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RESUMO

O aumento no uso de agrotoxicos na agricultura moderna levou a contaminagao
ambiental, afetando biomas e causando diversos problemas nos ecossistemas. Nesse
contexto, a morte massiva de abelhas, insetos ndo-alvo dos agrotoxicos, resulta em severos
impactos socioeconémicos. Portanto, analisar a presenga desses contaminantes no mel, o
principal produto da apicultura no Brasil, representa uma ferramenta importante para o
monitoramento ambiental. Neste estudo, uma nova metodologia analitica foi desenvolvida
para a analise de fipronil, a principal causa de mortes de col6nias de abelhas no Brasil, e dois
de seus produtos de degradacdo, fipronil dessulfinil e fipronil sulfeto em amostras de mel.
Foi empregada a microextracdo em gota Unica (SDME) usando um solvente eutético
profundo magnético (MDES) como fase extratora, seguida por cromatografia liquida de alta
eficiéncia com detector de arranjo de diodos (HPLC-DAD). Os parametros de extragdo
otimizados foram definidos como um volume de amostra de 4,5 mL de mel:&4gua (1:6 v/v),
10 mg de MDES e 55 min de extracdo. E importante mencionar que a metodologia também
foi semi-automatizada, permitindo seis extracfes simultaneas. O método foi validado,
fornecendo coeficientes de determinacdo superiores a 0,9939 e LODs e LOQs de 4,5 pg L™!
e 15 pg L', respectivamente, para ambos os analitos. A preciséo intradia variou de 6,69% a
15,59%, a precisdo interdia variou de 8,77% a 18,58% e a exatiddo variou de 90,84% a
102,68%. A metodologia apresentou aspectos sustentaveis segundo métricas atualmente
aceitas e foi aplicada para analisar quatro amostras de mel produzidas por pequenos

produtores no estado do Rio Grande do Sul, Brasil.

Palavras-chave: Mel, pesticida, solvente eutético profundo magnético, microextracdo em

gota unica.



ABSTRACT

The increased use of pesticides in modern agriculture has led to environmental
contamination, affecting biomes and causing several problems in ecosystems. In this context,
the massive death of bees, non-target insects of pesticides, results in severe socioeconomic
impacts. Therefore, analyzing the presence of these contaminants in honey, the main product
of beekeeping in Brazil, represents an important tool for the environmental monitoring. In
this study, a novel analytical methodology was developed for the analysis of fipronil, the
main cause of bee colony deaths in Brazil, and two of its degradation products, fipronil
desulfinyl and fipronil sulfide in honey samples. Single-drop microextraction (SDME) using
a magnetic deep eutectic solvent (MDES) as extraction phase was employed followed by
high-performance liquid chromatography with a diode array detector (HPLC-DAD). The
optimized extraction parameters defined the sample volume as 4.5 mL honey:water (1:6 v/v),
10 mg of MDES, and 55 min of extraction. It is important mentioning that the methodology
was also semi-automated, allowing for six simultaneous extractions. The method was
validated, providing coefficients of determination higher than 0.9939 and LODs and LOQs
of 4.5 ung L' and 15 pg LY, respectively, for both analytes. Intraday precision ranged from
6.69% to 15.59%, interday precision ranged from 8.77% to 18.58%, and accuracy ranged
from 90.84% to 102.68%. The methodology exhibited sustainable aspects according to
recently developed metrics and it was successfully applied to analyze four honey samples

produced by small-scale producers in the state of Rio Grande do Sul, Brazil.

Keywords: Honey, pesticide, magnetic deep eutectic solvent, single-drop microextraction.
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1. INTRODUCAO

1.1 AGROTOXICOS

A legislagdo brasileira descreve os agrotoxicos na LEI N° 14.785, DE 27 DE
DEZEMBRO DE 2023, como produtos e agentes de processos fisicos, quimicos ou
bioldgicos destinados ao uso nos setores de producdo, no armazenamento e no
beneficiamento de produtos agricolas, nas pastagens ou na protegdo de florestas plantadas,
cuja finalidade seja alterar a composicao da flora ou da fauna, a fim de preserva-las da acdo
danosa de seres vivos considerados nocivos [1]. Os agrotoxicos, seus componentes e afins
s6 podem ser produzidos, manipulados, importados, exportados, comercializados e
utilizados no territério nacional se previamente registrados no 6rgao federal competente,
atendidas as diretrizes e exigéncias dos 6rgdos federais responsaveis pelos setores de
agricultura, satde e meio ambiente [2]. Os 6rgdos federais que realizam a avaliacdo dos
agrotoxicos sdo a Agéncia Nacional de Vigilancia Sanitaria (ANVISA), o Instituto Brasileiro
do Meio Ambiente e dos Recursos Naturais Renovaveis (IBAMA) e o Ministério da
Agricultura, Pecuéria e Abastecimento (MAPA), sendo este também responsavel pelo

registro [3].

A ANVISA utiliza critérios baseados nos parametros adotados pela Globally
Harmonized System of Classification and Labelling of Chemicals (GHS) para avaliacao,
classificacdo e categorizacdo toxicoldgica dos agrotdxicos, como mostrado nas Tabela 1 e
Tabela 2 [4,5]. Além da avaliagdo para registro, a ANVISA também realiza reavaliaces
periddicas com base no risco a sade humana, levando em consideracao novas evidéncias de

risco que surgirem [6].


http://legislacao.planalto.gov.br/legisla/legislacao.nsf/Viw_Identificacao/lei%2014.785-2023?OpenDocument
http://legislacao.planalto.gov.br/legisla/legislacao.nsf/Viw_Identificacao/lei%2014.785-2023?OpenDocument

Tabela 1. Lista das categorias de classificacdo toxicologica.

Classificacdo toxicoldgica em fungéo da:

1. Toxicidade aguda oral (DL50 oral), cutanea (DL50 cutanea) e
inalatéria (CL50 inalatéria)

2. Toxicidade para 6rgdo-alvo especifico por exposicao Unica

3. Toxicidade para 6rgdo-alvo especifico por exposicdo repetida

4. Mutagenicidade

5. Carcinogenicidade

6. Toxicidade reprodutiva

7. Corrosao ou irritacdo cutanea

8. Corrosao ou irritacdo ocular

9. Sensibilizacdo cutanea

10. Sensibilizag8o respiratoria

Fonte: Adaptado de Agéncia Nacional de Vigilancia Sanitéria, 2019.
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Tabela 2. Classificacdo toxicologica em funcdo da toxicidade aguda oral, dérmica e

inalatoria dos agrotoxicos, utilizada na rotulagem dos produtos.

