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RESUMO

DESENVOLVIMENTO DE METODOS ANALITICOS BASEADOS NO PRINCIPIO
DE FRASCO UNICO EMPREGANDO ENTALPIMETRIA NO INFRAVERMELHO
PARA CONTROLE DE QUALIDADE DE ALIMENTOS E PRODUTOS
FARMACEUTICOS

AUTORA: Flavia Michelon Dalla Nora
ORIENTADOR: Juliano Smanioto Barin

Os métodos classicos de controle de qualidade quimico tais como a determinacdo da
uniformidade de contetdo (UC) em medicamentos, indice de saponificacdo (IS) em 6leos
comestiveis e teor de cloro ativo em saneantes sdo baseados, frequentemente, em métodos
volumétricos. Em geral, estes métodos demandam elevada quantidade de amostra, demasiado
tempo para execucdo do procedimento e diversas etapas. Desta forma, métodos alternativos de
analise que superem essas desvantagens sdo de grande interesse para aplicacdo em rotinas
laboratoriais. Uma alternativa para o desenvolvimento de métodos analiticos mais
ambientalmente corretos € a miniaturizacdo, a qual possibilita a analise com minima geracéao
de residuos. Neste contexto, a integracdo de processos analiticos evita 0 emprego de varios
frascos, sendo que todas as etapas sao feitas em um Unico frasco de reacdo, minimizando os
erros sistematicos e aleatérios, impactando a qualidade dos resultados. Neste sentido, a técnica
de entalpimetria no infravermelho térmico (TIE) foi empregada para determinacdo do indice de
saponificacdo em o6leos comestiveis, da uniformidade de contetdo em comprimidos de
captopril e de cloro ativo em solucgdes de hipoclorito de sddio. Foram utilizadas microplacas,
uma pipeta multicanal para a adicdo dos reagentes e uma camera de infravermelho para
monitoramento de temperatura gerada a partir das reacdes quimicas. Nos métodos propostos,
todas as operacdes foram realizadas em microplacas, reduzindo o volume de amostra utilizado
e permitindo a execucdo de todas as etapas analiticas no mesmo poco. Os resultados obtidos
por TIE apresentaram adequada precisdo e boa concordéncia em relagdo as metodologias
oficiais. Foi observado que os méetodos propostos proporcionaram reducéo do tempo de analise,
do consumo de reagentes, de amostra e de energia mostrando-se uma alternativa adequada para

aplicacdo em analise de rotina e de acordo com as bases da quimica analitica verde.

Palavras-chave: termografia, entalpimetria, infravermelho térmico, controle de qualidade.



ABSTRACT

DEVELOPMENT OF ANALYTICAL METHODS BASED ON SINGLE FLASK
PRINCIPLE EMPLOYING INFRARED THERMAL ENTHALPIMETRY FOR
QUALITY CONTROL OF FOODS AND PHARMACEUTICAL PRODUCTS

AUTHOR: Flavia Michelon Dalla Nora
ADVISER: Juliano Smanioto Barin

The classical methods of chemical quality control such as determination of content uniformity
(CU) in medicines, saponification value (SV) in edible oils and active chlorine content in
bleaching are often based on volumetric methods. In general, these methods require high
amount of sample, too much time for performing the procedure and several steps for execution.
In this way, alternative methods of analysis that overcome these disadvantages are interesting
for application in laboratory routines. An alternative for the development of more
environmentally correct analytical methods is miniaturization, which enables analysis with a
minimal waste generation. The integration of analytical processes avoid the use of several
flasks, all steps being done in a single reaction flask, minimizing the systematic and random
errors, impacting in the quality of the results. In this sense, the thermal infrared enthalpimetry
(TIE) technique was used to determine the saponification value in edible oils, the uniformity
content in captopril tablets and active chlorine in sodium hypochlorite solutions. For this,
microplates and a multichannel pipette were used for the addition of the reagents and an infrared
camera for temperature monitoring generated from the chemical reactions were used. In the
proposed methods, all operations were performed in microplates, reducing the volume of
sample used and performing all analytical steps in the same well. The results obtained by TIE
showed suitable accuracy and good agreement with official methods. In addition, it was
observed that the proposed methods provided reduction of analysis time and reagent, sample
and energy consumption, being a suitable alternative for application in routine analvsis.

according to the principles of the green analytical chemistry.

Keywords: thermography, enthalpimetry, infrared thermal imaging, quality control
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1 INTRODUCAO

O controle de qualidade de medicamentos, produtos alimenticios e saneantes baseados
em metodologias convencionais € usualmente realizado com base em ensaios volumétricos. A
maioria dos compéndios nacionais e internacionais utilizam analises volumétricas para realizar
o controle de qualidade seja de produtos quimicos, alimenticios ou de preparacGes
farmacéuticas. Entretanto, os métodos convencionais de analise sdo caracterizados, na sua
maioria, por requererem elevado tempo de analise e pela necessidade de realizacdo de diversas
etapas sucessivas, prejudicando por vezes a precisao dos resultados obtidos (MASINO et al.,
2005). Além disso, em alguns casos € necessario 0 emprego de equipamentos para aquecimento
de grandes volumes de amostra, o que reflete em elevado consumo energético e
consequentemente em maior emisséo de gases poluentes ao meio ambiente (GALUSZKA et
al., 2013). Pode-se ainda mencionar como desvantagem dos métodos convencionais a elevada
quantidade de amostra e de reagentes requerida, o que é diretamente proporcional a quantidade
de residuos gerado (MASINO et al., 2005). Desta forma, métodos que possibilitem a
miniaturizacdo e a integracdo de processos em um Unico frasco de reacdo sdo uma alternativa
adequada para aumentar o carater sustentavel das analises efetuadas (MELCHERT et al., 2012;
GALUSZKA et al., 2013).

Como pode ser visto, as analises quimicas podem ser consideradas causadoras de
poluicdo ambiental, demandando consumo de energia e de reagentes toxicos ao meio ambiente.
Tendo em vista o que foi exposto anteriormente com relagdo aos inconvenientes dos métodos
convencionais de analise, métodos alternativos que permitam superar essas desvantagens sao
uma tendéncia. Desta forma, os métodos que consideram o impacto ambiental e a
sustentabilidade como critérios de desenvolvimento e operacdo trazem outras informacdes para
a escolha de um analista, as quais constituem as bases de uma subarea que tem crescido
exponencialmente nos ultimos anos, chamada de quimica analitica verde (GALUSZKA et al.,
2013).

Considerando a necessidade atual por métodos que permitem a execugdo de analises de
controle de qualidade de forma mais ambientalmente correta e com elevada frequéncia de
analises quando comparada aos meétodos convencionais, foi desenvolvida a técnica de
entalpimetria no infravermelho (TIE, do inglés Thermal Infrared Enthalpimetry), a qual é
baseada na determinagdo de analitos através da entalpia de reacdo. A analise entalpimétrica por
TIE é feita através de uma camera de infravermelho, a qual permite um mapeamento da

temperatura superficial sem a necessidade de contato direto com a amostra. Desta forma, é feita



a medicao da temperatura antes e apds a adicdo de um reagente em excesso estequiométrico e
a variacdo de temperatura obtida é relacionada diretamente com a concentragdo do analito. Com
0 emprego de uma camera de infravermelho, a avaliacdo pode ser feita de forma nédo invasiva
e sem contato, além de que a temperatura é obtida de diversos pixels, o que reflete diretamente
em medidas mais uniformes de temperatura em comparacdo a utilizacdo de medidores de
temperatura pontuais, como termoémetros e termistores (BARIN et al., 2015).

No contexto de desenvolvimento de metodologias analiticas ambientalmente corretas e
mais sustentaveis em relacdo aos métodos convencionais, o presente trabalho propde métodos
analiticos alternativos aos comumente utilizados. Com o objetivo de superar as desvantagens
dos métodos convencionais, foi feita a combinagdo entre as andlises entalpimétricas com a
termografia no infravermelho resultando na TIE, a qual foi utilizada para a determinacédo de
analitos comumente determinados por métodos volumétricos. Para isso foram utilizadas
microplacas de polipropileno e poliestireno como frascos de diluigéo e reatores, fazendo com
que todo o procedimento analitico seja realizado em um tnico frasco a fim de buscar resultados
rapidos e em escala miniaturizada. Neste trabalho, os métodos propostos foram desenvolvidos
a fim de realizar o controle de qualidade do indice de saponificagdo em 6leos vegetais, a
qualidade de comprimidos de captopril e dos saneantes mais comumente empregados nas

indUstrias de alimentos de varios segmentos.

2 REVISAO DA LITERATURA

2.1 ENTALPIMETRIA

Técnicas de analise baseadas no monitoramento da variacdo de entalpia de uma reacao
sdo denominadas técnicas entalpimétricas e pertencem ao campo da calorimetria. Através
destas é possivel determinar a concentracdo de um reagente ou, até mesmo de um catalisador.
Este campo da calorimetria se subdivide em trés principais técnicas: i) a titulagdo termomeétrica;
ii) a entalpimetria por injecdo em fluxo; e, iii) a entalpimetria por injecdo direta (DIE, do inglés
Direct Injection Enthalpimetry) (GRIME, 1981).

A titulacdo termométrica é empregada com o objetivo de obter o ponto final de uma
titulacdo através da diferenca de temperatura gerada durante a adi¢cdo de um titulante em um
frasco adiabatico. Em contrapartida, tanto a entalpia de injecdo em fluxo quanto a DIE sdo
caracterizadas pela injecdo de um excesso estequiométrico de reagentes. Nestas anélises € feita

a determinacdo da temperatura do meio antes e ap0s a injecdo do reagente em excesso e essa



variacdo é relacionada diretamente com a concentracéo do analito em solugdo (BOUDEVILLE
& BURGOT, 1992; NAJIB et al., 2007). A diferenca entre estes dois métodos esta relacionada
com a forma com que é feita a injecdo dos reagentes, sendo que na DIE os reagentes sao
inseridos em um frasco de reacdo atraves de uma seringa, enquanto na injecdo em fluxo um
sistema constituido por tubulagdes que s&o utilizadas para a inje¢do da amostra e do reagente
em excesso (WASILEWSKI et al., 1964; PRIESTLEY et al., 1965). Dentre as trés técnicas
calorimétricas ja mencionadas, a titulacdo termomeétrica foi a técnica com maior aplicacdo até
os anos 60. No entanto, com o passar do tempo foi sendo substituida pela DIE devido as
vantagens inerentes a ela, tais como maior facilidade e rapidez na execucdo do procedimento
experimental (BARIN et al., 2015).

Em todas estas analises entalpimétricas é necessario o emprego de um componente
eletronico semicondutor chamado de termistor. Este componente é o detector da técnica, o qual
apresenta variacao na sua resisténcia elétrica dependendo da variacéo de temperatura do meio
(OLIVEIRA & PASQUINI, 1988; MORRIS & LANGARI, 2012). Mesmo apresentando-se
adequado, os resultados podem ser prejudicados devido a presenca de algumas interferéncias
de ordem fisica e quimica, fruto da necessidade de contato direto com a solucdo em analise.
Além disso, em algumas situacdes, estes componentes podem fornecer respostas inexatas, tendo
em vista que ndo sdo inertes e sdo suscetiveis a danos estruturais, tais como corrosao e danos
mecanicos dependendo das caracteristicas das solucfes analisadas. Este fato mostra que a
necessidade na calibracdo rotineira destes componentes é de extrema importancia quando sao
empregados em analises termomeétricas, a fim de garantir adequada exatiddo das andlises
realizadas (WASILEWSKI et al., 1964; PRIESTLEY et al., 1965). Neste contexto, formas
alternativas para realizar a medicdo de temperatura sem contato com a amostra sdo importantes,
tendo em vista 0s inconvenientes que 0 uso de métodos convencionais apresentam.

Considerando que para a analise entalpimétrica por DIE é necessario o emprego de
grandes quantidades de solu¢fes em excesso estequiométrico, dispositivos calorimétricos de
alto custo e que apresentam baixa frequéncia de analise, estes métodos foram desaparecendo e
sendo substituidos por outros de maior praticidade (WASILEWSKI et al., 1964). Além disso,
os termistores empregados sdo de baixa sensibilidade de deteccdo, possibilitando que estas
técnicas sejam empregadas somente para determinacdo de concentracdes relativamente altas
(PRIESTLEY et al., 1965). Neste sentido, técnicas de analise baseadas na determinagdo da
variacdo de temperatura que consigam superar estas desvantagens sdo de elevada importancia.

Neste contexto, a termografia no infravermelho foi utilizada na TIE com o objetivo de
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monitorar a temperatura liberada por reacdes quimicas de forma simples, facil, rapida e sem a

necessidade de contato direto com a amostra (BARIN et al., 2015).

2.2 TERMOGRAFIA NO INFRAVERMELHO

O espectro eletromagnético de infravermelho compreende comprimentos de onda que
comecam em cerca de 0,75 um e véo até 100 um e estdo relacionadas com a temperatura do
material a ser analisado. De acordo com Ng (2009), a radiacéo infravermelho € subdividida em
quatro regibes, sendo a regido do proximo, médio, distante e extremo, que apresentam
comprimentos de onda entre 0,75 e 2,50 um, 2,5 e 8,0 um, 8 e 15 um e 15 e 100 pm,
respectivamente. Qualquer material que esteja a uma temperatura acima de zero absoluto (-
273,15 °C) emite radiacdo infravermelho, a qual pode ser utilizada como informacdo para
diversos fins (HOLST, 2008; NG, 2009; ATKINS & DE PAULA, 2010).

A termografia no infravermelho se divide em dois tipos principais, a ativa e a passiva.
A diferenca entre estes dois tipos esta relacionada com a necessidade ou ndo de um estimulo
externo para que haja a emissdo da radiacdo. Na analise de temperatura pela termografia
passiva, a radiagdo infravermelho é emitida por qualquer corpo que esteja a uma temperatura
acima do zero absoluto sem que haja estimulo proveniente de qualquer natureza. Em
contrapartida, na termografia ativa € necessario que o corpo seja submetido a um estimulo
prévio pelo uso de fontes de calor, radiacdes eletromagnéticas, radiacbes mecanicas, dentre
outros, e assim, € verificada uma resposta em termos de diferenca de emissdo de radiacdo
infravermelha antes e ap6s o estimulo (WIECEK, 2005; GOWEN et al., 2010).

A energia térmica emitida por objetos na forma de ondas eletromagnéticas na faixa do
infravermelho tem sido empregada para monitoramento de processos industriais e para
avaliacdo da qualidade em diversas areas do conhecimento. Alguns exemplos de areas que
utilizam imagens termométricas sdo a medicina, que utiliza para diagnéstico de tumores,
engenharia civil e elétrica a fim de avaliar a presenca de comprometimento estrutural ou
sobrecarga energética e na &rea militar e de seguranca que se baseiam em imagens
termométricas para rastreamento de possiveis perigos a populacio (SUSZYNSKI &
ZARZYCKI, 2015).

