2, as measured by a Cole
Parmer (VLX 3 W model) radiometer previously calibrated at
254 nm.

Photocatalysis experiments were performed in an aqueous
solution at pH 7. The concentration of the catalyst (TiO,, Degussa
P-25), which was held in suspension by agitating the solution, var-
ied from 0.08 to 1.88 mmol L. Following the degradation assays,
titanium dioxide was removed by filtration with a GF 51-B glass
membrane. In the UV/TiO,/H,0, experiments, 0.5 mmol L~' H,0,
was added, and the reactions were stopped by the addition of so-
dium bisulfite with H,O, at a 1:1 M ratio.

2.4. TiO, adsorption test

The adsorption of flumequine was obtained in the dark. A total
volume of 1L of flumequine working solution (500 pgL~') was
maintained in the presence of different concentrations of TiO,
(0.08, 0.62, and 1.88 mmol L~!) at pH 7 under agitation. The tem-
perature was maintained at 25 °C. After the assays, TiO, was re-
moved by filtration with a GF 51-B glass membrane. The aqueous
solution with the remaining flumequine was then concentrated
by solid phase extraction (SPE), and the extract was quantified by
high performance liquid chromatography (HPLC) analysis.

2.5. Analytical methods

Flumequine degradation was evaluated by HPLC with UV detec-
tion. Sample preparation prior to quantification was performed by
SPE. SPE was performed using a Cqs solid phase cartridge (Varian
500 mg/6 mL) conditioned with methanol (6 mL) and water
(6 mL). One liter of sample was percolated through the cartridges
at a flow rate of 10 mL min~'. Subsequently, the sorbent was dried
under vacuum, and the analyte was eluted with methanol (4.0 mL).
The eluate was filtered (0.22 pm membrane filters) prior to HPLC
analyses. The recovery ranged from 89% to 104% for samples con-
taining flumequine in the concentration range of 50-500 ug L.

The chromatographic system consisted of a Waters solvent
delivery system (model 510), a tunable absorbance detector
(Waters model 486) and a Rheodyne 7725 injector with a 20 pL
sample loop. Quantitation was performed at 236 nm. An XBridge®
RP18 column from Waters (250 mm x 4.6 mm L.D., 5 pm) was used
as the analytical column. The flow rate was 1.0 mLmin .
Methanol:0.01 mol L~! oxalic acid (60:40 v/v) was used as the mo-
bile phase. The LOD and LOQ were 0.24 ugL™! and 1.0 ugL,
respectively.

2.6. Identification of byproducts by mass spectrometry

To identify the byproducts formed during the degradation pro-
cesses, aqueous solutions containing 5 mg L' of flumequine were
used to avoid the loss of byproducts during the concentration step.
The photocatalytic processes were evaluated from 0 to 30 min
using 0.16 mmol L~! TiO, and 5.0 mmol L' H,0,.
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The detection and identification of byproducts formed during
the advanced degradation processes were performed using a
Micromass™ quadrupole (Q) time of flight (ToF) mass spectrome-
ter (Waters, USA). Data processing was performed using MassLynx
software (Waters, USA). Spectra were acquired between m/z 100
and 600. The typical operational conditions were as follows: cone
gas flow (50Lh~'), desolvation gas flow (300Lh~!), polarity
(ES+), capillary energy (1300 V), sample cone energy (35 V), extrac-
tion cone energy (5 V), desolvation temperature (250 °C), source
temperature (150 °C), ionization energy (1V), collision energy
(10 V) and multi-channel plate detector energy (2700 V).

2.7. Antimicrobial activity assay

First, a sample of E. coli K12 wild type (ATCC: 23716) in Muel-
ler-Hinton-glycerol (60:40, v/v) solution was thawed at 25 °C.
Then, 0.1 mL of this culture was inoculated in 10 mL of Mueller-
Hinton broth, and the broth culture was incubated for 24 h at
37 °C on a shaker (100 rpm) (Marconi, model MA-420). The 24-h
E. coli culture was diluted to match the absorbance of a McFarland
stock solution (0.5 mL of 0.048 molL~! BaCl, in 99.5mL of
0.18 mol L' H,S0,) at 630 nm. This absorbance corresponded to
a population density of 1.0 x 103 CFUmL™'. The antimicrobial
activity was evaluated using the E. coli K12 culture at a population
density of 1.0 x 10° CFUmL ™.

Antimicrobial activity assays were performed according to the
method of Paul et al. [18] with certain modifications. The initial
and degraded samples were first diluted 50-fold in 1.0 mmol L~!
phosphate buffer (pH 8). A 300 pL aliquot of the 50x diluted sam-
ple was added to the first well of each row of a 96-well microtiter
plate, and 100 uL of 1 mmol L~! phosphate buffer (pH 8) was
added to all wells of the plate except the first well of each row.
Subsequently, a 10-member 3:2 serial dilution (i.e., 1.5-fold) series
was prepared from each sample across the corresponding row by
dosing 200 pL of the solution contained in the first well to the next
well (2nd) and repeating this sequence until the 11th well. The last
well (i.e., the 12th well) contained only the buffer solution. After
the serial dilution, all wells of the row plate were then inoculated
with 100 pL of E. coli K12 culture solution. The plate was sealed
and incubated under 100 rpm (Marconi, model MA-420) agitation
for 8 h at 37 °C. After incubation, the absorbance of each sample
well was measured at 630 nm using a Multiskan MS microplate
reader (Labsystems). The antimicrobial activities of the flumequine
standards (control) as well as the initial (¢t =0 min) and degraded
(t=15, 30, 45, 60 min) samples were quantified in duplicate using
previously reported procedures [26].

Absorbance measurements were converted to growth inhibition
values (%), I, according to the following equation:

Ap—A
0
where Ay is the absorbance of the phosphate buffer incubated with
E. coli culture, and A refers to the absorbance of the sample incu-
bated in each well; both absorbances were determined at 630 nm.

The dose-response curves and the ECsq (the effective dose at
which 50% growth inhibition is achieved) values of the degraded
and untreated solutions were evaluated using Graph-Pad Prism
5.0 software (La Jolla, CA, USA). The dose-response curves, which
represent the relationship between the log serial dilution and the
growth inhibition percentage (Eq. (1)), were evaluated using the
following equation:

I (%) = Imine +

I (%)=

x 100% (1)

ImaxA[ - Imin,rl (2)
(1 + ]O(]ogEng—log(mT))xH)

where Imax: and Imine represent the maximum and minimum
growth inhibition for each data sample, respectively; ECso is the

effective dose at which 50% growth inhibition is achieved; and H
is the Hill slope for the experimental conditions.

3. Results and discussion
3.1. Adsorption of flumequine on TiO,

Experiments were performed to evaluate the adsorption of
flumequine (500 ug L~') onto TiO, surfaces at pH 7. The catalyst
concentration ranged from 0.08 to 1.88 mmol L~!. Experiments
were performed over the course of 90 min. Equilibrium was
reached after 30 min. Thus, for the photocatalytic assays, flumequ-
ine solutions were initially placed in contact with TiO, for 30 min,
and the UV lamp was turned on and the experiment started after
this period.

The maximum extents of flumequine adsorptions on the cata-
lyst surface were 10.2%, 20.8% and 29.6% when 0.08, 0.62, and
1.88 mmol L~ TiO, were used, respectively. These results are con-
sistent with those of Nieto et al. [20] and Palominos et al. [22]. Nie-
to et al. [20] verified that TiO, absorbed approximately 19% of the
initial flumequine concentration (20 ppm) in 30 min at a pH of
approximately 7.0. Palominos et al. [22] reported that the flumeq-
uine adsorption in the dark was approximately 27% at pH 6, and no
further flumequine adsorption on titanium dioxide was observed
after 30 min of contact.

3.2. Flumequine degradation

In the present study, the tests were performed using a 15 W low
pressure mercury lamp with a maximum emission at 254 nm to al-
low the comparison between the photocatalytic processes and our
previous work (UV and UV/H,0,) [26].

Photocatalysis was effective in removing flumequine from an
aqueous solution. For all applied catalyst concentrations, the effi-
ciency of the photocatalytic process was superior to that of photol-
ysis (Fig. 1). As previously reported [26], approximately 80% of the
flumequine was removed by photolysis after 45 min of reaction
and the maximum observed extent of degradation was approxi-
mately 91% in 60 min. Using the same reactor and 0.62 mmol L™!
of catalyst, the photocatalysis was able to remove approximately
98% and 99% of flumequine within 45 and 60 min, respectively.