Categoria 1 Categoria 2 Categoria 3 Categoria 4 Categoria 5 Néo
Classificado
Produto Produto Produto Produto Pouco Produto Produto
Extremamente Altamente Moderadamente Toxico Improvével Néo
Téxico Téxico Téxico de Causar Classificado
Dano Agudo
Sem Sem
Pictograma & & & simbolo simbolo
Palavra de PERIGO PERIGO PERIGO CUIDADO CUIDADO Sem
adverténcia adverténcia
Classe de
perigo
Oral Fatal se Fatal se Téxico se Nocivo se Pode ser
ingerido ingerido ingerido ingerido perigoso se
ingerido
Dérmica Fatal em Fatal em Toxico em Nocivo em Pode ser
contato coma | contato coma contato com a contato coma | perigoso em
pele pele pele pele contato com
a pele
Inalatéria Fatal se Fatal se Téxico se Nocivo se Pode ser
inalado inalado inalado inalado perigoso se
inalado
Cor da Amarelo
Faixa PMS Yellow C

Fonte: Adaptado de Ministério da agricultura e agropecuéria, 2019.

O Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renovaveis
(IBAMA) faz a classificacdo baseada no Potencial de Periculosidade Ambiental (PPA). Para
realizar essa classificagdo, o IBAMA utiliza analises ambientais fundamentadas em testes
laboratoriais, semi-campo e de campo. Estes testes abrangem diversas areas
multidisciplinares, como estatistica, quimica, biologia, agronomia, pedologia e toxicologia,

entre outras. Com base nesses dados, determina-se as propriedades fisico-quimicas e
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ecotoxicoldgicas da substancia quimica. Além disso, sdo obtidas informagfes sobre
persisténcia, bioacumulacdo, transporte em solos nacionais e residuos em matrizes
ambientais, que ajudaram a entender o comportamento dos agrotdxicos nos diversos
compartimentos do meio ambiente [7]. A partir dos resultados obtidos nos testes, classifica-

se 0s agrotdxicos no PPA, conforme mostrado na Tabela 3.

Tabela 2. Classificacao toxicologica em funcéo da toxicidade ambiental.

Classe | Produto ALTAMENTE PERIGOSO ao meio ambiente
Classe 11 Produto MUITO PERIGOSO ao meio ambiente
Classe 111 Produto PERIGOSO ao meio ambiente
Classe IV Produto POUCO PERIGOSO ao meio ambiente

O MAPA, por sua vez, avalia a eficiéncia agronémica dos agrotoxicos e concede 0
registro de agrotéxicos. O MAPA também é responsavel por monitorar os residuos de

agrotoxicos e afins em produtos de origem vegetal e animal [2].

1.1.2 FIPRONIL E SEUS PRODUTOS DE DEGRADACAO

O fipronil € um inseticida e cupinicida de acdo de contato e ingestdo pertencente ao
grupo quimico dos fenilpirazois, desenvolvido em 1987 pela empresa francesa Rhone-
Poulenc Agro, e registrado em 1993, entrando no mercado brasileiro em 2003 [8,9]. Algumas
caracteristicas fisico-quimicas bem como o aspecto de suas formulagdes estdo incluidas na
Tabela 3. Seu mecanismo de agé@o envolve o blogueio ndo competitivo dos canais de cloro
dos receptores de acido gama-aminobutirico (GABA), resultando em hiperexcitagdo

neuronal, paralisia e morte de insetos e acaros.



Tabela 3. Caracteristicas fisico-quimicas do fipronil.

15

Nome comum

Fipronil

Nome Quimico

5-amino-[2,6-dichloro-4-(trifluoromethyl)phenyl]-4-[(1R,S)-
(trifluoromethyl)sulfinyl]-1H-pyrazole-3-carbonitrile

Tipos de formulagoes

Massa molar 437,15 g/mol
Formula molecular C12H4CI2FsN4OS

Cl

N CN
F.C N\;[ e

Cl NH, \CF

Férmula estrutural 2
Aerossol

Concentrado emulsionavel

Concentrado soltvel

Granulado dispersivel em dgua

Isca granulada

Isca em gel

Isca em pasta

P6 seco

Suspensao concentrada
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O IBAMA categoriza o fipronil como classe 11 (Muito perigoso ao meio ambiente),

sendo altamente persistente a0 meio ambiente, altamente tdxico para microcrustaceos,

altamente toxico para peixes e altamente toxico para abelhas [10,11]. O uso deste agrotéxico

estd difundido em diversas culturas para diferentes alvos bioldgicos, sendo alguns destes

relacionados na Tabela 4.

Tabela 4. Diferentes culturas que incluem a aplicagéo de fipronil.

Cultura Alvo bioldgico
Nome comum/ (Nome cientifico)

Curuqueré (Alabama argilacea)

Algodio Bicudo (Anthonomus grandis)
Tripes (Erankliniella schultzei)

Duboisia Broca da Duboisia (Cyrtomon luridus)

Soja Tamanduéa-da-soja (Sternechus susignatus)
Batata Vaquinha-verde-amarela (Diabrotica speciosa)

Cana de acucar

Cupim (Heterotermes tenuis)

Migdolus (Migdolus fryanus)

Cupim (Neocapritermes opacus)

Cupim (Procornitermes triacifer)

Cupim (Cornitermes cumulans)

Broca-da-cana (Diatraea saccharalis)

Salva parda (Atta capiguara)

Milho

Vaquinha-verde-amarela (Diabrotica speciosa)




17

P&o-de-galinha (Diloboderus abderus)

Fonte: Adaptado de Nortox, 2023.

O fipronil possui produtos de degradacgdo, oriundos de biodegradacdo, oxidagéo,
reducao, hidrélise (a pH 9) e fotodegradacdo, como mostrado na Figura 1. Entre os produtos
de degradacéo, dois deles foram avaliados neste projeto, sendo eles o Fipronil Desulfinyl
(Fipronil Dessulfinil) e o Fipronil sulfide (Sulfeto de Fipronil). O Fipronil desulfinyl ocorre
devido a fotdlise, enquanto o Fipronil sulfide ocorre a partir de biodegradacdo por
microrganismos, reducdo e fotdlise. Assim como seu precursor, os produtos de degradacéao
sdo persistentes no meio ambiente e toxicos para insetos, microcrustaceos, peixes e insetos,

em especial, para as abelhas [12].

Figura 1. Fipronil e seus produtos de degradacao.

