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RESUMO

DESENVOLVIMENTO DE METODOS ANALITICOS VERDES EMPREGANDO
ENTALPIMETRIA NO INFRAVERMELHO

AUTORA: Keiti Oliveira Alessio
ORIENTADOR: Juliano Smanioto Barin

Grande parte dos métodos utilizados para o controle de qualidade de alimentos e produtos
farmacéuticos emprega a titulagdo como técnica de determinacdo. Em geral, as analises
titulométricas requerem um grande volume de reagentes e geram consideravel volume de
residuo. Além disso, algumas limitacdes relacionadas a baixa frequéncia de analise e
dificuldades na determinacdo do ponto final da reacdo podem ser observadas. Assim, uma nova
abordagem é proposta neste estudo, empregando entalpimetria no infravermelho (TIE, do inglés
Thermal Infrared Enthalpimetry) para efetuar analises simples, rapidas, com a reducdo do uso
de reagentes toxicos, além da substituicdo destes reagentes por reagentes nao toxicos obtidos
de fontes renovaveis. Deste modo, primeiramente, foi construido um equipamento que utiliza
um pirdémetro de infravermelho para a realizacao de titulacdes termométricas de forma simples,
rapida e de baixo custo. Para garantir as melhores condi¢des analiticas, foi realizada uma prévia
otimizacdo dos parametros, como o volume total de solucéo, a distancia do sensor da solucéo e
a vazdo do titulante. Os resultados para as reac6es de neutralizac¢ao, oxirredugdo e complexagéo
foram comparados com os compéndios oficiais (Farmacopeia Brasileira e Instituto Adolfo
Lutz), sendo determinada acidez em molhos, além da determinacédo de &cido ascorbico e célcio
em produtos farmacéuticos. O método proposto apresentou boa concordancia, variando de 97
a 104% para todas as amostras analisadas. Além disso, foi possivel reduzir os volumes dos
reagentes toxicos empregados para as analises e o volume de residuo gerado, seguindo alguns
principios da quimica analitica verde. Ainda nesse sentido, tendo como objetivo a substituicéo
do uso de reagentes por outros obtidos de fontes renovaveis, foi proposto também neste trabalho
a combinacdo da TIE com microplacas de papel que foram utilizadas como reatores e 0 suco
extraido da batata como reagente para a determinacdo de peroxido de hidrogénio em produtos
farmacéuticos, alvejantes e enxaguante bucal. Os parametros experimentais como o pH das
solucgdes, o tempo de estabilidade e a proporcdo dos reagentes foram avaliados para garantir as
melhores condicGes experimentais. Os resultados obtidos pelo emprego de reatores de papel e
TIE sdo promissores, pois foi obtida boa concordancia (96 a 103%) para todas as amostras
avaliadas, em comparacdo aos meétodos oficiais (USP e ASTM D2180). Portanto, ambos 0s
métodos propostos neste trabalho apresentaram excelente desempenho, mostrando-se uma
alternativa adequada para aplicagdo em analise de rotina, devido ao baixo custo, elevada
frequéncia de analise, simplicidade e principalmente por estarem de acordo com 0s principios
da quimica analitica verde.

Palavras-chave: termografia, entalpimetria, pirdmetro infravermelho, microplaca de papel,
quimica verde.



ABSTRACT

DEVELOPMENT OF GREEN ANALYTICAL METHODS USING THERMAL
INFRARED ENTALPIMETRY

AUTHOR: Keiti Oliveira Alessio
ADVISOR: Juliano Smanioto Barin

Several analytical methods used for quality control of food and pharmaceutical products are
based on titrations. Generally, these methods require high amount of reagents leading to the
generation of residues. Other drawbacks of titration methods are related to the low throughput
and problems on the determination of the reaction end point. A new approach has been proposed
in this study, using thermal infrared thermography (TIE) to perform simple and fast analysis
including the reduction or substitution of toxic reagents for non toxic ones obtained from
renewable sources. Firstly, an equipment was developed using an infrared pyrometer to perform
thermometric titration. The optimization of parameters, such as the total volume of solution,
sensor distance from the solution and titrant flow rate were performed. Neutralization, redox
and complexation reactions were performed and the results were compared with those from
official compendia (Brazilian Pharmacopeia and Adolfo Lutz Institute). Therefore, the
determination of acidity of sauces, ascorbic acid and calcium content in pharmaceutical
products was carried out. The proposed method presented good agreement with official
methods ranging from 97 to 104% for all samples, allowing the reduction of the volume of
reagents and the generation of residues in agreement to the principles of green analytical
chemistry. Additionary, a combination of TIE with microplate paper as reactor it was also
proposed. Potato juice was used as reagent for the determination of hydrogen peroxide in
pharmaceutical products, bleaching and mouthwash solutions. The experimental parameters as
pH of solutions, stability and proportion of reagents were evaluated to ensure the optima
experimental conditions. The results were promising reaching good agreement (96 to 103%)
with conventional methods for all evaluated samples with official methods (USP and ASTM
D2180). Therefore, both methods proposed in this work presented excellent performance,
showing to be a suitable alternative for application in routine analysis. Low cost, high
throughput and simplicity could be pointed out as features of these methods, which were in
agreement to the green analytical chemistry principles.

Keywords: thermography, enthalpimetry, infrared pyrometer, paper microplate, green
chemistry
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1 INTRODUCAO

O controle de qualidade em diversos ramos industriais (p. ex., alimenticio ou
farmacéutico) se da através de métodos oficiais para as andlises, 0s quais requerem 0 uso de
elevados volumes de solventes e reagentes, causando significativos impactos ambientais
(ARMENTA; GARRIGUES; DE LA GUARDIA, 2015). Desta forma, torna-se importante o
desenvolvimento de novos métodos de andlise que sigam as orientacfes da quimica verde para
promover a utilizagdo de métodos mais sustentaveis (TOBISZEWSKI et al., 2015). A quimica
verde esta baseada em 12 principios, que sdo orientaces sobre acdes que podem ser adotadas
para tornar o uso de reagentes e processos quimicos ambientalmente corretos (POLIAKOFF et
al., 2002). Alguns dos principios da quimica verde ressaltam a necessidade do emprego de
solventes menos tdxicos ou da eliminacdo de solventes e da reducdo do uso de reagentes e
outras substancias quimicas (TOBISZEWSKI, 2016; KIRCHOFF, 2003). A maioria dos
métodos oficiais para o controle de qualidade de alimentos e de produtos farmacéuticos
demandam um grande volume de reagentes, na maioria das vezes toxicos, e consequentemente
geram elevados volumes de residuos. Pode-se mencionar, ainda, que grande parte dos métodos
oficiais sd0 morosos, requerem atencéo integral por parte do analista e fazem uso de grande
quantidade de amostra para as analises (ANVISA, 2010; ASTM D2180, 2017; 1AL, 2005; USP,
2017). Deste modo, é necessario o desenvolvimento de métodos que possam superar essas
limitacBes e que, a0 mesmo tempo, sigam 0s principios da quimica analitica verde.

Neste contexto, recentemente foi desenvolvida a técnica de entalpimetria no
infravermelho (TIE, do inglés Thermal Infrared Enthalpimetry). A andlise entalpimétrica pela
TIE é realizada através do emprego de uma camera de infravermelho, que permite o
monitoramento da temperatura das reacGes dos analitos com uma solucdo contendo excesso
estequiométrico de reagente, permitindo a realizacdo de anéalises rapidas, simples e sem contato
com a amostra. De acordo com Barin et al., (2015), a TIE permitiu a deteccdo de analitos de
forma répida, com elevada frequéncia de analise, além de reduzir o volume de reagentes e de
amostras durante as analises. Apesar das inimeras vantagens apresentadas pela técnica, alguns
aspectos relevantes devem ser considerados, como o fato de ser empregado microplacas de
poliestireno para as reacgdes, visto que o poliestireno apresenta incompatibilidade com alguns
reagentes e possui uma dificil degradacdo no meio ambiente (BARIN, et al., 2015;
GALUSZKA; MIGASZEWSKI; NAMIESNIK, 2013).

Deste modo, uma alternativa viavel e de baixo custo para a substituicdo das microplacas

de poliestireno convencionais podem ser as microplacas de papel. A fabricagdo destes



dispositivos pode ser efetuada através da formacdo de uma barreira hidrofobica no papel, de
modo a estabelecer barreiras circulares com pogos reacionais nas mesmas proporcdes das
microplacas convencionais. Além disso, esses dispositivos apresentam um menor impacto
ambiental relacionado a sua producéo e disposicao final (CHENG et al., 2010). Neste contexto,
foi proposto por Ferreira (2016) o emprego de microplacas como reatores na TIE, para a
determinacdo de acidez total em refrigerantes, bem como acidez total, fixa e volatil em vinho
tinto, branco e espumante. Foram obtidos resultados promissores e com boa concordancia com
0 método oficial, com uma boa frequéncia de andlise e significativa reducdo no volume de
reagentes e amostras (cerca de 200 vezes menor em relacdo ao método convencional),
demonstrando potencial quanto a aplicacdo destes dispositivos de papel.

Outro desafio a ser superado pela TIE esta relacionado ao custo de aquisicdo da camera
de infravermelho, bem como do software para tratamento dos dados. Deste modo, pode-se
considerar que apesar do bom desempenho das cameras de infravermelho na aplicacdo do
monitoramento de variacdo de temperatura, estes dispositivos ainda apresentam um custo
significativo para aquisicdo (ROGALSKI, 2011). Dessa maneira, uma alternativa viavel de
menor custo para a substituicdo das cameras de infravermelho para a mensuracdo de
temperatura sdo os pirdmetros infravermelhos. Ao contrario das cdmeras de infravermelho, os
pirdbmetros infravermelhos ndo fornecem a distribuicdo da temperatura sobre uma superficie,
mas a temperatura média dentro de um dado campo de visdo. Esses sensores sdo usualmente
empregados para controlar varios dispositivos de aquecimento, como por exemplo,
equipamentos de climatizacdo (GIRWIDZ & IRESON, 2011). Portanto, cabe destacar que o
pirdbmetro é um dispositivo de baixo custo, de facil manuseio e seus dados podem ser facilmente
interpretados.