1.0
- UV-C
- Cr;0, =0.08 mmol L"
o8l & Crio, =0.16 mmol L’
-+ Cyop =0.31 mmol L'
¥ Cyiop =0.62 mmol L'
06l - Cqi0,=0.94 mmol L"
° © Crigp =125 mmol L
8 B Cripp=1.88 mmol L"
0.4
0.2
0.0 - v
0 15 30 45 60

t (min)

Fig. 1. Flumequine degradation by UV and UV/TiO,. TiO, concentrations vary from
0.08 to 1.88 mmol L~'. UV data were published by da Silva et al. [26].
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An increase in the degradation efficiency was observed when
the catalyst concentration was increased from 0.08 to
0.62 mmol L. This direct correlation between the degradation
rate and the catalyst concentration is due to a larger number of ac-
tive TiO, sites available for the photocatalytic reaction, as reported
by Yang et al. [16] and Doll and Frimmel [27]. However, a further
increase in the TiO, concentration greater than 0.62 mmol Lt
did not produce a significant improvement in the drug degrada-
tion, which is consistent with studies by Elmolla and Chaudhuri
[28], Hapeshi et al. [29] and Malato et al. [25]. According to Malato
et al. [25], the increase in photodegradation with an increase in the
catalyst concentration approaches a limiting value at high TiO,
concentrations, and this limit depends on the total illumination
of the TiO, particles; when the catalyst concentration is very high,
turbidity hinders further penetration of light into the reactor. In
our study, 0.62 mmol L' was found to be the optimal catalyst con-
centration for flumequine degradation.

The results obtained in this study are consistent with those of
Palominos et al. [22] and Mansilla et al. [24] who obtained more
than 90% of flumequine degradation by photocatalysis with TiO,.
By comparing the results obtained in this work with previously
published data [26], it was verified that the flumequine degrada-
tion when using 0.62 mmol L' TiO, in a photocatalysis reaction
was similar to that obtained by da Silva et al. [26] for the degrada-
tion of this same drug by peroxidation assisted by ultraviolet radi-
ation (1.0 mmol L~ H,0,).

3.2.1. Influence of H»0, addition

An aliquot of 0.5 mmol L' of H,0, was added to the UV/TiO,
process to evaluate its influence on the degradation efficiency. As
shown in Fig. 2, the addition of H,0, promoted an increase in the
flumequine degradation, especially during the first 15 min of the
reaction.

When 0.08 mmol L~! TiO, was used in the UV/TiO, assays, 42%
flumequine degradation was achieved in 15 min; the addition of
0.5 mmol L~! H,0, increased the degradation efficiency to 77.4%.
UV/TiO, (0.31 mmol L~! TiO,) and UV/TiO,/H,0, (0.31 mmol L~}
TiO, and 0.5 mmol L~' H,0,) were capable of degrading 54.6%
and 81.6% of the flumequine in 15 min, respectively. However,
the addition of H,0, did not result in a greater extent of degrada-
tion after 30 min. Additionally, after 60 min, greater than 98%
flumequine degradation was observed for all evaluated conditions.

1.0

Ci1202 = 0.5 mmol L™
s UVH,0,

-6 0.08 mmol L
-+ 0.16 mmol L'

-4 0.31 mmol L'

0.8

o 061 =% 0.62 mmol L™

S -e- 0.08 mmol L' +H,0,

04 -= 0.16 mmol L' + H,0,

’ - 0.31 mmol L' + H,0,
0.2
0.0

0 20 40 60
t (min)
Fig. 2. Flumequine degradation by UV/H,0,, UV/TiO, and UV/TiO,/H,0,

(0.5 mmol L~! H,0,). UV/H,0, data were published by da Silva et al. [26].
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According to Chu et al. [30] and Elmolla and Chaudhuri [28], when
a small amount of H,0, is added to the UV/TiO, process, an
enhancement of the degradation rate occurs due to the increased
generation of hydroxyl radicals by UV/H,0,. In addition, due to
the electron accepting nature of H,0,, it reacts with the electrons
that are emitted from the valence band to generate hydroxyl rad-
icals and OH™, as shown by the following equation [25,30]:

H,0 + e~ — *OH + OH~ 3)

As has been reported [26], using 0.5 mmolL™! H,0,, 52%
flumequine degradation was observed in 15 min of the UV/H,0,
process and the maximum degradation was 97.5% in 60 min. The
photocatalytic process (UV/TiO,/H,0,) improved the efficiency of
the process even at a low TiO, concentration. Using 0.08 mmol L™}
TiO,, 77.5% drug degradation was verified in 15 min, and in 60 min
it reached 99%. This enhancement can be explained by the higher
OH generation in the photocatalytic process mainly due to the oxi-
dation of H,0 adsorbed in the semiconductor surface.

3.3. Byproducts formed during flumequine degradation

The initial flumequine solution (Fig. SI1) and the solutions de-
graded by the UV/TiO, (Fig. SI2), UV/TiO,/H,0, (Fig. SI3), and UV
(Fig. SI4) processes were monitored by mass spectrometry. The
structures of possible byproducts were proposed (Table 1) based
on the mass spectra (including the MS/MS analyses and isotopic
distributions), the likely elemental composition (which was calcu-
lated considering only the elements of flumequine (C, H, O, N, and
F)), and the organic reactions (which were drawn based on possible
mechanisms for reaction between the OH radical with some
fluoroquinolones and fragmentations of quinolones by photolysis
[31-33]).

Significant amounts of five byproducts were identified in
the solutions submitted to the AOPs: 5-methyl-1-0x0-6,7-dihy-
dro-1H,5H-pyrido[3,2,1-ij] quinoline-2-carboxylic acid (m/z 244),
5-methyl-6,7-dihydro-1H,5H-pyrido|3,2,1-ij|quinoline-1,2,9-triol
(m/z 234), 2,9-dihydroxy-5-methyl-6,7-dihydro-1H,5H-pyr-
ido[3,2,1-ij]quinolin-1-one (m/z 232), 8-butylquinolin-4(1H)-one
(m/z 202), and 5-methyl-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-
ijlquinolin-1-one (m/z 202) (Figs. SI2 and SI3).

The compound with m/z 244 was identified in the samples sub-
mitted to UV/TiO, and UV/TiO,/H,0, at all evaluated reaction
times. The byproduct with m/z 234 was identified only during
the UV/TiO,/H,0, process, while the compound with m/z 232
was detected just in the samples that underwent UV/TiO,. The
intermediates with m/z 202 were detected in the UV/TiO, samples
after 10 and 15 min of reaction; after this point, these compounds
were present at smaller concentrations. However, for the UV/TiO,/
H,0, process, these compounds were observed just in the first
10 min of reaction.

The degradation of flumequine by photolysis produced two
products in appreciable amounts, m/z 244 and 232 (Fig. SI4). The
analyses and comparison between photolysis and AOPs processes
(UV/TiO, and UV/TiO,/H,0,) suggests that the formation of these
byproducts is dependent on the degradation process (with or with-
out hydroxyl formation) and the reaction time such that the
byproducts can undergo further degradation. It is also important
to note that even after 60 min of reaction, flumequine continued
to be identified in the degraded solutions, thereby confirming that
the entire quantity of flumequine (500 pg) in a 1L aqueous solu-
tion was not completely degraded.

According to Albini and Monti [31], the main photoreaction
occurring under neutral conditions is defluorination of the fluoro-
quinolones followed by decarboxylation. Sirtori et al. [32] moni-
tored the degradation of flumequine by photo-Fenton and
photocatalysis reactions and verified that a large amount of
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Table 1
Flumequine and proposed byproducts.
Compound mfz Formula Process
uv-C UV/TiO, UV/TiO2/H,0,
o OH 262 C14H12FNO5
F
I 1 "° Flumequine
N
o OH 244 C14H13NO; P P P
%JE/&OS—MeIhyI—I-0x0-6,7—dihydm»l H,5H-pyrido[3,2,1-ij]lquinoline-2-carboxylic acid
N
oH 234 Cy3H15NO; ND ND v
HO. OH
\Eg?/ 5-Methyl-6,7-dihydro-1H,5H-pyrido|3,2,1-ij]quinoline-1,2,9-triol
N
o 232 Cy3H13NO; P P v
HO. OH
\CE‘E/ 2,9-Dihydroxy-5-methyl-6,7-dihydro-1H,5H-pyrido|[3,2,1-ij]quinolin-1-one
N
202 Cy3H15NO ND 1 I
8-Butylquinolin-4(1H)-one
202 Cy3H15NO ND - v

5-Methyl-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ijlquinolin-1-one

%

ND - not detected.

fluorine was present as fluoride (F~). These studies support our
proposed mechanism regarding the defluorination of the drug to
produce a byproduct with m/z 244.

The hydroxylation of the flumequine molecule may also be con-
sidered because AOPs are based on HO® reactions, and HO*® attack is
not selective [32]. According to Giraldo et al. [33], the hydroxyl-
ation of compounds submitted to AOPs through photo-Kolbe reac-
tions is well known, and the rapid decarboxylation of oxolinic acid
(another quinolone) has been observed. The formation of the
byproducts with m/z 234 and 232 likely occurred after successive
attacks of flumequine molecules by HO®. Photo-Kolbe reactions
took place followed by the substitution of the F~ ions by OH™,
thereby generating the compounds with m/z 234 and 232.

The mass spectra of the degraded solutions and MS/MS analysis
of the compound with m/z 244 (Fig. SI2B) showed the presence of a
compound with m/z 202, which indicates that the decarboxylation
of the m/z 244 compound is a potential degradation pathway.

3.4. Antimicrobial activity

Although the nearly complete degradation of flumequine was
achieved by AOP, traces of flumequine were detectable by mass
spectrometry after the process was ended.