Fipronil-amide Fipronil Fipronil-sulfide
HE Biodegradaciio (Solo) CF;
Biodegradacio (Solo) S /J,:? Redugiio (Solo) /4(
F3C ‘-"‘:0 Hidrélise (Agua) FiC— Totdlise (Culturas de fo]hd;.,em
\ — [\ / \
/ B P N
CF,
Biodegradaciio (Solo) Fotdlise (Solo, culturas de
Oxidacio (Solo) folhagem)

Fotdlise (Culturas de folhagem)

Fipronil-desulfinyl

FJC//Z_( /

/Jf

/

CF5

Fonte: Adaptada de A. S. Gunasekara e colaboradores, 2007.
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1.2 MEL

A legislagdo brasileira define o mel como um produto alimenticio produzido pelas
abelhas meliferas, a partir do néctar das flores ou das secre¢des procedentes de partes vivas
das plantas ou de excrecdes de insetos sugadores de plantas que ficam sobre partes vivas de
plantas, que as abelhas recolhem, transformam, combinam com substancias especificas
proprias, armazenam e deixam madurar nos favos da colmeia [13]. A Unido Europeia, por
sua vez, o define como um alimento doce natural produzido por abelhas Apis mellifera,
composto por agucares, predominantemente frutose e glicose, e em menores quantidades por
acidos organicos, enzimas e particulas solidas derivadas da coleta do mel [14].

Por se tratar de uma matriz bastante complexa, 0 mel também possui diversos outros
componentes que variam devido a mudancas climaticas, estdgio de maturagdo, espécie da
abelha produtora, tipo da flora, processamento e armazenamento. Em sua composi¢do
podem estar presentes em pequenas quantidades agua, minerais, proteinas, aminoacidos,
vitaminas e fungos [15,16]. Devido a essa complexidade do mel e a baixa concentragao dos
contaminantes, comumente sdo empregadas metodologias analiticas, como a microextracdo
liquido-liquido e QUEChERS, conjuntamente a uma etapa de filtragem para remocéo de

impurezas, de modo a reduzir possiveis interferéncias analiticas [17,18].

1.3 QUIMICA VERDE

A quimica verde surge, no comeco dos anos 1990, devido a necessidade do
desenvolvimento de produtos e processos quimicos com reducdo ou eliminacao do uso e da
geracgdo de substancias perigosas ao homem e ao meio ambiente. A quimica verde baseia-se
em doze principios (Figura 2), criados para auxiliar no desenvolvimento de produtos e
processos quimicos sustentaveis [19]. A partir do surgimento dos principios da quimica
verde, surgiram os principios da quimica analitica verde, que visam o desenvolvimento de

metodologias analiticas sustentaveis com reduzido impacto ambiental.



Figura 2. Os 12 principios da quimica verde.

Quimica
Anélise em segura
tempo real para
prevencio de
poluicio

Produtos
degradaveis

Evitar formacéo
de derivados

Fontes
renovaveis de
matéria prima

Prevencéo

Economia de
atomos

Sintese segura

Desenho de
produtos seguros

Solventes e
auxiliares mais
seguros
Eficiéncia
energética

Fonte: Adaptado de Anastas e colaboradores, 2010
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A quimica analitica verde, devido as suas diferencas operacionais, adaptou e criou

seus proprios 12 principios, sendo eles: aplicacdo de técnicas analiticas diretas para evitar o

tratamento de amostras; diminui¢cdo da quantidade e do volume de amostras; medicGes

realizadas in situ; integracdo de processos e operacdes analiticas para economizar energia e

reduzir o uso de reagentes; utilizacdo de métodos automatizados e miniaturizados; evitar a

utilizacdo de derivatizacdo; evitar a geragdo de grande volume de residuos e gerencia-los

adequadamente; predilecdo por métodos multi-analitos ou multi-pardmetros; minimizacdo

do uso de energia; utilizacdo preferencial de reagentes obtidos de fontes renovaveis;

eliminacdo ou substituicdo de reagentes tdxicos; aumento da seguranca do operador [20].
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1.3.1 TECNICAS MINIATURIZADAS DE EXTRACAO

A etapa de preparo de amostra é crucial para o desempenho de uma metodologia
analitica, pois é responsavel pelo isolamento e concentracdo dos compostos de interesse
(analitos) de suas matrizes. A extracdo estd diretamente relacionada a confiabilidade dos

resultados qualitativos e quantitativos das analises [21].

As técnicas de extracdo convencionalmente utilizadas em industrias e laboratdrios
quimicos sdo a extracao liquido-liquido (LLE) e a extracdo em fase sélida (SPE). Sendo a
LLE baseada na utilizacdo de um solvente (geralmente organico) imiscivel na amostra
aquosa, e a SPE baseada na utilizacdo de um material sorvente. As técnicas miniaturizadas,
por sua vez, buscam aprimorar as metodologias tradicionais, de modo a diminuir os seus
impactos ambientais, seguindo os principios da quimica analitica verde, de minimizar o uso
de matéria-prima, consumo de reagentes e energia, e a geracao de residuos. Entre as diversas
técnicas miniaturizadas que surgiram a partir dos principios da quimica analitica verde,
pode-se citar a microextracdo em fase sélida (SPME), microextracdo em fase liquida
(LPME) ou microextracdo liquido-liquido (LLME), microextracdo liquido-liquido
dispersiva (DLLME) e a microextracdo em gota unica (SDME) [22,23].

1.3.2 MICROEXTRACAO EM GOTA UNICA

A microextracdo em gota Unica (SDME) é uma alternativa a extracdo liquido-liquido
convencional, caracterizada pela simplicidade no manuseio e aplicacdo, bem como, reduzido
uso de solvente. Foi introduzida em 1995 em uma metodologia que visava extrair aménia e
dioxido de enxofre em amostras de gas, utilizando um tubo de politetrafluoretileno como
caminho de passagem do gas, e um capilar inserido dentro do tubo, com a gota retida na
ponta. [24,25]. Posteriormente, a SDME foi adaptada, sendo uma das mais conhecidas a
versao que utiliza uma seringa para injetar e suspender a gota (geralmente entre 1 e 3 puL) na

amostra e, posteriormente, recolhé-la para analise, como mostrado na Figura 3. [26].
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Figura 3. Esquema de microextragdo em gota Unica por imerséo direta.
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Fonte: Adaptado de Xu e colaboradores, 2007

A gota de solvente organico € a responsavel pela extracdo dos analitos da matriz,
desta forma o tipo de solvente empregado apresenta influéncia direta na eficiéncia do
procedimento. Ap6s 0 procedimento de extracdo, a gota é retraida na seringa e levada ao
instrumento de analise. Tipicamente, a cromatografia gasosa (CG) € a técnica mais adequada
quando se usa a SDME tendo em vista que todo o volume da gota pode ser volatilizado no
injetor do cromatografo aquecido. Os solventes organicos mais empregados sdo o
cloroférmio, tolueno e n-hexano. Infelizmente, estes solventes possuem grandes
desvantagens principalmente devido a sua alta toxicidade e volatilidade. Outra desvantagem
que deve ser destacada é a instabilidade da gota de solvente quando colocada diretamente na
solucdo (imersdo direta). Muitas vezes, esta gota é perdida durante a agitacdo na amostra o

que representa uma clara limitagcdo do procedimento.