Nesse contexto de desenvolvimento de metodologias analiticas sustentaveis e
ambientalmente corretas, o presente trabalho propde métodos analiticos alternativos que visam
o controle de qualidade de produtos farmacéuticos e de alimentos de acordo com os principios
da quimica analitica verde. No primeiro método proposto nesse trabalho, foi desenvolvido um
equipamento de andlise de baixo custo empregando um pirdmetro infravermelho para a
realizacdo de titulacGes termomeétricas. No segundo método proposto, a TIE (com camera de
infravermelho) foi combinada ao uso de dispositivos de papel e reagentes nao toxicos
provenientes de fonte renovavel para a determinacdo “verde” de perdxido de hidrogénio em

produtos farmacéuticos, cosméticos e desinfetantes.
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2 REVISAO DA LITERATURA

21 TERMOGRAFIA NO INFRAVERMELHO

Muitos processos fisicos e reagdes quimicas apresentam troca de calor em que uma
variacdo de entalpia pode estar associada, com valores caracteristicos. Desta forma, o
monitoramento desta variacdo de temperatura pode fornecer informacGes relevantes para o
controle e conhecimento destes processos. No entanto, os principais instrumentos empregados
para 0 monitoramento de temperatura, como termdmetros, termopares, termistores e
termorresisténcias precisam estabelecer contato direto com o material monitorado para medicgéo
da temperatura (VADIVAMBAL & JAYAS, 2011). O contato direto destes sensores com 0
material ou solucdo monitorada pode modificar ligeiramente a temperatura real, sendo este tipo
de sensor classificado como invasivo (PEKALA, et a., 2010). Como alternativa a estes sensores,
nas Ultimas décadas, o emprego da termografia no infravermelho (TI) vem crescendo
substancialmente, sendo esta uma ferramenta que permite 0 mapeamento da temperatura de um
objeto de modo ndo invasivo e ndo destrutivo (VADIVAMBAL & JAYAS, 2011;
BAGAVATHIAPPAN et al., 2013; MEOLA & CARLOMAGNO, 2004; KIM, et al., 2014).

A TI esta baseada no principio de que todos 0s objetos em temperaturas acima do zero
absoluto (0 K ou —273,15 °C) emitem radiacdo infravermelha (MEOLA & CARLOMAGNO,
2004; BAGAVATHIAPPAN et al., 2013). A intensidade da radiacdo emitida por um objeto é
proporcional a sua temperatura e, quanto maior a temperatura apresentada pelo objeto, maior
seré a intensidade da radiacdo infravermelha emitida por ele (GADE & MOESLUND, 2014).
O comprimento de onda da radiacdo infravermelha compreende a faixa de 0,75 a 1.000 um
(BAGAVATHIAPPAN et al., 2013) e pode ser dividida em diferentes faixas: infravermelho
proximo (0,75-3 um), médio (3-6 pum), distante (6-15 um) e extremo (15-1,000 um) (MEOLA
e CARLOMAGNO, 2004). As regides do infravermelho médio e distante sdo as mais usadas
na termografia, pois compreendem as faixas de emissdes méaximas de radia¢do. Além disso,
estas regides apresentam baixa absorcdo da radiacdo infravermelha pelo ar, permitindo, assim,
que mais radiacéo atinja o sensor infravermelho (USAMENTIAGA et al., 2014).

A quantidade de radiacdo emitida por um objeto dependerd basicamente da sua
temperatura e emissividade, sendo a emissividade um dos parametros mais importantes para a
medicdo de temperatura no infravermelho (SVANTNER; VACIKOVA; HONNER, 2013;
USAMENTIAGA et al., 2014). A emissividade é definida como a dimensdo da energia emitida

por um objeto em relacgdo a energia emitida por um corpo negro, ambos na mesma temperatura,
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sendo a emissividade de um corpo negro igual 1 (GOWEN, et al., 2010). A emissividade da
superficie de um objeto pode variar de 0 a 1, sendo esta dependente, principalmente, do tipo de
material que compde este objeto e das propriedades quimicas e fisicas da sua superficie
(SVANTNER; VACIKOVA; HONNER, 2013). Outros parametros também devem ser
considerados para obtencdo de medidas de temperatura confiaveis, tais como a temperatura
ambiente e umidade relativa, sendo importante a realizacdo das analises em ambiente
controlado (GOWEN, et al., 2010).

O sistema de Tl é composto por um equipamento com detector sensivel ao
infravermelho, uma unidade de processamento de sinal e um sistema de aquisi¢do de imagem.
Normalmente, para interpretacdo dos dados, € utilizado um computador (MEOLA &
CARLOMAGNO, 2004). Os principais equipamentos empregados na Tl sdo as cameras de
infravermelho (VADIVAMBAL & JAYAS, 2011). Os detectores infravermelho absorvem a
energia térmica que é emitida pelo objeto e convertem em impulso elétrico, que é enviado para
a unidade de processamento do sinal e que traduz a informacdo em imagem termografica ou
termogramas (SALES, et al., 2011). Os detectores das cameras infravermelho sé&o,
normalmente, uma matriz de plano focal (FPA, do inglés focal plane array). Os detectores FPA
apresentam uma resolucdo que pode variar de 120 x 140 a 1280 x 1024 pixels
(USAMENTIAGA et al., 2014).

As tecnologias dos detectores FPA podem ser divididas em dois tipos: térmicos e
quanticos (ROGALSKI, 2002; ROGALSKI, 2012). O tipo mais comum de detector térmico é
0 microbolémetro, que converte a radiacdo emitida por uma amostra (em uma determinada
banda espectral) em um sinal elétrico que é processado em uma imagem. As imagens obtidas
sdo compostas por uma matriz com diferentes niveis de cores (paletas), sendo cada cor referente
a uma temperatura especifica, demostrando assim a distribuicdo de temperatura ao longo de um
objeto (GOWEN, et al., 2010). Geralmente este tipo de sensor € mais barato, porém é menos
sensivel e apresenta aquisicdo de imagens de forma mais lenta quando comparado aos
detectores quanticos (VADIVAMBAL e JAYAS, 2011). Os detectores quéanticos possibilitam
a obtengd@o mais rapida do sinal e seu funcionamento esta fundamentado na mudanca dos estado
eletronicos dos elétrons em uma estrutura cristalina devido a interagdo com a radiacao incidente.
Apresentam alta sensibilidade e resolucdo, sendo capazes de detectar diferengas menores que
0,1 °C, porém para isso é necessario resfriamento, tornando o dispositivo mais caro e de menor
portabilidade (ROGALSKI, 2002; ROGALSKI, 2012).

As cameras de infravermelho foram desenvolvidas, primeiramente, para uso militar dos
Estados Unidos (MEOLA E CARLOMAGNO, 2004). Entretanto, com o aperfeicoamento,
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principalmente com relacdo as ferramentas de informatica associadas a imagens digitalizadas
de alta resolucdo, o emprego das cameras de infravermelho vem se mostrando uma ferramenta
eficaz para diferentes areas como engenharia civil, manutencdo industrial, aeroespacial,
medicina, farmécia, veterinaria e também com popularidade na agricultura e na inddstria de
alimentos (VADIVAMBAL & JAYAS, 201; MEOLA & CARLOMAGNO, 2004; GOWEN et
al., 2010).

O emprego das cameras de infravermelho no monitoramento de reagdes e processos tém
apresentado grande potencial, porém a aquisicdo destes equipamentos ainda apresenta custo
significativo, bem como a necessidade de aquisicdo do software para processamento dos dados
(ROGALSKI, 2011). Com isso, o pirdmetro infravermelho tém se tornado uma alternativa
viavel e de baixo custo, que pode ser empregada em substituicdo as cAmeras infravermelho para
a determinacdo de temperatura sem contato. Esses sensores sdo rotineiramente usados para
controlar a temperatura em eletrodomésticos (p. ex., condicionadores de ar), bem como para o
aquecimento em processos industriais (GIRWIDZ & IRESON, 2011).

O pirdmetro infravermelho, assim como a camera de infravermelho, possui um detector
sensivel a radiacdo infravermelha que converte a radiacdo emitida pelo objeto em sinal elétrico.
Para minimizar a interferéncia das variagdes do ambiente, o sistema ajusta a emissividade para
combinar a calibracdo do termémetro com as caracteristicas especificas de emissividade do
objeto. Os pirdmetros podem medir especificamente a energia que esta sendo irradiada de um
objeto na faixa de comprimento de onda de 0,7 a 20 um (OMEGA, 1998). Porém, ao contrério
das cameras de infravermelho, os pirdmetros infravermelho ndo informam a distribuicdo de
temperatura sobre uma superficie, mas uma temperatura média é registrada em seu campo de
observacdo. O pirémetro infravermelho também tém sido empregado no monitoramento da
temperatura em diferentes &reas, como na inddstria metal mecénica, farmécia, polimeros, entre
outras (LIN; LEE; WENG, 1992; KUS, et al., 2015; PAPALIODIS, et al., 2008; BENDADA
& LAMONTAGNE, 2004). O emprego dos termémetros infravermelhos também tém ganho
popularidade na industria de alimentos (EDER; BECKER; DELGADO, 2009). Porém, mesmo
gue no ramo da quimica a maioria das reacOes apresentem relacdo com fenémenos térmicos, a
técnica de Tl ainda encontra-se muito pouco explorada. Algumas limita¢fes quanto ao uso desta
técnica na quimica sao reportadas na literatura, na qual a maioria esta relacionada com sintese,
catalise e termodinamica (LOSKYLL; STOEWE; MAIER, 2012; CHARBONNEAU &
OGILVIE, 2005; TRAFFANO-SCHIFFO et al.,, 2014). Alguns estudos recentes tem
demonstrado que a Tl pode ser uma ferramenta promissora no monitoramento de analises

entalpimétricas, podendo ser empregada também na area da quimica analitica, de forma a



13

permitir a obtencdo de resultados quantitativos de maneira simples, rapida e com elevada
frequéncia de analise (ROMANDO, et al., 2015; BARIN et al., 2015; COSTA et al., 2015). Neste
contexto, a seguir sdo discutidos os métodos entalpimétricos classicos, bem como a nova
proposta empregando TI, de forma a permitir a identificagdo das principais vantagens e

limitacOes associadas a cada técnica.