ECso of flumequine was determined and was used as a control
parameter; i.e., this concentration was compared to the ECso of
the untreated samples (t=0 min) to evaluate possible interfer-
ences. The E. coli culture was exposed to flumequine concentra-
tions ranging from 1.25mgL~' to 21.7 ugL™' to obtain the
flumequine ECso. The assays were performed in 10 replicates. The
flumequine ECso varied from 14.0 x 107> to 153 x 10> gL .
The median value (14.65 x 107> g L~!) was assumed as the flumeq-
uine ECsq. The relationship between the ECsq of the untreated and
degraded solutions was analyzed using the following equation:

ECso0
ECsox

PEQ = (4)

where PEQ is the potency equivalent value, ECsqo represents the
effective dose at which 50% growth inhibition was observed in
the untreated flumequine solution and ECsgy is the ECsq value cal-
culated for each degraded sample.

Fig. 3 shows the antimicrobial activities following UV/TiO,
treatment. For all solutions degraded by UV/TiO, and UV/TiO,/
H,0,, a total loss of antimicrobial activity was observed in
45 min of reaction. For the photolysis reaction, a complete loss of
antimicrobial activity was observed after only 60 min of reaction,
as previously reported [26]. When comparing the photolysis and
UV/TiO; results, it is evident that the loss of antimicrobial activity
was improved by the addition of TiO, even at a low catalyst con-
centration (0.16 mmol L™1).

For the UV/TiO, process, when 0.16 mmol L~! TiO, was used, an
89% reduction in the antimicrobial activity was observed after
30 min (Fig. 3A); for the other concentrations that were employed,
no antimicrobial activity was observed after this same reaction
time (results not shown). The antimicrobial activity reductions
within the first 15 min were compared using different concentra-
tions of TiO, (Fig. 3B). It was demonstrated that an increased in
the TiO, concentration (from 0.16 to 1.88 mmol L) resulted in a
progressive reduction in the antimicrobial activity (from 60% to
89.9%).

As previously discussed (Fig. 1), the maximum efficiency of the
photocatalysis process was achieved when 0.62 mmol L~! TiO, or
higher concentrations were used. The addition of 0.5 mmol L'
H,0, improved the extent of flumequine degradation in the assays
performed with TiO, levels that were lower than the optimal con-
centration (0.62 mmol L~! TiO;) (Fig. 2). The same behavior was
observed for the antimicrobial activity; i.e., the UV/TiO,/H,0,
(0.31 mmol L' TiO, and 0.5 mmol L~! H,0,) process was capable
of eliminating 91% of the antimicrobial activity within 15 min of
reaction, whereas the UV/TiO, (0.31 mmol L~! TiO,) process re-
duced the activity by only 75% within the same reaction time.
Additionally, it is important to highlight that the UV/TiO,/H,0,
(0.31 mmol L-' TiO, and 0.5 mmolL~! H,0,) treatment was
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Fig. 3. Dose-response curves for flumequine degradation by (A) UV/TiO»
(0.16 mmol L~! TiO,), and (B) UV/TiO, (0.16-1.88 mmol L~ TiO,) and UV/TiO,/
H,0, (0.31 mmol L~! TiO, and 0.50 mmol L~' H,0,) in 15 min reactions. All results
are presented with 95% confidence limits as error bars in each graph.

more efficient in reducing the antimicrobial activity than was the
UV/TiO, process even when a high catalyst dose was used
(1.88 mmol L' TiO,).

In addition, it was observed that as the flumequine concentra-
tion decreased, the antimicrobial activity also decreased; this sug-
gests that the antimicrobial activity of the treated solution is
related to the residual flumequine concentrations rather than its
byproducts.

The antimicrobial activity of flumequine is related to the forma-
tion of hydrogen bonds between the acceptor groups C=0, COOH
and F of the molecule and the DNA gyrase, resulting in an inhibi-
tion the bacterial duplication [34]. Thus, the reduction in the anti-
microbial activity could be related to the reactions in this domain.
The identified byproducts may present lower antimicrobial activi-
ties than flumequine because they have shown modifications in
the molecule bonding sites. It is also probable that once flumequ-
ine loses the fluoride ion (m/z 244), the bonding affinity with the
DNA gyrase decreases, reducing its antimicrobial activity. The
intermediates with m/z 234, 232, and 202 may not have antimicro-
bial activity due to the loss of the required 3-carboxyl group for
quinolone activity.

Few papers have evaluated the antimicrobial activity of
flumequine solutions degraded by AOPs. Palominos et al. [22]
observed that after total flumequine degradation by photocataly-
sis, the antimicrobial activity of the solution was completely
eliminated; in addition, after total flumequine degradation, 20%
of the original total organic carbon (TOC) remained in the solu-
tion, showing that the oxidized products formed during degrada-

tion were not biologically active against the selected bacteria.
Mansilla et al. [24] also reported that a total elimination of the
antimicrobial activity was observed in solutions treated by
photocatalysis (with immobilized TiO, or in suspension). The re-
sults obtained in this work also corroborate the data of da Silva
et al. [26], who reported a total elimination of the antimicrobial
activity of a flumequine solution degraded by UV/H,0,
(1.0 mmol L~! H,0,).

4. Conclusion

UV/TiO, and UV/TiO,/H,0, were effective for the degradation of
flumequine in aqueous solutions and the reduction of the antimi-
crobial activity of the solutions. A direct relationship between the
extent of flumequine degradation and changes in the biological
activity was observed.

The optimal concentration of catalyst in the UV/TiO, treatment
was 0.62 mmol L~ TiO,. Under this condition, 83.5% of the drug
was degraded within 15 min of reaction, and a 93.7% reduction
was achieved within 30 min. An improvement in the extent of
flumequine degradation was achieved with the addition of
0.5 mmol L' H,0,.

Five byproducts were identified: a compound with an m/z of
244 derived from a defluorination reaction, the compounds with
m/z of 234 and 232 that resulted from the hydroxylation of the
flumequine molecule through photo-Kolbe reactions, and two
compounds with an m/z of 202, which were formed by decarboxyl-
ation and defluorination reactions.

A progressive reduction in the antimicrobial activity (60-90%)
was clearly observed after 15 min of reaction by UV/TiO, when
the catalyst concentration was varied from 0.16 to 1.88 mmol L~
The antimicrobial activity was completely eliminated after 30 min
when 0.62 mmol L™! TiO, was used. Finally, the UV/TiO,/H,0,
treatment was more efficient in the removal of the antimicrobial
activity than was UV/TiO,. The obtained results provide relevant
information regarding the effectiveness of photocatalytic processes
not only for the degradation of flumequine but also for the reduc-
tion of the antimicrobial activity.
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Supplementary Information

The degradation products were identified by structure elucidation with accurate mass
measurements using ESI-QToF-MS for the confirmation of the molecular ions and the CID
fragments. The likely elemental composition was calculated with a tool included in the
ACD/ChemSketch software considering only the elements of flumequine (C, H, O, N, and F).
Finally, the isotopic pattern suggestion was included and organic reaction proposals were drawn

in order to explain specific fragments.

Flumequine Mass Spectra
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Figure SI1. (A) Mass spectra, (B) MS/MS, and (C) the structure of flumequine.
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UV/TiO; (0.16 mmol L™ TiO,): reaction time 10 min
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UV/Ti0; (0.16 mmol L! Ti0,): reaction time 15 min
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Figure SI2. Mass spectra of flumequine solution submitted to photocatalysis at (A) 10 min and

(C) 15 min of reaction. (B) MS/MS of the byproduct with m/z 244.
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UV/Ti02/H20; (0.16 mmol L TiO»and 5 0 mmol L™ H,0,): reaction time 10 min

2010_12_16_AM_TIO2 H202_10 MIN 196 (3.626) AM (Top,5, Ht,5300.0,0.00,0.70); Cm (1:348) TOF MS ES+
100 284.0721 5.74e4
o OH
F
| o]
N
o OH J
"
| O
N
oH .
HO OH H
<
o N J
+
H
N
i J
| H*
N
- J
H" 262.0997
306.0508
2440981
- 276.1192
& 300.0665
101.3854 1246676 137.8260 157.9852 178.0763 2020426 2184214 ) | 25699.2\5‘27?1“\5 I Ll y
9‘0 15n ! 11‘0 ] 120 g 1§n 14‘0 1."50 1flm 1+ﬂ ! 180 i 1a0 ; 200 : 210 99‘“ ?.‘\n 74‘“ 250 260 ! ?éO 750 .’i!lm 3‘;0

UV/TiO2/H205 (0.16 mmol L™ TiO; and 5.0 mmol L™ H,0,): reaction time 15 min
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Figure SI3. Mass spectra of flumequine solution submitted to UV/Ti0,/H,0, at (A) 10 min and

(B) 15 min of reaction.
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UV: reaction time 15 min

UV: reaction time 60 min
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Figure SI4. Mass spectra of flumequine solutlon submitted to photolysis at (A) 15 min and (B) 60

min of reaction.
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4.4 Degradacio de flumequina pelos processos eletroquimico e

foto-eletroquimico

Os resultados dos processos eletroquimico e foto-eletroquimico serdo apresentados na
forma de artigo cientifico - “Aplicagdo dos processos eletroquimico e foto-eletroquimico na
degradacao de flumequina” - o qual serd submetido a revista Quimica Nova. Este artigo

corresponde as paginas 83 a 96 desta tese.
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AVALIACAO DA ATIVIDADE ANTIMICROBIANA RESIDUAL EM SOLUCOES DE
FLUMEQUINA SUBMETIDAS AOS PROCESSOS ELETROQUIMICO E
FOTO-ELETROQUIMICO
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Resumo:

RESIDUAL ANTIMICROBIAL ACTIVITY EVALUATION IN FLUMEQUINE SOLUTIONS
SUBJECTED TO ELECTROCHEMICAL AND FOTO-ELECTROCHEMICAL PROCESSES.
This study evaluated the flumequine degradation and monitored the residual antimicrobial
activity of the solutions subjected to electrochemical and photo-electrochemical processes. The
photo-electrochemical process (J = 45 mA cm™) degraded 85% of the flumequine, concomitantly
reducing 100% of the solution antimicrobial activity, after 60 min of reaction. The
electrochemical process, under the same conditions, degraded 83% of the quinolone and reduced
92.7% of the antimicrobial activity in the solution. The residual antimicrobial activity decreased

as the flumequine degradation increased in the solution submitted to both processes.