Para contornar estes problemas, alternativas vém sendo estudadas tais como a
utilizacdo de solventes mais sustentdveis, assim como, os solventes eutéticos profundos
(DES) e 0 emprego de fases extratoras magnéticas que permitam uma maior estabilidade da
gota de solvente extrator. Especificamente neste caso, 0s solventes eutéticos profundos que
apresentam componentes magneticos em sua estrutura quimica podem ser valiosas

alternativas a serem exploradas.
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1.3.3 SOLVENTES EUTETICOS PROFUNDOS MAGNETICOS

Solventes orgénicos, embora essenciais para diversos processos quimicos, sdo, em
sua maioria, toxicos ao homem e ao meio ambiente. Desse modo, substituir esses solventes
convencionais por solventes verdes tem o potencial de reduzir os riscos e 0 impacto
ambiental envolvidos no uso de solventes, assim como reduzir o custo econémico associado
a esse uso [28]. Nesse contexto, os solventes eutéticos profundos magnéticos (MDES)

representam uma nova alternativa com grande potencial.

Os MDES sdo uma variante dos solventes eutéticos profundos, tendo como
diferencial a adicdo de um componente com propriedades magnéticas, que 0s torna
intrinsecamente paramagnéticos. Os DES sdo compostos quimicos binarios ou ternarios
formados por um doador de ligacdo de hidrogénio e um receptor de ligacdo de hidrogénio.
Sdo liquidos a temperatura ambiente, exibindo pontos de fusdo mais baixos e densidades
mais altas do que seus componentes individuais, apresentando alta estabilidade térmica,
baixa volatilidade e alta viscosidade. Os MDES possuem comportamento semelhante as
misturas eutéticas convencionais, diferindo essencialmente pelo comportamento magnético

advindo de um atomo metalico incorporado em sua estrutura quimica [29,30].

1.4 METRICA DE SUSTENTABILIDADE DE PREPARO DE AMOSTRA (SPMS)

A SPMS surge a partir da necessidade de avaliar quédo sustentiveis sdo as novas
técnicas analiticas que se baseiam nos principios da quimica verde. A SPMS utiliza uma
planilha de Excel para sua realizacdo, nesta planilha sdo avaliadas cinco categorias que ao
final gerardo uma pontuacdo de 0 a 10, sendo 10 o mais verde possivel. O resultado é
expresso em um diagrama de cores formado por diversos quadrados, sendo cada um referente

a um subtodpico dentro das cinco categorias (Figura 4) [31].


https://docs.google.com/document/d/1Vg_f-xAUuReBcqGLMRYe1BGSnZYR2PPB/edit#heading=h.2et92p0

Figura 4. Diagrama de avaliacdo mediante SPMS.
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2. OBJETIVOS
2.1 OBJETIVO GERAL

Desenvolver uma metodologia analitica empregando solvente eutético profundo
magnético (MDES) para a determinacéo de fipronil, fipronil dessulfinil e fipronil sulfeto em

amostras de mel através da técnica de microextragdo com gota Unica.

2.2 OBJETIVOS ESPECIFICOS

e Avaliacdo da compatibilidade do MDES com o instrumento analitico HPLC-DAD
(cromatografia liquida de alta eficiéncia com deteccdo por arranjo de diodos);

e Examinar a capacidade extratora do MDES escolhido para os analitos;

e Otimizar e validar a metodologia desenvolvida;

e Aplicacdo da metodologia em amostras de mel obtidas de pequenos produtores de

regides do estado do Rio Grande do Sul.
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Abstract

The increased use of pesticides in modern agriculture has led to environmental
contamination, affecting biomes and causing several problems in ecosystems. In this context,
the massive death of bees, non-target insects of pesticides, results in severe socioeconomic
impacts. Therefore, analyzing the presence of these contaminants in honey, the main product
of beekeeping, represents an important tool for the environmental monitoring. In this study,
a novel analytical methodology was developed for the analysis of fipronil, the main cause of
bee colony deaths in Brazil, and two of its degradation products, fipronil desulfinyl and
fipronil sulfide in honey samples. Single-drop microextraction (SDME) using a magnetic
deep eutectic solvent (MDES) as extraction phase was employed followed by high-
performance liquid chromatography with a diode array detector (HPLC-DAD). The
optimized extraction parameters defined the sample volume as 4.5 mL honey:water (1:6 v/v),
10 mg of MDES, and 55 min of extraction. It is important mentioning that the methodology
was also semi-automated, allowing for six simultaneous extractions. The method was
validated, providing coefficients of determination higher than 0.9939 and LODs and LOQs
of 4.5 ug L' and 15 pg LY, respectively, for both analytes. Intraday precision ranged from
6.69% to 15.59%, interday precision ranged from 8.77% to 18.58%, and accuracy ranged
from 90.84% to 102.68%. The methodology was applied to analyze four honey samples

produced by small-scale producers in the state of Rio Grande do Sul, Brazil.

Keywords: Honey, pesticide, magnetic deep eutectic solvent, single-drop microextraction.
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1. Introduction

The early 1990s marked the beginning of the exponential increase in pesticide use in
Brazil. Importantly, the consumption of these chemicals surpassed that of the United States
of America and China, two of the leading agricultural producers in the world. This fact is
critical when considering the environmental pollution and health issues that can be
associated with this large consumption. Therefore, strict regulations of these compounds are
necessary to reduce the risks and prevent numerous problems. Contrarily, some laws and
regulations recently approved in Brazil have permitted the new registration of several
pesticides that certainly will bring additional environmental and health concerns in the next
years (Moraes 2019).