2.2  ENTALPIMETRIA

A entalpimetria ou anélise entalpimétrica pertence a uma subarea da calorimetria, onde
a determinacdo de uma espécie quimica envolvida em uma reacdo pode ser feita a partir da
medida da variacdo de temperatura associada a reacdo (GRIME, 1981). Segundo a IUPAC,
andlise entalpimétrica € uma designacao genérica para um grupo de métodos analiticos, no qual
a mudanga de entalpia de uma reacéo quimica é medida de forma direta ou indireta, tendo como
objetivo realizar a determinacdo quantitativa de um reagente ou catalisador (STAHL, 1994). A
analise entalpimétrica pode ser realizada pelos seguintes procedimentos classicos, titulacéo
termométrica (TT, do inglés thermometric titration), entalpimetria por injecdo direta (DIE, do
inglés direct injection enthalpimetry) e entalpimetria por injecdo de fluxo (GRIME, 1981;
JORDAN; GRIME; WAUGH, 1976; CARR & IZATT, 1971). A seguir, é realizada uma
descricdo dos principais métodos entalpimétricos utilizados, abordando as suas principais

caracteristicas.

2.2.1 Métodos entalpimétricos classicos

A titulacdo termométrica (TT) consiste na adi¢do continua ou gradual do titulante sobre
uma solucdo em condi¢6es adiabaticas. Desse modo, a variacdo da entalpia da reacéo resulta na
mudanca da temperatura da solugdo (negativa ou positiva) e, assim, pode-se determinar o ponto
final da titulacdo a partir dessa variagdo de temperatura. Este método analitico tem como pré-
requisito o conhecimento prévio da estequiometria da reacdo e 0 emprego de um reagente
titulante que reaja instantaneamente com a amostra (STAHL, 1994; GRIME, 1981).

Em 1964, o método de entalpimetria por injecdo direta (DIE) foi introduzido, onde até
entdo a titulagdo termométrica era o Unico méetodo entalpimétrico relatado na literatura
(GRIME, 1981). A DIE consiste na adicdo de um volume de reagente em excesso
estequiométrico sobre uma solucdo contendo o analito a ser quantificado. A variacdo de

temperatura observada nessa reacao é diretamente proporcional a quantidade de analito presente
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na amostra (JORDAN; GRIME; WAUGH, 1976; STAHL, 1994; GRIME, 1981). A DIE
apresenta como principais vantagens a rapidez na obtencdo do sinal e a possibilidade de
utilizacdo de reagentes ndo padronizados, desde que sejam adicionados em excesso suficiente
para reagir completamente com o analito (WASILEWSKI, et al., 1964). Inicialmente a DIE
apresentou algumas limitacdes, como o0 emprego de termémetros de mercurio para medida da
temperatura e a consequente baixa sensibilidade. Avancos significativos na DIE foram
observados em 1953, quando Linden e colaboradores (1953), introduziram o uso de termistores
como sensores de temperatura. Os termistores apresentam como principais vantagens maior
sensibilidade, respostas mais rapidas e capacidade calorifica desprezivel. Com isso, 0 método
DIE tornou-se mais adequado para analises quantitativas (WASILEWSKI et al., 1964).
Apesar dos avancos dos métodos entalpimétricos, surgiu a necessidade do
desenvolvimento de métodos que permitissem analises mais rapidas e precisas, deste modo a
automacdo dos procedimentos analiticos mostrou ser uma alternativa adequada. Esse
importante avanco na quimica analitica possibilitou o desenvolvimento da entalpimetria por
injecdo em fluxo, que é considerada um grande avanco na area das anélises entalpimétricas.
Este método consiste na passagem de duas solucdes (amostra e reagente em excesso) em fluxo
constante através de uma cdmara de mistura e 0 monitoramento continuo da temperatura
(JORDAN; GRIME; WAUGH, 1976; STAHL, 1994). Porém, apesar de todos os avangos e
modificagbes incorporados aos métodos entalpimétricos, estes ainda sdo considerados
alternativas pouco atraentes para serem empregados em analises de rotina, por apresentarem
baixa frequéncia de analise e elevado custo, fazendo com que os métodos entalpimétricos
fossem caindo em desuso (BARIN, et al., 2015; GRIME, 1981). Atualmente, ja estdo
disponiveis equipamentos comerciais exclusivos para titulacdo termométrica (Figura 1). Porém,
0 sensor de temperatura utilizados nestes equipamentos necessitam estar em contato com a

amostra, além de apresentarem elevado custo de aquisicdo (METROHM, 2017).
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Figura 1. Sistema de titulagdo termométrica disponivel comercialmente.

Fonte: (METROHM, 2017)

2.2.2 Entalpimetria no infravermelho térmico

Uma nova abordagem para a DIE foi proposta por Barin e colaboradores (2015), sendo
0 novo método de determinacdo denominado como entalpimetria no infravermelho térmico
(TIE — do inglés Thermal Infrared Enthalpimetry). Este método permitiu a realizacdo de
analises de forma répida, simples e o monitoramento simultaneo da temperatura de multiplas
reacbes de modo ndo invasivo, por meio da combinacdo de microplacas descartaveis, pipeta
multicanal para a adicdo dos reagentes e uma camera no infravermelho térmico para
monitoramento de temperatura da reacdo, conforme mostrado na Figura 2. A execucdo da TIE
é realizada de forma que a amostra e introduzida na microplaca com o auxilio de uma pipeta
multicanal seguida do reagente em excesso estequiométrico que € injetado sobre a amostra. O
monitoramento da temperatura é realizado antes, durante e ap0s a injecdo do reagente em
excesso, onde a medida da temperatura (AT) é determinada com o uso do software da camera
de infravermelho. Os valores sdo obtidos da média da temperatura inicial e final, em um
intervalo de 2 s antes e 2 s ap6s a injecdo, respectivamente, sendo a curva de calibragdo
construida empregando solugdes de referéncia para relacionar os valores de temperatura com a

concentragdo dos analitos.
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Figura 2. Arranjo experimental utilizado para analise por TIE.
Fonte: (BARIN et al., 2015)

O método proposto mostrou resultados promissores, podendo ser uma alternativa viavel
para reacOes de neutralizagdo, precipitacdo, complexacdo e oxirredugédo, tendo os resultados
obtidos a partir do método proposto apresentado uma boa concordancia (entre 96 e 101%) com
0s métodos oficiais de titulacdo. Segundo os autores, a TIE apresenta algumas vantagens em
relacdo aos métodos convencionais, como 0 uso de menor volume de reagentes e amostras e
maior frequéncia de analise (24 amostras por minuto ou 1140 amostras por hora). Além disso,
ndo foi observada interferéncia na determinacdo com relagdo a cor, turbidez ou outros
componentes presentes na amostra, pois a rea¢do nao € monitorada pela mudanca de cor, como
pela titulacdo convencional, mas sim pela variacao de temperatura.

Recentemente, Tischer et al. (2017a) empregou a TIE para determinagédo da acidez de
vinagre (acidez volétil, fixa e de acidez total). Foram relatadas vantagens frente a0 método
convencional, como o preparo da amostra (evaporacdo do vinagre para a avaliacdo da acidez
fixa) e as etapas de determinacdo foram realizadas em cada po¢o de uma microplaca, reduzindo
0 manuseio da amostra e melhorando a precisdo. Outra aplicacdo recente da TIE foi a
determinacdo do teor alcodlico em bebidas destiladas, que foi efetuada de maneira simples
apenas pela adigdo de agua as bebidas, explorando o calor de diluigdo. De acordo com este
estudo, 0 método empregando a TIE apresentou uma boa concordancia com o método oficial
variando de 99 a 101%. Em relagdo ao impacto ambiental, o uso de TIE reduziu em 83 vezes a
quantidade de amostra utilizada em comparacdo com o método oficial, além de nao fazer uso
de reagentes toxicos. Cabe ressaltar que foi possivel a redugdo do consumo de energia em trés

ordens de magnitude, considerando-se um grande diferencial deste estudo (OLIVEIRA, et al.,
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2017). Tischer et al., (2017b), propds outra aplicacdo empregando a TIE para a determinacgéo
simultanea do teor de sal e a acidez na salmoura de vegetais em conserva. Diferentemente dos
demais métodos empregando a TIE, neste trabalho os reagentes (solugdes de nitrato de prata e
hidroxido de sédio) foram colocados na microplaca sendo adicionadas aliquotas das amostras
sobre esses reagentes, permitindo a determinacdo simultanea de sal e da acidez das salmouras.
Esse método mostrou-se adequado e apresentou boa concordancia com o método oficial (94 a
103%). Além disso, foi possivel uma maior frequéncia de analise, com a determinacéo
simulténea de analitos, indo ao encontro dos principios da quimica analitica verde quanto ao
desenvolvimento de métodos de analises para mais de um analito ao invés de um unico, o que
contribui significativamente para a reducao dos impactos ambientais.

Os volumes de amostra e reagentes utilizados para as anélise por TIE sdo, em geral,
menores (reducdo de até 200 vezes) em comparacdo com aqueles empregados nos métodos
convencionais. No entanto, as medidas das temperaturas realizadas com a TIE abrangem apenas
a temperatura da superficie das soluces, mostrando que € possivel reduzir ainda mais 0s
volumes de solucdo empregados. Outro aspecto importante que deve ser levado em
consideracdo durante as analises é a incompatibilidade do poliestireno das microplacas com
determinados reagentes e sua dificil degradacdo no meio ambiente (BARIN et al., 2015;
THERMO FISHER, 2017; GALUSZKA; MIGASZEWSKI; NAMIESNIK, 2013).