A determinacdo pontual da temperatura através da utilizacdo de termdmetros,
termopares e termistores fornece uma série de desvantagens, tais como a necessidade de um
contato direto com a amostra e a obtengdo de um Unico resultado (PRIESTLEY et al., 1965;

STAHL, 1994). Neste sentido, 0 emprego de cameras termogréaficas € uma alternativa frente a
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essas formas convencionais, aliando a praticidade, auséncia de um contato direto com a amostra
e a possibilidade de um mapeamento da temperatura superficial de um objeto (NOTT & HALL,
1999). Desta forma, é possivel obter varios pontos de medida, refletindo em analises mais
exatas e precisas por meios nao invasivos. Além disso, 0 emprego de cameras termograficas
possibilitam a aquisicdo de dados em uma velocidade relativamente alta em comparagdo as
formas convencionais, podendo chegar a kHz, o que permite explorar a mudanca de temperatura
em curtos periodos de tempos (CUIBUS et al., 2014). Estas vantagens no emprego de cameras
de infravermelho tornam a sua utilizacdo de elevada importancia na area de alimentos. Neste
contexto, algumas aplicagdes ja tem sido feitas, tais como para fins de controle de temperatura
de frangos durante o aquecimento, avaliacdo do tempo de secagem de frutas, monitoramento
de defeitos em tomates, qualidade de macas e presenca de infestacdes de insetos em grdos de
trigo (FOSTER et al., 2006; WANG et al., 2006; CUIBUS et al., 2014).

2.3 ENTALPIMETRIA NO INFRAVERMELHO TERMICO (TIE)

Recententemente, Barin e colaboradores (2015) desenvolveram a entalpimetria no
infravermelho térmico (TIE, do inglés Thermal Infrared Enthalpimetry), a qual consiste em
uma adaptacdo da DIE. Essa nova abordagem foi desenvolvida com o objetivo de superar as
desvantagens e inconvenientes presentes na DIE, apresentando-se como uma técnica simples e
rapida para emprego na area de analise quimica. Essa técnica permite que seja feito o
monitoramento de uma area superficial sem que haja contato, possibilitando a determinacéo de
varios pontos de temperatura através da utilizacdo de uma camera de infravermelho. Para a
execucao do procedimento experimental basico da técnica, € necessaria a utilizacdo de uma
pipeta multicanal para adicdo dos reagentes em microplacas descartaveis, de uma camera de
infravermelho para monitoramento da temperatura de reacdo e de um agitador magnético para
mistura dos reagentes.

A sequéncia do procedimento é feita de tal forma que primeiramente é feita a adi¢ao da
amostra & microplaca, seguida pela adi¢do do reagente em excesso através da pipeta multicanal.
Durante todo o procedimento, é feita uma gravagcdo na forma de video pela camera de
infravermelho, de onde serdo obtidos os valores de temperatura antes e apos a adi¢do do
reagente em excesso estequiométrico. Os sinais analiticos de temperatura sdo obtidos
instantaneamente e a média da temperatura (AT) € determinada por meio de um software, com
taxa de aquisicao de dados geralmente de 30 Hz. Os valores de temperatura séo extraidos das

imagens normalmente empregando uma area de 180 pixels para monitoramento de cada reacéo.
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Como os dados séo obtidos a partir da média de valores em intervalos de tempo de 2 s antes e
apos a injecdo do reagente em excesso estequiométrico, cerca de 10.800 valores s&o utilizados
tanto para as amostras quanto para cada ponto da curva de calibracéo plotada. Para a obtengéo
dos resultados, a variacéo de temperatura encontrada é utilizada para determinar a concentragdo
da amostra através de uma curva de calibracdo adequada (BARIN et al., 2015; OLIVEIRA et
al., 2017; TISCHER et al., 2017).

Com base nesta técnica foram obtidos resultados promissores explorando reagdes de
oxirreducdo, neutralizacdo, precipitacdo e complexacdo. Concordancias compreendidas entre
96 e 101% foram obtidas em relagdo aos métodos convencionais para determinagéo de cloreto,
calcio, ferro e acidez em amostras de soro fisiolégico, comprimidos de sulfato ferroso,
comprimidos de carbonato de célcio e vinagre, respectivamente. Nesta primeira abordagem da
TIE, os métodos desenvolvidos apresentaram vantagens em relacdo aos métodos
convencionais, como a reducdo do volume de amostra e de reagentes e a maior frequéncia de
andlise, que permite atingir 1140 amostras por hora. Desta forma, o método proposto pelos
autores mostrou-se uma alternativa adequada e viavel aos métodos volumétricos comumente
utilizados na anélise quimica (BARIN et al., 2015).

Uma nova abordagem da TIE foi proposta por Ferreira (2016) com o objetivo de
determinar a acidez total em refrigerantes e acidez total, fixa e volatil em vinho tinto, branco e
espumante. Neste estudo, as microplacas de poliestireno comumente empregadas na TIE foram
substituidas por microplacas de papel filtro com o objetivo de reduzir ainda mais a quantidade
de residuos gerada e aumentar a sensibilidade. Para isso, as microplacas utilizadas foram
fabricadas pelo método de impressao a jato de cera considerando as mesmas dimensdes das
microplacas tradicionalmente utilizadas. Com isso, foi possivel obter microplacas com
facilidade, baixo custo, portabilidade e biodegradabilidade. Concordancias entre 96 e 104% em
relacdo aos métodos oficiais foram obtidas com o método proposto. Em termos de frequéncia
de anélise, foi possivel determinar a acidez total de 480 amostras por hora e de 120 amostras
no mesmo periodo para determinacdo de acidez fixa. Além disso, 0 uso de microplacas em
papel permitiu a pré-concentracdo das amostras para a anélise de acidez fixa em um tempo
relativamente baixo, tendo em vista que a quantidade de amostra utilizada € significativamente
menor. Em termos de gasto de reagentes e de amostra, estes foram reduzidos em cerca de 200
vezes em relacdo ao método convencional, sendo que o gasto energético foi 60 vezes menor
qguando a TIE em microplacas foi empregada, indicando um menor impacto ambiental e maior
eficiéncia de analise (FERREIRA, 2016).
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Uma alternativa para o controle de qualidade de vinagres com relagcdo a determinagéo
da acidez foi proposta empregando a TIE. Foi feita a determinacédo da acidez total, fixa e volatil
de seis tipos de vinagres empregando microplacas de poliestireno como reatores. Neste
trabalho, foi necessaria uma etapa de preparo de amostra para a determinacédo da acidez fixa,
sendo que a etapa de determinagdo foi feita nos mesmos reatores previamente utilizados,
evitando o0 manuseio excessivo da amostra. Com o emprego da TIE, as possiveis interferéncias
inerentes a cor de algumas amostras durante a determinacédo da acidez pelo método oficial ndo
foram observadas, visto que ¢ feita a avaliacdo somente da variacdo da temperatura no meio.
De acordo com os resultados obtidos, foi possivel realizar a determinacdo da acidez com
adequada precisdo das medidas, que foram de 1,7 e 2,4% para repetitividade e precisdo
intermedidria, respectivamente. Dentre as principais vantagens do método proposto em relacdo
a determinacdo por volumetria de neutralizacéo estdo a elevada frequéncia de analise (até 480
amostras por hora), reducdo no consumo de reagentes em 4 vezes e de energia elétrica em 10
vezes. Foi feita ainda a avaliacdo da exatiddo do método proposto, o qual apresentou
concordancias entre 93 a 108% com o método oficial de anélise, mostrando-se uma alternativa
adequada para aplicacdo em rotinas laboratoriais (TISCHER et al., 2017).

Outra aplicacao recente da TIE explorou o efeito do calor de dilui¢io para determinagao
do teor alcodlico de bebidas destiladas. Os métodos disponiveis para determinacdo de etanol
em bebidas alcodlicas geralmente requerem altas quantidades de amostra. Além disso,
requerem normalmente uma etapa prévia de preparo de amostra, tornando estes métodos
morosos e caracterizados por um elevado gasto energético. Com o objetivo de contornar estas
desvantagens e buscando uma analise simples e rapida, sem a necessidade de etapas de preparo
de amostra, a TIE foi proposta para determinacao do teor alco6lico em vodca e cachaga. Neste
trabalho, parametros tais como o volume total, velocidade de dispensacdo, velocidade de
agitacdo e a proporc¢do dos reagentes foram otimizados no método para obtencdo de resultados
mais precisos e exatos. De acordo com este trabalho, a concordancia obtida entre a TIE com a
determinacdo pelo método oficial foi de 99,4 a 100,9%, mostrando adequada exatiddo. Com
relacdo aos aspectos relacionados ao impacto ambiental, empregando a TIE o tamanho da
amostra utilizada foi 83 vezes menor em relagdo ao método oficial. Além disso, nenhum
reagente toxico foi necessario para as analises, sendo realizada utilizando-se como reagente
apenas agua. Em termos de gasto energetico, a TIE permitiu a determinagéo do teor alcodlico
em bebidas destiladas utilizando cerca de 10.600 vezes menos energia, estando de acordo com

a quimica analitica verde. Deste modo, a TIE apresentou-se como uma técnica promissora na
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area de controle de qualidade quimico em diversos campos, sendo que diversas aplica¢fes ainda
podem ser desenvolvidas (OLIVEIRA et al., 2017).

Recentemente a TIE foi aplicada como técnica de determinacdo simultanea do teor de
sal e de acidez em amostras de picles. Neste estudo foi feita uma prévia investigacdo da
possibilidade do uso de diferentes acidos para a determinacdo de acidez, sendo que, 0S
resultados obtidos mostraram que tanto &cido lactico quanto acido acético podem ser utilizados
para a determinacdo da acidez total das amostras. Além disso, foi feito um estudo em relacéo a
possiveis interferentes utilizados no processamento das amostras tais como aclcar e
condimentos, 0s quais ndo comprometeram a exatiddo dos resultados obtidos por TIE em
comparacdo ao método oficial. Com o emprego da TIE para avaliacdo da qualidade das
amostras uma concordancia compreendida entre 94 e 103% foi obtida em comparagdo ao
método oficial de analise. Além disso, o0 método proposto pelos autores possibilitou a
determinacéo da acidez total e do teor de sal em 4 amostras diferentes por minuto. Desta forma,
a frequéncia de analise alcancada pela TIE chega a 240 determinagfes de ambos o0s parametros
por hora, o que levaria até dois dias para analise de acordo com o método oficial. Esta nova
abordagem permite a determinacdo de dois parametros de qualidade de amostras de picles com
uma frequéncia de anélise que pode chegar a até 48 vezes maior em comparagdo ao metodo
oficial, impactando diretamente em menor custo de analise, sendo ideal para aplicacdo em
rotinas laboratoriais (TISCHER et al., 2017).

2.4 QUIMICA ANALITICA VERDE

O aumento exponencial da popula¢do mundial aliado a industrializacdo sédo os principais
fatores que proporcionaram o desequilibrio ambiental atual. Isso se deu principalmente pela
substituicdo da méo de obra pela mecanizacédo, requerendo desta forma maiores quantidades de
energia e poluindo de forma mais substancial o meio ambiente. Esta questdo ambiental vem
afetando diretamente a salde humana e animal, sendo um problema mundialmente discutido ha
anos. Neste contexto, temas relacionados ao desenvolvimento sustentavel tém crescido nos
ultimos anos e diversas areas vem se adaptando ao uso de alternativas mais ambientalmente
corretas quando se trata de novos produtos, processos de fabricacdo, metodologias analiticas e
materiais utilizados no processamento de produtos. Neste cenario atual, a quimica € uma das
ciéncias que mais contribui com a poluicdo ambiental, em virtude de que, materiais de origem
guimica sdo utilizados em industrias de diversos ramos e, quando descartados, acabam por

agravar ainda mais a poluicdo ambiental. Com base nessas afirmacfes, uma nova tendéncia
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surgiu na década de 90, buscando através da quimica, aumentar a sustentabilidade ambiental.
Essa nova area denominada de quimica verde, prevé o desenvolvimento sustentavel
principalmente do setor industrial, buscando empregar processos de larga escala que permitam
a producdo de forma menos poluente. Neste contexto, industrias farmacéuticas, automotivas,
aeroespacial, cosmeética, eletrdnica, de alimentos, assim como &reas como a de sintese de novos
produtos e de controle de qualidade em geral, dentre outras, tém buscado cada vez mais
substituir antigos processos quimicos prejudiciais ao meio ambiente por processos que sejam
mais ambientalmente corretos (FEKETE et al., 2009; GALUSZKA et al., 2013; HAQ et al.,
2017; KUMMERER, 2017).

A partir da quimica verde, no ano de 2000, foi criada a subéarea relacionada com a etapa
de controle de qualidade chamada de quimica analitica verde, a qual é focada principalmente
no uso de praticas de analise laboratoriais mais ambientalmente corretas. Busca-se uma
condigdo de compromisso durante o desenvolvimento de métodos analiticos que contemplem a
obtencdo de resultados com qualidade similar ou superior aliado a reducdo do impacto
ambiental, dos riscos operacionais e do custo de execucdo (ANASTAS & WARNER, 1998;
GALUSZKA et al., 2013; VACCARO, 2016; HAQ et al., 2017).

Conceituada como um design de quimica sustentavel, a quimica analitica verde tem
impulsionado uma grande quantidade de pesquisas no mundo todo a fim de projetar produtos e
metodologias que sejam ambientalmente corretas, seguras e economicamente viaveis. O cerne
da quimica analitica verde é embasado em 12 principios basicos, 0s quais ajudam a alcancar
maior sustentabilidade através do desenvolvimento de métodos inovadores através de um
correto planejamento e concepcao sistematica dos métodos de analise. Dentre estes principios
basicos, 0s mais importantes a serem atingidos sdo a diminui¢cdo ou eliminacdo de produtos
quimicos, que refletem diretamente na prevencao de geracao de residuos, bem como o uso de
solventes e reagentes seguros, aumento da eficiéncia energética e reducdo da derivatizacao de
substancias no caso de analises cromatogréaficas. Com isso, sdo alcangadas melhores condicdes
ambientais e de salde dos operadores. Entretanto, muitas vezes ndo é possivel a remogédo de
produtos quimicos durante as etapas de processos, sendo que varios autores indicam a
viabilidade na reutilizacdo destes compostos através de técnicas de purificacdo, diminuindo
desta forma a emissao de poluentes ao ambiente. Outro ponto bastante importante em relacéo a
quimica verde esta relacionado com a possibilidade em utilizar reagentes oriundos de fontes
renovaveis ao invés de reagentes de origem ndo renovavel, diminuindo assim o impacto
ambiental (ANASTAS & EGHBALI, 2010; GALUSZKA et al., 2013; PENA-PEREIRA et al.,
2015).
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Buscando uma maior sustentabilidade dos métodos analiticos, técnicas de andlise direta,
sem a necessidade de uma etapa de preparo de amostra sdo consideradas uma alternativa viavel
para 0 aumento do carater sustentavel das analises quimicas. Além disso, 0 uso de técnicas
automatizadas, onde ndo é necessario um operador, proporciona um aumento da seguranca do
procedimento, sendo este um dos principios basicos da quimica analitica verde. Outro ponto
importante esté relacionado com a necessidade de uso de diversos equipamentos para a analise
quimica, 0 que demanda em sua maioria, maiores gastos de energia, assim como de reagentes.
Neste sentido, técnicas analiticas que permitem a determinacdo de diversos analitos
simultaneamente, sdo consideradas alternativas verdes em comparagdo ao uso de diversas
técnicas para uma andalise completa (ANASTAS & EGHBALLI, 2010; GALUSZKA et al., 2013;
ELDIN et al., 2016).

