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RESUMO

FRANCO, Mathews de Oliveira Krambeck, D.Sc., Universidade Federal de Vicosa,
agosto de 2022. Determinacao de componentes e contaminantes em cachaca
empregando métodos baseados em analise de imagem digital. Orientador:
Willian Toito Suarez.

Por meio desse trabalho, propbde-se o desenvolvimento e aplicagdo de quatro
meétodos analiticos simples, rapidos e de baixo custo. Foi empregado um
smartphone como instrumento analitico para determinacdo de componentes e
contaminantes em amostras de cachacas. Os métodos baseiam-se na
decomposicao das imagens em modelos algébricos, sendo o RGB, o modelo
empregado. Desta feita, foi proposto uma metodologia analitica para determinagao
do teor de acidez volatil nas bebidas empregando o alaranjado de metila e sua
propriedade halocrémica. A faixa dindmica linear para determinag¢ao da acidez volatil
foi linear de 25 a 275 mg/100 mL de éalcool anidro com R?=0,99 e com limites de
deteccdo e quantificagdo de 6,70 e 22,33 mg/100 mL, respectivamente. Além disso,
validou-se uma metodologia analitica para determinagdo de agucares em cachaga,
baseado na redugdo do Cu®* a Cu* pelos agucares redutores (sacarose e frutose) e
formagao do complexo colorido entre Neocuproina e Cu'™ em meio alcalino. A curva
analitica foi linear de 0,1 a 15 g L™ para glicose e frutose com limites de detecgdo de
0,012 gL' e 0,010 g L™, respectivamente. Ademais, foi proposto um método para
determinagdo de Cu? empregando uma tiocarbazona como reagente complexante.
Esta reacdo é inédita na literatura, e foi possivel obter uma reagao altamente
sensivel e mais seletiva que outros complexantes, como por exemplo, a cuprizona.
Apos otimizar a reacdo, obteve-se uma curva analitica para determinar Cu?* entre
0,25 e 6,75 mg L' com um desvio padrdo relativo (n = 5) de 3,2%, bem como um
limite de detecgdo de 0,18 mg L™ usando um volume de amostra de 400 uL . Por
fim, foi proposto um método para determinagdo simultanea de Cu®* e furfural em
amostras de cachagas usando um sistema bifasico e ferramentas quimiométricas. O
furfural reage com a anilina em meio acido formando furfulidenanelina, que
apresenta coloragdo rosea. Por outro lado, Cu* reage com Cuprizona em meio
basico para formar um complexo azul. A regressdo por minimos quadrados parciais
(PLS) foi utilizada para construir os modelos de predicdo dos teores de Cu®* e
furfural em amostras de cachacgas. O método desenvolvido foi eficaz para estimar os

valores de ambos analitos em cachacgas, com erro absoluto médio de 0,2 mg/L para



o modelo Cu?, e 0,3 mg/100 mL de alcool anidro para o modelo furfural. Todos os
métodos analiticos demonstraram alta exatidao e precisdo em relagdo aos valores
encontrados pelos métodos de referéncia. Nao obstante, apresentaram faixas de
recuperacdo adequadas, demonstrando auséncia de efeitos de matriz significativos
nas amostras estudadas. Sendo assim, as metodologias propostas apresentam
como uma alternativa altamente promissora para analises dos analitos in situ e pode
auxiliar os produtores na fabricagdo de um produto seguro para consumo e com

propriedades sensoriais superiores.

Palavras-chave: Analise de imagem digital. Cachaga. Smartphone.



ABSTRACT

FRANCO, Mathews de Oliveira Krambeck, D.Sc., Universidade Federal de Vicosa,
August 2022. Determination of components and contaminants in cachaga using
methods based on digital image analysis. Advisor: Willian Toito Suarez.

Through this work, we propose the development and application of four simple, fast
and low-cost analytical methods using a smartphone as an analytical instrument for
the determination of components and contaminants in samples of cachaga. The
methods are based on the decomposition of images into algebraic models, with RGB
being the model used. The methods are based on the decomposition of images into
algebraic models, with RGB being the model used. This time, an analytical
methodology was proposed to determine the volatile acidity content in beverages
using methyl orange and its halochromic property. The linear dynamic range for
determination of volatile acidity was linear from 25 to 275 mg/100 mL of anhydrous
alcohol with R?=0.99 and detection and quantification limits of 6.70 and 22.33 mg/100
mL, respectively. Furthermore, an analytical methodology was validated for the
determination of sugars in cachaga, based on the reduction of Cu? to Cu* by
reducing sugars (sucrose and fructose) and formation of the colored complex
between Neocuproine and Cu' in alkaline medium. The calibration curve was linear
from 0.1 to 15 g L™ for glucose and fructose with detection limits of 0.012 g L™" and
0.010 g L™, respectively. Furthermore, a method for Cu? determination was
proposed using a thiocarbazone as a complexing reagent. This reaction is
unprecedented in the literature, and it was possible to obtain a highly sensitive and
more selective reaction than other complexing agents, such as cuprizone. After
optimizing the reaction, an analytical curve was obtained to determine Cu?* between
0.25 and 6.75 mg L with a relative standard deviation (n = 5) of 3.2%, as well as a
detection limit of 0.18 mg L™ using a sample volume of 400 pL. Finally, a method was
proposed for the simultaneous determination of Cu?* and furfural in cachaga samples
using a two-phase system and chemometric tools. Furfural reacts with aniline in an
acidic medium to form furfulidenanelin, which is pink in color. On the other hand, Cu?
reacts with cuprizone in basic medium to form a blue complex. Partial least squares
regression (PLS) was used to build prediction models for Cu?* and furfural in cachaga
samples. The method developed was effective to estimate the values of both

analytes in cachagas, with a mean absolute error of 0.2 mg/L for the Cu®* model, and



0.3 mg/100 mL of anhydrous alcohol for the furfural model. All analytical methods
demonstrated high accuracy and precision in relation to the values found by the
reference methods. Nevertheless, they showed adequate recovery ranges,
demonstrating the absence of significant matrix effects in the samples studied.
Therefore, the proposed methodologies present a highly promising alternative for in
situ analyte analysis and can help producers in the manufacture of a safe product for

consumption and with superior sensory properties.

Keywords: Digital image analysis. Cachaga. Smartphone.
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1.1. Cachacga

Segundo a legislagao brasileira, cachaga € a denominacgéo tipica e exclusiva
da aguardente de cana-de-agucar produzida no Brasil, com graduacao alcoolica de
38% a 48% em volume a 20°C, obtida pela destilacdo do mosto fermentado do caldo
de cana-de-agucar com caracteristicas sensoriais peculiares, podendo ser
adicionada até 6 g L™ de agucares, expressos em sacarose (MAPA, 2015a).

Ao longo dos anos, as técnicas de producao de cachaca se beneficiaram com
0s avancgos tecnoldgicos, expungindo a ideia equivocada que essa bebida é pouco
nobre. Segundo dados da Associacdo Brasileira de Bebidas (ABRABE), no ano de
1970 a média anual de consumo de cachaca por habitante, no Brasil, era de 4,4
litros. Em 1995, ja eram consumidos, em média 8,7 litros e, em 2013 o consumo foi
proximo de 11 litros por habitante (SOUZA et al., 2013).

O setor produtivo da cachaca desempenha importante papel na economia
nacional e, segundo dados do IBRAC, o Brasil possui capacidade instalada de
produgao na ordem de 1,2 bilhdo de litros e gera mais de 600 mil empregos diretos e
indiretos. Atualmente sao cerca de 40.000 produtores em todo o Brasil - dos quais
99% sao micro e pequenas empresas - € estima-se que existam cerca de 4.000
marcas no mercado (“IBRAC”, 2017). O faturamento anual do setor é de mais de R$
2 bilhdes, sendo apreciada pelos consumidores que requerem um maior controle de
qualidade por parte dos pequenos produtores (LABANCA et al., 2006). Praticamente
toda a producdo de cachaga € consumida internamente no Brasil, sendo exportado
menos de 1,0% do total produzido (SOUZA et al., 2013).

No que tange as propriedades quimicas, constitui-se de elementos primarios,
etanol e agua, de compostos secundarios, alcoois superiores, acidos, ésteres,
fendis, compostos nitrogenados e sulfurados, aldeidos e agucares (ODELLO et al.,
2009). Além de compostos orgéanicos, a cachaga apresenta também compostos
inorganicos, tais como ions metalicos de aluminio, cadmio, calcio, chumbo, cobalto,
cobre, cromio, ferro, zinco e outros que, em conjunto, sao responsaveis pela
caracterizagao e qualidade da bebida (LUNA et al., 2002).
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Isto posto, a Instrugdo Normativa numero 13, de 29 de junho de 2005, do
Ministério da Agricultura, Pecuaria e Abastecimento (MAPA, 2005a), designa os
padrées basilares do processo de fabricagdo da cachaga (Tabela 1), a fim de
garantir, atendendo aos parametros estabelecidos, a identidade e qualidade do
produto final.