Com o objetivo de contornar estas desvantagens e buscando uma alternativa para o
problema de incompatibilidade das microplacas de poliestireno com alguns reagentes, uma
nova alternativa foi proposta por Ferreira (2016). Neste trabalho, a determinacéo de acidez total
em refrigerantes, bem como a acidez total, fixa e volatil em vinho tinto, branco e espumante foi
proposta, substituindo as microplacas de poliestireno por microplacas de papel (filtro),
simulando as mesmas dimensdes apresentadas pelas microplacas convencionais. O método
apresentou boa concordancia (96 a 104%) com os métodos convencionais. Além disso, alta
frequéncia de analise (480 amostras por hora para acidez total e 120 amostras por hora para
acidez fixa) foram relatadas, permitindo a reducao dos volumes de reagente e amostra de cerca
de duzentas vezes em comparagdo com a titulagcdo convencional. Deste modo, foi possivel obter
um método répido e eficiente, com impacto ambiental reduzido, uma vez que a producdo de
residuos foi minimizada, além de serem utilizados reatores biodegradaveis, estando de acordo
com os principios da quimica analitica verde. Dessa forma, os dispositivos de papel podem ser
considerados reatores promissores para uso na TIE, sendo assim, a seguir sera efetuada uma

breve discussdo sobre as principais caracteristicas destes dispositivos.
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2.3  DISPOSITIVOS DE PAPEL

Nos ultimos anos, os dispositivos de papel tornaram-se uma alternativa simples, barata,
de facil manipulacdo, portateis, além de apresentarem fécil descarte, para a construcdo de
plataformas de andlises em diversas areas. A fabricacdo destas plataformas consiste na
disposicao de uma barreira hidrofobica sobre o papel, que pode ser realizada por diferentes
métodos (MARTINEZ et al., 2010). Das plataformas analiticas fabricadas em papel tém-se
basicamente em dispositivos microfluidicos & base de papel (WPADs, do inglés microfluidic
paper-based analytical device) e as microplacas. Nos sistemas pPADs tém-se a combinacao de
algumas das caracteristicas dos dispositivos microfluidicos convencionais com a simplicidade
do diagnostico de fitas de teste. Estes dispositivos sdo empregados principalmente em ensaios
bioldgicos, apresentando como principal caracteristicas a sua portabilidade, baixo custo, além
de permitirem diagndsticos rapidos (COSTA et al., 2014).

Os dispositivos de papel vém sendo aplicadas como alternativa de menor custo e
impacto ambiental para a substituicdo das placas de poliestireno, visto que as microplacas
convencionais exigem o uso de maior volume de amostra e reagentes, quando comparados a
estes dispositivos (CHENG, et al, 2010). Sua fabricacdo consiste no dep6sito de uma barreira
hidrofobica no papel de modo que sejam formadas barreiras circulares, nas mesmas proporgoes
dos pogos das placas convencionais (CHENG et al, 2010). Deste modo, as microplacas de papel
oferecem sensibilidade e especificidade semelhantes aos convencionais, mas aliadas ao baixo
custo e facil disposicdo. (MARTINEZ, 2010). Assim, uma reducdo significativa dos impactos
ambientais quando comparados as microplacas convencionais de poliestireno pode ser obtida
(MARTINEZ, et al., 2010). O papel é inflaméavel, portanto, os dispositivos de papel podem ser
descartados por incineracdo, com seguranca e facilidade ap6s o uso (CINTI, et al., 2017;
MARTINEZ, et al., 2010).

Vérias métodos vém sendo aplicados para a determinacdo de diferentes analitos em
dispositivos de papel, incluindo fluorescéncia, colorimetria, eletroquimica, condutividade
(NERY e KUBOTA, 2013), eletroquimioluminiscéncia e quimioluminescéncia (LI,
BALLERINI; SHEN, 2012). No entanto, as aplicacdes relacionadas ao uso de medidas
entalpimétricas ndo foram exploradas para anélise quimica em tais dispositivos. Deste modo,
apesar do potencial apresentado por estes dispositivos, principalmente por abranger 0s
principios da quimica verde, a maioria dos métodos oficiais ainda ndo empregam estes sistemas
no controle de alimentos e produtos farmacéuticos (ANVISA, 2010; ASTM D2180, 2017; IAL,
2005; USP, 2017). Sendo assim, se torna importante o desenvolvimento de novos métodos
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analiticos que empreguem técnicas que permitam a reducdo do custo, maior frequéncia de
analise e que sigam os principios da quimica verde.

Na maioria das vezes, os métodos empregados na quimica analitica demandam grande
volume de solventes e reagentes, grande parte toxicos, gerando um grande volume de residuos.
A eliminacéo e/ou substituicdo dessas substancias vem se tornando uma tendéncia na quimica
analitica verde, aumentando assim a busca por reagentes obtidos a partir de fontes renovaveis
(ABOLGHASEMI; SOBHI; PIRYAEI, 2016). Tendo em vista esta necessidade, umas das
alternativas promissoras seria a utilizagcdo das enzimas presentes em vegetais, pois de acordo
com Perone e colaboradores (2008), os vegetais constituem uma fonte inesgotavel de enzimas
para serem aplicadas nas mais diversas areas do conhecimento. Peroxidase, polifenoloxidase,
poligalacturonase e xilanase, sdo exemplos de enzimas presentes em alimentos. Dentre 0s
alimentos que apresentam contetido enzimatico aprecidvel, pode-se citar a uva, abacaxi, macga
e a batata (AMIOUR, 2016; MIZOBUTSI, 2010; KURNIK, 2015; LONCAR, 2012; MA, 2018;
CARVALHO, 2015). Cabe ressaltar que parametros como pH e temperatura, afetam
diretamente a estabilidade e reatividade destas enzimas, devendo ser considerados para
aplicacdo adequada das mesmas (AMIOUR, 2016).

O emprego de enzimas obtidas a partir de alimentos em diversas areas tem ganho
atencdo, principalmente, devido ao seu baixo custo de obtencédo e pela grande disponibilidade
de fontes para extracdo destas enzimas. Deste modo, unir as vantagens demonstradas pelo
emprego dos dispositivos de papel, como a reducdo de reagentes e facil descarte devido sua
natureza biodegradavel, com enzimas obtidas a partir de reagentes de fontes renovaveis, pode
ser uma excelente alternativa para o desenvolvimento de métodos analitos “verdes”,

satisfazendo assim um dos grandes desafios no desenvolvimento de métodos analiticos.
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3 DISCUSSAO

Neste item estdo descritos, na forma de manuscritos, 0s experimentos realizados com
base no enfoque do trabalho. O primeiro manuscrito consiste na aplicagdo de um pirdmetro
infravermelho para a determinacdo de calcio e acido ascorbico em produtos farmacéuticos e
acidez em molhos empregando a titulagdo termomeétrica. No segundo manuscrito sdo mostrados
os resultados referentes a determinacdo de perdxido de hidrogénio empregando um método

analitico verde em dispositivos de papel.
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ABSTRACT

In this work, a simple and low cost device for infrared thermometric titration (TT-IR) using a
contactless sensor was proposed. An infrared pyrometer was adapted in a polystyrene cup for
monitoring the temperature and end point determination of neutralization, redox and
complexation titrations. The influence of sample solution volume, flow rate of titrant solution
and sensor distance from the solution were evaluated in order to provide low variation among
measurements. The parameters chosen were 10 mL of sample, 0.8 mL min! of titrant solution
and 3 cm of distance of sensor to the solution. Preliminary results for the determination of the
acidity of sauces, ascorbic acid and calcium content in pharmaceuticals products were
compared with those from official compendia. The TT-IR method presented agreement with
the conventional methods ranging from 97 to 104%, with similar precision. It is important to
mention the cost of system (lower $ 200) is an important feature to spread the use of
enthalpimetric analysis in several laboratories. According to these features, the proposed
method could be considered a promising alternative to perform enthalpimetric routine analysis,
allowing the reduction of the reaction consumption and residue generation in agreement with

the green analytical chemistry principles.

Keywords: infrared pyrometer, thermometric titration, green chemistry, low cost

instrumentation.
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1. INTRODUCTION

Enthalpimetry or enthalpimetric analysis can be considered as a subset of the field
calorimetry, which is characterized by the measurement of temperature variations associated to
chemical reactions, making possible the determination of the quantity of chemical species.?
According to IUPAC, enthalpimetric analysis is a generic designation for a family of analytical
methods where the temperature variation in chemical reactions is measured directly or
indirectly.2 An enthalpimetric method can be performed by using three main approaches:
thermometric titrations (TT), direct injection enthalpimetry (DIE) and flow injection
enthalpimetry.1®4 In DIE, a solution with a reagent in stoichiometric excess is injected and the
difference of temperature before and after reaction with analyte is related to its concentration.
On the other hand, in TT the titrant solution was added continuously or stepwise to the sample
solution. The enthalpy of reaction results in temperature variation in the solution, which could
be used in TT for the determination of the titration end point.>#

An essential device to perform enthalpimetric analysis is the temperature measurement
sensor. In the beginning of the twentieth century, the thermometric titrations were performed
using a mercury thermometer.®> The modernization of enthalpimetric analysis in the middle of
the twentieth century allowed the use of thermistors for temperature measurement, enabling the
creation of automated systems, with smaller response times.® Thermistors are still in use in
commercial equipment for TT and despite the useful results obtained using such devices, the
need of contact of sensor with the solution for temperature monitoring. Therefore, the
thermistor should be cleaned after each determination of different samples that makes the
analytical procedure time consuming.” Furthermore, contact devices as thermistors present the
risk of corrosion when aggressive solvents are used, and also the risk of sample contamination.®

The infrared thermography (IRT) is a non-contact, non-invasive technique, which can

be also used for temperature monitoring. The IRT is based on the concept that an object at any
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given temperature above absolute zero, emits electromagnetic radiation in the infrared range,
which could be related to its temperature.® Recently, IRT was proposed as an alternative to
perform DIE for applications in the quality control of pharmaceuticals, food and beverages.'®-
13 The new method called thermal infrared enthalpimetry (TIE) was developed in order to
perform enthalpimetric analysis in a fast, simple and contactless way using an infrared
camera.l® Samples were introduced into disposable microplates with direct addition of reagent
in stoichiometry excess under stirring. The proposed TIE methods presented some advantages
in comparison with conventional ones, such as reduction sample and reagent volumes and the
time used to perform each analysis, being a suitable alternative to the volumetric methods.*
For TT, however, IRT was used in only one application for neutralization reaction related
mainly to educational purposes.’

A viable and low cost alternative to infrared cameras for temperature measurement are
the infrared pyrometers. However, the infrared pyrometers do not inform the temperature
distribution over a surface, but a mean temperature was informed within their field of view.
These sensors are routinely used control of several heating devices (e.g., air-conditioners) and
thus available anywhere, presenting a lower cost and easy interpretation of data.'* However,
infrared pyrometers have not yet been used for TT.