The extensive use of agrochemicals in agricultural production has caused disruptions
and changes in the environment due to contamination of animal populations and
bioaccumulation of in the biotic and abiotic ecosystems (water, air, soil, and sediments). In
this context, as an unintended effect of pesticide use, non-target insect species that do not
interfere with agricultural production are also affected (Peres et al. 2003). Although this
perspective may seem beneficial to agriculture and humankind, insects play an essential
ecological role through pollination, decomposition of organic matter, substrate recycling,
and the production of food, such as honey (Carvalho 2024). Bees have been severely
impacted in recent years due to massive colony deaths, typically named “colony collapse
disorder (CCD)” which refers to the sudden disappearance of colonies worldwide. Among
the factors contributing to CCD are the use of pesticides, habitat loss due to agriculture and
urbanization, climate change, nutritional deficiencies, improper colony management,

pathogens, parasites, and predators (Pires et al. 2016).
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Recently, the pesticide fipronil has been has been linked to an alarming number of
hive deaths in Brazil (Pinto 2021; Costa 2019, Oliveira 2023). The situation has become so
critical that the use of fipronil-based pesticides was provisionally suspended in December
2023 by the Brazilian Institute of Environment and Renewable Natural Resources (IBAMA).
The suspension, which covers the use of the pesticide through non-targeted spraying on soil
or plants, aims to protect pollinating insects until a new analysis performed by IBAMA
(2024). Fipronil is an insecticide and acaricide of the phenylpyrazole group, registered in
Brazil in 2003. It is utilized in various agricultural crops and its mechanism of action
involves the non-competitive blocking of chloride channels of y-aminobutyric acid (GABA)
receptors, leading insects to neuronal hyperexcitation, paralysis, and death (Nortox 2013;
Holder et al. 2018). Its Maximum Residue Limit (MRL) determined by the European Union
(2024) is 5 pg kg—1. Considering this serious situation, there is a need for the development
and enhancement of efficient analytical methodologies with reduced environmental impact,
capable of assessing pesticide contaminations commonly associated with bee mortality in
honey samples, utilizing it as an environmental biomarker, capable of identifying and
generating measures to mitigate the impacts of these pesticides on biotic systems.

Honey is defined by the European Parliament and Council of the European Union
(2014) as a natural sweet food produced by Apis mellifera bees, comprised of sugars,
predominantly fructose and glucose, and in smaller quantities by organic acids, enzymes,
and solid particles derived from honey collection. Honey also contains other minor
constituents such as water, minerals, proteins, amino acids, vitamins, and fungi. Variations
in the physico-chemical composition of honey are common due to climatic changes,

maturation stage, bee species, type of flora, processing, and storage (Crane 1975).



30

Due to its chemical profile, honey can be considered a highly complex matrix
containing various chemical interferents, necessitating an efficient sample preparation step
prior to the instrumental analysis. This stage allows for sample clean-up enhancing matrix
compatibility with the instrumentation, also permitting a pre-concentration of the analytes
by increasing the detectability of these compounds. In general, extraction techniques are
employed for sample preparation, and modern trends toward miniaturization and reduction
of solvent consumption are beneficial for both the environment and analyst safety.

Single-drop microextraction (SDME) is a solvent-based sample preparation
technique in which a drop of water-immiscible extracting solvent is suspended in a
microsyringe needle to permit the extraction of the analytes (Psillakis et al. 2002). In this
experimental setup, the solvent drop, generally consisting of 1 to 3 pL, is immersed in the
aqueous sample or maintained in the sample headspace for the extraction process. This
technique exhibits satisfactory extraction capability with high preconcentration factors
associated with low solvent consumption. On the other hand, issues with drop stability can
be mentioned as a significant limitation particularly for direct immersion strategies.
Recently, different classes of solvents have been successfully evaluated in SDME including
magnetic ionic liquids (MILs) and deep eutectic solvents (DESS).

Deep eutectic solvents are gaining significant attention in sample preparation
procedures due to sustainable aspects associated with satisfactory extraction efficiency.
These solvents exhibit lower toxicity and reduced risk for both the environment and analyst.
DESs are formed by binary or ternary mixtures involving a hydrogen bond donor (HBD) and
a hydrogen bond acceptor (HBA). They are liquid at room temperature, exhibiting lower
melting points and higher densities than their individual components, exhibiting high

thermal stability, low volatility, and high viscosity (Andrade, 2022). Recently, a subclass
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named magnetic-deep eutectic solvents (MDES) have been exploited. These solvents exhibit
similar characteristics of DES but are intrinsically paramagnetic due to the magnetic
components within their chemical structure (Aguirre 2022).

The aim of this study was to develop a novel and sustainable analytical methodology
for the determination fipronil, fipronil desulfinyl, and fipronil sulfide in honey samples
through a SDME approach using MDES. In this regard, a high-throughput strategy was
proposed using an adapted 96-well plate system in which up to six extractions could be
performed simultaneously, followed by analysis wusing high-performance liquid
chromatography with diode array detector (HPLC-DAD). The experimental workflow was
optimized through experimental design employing both univariate and multivariate
approaches. Subsequently, the analytical parameters of merit were established, and the
methodology was validated. The proposed methodology was compared with previous studies
utilizing traditional sample preparation techniques. Additionally, the Sample Preparation
Sustainability Metric (SPMS) was used to assess the sustainability of this methodology that

was compared with traditional techniques.

2. Material and methods
2.1 Chemicals and Reagents

Analytical standards of fipronil, fipronil sulfide and fipronil desulfinyl (>99%) were
provided by Sigma-Aldrich (Milwaukee, USA). Acetonitrile (ACN) HPLC-grade was
provided by Merck (Darmstadt, Germany). Stock solutions of each analyte were prepared at
concentration of 1000 mg L™ by dissolving the solid standards in ACN. Subsequently, stock
solutions containing a mixture of the three analytes were prepared by appropriate dilution of

analytical standards in acetonitrile. Ultrapure water was obtained from a Milli-Q purification


https://pubchem.ncbi.nlm.nih.gov/compound/9953940
https://pubchem.ncbi.nlm.nih.gov/compound/22673275

32

system by Millipore (Bedford, USA). Trioctylphosphine oxide (TOPO, >90%),
neodymium(ll) chloride hexahydrate (>99.9%), and octanoic acid (OA, >99%) was used for
the preparation of MDES.
2.2 Instrumental

The extraction procedures were performed using an adapted 96-well plate system.
The chromatographic analyses were performed using a Prominence LC-20AT high-
performance liquid chromatograph coupled with a diode array detector (HPLC-DAD) from
Shimadzu (Kyoto, Japan). Automatic injections of 20 uL were performed with a SIL-20A
autosampler, also from Shimadzu. Separations were carried out using a C18
chromatographic column (4.6 mm x 250 mm; 5 um) from Restek (Pennsylvania, USA), with
the oven temperature maintained at 30 °C. The separation was performed in isocratic mode
with mobile phase comprised of 70% ACN (B) and 30% water (A) within 16 min. The
mobile phase flow rate was 1.0 mL min™, and the detection wavelength was set at 230 nm.
Some physico-chemical properties of the analytes, as well as the wavelengths used for the
detection are shown in Table S1 of the Supplementary Material. The LCSolution software

(Shimadzu) was used for data treatment.