Tabela 1: Graduacdo alcodlica e teores de componentes secundarios e de

contaminantes estabelecidos para a cachaga (MAPA, 2005a).

Limite

Componente Unidade

Minimo Maximo
Graduacéo alcodlica % viv* a 20°C 38,00 48,00
AcUcares gL’ 6,00 30,00
Acidez volatil, em acido acético mg/100 mL* - 150,00
Esteres, em acetato de etila mg/100 mL* - 200,00
Aldeidos, em acetaldeido mg/100 mL* - 30,00
Furfural + hidroximetilfurfural mg/100 mL* - 5,00
Alcoois superiores** mg/100 mL* - 360,00
Congéneres*** mg/100 mL* 200,00 650,00
Alcool metilico mg/100 mL* - 20,00
Alcool sec-butilico (2-butanol) mg/100 mL* - 10,00
Alcool n-butilico (1-butanol) mg/100 mL* - 3,00
Acroleina (propenal) mg/100 mL - 5,00
Carbamato de etila pg L - 150,00
Cobre mg L’ - 5,00
Arsénio pg L - 100,00
Chumbo pg L’ - 200,00
Extrato seco gL’ - 6,00

*k%

* de alcool anidro ** Alcoois superiores: isobutilico + isoamilico + propilico
Congéneres: acidez volatil + ésteres + aldeidos + furfural + hidroximetilfurfural +
alcoois superiores

Em sintese, a cachaga apresenta propriedades sensoriais peculiares e custo

relativamente baixo. Estes aspectos permitem, além da consolidagcdo no mercado



17

interno e externo, tornando-a a segunda bebida mais consumida no Brasil e o
terceiro destilado mais consumido no mundo (LIMA et al., 2009).

Portanto, considerando a sua relevancia no ambito econdémico, social e
cultural, surge a necessidade de garantir padrdes rigidos de qualidade que, por sua
vez, atrelam-se a aptiddo de atender a critérios internacionais de exportacdo, bem
como assegurar que a bebida esteja em conformidade com as exigéncias

estipuladas para a producéao.

2. Métodos Digitais de analise empregando spot tests

A fim de melhor compreender, na Quimica Analitica, o funcionamento dos métodos
digitais envolvendo spot tests como ferramenta de detecgdo de analitos, é
imprescindivel assimilar o respectivo processo sob dois aspectos relevantes.

O primeiro, como transcorre o processo de formacdo das cores e a sua
intrinseca relacao com a radiacgao incidente, absorvida e refletida. O segundo, por
outro lado, como a radiacéo eletromagnética resultante (refletida) chega ao detector
da camera digital para gerar a resposta analitica, na qual utiliza-se um ou mais
modelos de decomposicao de cores, especialmente o RGB.

Desta feita, para fins analiticos, as imagens adquiridas a partir da reacao
colorimétrica podem ser decompostas de duas formas: a primeira, empregando-se
um software externo, como por exemplo, o software livre Image J. Neste
procedimento, as imagens precisam ser transferidas para um computador para
depois serem decompostas em um modelo algébrico, através do software em
questao.

Apds a obtencdo do sinal analitico, os dados sao analisados e obtém-se os
parametros analiticos desejados. Este € um método que tem perdido adeséo, e foi
muito empregado durante o periodo de 2005 a 2017 em diversos trabalhos
publicados (BENEDETTI et al., 2015a, 2015b; FRANCO et al., 2017; FRANCO;
SUAREZ; SANTOS, 2017; PESSOA et al.,, 2017a; RAVAZZI et al., 2018). Os
meétodos analiticos baseados em analise imagens digitais, atualmente, empregam
principalmente aplicativos de smartphones, que tornam a obtengcdo de dados muito
mais rapida e permite a analise em tempo real, podendo ser usada, por exemplo, em

titulagdes ou em sistema de analise por injecdo em fluxo (BUSCHER, 2022; FANG
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et al., 2022; HONORATO SANTOS NETO et al., 2022; RUTTANAKORN et al.,
2021).

Além disso, por meio deste método, ndo € necessario, a transferéncia de
imagens para o computador, uma vez que as imagens podem ser decompostas
automaticamente em um modelo matematico previamente selecionado pelo usuario
dentro do préprio aplicativo do celular. Dentre os aplicativos mais usados para este
fim, destaca-se o Photometrix (HELFER et al., 2017), que tem sido empregado em
diversos trabalhos publicados recentemente (BOCK et al., 2022; COSTA et al., 2020;
HOLKEM et al., 2021; SCHLESNER et al., 2022).

Este aplicativo, emprega as técnicas de correlagdo linear simples para analise
univariada e analise de componentes principais (PCA) para analise exploratoria
multivariada. Os dados da imagem sao capturados pela camera principal do
dispositivo e convertidos em histogramas vermelho, verde e azul (RGB). Além disso,
o modulo de analise univariada permite ao usuario realizar a calibragdo, amostragem
e previsao da concentracdo de amostras reais. O modulo de analise multivariada
permite amostragem, reprocessar uma analise anterior (por exemplo, usando
diferentes configuragées de variaveis ou canais de cores). Todos estes fatores,
tornam as analises muito mais rapidas e dinadmicas, e por isso, aplicativos como este
tem sido cada vez mais explorados nos ultimos anos (HELFER et al., 2017).

Portanto, seja por meio de um software externo ou aplicativo de celular, as
imagens digitais sdo decompostas em um modelo matematico, que sera usado
como resposta analitica relacionada aos canais do sistema de cores. Para a
resposta analitica, a equacgao —log (I/lo) normalmente € usada, onde | é o valor médio
do canal medido por amostra ou solugao padrao e l, € o valor médio adquirido do
canal analitico em branco.

Assim, a curva analitica € normalmente é apresentada como -log (l/lo) vs.
concentragédo. (FRANCO et al., 2017, 2021a; FRANCO; SUAREZ; SANTOS, 2017;
LUIZ et al., 2019). Este tipo de tratamento dos dados € comumente usado por ser
linearmente correlacionado com a concentracdo sendo muito empregado para
colorimetria e espectrofotometria (BYRNE et al., 2000; CANTRELL et al., 2010;
KOHL; LANDMARK; STICKLE, 2006). Usando este calculo, é possivel usar um valor

de referéncia (Branco) e realizar a subtracdo do sinal analitico, sendo semelhante a
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lei de Lambert-Beer para colorimetria. O sinal capturado de uma camera digital é
devido a reflexdo, no entanto, este sinal esta correlacionado com o sinal absorvido, e
assim, o sinal logaritmico pode ser usado sem perda de desempenho analitico.

Além disso, existem trabalhos que ndo empregam a linearizagdo, uma vez
que dependendo da faixa analitica trabalhada o préprio canal escolhido responde de
forma linear (DE TARSO GARCIA et al., 2014; SARRAFZADEH et al., 2015).
Ademais, em trabalhos, nos quais ha uma contribuigao efetiva de mais de um canal,
um calculo vetorial (v) baseado na distancia euclidiana usando todos os canais,
pode ser empregado, como por exemplo, na equacao 1 usada aplicada para o
modelo RGB;

v=y(R-R,['+(G-G,/ +(B-B,| (1)
Onde R, G e B sao os valores obtidos pelos canais RGB, e Ro, Gy € B séo os
sinais provenientes do branco analitico.
Este tipo de tratamento dos dados dos canais, muitas vezes resulta em uma

diminui¢ao do limite de detec¢gdo, bem como uma melhora na linearidade do método
(DA SILVA et al., 2020).

2.1. Teoria das cores
A cor de uma imagem pode ser definida como a percep¢do humana da combinagao
de comprimentos de onda do espectro eletromagnético na regido visivel que reflete
sobre uma superficie (DAMASCENO et al.,, 2015). Portanto, a cor pode ser
entendida como a aparéncia subjetiva da luz, sendo detectada pelo olho apds
interacdo da radiagdo com a matéria. A faixa do espectro eletromagnético a qual o
sistema visual humano é sensivel se estende aproximadamente de 400 a 700 nm,

sendo denominada regiao visivel (TILLEY, 2011), conforme mostrado na Figura 1.
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Figura 1: Espectro eletromagnético destacando a regido da radiagao visivel.