Keywords: antimicrobrial activity, fluoroquinolone, advanced oxidation process.
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1. INTRODUCAO

A presenga de poluentes organicos emergentes, tem sido relatada pela comunidade
cientifica em 4guas superficiais,' esgoto municipal e,® inclusive, em 4gua potavel clorada
destinada ao abastecimento publico.” Poluentes organicos emergentes sio definidos como
compostos que nao sao usualmente monitorados ou que ainda nao possuem legislacao regulatoria
correspondente, mas que apresentam potencial risco a saude humana e ao meio ambiente.”

Dentre os principais riscos da presenga de poluentes emergentes no ambiente destaca-se a
preocupacdo com o desenvolvimento de bactérias resistentes. Bactérias expostas a residuos de
antimicrobianos podem sofrer modificagdes em sua carga genética, resultando na resisténcia do
microrganismo ao antimicrobiano ao qual foi exposto.” Esses compostos oferecem, inclusive,
riscos para espécies ndo-alvo, por sua toxicidade, pela possibilidade de bioacumulagdo e por
possiveis efeitos ecotoxicologicos ainda pouco conhecidos.

Residuos de fluoroquinolonas ja foram detectados em efluentes hospitalares (44 pg L)
demonstrando o potencial de dispersio dessa classe de antimicrobianos.’ Dentre as
fluoroquinolonas, a flumequina tem sido administrada como medicamento veterindrio para
combater principalmente bactérias gram-negativas, como por exemplo E. coli.

Tem sido reportado o emprego de processos oxidativos avangados (POA) como possiveis
métodos para a degradacio de poluentes emergentes, dentre eles, inclusive, a flumequina.”” Os
POA podem ser definidos como processos baseados na formacao do radical hidroxila, o qual
possui um potencial de redugdo elevado (E = 2.8 V)'°. Os POA eletroquimico (POAE) e
foto-eletroquimico (POAFE) sdo eficientes na degradagdo de compostos organicos
recalcitrantes.'' " Sdo escassos, porém, os trabalhos que avaliam a degradacdo das quinolonas no
meio aquoso por esses processos.' !>

Dos processos eletroquimicos, os que empregam oxidagdo anodica sdo os mais
comumente usados para a remog¢ao de compostos organicos em baixas concentragdes. Durante o
processo, nao s6 pode ocorrer a troca direta de elétrons entre o composto organico e a superficie
do eletrodo, mas também a troca indireta, pela intermediacao de espécies eletroativas oxidantes
formadas no anodo."> Fukunaga'' destacou a eficiéncia dos eletrodos metalicos de Ti revestidos
com 6xidos nobres, conhecidos como DSA® (Dimensionally Stable Anode), no tratamento de
efluentes contaminados com formaldeido. Os radicais hidroxila sdo formados nesses processos

durante a eletrolise. A descarga de agua na superficie do anodo, representado por MOy nas

84



equacdes 1 e 2, forma radicais hidroxila fisicamente adsorvidos.'"!*. Guinea et al.'* observaram
que a soma da densidade de corrente com a iluminagdo da superficie semicondutora aumentou a

degradacgdo da enrofloxacina de 30% para 100%, em apenas 10 min de reagao.

MOy + H,O = MO(OH) + H' + ¢ Equacio (1)
MOy + (OH) > MOx('OH) + ¢ Equagdo (2)

O objetivo desse trabalho foi monitorar a concentragdo da flumequina e a atividade
antimicrobiana das solugdes de flumequina submetidas aos processos POAE e POAFE. Além

disso, os espectros de massa foram avaliados para identificagdo dos produtos de degradagao.

2. MATERIAL E METODOS
2.1. Reagentes e solucgoes

Flumequina (99%), foi adquirida da empresa Sigma-Aldrich, metanol (grau HPLC) e
BaCl,.2H,0 (99%) da J. T. Baker, acido oxalico (99.5%) da Merck, H3PO4 (85%) ¢ KH,PO4
(98%) da Nuclear e KOH (85%) da Ecibra. H,SO4 concentrado, NaOH (97%) e K,SO4 foram
adquiridos da Synth. Caldo de cultura Mueller-Hinton e Mueller-Hinton/Agar foram supridos
pela Himidia. A agua ultrapura utilizada no estudo foi obtida por um sistema Millipore (Milli-Q
Academic water purification system). A solugdo aquosa de trabalho (500 pg L' de flumequina)

foi preparada a partir da diluicdo da solucdo estoque (250 mg L) em 4gua ultrapura (Milli-Q).

2.2. Sistema experimental

Os processos de degradagao eletroquimico e foto-eletroquimico foram realizados em um
reator foto-eletroquimico similar ao descrito por Fukunaga.” O sistema experimental utilizado
para a degradacao da flumequina era constituido de um reator de vidro (capacidade de 1,2 L) e de
uma bomba peristaltica para manter a solucdo em constante recirculagdo e agitagdo. O anodo
possuia a composicdo de 6xidos na proporgio 70TiO»/30RuO, (DSA®, comercial de titanio
revestido) com area de 200 cm?, fornecido por De Nora do Brasil. Uma tela de TiO, na forma
metalica (catodo) foi fixada no interior do cilindro do anodo, mantendo-se um espacamento de
3,0 mm. Por fim, um tubo de quartzo foi inserido concentricamente ao catodo, para servir de
suporte para a lampada utilizada nos experimentos (UV-C germicida de 11 W e 80 W). Na Figura

1 ¢ apresentado o esquema do sistema foto-eletroquimico.
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Figura 1. Sistema operacional do reator foto-eletroquimico: 1 - Tubo de quatzo; 2 — Catodo; 3 —
Anodo; 4 - Reservatério de 1,2 L; 5 — Bomba peristaltica.

A degradagdo da flumequina foi avaliada em diferentes tempos de reagdao (0 a 60 min). A
densidade da corrente foi variada de 0 a 45 mA cm™. Como eletrdlito suporte foi utilizado K,SO4

em duas concentragdes diferentes, 0,05 ¢ 0,025 mol L

2.3. Método Analitico

O método analitico utilizado para determinagao da flumequina consistiu na concentracao
do analito por extracdo em fase solida (EFS), e quantificacdo por cromatografia liquida de alta
eficiéncia (HPLC), com detec¢do na regiao do UV-visivel. Para a EFS, foi utilizado o cartucho
Cis (500 mg/6 mL) da Varian, o qual foi condicionado com 6 mL de metanol e 6 mL de adgua
ultrapura. Ap6s a percolagao da amostra (1000 mL) a flumequina e os produtos de degradagao
foram eluidos com 4 mL de metanol. O cromatégrafo a liquido de alta eficiéncia utilizado no
desenvolvimento deste trabalho era composto por um sistema de bombeamento unitario modelo
Waters 510 (Waters, EUA). injetor modelo 7725 (Rheodyne, EUA), amostrador de 20 uL e
detector UV modelo 486 (Waters, EUA). A quantificagao foi realizada em 236 nm. Para a
aquisicdo dos dados foi utilizado um integrador modelo 746 (Waters, EUA). A coluna analitica

utilizada para a separacio foi a XBrige'™ RP18 da Waters (250 mm x 4,6 mm DI, 5 um). A fase
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movel foi constituida por metanol e 0,01 mol L 4acido oxalico (60:40, v/v). A vazdo foi de
1 mL min". Os espectros UV-visivel das amostras foram obtidos em um espectrofotdmetro

UV-visivel (Shimadzu UV-1601 PC), usando uma cubeta de quartzo.

2.4. Atividade Antimicrobiana

O monitoramento da atividade antimicrobiana nas solu¢oes submetidas aos POA foi feito
por meio da avaliagdao da inibicdo do crescimento da bactéria Escherichia coli K12 na presenga
das solugdes serialmente diluidas, utilizando-se microplacas de 96 canais, conforme metodologia

descrita por da Silva et al.’, Rodrigues-Silva ef al.'® e Rodrigues-Silva et al."”.