Outra questdo de grande importancia relacionada com o maior carater sustentavel da
quimica analitica esta relacionado a possibilidade em utilizar métodos miniaturizados. 1sso se
da principalmente pelo fato de que, quanto menores forem as exigéncias em termos de
guantidade de amostra, assim como de reagentes, menores serdo os residuos gerados, tornando
estes métodos mais ambientalmente corretos. No entanto, alguns métodos miniaturizados por
vezes tornam-se questionaveis em termos de exatiddo, precisdo e sensibilidade visto que, como
por exemplo em anélises de tracos, amostras muito pequenas podem acarretar prejuizo destas
analises e das figuras de mérito devido aos erros de amostragem (ANASTAS & EGHBALLI,
2010; GALUSZKA et al., 2013; KUMMERER, 2017).

2.4.1 Frasco unico de reacao

Um dos 12 principios da quimica analitica verde é a integracdo de processos, com 0
objetivo de realizar todas as etapas necessarias para a analise empregando um Unico frasco
reacional. Neste sentido, a ocorréncia problemas relacionados com a exatidao e precisdo do
método, relacionados a perdas e contaminacGes de analitos, podem ser contornados quando o
uso de um unico frasco de reacdo € utilizado. Isso se deve ao fato de que todas as etapas
envolvidas na analise sdo feitas no mesmo reator, diminuindo assim a incidéncia de erros
aleatdrios e sistematicos na anélise, proporcionando resultados satisfatorios. Nessa alternativa,
o principal objetivo é integrar todas as etapas analiticas em um menor nimero de etapas possivel
utilizando um Unico frasco reacional. Este processo possibilita o0 uso de menores quantidades
de reagentes, menor tempo de execucdo, menor consumo energético, assim como menores
emissdes de poluentes ao meio ambiente (ANASTAS & EGHBALLI, 2010; GALUSZKA et al.,
2013).
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Uma forma de integracdo de processos bastante elegante € o uso de microplacas com
funcdo de frasco Unico de reacdo, onde todas as etapas envolvidas durante uma analise quimica
sdo feitas em um unico poco, ou seja, desde a etapa de preparo de amostra até a etapa de
determinacdo. Com 0 uso destes métodos miniaturizados juntamente com a integracdo de
processos € possivel desenvolver métodos de controle de qualidade simples, rapidos,
apresentando sensibilidade, exatid&o e precisdo adequada mesmo quando pequenas quantidades
de amostra e reagentes sdo empregadas. Além disso, utilizando um Unico frasco para execugéo
do procedimento analitico, a eficiéncia do método analitico € aumentada, permitindo na maioria
dos casos, maior frequéncia analitica, o que é de extrema importancia principalmente no
desenvolvimento de métodos analiticos utilizados em andlises de rotina (ANASTAS &
EGHBALLI, 2010; GALUSZKA et al., 2013; DALLA NORA et al., 2018).

A integracdo de processos pelo uso do frasco Unico reacional tem sido amplamente
empregada na area de sintese de substancias organicas. Empregando um Gnico frasco para a
execucdo das reacfes quimicas na area de sintese organica permite a obtencdo de produtos de
forma mais ambientalmente correta. 1sso se deve principalmente pelo fato de que todas as etapas
envolvidas, tais como reacdo, extracdo e purificagdo dos compostos séo feitas no mesmo reator,
acarretando em menor consumo de solventes e reagentes. Neste contexto, diversos estudos vem
sendo desenvolvidos nos Gltimos anos para melhoria da eficiéncia dos processos de obtencéo
de energia e reciclagem de materiais nos quais sao destacados os beneficios ambientais que sdo
alcancados (KLEMES et al., 2013; LIU et al., 2014; FITZPATRICK & LEY, 2016; HAYASHI,
2016; FAN et al., 2018).

2.4.2 Analise métrica aplicada a quimica analitica verde

Os laboratdrios quimicos possuem um importante papel em relagdo a sustentabilidade
ambiental, visto que contribuem significativamente para a poluicdo do ar, agua e solo. Neste
contexto, a ideia de quimica verde tem atraido todos os setores relacionados a quimica,
especialmente a area de quimica analitica, com o objetivo de aperfeicoar os métodos ja
consagrados para torna-los mais ambientalmente corretos. No entanto, durante o
desenvolvimento de novas metodologias analiticas buscando beneficios ao meio ambiente,
torna-se necessario uma analise criteriosa afim de tornar os ganhos ou perdas palpaveis. Hoje
em dia ja existem diversas ferramentas que podem ser empregadas para avaliacdo do carater
sustentavel de processos e métodos de analise, tais como a Analise de Ciclo de Vida (LCA, do

inglés Life Cycle Assessment), indice Nacional de Métodos Ambientais (NEMI, do inglés
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National Enviromental Methods Index), Escala Ecolégica Analitica e o indice de Procedimento
Analitico Verde (GAPI, do inglés Green Analytical Procedure Index) (EPA, 2006; KEITH et
al., 2007; CINELLI et al., 2014; TOBISZEWSKI et al., 2015; PARR & SCHMIDT, 2018;
PLOTKA-WASYLKA, 2018).

A andlise do ciclo de vida de um produto ou de uma metodologia analitica consiste na
avaliacdo quantitativa de todas os materiais envolvidos desde a sua producdo até o descarte
final. Essa ferramenta permite avaliar o impacto ambiental e, com base nos dados obtidos,
aperfeicoar tanto os processos produtivos, de controle de qualidade até o descarte final,
objetivando a obtencdo de metodologias menos agressivas ao meio ambiente (EPA, 2006;
PARR & SCHMIDT, 2018). Contudo, a obtencdo dos dados e dimensionamento de todas as
varidveis associadas a cada material utilizado na analise quimica é frequentemente morosa e

em muitos casos de dificil execucdo, tornando sua aplicabilidade limitada.

Outra ferramenta que pode ser empregada com o objetivo de avaliar o potencial verde
de métodos analiticos € o NEMI. Esta abordagem avalia o impacto ambiental de forma
qualitativa, indicando se os métodos sdo menos ou mais agressivos ao meio ambiente. Essa
ferramenta permite a interpretacdo do indice verde de procedimentos com base nas cores
utilizadas em uma circunferéncia dividida nas seguintes partes: risco operacional, consumo de
energia, consumo de reagentes e volume de residuo gerado. Os quatro campos da circunferéncia
recebem cores (verde, laranja ou vermelho) de acordo com a gravidade do impacto ambiental,
as quais sdo estabelecidas com base em valores pré-definidos. Desta forma, quanto maior a
porcentagem coloracédo verde na figura, maior o carater sustentavel seja do método analitico ou
dos procedimentos para obtencdo de algum produto (RAYNIE, 2009; TOBISZEWSKI et al.,
2015).

Utilizando uma escala numérica, a Escala Ecologica Analitica ¢ uma forma de avaliagéo
da sustentabilidade dos métodos analiticos. Essa abordagem emprega um valor maximo de
carater verde de 100 pontos, sendo que a cada penalidade contréria a sustentabilidade ambiental
dos meétodos, sdo subtraidos desta pontuagédo valores pré-definidos que véo de 0 a 3. Desta
forma, quanto mais proximo a 100 pontos, maior o carater sustentavel da metodologia em
avaliacdo. A avaliacdo através da Escala Ecologica Analitica leva em consideracéo
caracteristicas tais como a quantidade de reagentes empregada, potenciais riscos oferecidos ao
laboratorista, quantidade de residuos gerados, bem como o consumo de energia necessario para

a execucgédo dos procedimentos. Neste sentido, esta ferramenta permite avaliar em termos
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quantitativos o impacto ambiental dos procedimentos adotados em uma escala de 0 a 100
(GALUSZKA et al., 2012).

Recentemente uma nova ferramenta foi desenvolvida com o objetivo de avaliar um
maior numero de informacdes, buscando considerar desde a etapa de coleta da amostra até a
obtencéo dos resultados finais de uma andlise quimica. Esta nova abordagem alia as qualidades
das outras ferramentas disponiveis para avaliacdo da sustentabilidade ambiental com uma maior
diversidade de informacGes. Neste sentido, o GAPI baseia-se no uso de 5 pictogramas
subdivididos em 2, 3 ou 4 regides, as quais correspondem individualmente por uma informagéo
especifica do método analitico estudado. Dentre as informac@es utilizadas para a avaliacdo do
carater verde do método analitico, tem-se 0s aspectos relacionados a etapa de coleta e
preservacdo da amostra, etapa de preparo da amostra, uso de reagentes e compostos e
informacdes relacionadas as técnicas instrumentais empregadas durante a analise. Como 0s
pictogramas sdo subdivididos em 2, 3 ou 4 regides, uma vasta quantidade de informacdes
podem ser obtidas dessas imagens, visto que cada uma recebe uma cor (na escala de verde ou
amarelo) dependendo do impacto ambiental que causam ao meio ambiente (PLOTKA-
WASYLKA, 2018).

Para a avaliacdo através do uso da ferramenta GAPI, Plotka-Wasylka (2018) indica que
deve-se levar em consideracdo informaces relacionadas a coleta, preservacdo, transporte e
estocagem da amostra. Além disso, as informacdes relacionadas ao tipo de método empregado
(direto ou indireto), escala de extracdo, uso de solventes e reagentes, bem como a necessidade
de tratamentos adicionais sdo consideradas em uma primeira etapa. Em relacdo ao tipo de
reagentes e solventes empregados durante a execucdo dos procedimentos analiticos,
informacdes relacionadas a quantidade e a seguranca destes produtos tanto ao operador como
ao ambiente de trabalho séo consideradas. Por fim, o GAPI faz uma anélise referente ao carater
poluidor em termos de emissdo de gases poluentes ao meio ambiente através da eficiéncia
energética do método analitico e da quantidade de residuos geradas ao meio ambiente
(PLOTKA-WASYLKA, 2018).

Neste contexto, é possivel observar que esta ultima ferramenta tende a ser superior as
demais, visto que leva em consideracdo 15 parametros importantes para a qualificagdo do grau
de sustentabilidade de metodos analiticos. Além disso, os pictogramas gerados através das
informacdes mencionadas anteriormente permitem uma boa interpretacao dos resultados finais,

sendo ideal para um entendimento rapido e facil dos resultados obtidos.
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Considerando as informagdes expostas nos itens abordados até aqui, & importante
destacar que normalmente os métodos oficiais para controle de qualidade quimico sdo
laboriosos e complexos, envolvem a utilizacdo de elevadas quantidades de reagentes e amostra,
requerem muito tempo de execugdo, necessitando infraestrutura adequada e pessoal
especializado. E importante ainda mencionar que estes métodos s30 muitas vezes inviaveis ao
ponto de vista de aplicagdo em analise de rotina, pois ndo permitem o monitoramento continuo
durante processos industriais, tendo seu uso restrito em laboratdrios. Neste contexto, a crescente
demanda com relacéo a qualidade na industria de alimentos nos Gltimos anos impulsionou o
aumento no interesse pelo desenvolvimento de novos métodos de controle de qualidade capazes
de garantir uma andlise rapida, eficiente e de baixo custo. Desta forma, o emprego de métodos
analiticos capazes de suprir essas necessidades, apresentando-se mais vantajosos em relacédo
aos metodos convencionais sdo uma tendéncia em rotinas laboratoriais. Além disso, ganham
destaque neste panorama quando estdo de acordo com as bases da quimica analitica verde,
quando buscam menor impacto ambiental (GALUSZKA et al., 2013).

Diante disto, métodos analiticos que apresentem maiores vantagens em termos
ambientais sdo de grande interesse. Desta forma, levando em consideracao as desvantagens da
maioria dos métodos oficiais, e o grande potencial da TIE ja relatado na literatura, sdo propostos
neste trabalho, métodos de analise quimica de pardmetros importantes usados para o controle
de qualidade de d&leos comestiveis, medicamentos e saneantes por entalpimetria no
infravermelho. O presente trabalho propde o uso de métodos analiticos em escala miniaturizada
e com o emprego de um Unico frasco de reacdo como forma de integracdo de processos. Com
acombinacdo da TIE com microdispositivos adequados, o calor liberado pelas rea¢fes quimicas
foi explorado onde as desvantagens citadas acima foram minimizadas ou, até mesmo,
eliminadas. Além disso, buscou-se no decorrer do desenvolvimento das aplicagdes, reducao
significativa no consumo energético, de reagentes, do tempo de analise e do tamanho da amostra

utilizada, refletindo em menor impacto ambiental em comparacdo aos métodos oficiais.

3 OBJETIVOS

3.1 OBJETIVO GERAL

Desenvolver novos métodos analiticos miniaturizados envolvendo termografia no

infravermelho e frasco Unico de reacdo para controle de qualidade de alimentos, medicamentos
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e saneantes empregados em industrias de diversos ramos.