Uma substancia colorida absorve seletivamente comprimentos de onda da
regido visivel do espectro eletromagnético e a coloragdo resultante, a qual é
conhecida como cor complementar, € composta pelos comprimentos de ondas
restantes, ou seja, pelos comprimentos de onda que sao refletidos pela substancia
(GOMES et al, 2008). De fato, se a cor exibida por uma determinada solugao é
vermelha, por exemplo, o comprimento de onda que tem a maior absorcao é o verde
(cor complementar). Neste caso a cor verde é absorvida pela solugdo e a cor
vermelha refletida até os olhos ou detector digital. A Figura 2 demonstra um

diagrama de cores complementares.

Figura 2: Diagrama esquematico que elucida as cores primarias e complementares no espectro

eletromagnético do visivel.
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O diagrama esquematico acima, ilustra de forma clara, a relagdo entre as
regides de comprimento de onda absorvido e os comprimentos de onda que séo
refletidos pela substancia. Por exemplo, a parte destacada em preto ilustra, em
questao, que se um objeto absorver radiagao eletromagnética na regido do azul
selecionado, consequentemente ira refletir radiagédo na regido do laranja, conforme

destacado.

2.2. Modelo de cor RGB em imagens digitais

As imagens digitais coloridas, podem ser representadas por diferentes
modelos matematicos para elaboragdo de uma imagem, tais como RGB (do inglés
red, green e blue), CMY (do inglés cyan, magenta e yellow) HLS (do inglés hue,
lightness e saturation), HSV ( do inglés hue, saturation, value), HSI (do inglés hue,
saturation, intensity) (PACIORNIK et al., 2006) os quais foram criados para permitir a
especificagao das cores em um formato padronizado (GONZALEZ; WOODS, 2008).

O modelo RGB é reconhecido como o sistema de cor mais amplo e mais
aceito (LOPEZ-MOLINERO et al., 2010). Neste modelo, sdo empregadas as cores
primarias vermelha, verde e azul, sendo utilizada a luz transmitida para exibicdo das
cores (YAM; PAPADAKIS, 2004), e as demais cores séo geradas pela combinagao
linear destas trés cores, motivo pelo qual o modelo é dito aditivo.

E sabido ainda, que as intensidades das cores geradas sdo armazenadas em
256 niveis, adotando, para isso, uma escala de 0 a 255. Nesse sentido, a cor preta
pura representa o valor de 0 para todos os canais, enquanto, por outro lado, o valor
de RGB igual a 255 é representada pela cor branca pura (PACIORNIK et al., 2006).
O modelo RGB, por sua vez, pode ser representado em um espaco tridimensional

cubico, conforme demonstrado na Figura 3.
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Figura 3: Representacdo geométrica do modelo de cores RGB.

Ao analisar a figura 3, temos um cubo representando o modelo RGB, nas
arestas em R ou G ou B tém-se as cores primarias (vermelha, verde e azul) e as
faces nos planos GB, BR, RG tem-se as secundarias (ciano, magenta e amarelo),
formadas da combinagcdo de duas cores primarias. Na origem do cubo, tem-se o
preto e o vértice mais afastado da origem corresponde a cor branca. Na diagonal
entre esses dois pontos, tem-se a escala de cinza (PACIORNIK et al., 2006). Neste
modelo cada canal R, G ou B de cor é formado por 8 bits resultando em uma
imagem de 24 bits. Como temos 256 niveis para cada canal, e trés canais, temos

256° ou 16,7 milhGes de cores possiveis empregando esse modelo.

2.3. Métodos analiticos baseados em imagens digitais

A Quimica Analitica demanda gradativamente avangos significativos nos
métodos de analise, a fim de que alcancem n&o apenas resultados satisfatorios, mas
que sejam acessiveis e praticos. Desse modo, nos ultimos anos a busca por
métodos simples, precisos, exatos e de baixo custo tém sido um dos grandes
desafios para esse campo de pesquisa (FRANCO et al., 2021b).

Perante os investimentos no respectivo ramo da ciéncia, a descoberta e os
avangos nos métodos de analise de custo reduzido e de facil manuseio, propiciam
uma forte interacdo entre a area da pesquisa com a comunidade e,
consequentemente, com as suas multiplas ramificagbes (BENEDETTI et al., 2015b).

Nesse sentido, € notorio que o desenvolvimento da tecnologia em dispositivos

digitais tém se aperfeicoado consideravelmente nos ultimos anos, como em cameras
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fotograficas (BENEDETTI et al., 2015a; BYRNE et al., 2000; DAKASHEV; PAVLOV;,
STANCHEVA, 2013; DEBUS et al., 2015; FRANCO; SUAREZ; SANTOS, 2017; LEY
et al., 2013; LI et al., 2016), smartphones (PATEL et al., 2022; SAEZ-HERNANDEZ
et al., 2022; SCHLESNER et al., 2022; SHAHVALINIA; LARKI; GHANEMI, 2022),
webcams (DANCHANA et al., 2020; DANTAS et al., 2017a; PORTO et al., 2019a) e
scanners (BOTELHO; DE ASSIS; SENA, 2014b; KIM; HONG; CHANG, 2017;
SANTOS; WENTZELL; PEREIRA-FILHO, 2012), de forma que mesmo os aparelhos
de menor valor exercem, hoje, as fungdes necessarias para a realizacdo de um
procedimento de andlise (PACIORNIK et al., 2006).

Existem diversas vantagens e desvantagens ao se empregar diferentes tipos
de dispositivos eletronicos para obtencdo dos dados em pesquisas envolvendo
analise de imagem digitais. Inicialmente, a maioria dos trabalhos foram feitos
empregando cameras fotograficas. Este tipo recurso atualmente tem sido cada vez
menos usado, devido principalmente ao pouco dinamismo do processo, que
demanda a transferéncia das fotografias para computador, para posterior analise por
um aplicativo externo, e ndo obstante, € muito mais dificil acoplar uma camera digital
a um sistema de analise devido ao tamanho, do que um smartphone.

Benedetti et al (2015b). desenvolveram um procedimento analitico simples e
de baixo custo para determinacéo de sulfito em amostras de bebidas. A abordagem
proposta consistiu na captura de imagens a partir de uma camera digital de uma
reacao colorimétrica de sulfito utilizando um sistema construido com materiais de
baixo custo para controle de luminosidade e decomposigao digital de imagens nas
cores primarias vermelho (R), verde (G) e azul (B). A reagéo colorimétrica é baseada
na redugdo de Fe** a Fe* na presenca de sulfito e posterior reagdo com o-
fenantrolina para formar um complexo vermelho. Sob condigbes otimizadas de
reacao e sistema, a curva analitica foi linear em uma faixa de concentracéo de sulfito
de 8,0 a 140 mg L', com limites de detecgdo e quantificagdo de 2,6 mg L™ e 8,0 mg
L, respectivamente.

O método analitico foi aplicado a quantificacdo de sulfito em diferentes
amostras de bebidas como vinho branco, vinagre, vinho, suco de caju e agua de
coco. Os resultados adquiridos estavam de acordo com aqueles obtidos usando

titulagao iodométrica como método comparativo, com nivel de confianga de 95%.
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Além disso, o método pode ser util no que diz respeito aos impactos sociais e
ambientais, devido ao baixo residuos gerados (800 pyL por spot test) e emprega
instrumentacado facilmente disponivel com o potencial para determinacdo in situ
durante a aplicagao de sulfito como aditivos durante a bebida produgao e controle de
qualidade (BENEDETTI et al., 2015b). A figura 4 ilustra o equipamento empregado

pelos pesquisadores.

Inner superior part

pening.mr - '. O O
\ /
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Fonte: Benedetti et al. (2015b)
Figura 4: llustracdo do sistema construido para a captura de imagens digitais de Benedetti et al.,
indicando seus componentes. No sistema, a parte superior é utilizada para a fixacdo dos quatro

LEDs, e a placa de porcelana (suporte reacional) é colocada na parte inferior.

O mesmo grupo de pesquisa, também empregou o sistema construido para
captura de imagens para quantificacdo de etanol em bebidas, baseado na
combinagcdo de um teste colorimétrico e um método baseado em imagem digital
(DIB). O canal R apresentou a melhor linearidade, com duas faixas lineares de
concentragéo de etanol: de 1,0% a 20,0% v/v (r = 0,999) e de 25,0% a 50,0% v/v (r =
0,980), com limites de deteccdo e quantificacdo de 0,25% e 0,85% vlv,
respectivamente, para a primeira curva analitica.

O método desenvolvido foi aplicado a quantificagdo de etanol em amostras de
bebida alcodlica com resultados proximos aos obtidos pelo método
espectrofotométrico com nivel de confianca de 95% e com baixa geracéo de

residuos (835 pL/spot-test). Um ponto interessante deste trabalho, foi que os
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pesquisadores testaram varias cameras com diferentes resolugdes para perceber se
havia alguma diferenca em termos de sensibilidade analitica.