2.5. Identificacao de Intermediarios

Os intermediarios de degradacdo formados foram avaliados por meio de ensaios de
espectrometria de massa, massas em tandem (MS/MS) e pela avaliagao do perfil isotdpico dos
intermediarios propostos. As estruturas dos possiveis produtos formados foram propostas
baseadas nos espectros de massas, composicao elementar do farmaco e mecanismos de reacoes
apresentados na literatura especializada. A estrutura e composi¢ao quimica dos intermediarios
propostos foram calculadas com o software ChemDoodle v.4.1.1.

Os produtos de degradacdo formados foram investigados em solugdes de 10 mg L' de
flumequina submetidas a degradagdo. Essa técnica foi utilizada para intensificar o sinal dos
produtos de degradagdo e para evitar a perda dos mesmos na etapa de EFS.

Nesse trabalho foi utilizado um espectrometro de massas UHPLC-MS/MS Waters UPLC
Acquity — TQD Quattro Micro API. A condigdo tipica de operagao foi: fluxo de gas no cone
(100 L h™"), fluxo do gas de dessolvatacio (800 L h™), polaridade (ES +), energia do capilar
(3.000 V), energia do cone (25 V), energia do cone de extracdo (3 V), temperatura de
dessolvatagao (300 °C), energia de ionizacao (0,5 V). O espectro foi adquirido entre m/z 100 e

600. O espectro foi adquirido entre m/z 100 e 600.

3. RESULTADOS

Experimentos envolvendo a degradacio de flumequina (500 pg L) pelos processos
fotolise e fotocatalise heterogénea com TiO, imobilizado foram avaliados isoladamente para
melhor da compreensdo da contribuicdo desses processos nos ensaios envolvendo os radicais

hidroxila. Utilizando uma lampada UVjs4 ny com 11W de poténcia, atingiu-se a degradagao
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maxima da flumequina em solugdo aquosa de 26,2%, em 60 min de ensaio. Ao aumentar a
poténcia da lampada em aproximadamente 7 vezes (UV2s4 30w), a eficiéncia do processo fotdlise
aumentou para 39% apos 60 min de ensaio. A fotocatalise heterogénea como o TiO, ndo
apresentou resultados de degradagdo superiores a fotolise, independente da poténcia da lampada
utilizada mesmo apds 60 min de reacdo (Figura 2).

Duas concentragdes de K,SO, foram avaliadas (0,025 e 0,05 mol L) como eletrélito
suporte durante os processos eletroquimico e foto-eletroquimico, para manter a condutividade na
solugdo durante os ensaios de degradagdo. Observou-se que quando empregado 0,025 mol L™ de
K580, a eficiéncia do processo de degradacdo aumentou, tanto no processo POAE como no

processo POAFE (Figura 3).

cIC,
o
@

@ Fotolise 80 W
0.44 & Fotolise 11 W

T 2 Fotocatalise 80 W
0.24 % Fotocatalise 11 W

0.0 T T T 1
0 15 30 45 60

t (min)

Figura 2. Degradagao de flumequina por fotolise (11 e 80 W) e fotocatalise heterogénea com
TiO, imobilizado.

Na Figura 4 sdo apresentados os resultados da degradagdo das solugdes submetidas aos
processos POAE e POAFE, aplicando 0,025 mol L de K,SO4 como eletrélito suporte. Para o
processo POAE, avaliando os primeiros 15 min de reagdo, observou-se que a elevagdo gradual da
densidade de corrente (15 até 30 mA cm™) promoveu um aumento progressivo na degradagdo de
flumequina de 21% para 39%. Porém aumentos subsequentes na densidade de corrente

(37,5 a 45 mA cm™) ndo resultaram em uma maior eficiéncia de degradagdo.
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Figura 3. Degradacgdo de flumequina pelo processo eletroquimico e foto-eletroquimico
empregando K>SO4 como eletrélito suporte
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Figura 4. Degradagao de flumequina pelos processos eletroquimico (A) e foto-eletroquimico (B),
empregando 0,025 mol L' de K»SO4 como eletrélito suporte, UVass 11W e variando a densidade
da corrente entre 0 € 45 mA cm™.

O emprego da radiagdo UV,s4 no processo POAE resultou no aumento da eficiéncia da
degradacdo da flumequina em solugdo aquosa, quando empregadas densidades de corrente
menores que 30 mA cm”. Entretanto, subsequentes aumentos na densidade da corrente no
promoveram significativo ganho de eficiéncia em relagdo aos resultados obtidos nessas mesmas
condi¢des utilizando-se o processo POAE isoladamente (Figuras 4A e 4B). O processo POAFE
promoveu a degradagdo maxima de 85% da flumequina em solugdo aquosa quando aplicado uma

densidade de corrente de 45 mA cm™ e 60 min de reacdo.
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Nao existem na literatura dados sobre a degradagdo de flumequina pelos processos
eletroquimico e foto-eletroquimico. No entanto, esses processos oxidativos avangados ja foram
empregados na degradacdo de outros antimicrobianos, inclusive quinolonas como ofloxacina e
enrofloxacina. Jara er al.'® avaliaram a degradacdo da ofloxacina (25 mg L) polo processo
foto-eletroquimico (Ti/Pt, DSA®, usando 0,04 mol L™ de Na,SO4 como eletrolito suporte) e
comprovaram que ao aplicar uma densidade de corrente elétrica na faixa de 200 A m™, obtiveram
60% de degradacgio da fluoroquinolona, apés 100 min de reagdo. Guinea et al.'"* avaliaram a
degradacdo da enrofloxacina (150 mg L) em solucdo aquosa, empregando como anodo Pt ¢ o
eletrodo de diamante dopado com boro BDD (“boron-doped diamond”) junto a uma densidade de
corrente estavel em 500 mA cm™, e constataram que menos de 30% da fluoroquinolona foi
degradada em 60 min, sendo necessario mais 360 min para sua total degradagdo. Dirany et al."
empregaram o processo eletroquimico na degradagdo da sulfametazolina (1,3 mmol L), um
antimicrobiano da familia das sulfonamidas, utilizando como catodo o BDD e aplicando uma
densidade de corrente de 30 mA cm?, onde observaram a remogio de 50% do farmaco apos

60 min de ensaio.

3.1 Intermediarios formados

A avaliacdo dos intermediarios da degradacdo da flumequina ja foi previamente discutida
e analisada para os processos oxidativos avancados UV/H,0,, fotocatalise e reagente de Fenton e
foto-Fenton.'®!"??! Entretanto, ndo ha relatos de investiga¢des da degradacio de flumequina em
solucdes submetidas aos processos eletroquimico e foto-eletroquimico. Nas Figuras 5 e 6 sdo
apresentados os espectros de massa obtidos para as solugdes submetidas a degradacdo pelo
processo eletroquimico e foto-eletroquimico.

De acordo com Albini e Monti** a perda do fluor ¢ uma das principais rotas de
degradacao das quinolonas quando submetidas a radiacdo UV, tendo sido, inclusive, o aumento
da concentragdo de fluoreto em solugdes de flumequina submetidas aos POA reportado por
Klamerth et al.” e Sirtori et al., 2012.*' Dessa forma, ¢ possivel propor que o radical hidroxila
gerado nesses processos possa ter promovido a formacdo do produto m/z 244
(5-metil-1-0x0-6,7-dihidro-1H,5H-pirido[3,2,1-1j]quinolina-2-acido carboxilico), pelo processo
de perda do flaor da molécula da flumequina. A identificagdo do produto de degradacdo com

m/z 244 corrobora com os estudos de Rodrigues-Silva ez al.'®"".
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(B)t=45min e (A) t= 60 min.
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A identifica¢do dos demais produtos da degradagdo, apresentados nos espectros de massa
das Figuras 5 e 6, ¢ complexa, tendo em vista a possibilidade de formagdo de adutos entre os
fragmentos e o K", devido ao excesso de K,SO; em relagdo a concentragdo de flumequina.
Adutos sao ions formados pela combinacao direta entre a molécula ionizada e outro ion que nao
seja um proton (H'), e ndo se fragmentam quando empregada energia de ionizagdo em anélise de
massa em tandem.”* Os produtos formados com m/z 217, 213, 197 e 175 presentes com um sinal
intenso nos espectros de massa das Figuras 5 e 6, ndo puderam ser identificados e propostos, pois
nao foi possivel avaliar a fragmentacao desses analitos por analises de MS/MS. Presume-se que,
provavelmente, isso ocorra por esses serem adutos dos intermediarios da degradacao com

potassio.