3.2 OBJETIVOS ESPECIFICOS

e Desenvolver um método analitico para determinacdo do indice de saponificagdo em
diferentes 6leos vegetais e otimiza-lo em termos de massa de amostra utilizada, tempo de
saponificacdo durante a etapa de preparo de amostra e em termos de velocidade de agitacdo
e taxa de dispensacdo durante a etapa de determinagéo

e Desenvolver um método analitico para determinacdo da uniformidade de conteido em
comprimidos de captopril e otimiza-lo durante a etapa de determinac&o em termos de razéo
entre os reagentes, velocidade de agitacdo e taxa de dispensacao.

e  Desenvolver um método analitico para determinagédo do teor de cloro ativo em saneantes
utilizados em industrias de ramo farmacéutico e de alimentos e otimiza-lo durante a etapa
de determinacéo em termos de velocidade de agitacdo e taxa de dispensacao.

e Aplicar os métodos propostos para diferentes amostras e avaliar a exatiddo e o impacto
ambiental dos mesmos pela comparacdo dos resultados com os obtidos por métodos
oficiais.

e Realizar uma avaliacdo comparativa entre os métodos oficiais e 0s métodos propostos em

termos de sustentabilidade ambiental pela aplicagdo do GAPI.
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Saponification value (SV) is one of the parameters used to evaluate the quality of edible oils, and it is
determined by titration after heating the oil with KOH solution. This method is time-consuming, and
requires a high amount of reagents and energy to perform the analysis. In the present study, the
determination of SV is proposed using thermal infrared enthalpimetry (TIE) in a high-throughput and
green way. Sample preparation and determination steps were performed in the same vessel
(polypropylene microplate), which was adapted for the simultaneous preparation of 24 samples and
determination of the remaining KOH by TIE. Optimization of parameters such as sample mass, heating
time, stirring speed and dispensing rate was performed and the best conditions found were 120 mg, 5 h,
250 rpm and 0.57 mL s %, respectively. Subsequently, the SVs of canola, corn, olive, rice, soy and
sunflower oils were determined by TIE and the results were compared with those obtained by AOAC
920.160; no statistical differences were found (Student's t-test, p > 0.05). A decrease in the sample mass

and reagent consumption of up to 41 times was observed. Additionally, TIE allowed a sample throughput
Received 19th March 2018

Accepted Sth June 2018 of at least two orders of magnitude higher than the conventional method, showing its feasibility for

routine analysis. In addition, a reduction in energy consumption of 625 times was observed. Therefore,
DOI: 10.1039/c82y00597d the proposed TIE method allowed the determination of the SVs of edible oils in a simple and high-

rsc.li/methods throughput way in accordance with the principles of green analytical chemistry.

1 Introduction but long analysis time and high energy and sample consump-
tion are required.*” Therefore, the use of large amounts of

Edible oils are largely used for human consumption in crude chemicals, samples and energy are aspects of environmental

and processed forms, and are composed mainly of triglycerides ~concern related to these methods.® In addition, these time-

and free fatty acids. Several analytical methods have been used ~consuming methods require the higher focus of the analysts,
to evaluate the quality of oils by determining the acidity, iodine the lack of which would impair the throughput and affect
index and peroxide and saponification values (SVs), which offer ~routine analysis.

information about raw and processed oils.*™* SV represents the Taking these aspects into account, studies have proposed

amount of KOH required for the saponification of 1 g of oil alternative methods for SV determination aimed at minimizing

under the conditions specified, which is related to the average these problems; for example, near-infrared spectroscopy®'® and
molecular weight (or chain length) of fatty acids present in the nuclear magnetic resonance' spectroscopy combined with
oil and can be used to identify adulteration.® chemometrics have been used. However, even though these

Conventionally, SV is determined by titration after boiling methods are in accordance with some aspects of green analyt-
the sample under reflux with KOH in ethanolic solution for at ical chemistry, they are characterized by the use of high cost
least 30 min, as recommended by AOAC International.® Other instruments and several steps are involved in method devel-
similar methods recommended by the American Oil Chemists' opment, impairing their use in routine analysis.

Society (AOCS) and Institute Adolfo Lutz (IAL, Brazil) are used, In this context, the development of methods that minimize
the amount of reagents, sample and energy consumption is an
important task for the improvement of routine analysis towards

“Departamento de Tecnologia e Ciéncia dos Alimentos, Universidade Federal de Santa green analytical chemistry.*"> Recently, a new analytical tech-

Maria, 97105-900, Santa Maria, RS, Brazil. E-mail: juliano@ufsm.br; Fax: +55-55- . . .

3220 0445: Tel: +55-55-3220 9445 nique known as thermal infrared enthalpimetry (TIE) was
developed as an alternative to classical titration methods. This

*Departamento de Quimica, Universidade Federal de Santa Maria, 97105-900, Santa . ) ; ] ) )
Maria, RS, Brazil technique combines infrared thermal imaging with
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enthalpimetric analysis and provides a fast, simple, inexpensive
and high-throughput analysis.** TIE is based on the determi-
nation of the difference in temperature caused by the addition
of a stoichiometric excess of reagents, which enables an accu-
rate determination of several analytes.'®'* The reaction was
performed by a direct injection method, in which one aliquot of
reagent in stoichiometric excess is added to the sample or
reference solutions. For this purpose, disposable microplates
and electronic multichannel pipettes were used. The analytical
signals were obtained by the difference of temperature before
and after reagent injection. Temperature variation was moni-
tored by an infrared camera, which allowed the determination
of the temperature of several wells simultaneously and without
contact.”

A study using TIE was conducted to determine the acidity of
vinegar, reaching a sample throughput one order of magnitude
higher than the conventional method. In addition, the sample
volume was minimized by 8.3-fold in relation to the conventional
method, saving more than one order of magnitude of the
requirement of energy.’ The alcoholic content of distilled
beverages was also determined by TIE, using only one step for
analysis by the simple addition of water to the beverages. In this
study, the heat of dilution of ethanol with water was explored and
a unique step (water addition on beverage) was required for the
analysis. Using this green approach, energy consumption and
analysis time were reduced by three orders of magnitude, making
it possible to analyze 480 samples in the time in which only one
sample would typically be analyzed by the conventional method.*
The simultaneous determination of the total acidity and salt
content of pickled vegetables was proposed using TIE. A stoi-
chiometric excess of NaOH and AgNO; was inserted in microplate
wells for further sample addition. Based on the heat dissipated
from the reactions, the total acidity and salt content were deter-
mined simultaneously, and the agreement ranged from 94% to
103%. Using the TIE method, an increase by 48-fold of the sample
throughput was achieved, making it a suitable green alternative
for use in routine analysis."®

Taking into account the features of TIE, a high-throughput and
miniaturized determination of SVs was performed in this study.
The same vessel was used for both the sample preparation and the
determination steps, i.e., a 24-well microplate. This integration of
analytical operations using a single flask for all steps was
proposed to decrease waste generation and time consumption for
measurements. A special device was constructed to control evap-
oration during heating. The influence of the sample mass and
time of heating was investigated. Parameters such as stirring
speed and dispensing rate were evaluated for the determination of
the residual KOH by TIE. Accuracy evaluation was performed by
a comparison of the results obtained by the conventional method
(AOAC 920.160) with the proposed method.

2 Experimental
2.1 Instrumentation

A long wave infrared camera (7.5-13.0 um, FLIR E60 model,
FLIR, USA) was used, providing images of 320 x 240 pixels at
a frame rate of 30 Hz. The software ResearchIR (FLIR, version
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3.5) was used to evaluate the images. The reactions were carried
out in disposable polypropylene 24-well microplates (Evergreen
Scientific, USA) with an internal volume of 3.0 mL in each well.
An electronic multichannel pipette (eight channels) with
a volume from 0.050 to 1.200 mL (Pro Research 1200, Eppen-
dorf, Germany) and a magnetic stirrer (Centauro, Brazil) were
used for the reaction. A heating oven (DeLeo, Brazil) was used
for oil saponification. An ultrathermostatic bath (SL 152/10
model, Solab, Brazil) was used for cooling and a heating plate
(Centauro, Brazil) was used to boil the sample, as described in
the conventional method (AOAC 920.160). Energy consumption
was measured by a power meter (Fluxe 43B model, Fluke
Corporation, Everett, USA).

2.2 Samples, reagents and standards

Samples of canola, corn, olive, rice, soy and sunflower oils from
different manufacturers were purchased in a local market
(Santa Maria city, RS, Brazil). Potassium hydroxide (Vetec, Bra-
zil) standardized with sulfuric acid (Vetec, Brazil) was used to
construct the calibration curve to determine the SV. Hydro-
chloric acid PA (Vetec, Brazil) was used to prepare the solution
of the reagent in stoichiometric excess in TIE and also for the
titration following the conventional method. Ethanol (99.8%,
Dinamica, Brazil) was previously dried with calcium oxide
(Dinamica, Brazil) and further filtered to prepare all solutions
according to the method specified in AOAC 920.160.°

2.3 Optimization of sample preparation and TIE
determination parameters

Sample mass and heating time were evaluated for the saponi-
fication step. Masses of 30, 45, 60, 90, 120 and 150 mg were
evaluated in the sample preparation. The stirring speed and
dispensing rate were evaluated for TIE measurements using an
ethanolic solution 0.7 mol L' KOH as the reference solution
and an ethanolic solution 1.0 mol L™" HCI as the reagent in
stoichiometric excess in the same proportion. Then, the heating
time was evaluated over 1, 2, 3, 4 and 5 h. The stirring speed in
the range of 50 to 350 rpm was evaluated, as was the dispensing
rate of the multichannel pipette from 0.46 to 0.71 mL s~ *. All
results were evaluated considering the relative standard devia-
tion (RSD) of measurements and the accuracy of the proposed
method based on the comparison of the results obtained with
the AOAC 920.160 method.

2.4 TIE analysis

Samples were weighed directly in the microplate wells using
a syringe. Then, the standardized KOH ethanolic solution
(0.7 mol L™, 1.2 mL) was added for sample saponification. A
polytetrafluoroethylene-covered magnetic stir bar (3.0 x 6.5
mm) was used for homogenization. Aluminum foil was used to
close the microplate after homogenization, and a device was
constructed using two aluminum plates fixed with two screws to
avoid the loss of solution by evaporation during heating (Fig. 1).
This system was heated at 90 °C in an oven for up to 5 h, fol-
lowed by a step of solvent evaporation for 30 min directly in the
uncovered microplate. After evaporation, the microplates were

This journal is © The Royal Society of Chemistry 2018
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left undisturbed at room temperature and the residues were
dissolved in 1.2 mL of ethanol, followed by the addition of
stoichiometric excess of ethanolic HCI solution (1.0 mol L™, 1.2
mL) for the determination of the remaining potassium
hydroxide (Fig. 2).

The temperatures of the reactions were monitored before,
during and after HCI addition. An infrared camera was attached
to a tripod at a distance of 40 cm from the microplates. An
enthalpogram was plotted using the average of the data ob-
tained for each well. A circle with 180 pixels was used in the
software to monitor the reactions, as described in previous
studies.*®* The difference in temperature was calculated using
the mean of the temperatures 2 s before and after the reaction,
using the equation AT = T; — T; where Tt is the final temper-
ature and 7; is the initial temperature. The temperature and
relative humidity were corrected in the software for all
measurements.’* The SVs were obtained based on the amount
of KOH consumed by saponification based on a previous least-
squares calibration curve constructed with reference solutions
of KOH (ranging from 0.09 to 0.7 mol L '). Blanks were
analyzed using purified water instead of KOH solutions in the
wells, following the same procedure used for the reference
solutions and samples.

2.5 Analysis by the conventional method

The SV was determined by the conventional method (Fig. 2)
according to AOAC 920.160.° Five grams of filtered oil was
weighed into an Erlenmeyer flask and 50 mL of ethanolic
0.7 mol L' KOH was added. The flask was connected to
a condensing unit and heated for 30 min until complete
saponification of the oil. Subsequently, 0.5 mol L™' HCI was
used for titration using a phenolphthalein indicator. A blank
was performed using the same volume of water instead of KOH
solution.

3 Results and discussion

3.1 Evaluation of the influence of sample preparation and
determination parameters

The influence of the sample mass and heating time during
sample preparation, stirring speed, and dispensing rate during

Screw

|

Aluminum foil

Aluminum
plates

Microplate with samples
and reagents

AW
Wy
C
9
‘((

Nut

Fig. 1 Microplate device used for heating in an oven.
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the SV determination were investigated using sample D of olive
oil. The evaluations were carried out using an ethanolic solution
of 0.7 mol L' KOH and the results were compared in terms of
the agreement with AOAC 920.160 and RSD data (Fig. 3).

According to Fig. 3A, statistical differences were not found in
relation to the conventional method when different masses of
the sample were used. However, the lowest RSD (1.7%) was
achieved using a sample mass of 120 mg. This result was ex-
pected, since the use of a low sample mass increases the
weighing error; for example, a sample mass of 30 mg provided
an RSD value of 7.7%. On the contrary, when the sample mass
was increased, there was a higher consumption of KOH. This
resulted in a reduction in the amount of residual KOH and
a decrease in the temperature from the reactions in TIE, which
can also influence the RSD. In addition, the increase in the
sample mass provided higher soap formation and impaired
homogenization during the injection of the excess reagent, thus
providing a higher RSD. The use of a sample mass of 150 mg
resulted in an RSD of 3.5%. As a consequence, the sample mass
was fixed at 120 mg for heating time-optimization. This amount
of sample is more than 40 times lower in relation to the
conventional method.

A heating time of 5 h provided the lowest RSD values (1.3%)
because in shorter times, the precision of the results was
impaired, showing a lack of uniformity between the replicates
in such conditions. Fig. 3B shows that when 1 h was fixed as the
heating time, an RSD value of 6.5% was obtained. On the
contrary, when the heating time was higher, the RSD values
decreased, which was in agreement with the conventional
method since there was greater uniformity between replicates.
However, when higher throughput is required, it is possible to
use lower heating time if higher RSD values are acceptable. In
this context, heating times of 1, 2, 3 and 4 h provided RSD
values of 6.5, 7.0, 4.0 and 1.7%, respectively.

Considering a sample mass of 120 mg and heating time of
5 h, the stirring speed and dispensing rate were evaluated. The
optimization of the stirring speed is very important, since the
signal depends on the homogenization of the solutions. In this
sense, this parameter was evaluated to provide accurate deter-
mination. The results (Fig. 3C) indicated that when a speed of
150 rpm was used, higher RSD (7.9%) was obtained, which can
be attributed to the lack of homogeneity during the addition of
the reagent in stoichiometric excess. High stirring speeds also
provided higher RSD values, mainly because of the spilling of
solutions from the wells. Hence, the speed of 250 rpm was
optimum, which provided suitable RSD values (1.3%) in
agreement with the conventional method.

In relation to the dispensing rate (Fig. 3D), the lowest devi-
ations were found when a speed of 0.57 mL s~ ' was used. Lower
dispensing rates (0.46 and 0.50 mL s ') resulted in a relative
increase in the SVs. This fact is related to the amount of time the
pipette tips remain in front of the camera during the reactions,
which influences the data acquisition and impairs the
measurements. Faster dispensing rates (0.63 and 0.71 mL s~ )
increased the RSD values, mainly as a consequence of the fast
dissipation of heat, reflecting in the variation of measurements.
Thus, the conditions that provided the lowest deviations among
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excess (1.2 mL of 1.5 mol L' HCI)

Fig. 2 Procedures used for SV determination in edible oils.

the measurements and suitable agreement with the conven-
tional method were 120 mg, 5 h, 250 rpm and 0.57 mL s~ * for
the sample mass, heating time, stirring speed and dispensing
rate, respectively. These conditions were chosen for the subse-
quent SV determination in edible oils.