Por fim, os pesquisadores concluiram que a resolu¢gdo ndo € um parametro
essencial na obtencao de resultados exatos e precisos, 0os quais sofreram pouca
influéncia quando diferentes cameras foram utilizadas, mesmo quando confrontadas
as cameras com 12.0MP e 0.3MP. Dessa forma, os resultados foram similares,
indicando a nao necessidade de uma maquina com alta resolugédo (e,
consequentemente, com alto valor comercial) para realizar a captura das imagens
(BENEDETTI et al., 2015a).

Vale ressaltar que existe um certo impacto em relagdo ao uso de cameras
com diferentes resolugdes, mas nao na sensibilidade e sim, na precisdo, pois as
imagens com menor resolugado tém maior dispersao dos valores de RGB, e assim,
apresentam mais ruido, e maiores desvios padrdes que, por consequéncia,
diminuem a precisao.

Em relagdo as webcams, assim como as cameras digitais, foram usadas
principalmente no inicio dos trabalhos envolvendo analise de imagens digitais, antes
da disseminacdo de smartphones. A principal desvantagem das webcams é sem
duvidas a pouca portabilidade do equipamento, uma vez que a webcam tem que
estar conectada diretamente ao computador na maioria dos casos, problema esse,
que as cameras digitais ndo apresentam esse probema, uma vez que elas podem
ser conduzidas para analises em campo devido sua facil portabilidade.

Por outro lado, as webcams apresentam algumas vantagens consideraveis
em relacdo as cameras digitais, como por exemplo, as imagens ou videos podem
ser alocados diretamente ao computador. Isso permitem as analises em tempo real,
podendo ser adequadamente empregadas para analises em fluxo ou até mesmo
titulacoes (LIMA et al., 2016).

Danchana et al.(2020), desenvolveram um sistema espectrofotométrico
simples e econdmico baseado no uso de um dispositivo criado por impressao 3D e
uma webcam de baixo custo. Neste caso, todo o sistema € alimentado apenas pelas
saidas USB de um computador, o que torna o sistema portatil e realmente pratico

para as medi¢gdes em campo.
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Este método foi aplicado para a determinagao de ferro (ll) em aguas usando
o-fenantrolina como reagente cromogénico dando um complexo vermelho, e para a
determinacao de hipoclorito usando tetrametilbenzidina como reagente gerando uma
cor amarela. Para confirmar a exatiddo e precisdo deste método, um
espectrofotdmetro tradicional foi utilizado para validagao, indicando que nao existiu
diferencas entre ambos métodos (DANCHANA et al., 2020).

Neste trabalho os autores afirmaram que n&o existe problemas de
portabilidade com a presenga das webcams pelo fato de o sistema ser conectado
com saidas USB. De fato, o sistema webcam-cubeta-LEDs (figura 5) sdo portateis,
entretanto, como o sistema tem que ser conectado diretamente a um computador,
nao o torna perfeitamente adequado para analises em campo, que seria muito mais
facilitado com o emprego de um smartphone como ferramenta para analise das

imagens.

3D Case Cuvette ..

Radiation source

Fonte: Dachana et al. (2020)
Figura 5: Representagdo esquematica do sistema espectrofotométrico desenvolvido por Danchana et

al.

Assim como as cameras digitais, webcams, os scanners também foram
usados no inicio dos trabalhados envolvendo andlise de imagem digital. Estes
equipamentos, possuem algumas vantagens consideraveis, por exemplo, dispensa a
necessidade da presenga de um sistema de iluminagdo externo controlado, bem
como o desenvolvimento de um aparato para analise de imagens digitais, uma vez
gue o scanner ja consegue promover um sistema de analise baseado em ambiente
controlado com excelente precisdo (PACIORNIK et al., 2006). Por outro lado, a

principal desvantagem do emprego de scanners € pouca portabilidade que dificulta o
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emprego de analises em campo, neste ponto, € o0 menos adequado entre os
equipamentos mencionados, como cameras digitais e webcams.

Paciornik et al. (2006) em trabalho pioneiro, desenvolveram um procedimento
de analise digital de imagem para a quantificacdo de mercurio, baseado no
desenvolvimento de uma cor derivada de uma reagao, utilizando-se um scanner
comercial.

A andlise digital de imagem da cor desenvolvida foi usada para estabelecer
uma relagdo quantitativa entre os componentes da cor e a concentragdao de
mercurio, sendo a sua intensidade relacionada a concentragdo na amostra original.
O procedimento, quando aplicado a amostras de peixes, apresentou boa
correspondéncia entre os valores encontrados e aqueles relatados, deixando claro
que, a estabilidade do scanner deve ser verificada regularmente usando solugdes de
calibracao novas (PACIORNIK et al., 2006).

Em um trabalho mais recente, Passaretti Filho et al(2015) empregando um
scanner como instrumento para captura de fotos desenvolveram um método para
detectar a presenca de didoxido de nitrogénio (NO;). Esse gas € um importante
indicador de poluicdo atmosférica, derivado principalmente de processos de
combustdo. Sendo assim o dioxido de nitrogénio esta frequentemente presente em
niveis indesejaveis em ambientes abertos e fechados em todo o mundo, exigindo
monitoramento sob uma variedade de condi¢des diferentes.

O método foi baseado no processamento de imagens digitais do produto da
reacdo. O NO, foi coletado e pré-concentrado usando cartuchos C-18 impregnados
com trietanolamina, seguido de eluigdo com solugdo de metanol a 5%. A reagéo
para formagao do produto colorido exigiu apenas 300 puL de volumes de amostra
contendo reagente, minimizando a geracdo de residuos quimicos. Calibracoes
usando atmosferas padrdo mostraram que é possivel medir NO, em uma faixa de
concentragcéo de 5,1 a 100,0 ppb, usando uma vazao de amostragem de 0,50 L
min~' e um tempo de coleta de 60 min.

O limite de deteccao alcangado com um volume de solugao de 300 pL foi de
5,0 ppb, com erro relativo de 2% e coeficiente de variacdo de 1,6%. Os préprios
autores, entretanto, citam que para aumentar a portabilidade do método deveria ser

apropriado desenvolver um software adequado para uso com diferentes plataformas
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de medicdo, incluindo celulares e tablets (PASSARETTI FILHO; DA SILVEIRA
PETRUCI; CARDOSO, 2015). A figura 6 ilustra o procedimento descrito para

determinacao de NO..

Fonte: Passaretti Filho et al. (2015)
Figura 6: Representagdo do procedimento desenvolvido para determinagdo de NO, de Passaretti
Filho et al.

A insercdo de smartphones na Quimica Analitica como ferramentas de
captura e analise de imagens, tem se tornado cada vez mais frequente, e
atualmente é a principal ferramenta empregada para analises de imagens digitais.
Isso se deve a varios fatores, como por exemplo, alta disponibilidade, baixo preco,
capacidade de se fazer analises em tempo real, processamento automatico de
dados via aplicativos, alta portabilidade, além da possibilidade de usar o flesh do
smartphone como fonte de iluminagdo (REZAZADEH et al., 2019).

Schlesner et al., desenvolveram recentemente um procedimento para
determinacao do teor de acgucar total dos refrigerantes empregando uma camara
impressa em 3D. O sistema € equipado com uma camera USB acoplada ao
smartphone para tirar fotos diretamente dos vasos usados para a reagao dos
monossacarideos com o ion cuprico do reagente de Benedict.

O aplicativo PhotoMetrix UVC disponivel gratuitamente foi usado para
controlar o dispositivo e processar as imagens e o procedimento de analise esta
sintetizado na figura 7. A regressdao PLS foi viavel para analise e obteve
concordancia de (95,3 a 108,7%) com o método oficial de referencia (AOAC 923.09-
Lane-Eynon Method)(LATIMER JR, 2012). O método obteve alta frequéncia analitica

de até 444 leituras/hora.
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Além disso, pode ser destacado uma significativa reducdo no gasto de
energia em 5,5 vezes, bem como 78 vezes menos volume de residuos do que o

método AOAC. Por fim, as caracteristicas de seguranga devem ser enfatizadas

devido a reducgao da quantidade de reagentes e ao uso de recipientes fechados para
reacao (SCHLESNER et al., 2022).

Reaction in water bath (5 min)

0.75 mL of sample + 0.75 mL of
Benedict reagent

3D-printed device

Endoscopic camera

Fonte: Schlesner et al. (2022)
Figura 7: Procedimentos utilizados para determinagdo do teor de acgUcar de refrigerantes de

Schlesner et al.