3.2 Remocio da atividade antimicrobiana

A atividade antimicrobiana da flumequina esta relacionada com a formagao de ligagdes de
hidrogénio entre os grupos aceptores (COOH, C=0O e F) com o DNA-girase, resultando na
inibicao da duplicagdo da bactéria. Uma vez que ocorram alteragdes nos sitios onde se formam as
ligacdes de hidrogénio, espera-se que a atividade antimicrobiana do intermediario formado
diminua. Porém, as reacdes entre os radicas hidroxila e as quinolonas ndo sdo totalmente
identificaveis, uma vez que o radical hidroxila ndo ¢ seletivo, podendo entrar em contato em
qualquer regido da molécula alvo. Dessa forma, nao € totalmente claro o carater antimicrobiano
dos intermediarios formados durante a aplicacdo de um POA, sendo imprescindivel, portanto, a
investigacao da atividade antimicrobiana residual da solugdo.

O CEso (concentragdo necessaria para inibir o crescimento de 50% da populacdo) da
flumequina foi avaliado e utilizado como um parametro de controle comparativo entre as
amostras ndo submetidas (t = 0 min) ao processo eletroquimico e foto-eletroquimico, para avaliar
possiveis interferentes. A cultura de E. coli foi exposta a concentracdes de flumequina entre
1,25mg L' ¢ 21,7 ug L. O valor de CEs assumido para a flumequina foi de 14,65 x 10° g L™,
baseado na média de 10 ensaios realizados em duplicata em 10 diferentes dias.

Os resultados dos ensaios de atividade antimicrobiana foram comparados aos das curvas
de dose resposta para o padrdo da flumequina e para a solugao inicial ndo degradada (t = O min).
As atividades antimicrobianas residuais das solu¢des submetidas aos processos eletroquimico e

foto-eletroquimico foram avaliadas em trés condi¢des diferentes, aplicando 15, 30 e 45 mA cm™
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de densidade de corrente e mantendo 0,025 mol L' de K,SO4 como eletrolito suporte. Nenhuma
dessas condig¢des avaliadas no processo eletroquimico promoveu a total degradagdo e remocgao da
atividade antimicrobiana da soluc¢do. Entretanto, observou-se uma redugdo gradativa da atividade
antimicrobiana quando aumentando o tempo de reacdo e¢ a densidade de corrente. A atividade
antimicrobiana da solucao reduziu 44,7, 70,6 ¢ 83,5% quando aplicados 15, 30 ¢ 45 mA cm'z,
respectivamente, apoés 45 min de reacdo. A maxima remocdao da atividade antimicrobiana
observada para o processo POAE foi de 92,7%, quando aplicados 45 mA cm™ (Figura 7).

No processo foto-eletroquimico foi observado, diferentemente do processo eletroquimico,
a total remocao da atividade antimicrobiana das solugdes submetidas ao tratamento. A atividade
antimicrobiana foi reduzida em aproximadamente 95% e 100%, apds 45 e 60 min de reagdo,
respectivamente, quando aplicados 45 mA cm™ (Figura 7). Os produtos de degradacdo ja
identificados e reportados na literatura e neste trabalho provavelmente apresentam atividade

1617 Quando a molécula de flumequina perde o fluor ligante

antimicrobiana inferior a flumequina.
no C-6, a afinidade com o DNA-girase diminui, assim como a atividade antimicrobiana do
composto (m/z 244).

Poucos trabalhos avaliaram a atividade antimicrobiana residual, de forma quantitativa, de
solucdes de flumequina submetidas a degradagdo por processos que envolvam o radical
hidroxila."®'” Os resultados de remocdo da atividade antimicrobiana obtidos nesse trabalho
corroboram com os trabalhos ja publicados de Da Silva er al.” e Rodrigues-Silva et al.'®"

Da Silva e colaboradores constataram a total remoc¢ao da atividade antimicrobiana em
solucdes de flumequina (500 pg L'l) submetidas ao processo UV/H;0; (Cy202 inicial = 1 mmol Lt
e 45 min de ensaio).’ Rodrigues-Silva et al.'” ndo observaram atividade antimicrobiana residual
em solucdes de flumequina submetidas ao processo foto-Fenton (Cu202 iniciat = 10 mmol L'l,
CH202 iniciar = 0,25 mmol L'l, Chlumequina inicial = 500 pg L'l) ap6és 15 min de ensaio.

1'% também reportaram a remoc¢ao da atividade antimicrobiana em solugdes

Rodrigues-Silva et a
(Chumequina inicial = 500 ng L'l) submetidas ao processo fotocatdlise com TiO, em suspensao.
Observaram que aumentando a concentracdo do semicondutor entre 0,16 ¢ 0,94 mmol L' a
atividade antimicrobiana decaiu gradativamente na solucdo, apdés 15 min de ensaio. A total

remocgao da atividade antimicrobiana foi observada apds 30 min de ensaio e 0,31 mmol L! Ti0,.
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4. CONCLUSOES

Verificaram-se diferencas na degradacdo da flumequina em solugdo aquosa pelos
processos fotdlise, POAE e POAFE. Os processos POAE e POAFE atingiram eficiéncias de
degradagio maximas similares de 83% e 85%, respectivamente, quando empregados 45 mA cm™
de densidade de corrente ¢ 0,025 mol L' de K,SO4 como eletrolito suporte, apés 60 min de
ensaio.

Em nenhuma das condi¢des avaliadas nesse trabalho foi observada a total degradacao da
flumequina em solu¢do aquosa. O processo POAFE foi mais eficaz do que o processo POAE na
remocao da atividade antimicrobiana das solugdes submetidas aos tratamentos. Foi observada a
total remocdo da atividade antimicrobiana quando aplicados 45 mA cm™ de densidade de
corrente, aos 60 min de ensaio. A utilizacdo de K,SO4 como eletrdlito suporte dificultou a
identificacao dos produtos de degradacdo, devido a formagao de adutos. A perda do fluor da
molécula da flumequina formou o produto com m/z 244, o qual apresentou menor atividade

antimicrobiana.
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5. CONCLUSOES

O método analitico utilizada foi eficaz para determinar a reducdo da concentragdo de

flumequina nas solugdes aquosas submetidas a degradagao pelos POA.

Dentre os processos avaliados, os processos oxidativos avancados UV/H,0; e UV/TiO;
foram os mais efetivos na degradacao da flumequina em solucdo aquosa; aproximadamente 100%
do farmaco foi degradado por UV/H,O, quando aplicado 1,0 mmol L' do oxidante e por
UV/TiO; quando utilizado 0,62 mmol L do catalisador. O reagente de Fenton degradou 40% da
flumequina, apés 15 min de reacio, quando empregado 0,5 mmol L' de Fe(II) e 2,0 mmol L™ de
H,0,. J& o processo foto-Fenton (Cpzoz, = 10,0 mmol L'l, Crean= 0,25 mmol L'l) foi capaz de
degradar 94% do antimicrobiano apds 60 min de ensaio. Os processos eletroquimico e
fotoeletroquimico atingiram eficiéncias méximas de degradacdo similares: 82% e 85%,
respectivamente. A fotdlise foi eficiente apenas quando empregadas altas doses de radiagdo UV
(5.677 mJ ecm™), atingindo a degradagio maxima de 96,8% da flumequina apds 60 min. O
processo peroxidagdo foi ineficiente, atingindo a maxima degradacdo de 12,6% quando utilizado

2,0 mmol L de H,0,.

Nos espectros de absorbancia das solugdes submetidas aos processos fotolise, UV/H,0,,
foto-Fenton e UV/Ti0; observou-se a reducdo dos picos de absorbancia ao longo do tempo de
experimento. Para o reagente de Fenton, observou-se modificacdo no espectro de absorbancia
apenas nos primeiros 15 min, sendo que, para a peroxidacao, ndo foi observada modificacao nos

espectros de absorbancia das solugdes submetidas a esse processo.

Significantes diferencas foram observadas nas atividades antimicrobianas residuais das
solugdes submetidas aos POA. A atividade antimicrobiana da solu¢do decresceu conforme a
flumequina foi degradada. A total desativacao da atividade antimicrobiana foi observada nos
processos fotdlise (60 min), UV/H,O, (Cyao, = 1,0 mmol L' e 30 min), UV/TiO,
(Crio2 = 0,62 mmol L' ¢ 30 min de ensaio), foto-Fenton (Ciao, = 10,0 mmol L'l,

Crean = 0,25 mmol L' ¢ 60 min de reacdo) e fotoeletrogimico (45 mA cm'z). A desativagao
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maxima observada no processo Fenton foi de 60% apds 15 min de rea¢do, quando aplicados

2,0 mmol L' de H,0, e 0,5 mmol L™ de Fe(Il).

Os principais caminhos de degradacdo propostos nesse trabalho, com base nos espectros
de massa das amostras submetidas aos POA, foram a descarboxilacao, a perda de fluoreto e a
hidroxilagdo da molécula de flumequina. Os intermediérios formados propostos nao apresentam
atividade antimicrobiana superior a da flumequina, devido as modificacdes no sitio ativo das

moléculas.