3.2 SV determination

After TIE optimization, the method was applied to canola, corn,
olive, rice, soy and sunflower oils for SV determination. The
conventional method based on AOAC 920.160 was used to verify
the accuracy of the proposed method. Table 1 shows that there
were no significant differences between these methods
(Student's t-test, p > 0.05) and the agreements obtained with the
conventional method were suitable, ranging from 97.4% to
102.1% for SV determination. Considering these results (Table
1), the deviations obtained from TIE were slightly higher in
comparison with the conventional method. This was attributed
to the sample mass used, which was more than 40-fold smaller

Anal. Methods

E’ pippete

Reconstitution with
ethanol (1.2 mL)

in comparison with AOAC 920.160. This modest increase in
deviations, however, did not impair the results since RSD values
were lower than 2.9%, which is acceptable for routine analysis.

SV is related to the average weight of free fatty acids. The SV
values obtained in the analyzed samples ranged from 171.7 +
3.5t0196.7 & 4.4 mg KOH g~ of oil. It is important to mention
that these data are in accordance with the literature.""”

3.3 Figures of merit

A comparison of the characteristics of the TIE method with the
conventional method is shown in Table 2.

Based on the results, it was possible to highlight the reduc-
tion in the sample mass from 5 to 0.12 g using the TIE method.
In addition, the mass of KOH, HCI, CaO and ethanol decreased
by 41-, 2-, 14- and 14-fold, respectively, when TIE was applied for
SV determination. A decrease in the use of reagents is well
known to reflect in higher operator safety since there is less
contact with a large amount of chemicals, decreasing the

This journal is © The Royal Society of Chemistry 2018
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Fixed conditions

Heating time: 4 h
Stirring speed: 250 rpm
Dispensing rate: 0.57 mL s’!

Fixed conditions

Sample mass: 120 mg
Stirring speed: 250 rpm
Dispensing rate: 0.57 mL s

Fixed conditions

Sample mass: 120 mg
Heating time: S h
Dispensing rate: 0.57 mL s’!

Fixed conditions

Sample mass: 120 mg
Heating time: S h
Stirring speed: 250 rpm

Influence of the parameters related to sample preparation and determination steps in the TIE method: sample mass (A), heating time (B),

stirring speed (C) and dispensing rate (D). Agreement values (gray columns, %) were obtained by the comparison of the results of TIE (n = 10)
with the official method (n = 3, AOAC 920.160) using the olive oil sample D. The same letters indicate no statistical difference (Tukey test,

p > 0.05).
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Table 1 Results (mg KOH g~ of oil; mean + standard deviation) for
saponification value of edible oils obtained by TIE (n = 10) and AOAC
920.160 (n = 3) methods

Oil type Manufacturer TIE AOAC 920.160
Canola A 172.9 + 4.2 177.5 £ 2.1
B 188.4 £ 5.4 188.8 + 1.2
C 171.7 £ 3.5 175.1 + 2.0
D 196.7 + 4.4 198.1 + 0.6
Corn A 183.5 £ 4.4 184.9 + 0.4
B 187.3 £+ 3.8 186.0 + 1.2
C 186.4 £+ 3.7 184.6 + 1.3
D 178.0 £+ 2.8 175.3 £ 1.9
Olive A 183.8 £ 4.3 180.1 + 1.9
B 189.2 + 3.3 186.7 + 1.2
C 181.3 £ 3.4 179.6 + 1.7
D 188.8 £ 2.5 185.6 + 1.5
Rice A 195.7 £ 4.2 196.6 + 4.5
Soy A 180.7 £+ 3.3 179.2 + 0.8
B 184.1 £ 3.3 180.7 + 1.7
C 182.2 + 3.6 184.0 + 0.7
D 184.5 + 3.7 182.3 + 0.3
Sunflower A 181.7 £ 3.4 181.5 £ 0.8
B 183.7 £ 2.8 181.3 + 2.0
C 180.5 £ 4.4 178.0 + 2.5
D 180.7 £+ 3.1 181.5 £ 0.7

Table 2 Comparison of parameters of merit of TIE with AOAC
920.160 method for saponification value determination of edible oils

Parameters TIE  AOAC 920.160
Mass of sample (g) 0.12 5.0
Reagent consumption (g per sample)

Calcium oxide 0.16 2.25
Ethanol 2.80 39.45
Hydrochloric acid 0.04 0.08
Potassium hydroxide 0.05 2.00
Residue generation (g of chemicals per sample) 3.05 43.8
Time spent per run (h) 6“ 14
Sample throughput (samples per h) 1807 1°
Energy consumption (kWh per sample) 0.01¢ 6.25°

“ Considering one reactor per run (microplate or glassware).
b Considering one hundred microplates in one oven each run.
¢ Considering one distillation apparatus each run. ¢ Energy consumed
by oven, pipette, infrared camera and magnetic stirrer. ° Energy
consumed by heating plate and ultrathermostatic bath.

physical and health risks. Furthermore, the residue generation
decreased by 15-fold (on average) using the proposed method,
which is an important and significant feature.

Another important aspect of the TIE analysis is the possi-
bility of determining the SV of four wells simultaneously and
twenty four measurements in the same microplate, which
provides a high throughput. Despite the 6 h required for each
run, the proposed method allows the use of up to 100 micro-
plates in an oven (or even more, depending on the size of the
equipment). This finding can be considered to be one of the
best advantages of the proposed method since it allows
a sample throughput of 180 samples per hour over only one for
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conventional method, showing the usefulness of the proposed
TIE method for routine analysis.

Conventionally, the TIE method used disposable micro-
plates, but it is possible to wash the plates and reuse the reac-
tors for other samples.*® Another concern is the environmental
impacts: the energy consumed for SV determination in one
replicate by TIE was only 0.01 kWh, while the energy
consumption for one replicate in the conventional method is
6.25 kWh per sample. Therefore, the proposed TIE method
allowed a reduction in energy consumption by a factor of 625.
This high amount of energy consumption in the conventional
method is mainly related to the heating time since at least
30 min is required the saponification of each sample, which is
performed in a heating plate.

Green analytical chemistry concepts have emerged as a great
challenge for the development of analytical methods. The
miniaturization of methods in analytical chemistry follows this
principle because it is concerned with the environmental
impact. As a consequence, the development of instrumentation
and methodologies that reduce the negative impacts of the
analysis has been a focus of several studies. Thus, the applica-
tion of TIE for SV determination is in accordance with this
practice. In the proposed method, the sample amount is
reduced, the use of energy is minimized, the safety of the
operator is increased, the amount of analytical waste is
decreased, and the method accuracy is not compromised,
making TIE a promising tool for application in routine analysis
for edible oils.***> Considering the similarity of the procedure for
SV determination of different oils, it is expected that the
proposed TIE method could be adapted for evaluation of other
vegetable oils.

4 Conclusions

The proposed method using TIE combined infrared thermal
imaging with enthalpimetric analysis, allowing the effective SV
determination of edible oils. The obtained results showed
suitable agreement (ranging from 97.4% to 102.1%) with
conventional methods in lesser time and higher throughput.
Additionally, the proposed method enables the analysis in
a single flask and saves energy and reagents, making this tool
a reliable, easy-to-use and green alternative method for the
routine analysis of oils.
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Abstract

Content uniformity (CU) is often evaluated in the quality control of pharmaceutical dosage
forms, and a novel method was proposed for CU determination using thermal infrared
enthalpimetry (TIE). Captopril tablets were dissolved in 24-well microplates and the heat
released from the reaction of captopril and I was monitored with an infrared camera. To
optimize the proposed method, the captopril/I> ratio, stirring speed, and dispensing rate were
evaluated; the most suitable conditions were 1:1 (v/v), 250 rpm, and 0.57 mL s!, respectively.
Interferences from tablet adjuvants (e.g., starch, cellulose, and lactose) were not observed. The
results obtained by TIE did not differ statistically (Student’s #-test, p > 0.05) from those obtained
by the conventional method (UV spectrophotometry) described in pharmacopeia. The TIE
method required 31 and 12 times less reagent and time, respectively. Therefore, the proposed
method is suitable for routine analysis and agrees with the requirements of green analytical

chemistry.

Keywords: active pharmaceutical ingredients, enthalpimetric analysis, content uniformity

determination, green analytical chemistry, thermography
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Introduction

Quality control of medicine is essential in the pharmaceutical industry, responsible for
the quality and safety of the active pharmaceutical ingredients presented in different
formulations. Captopril (1-[(2S)-2-methyl-3-sulfanylpropanoyl]-L-proline) is an active
pharmaceutical ingredient largely used for antihypertension due to its inhibitor effect on the
angiotensin-converting enzyme.! Quality control of captopril is performed according to
pharmacopeial methods, including the evaluation of content uniformity (CU).

The CU could be used to guarantee a suitable degree of uniformity in the quantity of
drug present among dosage units of solutions, powder, granules, sterile solids, tablets, and hard
capsules. According to the Brazilian Pharmacopoeia, the CU evaluation of captopril tablets is
recommended in the respective monograph.? For this purpose, 10 solid-dosage forms are diluted
in ethanolic solution with further spectrophotometric measurement at 212 nm for further
calculation of acceptance value.? Other solvents can be used to dissolve the tablets, such as 0.1
mol L' HCI for further spectrophotometric determination of captopril.® In addition, CU can
also be determined using high-performance liquid chromatography (HPLC), a method
performed using reference solutions and samples, both diluted in the mobile phase and
submitted to sonication for 5 min.*° Despite the widespread use of these methods for CU
evaluation, some drawbacks, such as the time required and limited sample throughput, have
impaired their use in routine.

Recently, thermal infrared enthalpimetry (TIE) was proposed as a new technique that
uses an infrared camera to monitor differences in temperature of solutions for neutralization,
precipitation, complexation and redox reactions. This technique allows the simultaneous
evaluation of several microplate wells, to which reagents are added by a multichannel pipette.
The heat released from reactions is measured and the difference of temperature before and after

reaction is determined, which is proportional to the amount of analyte. This approach was
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employed to determine calcium carbonate and ferrous sulfate in tablets and sodium chloride in
physiologic sterile saline solution.® The agreement of TIE with the conventional method ranged
from 96% to 101%, showing good accuracy, with more than 20 times increased sample
throughput in comparison to conventional titration. Other developed applications included the
determination of vinegar acidity,” content and acidity of pickled vegetable brine,® alcohol
content of distilled beverages and wines”!'? and saponification value in edible oils.!! These
studies achieved an increase in throughput and decreases in time, reagent consumption, and
energy requirements.

Therefore, TIE is proposed as a simple and rapid method to determine CU in captopril
tablets. Sample preparation and analysis were performed in the same reactor, avoiding
excessive sample handling. The effect of adjuvants (starch, cellulose, and lactose) used in the
captopril formulations and the influence of reagents ratio, stirring speed, and solution
dispensing rate were evaluated in order to obtain the lowest measurement variation. The

obtained results were compared with those from the conventional, pharmacopeial method.

Experimental

Samples and chemicals

Sample of captopril tablets (50 mg) from four different manufacturers (named 1, 2, 3,
and 4) were purchased from a local market (Santa Maria, RS, Brazil). Sample 1 was used to
optimize the analytical parameters. Hydroalcoholic solutions (1:1, v/v) were prepared using
absolute ethanol (99.8%, Dinamica, Brazil), and ultrapure water was obtained from the MilliQ
system (Direct-Q 3 UV, 18.2 MQ cm, Millipore Corp., USA). A reference solution of 0.25 mol

L iodine was prepared in 30% (m/v) potassium iodide (99.0%, Vetec, Brazil) hydroalcoholic
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solution using solid iodine (99.9%, Neon, Brazil). This solution was used as a reagent to
stoichiometric excess in the TIE method. In order to determine the CU by TIE, a reference
solution containing 50 mg of captopril in 1.2 mL was prepared using raw captopril of 99.8%

purity.

Instrumentation

Reactions were carried out in a disposable, polystyrene, 24-well microplate (Nest
Biotechnology, China), with each well having total volume 3.0 mL. All reagents were
introduced into the reactors using an electronic multichannel pipette (Research Pro 1200,
Eppendorf, Germany) with eight channels and volume ranging from 0.050 to 1.200 mL. A
magnetic stirrer (Centauro, Brazil) was used for stirring. A long-wave infrared camera (7.5—
13.0 um, 320 x 240 pixels, 30 Hz, FLIR E60 model, FLIR, USA) was used to simultaneously
determine the temperature in the wells. Images were processed using ResearchIR software
(FLIR, version 3.5). An ultrasonic bath (25 kHz, model D-78224, Elmasonic, Germany) was
used to dissolve the tablets and a UV-Vis spectrophotometer (model 8453, Agilent, USA) was
used at 212 nm to determine the CU of captopril tablets according to the Brazilian

Pharmacopoeia method.?

Optimization of parameters for TIE analysis

The total amount of adjuvants used in the evaluated captopril formulations was around
150 mg."? Given the main adjuvants used in such formulations, the effects of starch, cellulose,
and lactose were evaluated. To this end, 50, 100, and 150 mg of each adjuvant and a mix

containing 50 mg of each were added to all wells, to which 1.2 mL solution containing 50 mg
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of captopril was then added. The AT values obtained were compared to a reference solution (1.2
mL) containing 50 mg of captopril.

The ratio between captopril and iodine solution (from 0.50 to 1.50), stirring speed (from
100 to 300 rpm), and dispensing rate (from 0.46 to 0.71 mL s™') were evaluated in TIE
measurement. For this purpose, a mix containing starch, cellulose, and lactose (150 mg) was
previously added to each well. To these reactors, a reference solution (1.2 mL) was added,
followed by 1.2 mL of 0.25 mol L' I, solution as a reagent to stoichiometric excess. All
parameters were compared using AT values.

The time required to disintegrate and dissolve tablets was then evaluated. Tablets were
inserted into each well, followed by 1.2 mL of hydroalcoholic solution (1:1). The temperature
variation was monitored under the addition of 0.25 mol L™ I, solution (1.2 mL) until the
temperature remained constant. All results were evaluated using the relative standard deviation
(RSD) of measurements (n = 10) and by comparing results with those obtained with captopril

reference solution (n = 10).

Determination of CU by TIE

Tablets were inserted into each well using tweezers, and 1.2 mL of hydroalcoholic
solution (1:1) was added. Wells were maintained under stirring for 16 min using a
polytetrafluoroethylene-covered magnetic stir bar (3.0 % 6.5 mm). After dissolution,
stoichiometric excess I» solution (0.25 mol L™, 1.2 mL) was added, as shown in Figure 1. The
temperature was monitored by an infrared camera fixed at a distance of 40 cm from the
microplates, and a circle covering 46.8% of the total well area was used to monitor the reactions,
following previous work.” The average of the temperature data was plotted to form an

enthalpogram. Temperature variation was calculated using the equation AT = 7y - T; where Tris
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the final temperature after the reaction and 7;is the initial temperature before the reaction. The
Trand T; values were obtained by averaging the values from 2 s before and after the addition of
reagent in stoichiometric excess.® For all measurements, relatively humidity and temperature

were corrected in software.