2.3 Preparation of the magnetic deep eutectic solvent

The preparation of the MDES evaluated in this study was performed according to a
recently proposed procedure reported by Farook et al. (2022). Briefly, the hydrophobic
MDES was prepared by mixing trioctylphosphine oxide (TOPO) that consisted of the HBA,
the metal salt neodymium(lll) chloride hexahydrate, and octanoic acid (OA) that acted as

HBD. In this case, a molar ratio of 3:1:3 was adopted for HBA:metal salt:HBD, respectively.
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Some physico-chemical properties of the MDES components are shown in Table S2 of the

Supplementary Material.

2.4 Samples

The samples were prepared at room temperature, using 14 g of honey free from the
analytes, diluted in 60 mL of ultrapure water maintained under stirring. After dilution, 4.5
mL were transferred to 5 mL conical centrifuge tubes, resulting in a final honey mass per
sample of 0.910 g with a volume of 0.643 mL. The samples were then spiked with a standard
solution to achieve the desired concentration of each analyte and left to stand for 30 minutes.
Subsequently, the samples were subjected to extractions following the methodology
proposed in this study. After determining the analytical parameters of merit, four honey
samples obtained from honey producers in the state of Rio Grande do Sul, Brazil, were used

to evaluate the applicability of the analytical methodology.

2.5 Experimental Procedure

The experimental procedure was based on single-drop microextraction (SDME)
using MDES composed of 3 parts trioctylphosphine oxide (TOPO): 1 part neodymium(ll)
chloride hexahydrate: 3 parts octanoic acid (OA). Using an analytical balance, 10 mg of
MDES were pipetted onto the tip of a neodymium rod magnet with a 5 mm diameter.
Subsequently, the neodymium rod magnets were attached to the pins of an adapted 96-well
plate system, enabling six simultaneous analyses. They were then immersed in the diluted
honey samples for 55 minutes under gentle agitation for the extraction step. Subsequently,

the MDES droplet was solubilized from the rod magnet using 30 uL of ACN and manually
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shaken to homogenize the mixture. Finally, 20 uL of the solution were analyzed by HPLC.

A flowchart of the experimental procedure is shown in Figure 1.

Figure 1. Scheme of the optimized extraction procedure.

Honey Weighing
Dilution in ultrapure water

—

45mL
~
(£ ' —
— MDES Weighing
6 VIV
HPLC-DAD - - ey @ - j
Al ® ©, A
i
Extraction 'H:'--gl
..Gmg
-
i DL ®©

-

o E
x_ : .
| - 55 min

— ®

N

2.6 Optimization of the experimental conditions

Univariate and multivariate strategies were adopted to obtain the best experimental
conditions for the methodology proposed in this study. Optimization was carried out in two
stages to define the extraction conditions (sample volume, mass of MDES, extraction time
and sample dilution). A central composite design with the variables mass of DES, sample
volume, and extraction time was performed with 17 experiments with triplicates in the
central point. The matrix of experiments carried out in this multivariate optimization is
shown in Table S3 of the Supplementary Material. Subsequently, the sample dilution was

optimized using a univariate strategy. In the optimization steps, blank honey samples spiked
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with 500 pg L of each analyte were used. StatSoft Statistica 10 (StatSoft, USA) and

Microsoft Excel 2016 (Microsoft, USA) were employed for the statistical evaluation.

2.7 Analytical parameters of merit

The methodology was validated according to the guidelines of the Association of
Official Analytical Chemists (AOAC) (2023). Limit of detection (LOD), limit of
quantification (LOQ), linearity, intra and interday precisions, and accuracy (relative
recovery) were determined by calibration curves performed with five concentrations, with
analyzes conducted in triplicate. The coefficients of determination (r?) were calculated based
on the calibration curves. The first concentration of the linear range was adopted as LOQ.
LOD was obtained by dividing LOQ by 3.3. It is worth mentioning that the LOQs for the
analytes were experimentally determined through extractions in triplicate, with coefficients
of variation < 20% being considered satisfactory. Regarding relative recovery (accuracy),
intraday and interday precisions were evaluated at three concentrations (LOQ, 100 pg L,
and 200 pg L) for each analyte. Three extractions were performed on the same day to assess
intraday precision (n = 3), and three assays each day were performed on three different days
to estimate interday precision (n = 9). Four real samples, purchased from honey producers
in the state of Rio Grande do Sul -Brazil, were analyzed to evaluate the applicability of the

method developed.

3. Results and discussion
3.1 Optimization of the experimental conditions

3.1.1 Sample dilution
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Because of the high complexity of the matrix, a sample dilution was evaluated in
order to reduce possible interferences caused by components found in honey. In this regard,
a univariate design was conducted with three dilution ratios (4-fold, 6-fold, and 9-fold). A
blank sample spiked with 500 pg L™ of each analyte was used. According to Figure 2, the
chromatographic peak areas of the analytes demonstrated that 6-fold dilution and 9-fold
dilution provided better results compared to 4-fold dilution. Considering the standard
deviation of these results 6-fold and 9-fold dilutions exhibited similar results, therefore 6-

fold dilution was adopted for the further experiments.

Figure 2. Optimization of sample dilution.
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3.1.2 Optimization of the extraction step
The extraction step was optimized through a central composite design as previously
described. In this optimization, 17 experiments were carried out using the variables sample

volume, mass of MDES and extraction time. The response used to generate the statistical
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model was the geometric mean of the chromatographic peak area of all analytes. The
response surfaces obtained are shown in Figure 3 (a and b).

The results from the response surfaces in Figure 3 demonstrated greater efficiency
when the sample volume, mass of MDES and extraction time were higher. The statistical
model was significant and coefficient of determination (R?) of 0.9441 considering 95% of
confidence. Additionally, no lack of fit was observed in this optimization indicating that the
statistical model proved to be adequate. Considering the results some experimental aspects,

the optimized conditions were obtained with sample volume of 4.5 mL, mass of MDES of

10 mg, and the extraction time of 55 min.