Therefore, the use of infrared pyrometer was proposed in the present work for
thermometric titration using a simple, low cost and open source device. An equipment was
manufactured to perform the thermometric titration with infrared pyrometer temperature
monitoring (TT-IR) and a free software was developed for automatic end point determination.
Some parameters that influence the measurements were evaluated as total volume of solution,
distance of sensor from the solution and the flow rate of titrant solution. Preliminary results for
neutralization, redox and complexation titrations were compared with those obtained from

official compendia for analysis of food and pharmaceutical products.
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2. MATERIALS AND METHODS
2.1 Samples, standards, and reagents

Neutralization and redox titrations were used for the determination of total acidity of
sauces and ascorbic acid content of tablets (1000 mg), respectively. Calcium was determined
in tablets and sachets commercialized in different chemical forms (phosphate, carbonate and
citrate) using complexation titration. They presented calcium in different salts as calcium
carbonate (250 mg of calcium), calcium citrate (500 mg of calcium) and calcium phosphate
(600 mg of calcium). All samples were obtained from local market.

For total acidity determination, sodium hydroxide (Alphatec, Brazil), hydrochloric acid
(Vetec, Brazil) and phenolphthalein (Synth, Brazil) solutions were used. lodine (Neon, Brazil),
potassium iodide (Dinamica, Brazil), sulfuric acid (Vetec) and starch (Vetec) solutions were
used for the determination of ascorbic acid. For the determination of calcium, disodium
ethylenediaminetetraacetic acid (EDTA) (Dindmica), tetrasodium EDTA (Vetec), blue
hydroxynaphthol (Dindmica), eriochrome black T (Reagent, Brazil), sodium hydroxide
(Alphatec), hydrochloric acid (Vetec), ammonium hydroxide (Neon), ammonium chlorite
(Vetec) and zinc sulfate (Synth, Brazil) solutions were used. The solutions were standardized

as recommended in official compendia®>’.

2.2 Instrumentation

The proposed TT-IR method was performed using a 25 mL burette (+ 0.05 mL). For
total acidity determination by conventional method a potentiometric titration with glass pH
electrode (Digimed, model DM-22, Brazil) was used. For weighing the samples, an analytical
balance (Shimadzu, A1Y220 model, Japan) was used. A Milli-Q system (Direct-Q 3 UV, 18.2
MQ-cm, Millipore Corp., USA) was used to obtain ultrapure water and prepare all solutions

and reagents.
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For temperature measurement an infrared pyrometer (model MLX90614xxA, Melexis,
Ypres, Belgium) was used. It presented a diameter of 9.12 mm and 4.10 mm of thickness, with
an operational range from -40 to 125 °C and temperature resolution of 0.02 °C. A Raspberry Pi
3 microcomputer (model B, Raspberry Pl Foundation, Cambridgeshire, UK) was used to
control the pyrometer. It was equipped with a quad-core 1.2 GHz ARMv8 64-bit processor, 1
GB of RAM and 802.11n WiFi and bluetooth interfaces. The communication between the
Raspberry device and the infrared pyrometer was performed by the 12C interface. The system
was constructed on a circuit with 5 volts power supply.

For the addition of the titrant a 25 mL burette was used. The titrant was released from
burette through a silicon tube with internal diameter of 2 mm using a peristaltic pump (Ismatec,
Brazil). A closed polystyrene (PS) cup with internal volume of 100 mL was used for reaction.
A magnetic stirrer (Centauro, Brazil) and a polytetrafluoroethylene covered magnetic stir bar
(10 x 25 mm) were used to homogenize the solutions. The proposed device is shown in

Figure 1.

2.3 Analysis by TT-IR

Some parameters that influence the measurements such as titrant solution flow rate,
sample volume and distance between the infrared pyrometer and solutions were optimized. The
stirring was set at the maximum value without spill on the inside walls of the polystyrene cup
(250 rpm) in order to assure homogenization. The flow rate values evaluated were in the range
from to 0.8 to 2.0 mL min™! for sample solution volumes of 5, 10 and 15 mL. The distance of
temperature sensor from the sample was studied before the addition of titrant solution from 3.0
to 6.0 cm. In these experiments, a 0.5 mol L hydrochloric acid solution was used as sample
and 1 mol L? sodium hydroxide solution as titrant. All determinations were performed in

triplicate.
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Before determination, sample and titration solutions were stand alone at room
temperature to reach thermal equilibrium. Samples were transferred to PS cup and a magnetic
stir bar was added for stirring. After capping the vessel, the burette was filled with the titrant
solution, which was added to PS cup through the silicon tubing by means of peristaltic pump.
The starting time was synchronized with a chronometer and the volume of titrant solution
consumed was calculated considering the flow rate used and the end point time registered.
Temperature monitoring was performed using an infrared pyrometer and the maximum
temperature reached was used as the titration end point, taking into account that all reactions
studied were exothermic.

Total acidity was determined by back titration. A 1 mol L sodium hydroxide solution
(5 mL) was added to the sample (5 g) in the PS cup and titrated with 1 mol L hydrochloric
acid solution. Ascorbic acid determination was performed using a 0.1 mol L iodine solution.
Tablets (approximately 1 g ascorbic acid) were solubilized with 1 mol L™ sulfuric acid solution
and filled up to 50 mL with ultrapure water volumetric flasks. An aliquot of 7 mL was added
to PS cup and the final volume was adjusted to 10 mL with water followed by titration with 0.1
mol L iodine solution.

For calcium determination, 0.1 g of samples were weighed in PS cup and solubilized
with 1.0 mol L't HCI solution. After, the pH was adjusted to 9 using ammonium buffer, the
volume was filled up with ultrapure water and titrated with 0.3 mol L™ tetrasodium EDTA
solution. All determinations were performed in triplicate using the volume of sample and flow
rate of titrant solution selected in previous optimizations.

Other relevant parameters evaluated were the limit of detection (LOD) and limit of
quantification (LOQ), according to Eurachem Guide®®. The LOD and LOQ were calculated
considering the mean of 10 blank readings. The mean value of the readings and the standard

deviation (SD) were calculated, where the LOD = 30 and the LOQ = 100. For the sauce
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acidity assay, where back titration was used, the determination of LOD and LOQ was performed
considering the mean and SD of 10 blank readings with water and sodium hydroxide solution
plus another 10 blank readings with sodium hydroxide solution alone. The LOD and LOQ were
determined by the square sum of the standard deviation of the two blank. The data was

evaluated using F-test and Student t-test in the software Statistica 5.1 (Statsoft, 2004, USA).

2.4 Analysis by conventional methods

Total acidity in sauces was determined by potentiometric titration with 0.1 mol L
NaOH solution, according to official Brazilian compendium for food analysis.'® Ascorbic acid
content in tablets was determined by titration with 0.05 mol L™ iodine solution, according the
procedure described by the Brazilian Pharmacopoeia.l” Calcium determination was performed
in tablets and sachets dosage forms. The titration was carried out with 0.05 mol L disodium
EDTA solution for calcium citrate and calcium carbonate. For calcium phosphate, the titration
was performed with 0.1 mol L zinc sulfate solution according to the Brazilian

Pharmacopoeia.l’ All determinations were performed in triplicate.

3. RESULTS AND DISCUSSION
3.1 Evaluation of TT-IR device

For the determination of the end point of thermometric titrations, the temperature
variation (positive or negative) associated with the stoichiometry of the reaction could be used
to monitor the titration end point.! An enthalpy curve (or thermometric titration curve) is
generally plotied as temperature versus volume of titrant. As described in experimental section,
the flow rate of titration and time of analysis is used to obtain the titration volume.Therefore,
the plot of temperature versus time was used as shown in Figure 2, with further conversion of

time to volume of titrant at the end point value.
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A curvature is observed in the region of the equivalence point. According to Jordan et
al.3, this curvature may be caused by a slower conversion of the reagents into the products or
by the slow attainment of the titration equilibrium point. However, Piloyan & Dolinina®
suggested that the relationship between temperature variation and volume of added titrant is not
linear, since heat transfer between the external medium and the reaction cell may occur. This is
especially true for the system used that is far from the performance of calorimetric type vessel
used in conventional enthalpimetry, and heat transfer with ambient occur. Therefore, the use of
appropriate calculations that correct these variations is suggested for the determination of the
end point, such as the application of the derivative of the data.® Therefore, for the accurate
determination of the end point, a filter was applied to the data. The filter consists of moving the
average, which was followed by the second derivative to determine the titration end point.

The evaluation of some parameters that influence the measurements using the proposed
TT-IR device was performed, as sample volume, sensor distance and titrant solution flow rate.
The flow rate was controled by using a burette combined with peristaltic pump in order to reach
more accurate results for the consumed titration solution. If the flow rate of peristaltic pump is
considered as constant, the deviations for total acidity determination reached RSD of 5.56%.
These relatively high deviations among measurements is caused by pulsing of peristaltic pump
from intermittent pressure provided by the pump rollers, which do not maitain the flow rate
constant. 18 In order to improve the accuracy, the total volume of solution released inside the
vessel was determined using the burette during the time of operation of peristaltic pump. In this
way, the flow rate was recalculated and the RSD among measurements fall to 1.07%. Therefore,
all measurements were performed considering the flow rate calculated using this approach.

The results for the sample volume and titrant flow rate are shown in Figure 3. All titrant
volumes used showed agreement with the conventional method from 98 to 106%, showing that

a reasonable accuracy of measurements could be reached changing the volume of sample.
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However, increasing the flow rate, a proportional increasing of relative standard deviation
(RSD) was observed, with values ranging from 0.43 to 3.00%. For lower flow rates (0.8 and
1.0 mL min?) for all volumes, RSD values were lower than 2%. However, for the flow rate of
0.8 mL min! the lowest RSD was reached, probably to the better homogeneization provided by
slowly dropping of titrant solution. A significant difference of results comparing to
conventional titration was observed for the proposed TT-IR only when a volume of 5 mL of
sample combined with a titrant flow rate of 2 mL min was used (Student’s t-test, p > 0.05). As
can be seen in the Figure 3, the use of 10 mL of the sample and flow rate of 0.8 mL min™ lead
to the lowest RSD, with an agreement of 100% with the conventional method. Thus, this volume
and flow rate were used in all subsequent experiments.