Figure 1

In the same way, reference solution containing the same amount of captopril (50 mg)
was evaluated. Content uniformity was determined based on temperature variations, using

Equation 1:

Captopril (mg) = 50 x&Tl
aptopril [mg) = my AT

Equation 1.

where AT is the difference in temperature for the sample solution (°C) and ATz is the difference
in temperature for the reference solution (°C). Afterwards, the acceptance value was calculated

based on the Brazilian Pharmacopoeia criteria.’

Determination of CU according to Brazilian Pharmacopoeia

Ten 50 mg captopril tablets were individually transferred to 50 mL volumetric flasks
containing 5 mL of water. 25 mL of a hydroalcoholic solution (1:1) were added to each flask,
which were sonicated for 15 min in the ultrasonic bath and mechanically agitated for 15 min.
After the tablets dissolved, the content was filtered, and an aliquot of 0.5 mL was transferred to
a 25 mL volumetric flask and completed with the same hydroalcoholic solution. The same

procedure was performed for a reference solution containing 50 mg of captopril and blank
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solution. Blanks, samples, and reference solutions were evaluated by UV-Vis
spectrophotometer at 212 nm and the CU was determined. Then, the acceptance value (AV) was

calculated according to the Brazilian Pharmacopoeia criteria.

Results and Discussion

Influence of adjuvants used in captopril tablets on TIE measurements

Prior to optimizing the parameters of the TIE measurements, a study regarding the main
adjuvants used in captopril tablets was performed to evaluate the possible interference of the
matrix during reactions. According to the Brazilian National Health Surveillance Agency
(ANVISA) database,'? the main adjuvants used in captopril tablets are monohydrate lactose,
microcrystalline cellulose, and pregelatinized starch. The average weight of the tablets was
around 200 mg. Since the captopril samples weighed 50 mg, the influence of 150 mg of different
adjuvants was evaluated: 50, 100, and 150 mg of each and a mix with 50 mg of each adjuvant

(Figure 2).

According to the data (Figure 2), the temperature of all reactions ranged from 1.01 to
1.04 °C, with no significant differences (Tukey’s test, p > 0.05), showing no effect of the matrix
in determining captopril by the proposed method. All subsequent optimizations were thus

carried out using 150 mg of starch.

Figure 2
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Optimization of TIE parameters for analysis

Prior to captopril determination by TIE, optimization was performed to identify suitable
conditions. First, the captopril/I> ratio was evaluated with a total volume of 2.4 mL. The highest
temperature variation in the reactions was achieved with a ratio of 1:1 (v/v; Figure 3a), which
could be associated with better homogenization. Using ratios lower and higher than 1:1

increased the standard deviation.

Figure 3

Since the solutions were homogenized using a magnetic stir bar, it is important to
evaluate the stirring speed. For this optimization, captopril/I; solution ratio of 1:1 (v/v) was
considered. As Figure 3b shows, there were no significant differences (Tukey’s test, p > 0.05)
in terms of the average; however, low stirring speeds gave high RSD values, probably as a
consequence of inefficient homogenization. The most suitable results were achieved at 250 rpm
stirring speed.

Last, the I dispensing rate was evaluated. According to the results (Figure 3c),
significant differences were identified only for 0.50 and 0.57 mL s™' (Tukey’s test, p > 0.05). In
terms of RSD values, the higher dispensing rate provided the highest variation in results,
probably as a consequence of a loss of solution from wells. High variation among the
measurements was also observed for lower dispensing rates (0.46 and 0.50 mL s™). This could
be explained by the time the pipette tips remained in front of the camera, which impaired the
measurement of temperature variation and consequently impacted the deviation of
measurements. A dispensing rate of 0.57 mL s was chosen, taking into account the lower

deviations and the average (1.00 £ 0.02 °C), which was very close to that of the reference
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solution without adjuvants (1.01 = 0.03 °C). Therefore, the parameters chosen for the
determination of captopril were a captopril/I; ratio of 1:1 (v/v), stirring speed of 250 rpm, and

dispensing rate of 0.57 mL s,

Determination of captopril in tablets

Determination of CU by TIE is based on the reaction between captopril and iodine
(Figure 4). After oxidation by I, captopril becomes captopril disulfide, the main impurity
present in raw captopril material.!*!* Because the TIE method is based on this reaction, this
impurity does not interfere, because only captopril and not the captopril disulfide reacts with

iodine.

Figure 4

Given the compression process during the fabrication of captopril tablets, disintegration
and dissolution are required prior to the determination to ensure total drug dissolution and
determination. In this regard, 1.2 mL of hydroalcoholic solution was used to dissolve each
tablet. Figure 5 shows the dissolution and disintegration profile. The tablets from manufacturers
1 and 3 dissolved in 4 min, while samples obtained from manufacturers 2 and 4 required more
time for total dissolution, dissolving in 10 and 12 min, respectively. This distinct behavior could
be explained by the different procedures and proportions of adjuvants each manufacturer used
in fabricating the tablets, which affects the compression and consequently the disintegration

and drug dissolution.

Figure 5
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Considering these differences in dissolution time, all samples underwent 16 min of
stirring. Captopril content was determined in the four commercial samples by the TIE method
and compared with the results obtained by the conventional method.? As shown in Table 1, the
proposed method was accurate, with no significant differences (Student’s ¢-test, p > 0.05) for
all samples evaluated between both methods. Regarding precision, lower values of RSD were
achieved with the proposed method than with conventional determination, with influence on

the acceptance values (Table 1).

Table 1

The requirements for dosage uniformity (according to Brazilian Pharmacopoea) were
reached for all evaluated samples.? Acceptance values were calculated for all samples using
both methods; for 10 units, their acceptance values were lower than 15.0, ensuring the
consistency of dosage units without the requirement to analyze 20 more units. Since the
proposed method yielded lower deviations among measurements, the acceptance values were
lower than those when using conventional determination. Therefore, the effect of uncertainties
from analytical method in the AV is reduced using TIE, which is an important benefit for CU

evaluation.

Evaluation of environmental impacts

Routine chemical analysis in the chemical and pharmaceutical industries has
environmental impacts. In this regard, the development and use of alternative technologies or
methods which decrease the environmental impact is a trend. Some parameters related to

environmental aspects were evaluated in order to compare the proposed method to conventional
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captopril determination.'> 16

The miniaturized, proposed method consumed 31 times less alcohol than conventional
captopril determination. The conventional method required 12 times more energy than the TIE
method. The proposed method does employ KI and I, as reagents, which are drawbacks
compared to conventional CU determination. However, in terms of throughput, the TIE method
allowed the determination of at least 24 replicates (considering only one microplate) in less
than one-half hour.

Important to mention is that the use of microplates allowed the integration of analytical
processes in the same vessel, minimizing random and systematic errors and impacting the
precision of measurements. Thus, captopril dissolution and determination steps in the proposed
method were made in the same reactor, which provided suitable accuracy and greater precision

in the results compared with the conventional method.

Conclusions

The proposed TIE method allows the determination of the CU of 50 mg captopril tablets
more quickly and more precisely than does the conventional pharmacopeial method. Results
for CU were satisfactory, considering that all samples agreed with the requirements of the
Brazilian Pharmacopoeia. Time, energy, and reagent consumption were reduced by more than
24,11, and 31 times, respectively, in the proposed method, which could therefore be considered
more environmentally friendly than the conventional method. In addition, the integration of
processes allows measurements with lower deviations, resulting in lower acceptance values
compared with those in the Brazilian Pharmacopoeia. In addition, advantages of the proposed
TIE method, such as the reduction of steps for sample preparation and higher throughput, make

it suitable for routine analysis.
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Table 1. Results for content uniformity of captopril 50 mg tablets by TIE and conventional
method described in Brazilian Pharmacopoea (Conv.). The acceptance value was
calculated based on Brazilian Pharmacopoea parameters.? No significantly difference

was observed between TIE and conventional method (Student’s #-test, p > 0.05).

Manufacturers
Tablets 1 2 3 4
TIE Conv. TIE Conv. TIE Conv. TIE Conv.

1 513 505 505 505 544 536 499 499
2 512 50.1 497 540 51.8 5377 50.1 495
3 50.6  50.6 514 498 523 546 505 494
4 51.1 484 519 531 534 527 505 494
5 49.7  50.2 520 53.0 513 520 496 49.7
6 504 502 521 52.0 51.8 539 505 495
7 51.6  51.0 51.0 52.0 529 525 510 503
8 498 504 513 497 51.8 543 495 495
9 51.9 519 51.1 534 524 527 506 504
10 513 516 51.9 509 519 51.7 499 5109
Mean 509  50.7 513 519 524 532 502 499
SD 0.7 0.8 0.8 1.5 0.9 1.0 0.5 0.8

RSD (%) 1.5 1.6 1.5 2.9 1.8 1.9 1.0 1.6

Acceptance value 3.8 3.8 4.8 9.5 7.2 9.7 2.3 3.8
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Figure 1. Procedure used to determine captopril content in tablets by TIE method.

Figure 2.

Figure 3.

Figure 4.

Figure S.

Effect of main adjuvants used in captopril tablets on TIE measurements (n=10);
starch (S), cellulose (C) and lactose (L). Captopril amount of 50 mg in each well.

Dashed line indicate the data relative to reference solution without adjuvants.

Influence of parameters on TIE: I. captopril/iodine solutions ratio, II. stirring speed,

and III. dispensing rate. Same letters indicate no significant difference (Tukey test, p

> 0.05).

Reaction between captopril and iodine explored in TIE method.

Profile of tablets dissolution from different manufacturers (n=4).
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ABSTRACT

Conventionally, the determination of active chlorine is performed by iodometric titration,
requiring a long time for analysis and high amount of reagents. Thermal infrared enthalpimetry
(TIE) was used to develop an alternative method for active chlorine determination in
commercial bleaching solutions, based on the heat released from the reaction of hypochlorite
with H20». The most suitable results were found for 5% H2O: (v/v), stirring speed of 250 rpm,
dispensing rate of 0.57 mL s and 10 s after reaction for temperature reading. Agreement
ranging from 98.2 to 103.2% were achieved in results of ten samples analyzed by TIE in
comparison to those obtained by NBR 9425. In order to quantify the green aspects of the
proposed method, the Green Analytical Procedure Index (GAPI) was performed. Based on the
results, the proposed method allowed direct analysis and reduced the use of reagents in
comparison to official method that requires the use of KI, acetic acid, starch and Na>S;0s. In
the proposed method, on the other hand, the use of these reagents was avoided and only H20:
solution was required as a greener reagent. The method miniaturization enables the reduction
of the number of analytical operations and the possibility to perform all steps in the same reactor
are features of the proposed TIE method. A high throughput (300 replicates per hour) was
reached and only H>O and O were generated as residues, following the principles of the green

analytical chemistry.

Keywords: active chlorine, thermal infrared enthalpimetry, quality control, green chemistry,

thermography
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1 Introduction

Chemical disinfectants based on chlorine have been widely used mainly due to their
convenience and low cost.!* ? Bleaching products based on chlorine are unstable due to the
degradation of compounds that release Clz during storage.® The quality control of products with
active chlorine is required in some countries and in Brazil its concentration in commercial
formulations range from 2.0 to 2.5% (w/w).*

Commercial bleaching solutions are analyzed currently by iodometric titration
method, which requires high amount of different reagents used in several steps for analysis,
presenting low throughput.’ Alternative methods, such as colorimetric®®, chemiluminescent’,

12,13 could be used for active

potentiometric'®, amperometric!! and flow injection methods
chlorine determination in several samples. Contrarily to the methods based on iodometric
titration, the majority of instrumental methods were developed for the determination of active
chlorine in low concentrations, as presented in drinking water. Methods based on the
spectrometric determination were preferred to others, since the reagents consumption and
successive dilutions are lower.!? !> However, results can be impaired in terms of precision due
to the lack of selectivity, since any substance that absorb radiation could cause interferences in
the measurement.'?

In general, official methods recommended for quality control use iodometric titrations
for evaluation of bleaching solutions. They are laborious and spend high amounts of reagents
and time that impaired their use for continuous monitoring during industrial processes. In
addition, these analytical methods are related to their environmental impact and the
development of alternative methods following the green analytical chemistry is desirable.'*

The miniaturization of analytical methods is an alternative that enables chemical

analysis using lower amounts of sample and reagents in comparison to conventional methods
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leading to lower waste generation. On the other hand, the use of unique vessel to perform all
analytical steps is an alternative to speed up analysis and also minimize the incidence of
systematic and random errors.'*

In this way, thermal infrared enthalpimetry (TIE) was used for the development of an
alternative method embracing the features. TIE is a fast an ease of use and enables a noninvasive
temperature monitoring of multiple reactions through the combination of disposable
microplates, a multichannel pipette, an infrared camera and a software to data processing.'” The
principle of this technique is the measurement of temperature variation of a reaction between
an analyte in presence of a reagent in stoichiometric excess, which is added using a multichanel
pipette and monitored through an infrared camera. This approach has been applied to quality
control of food and medicines, based on neutralization, precipitation, redox and complexation
reactions providing suitable results.!>!8

Recently, this technique was applied for the determination of total, fixed and volatile
acidities of vinegar leading to more precise results than conventional method.!” An alternative
TIE method for alcoholic content determination was also proposed using only water as reagent
to increase the temperature of solutions based on the heat of dissolution phenomenon. An
agreement ranging from 99.2 to 100.8% with conventional method was achieved. In
conventional alcoholic content determination a step of sample preparation is required, which
was avoided in this work, providing a throughput 480 times higher in comparison to official
method. In addition, the energy consumption decreased three thousand times, showing a good
alternative for routine analysis.!'® 1

An alternative method to determine simultaneously total acidity and salt content in
pickled vegetables using a TIE was proposed. In this approach, microplates were charged with

a stoichiometric excess of NaOH and AgNOs; with subsequently sample addition. Using the

heat released from reactions, the total acidity and salt content was simultaneously determined
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using a suitable calibrations curves. An agreement of obtained results ranged from 94 to 103%
was obtained in comparison with those obtained by conventional method. The use of TIE
enabled the acidity and salt content measurements of 240 per hour, which in conventional
titration require 2 days."”

Another application using TIE as an alternative method was proposed to determine the
saponification value in edible oils. In this method, a step of sample preparation was performed
in the same reactor used in determination step, allowing the integration of process. An
agreement ranging from 97.4 to 102.1% was obtained even using 41 times lesser reagents and
consuming 625 lesser energy in comparing of conventional method.?

In this work is proposed an ease of use, rapid and green method for the determination
of active chlorine in bleaching solutions by TIE. Sample dilution and determination steps were
carried out in a single reactor avoiding excessive handling and improving the throughput.
Temperature variation after addition of reagent in stoichiometric excess (H202) was monitored
through an infrared camera and the active chlorine was determined using a calibration curve.
The influence of H>O> concentration, curve calibration range, stirring speed, dispensing rate
and acquisition time of temperature data were evaluated in order to obtain suitable results.
Results obtained by TIE were compared with those obtained by official method NBR 9425 in

order to evaluate the proposed method.