Para o tratamento de efluentes farmacé€uticos que contenham baixas concentracdes de
antimicrobianos, a avaliagdo da toxicidade ndo fornece informagdes sobre a qualidade final do
efluente tratado. E de fundamental importancia a utilizacdo de ensaios que avaliem a atividade

biologica dos mesmos, ou seja, a atividade antimicrobiana.
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APENDICE 1 - Metodologia analitica

Al.1 — Cromatografia

Na literatura existem diversos métodos para deteccao e quantificagao de flumequina em
amostras aquosas, baseados na cromatografia liquida de alta eficiéncia (HPLC) com detectores
UV, arranjos de fotodiodos ou fluorescéncia (Belal ef al.,1999; Prat et al., 2004; Paschoal, 2007).
No estudo em questdo, a concentragdo da flumequina nas solugdes submetidas aos processos
oxidativos avancados foi avaliada por cromatografia a liquido de alta eficiéncia com detector UV

(HPLC-UV).

O cromatografo a liquido de alta eficiéncia utilizado no desenvolvimento deste trabalho ¢
composto por um sistema de bombeamento unitario modelo Waters 510 (Waters, EUA), injetor
modelo 7725 (Rheodyne, EUA), amostrador de 20 uL e detector UV modelo 486 (Waters, EUA).
A quantificagdo foi feita em 236 nm. Para a aquisicdo dos dados foi utilizado um integrador
modelo 746 (Waters, EUA). A coluna analitica utilizada para a separacdo foi a XBrige ™" RP18
da Waters (250 mm x 4,6 mm DI, 5 um). A fase mével foi constituida por metanol ¢ 0,01 mol L™

acido oxalico (60:40, v/v). A vazdo foi de 1 mL min™.

A conformidade do sistema cromatografico foi avaliada a partir dos cromatogramas
adquiridos, conforme Collins ef al. (2006). Os parametros avaliados para a flumequina foram:
nimero de pratos (N 2000 = 4.800), fator de assimetria (As10¢9.12 = 0,97) e fator de retengdo

(k=15=1,71).
A validacdo do método analitico para a quantificacdo de flumequina foi realizada

utilizando os seguintes parametros: seletividade, faixa linear (intervalo) de trabalho, linearidade,

precisao, limite de detec¢ao (LOD), limite de quantificagao (LOQ) e exatidao.

115



A faixa linear estabelecida pela curva analitica de trabalho, que representa a relagdo entre
a resposta do instrumento (area) e a concentracdo conhecida do analito, foi obtida na faixa de
concentragdo de 0,25 a 25 mg L. A equagdo da reta, obtida pela anélise da regressdo linear pelo
método dos minimos quadrados ordinarios, foi y = 224155 * C - 80466, onde y representa a area
do pico cromatografico e C a concentragdo da flumequina. Na Figura A1.1 é apresentada a curva
analitica utilizada neste trabalho e na Tabela Al.1 os dados de LOD, LOQ, linearidade (r),

precisdo e exatiddo do método utilizado.

Curva Analitica

5.5x1008

4.4x1Q0%

0.0x10%00 v T y v .
0 5 10 15 20 25

Concentragdo (mg L)

Figura A1.1: Curva analitica da flumequina

A linearidade, expressa como o coeficiente de regressdo linear da reta, foi avaliada a
partir da curva analitica, sendo determinada igual a 0,998. O LOD do instrumento foi
determinado pela relacdo sinal-ruido (da linha de base) no tempo de retencdo da flumequina,
estabelecido pela propor¢do 3:1, e para o LOQ do instrumento pela propor¢do 10:1. O LOD e
LOQ do instrumento foram respectivamente de 0,06 mg L' e 0,25 mg L. Neste trabalho foi
empregada a extracdo em fase soélida (SPE), sendo as amostras submetidas ao processo de

degradagdo concentradas 250 vezes antes de serem analisadas por HPLC. Levando em
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consideragdo que as amostras foram concentradas 250 vezes, o LOD e LOQ do método sao de

0,24 ng L'el1,0 ng L', respectivamente.

A precisao (estimativa do desvio padrao) inter-corrida, determinada pela repetitividade de
analise de uma mesma amostra em dias diferentes € no mesmo equipamento, foi avaliada em 3
niveis de concentragdo, contemplando o intervalo linear do método, com 3 réplicas (n=3) cada. A
precisdao inter-corrida do método foi de 4,27%, 4,32% e 9,03% para as amostras contendo
50 mg L', 20 mg L' e 25 mg L de flumequina, respectivamente. A precisio intra-corrida,
determinada pela repetitividade de analise de uma mesma amostra em um mesmo dia, pelo

mesmo analista e no mesmo equipamento foi de 0,87% para 20 mg L' do analito (n=3).

Tabela Al.1: Parametros da metodologia analitica utilizada

Equagao da reta y =224155*C - 80466
Linearidade (1%) 0,998
LOD do instrumento 0,06 mg L™
LOD do método 0,24 pg L™
LOQ do instrumento 0,25 mg L™
LOQ do método 1,0 ug L™
Exatidao 20mg L' (n=3) 96,9 — 106,6%
Precisdo
Inter-corrida: 25 mg L™ (n=3) 4,27%
20mg L (n=3) 4,32%
5mgL'(n=23) 9,03%
Intra-corrida: 20 mg L™ (n=3) 0,87%

A exatidao foi calculada como porcentagem de recuperacdo de uma amostra contendo 20
mg L' do analito (n=3). A exatidio ficou entre 96,9 ¢ 106,6%, quando avaliadas amostras

contendo 20,0 mg L™ de flumequina, valor aceitavel para o nivel de concentragio avaliado.
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Al.2 - Extracao em fase solida (SPE)

Considerando a concentragdo inicial de trabalho (500 pg L™), 0 LOD e o LOQ do método
cromatografico estabelecido para monitorar a concentragdo de flumequina nos ensaios de
degradacao, se fez necessario realizar uma etapa prévia de concentracao do analito. Para tanto, foi
empregada a extracdo em fase solida. A SPE ¢ uma técnica amplamente empregada no preparo de
amostras com finalidade de concentragdo e eliminagdo de interferentes e tem sido empregada
com sucesso na concentragdo de inimeros farmacos veterinarios (Turien et al., 2003;
Barron et al., 2003; Prat et al., 2006; Tamtam et al., 2008; Maniero et al., 2008;
Da Silva et al., 2011; Dal Bosco et al., 2012; Rodrigues-Silva et al., 2012; Rodrigues-Silva et al.,
2013). Dois cartuchos para extracdo em fase solida foram avaliados: uma a base de silica
octadecil - C;g (500 mg / 6 mL), da Varian, e um polimérico de balango hidrofilico-lipofilico
Oasis™ (500 mg / 6 mL), da Waters. Devido aos valores de recuperagio da flumequina
positivamente aceitaveis para ambos os cartuchos, optou-se pelo cartucho C;g (500 mg / 6 mL),
de menor custo, da Varian. Na Tabela A1.2 ¢ apresentado o estudo da avaliacdo da eficiéncia de

extracdo (recuperacao) da flumequina nos dois cartuchos de extracao avaliados.

Tabela A1.2: Avaliacao da recuperacao do analito pelos cartuchos de extragao

Chiumequina pH 7 pH 7
(ng L'l) Cis (Varian) Oasis (Waters)

500 108,5 107,0

250 1045 | e

125 108,0 110,6

100 956 | -

50 90,0 | -
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O pH pode influenciar a eficiéncia de extracao na técnica de SPE, principalmente quando
a molécula ¢ ionizavel. Sendo assim, a eficiéncia de extracao da flumequina no cartucho C;g da
Varian foi avaliada em pH 3, 7 e 10, conforme apresentado na Tabela A1.3. O pH foi ajustado
com 1 mol L' NaOH ou 0,1 mol Lt H,SO4. Optou-se neste trabalho proceder a extracao das
amostras no pH inicial das solugdes submetidas aos processos oxidativos avangados, de
aproximadamente pH 7. Em pH 10 a eficiéncia de extracdo ndo foi adequada, atingindo o

maximo de 7,4%, ou seja o analito ndo ficou retido no cartucho neste pH.

Tabela A1.3: Avaliacao do pH de extragao.

Chlumequina pH3 pH 7 pH 10
500 g L 104,6 108,5 3,0
250 pg L 110,0 104,5 4,0
125 pg L 99,0 108,0 7.4
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APENDICE 2 - Espectros de massa

Nesse anexo serdo apresentados espectros de massa para ilustrar a formacdo dos
intermediarios de degradagdo para os processos UV/H,0,, Fenton e foto-Fenton. A avaliagdo dos
ions da flumequina e dos intermediarios de degradagdo formados foram elucidadas com um
ESI-QToF-MS. A estrutura e composicao quimica dos intermediarios propostos foram calculados

com o software ChemDoodle v.4.1.1.

As estruturas dos produtos formados durante a degradacao da flumequina pelos processos
oxidativos avangados foram propostas baseando-se nos espectros de massas, incluindo analise
MS/MS, composicao elementar da flumequina, distribuicao isotdpica e mecanismos de reagdes

organicas apresentados na literatura especializada.

Apesar de alguns intermedidrios formados durante o processo de degradacao da
flumequina terem sido previamente reportados (Palominos et al., 2008; Sirtori et al., 2009;
Sirtori et al. 2012), em nenhum destes estudos relacionou-se os intermedidrios com a atividade

antimicrobiana residual da solu¢ao submetida ao POA.