Regarding to sensor distance to the solution inside the vessel (Figure 4), it was observed
that the increase of the distance increase the RSD value. The increasing can be explained by the
influence of field of view (FOV) of infrared optical pyrometer used as detector. Thus, the FOV
was determined using the angular extent of the observable object field. The FOV depends of
the sensor lens and the detector dimensions. The FOV can be calculated using the information

from the dimensional focal of detector (b) and the focal length (f) as follows (Eq. (1)):%

FOV = 2 arctan (%) (1)

The dimensions were obtained from the datasheet of sensor, were b and f values were
3.5and 1.74 mm, respectively. Thus, the FOV obtained for the sensor was 90°. After calculation
of FOV value, it was possible to calculate the area of the object seen by the infrared pyrometer,

according to the distance (D) of the object in relation to the pyrometer as follow (Eq. (2)):

x = 2Dtan (1:2—]/) (2)
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Thus, it was possible to calculate the area of view (cm?) of the sensor. For the distance
of 3 cm, the area of view of the sensor was 0.45 cm?. When increasing the distance to 6 cm, the
area increased to about 1 cm?. In Figures 1B and 1C, the PS cup used in the experiments is
shown and it is possible to observe the position of the magnetic stir bar used to homogenize the
solution. Therefore, it can be justified that the RSD increase for higher sensor distances
occurred because the FOV of the sensor embraced a larger area with some turbulence caused
by magnetic stirring. Consequently, there was higher temperature oscillation during the
readings wich leads to an increase of the RSD values for higher FOV.

Despite the increase of RSD values for higher distances of sensor to solution, a good
agreement between the convencional titration and TT-IR methods was observed, with no
statistical difference (Student’s t-teste, p > 0.05). The distance of 3 cm was considered the best
value considering the lowest RSD. The precison was also evaluated between 3.0 and 6.0 cm of
distance (F-test, p > 0.05). Only the distance of 6.0 cm differed statistically from the 3.0 cm. It
is important to mention that lower distances (i.e. 2.0 cm) could not be evaluated, because the

solution would be in touch with the sensor.

3.2 Quantitative analysis by TT-IR

Neutralization, redox and complexation reactions were used for the determination of
total acidity, ascorbic acid and calcium content in food and pharmaceutical products by both
TT-IR and conventional method, as shown in Table 1. The results obtained by TT-IR and the
conventional method presented an agreement between 97 and 104%, with no statistical
difference between the results (Student’s t-test, p > 0.05) for all applications. The deviations
among the measurements obtained by TT-IR were similar or lower than those by conventional

methods (titration). For the calculation of LOD and LOQ), the following values were obtained
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for calcium 4.24 and 10.05 mg, ascorbic acid 22.1 and 55.1 mg and for total acidity 0.21 and
0.37% (g of acetic acid), respectively.

It is important to mention that the use of TT-IR method allowed the reduction of the
volume of residue generated during analysis comparing to conventional titration. For example,
the determination of calcium by the official method, in the form of tribasic calcium phosphate,
a volume of 656 mL of waste was generated. For the proposed TT-IR method 38 mL of residue
were produced. For the ascorbic acid determination, about 443 mL of residue is generated for
each sample in conventional method, which is reduced to 182 mL using TT-IR. For acidity
determination, about 1150 mL of residue is generated in conventional method, and with the
proposed TT-IR method this volume was reduced to 160 mL. Therefore, it is possible to state
that the use of TT-IR method reduced the residue generation in comparison official methods!®’

going into direction of green analytical chemistry principles.?22324

3.3 Potential and Challenges of proposed TT-IR

Despite the preliminary nature of the results obtained, it was possible to identify some
potentialities of TT-IR. The non-contact measurement was feasible with good results for dark,
colored and viscous samples as sauces, avoiding excessive dilution of samples and the need of
cleaning electrodes as required in conventional potentiometric titration. No damages were
observed on the sensor, which could be used for thousands of measurements. In addition, the
same sensor could be used for different reactions as neutralization, redox and complexation
ones, which is impossible to be performed in conventional methods.

The device proposed was designed to be constructed with low cost and less than $200
were enough to buy the pieces (excluding the peristaltic pump), which could shows a spread
use. Obviously, other infrared pyrometers and volume dosing devices could be used in order to

increase the performance of TT-IR. For example, the infrared pyrometer used presented a
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temperature resolution up to 0.02 °C, which is far from the best performance of these devices
that are commercialized with higher resolution (e.g., 0.0001 °C). The apparatus for titrant
solution introduction could be certainly improved and several devices could be used as syringe
pumps. Lastly, the reaction vessels could be also improved to avoid the losses of heat form
vessel walls. Therefore, it is expected that improvements could be performed in the proposed
approach for TT-IR with impact on the quality of analytical results, reducing uncertainties and
improving the sensitivity of measurements. However, the price of such improvement should be
considered. Other important aspect is the possibility of automation, which could improve
sample throughput and the quality of results.

Considering the good results obtained for TT, the use of infrared pyrometer could be
spread to perform the other types of enthalpimetric analysis, as direct injection and flow ones,
which were not yet performed using this device. In this way, it is expected that thermal infrared
enthalpimetry could be even more used due to the lower cost and the easiness processing and
interpretation of infrared pyrometer data in relation to the applications performed with infrared

cameras.

4. CONCLUSION

The use of infrared thermometer is a promising alternative to perform enthalpimetric
analysis in a simpler way with quantitative results that present good agreement with
conventional methods. The low cost and easy implementation could be highlighted. The
proposed method is a suitable alternative for routine analysis comprising some of the green

analytical chemistry features.
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Table 1. Results (mean * standard deviation) for the total acidity, ascorbic acid and calcium

determination using TT-IR (n=3) and conventional methods (n=3).

Sample Analyte Conv. Titration TT-IR
Calcium carbonate tablets Calcium (mg) 242 £ 3 23514
Calcium citrate sachets 491+8 483+ 11
Calcium phosphate tablets 586 + 9 602 £ 13
Effervescent tablet 1 Ascorbic acid 970 £ 13 948 £ 13

(mg)
Effervescent tablet 2 980+ 11 968 £ 12
Effervescent tablet 3 1009+ 9 1010+ 8
English sauce Total acidity 4.05 +0.02 3.98 £0.05
(% acetic acid)
Garlic sauce 1.37£0.01 1.43 £ 0.05
Ketchup sauce 2.07£0.01 2.06 £ 0.04
Pepper sauce 2.19+£0.02 2.25+0.05
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Figure Captions

Figure 1. Device proposed for TT-IR system. (A) General view of system. (B) Side view of

reactor (polystirene cup) with lid. (C) Top view of polystirene cup.

Figure 2. Analytica signal obtained for neutralization reaction in back titration using 5 mL of
the sample and 1.0 mol Lt HCI titrant solution, flow rate 0.8 mL min™t and 3 cm of sensor
distance to solution; 1: sample alone inside the reactor; 2: starting of titrant solution addition;

3: maximum temperature (end point).

Figure 3. Influence of sample solution volume and flow rate of titrant solution on the
measurements (n=3); 1 mol L™* NaOH titrant solution and 5 mL of 0.5 mol L* HCI solution as

the sample; flow rates 0.8; 1.0; 1.5 and 2.0 mol L.

Figure 4. Influence of sensor distance to solution (n=3) using 1 mol Lt NaOH titrant solution

and 5 mL of 0.5 mol L HCI solution as the sample; flow rates 0.8 mL min™.
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ABSTRACT

A rapid and effective green analytical method has been proposed in this work for the
determination of hydrogen peroxide in pharmaceuticals, bleaching and toiletries products. This
method employed the combination of paper microplates, thermal infrared enthalpimetry (TIE)
and potato juice as reagent from renewable source. The determination was performed using
paper microplates fabricated by the wax printing method, multichannel pipette for reagent
addition and an infrared camera for temperature monitoring. In order to provide low variation
of measurements, the analytical parameters were optimized such as pH, reagents volume and
stability. Results of peroxide hydrogen contents in all samples were compared with those
obtained by official compendia (United States Pharmacopeia and ASTM D2180-17). The
proposed method showed an agreement with the conventional methods from 96 to 103%. It is
important to mention that using this system was possible to reduce significant the waste
generation when compared with conventional methods, besides the absence of toxic reagents.
Another important issue to consider is that paper microplates can be directly discarded after
analysis, since the final product of the reaction between hydrogen peroxide and the enzyme
from potato juice are O2 and water. Thereby this method follows the green analytical chemistry
principles. According to these features, the proposed method could be considered a promising

alternative to routine analysis.

Keywords: hydrogen peroxide content, green solvent, enthalpimetry, paper microplates.
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1. INTRODUCTION

Currently, the impact caused by human action has accelerated the search for
sustainability, where the environmental effects generated by chemical activities have received
great attention.! The green analytical chemistry has become a tool to advance sustainable
development in chemical analysis for both academic and industries laboratories.? Most of green
analytical chemistry efforts emphasized the need for safe, less toxic solvents (or their
elimination) and the reduction of the use of reagents and other chemicals.®* Other actions
included the reduction of energy consumption, avoiding derivatization and giving preference
of using substrates based on renewable sources.® Therefore, the elimination and/or replacement
of toxic reagents has become a trend in green analytical chemistry, thus increasing the search
for reagents obtained from renewable sources.® However, this task could be considered a
challenge in the green chemistry segment.” Vegetables are an inexhaustible source of enzymes
(e.g., peroxidase, polyphenol oxidase, pectinmethylesterase) that can be applied in several
fields. Different plants (e.g., litchi and date fruits, yellow mombin and apple) can provide the
enzyme peroxidase, which can be used for quick and selective reaction with hydrogen peroxide,
including potatoes that present features with regard to availability and cost.®*®

Paper-based devices have been used as alternative reaction platforms for reducing
reagent consumption and residue generation. Paper microzone plates are a low cost alternative
to conventional used polystyrene microplates, and require low volume of sample and reagents.
These devices could be manufactured from the deposition of a hydrophobic barrier on the paper
so that circular barriers could be formed in the same proportions of the wells of the conventional
plates.!*? The manufacturing and disposal of these paper devices could reduce the
environmental impacts when compared to conventional polystyrene microplates.®® The paper
is flammable, and if the direct disposal is not possible, the devices can be incinerated in a safely

and easy way after use.'>® Several sensing approaches have been used for the determination
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of different analytes in paper-based analytical devices, including fluorescence, colorimetry,
electrochemical, conductivity!’, electrochemiluminescence and chemiluminescence ones.!8
However, applications related to the use of enthalpimetric measurements in paper devices have
not been explored for chemical analysis.