Isto posto, a Quimica Analitica tem introduzido, em virtude da rapida captura
de imagens e estabilidade de fundo, o uso de cameras e smartphones com sensores
CCD (Charge Coupled Device) ou CMOS (Complementary Metal Oxide
Semicondutor), visto que propiciam o desenvolvimento de novos métodos analiticos
com alta sensibilidade, robustez, rapidez e baixo custo de implementagdo (SENA et
al., 2011).

Estes sensores sdo capazes de converter a intensidade da luz incidente em
valores digitais armazenaveis, os bits, e a resposta analitica gera uma imagem
baseada em um modelo de decomposi¢cdo de cor, no qual sao utilizadas matrizes
para armazenar as informagdes contidas em uma imagem (FRANCO et al., 2017).

O uso de imagens digitais representa uma oportunidade atual para o
desenvolvimento rapido e direto de determinagbes quantitativas, particularmente
quando combinadas com meétodos colorimétricos ou cromogénicos que podem ser
analisados a partir de dados do modelo de cores RGB, HSV, HSY entre otros
(LOPEZ-MOLINERO et al., 2010).
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Dessa forma, portanto, a quimica analitica tém empregado amplamente as
imagens digitais para quantificacdo dos mais diversos analitos, dentre os quais se
incluem diversas areas da Ciéncia, como: alimenticia (ALCICEK; BALABAN, 2015;
CRUZ-FERNANDEZ et al., 2017; KUCHERYAVSKIY; MELENTEVA; BOGOMOLOV,
2014); farmacéutica (SIMA; CASONI; SARBU, 2013; SOUZA et al., 2014); forense
(CHOODUM et al., 2014), bioquimica (MATHAWEESANSURN; MANEERAT;
CHOENGCHAN, 2017), agricultura e ciéncia do solo (CHOODUM et al., 2013;
RIBEIRO et al., 2011), analises biolégicas (SUMRIDDETCHKAJORN; CHAITAVON;
INTARAVANNE, 2014) analises clinicas (LI; BUI; PANTANOWITZ, 2022;
POMPONIO et al., 2022; SHAFI et al., 2022), analises fisicas (JESUS et al., 2022;
KIBITKIN et al., 2022), médicas (ADENIYI; MASHAZI, 2022; FAN et al., 2022) e etc.

2.4. Métodos digitais aplicados a analise de bebidas

Os métodos digitais, devido suas inumeras vantagens, tem despertado
interesse da comunidade cientifica principalmente na identificacdo e quantificacao
de componentes importantes em bebidas. A necessidade de se realizar analises
simples, rapidas e principalmente in situ, tem sido fatores preponderantes para o
desenvolvimento de metodologias analiticas que contemplem estas caracteristicas.
Além disso, produtores de bebidas deparam-se com um custo extremamente
elevado exigido por laboratérios certificados para as analises que garantam a
qualidade quimica dos produtos.

O MAPA regulamenta os padrdes basilares da cachaca brasileira,
referenciando as concentragdes maximas permitidas. Sendo assim, se um produtor
envelhece uma cachaga em 4 tonéis de madeira diferentes, como: grapia, carvalho,
balsamo e jatoba ele devera fazer analise de todas as quatro amostras, trazendo
grandes custos para cadeia produtiva.

Além da questao financeira, a maioria dos métodos do MAPA para analise de
bebidas demandam uma grande quantidade de volume de reagentes, 0 que nao
corrobora com os principios da Quimica verde, além de serem métodos
normalmente morosos.

Desta feita, surge a necessidade do desenvolvimento de metodologias

analiticas que tenham baixo custo, que possam ser empregadas pelos proprios
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produtores para analise das cachacgas fabricadas nos proprios alambiques, de tal
modo que, os procedimentos sejam portateis, simples, empreguem baixa quantidade
de reagentes e consigam realizar analises precisas e exatas.

Nesse sentido, surgem as os metodos baseados na analise de imagem digital
que cumprem todas estas exigéncias. Com isso a combinacado de smartphones com
testes colorimétricos, oferece uma alternativa promissora para aquisicdo de dados
qualitativos e quantitativos em determinacdes analiticas.

Alguns trabalhos sdo descritos na literatura envolvendo analise de bebidas
empregando imagens digitais como ferramenta analitica. Franco et al.
desenvolveram um procedimento analitico simples, preciso e de baixo custo para a
determinacdo de metanol em cachaca utilizando analise de imagens digitais. Foi
construido um sistema portatil com iluminagédo empregando materiais baratos para a
construcdo de um aparato para a captura das imagens que foram obtidas com um
smartphone (Franco et al.,2007)

A reacao quimica foi feita em uma placa de porcelana, que foi acomodada em
camara plastica preta com dimensdes aproximadas de 20 x 12 x 18 cm. A reagao
para a determinagdo do metanol em bebidas consistiu na oxidagdo de metanol em
metanal e consequente formacdo de um cromoéforo violeta na presenca de acido
cromotrépico na temperatura de 80 °C. A partir da otimizagcdo do sistema, foram
construidas curvas analiticas que apresentaram boa linearidade para o canal verde
(G), com coeficiente de regressao (R?) de 0,998.

O spot test desenvolvido apresentou-se como um método econbébmico e
ambientalmente correto, uma vez que apresentou baixo consumo quimico e geragao
de residuos com apenas 800 uL/spot. O método foi adequado para determinar
metanol em amostra de aguardente de agucar com porcentagem de recuperacgao
variando de 83 a 110% e os resultados foram compativeis com o método
espectrofotométrico com nivel de confianga de 95%. Em comparagdo com o0s
métodos descritos na literatura, oferece maior frequéncia de amostragem, maior
versatilidade e menor consumo de reagentes.

Além disso, o método apresentou uma alta frequéncia analitica 1,7 min/spot,
baixo custo e de facil manuseio sao muito atrativos para pequenos produtores e

industrias na producao de aguardente de cana. De fato, devido a rapida resposta
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fornecida pelo método é possivel tomar decisdes sobre a continuidade do processo
de produgéo para evitar problemas futuros. (FRANCO et al., 2017)

O mesmo grupo de pesquisa desenvolveu a partir do equipamento supracitado um
procedimento para determinacdo de furfural em cachaga empregando um
smartphone. O método proposto baseou-se na reacado do furfural com anilina em
meio acido gerando um cromoforo vermelho.

O método foi desenvolvido e aplicado para a determinacdo de furfural em
amostras de cachacga nao envolvidas com resultados satisfatorios. A recuperagao de
furfural variou de 85,7 a 106%, apresentando-se como uma alternativa viavel e
importante para determinar alguns analitos como o furfural durante a producéo de
bebidas alcodlicas. De fato, o0 método demonstrou ser preciso, rapido e reprodutivo
com baixa geragao de residuos (600 uL/cavidade) (FRANCO; SUAREZ; SANTOS,
2017).

Um trabalho recente de Fernandes et al. (2018), foi proposto para a
identificacdo simultanea de diferentes tipos de madeira em cachacas envelhecidas e
suas adulteracbes com extratos de madeira usando uma metodologia baseada em
imagem digital empregando histogramas de cores obtidos a partir de imagens
digitais associadas a métodos de reconhecimento de padrdes, sem qualquer passo
de preparacao de amostra.

O método atingiu precisao, exatidao e taxas de especificidade superiores a
90,0% no conjunto de teste. Esta pode ser uma ferramenta rapida e confiavel para
evitar a rotulagem fraudulenta; garantindo que a informagdo que esta no rotulo
reflete a qualidade das cachagas envelhecidas, certificando segurangca aos
consumidores e as agéncias reguladoras (FERNANDES et al., 2018).

Outro trabalho importante, para o desenvolvimento de metodologias analiticas
baseadas em analise de imagens digitais para controle de qualidade de bebidas, é o
de Lapresta-Fernandez e Capitan-Vallvey. Os autores desenvolveram um método
para determinar potassio usando um scanner de mesa trabalhando no modo de
reflexdo para obter informagdes quantitativas.

O método foi aplicado em amostras de agua e bebidas diversas. Os autores
compararam os resultados obtidos pelo método proposto com o espectrofotométrico,

e nao tiveram diferengas estatisticamente significativas. O método proposto pode ser
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uma alternativa atraente para instrumentagdo mais sofisticada e cara, permitindo
monitorar muitas amostras dependendo das dimensbes da superficie do scanner
(LAPRESTA-FERNANDEZ; CAPITAN-VALLVEY, 2011).

Em outro trabalho do grupo citado, foi proposta uma metodologia para a
quantificacdo de um corante artificial, amarelo crepusculo em bebidas, usando
analise de imagem (histogramas RGB) e regressdo de minimos quadrados parciais.

O método desenvolvido, apresentou muitas vantagens se comparado com
metodologias alternativas, como a HPLC e a espectrofotometria UV/VIS, visto que
foi mais rapido, ndo exigiu etapas de pré-tratamento de amostras ou qualquer tipo de
solventes e reagentes, e usou um equipamento de baixo custo, um scanner de mesa
comercial (LAPRESTA-FERNANDEZ; CAPITAN-VALLVEY, 2011).