De acordo com Shen et al. (1989), a atividade antimicrobiana da flumequina esta
relacionada com as ligacdoes de hidrogénio, que podem ser formadas, pincipalmente, entre o
grupo carboxilico da quinolona e o DNA girase. As ligacdes de hidrogénio se formam entre os

grupos aceptores das quinolonas: C=0, COOH e F (Shen ef al., 1989) (Figura A2.1).

A perda de qualquer sitio ligante da molécula da quinolona (Figura A2.1), no qual ha a
possibilidade de formacao de ligacdo de hidrogénio, diminui a sua atividade antimicrobiana em

840 vezes (Shen et al., 1989).

Segundo Albini e Monti (2003), ndo ¢ esperado o foto-rearranjo das fluoroquinolonas,
uma vez que sdo moléculas heteroaromaticas polinucleares. Dessa forma, a sequéncia de reacoes
com radicais hidroxila ou ap6s a foto-excitagdo se da por meio de reagdes de substituicao ou de

eliminagdo (Albini e Monti, 2003; Vasconcelos ef al., 2009; Sturini et al., 2012a).
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Sitios Ligantes

Sitios Alcalino

Figura A2.1: Molécula de flumequina e os grupos aceptores de ligagao de hidrogénio.

A2.1 - Processo UV/H,0,

Para as amostras submetidas ao processo UV/H;0,, foram identificados cinco
intermediarios de reacao, com sinal intenso nos espectros de massa: m/z 244, 238, 234, 218 e 202.
Esses produtos foram formados e identificados entre 10 e 30 min de ensaio. Nas Figuras A2.2 e
A2.3 sdo apresentados os espectros de massa das solugdes de flumequina submetidas ao processo
UV/H;0, por 15 min, quando utilizadas concentragdes iniciais de H,O, de 1 mmol Lt
(Figura A2.2) e 0,5 mmol L (Figura A2.3). Aplicando uma dose de 0,5 mmol L de H,0,,
observou-se a formag¢dao de dois intermediarios diferentes em relagdo as analises realizadas

empregando-se 1,0 mmol L de H,0,.

De acordo com Albini ¢ Monti (2003), sob condi¢des neutras, a principal modificagdo na
estrutura das fluoroquinolonas pela foto-excitacao ¢ a perda de fltior, a qual ¢, entdo, seguida pela
perda do grupo carboxilico (-COOH), por reagdes de foto-Kolbe. Durante o processo UV/H,0,,
realizado em pH proximo ao neutro, observou-se 0 intermediario
5-metil-1-0x0-6,7-dihidro-1H,5H-pirido[3,2,1-ij]quinolina-2-4cido carboxilico, com m/z 244,
formado a partir da perda do fltior da molécula de flumequina (Figuras A2.2 e A2.3).
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Apo6s a perda do fluor, a descarboxilagao da molécula m/z 244 foi proposta, originando o
composto com m/z 202 (Figura A2.2). De acordo com Shen et al. (1989), o grupamento
carboxilico presente nas moléculas das quinolonas garante sua atividade antimicrobiana.
Portanto, uma vez rompida a ligagao do radical carboxilico, espera-se que a molécula resultante

nao apresente atividade antimicrobiana.
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Figura A2.2. Espectro de massa de uma solucao de flumequina submetida ao processo UV/H,0,
(Ci202 = 1,0 mmol L'l) e estrutura molecular dos intermediarios propostos.
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O caminho de degradacao por hidroxilagdo da molécula de flumequina também foi
considerado, uma vez que os POA sdo baseados em reacdes com radicais hidroxila (Sirtori et al.,
2009). De acordo com Giraldo et al. (2010), o processo de hidroxilagdo dos compostos
submetidos aos POA ocorre devido as reagdes de foto-Kolbe, as quais sao bem conhecidas. Dessa
forma, foi possivel propor a formagdo do composto com m/z 218, resultado da descarboxilagao da
molécula de flumequina (Figura A2.3). A formagdo do composto com m/z 234 (Figura A2.3)

provavelmente ocorreu apos sucessivos ataques do radical hidroxila a molécula de flumequina.
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Portanto, as reagdes de foto-Kolbe promoveram a substituicao do flaor e do radical carboxilico da

flumequina por uma hidroxila (originando a molécula m/z 234) ou um proton.
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Figura A2.3: Espectro de massa de uma solugdo de flumequina submetida ao processo UV/H,0,
(Cu202 = 0,5 mmol L'l) e estrutura molecular dos intermediarios propostos.
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A perda do fluor na molécula de flumequina, seguida da perda do radical carboxilico, sdo
as principais modificacdes na estrutura da quinolona apds a exposicdo a radiagao ultravioleta
(Albini e Monti, 2003), resultando na abertura dos anéis aromaticos e na mineralizacdo do
composto. Porém, segundo Pretali ef al. (2010), em meio acido, o sitio alcalino da molécula deve
ser o primeiro a sofrer modificagdes. A formagao do produto com m/z 238 provavelmente ocorreu
quando as reacdes de degradacdo da molécula iniciaram no sitio alcalino da flumequina,

apresentado na Figura A2.2, ocorrendo a ruptura da ligagao I1N-C do anel ndo aromaético.
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A2.2 — Fenton e foto-Fenton

Durante a degradacdo da flumequina por Fenton e foto-Fenton, foram formados e
propostos quatro intermediarios de reagdo: m/z 244, m/z 238, m/z 220 e m/z 202, apresentados

nas Figuras A2.4 a A2.6.

Fenton: 5 mmol L7 Fe(ll) and 10 mmol L' H,O, - 15 min of reaction e —
100 - 262.0919 1.82e5

244.0905

%

202.0426 220.0617 238.0701
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Figura A2.4: Espectro de massa de uma solucdo de flumequina submetida ao processo Fenton
(Creary = 5 mmol L'e Ch202 = 10 mmol L'l).

Compostos heterociclicos fluorados podem permanecer intactos quando as reagdes
ocorrem em condic¢des acidas, levando, primeiramente, a reagdes na regiao alcalina da molécula
(Pretali et al., 2010). Dessa forma, durante a degradacdo da flumequina por Fenton e foto-Fenton,
realizada em  condigdes  4acidas, foi proposta a formacdo do  composto
8-etil-6-fluoro-4-oxo-1,2,3,4-tetrahidroquinolina-3-acido carboxilico (m/z de 238) (Figura A2.5),
originado da clivagem da ligacdo C-1N do anel ndo aromatico (reacdo no sitio de alcalino da

molécula de flumequina).
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Figura A2.5: Espectro de massa de uma solu¢do de flumequina submetida ao processo Fenton
(Creary = 5 mmol L'e Ch202 = 10 mmol L'l) e estrutura molecular dos intermediarios propostos.

Photo-Fenton: 5 mmol L7 Fe(ll) and 10 mmol L' H,05 - 15 min of reaction
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Figura A2.6: Espectro de massa de uma solucdo de flumequina submetida ao processo foto-
Fenton (Creary =5 mmol L'e Ch202 = 10 mmol L'l).
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Conforme apresentado anteriormente, de acordo com Albini e Monti (2003), sob
condig¢des neutras, a principal modificagdo na estrutura das fluoroquinolonas pela foto-excitagao
¢ a perda de fluor. Visto que os POA envolvem reagdes com o radicais hidroxila, os quais
possuem elevado potencial de reducao e atacam as moléculas organicas de modo ndo seletivo, a
perda do fltior poderia ser considerada um caminho possivel na degradagdo da flumequina,
mesmo sob condigdes acidas (processo Fenton e foto-Fenton; pH = 2,8). Sirtori et al. (2009)
monitoraram a degradag¢do da flumequina pelos processos Fenton, foto-Fenton e fotocatalise e
constataram um aumento consideravel na concentragdao de flior (na forma de F’), apds submeter
as amostras aos processos Fenton e foto-Fenton, em pH acido. Esse trabalho da suporte a
formacdo do composto 5-metil-1-0x0-6,7-dihidro-1H,5H-pirido[3,2,1-ij]quinolina-2-acido

carboxilico, o qual apresenta m/z de 244 e esta apresentado na Figura A2.5.

A perda do fluor pode resultar na reducao da atividade antimicrobiana do composto
resultante em 840 vezes, visto a reducdo da possibilidade de formacgao de ligagao de hidrogénio
(Shen et al, 1989). Dessa forma, pode-se propor ainda que a atividade antimicrobiana do

composto m/z 244 deva ser menor do que a da flumequina.

Apos a perda de flaor, a perda de COOH resultaria na formagdo do composto
9-fluoro-5-metil-1-0x0-6,7-dihidro-1H,5H-pirido[3,2,1-ij]quinolina-2-4cido carboxilico (m/z de
202). De acordo com Shen ef al. (1989), as quinolonas requerem o grupo 3-carboxila para agao.

Dessa forma, os compostos propostos com m/z 202 nao apresentam atividade antimicrobiana.

Finalmente, ¢ importante destacar que o sinal da flumequina ainda estava presente nos
espectros de massa das amostras submetidas aos processos UV/H,0,, Fenton e foto-Fenton
mesmo apds 60 minutos de ensaio, confirmando que esse farmaco ndao foi completamente

mineralizado por esses processos oxidativos avangados.
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