Recently, infrared thermal imaging was combined with polystyrene microplates to
perform chemical analysis based on the temperature change during a reaction®®. The called
thermal infrared enthalpimetry (TIE) method was performed by addition of a solution
containing a stoichiometric excess of a reagent to sample solution. The temperature was
determined before and after injection, and it was directly related to the amount of the limiting
reagent (usually the analyte). Several advantages have been reported by the use of TIE, as the
speed up of analysis (reaching hundreds of measurements per hour) and the reduction of the
amount of reagents and residues generated.'®?2 In some cases, only water could be used as
reagent for analysis and a reduction in energy consumption of three orders of magnitude in
relation to conventional method has been reported as for the determination of alcoholic content
of beverages.?

Therefore, a novel approach is proposed for paper-based analytical devices based on the
green the determination of hydrogen peroxide provided by the reaction of samples with potato
juice and temperature monitoring by using an infrared camera. The analytical parameters were
optimized regarding to the suitable conditions for reaction (e.g., total volume, proportion of
reactants, time, pH) and the stability of potato juice. The method was applied for

pharmaceutical, cleaning and toiletries products without the need of any sample preparation.

2. MATERIALS AND METHOD

2.1 Samples, standards, and reagents
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Samples of potatoes (Solanum tuberosum L.) of varieties Agata and Asterix were
purchased in local market. Hydrogen peroxide (4.25 mol L) (Vetec, Brazil) was used for
preparation of reference solutions and construction of the calibration curve. Potassium
permanganate (Vetec, Brazil), sodium oxalate (Synth, Brazil) and sulfuric acid (Vetec, Brazil)
were used for determination of hydrogen peroxide by the conventional method (redox titration
using potassium permanganate). The solutions were standardized and used for the
determination of hydrogen peroxide in solutions, creams and mouthwash as recommended in
United States Pharmacopeia.?® For hydrogen peroxide determination in bleaching solutions the
recommendations of ASTM D2180-172* were followed. Accuracy was evaluated by comparing
results obtained using the proposed method with those obtained by official methods (Student's

t-test).

2.2 Instrumentation

A Milli-Q system (Direct-Q 3 UV, 18.2 MQ<cm, Millipore Corp., USA) was used to
obtain ultrapure water to prepare all solution and reagents. A long wave infrared camera (8.5-
13.0 um, E60 model, FLIR, USA), which provided images of 320 x 240 pixels at a frame rate
of 30 Hz was used. Images were processed using ResearchlIR software (version 3.5, FLIR). The
reactions were performed in disposable paper 24-well microplates, which were prepared using
a solid jet printer (ColorQube, 8870, Xerox, USA) and after conditioned in an oven (MA
033/100, Marconi, Brazil). Electronic multichannel pipette (8 channels, 15 to 300 uL, Xplorer,
Eppendorf, Germany) was used for simultaneous injection of reagents. For the determination
of peroxide hydrogen content according to official methods a burette (25 mL = 0.05 mL) was

used for titration.

2.3 Analysis by conventional method
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The determination of hydrogen peroxide in solutions, creams and mouthwash was
carried out according to method of United States Pharmacopeia.?® Samples (2 mL) were inserted
in a suitable flask containing 20 mL of water and 20 mL of 1 mol L sulfuric acid. After, the
solution was titrate with 0.02 mol L potassium permanganate solution. The hydrogen peroxide
in bleaching solution was determined according to method ASTM D2180-17.24 Samples (5 mL)
were diluted in a 500 mL volumetric flask, using 250 mL of water and completed to the mark
with sulfuric acid (1:9) solution. After, a 25 mL aliquot was titrated with 0.02 mol L™ potassium

permanganate solution.

2.4 Analysis by TIE

For the production of potato juice, the vegetables were washed, peeled and crushed
using a kitchen mixer (Philips Walita, model R11366), and the potato juice was filtered using
filter paper of 80 g m2grammage (J. Prolab, Brazil). The pH of extracts and hydrogen peroxide
solutions were adjusted using 2 mol L sodium hydroxide solution. The paper microzone plates
were prepare using the same size of the polystyrene microplates used in TIE (24 wells, 1.6 cm
diameter in each well). The microplates were designed for a negative configuration, i.e. the test
zones were wax-delimited throughout the paper area. Using a wax printer the image of the plate
was printed directly onto a sheet of filter paper with dimensions 60 x 60 cm, 14 um of porosity
and 80 g m2grammage (J. Prolab, Brazil). Subsequently, the printed-paper was heated in an
oven at 105 °C for 5 min to obtain the hydrophobic barrier. In order to avoid the contact of
paper microzone plates with other materials, they were adapted to a plastic box with the same
size. The procedure used in the proposed method is shown in Figure 1.

The software of camera was used for monitoring the temperature of each well and the
average of these temperatures was plotted forming an enthalpogram.® The characteristic signal

of the reaction is shown in Figure 2. The difference of temperature (AT) was obtained from
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equation AT = Tf — Ti, where Tf and Ti are the final and initial temperatures, respectively.*®
The Ti values were obtained using the mean of temperature obtained after the addition of potato
juice over the paper microplates previously charged with hydrogen peroxide solutions. Four

wells were used for in all experiments (n=4).

2.5 Optimization of proposed TIE method

Preliminary experiments were realized to determine the potato variety (Asterix and
Agata) which had the better stability during of analyzes. The calibration curve was constructed
in three different days using two varieties of potato, and the sensibility of calibration curve was
evaluated to choose the best variety for development of experiments.

The influence of pH, volume and ratio of solutions, and stability of potato juice were
evaluated. The pH of potato juice and hydrogen peroxide solutions from 6.0 to 8.0 were tested,
including also the test without pH adjustment (the pH of potato juice and hydrogen peroxide
solution was 6.15 and 4.23, respectively). For evaluation of the behavior of results using potato
juice from different sources, the determination of hydrogen peroxide was performed in two
pharmaceutical samples (solution and cream) during five days. The agreement with the
conventional method and the parameters of calibration curve were evaluated. Other relevant
parameters as the limit of detection (LOD) and limit of quantification (LOQ), were calculated
according to the Eurachem Guide® considering the mean of 10 blank readings. The mean value
of the readings and the standard deviation (SD) were calculated, where the LOD = 3¢ and the
LOQ = 100, where S is the SD of the blank readings. The data were evaluated using analysis

of variance (ANOVA) followed by Tukey's test using Statistica 5.1 (Statsoft, 2004, USA).

3. RESULTS AND DISCUSSION

3.1 Evaluation of the parameters for TIE analysis
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The results of stability evaluation of potatoes varieties are shown in Table 1. The Agata
potato variety, in the three calibration curve constructed by three different days of analysis,
obtained the coefficient of determination higher than 0.99. Therefore, the Agata was the variety
with the better stability, and then all the experiments were realized using this variety.

The experimental conditions were optimized to reach a suitable reaction of peroxidase
with hydrogen peroxide solutions. The influence of pH was evaluated and the results are shown
in Figure 3. The lowest activity was observed to pH 6.0 and also for solution without pH control.
On the other hand, the maximum enzyme activity was observed in pH 7 with no significant
differences to pH 7.5 (Tukey test, p > 0.05).

According to the literature, the peroxidase activity is pH-dependent. Studies about pH
influence to peroxidase activity in potato pulp exhibited results of stability around pH 4 to 8.1°
For other vegetables, such as varieties of date fruit (Phoenix dactylifera L.) highest activity was
achieved between pH 5.6 and 6.2.8 In Litchi (Litchi chinensis Sonn.), the values of highest
activity were obtained close to pH 6.5.° Thus, the results observed for the influence of pH on
peroxidase activity is in agreement with results reported in literature.

The ratio between the potato juice and hydrogen peroxide solution was also evaluated
(Figure 4). No significant differences were observed when the ratio of 80:60, 90:50 and 100:40
ul of potato juice and hydrogen peroxide solution were used, respectively (Tukey test, p > 0.05).
However, the 100:40 ratio was chosen, because a lower sample volume could be used. For
lower potato juice volumes, the results presented lower AT probably due to the low amount of
enzyme available for reaction with the hydrogen peroxide solution.

The evaluation of stability of potato juice over the time is shown in Figure 5. There was
no significant difference in the AT up to 300 minutes after potato juice extraction (Tukey test,
p > 0.05). Therefore, 300 minutes was chose as the maximum stability time of potato juice. In

addition to potato juice stability, the parameters related to TIE can also influence the results.
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Therefore, the pixels (pix) number used to extract temperature values from images was
evaluated (Figure 6). The deviations among measurements could be considered relatively low
up to 129 pix, because once the solution reach the analytical zone edge, the contact with the
wax occurs and could lead to heat dissipation. Although no significant differences were
observed using 37 to 129 pixels, a RSD increase was observed and 61 pixels were considered

the more suitable number to perform experiments.

3.2 Determination of hydrogen peroxide in pharmaceutical, cleaning and toiletries
products

After experimental conditions evaluation, the behavior of results using potato juice from
different sources for hydrogen peroxide determination in two samples (solution and cream) in
five days. Therefore, a calibration curve was constructed in each analysis day and samples were
evaluated. The agreement with the conventional method and the linearity of curve calibration
were considered and the results are shown in Table 2.

The calibration curves obtained in different days of analysis showed good linearity (R?
> 0.99). As expected, a variation in the sensitivity could be observed, since the reagent used
(potato juice) came from vegetables that present variability in their peroxidase content.
However, good agreement (from 98 to 102%) with the official method was observed even with
this variability of potato juice, without statistical differences between the proposed and official
method (Student's t-test, p > 0.05). These results showed that potato juice presented a suitable
performance and could be used for hydrogen peroxide determination.

The results for determination of hydrogen peroxide in pharmaceutical products creams
and solutions and mouthwash are shown in Table 3. All values obtained by proposed method
for the hydrogen peroxide content of four samples presented a good agreement (from 96 to

103%) with the official methods; no significant differences were observed between these
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methods (Student’s t-test, p > 0.05). The LOD and LOQ obtained to method were 0.36 and

0.49%, respectively.