Figure 3. Response surfaces obtained for the optimization of the extraction conditions.
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3.2 Analytical parameters of merit and analysis of real samples
The analytical parameters of merit were obtained using the previously optimized
experimental conditions. Calibration curves were performed with five concentrations in

triplicate for each target compound. The linear ranges were obtained from 15 to 200 ug L
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and are the same for the three analytes. A chromatogram of the analytes is shown in Figure
S2 of the Supplementary Material. The coefficients of determination (r?) of the calibration
curves were greater than 0.9939, indicating good linearity. The LODs and LOQs were the
same for the three analytes, 4.5 ug L™ and 15 pg L™, respectively. Intraday precision ranged
from 6.69% to 15.59%, and interday precision varied from 8.77% to 18.58%. Regarding
accuracy, results ranged from 90.84% to 102.68%. For this evaluation of the analytical
parameters of merit, a blank honey sample purchased from an ordinary supermarket and
spiked with known concentrations of the analytes was used. All analytical figures of merit
obtained in this study are shown in Tables 1 and 2.

Subsequently the optimization and validation of the methodology, four honey
samples produced by small-scale beekeepers in different locations in Rio Grande do Sul,
Brazil, were analyzed. The analytes were not detected in those honey samples. A
chromatogram obtained after the SDME procedure using MDES of a spiked honey sample
utilized in this investigation is shown in Figure S2 of the Supplementary Material.

The analytical features of the method developed in this study were also compared
with other methods reported in the literature for the determination of fipronil in honey, as
shown in Table 3. Despite exhibiting limit of quantification (LOQ) slightly higher than
methodologies using LC-MS/MS, this study was developed using a less sophisticated and
cheaper instrumentation (HPLC-DAD). Specifically related to the sample preparation step,
the SDME procedure using MDES offered several advantages including the use of an
environmentally friendly solvent (MDES) which is an important alternative to traditional
organic solvents, and low volumes of solvent compared to traditional extraction techniques.
Importantly, a semiautomated workflow permitting simultaneous execution of multiple

samples increased the sample throughput of this methodology. In this case, the use of a
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MDES with aid of rod magnets featured additional drop stability compared to classical

SDME-based approaches.

3.3 Greenness evaluation

Following the trend established by the principles of green chemistry, which aims to
reduce or eliminate the use and generation of hazardous substances in chemical processes
(Anastas et al. 2010), analytical chemistry has developed more sustainable sample
preparation methodologies. In order to evaluate the greenness aspects of the developed
methodology, the recently proposed Sample Preparation Sustainability Metric (SPMS) was
utilized (Gonzalez-Martin et al. 2023).

The metric is based on four categories, each with different weights and metric
parameters, to assess the relative impact of the sample preparation method. The categories
include: 1) sample amount; 2) extraction solvent (quantity, toxicity nature, and reuse); 3)
procedure information (number of steps, extraction time, additional steps post-extraction);
4) energy consumption and waste. The metric uses a scale from 0 to 10, where O represents
an environmentally inadequate methodology, while 10 represents the greenest possible
methodology. The category values, as well as the total value, are represented in a grid figure
based on a color code, where the qualitative classification for each parameter is indicated by
a color code: green (successful); yellow (acceptable); orange (tolerable); red (inadequate).

The approach developed in this study achieved a score of 7.26, as shown in Figure
4. According to the figure, the procedure is considered “green” with all parameters ranging

from tolerable to successful. The highest-rated aspects were sample volume, volume of
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extraction solvent, number of extraction steps, and volume of residues. Another notable point
is the simultaneous execution of multiple samples using the semiautomated adapted 96-well
plate system. On the other hand, the result categorized as tolerable is related to the nature

of the solvent, designated as a persistent alternative.

Figure 4. Scores using SPMS metrics.
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The SPMS metric was used to compare the sustainability of the developed
methodology with other methods reported in the literature that also analyze fipronil in honey,
as shown in Table 3 and Figure 5. The developed methodology presents significant
advantages in terms of sustainability compared to other methodologies. The main highlights
are the small volume of extraction solvent, the low volume of waste, and the reduced number

of steps required in the extraction procedure.
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Figure 5. Comparison of SPMS methodologies for the analysis of fipronil in honey.
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4. Conclusion

In this study, a sustainable analytical methodology was developed and optimized for
the analysis of fipronil, fipronil desulfinyl, and fipronil sulfide in honey, characterized by its
low environmental impact. The methodology is based on the use of a magnetic deep eutectic
solvent, employed in single-drop microextraction, with analysis performed using a high-
performance liquid chromatography system with a diode array detector (HPLC-DAD). The
analytical parameters of merit and sustainability were compared with previous studies
involving techniques for the analysis of fipronil in honey, providing a feasible and
sustainable alternative. In summary, the method stands out for its notable advantages, such
as low solvent consumption, reduced waste production, and the ability to perform multiple

extractions simultaneously.
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Table 1. Limits of detection and quantification, coefficients of determination and linear

equation for the method proposed in this study.

LOD LOQ

Analyte . 3 r? Linear equation
Y (MgLY) (gL |
Fipronil 4.5 15.0 0.9939 y=0.6891x + 0.095
Fipronil Desulfide 4.5 15.0 0.9944 y=0.5187x+1.176
Fipronil Sulfide 4.5 15.0 0.9939 y=0.7396x + 1.9448

Table 2. Relative recovery and precisions for the target compounds in honey samples.

Spiked Relative
Analyte concentration  Recovery (%) Precision (RSD, %)
(ug L™ n=3
Intraday Interday
(n=3) (n=9)
15 102.68 9.01 11.05
Fipronil 100 91.98 8.29 13.58
200 101.07 6.69 8.77
15 90.90 12.31 17.54
Fipronil Desulfide 100 94.16 9.78 15.58
200 97.36 8.82 9.38
15 97.97 14.30 18.58
Fipronil Sulfide 100 90.84 15.59 14.27
200 102.31 11.80 12.14

Table 3. Comparison with other analytical methodologies for the determination of fipronil

in honey samples.
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Table S1. Chemical structure, molecular weight, retention time and logP for the target

analytes.
Molecular
Analyte Chemical structure weight Retention LogP
(g mol™1) time (min)
Cl CF5
N‘-—-
N
ne—O)
Fipronil Cl
NH, 437.10 7.35 4.5
FSC_S\
F3C CN
\
/ hY
HoN N
Fipronil Cl Cl
Desulfinyl 389.08 8.10 4.6
CF3
Cl CF3
NC .
~ N
. . — Cl
Fipronil- F,C-S NH, 421.10 9.59 55

Sulfide
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Table S2. Chemical structure, molecular weight logP for the MDES components.