Casos como este que ndo sao necessarios de pré-tratamento das amostras,
de fato, metodologias baseadas em analise de imagem digitais sdo bem vantajosas,
mas ha de se ressaltar para analises mais complexas, nas quais ha necessidade de
um tratamento de amostra, bem como ha substancias potencialmente interferentes,
instrumentos como HPLC tem vantagens consideraveis.

Em outro trabalho pioneiro, Benedetti et al, desenvolveram um método
baseado na analise de imagens digitais para quantificacdo de etanol em bebidas
como cerveja, vinho, vodka e cachaga. As imagens digitais das reagdes de spot
tests foram capturadas usando uma camera digital em uma camara plastica portatil
projetada com controle de iluminagéo interna (BENEDETTI et al., 2015a).

A estratégia proposta pode ser empregada para analise de bebida in situ, por
exemplo, industria e pequenas propriedades, devido a facilidade de manuseio e
baixo custo dos materiais e instrumentagao portatil utilizados. Adicionalmente, uma
curva de calibragéo foi obtida utilizando apenas uma imagem digital em um curto
tempo de 12 minutos, indicando a possibilidade de obter resultados rapidos de
analise com baixa geracgao de residuos (835 mL/spot-test).

Assim, o método proposto se apresentou como uma ferramenta util no que diz
respeito aos impactos ambientais e sociais, devido a sua baixa geracao de residuos,
e utiliza um dispositivo de facil acesso com potencial para determinagao in situ e/ou
controle de qualidade de bebidas alcodlicas. (BENEDETTI et al., 2015a).
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CAPITULO 2:

Um novo método de imagem digital para determinacao de
acucares redutores em cachacas envelhecidas e nao

envelhecidas utilizando um smartphone
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1. Introduction

Sugar cane spirits (Cachacga) is a Brazilian alcoholic beverage with an

alcoholic graduation from 38 to 48% by volume at 20 °C. It is obtained from the
distillation of the fermented mash of sugarcane juice (MAPA, 2011). Cachaga is
exclusively produced in Brazil and, after beer, it is the most consumed alcoholic
beverage in the country occupying the fourth position worldwide (GRANATO et al.,
2014; SOUZA et al., 2013). Besides its economic factor, the beverage has important
social, cultural and historical significance being consumed and produced in all states
of the country.
The determination of sugars is an important factor to evaluate the quality of the
fermentation process in the production of cachaga, since high concentrations of
sugar can promote a slow and incomplete fermentation, leading to loss of quality in
the final product. Likewise, the control of these analytes is important to verify the
presence of adulterations, since high sugar content may be improperly added, and in
this case, cachaca should be labeled as sugary cachacga (cachaca adocicada), with
sugar concentrations higher than 6 and less than 30 g L. Usually up to 6 g L™ of
sugars expressed as sucrose can be add (MAPA, 2005a, 2011). The official method
described by the Ministry of Agriculture and Livestock for determination of sugars in
cachacga is titration, using the Lane-Eynon method with Fehling's reagent (MAPA-
MINISTRY OF AGRICULTURE LIVESTOCK AND SUPPLY, 2013).

As far as we know, there is only one published method for determining
reducing sugars in cachagas, which is the official method, there are no alternatives to
make this analysis, which is very important to guarantee the quality of the
manufactured spirits. The determination of reducing sugars is widely discussed in the
literature for analysis of soft beverages, fruit juices and alcoholic beverages
(ANDRES; TENORIO; VILLANUEVA, 2015; BASKAN et al., 2016; GREENWAY;
KOMETA, 1995; KULIGOWSKI et al., 2008; MAQUIEIRA; LUQUE DE CASTRO;
VALCARCEL, 1987; NEGRULESCU et al., 2012). However, few studies report the
determination of sugars in the sugar cane spirits, being employed the official method
in these works (LUIZ; BISPO, 2011; MIRANDA et al., 2007).

There are some sugars that have free carbonyl and ketone groups, which are

oxidized in the presence of oxidizing agents in alkaline solutions. These are reducing
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sugars, which are monosaccharides, namely glucose and fructose, and some
disaccharides, such as maltose (formed by glucose) and lactose (formed by
galactose and glucose). The free ketone and aldehyde functions enable the reduction
of cationic ions, such as copper and iron (DEMIATE et al., 2002). Non-reducing
sugars must undergo the hydrolysis of the glycosidic bond in order to be oxidized. An
example is sucrose, which is formed by the link between the aldehydic functional
group of a glucose molecule and the ketone functional group of a fructose molecule.

Hydrolysis of non-reducing sugars is usually done with strong acid, for
instance hydrochloric acid or with the use of enzymes (such as invertase, in the case
of sucrose). The official method for determination of sugars in cachaga is titration.
This method is time-consuming, once it employs high reagent consumption and
requires heating equipment, considering the point of equivalence difficult to be
visualized. Furthermore, the titration cannot last more than 3 min due to the
degradation of sugars when exposed to high temperatures. All these adversities
inappropriate the method for analysts with few analytical skills, making it impossible
the analysis in situ. Considering these issues, the digital method of analysis is an
extremely useful alternative to determine the sugar content in the stills where they
are produced.

The use of cameras with charge-coupled device (CCD) sensor and
complementary metal oxide semiconductor (CMOS) has been introduced in
analytical chemistry for different reasons, such as fast signal acquisition, low
background stability and good linearity. In this way, it proves appropriate for
the development of new analytical methods with high sensitivity and robustness
with a quick, low-cost implementation. The digital image based method was
recently employed in quality control for a variety of beverages, such as wine,
vinegar, rosé wine, cashew juice, coconut water, teas and sugar cane spirits
(Benedetti et al., 2015; Botelho, de Assis, & Sena, 2014; Fernandes et al., 2018;
Franco, Suarez, Maia, & dos Santos, 2017; Lima, Andrade, Barreto, Almeida, &
Araujo, 2013).

Therefore, it is necessary to develop analytical methods that ensure the proper
physical-chemical quality of the beverage, improving its sensorial quality and

assuring that the beverage meets the standards adopted by the national legislation.
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In this sense, it is extremely important to control the sugar levels in the sugar cane
spirits, since the sugar content directly affects the flavor and aroma of the beverage.
In the present work, it is proposed an analytical method which is simple and
relies on low consumption of reagents and samples, using the cell phone's own
packaging as analysis equipment, allowing any producer of cachaca to determine the
sugar content in the stills. Thereby, the developed method was optimized in order to
obtain a more efficient fermentation process, which will directly influence the overall
organoleptic qualities of the distillate, meeting the criteria required by law. In this
sense, controlling the content of sugars present in cachacas becomes essential for

producers to obtain a quality product.
2. Materials and methods
2.1. Chemicals and samples

The solutions were prepared with ultrapure water (resistivity > 18.0 MQ cm)
obtained from a Millipore Milli-Q system (USA) and all chemical reagents were of
analytical grade. The solutions of D-(+)-glucose, D-(-)-fructose, sucrose 20 g L™
were prepared from commercial reagents (Sigma—Aldrich). Sodium hydroxide
solution 1.0 molL™ was prepared from commercial NaOH (Merck). The stock

solution of Cu(ll) 0.02 mol L™" was prepared by dissolving CuSO.-5H,0 (Merck) in

distilled water. The solution of 2,9-dimethyl-1,10-phenanthroline (Neocuproine: NC)
0.02 mol L™ was prepared dissolving the commercial reagent (Sigma—Aldrich) in 40%
(ethanol/water) and then stored in a suitable storage flask, which was kept away from
direct sunlight and heat. All samples of cachacga used for our studies were obtained
from supermarkets in the city of Vicosa-MG-Brazil.

Sugars having acetyl or ketal linkages are not reducing sugars. Because of the
free aldehyde chains, they do not react with any of the reducing-sugar test reagents,
and therefore, non-reducing sugar need to be hydrolyzed. In this way Hydrolysis
process was performed on 2 mL of cachaga, using 0.06 mL concentrated HCI for 10
min at 60 °C.
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2.2. Apparatus and Instrumentation

The apparatus developed for digital image analysis (Fig. 1) was proposed in
order to simplify the construction and operation of the equipment, so that it could be
easily produced and used by the cachacga producers themselves. In this sense, a box
with dimensions of 20 x 10 x 6 cm was used as an apparatus of image capture. On
the top of the box was made an opening for dispose an Asus ZenFone 3
smartphone, which was used to capture the digital image. The most of the equipment
developed for digital image analysis involves an external lighting system with LED
lamps and a coupled electrical circuit. However, to simplify the cell phone's own LED
flashlight function was used to illuminate colorimetric reaction. Lids of glass vials of 2
cm in diameter were employed as solution support and to accommodate the lids in
the box, a foam was duly cut into a circular shape to avoid movements of solution

support in the apparatus.