3.3 Green aspects of the proposed method

Using the proposed method it was possible to determine the hydrogen peroxide content
with a significant reduction of residue generation. The conventional method generated a volume
of residue after analysis of samples near to 3.45 L, being composed by around 985 mL of
potassium permanganate 0.02 mol L (3.16 grams) and about 100 mL of H.SO4. With the
proposed method, only 0.325 L were generated, containing 5.5 mL of NaOH 2 mol L (0.44
grams) used in adjusting of pH and samples, 30 mL of potato juice and 175 mL of hydrogen
peroxide solution (used in the construction of the calibration curve). The residue amount was
calculated considering reagents used since the dilution step until the determination one.

It is important to mention that the reaction between hydrogen peroxide and the
peroxidase enzyme (from potato juice) has as final product the formation of O2 and water.
Therefore, the disposal of the paper microplates can be performed easily and safely, without
incineration, since the paper is biodegradable. Another important factor is that the residue
generated in the proposed method (potato juice and hydrogen peroxide solutions) could be
mixed and can react generating O2 and water, allowing a sustainable disposal according to green

chemistry principles.

4 CONCLUSION

The use of paper devices combined with TIE allowed the development of the simple
and fast method for hydrogen peroxide determination, according to principles of green
analytical chemistry. The replacement a toxic reagent with a low-cost renewable source reagent

was feasible and the results were obtained with a good agreement with conventional methods.
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The volume of sample and reagents was reduced and the residue generated can be disposed in
a simple way. Significant reduction in the environmental impacts generated by the chemical
analysis were observed when compared to the conventional technique. Taking into account all
advantages of the proposed methods, the combination of the TIE, paper microplates and potato

juice as a renewable source reagent, can be a suitable alternative for routine analysis.
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Table 1. Results of potato variety stability (Asterix and Agata) using potato juice from different

sources and three different days of analysis (n = 4). Measurements were performed using pH

7.0, reagent to sample ratio 100:40 and 61 pixels for temperature measurement.

Potato varieties Equation R?
Agata y = 0.3557x + 0.0644 0.9947
Agata y = 0.4031x + 0.0651 0.9937
Agata y = 0.5635x - 0.0111 0.9925

Asterix y = 0.2089x + 0.1396 0.9674
Asterix y =0.3071x + 0.1174 0.9645
Asterix y =0.1664x + 0.1128 0.8775
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Table 2. Results (mean + standard deviation, % v/v) for the determination of hydrogen peroxide
in two pharmaceutical samples (solution and cream) using potato juice from different sources
and different days of analysis (n = 4). Measurements were performed using pH 7.0, reagent to

sample ratio 100:40 and 61 pixels for temperature measurement.

Sample 1 Agreement Sample 2 Agreement

Equation R?
(% H20) (%0) (% H205) (%)
y =0.3557x + 0.0644 0.9947 3.01£0.06 98.5 8.90 £ 0.26 100.4
y =0.4031x + 0.0651 0.9937 2.99 £ 0.06 97.9 9.00+£0.39 101.5
y =0.5635x - 0.0111 0.9925 3.00 £ 0.07 98.1 8.93+0.15 100.8
y =0.4775x + 0.1617 0.9922 3.04 £0.05 99.5 9.08 £0.27 102.4
y = 0.8139x + 0.0249 0.9941 3.05£0.05 99.8 8.97+£0.34 101.2
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Table 3. Results (mean * standard deviation) obtained using the TIE (n=4) in the analysis of
the hydrogen peroxide content of pharmaceutics products (creams and solution), mouthwash
and bleaching solutions (%, v/v) and comparison with data obtained by conventional methods
(n=3). Measurements were performed using pH 7.0, reagent to sample ratio 100:40 and 61

pixels for temperature measurement.

Sample Manufacturer Conv. Method TIE
A 2.99 +0.07 3.06 +0.01
Solution B 2.80 £ 0.04 2.76 £ 0.02
C 3.12+0.09 3.03+0.01
A 9.08 £ 0.27 8.87 £0.16
Cream B 9.21+0.12 9.02+£0.16
C 8.61+0.07 8.49 £ 0.10
A 5.09 £0.07 5.00 £ 0.03
Bleaching B 7.65+0.15 7.50 £ 0.06
C 5.46 £ 0.16 5.28 £ 0.02
A 2.57£0.03 2.60 £ 0.02
Mouthwash
B 1.96 + 0.07 2.04 £0.01
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Figure Captions

Figure 1. Procedures used for that determination of hydrogen peroxide by the proposed TIE

method.

Figure 2. Analytical signal obtained from reaction of hydrogen peroxide and potato juice,

where Ti is initial temperature and Tf is final temperature.

Figure 3. Influence of pH on the reaction of peroxidase with hydrogen peroxide solution (6%
H202, v/v). Bars followed by the same letters do not differ (P > 0.05) by Tukey test (n=4).
Measurements performed at pH 7.0, reagent to sample ratio 100:40, 61 pixels for temperature

measurement.

Figure 4. Influence of potato juice/hydrogen peroxide solution ratio on the reaction of
peroxidase with hydrogen peroxide solution (6% H202, v/v). Bars followed by the same letters
do not differ (P > 0.05) by Tukey test (n = 4). Measurements performed using pH 7.0, reagent

to sample ratio 100:40, 61 pixels for temperature measurement.

Figure 5. Stability of potato juice for reaction with hydrogen peroxide solution (6% H20-, v/v).
Bars followed by the same letters do not differ (P > 0.05) by Tukey test (hn=4). Measurements
performed using pH 7.0, reagent to sample ratio 100:40, 61 pixels for temperature

measurement.

Figure 6. Evaluation of pixels number used in images treatment for temperature measurement.
Bars followed by the same letters did not differ (P > 0.05) by Tukey test

(n=4).
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Figure 5.
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4 DISCUSSAO GERAL

Os resultados obtidos no presente trabalho, demonstraram que 0s métodos
entalpimétricos sdo alternativas viaveis, que apresentam grandes vantagens para 0
desenvolvimento de métodos analiticos que estejam em acordo com os principios da quimica
analitica verde. Sendo assim, os métodos entalpimétricos demonstram ser uma alternativa
promissora para a substituicdo dos métodos convencionais. Cabe ressaltar que 0os métodos
empregados diminuiram significativamente o volume de residuo gerado, bem como o volume
de amostra e reagentes empregados, sendo possivel a elimina¢do dos reagentes tdxicos
comumente empregados nos métodos convencionais. A substituicdo das microplacas de
poliestireno por microplacas de papel, possibilitou a reducdo dos impactos ambientais quando
comparados os impactos gerados para a producéo e descarte destes os dispositivos. Deste modo,
o descarte dos dispositivos de papel puderam ser realizados de forma simples e fécil, uma vez
que o papel é um material biodegradavel. Essas vantagens citadas fazem com que os métodos
propostos estejam em concordancia com os principios da quimica analitica verde.

De modo a obter as melhores condi¢des de andlise, métodos estatisticos foram
empregados de modo a avaliar os melhores pardmetros para cada ensaio no Manuscrito 1.
Foram avaliados a proporcdo de reagente, pH, vazdo da solucéo titulante, e estabilidade de
solucdo. Com base nos resultados obtidos foi possivel ajustar as condi¢des de analise de modo
a obter os menores desvio entre as medidas. Cabe ressaltar que as condi¢Ges analiticas podem
ser melhoradas, com o0 emprego de sensores com uma resolugdo maior, além de contribuir para
uma menor variacdo dos resultados.

Outro aspecto relevante a ser considerado € com relacdo as oscilacbes da bomba
peristaltica na vazao dos reagentes, que pode contribuir para um aumento nos desvios entre as
medidas. Porém, o uso de bombas de seringa, que apresentam um excelente estabilidade no
controle da vazdo, podem contribuir para uma menor variacao dos resultados. Além disso, 0s
métodos propostos apresentaram como desvantagem o tempo de estabilizacdo da temperatura
das solugcbes anteriormente a mistura. Para a realizacdo das analises por entalpimetria no
infravermelho, faz-se necessario que ambas as solucdes estejam na mesma temperatura, para
que ndo ocorra leitura equivocada das temperaturas geradas. Parametros relacionados as
condicOes atmosféricas, como umidade relativa, temperatura ambiente e fluxo de ar, também
podem interferir nos efeitos das medidas de temperatura realizadas, tornando-se importante a

realizacdo das medidas em ambiente controlado (GOWEN et al., 2010). Portanto, essas
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modificacbes nos métodos desenvolvidos, podem contribuir para a obtencdo de menores

variaces nas medidas, permitindo a obtencéo de resultados mais precisos.

5 CONCLUSAO

Os métodos de analise desenvolvidos podem ser considerados uma alternativa viavel e
promissora para aplicacdo em analises de rotina no controle de qualidade de alimentos e
produtos farmacéuticos, visto que obteve-se uma boa precisao e exatiddo dos resultados frente
aos métodos convencionais. O uso do pirémetro infravermelho permitiu a criacdo de um
sistema de analise de baixo custo e com bom desempenho, demonstrando caracteristicas
promissoras para sua aplicacdo em outros tipos de andlises entalpimétricas.

A combinacdo da TIE como método de deteccdo para as reacdes em dispositivos de
papel, apresentou resultados promissores e vai de acordo com 0s principios da quimica verde,
podendo ser considerado um método de analise verde. Deste modo, alguns dos grandes desafios
da quimica analitica verde puderam ser superados, com o emprego de um reagente de fonte
renovavel, ndo toxico e de baixo custo, bem como a diminuicdo significativa no uso de
reagentes e amostras.

Ao longo de ambos 0s experimentos a otimizacao dos parametros de analise se mostrou
ser uma etapa imprescindivel para obter uma melhor resposta e melhorar a precisdo dos
resultados. Bons resultados foram obtidos a partir do emprego de sistemas de baixo custo, com
reatores mais ambientalmente corretos, permitindo a determinacdo de analitos com uma
resposta rapida e de forma integrada a sistemas que permitiram analise dos dados de forma
simplificada e de fécil operacdo. Assim, pode se dizer que os dispositivos empregados
possibilitaram o desenvolvimento de métodos adequados para analises de rotina, além de

atenderem de modo satisfatorio aos principio da quimica analitica verde.
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