Chemical compound

Chemical structure

Molecular

weight LogP

(gmol™)

Trioctylphosphine

Octanoic acid

Neodymium(II) chloride

hexahydrate

oxide

386.6 g/mol 9.6

NdC|3 ¢ 6H20

358.69 g/mol

144.21 g/mol 3

N/A

Table S3 — Matrix of the experiments for the central composite design used in this study.

Variable levels
(-1.68) (-1.00) 0.00 (+1.00) (+1.68)
Mass of
MDES 4 mg 5mg 6,5 mg 8 mg 9 mg
Exttriarﬁélon 14.5 min 25 min 40 min 55 min 65.5 min
Sample 2.6mL 3imL | 38mL | 45mL 5mL
volume
Coded experiments
Experiment
Mass of MDES Extraction time Sample volume
1 -1.00 -1.00 -1.00
2 -1.00 -1.00 1.00
3 -1.00 1.00 -1.00
4 -1.00 1.00 1.00
5 1.00 -1.00 -1.00
6 1.00 -1.00 1.00
7 1.00 1.00 -1.00
8 1.00 1.00 1.00
9 -1.68 0.00 0.00
10 1.68 0.00 0.00
11 0.00 -1.68 0.00




51

12 0.00 1.68 0.00
13 0.00 0.00 -1.68
14 0.00 0.00 1.68
15 0.00 0.00 0.00
16 0.00 0.00 0.00
17 0.00 0.00 0.00

Figure S2. Chromatogram obtained from purchased honey sample spiked with 100 pg L™

of the analytes.

[RTZ30nm

Fipronil Fipronil Desulfinyl

Fipronil-sulfide
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4. DISCUSSAO
4.1 OTIMIZACAO

Otimizou-se as varidveis do processo de preparo de amostra a fim de extrair os
melhores resultados analiticos possiveis, garantir a reprodutibilidade do procedimento e
diminuir o consumo de reagentes e outros materiais, assim como, diminuir a producgéo de
residuos. Utilizou-se para a otimizacdo o software Statsoft Statistica 10 (Statsoft, EUA) e 0
programa Microsoft Excel 2016 (Microsoft, EUA).

Inicialmente foi otimizada a relacdo de diluicdo &gua:mel para diminuir a
interferéncia da matriz complexa. Utilizou-se um planejamento univariado que avaliou trés
niveis de diluicdo, sendo eles 4, 6 e 9 vezes. Foi considerada a média geométrica das areas
dos picos cromatograficos obtidas nas analises. A diluicdo de 6 vezes teve melhor

desempenho para dois dos analitos, portanto foi a escolhida (Figura 5).

Figura 5. Otimizacdo da dilui¢cdo da amostra.



53

Razdo de dilui¢do

W 4X mex mox

50000

40000

30000

20000

chromatography peak area

10000

Fipronil Fipronil Dessulfinil Sulfeto de Fipronil

Analito

Fonte: Microsoft Excel 2016 (Microsoft, EUA).

Posteriormente foi realizada a otimizacédo para definir o volume de amostra, a massa
de MDES e o tempo de extracdo através de um planejamento composto central. Nesta
otimizacdo foram realizadas 17 extragcbes e as areas dos picos cromatograficos foram
utilizadas para gerar o modelo estatistico. As superficies de resposta obtidas (Figura 3)
demonstraram que quanto maior o volume de amostra, a massa de MDES e o tempo de
extragdo melhores os resultados analiticos (Figura 6). Considerando os resultados obtidos e
as limitacbes experimentais referentes ao tamanho dos frascos comportados no sistema
adaptado semiautomatizado de placa de 96 pocos e ao diametro dos imas, definiu-se volume
de amostra diluida de 4,5 mL, massa de MDES de 10 mg e o tempo de extracdo de 55

minutos.

Figura 6. Superficies de resposta obtidas para otimizacao das condi¢des de extracdo.
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I - 7E5
B - 7c5

B < 6E5 B - 4E5
B <585 M < 455
] <4E5 J [ <3,5E5
[ < 3e5 g []=<3E5
B <285 B < 2,565

B - 155

Fonte: Software Statsoft Statistica 10 (Statsoft, EUA).

4.2 VALIDACAO

A validacao foi realizada utilizando mel em branco, obtido de um supermercado,
fortificado com concentracBes conhecidas dos analitos. As curvas de calibracdo de cada
composto foram realizadas utilizando cinco concentragdes (15, 30, 50, 100 e 200 ug L™),
todas as analises foram feitas em triplicata no mesmo dia. Apés a validagdo, aplicou-se a
metodologia em quatro amostras de mel obtidas de pequenos produtores no estado do Rio
Grande do Sul, Brasil.

4.3 METRICA DE SUSTENTABILIDADE

A sustentabilidade da metodologia foi avaliada utilizando a métrica SPMS, que
avalia as etapas e 0s processos envolvidos no preparo de amostra, de modo a avaliar o quéo
“verde” a metodologia é. De acordo com a pontuagdo e as cores obtidas para cada um dos
pardmetros avaliados pela métrica, o estudo obteve resultados satisfatorios, principalmente
com relacdo ao volume da amostra, ao volume do solvente, ao nimero de etapas de extracéo
e ao volume de residuos. Outro ponto notavel é a execugdo de até seis extragdes simultaneas
usando o sistema adaptado semiautomatizado de placa de 96 pocos. Enquanto o pior
resultado ainda assim fica no limite toleravel, representado pela coloracao alaranjada, sendo
ele o solvente alternativo persistente. Contudo, vale ressaltar que o solvente, embora seja

considerado persistente devido a presenca do componente magnético, a massa utilizada de
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apenas 10 mg € inteiramente injetada no analisador, gerando um volume de descarte irrisorio,

qguando comparado com outras metodologias que utilizam solventes convencionais.

5. CONCLUSAO

Foi desenvolvida e otimizada uma metodologia analitica verde, baseada em
microextracdo em gota Unica utilizando um solvente eutético profundo magnético (MDES)
para a determinacéo de Fipronil e dois de seus produtos de degradacéo, Fipronil dessulfinil
e Fipronil sulfeto em amostras de mel. A metodologia possui um procedimento operacional
simplificado, com poucas etapas em seu processo. Ela também apresenta reduzido uso de
solvente e baixa geracao de residuos, além de ndo utilizar outros tipos de reagentes e possuir
a capacidade de realizar multiplas extracfes simultaneamente. Essa metodologia tem
potencial de substituir metodologias que utilizam solventes organicos téxicos no preparo de
amostras para analises toxicologicas em matrizes complexas diversificadas, assim como

ambientais e de alimentos.
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