Image selection area

Solution support

Smartphone box

Fig. 1. Apparatus developed for the determination of reducing sugars in cachacgas

After construction of the equipment, it was necessary to optimize it in order to obtain
satisfactory responses from the RGB channels. All analysis performed in the present
work were performed using an open access application Color Grab (version 3.6.1,
Loomatix ©) (LOOMATIX, 2017). This application allows to obtain responses from
the RGB channels in real time, in addition to providing the color name that
corresponds instantly, which makes it easier for the analyst to control and interpret

the responses obtained in every procedure.
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In this regard, the detection selection area was analyzed, corresponding to the
region that the application establishes for the RGB reading. Circular areas were
tested on 4 pixels offered by the application in order to verify that the container to
accommodate the solutions was receiving light in a homogeneously. In addition, the
appropriate volume of solution was also evaluated, which permits an adequate RGB
response and consumes a low volume of reagents, minimizing costs and
collaborating with Green Chemistry. Volumes at nine levels ranging from 200 to 1000
ML were evaluated. All of the above tests were performed with a glucose
concentration equivalentto 3 g L.

The analytical response was obtained by a simple logarithmic equation and was
employed similarly to the transmittance calculation used for colorimetric reactions
described by Lambert-Beer’s law. As the R, G, and B signals from the reactions (/)
were lower than the analytical background (), the equation —log (//ly) was used to
construct the analytical curve (KOHL; LANDMARK; STICKLE, 2006). For this, a
single channel, the one which exhibited the best analytical sensitivity, was used in all
experiments. Thus, it was noticed that channel B supplied a more sensitivity
analytical signal, as expected, since the color developed by the complex is yellow
(color complementary to blue) (PESSOA et al., 2017a).

2.3. Optimization of the Cu(l)-NC charge-transfer complex

To determine the reducing sugars, a colorimetric method based on the
reduction of Cu(ll) to Cu(l) by reducing sugars was used and followed by the
formation of a colored Cu(l)-NC charge-transfer complex in alkaline medium. In this
sense, the concentration of all reagents was duly optimized using a univariate
method. Thus, the optimal concentration of Cu(ll) was evaluated at a concentration
ranged from the 1.0 x 10° to 1.0 x 10 mol L' subjected to concentrations of 1.0 x 10-
3and 1.0 x 102 mol L of NC. After verifying which optimal concentration of Cu(ll), it
was evaluated which concentration of the complexing agent was adequate to obtain
a maximum analytical signal. Therefore, the NC concentration was evaluated at

seven levels ranging from 5 x 10* to 1 x 102 mol L™". The concentration of NaOH was



49

also assessed at five levels in the range of 0.025 to 0.125 mol L. All tests were
performed using glucose solution 3 g L™ at room temperature for 60 min.

Previous studies have reported the influence of temperature on the formation
of the charge-transfer complex. The reactions were subjected to room temperature
(25° C) and heating in an oven at temperatures of 40, 50, 60 and 70 °C. Additionally,
to check the influence of the heating time, the response of the RGB channels was
evaluated in the range of 5 to 60 min. These tests were performed using glucose
concentrations equivalent to 3 and 10 g L™, using the reagent concentrations
optimized in previous studies. All tests were performed in triplicate (n = 3).

Some potential interferents for the determination of glucose in cachaga were
evaluated, such as methanol, isopropanol, ethyl acetate, propanol, butanol, furfural
and acetic acid. All potential interferences in cachaca were evaluated in a glucose
solution at 3 g L™, with the following proportions of analyte/interfering agent: 1:1, 1:10
and 1:100.

2.4. Statistical validation of the data

Statistical tests to evaluate some parameters of the proposed method were used.
The precision and accuracy of the method were assessed by analyzing the variances
by the F test and by verifying whether the differences are significant by the paired T

test, respectively. All tests were performed with 95% confidence levels.
3. Results and discussion
3.1. Optimization of system parameters

For the capture of digital images, the built system was submitted to precision
assays based on the obtained RGB data. At first, it was observed that all areas
selected to capture the images obtained satisfactory responses with standard
deviation less than 2%. It shows that que apparatus developed to obtain the digital
image was adequate allowing to acquire a homogeneous illumination. Thus, the
largest area of image selection was applied to ensure greater sampling of solutions.
In the study of the volume, it was observed that the volume used is directly correlated

with the optical path, and consequently, the analytical response, once it causes
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variations in the absorbed radiation which was subsequentially reflected towards the
smartphone camera’s detector. The analytical signal increases linearly up to a
volume of 400 pL (Fig. S1). After the analytical increasing is lower, thus, in order to
reduce the consumption of reagents/sample, the volume of 400 yL was considered

the most suitable for all experiments.
3.2. Reaction optimization

Firstly, we sought to identify the most ideal concentration of Cu(ll) which would
provide the best analytical signal. The test was performed under two different
concentrations of the complexing agent. The best concentration of Cu(ll) that allowed
to reach a high analytical response was 4.0 x 10* mol L' or 25.4 mg L (Fig. S2)
and it was chosen for further analysis. However, most Brazilian cachacas are made
in copper stills, since the beverages produced in this equipment acquire some
organoleptic properties which are considered superior to cachagcas made from other
materials such as porcelain and stainless steel. The maximum Cu(ll) allowed by
legislation for this metal is 5 mg L. In this sense, if the beverage contains the
maximum allowed concentration for this metal, the error caused by the sum of Cu(ll)
present in the beverage is 1.25% in the analytical response, considering a sample
with a concentration of Cu(ll) equivalentto 5 mg L.

We found that the concentration of 1 x 10° mol L™ of NC promoted a higher
analytical signal. In this sense, a more detailed study was perfomed in order to obtain
the optimal concentration of NC. The analytical signal increased until to a
concentration of 1 x 10° mol L™, after this concentration the signal remains relatively
constant until the concentration of 8 x 10 mol L, and after it decreasing (Fig. S3).
Therefore, the concentration of 1 x 10 mol L™ was used in further studies.

Regarding the optimal concentration of NaOH, an increase in the signal was
observed when the reaction was subjected to a concentration of sodium hydroxide
equivalent to 0.75 mol L™, with a decrease in the signal at concentrations above and
below this (Fig. S4). So, this concentration was chosen for further studies.

Following the optimization steps of the proposed analytical method. The

temperature and time of reaction were evaluated. In this sense, the graphs of this
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study referring to the two glucose concentrations tested; 3 and 10 mg L™ are shown
in Fig. 2(a) and Fig. 2(b), respectively.

As can be seen in Fig. 2, the temperature of 70 °C was the one that obtained
the greatest analytical responses, mainly for a time of reaction of 50-60 min, where
the analytical response reaches the appropriate working region (>1). The
temperatures of 40 and 50 °C demonstrated satisfactory results for both
concentrations tested, generating relatively stable analytical signals after 20 min of
reaction. When the reactions were subjected to heating under a temperature of 60
°C, intense analytical responses were acquired after only 10 min. When the samples
were subjected to heating at room temperature, lower analytical signals were
obtained, indicating that the temperature and the heating times are important factors
for the chemical reaction in question.

However, three factors were taken into account when choosing the best
temperature and heating times: 1) To obtain a high and stable analytical signal; 2)
Construction of a model that presents a wide linear working range; 3) To obtain a
simple, fast, and precision method that can be applied to the in situ quality control of
cachacas. Thus, in order to obtain a satisfactory response in a short period of time, a

temperature of 60 °C and a time of 10 min was used for other studies.

——25°C
——40°C
—a—50°C
—9—60°C
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Fig. 2. Study of the appropriate temperature to perform the chemical reaction to determine reducing

sugars using two glucose solutions: a) 3 and b) 10 mg L™

However, if the method is used by a beverage producer who does not have
heating equipment, such as an electric oven, the reaction can still be attained at

room temperature. In these circumstances, the reaction could be performed in about
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30 min. Considering that a higher detection limit can be expected, however, this is

not a factor that will limit the application of the method under these conditions.
3.3. Analytical features

The linearity of the developed method was verified through the analysis of the
calibration curve using the method of least squares methods (LSM). In the Fig. S5, it
is shown that two analytical curves with a linear range ranging from 0.1 to 15 g L™
were constructed using the two reducing sugars mostly present in cachacgas (glucose
and fructose). For glucose, the regression equation obtained was: -log (I/
lo) = 0.049 + 0.509x [glucose], where [glucose] is g L with R? equal to 0.992. For
fructose, the following regression equation was obtained: -log (I/
lo) = 0.048 + 0.550 x [fructose] where [fructose] is g L™ with R? equal to 0.996. The
limits of detection (LOD) and quantification (LOQ) were calculated using the relations
3 x o/m and 10 x o/m, respectively, where o is the standard deviation of ten times
the analytical blank and m is the slope of the analytical curve. Thus, the LOD and
LOQ were 0.010 and 0.035 g L™ for fructose and 0.012 and 0.039 g L™ for glucose,
respectively. These values were obtained using the optimized reaction conditions
and heating the solution at a temperature of 60 °C for 10 min.