2 Materials and methods

2.1 Instrumentation

The temperature was determined using a long wave infrared camera (7.5-13.0 um,
FLIR E60 model, FLIR, USA) which provides images of 320 x 240 pixels at frame rate of 30

Hz. Data processing was performed using software ResearchIR (FLIR, version 3.5). The
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reactions in TIE method were carried out in disposable polyestyrene 24-well microplates
(Evergreen Scientific, USA) with internal volume of 3.0 mL in each well. The addition of
solutions in the wells was performed with an electronic multichannel pipette (eight channels)
with volume ranging from 0.050 to 1.200 mL (Research Pro 1200, Eppendorf, Germany). For
homogenization, a magnetic stirrer (Centauro, Brazil) was used. The energy consumption of
equipment was measured using a power meter (Fluxe 43B model, Fluke Corporation, Everett,
USA) and the CO> emission was calculated considering 1 kWh of energy release 0.8 kg of

CO,.%!

2.2 Samples, reagents and standards

Ten samples of hypochlorite solutions from different manufacturers with informed
concentration range from 2.0 to 2.5% (w/v) were purchased in a local market (Santa Maria, RS,
Brazil). Potassium iodide (Vetec, Brazil), glacial acetic acid (Vetec, Brazil) and a starch (Vetec,
Brazil) solution (0.5%, w/v) were used for titration.?? A 0.1 mol L' sodium thiosulfate solution
(Vetec, Brazil) was previously standardized with potassium permanganate (Vetec, Brazil)
solution and used to determine the active chlorine in conventional titration. In TIE
determination, 50% H»O> (w/w; Vetec, Brazil) was used to prepare solutions in several
concentrations. Ultrapure water obtained from MilliQ system (Direct-Q 3 UV, 18.2 MQ cm,

Millipore Corp., USA) was used in both methods.

2.3 Optimization of TIE parameters

During H>O> decomposition, the release of oxygen causes the formation of bubbles on

the surface of the solution. Since the temperature of the bubble is different from the temperature
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of the solution, the presence of these bubbles. However, as is known, the reaction between KI
and hypochlorite does not present this drawback. In this sense, a comparison with both reactions
in order to evaluate the presense of interferents during the data acquition time was performed.
This evaluation was performed from 6 to 12 s after 5% H20; and 30% KI. All results were
evaluated considering the relative standard deviation (RSD) of measurements and the accuracy
of the proposed method was performed based on the comparison of results obtained with NBR

9425 method.

2.4 TIE analysis

Samples and water were added (600 pL of each one), directly in the microplate wells
using a multichannel pipette. A polytetrafluoroethylene-covered magnetic stir bar (3.0 x 6.5
mm) was added for homogenization followed by the addition of stoichiometric excess of H2O:
(w/w, 5%, 1.2 mL) for the determination of active chlorine. The procedure for TIE

measurements was shown in Figure 1.

Figure 1

The temperature of reactions were monitored before, during and after H>O, addition
by infrared camera, which was attached to a tripod at 40 cm of distance from microplates. Using
the average of data obtained for each well, an enthalpogram was plotted. In order to monitoring
reactions, a circle with 180 pixels was used in the software.!> !” The difference in temperature
was calculated using the mean of 2 s before and after 10 s after the reaction and was obtained
using the equation AT = Ty- T; where Tris the final temperature and 7; is the initial temperature.

The temperature and relatively humidity were corrected in the software for all measurements. '
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A calibration curve ranging from 0.3 to 1.5% of HCIO was constructed with reference solutions

and used to determine the concentration of active chlorine in samples.

2.5 Analysis by official method

Active chlorine was determined by conventional method according to official method
NBR 9425 For this, 5.0 + 0.5 g of sample was weighed in a volumetric flask and diluted up to
100 mL with water. After, 10 mL of the this solution was transferred to an erlenmeyer flask and
was added 30 mL of 5% KI (w/v) solution, 10 mL of glacial acid acetic and 1 mL of starch
indicator solution. The flask containing all reagents was titrated using 0.1 mol L™! Na,S>03 and

the active chlorine content was calculated based on reaction stoichiometry.’

3 Results and Discussion

3.1 Evaluation of reaction of bleaching solutions with H202

The temperature increase resulted from the reaction of H2O2 and hypochlorite ion,

generating chlorine, water and oxygen according the reaction shown in Equation 1.

ClO+H,0, = Cl+H,0+0,  aH=-868176k mol*
Equation 1.
A reference solution of active chlorine (1.5%, w/v) was used and the excess of H>O»
was evaluated ranging from 0.2 to 50%. According to the results shown in Figure 2, it is possible
to see an increase in the temperature variation, with the raise of H>O> to 1%, which is explained
on the stoichiometry reaction, since 1.5% HCIO requires around 0.7% of H20.. No significant

differences (Tukey test, p > 0.05) were observed in the concentration ranging from 1 to 10%
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of H>O», showing that the reagent used was in stoichiometric excess. However, when the
concentration of H>O; solution were higher than 20% (w/w) the effect of heat dilution was
observed in the blank, providing significant difference in the increase of temperature. In this
sense, the choice of the H>O» concentration was made taking into account the stoichiometric
excess, the absence of dilution heat and the best precision of results, which were achieved when

5% H20; was employed.

Figure 2

3.2 Parameters optimization of TIE method

Previously to the active chlorine determination by TIE, an optimization was performed
to ensure low deviation among measurements. As already demonstrated TIE showed that
stirring speed and dispensing rate have an impact in the results.'® 7 In this way, an optimization
of these parameters was carried out using 1.2 mL of active chlorine (1.5%, w/v) as reference
solution and the injection of 1.2 mL of 5% H>O: as reagent in stoichiometric excess.

As shown in Figure 3-I, higher stirring speeds provided lower standard deviation. This
behavior could be explained by the fact that oxygen formed during the reaction was removed
faster with intense stirring, providing more homogeneous results. On the other hand, when the
experiment was carried without stirring, higher deviations were obtained, which was related to
the formation of stable bubbles in the solutions, impairing the precision and accuracy of the
method. In the highest stirring speed (350 rpm), the lowest temperature variation was obtained,
caused by the expulsion of solutions from the wells due to the high speed of stirrer bar. Then, a
compromise condition (250 rpm) between the highest temperature variation with the lowest

deviation was chosen as the condition for subsequent evaluations.
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Figure 3

The dispensing rate was also evaluated and the highest temperature variation and the
lowest deviation was achieved for 0.57 mL s! (Figure 3-II). This value is in accordance to the
results found in similar works using TIE.!® 7 In these works, lower dispensing rates provided
an increase in the standard deviation due to the time that tips remained in front of a camera,
impairing data acquisition. On the other hand, when the dispensing rates were faster part of the
solution was expulsed from the wells, also impairing the of measurements. Therefore, the

dispensing rate of 0.57 mL s™! was selected for further measurements.

3.3 Evaluation on the data acquisition

The temperature monitored using the infrared camera is superficial, then any
interference in the surface could provide inaccurate results. In the present work, TIE was used
for the first time for monitoring reactions that release gases. In this sense, interferences could
be observed in the measurements, since the presence of bubbles during temperature monitoring
could impair the results. In preliminary experiments, the data acquisition was performed after
10 s of excess reagent addition, which are enough for total gases release from wells. Even that
no bubbles were observed in the surface, an estimative on the lower and higher time for the data
acquisition was necessary. In this way, a study using reaction between HCIO and KI was
performed. lodine potassium (30%) was also evaluated as excess reagent, since there were not
gases released from its reaction with hypochorite ion. Thus, active chlorine solutions in
concentrations of 0.3, 0.9 and 1.5% were used when H>O, was used as excess reagent and 0.5,
1.5 and 2.0% when 30% KI was used. These parameters were chosen considering the enthalpy

values of reaction.
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Temperature variation from the reaction among hypochlorite with excess of H>O» and
then KI is shown in Figure 4-I and 4-11, respectively. As can be observed, after the addition of
H>O; (Figure 4-1) the temperature variation was not stable due to the bubbles formation, which
were afterwards released by stirring. This behavior was observed 6 s after the addition of
reagent in stoichiometric excess, remaining without significant difference (Tukey test, p > 0.05)
by the next 6 s. The same study was made for KI as excess reagent, which presented the
temperature variation during all time evaluated. Therefore, this proves that in the evaluated
times there were no heat loss from wells, which allows the data acquisition in the proposed
method within 12 s after reagent addition. In this way, the data acquisition was performed in 10

s after excess reagent addition in the proposed method.

Figure 4

3.4 Determination of active chlorine in commercial hypochlorite solutions and accuracy

evaluation of proposed method

After the parameters optimization, the proposed method was applied for the
determination of active chlorine in commercial samples and the results were compared to those
obtained by conventional titration according to NBR 9425.° For TIE, the calibration curve used
for active chlorine determination showed suitable linearity (1> = 0.9936) ranged from 0.3 to
1.5%. Considering this range, the concentrations presented by manufacturers were used to
estimate the dilution of samples within this range. As shown in Table 1, all values obtained for
the four commercial samples were in suitable agreement (from 98.2 to 103.2%) with
conventional titration and no significant difference was observed (Student’s #-test, p > 0.05).

The variation of measurements of conventional method was lower than TIE, with RSD ranging
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from 0.8 to 1.8% and 1.8 to 3.3%, respectively. These could be explained by the reduction in
16 times of the sample volume used for TIE in comparison to NBR 9425. An important aspect
of the proposed method is the possibility in reuse of the microplates after washing for several

samples, assuring the minimal material disposal.

Table 1

According to the standard requirements, active chlorine concentration in bleachings
must be between 2.0 and 2.5%. In this sense, one sample presented values lower than this
parameter. The other nine samples evaluated presented concentration higher than the maximum
limit allowed and one present lower than 2 % of active chlorine, which are in disagreement with

the Brazilian legislation.*

3.5 Green Analytical Procedure Index determination

A comparison of features and drawbacks of TIE and NBR 9425 was made based on
the Green Analytical Procedure Index (GAPI) in terms of green analytical chemistry attributes.
This tool was chosen due its capacity to provide much information in relation to other methods
available to evaluate the greenness of protocols in the literature. GAPI is performed considering
the entire analytical method, from sample collection to final determination, presenting itself as
a complete tool for evaluation and comparison of methods. The all data considered for this

evaluation were presented in Table 2.2}

Table 2
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The results of the comparison between the AOAC method and the proposed method
are shown in Figure 5. In the pictogram is possible to see that the proposed method allows the
active chlorine determination in a greener way, taking into account the use and amount of
solvents and reagents, compounds use and instrumentation security. In this sense, the choice of
the proposed method for active chlorine determination in bleaching solutions should be used,
which is more greener than conventional determination.

It is possible to highlight that TIE method avoids the use of many reagents normally
used in conventional method. In the conventional analysis, KI, acetic acid, starch indicator, and
0.1 mol L' NayS,0;5 (1.5 g, 10.0 mL, 1.0 mL, 7.0 mL, respectively, which are required for one
replicate) were used as reagents. They are all absent in TIE method. In relation to volume of
sample, the proposed method reduced more than 16 times in relation to the NBR method. The
only reagents used in the proposed method are water (50 times lower than conventional method)
and 5% H>0., which are not required in the conventional analysis. The use of H.O> as reagent,
instead of the high amount of several reagents used in conventional method, is beneficial, since

is used a low volume (1,2 mL, 5%) and the decomposition products are just water and oxygen.

Figure 5

The analysis by TIE requires the use of a multichannel pipette, magnetic stirrer and an
infrared camera, which spent 0.001 kWh per measurement generating 0.8 g of CO» for the
environment. In contrast, conventional analysis does not employ any electrical equipment. The
proposed method provided results of one replicate in 0.2 min, while it was required 5 min using
conventional titration. Therefore, a higher throughput was observed for TIE reaching up to 300

replicates per hour. In the conventional method, only 12 replicates per hour could be performed.
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4 Conclusions

Thermal infrared enthalpimetry was suitable for active chlorine determination using
only H>O; solution as reagent. The proposed integration process enables the active chlorine
determination in bleaching with suitable precision (ranged from 1.8 to 3.3%) and accuracy
(ranged from 98.2 to 103.2%) in comparison to the official method. The proposed method
allows the analysis of 300 replicates in one hour while the conventional method enables only
12. The miniaturization of method along with the integration of processes provide
environmental advantages, such as the removal of some reagents, and maintain the analytical
performance. Taking into account the release of only water and oxygen by the reagents in the
proposed method, it is possible to confirm that the proposed method is greener than

conventional one, being a promising alternative for routine analysis.
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Table 1. Results for active chlorine (%, w/v) in bleaching commercial solutions obtained by

TIE (n=20) and NBR 9425 (n=3). No significantly difference was observed for between

methods for all samples (Student’s #-test, p > 0.05)

Active chlorine (%, w/v)

Manufacturers

TIE NBR 9425
1 2.64 £0.05 2.62+0.02
2 2.50 £0.07 2.52+0.02
3 2.79 £ 0.06 2.78 £0.02
4 2.47+£0.05 2.46 £0.04
5 2.27 £0.04 2.25+0.04
6 2.33+£0.08 2.36 +0.02
7 1.59 £0.04 1.54£0.02
8 2.63+£0.07 2.64 +£0.02
9 2.59 £0.04 2.55+0.04
10 2.24 +£0.04 2.28 £0.02
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Table 2. Green Analytical Procedure Index parameters for analytical procedures for determination of active chlorine in bleaching solutions by NBR

9425 and TIE method.

Category TIE NBR 9425
Sample preparation
Collection - -
Preservation - -
Transport - -
Storage Store the sample at roon temperature and without Store the sample at roon temperature and

Type of method: direct or
indirect

Scale of sample preparation
Solvents/reagents used

light.

Dissolution and determination in the same reactor

Green solvents/reagents used

without light.

Require a previous dilution with water

Non green solvents/reagents used

Additional treatments None None
Reagent and solvents
0.6 mL of water 100 mL of water

0.6 mL of sample
1.2 mL H202 5%

5 g (4.8 mL) of sample
30 mL of KI 5% (1.5g)

Amount 10 mL of acetic acid
1 mL of starch indicator
7 mL of Na,S203 0.1 mol L' (0.01 g)

Total: 2.4 mL Total: 152.8 mL+1.51 g
Health hazard Green solvents Non-green solvents
Safety hazard Low flammability or instability. Low flammability or instability

Instrumentation

Energy 0.001 kWh 0 kWh
Occupational hazard Hermetic sealing of analytical process Emission of vapours to the atmosphere
Waste 2.4mL 152.8mL+1.51¢g
Waste treatment Recycling Require passivation
QUANTIFICATION Yes Yes
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Figure 1. Procedures used for active chlorine determination in bleaching commercial solutions.

Figure 2. Influence of concentration of H2O2 (%, w/w) in sample and blank temperature

variation (n=38). Temperature variation (gray columns, °C) (Tukey test, p > 0.05).

Figure 3. Influence of some parameters on TIE measurements: 1. stirring speed, II. dispensing

rate. T (Tukey test, p > 0.05).

Figure 4. Evaluation of the data acquisition time for HCIO determination by TIE using

different solutions in stoichiometric excess: 1. 5% (w/w) H20; and I1. 30% (w/v) KI.

Figure 5. GAPI assessment of green profile of the NBR 9425 and TIE method for determing
active chlorine in bleaching samples. Colors of green, yellow and red represents the
characteristics of good, regular and bad in relation to green analytical chemistry and
white are related to not applicable. 1. Sample collection, preservation, transport and
storage; 2. Sample preparation; 3. Reagents and compounds used; 4.

Instrumentation; 5. General method type.
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7 DISCUSSAO

Os resultados obtidos estdo apresentados e discutidos no artigo 1, publicado no
periddico Analytical Methods em 2018, intitulado “Miniaturized, High Throughput and Green
Determination of the Saponification Value of Edible Oils Using Thermal Infrared
Enthalpimetry”’; no manuscrito 2 submetido ao periddico Journal of the Brazilian Chemical
Society, intitulado “Fast, High Throughput Determination of Content Uniformity of Captopril
Tablets by Thermal Infrared Enthalpimetry” e no manuscrito 3, intitulado “A Green Method for
Determination of Active Chlorine in Bleaching Solutions by Thermal Infrared Enthalpimetry”,
que estd em fase de elaboragdo anteriormente a etapa de submisséo.

De maneira geral, todos os estudos desenvolvidos na tese de doutorado se mostraram
vantajosos em comparacdo aos métodos convencionais de analise. E importante destacar que
0s métodos desenvolvidos tiveram um grande impacto positivo quando relacionados aos
aspectos ambientais. Em termos de reducdo no uso de reagentes, foi alcangada uma reducdo de
41 vezes na quantidade de reagentes quimicos utilizados durante a analise do indice de
saponificacdo em amostras de 6leo vegetal. Ainda neste contexto, uma diminuicao significativa
do uso de produtos quimicos e de &gua na ordem de 31 e 50 vezes, respectivamente, foi obtida
na determinacdo da uniformidade de contetdo em comprimidos de captopril e de cloro ativo
em amostras de saneantes. Em virtude da diminuigéo dos reagentes utilizados, a quantidade de
residuos gerada diminuiu cerca de 15 e 31 vezes para 0os métodos desenvolvidos para a
determinacdo do indice de saponificacdo e a da uniformidade de conteldo, respectivamente.
Entretanto, na determinacdo do teor de cloro ativo em amostras e hipoclorito de sédio, foi
necessario o uso de 1,2 mL de H202 5% durante as analises, 0 qual ndo era necessario durante
a determinacdo pelo método convencional. Desta forma, tendo em vista os produtos de
degradacdo do H20», durante a determinacdo de cloro ativo nas amostras, houve a geracao
somente de &gua e oxigénio no final do processo, mostrando-se ambientalmente correto.

De acordo com as bases da quimica analitica verde, ndo somente a questdo relacionada
com a diminuicdo da geracdo de residuos ao meio ambiente € importante durante o
desenvolvimento de processos ou métodos analiticos. Outro ponto bastante importante esta
relacionado com a redugdo do consumo de energia durante a analise quimica, no caso de
métodos analiticos. Como é sabido, a principal fonte de geracdo de energia ainda é baseada na
queima de combustiveis fdsseis, acarretando grande liberacdo de COz para a atmosfera. Com
isso, a poluicdo ambiental é aumentada, causando sérios problemas relacionados ao
aquecimento global e desequilibrios ambientais (VACCARO, 2016; KUMMERER, 2017).
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Neste sentido, os métodos desenvolvidos se mostraram ambientalmente corretos em relagdo a
este parametro, tendo em vista que a quantidade de energia requerida foi reduzida em 625 vezes
para a determinacdo do indice de saponificacdo e em 12 vezes para a determinacdo da
uniformidade de contetdo de comprimidos de captopril em comparagdo aos métodos oficiais
de anélise. No entanto, quando o método desenvolvido para determinacédo do teor de cloro ativo
em saneantes é aplicado, este apresenta um gasto energético de 0,001 kWh, acarretando a
liberacéo de 0,8 g de CO2 a0 meio ambiente. Isso ndo ocorre quando o0 método oficial de analise
é empregado, tendo em vista que 0 mesmo nédo requer o uso de nenhum tipo de equipamento
elétrico. Portanto, em termos de requerimentos de energia, 0 método desenvolvido apresenta-
se com leve desvantagem quando comparado ao método oficial de analise.

Um dos pontos positivos relacionado ao método de determinacédo do teor de cloro ativo
em saneantes esta relacionado com a frequéncia de analise. Enquanto 12 amostras sdo
analisadas em uma hora pelo método convencional, quando ¢ feita a determinacgdo por TIE, é
possivel analisar 300 amostras no mesmo periodo de tempo, demonstrando uma frequéncia de
analise 25 vezes maior em comparacdo ao método de referéncia. Ainda neste contexto, os
métodos de analise por TIE para a determinacdo do indice de saponificacdo e de uniformidade
de contetdo em comprimidos de captopril apresentaram, respectivamente, frequéncia de analise
300 e 24 vezes maior em comparacdo aos métodos oficiais. Isso demonstra que, em rotina
laboratorial, os métodos propostos sdo extremamente mais vantajosos, tendo em vista que
possibilita o controle de qualidade com maior eficiéncia. Além disso, como a frequéncia de
analise é elevada, é possivel realizar o controle do processo em tempos diferentes, a fim de
diagnosticar possiveis falhas no processamento.

A quimica verde indica que quanto menores forem as quantidades de amostra utilizadas
para uma analise quimica, mais ambientalmente correto € considerado o método desenvolvido.
Isso se deve ao fato de que menores quantidades de reagentes geram menos residuos. Neste
contexto, somente 0 método de uniformidade de contetido ndo atendeu a este requisito, devido
a andlise exigir que seja empregada um comprimido por analise a fim de avaliar o conteudo de
principio ativo por dose e, entdo inferir na questdo de homogeneidade de um lote. No entanto,
foi alcancada uma reducéo de 41 e 16 vezes na quantidade de amostra utilizada para a anélise
do indice de saponificacdo e de cloro ativo, respectivamente. Isso demonstra que ambos 0s
métodos estdo de acordo com o principio de economia de atomos durante a analise, prevenindo
de forma direta a reducéo da geracgdo de residuos ao meio ambiente (ANASTAS & EGHBALLI,
2010; GALUSZKA et al., 2013; KUMMERER, 2017).
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Para a realizacdo de todas as anélises propostas neste estudo é necessario uma camera
de infravermelho, de um software adequado e de uma micropipeta multicanal, dentre outros
equipamentos. Diante disto, 0 maior investimento a ser feito esta relacionado com a aquisicéo
da camera, a qual atualmente estd disponivel em diversos modelos com uma faixa bastante
ampla de custo de aquisicdo. Mesmo assim, 0 custo do investimento apresenta retorno rapido
em virtude da diminui¢do da quantidade de energia elétrica, tamanho da amostra e quantidade
de reagentes empregados em todas as aplicacfes, 0 que torna os métodos desenvolvidos mais
viaveis do ponto de vista econémico. Com isso, métodos simples, faceis, mais ambientalmente
corretos e com menores custos podem ser desenvolvidos.

Com base nos resultados obtidos, foi possivel verificar que em termos de exatiddo, todos
0s métodos desenvolvidos apresentaram-se adequados. Concordancias compreendidas entre
97,4 a 102.1%, 99,6 a 101,9% e 99,2 a 100,8 % quando os métodos desenvolvidos pela TIE
foram empregados para a determinacdo do indice de saponificacdo em Oleos vegetais,
uniformidade de contedo em comprimidos de captopril e do teor de cloro ativo em saneantes,
respectivamente. Ainda neste contexto, pbde-se verificar que 0s métodos propostos
apresentaram uma leve diminuicdo da precisdo dos resultados com excecdo da analise de
uniformidade de contetido, tendo em vista que as analises volumétricas empregaram quantidade
de amostra substancialmente maior. No entanto, mesmo com esta leve diminui¢do na precisao
dos resultados, ndo hé prejuizos na analise ja que os valores de RSD se mantiveram na faixa de
1,3a2,9% e 1,8 a 2,8% nas determinacgdes do indice de saponificacdo e do teor de cloro ativo
respectivamente. Em contraste, para a analise de uniformidade de contedo nos comprimidos
de captopril, foi verificado uma melhora na precisdo dos resultados. Esta diferenca pode ser
explicada pelo fato de que a mesma quantidade de amostra foi utilizada em ambos os métodos
de analise, o que demonstra que a TIE é mais precisa quando a quantidade de analito é a mesma.
Os valores de RSD obtidos durante a determinacdo da uniformidade de contetdo por TIE
estiveram compreendidos entre 1,0 e 1,5% e, quando o método indicado pela Farmacopéia
Brasileira foi utilizado, estes se mantiveram entre 1,6 e 2,9%. Estes valores de RSD refletem
diretamente na obtencdo de valores de aceitacdo diferentes, o que muitas vezes demanda novas
analises para verificar se o lote de medicamentos serd ou ndo aprovado. Neste quesito, em
ambos os métodos utilizados na analise, os resultados remeteram a aceitacdo dos lotes de
medicamentos submetidos ao teste. No entanto, em virtude da TIE apresentar maior exatidao,
alguns lotes podem por vezes necessitarem de uma segunda analise quando submetidos ao

método oficial, o que provavelmente ndo sera necessario empregando o método desenvolvido.
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Com o emprego dos métodos desenvolvidos por TIE para controle de qualidade, é
possivel automatizar as analises de uniformidade de conteddo, teor de cloro ativo e
determinacdo do indice de saponificacdo de forma facil e rapida. Além disso, 0 método de
indice de saponificagdo mostrou a viabilidade do uso dos mesmos microdispositivos
(microplacas) para preparo de amostra e determinacdo dos analitos, o que reflete em métodos
gque mesmo miniaturizados apresentam adequada exatiddo e precisdo. Além disso, como 0s
microreatores empregados sdo dispostos em microplacas, € possivel a determinacao simultanea
de 24 amostras em uma mesma placa, o que reflete diretamente em uma maior frequéncia de
analise sem perda da qualidade dos resultados obtidos.

A TIE ja foi aplicada como método de controle de qualidade para diversos produtos
alimenticios, farmacéuticos e quimicos, sendo que em todas as aplicacfes mostrou-se adequada
em termos analiticos e sempre atendendo os principios basicos da quimica analitica verde
(BARIN et al., 2015; OLIVEIRA et al., 2017; TISCHER et al., 2017; TISCHER et al., 2017,
DALLA NORA, et al., 2018; OLIVEIRA et al., 2018).

Novas abordagens da TIE com o objetivo de diminuir a incidéncia de erros provenientes
do ambiente durante as analises devem fazer parte de estudos posteriores, a fim de tornar a
técnica mais robusta e com melhores condi¢des de exatidao e precisdo. No entanto, a questdo
relacionada a escolha das rea¢des ainda deve seguir a l6gica da escolha por reagdes seletivas,
uma vez que o0s reagentes empregados como excesso reagem com substancias de uma classe,
normalmente ndo sendo seletivas a um unico analito na matriz. Além disso, outra limitacdo da
técnica esta relacionada com a perda de calor para 0 meio, visto que 0s sistemas usados sdo
abertos, permitindo tanto a perda de matéria quanto de calor. Devido a isso, novos reatores
capazes de diminuir a perda de calor devem ser estudados com o objetivo de agregar maior
sensibilidade a técnica. O emprego da TIE para controle de reacfes lentas também é outra
limitacdo da TIE, visto que durante reacdes lentas, a diferenca de temperatura é obtida durante
um longo periodo, o que € prejudicial em virtude da perda de calor do sistema para a vizinhanca.

Mesmo sendo uma técnica que permite o controle de qualidade de diversos tipos de
amostras empregando quantidades de reagentes bastante menores aos métodos convencionais,
torna-se ainda necessario o desenvolvimento estudos que diminuam a quantidade de reagentes
ainda mais, garantindo um carater ainda mais sustentavel do método. Além disso, uma das
principais limitagdes da TIE esté relacionada com a sensibilidade, uma vez que baixas variagoes
de temperatura sdo dificeis de serem monitoradas. Esta limitacdo pode ser contornada

empregando cdmeras de infravermelho com alta resolucdo, que permitem a determinagéo de
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baixas variacbes de temperatura, permitindo a analise de substancias em concentracdes
relativamente baixas ou que apresentem entalpia de reacdo baixa.

Em suma, de acordo com os resultados apresentados nos manuscritos, € possivel
observar que a TIE é uma alternativa adequada para a determinacao do indice de saponificacdo
em amostras de 6leo comestivel, determinacdo de uniformidade de conteido em comprimidos
de captopril e do teor de cloro ativo em solucdes de hipoclorito de sédio. Em todos os métodos
propostos, o impacto ambiental € menor quando comparado aos métodos oficiais, possibilitando
a andlise quimica com menor geracao de residuos quimicos e menor gasto energético, estando
de acordo com as principais bases da quimica analitica verde. Além disso, com a integracdo de
processos alcancada pelo uso do frasco Unico de reacdo, uma elevada frequéncia analitica foi
obtida. Desta forma, o emprego dos métodos miniaturizados na TIE, aliado a utilizacdo de um
unico frasco de reacdo, garante métodos com adequada exatidao e precisdo, 0s quais Sao uma
boa alternativa para aplicacdo em andlises de rotina na industria de alimentos, farmacéutica e

de saneantes.

8 CONCLUSAO

De acordo com os resultados apresentados, é possivel observar que a TIE apresentou-se
como uma alternativa adequada para a determinacgdo do indice de saponificacdo em amostras
de 6leo comestivel, determinacéo de uniformidade de conteddo em comprimidos de captopril e
do teor de cloro ativo em solucdes de hipoclorito de sédio. Em todos os métodos propostos, o
impacto ambiental € menor quando comparado aos métodos oficiais, possibilitando a analise
quimica com menor geracao de residuos quimicos e menor gasto energético, estando de acordo
com as principais bases da quimica analitica verde. Além disso, com a integracdo de processos
alcancada pelo uso do frasco unico de reagdo nos métodos propostos, uma elevada frequéncia
analitica foi obtida em todos os métodos. Desta forma, 0 emprego dos métodos miniaturizados
por TIE aliado a utilizacdo de um Unico frasco reacional garantem métodos com adequada
exatiddo e precisdo, simples, rapidos e com custo relativamente baixo de implementacdo. Neste
sentido, a TIE pode ser considerada uma ferramenta viavel frente aos métodos oficiais de
andlise para aplicacdo em rotinas laboratoriais de controle de qualidade tanto na industria de

alimentos, farmacéutica e de saneantes.
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