However, analytical curves for glucose and fructose without employing
heating in the oven have also been constructed, if producers do not have appropriate
heating equipment. Thus, a narrower linear range was obtained with sugar
concentration ranging from 1 to 10 g L. For glucose, the regression equation
obtained was: -log (I/lo) =0.23 + 0.075 x [glucose], where [glucose] is g L' with
R?equal to 0.993. For fructose, the following regression equation was obtained: -log
(I/1o) = 0.24 + 0.068 x [fructose] where [fructose] is g L™ with R? equal to 0.995. Thus,
the LOD and LOQ were 0.025 and 0.085 g L™ for glucose and 0.024 and 0.081 for
fructose, respectively.

Therefore, any of the analytical curves could be used in the determination of
reducing sugars in cachacgas. In addition, even at room temperature, the reaction
processes properly, although the reaction time increases by 20 min. For the other
studies, the curve containing glucose was used at a temperature of 60 °C for 10

minute to reach a faster analytical method.
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Besides this, the developed method demonstrated a reliable precision with an
RSD of 2.8 % for a glucose solution with a concentration of 3 g L™ (n = 10).

Some potential interferents for determination of glucose in cachaga were
evaluated in the following proportion of analyte/interfering agent: 1:1, 1:10, and
1:100. Interfering potential were tested in a glucose solution of 3 g L. None of the
analytes promoted relative errors higher than 2.5 %, even at high concentrations of
interfering agents, highlighting the selectivity of the proposed method. The results for

the selectivity study are described in Table 1.

Table 1. Selectivity study for determination of reducing sugars in Cachaga (n=3), the

response is relative errors.

Potential interferents

Ratio: Ethl Aceti

Analyte/ | Methano | Isoprano y Propano | Butanol | Furfura C
acetate

Interfere I/ % I/ % Iy I/ % | % I/ % Acid/
nt ’ %

1:1 0.50 0.36 0.45 1.26 1.25 1.35 1.54

1:10 0.54 1.44 1.57 243 1.11 2.54 1.98

1:100 0.35 1.12 2.5 0.56 1.57 2.33 2.36

3.4. Hydrolysis of sucrose

In this sense, two sucrose solutions containing 3 g L' and 10 g L™ were subjected to
hydrolysis before to be analyzed using the proposed method to check the accuracy
of this procedure regards to the direct method to determine monosaccharides
glucose and fructose. In fact, only polysaccharides need to be hydrolyzed before
reaction. Thus, two solutions containing 50% glucose and 50% fructose at
concentrations of 3 g L™ and 10 g L™ were evaluate. The results found are shown in
Table 2. The analytical curve used in this experiment was obtained by averaging the

values obtained for the glucose and fructose curve (Fig. S5).
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Table 2. Responses obtained for solutions containing glucose + fructose and

sucrose hydrolyzed in concentrations of 3 and 10 g L™.

Sample Proposed method / g L™ Relative error/ %
Sucrose hydrolyzate 3 g L™ 296 +0.6 -1.34
Glucose+Fructose 3 g L™ 2.80+0.5 -6.67
Sucrose hydrolyzate 10 g L™ 9.85+04 -1.50
Glucose+Fructose 10 g L™ 9.79+0.3 -2.10

The findings of the proposed method were found very close to the expected
with relative errors varying from -1.34 to 6.67%. These results demonstrate that the
present method can be used accurately for the determination of total reducing sugars

in spirits containing sucrose hydrolyzed or equivalent sugars.
3.5. Analysis of cachaga samples

After the method was properly optimized, some samples of cachaca were
subjected to analysis to determine reducing sugar content. Samples of aged and
non-aged cachaga were analyzed because of the their different chemical
compositions and which, consequently, could provide different matrix effects.

Recovery assessments for the digital image method were performed by spiking
the samples with two known amounts of glucose (2 and 5 g L), where glucose
standard solutions were added directly to the spirits, without any dilution. The total
sugar contents were determined using the calibration curve of the glucose standard
solution. Table 3 shows that the glucose recovery percentage in the samples
ranged from 84.2 to 113 %, with a mean value of 99.45 %; these values indicate
that the matrix effect is not significant for the determination of total reducing sugars
by the developed digital image method.

However, aged cachacgas exhibited recoveries slightly higher than non-aged
cachacas. The habit of aging the beverage is becoming a common practice among
producers, who seek to add value to their product, making it more competitive in the
market. During this stage, important changes occur, the complexity of the aroma is

increased due to the extraction of some compounds present in the wood; phenolic
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compounds that are solubilized to improve taste; and a mild oxidation of some
phenolic compounds occur, reducing the astringency and altering the color.

In this perspective, it can be seen that each wood contributes differently to
the composition of aged cane spirit, predominantly with specific phenolic
compounds in the beverage: in the case of oak (Quercus sp), the ellagic and vanillic
acids; in amburana (Amburana cearensis), vanillic acid and synapaldehyde; in the
balm (Myroxylon balsamum), vanillin and ellagic acid; in white jequitibajequitiba.
(Carinana estrellensis), gallic acid; in the jatoba (Hymenaea courbaril). These
phenolic compounds that are present in low concentrations in aged cachacas, in
the order of a few mg L™, can change the color of beverages. Therefore, this factor
may have influenced a more pronounced matrix effect in relation to non-aged
cachacas. According to the capacity of phenols as reducing agents is not efficient
here, since the concentration of reducing sugars is expressly higher than that of
phenols in cachaga, which can be observed according to the good recovery values
for beverage samples.

After analyzing the spirits using the proposed method based on the analysis
of digital images, we observed that only one cachaga had a concentration above
the allowed (6 g L™"). One cachaga had a concentration of reducing sugars of 25.23
g L7, according to the proposed method. However, this sample’s label
characterized the product as sugary cachaca, so the sugar levels were within those
allowed by law.This sample needed to be properly diluted before being analyzed

In addition, it was observed that the non-aged cachacas had a reducing
sugar content three times higher than the aged cachagas. A common practice
among producers is to add sugar to adjust sensory deficits in the drink, which are
known to have inferior flavors and aromas to aged cachacas.

For purposes of method comparison, all cachagas analyzed in the present
study were also analyzed using the official method for determining reducing sugars
which is currently recommended by the Ministry of Agriculture, Livestock and
Supply (MAPA) of Brazil. As can be seen in Table 3, the results are close, with
relative errors ranging from -6.55 to 10.17% in relation to both methods.

Furthermore, the results obtained through both methods were statistically

comparable using the paired ttest with 95% confidence in a bilateral test.
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The t value (2.35) calculated was lower than the critical t (2.59). In that sense, no
statistically significant differences in the results were generate by either method.
Also, the accuracy of the proposed method was compared with the reference
method considering the F test with 95%. Table 3 shows the calculated F value of
each sample, which are below the critical F (19.0), so the accuracy of both methods

are statistically similar.

Table 3. Analysis of cachacgas using the proposed method and the reference method,

as well as a recovery study for the analyzed beverages.

Sample DIB method / Reference Added / Recovery
. gL method/ R.E./% value gL Found /g L" %
gL’
A1 1.25+0.10 1.32+0.05 -5.30 4.00 2.00 3.29+0.07 102
5.00 6.00 + 0.20 95.0
A2 256+0.15 236+0.12 847 1.56 2.00 4.31+0.14 87.0
5.00 7.90+£0.15 107
A3 857+0.30 898+0.35 -4.57 1.17 2.00 10.55 + 0.22 99.0
5.00 13.23+0.33 94.3
A4 354+012 355+0.13 -0.28 1.17 2.00 5.32+0.14 89.0
5.00 8.87 £ 0.21 107
A5 236+025 227+0.15 3.96 2.78 2.00 4.21+0.15 92.5
5.00 7.87 £0.33 110
A6 2523+1.12 2436+1.36  3.57 1.47 2.00 27.20 £ 0.98 98.5
5.00 29.45 + 0.89 84.4
B1 1.57+0.12 1.68+0.05 -6.55 5.76 2.00 3.65+0.12 104
5.00 5.89+0.17 86.4
B2 0.56+0.07 0.54+0.03 3.70 5.44 2.00 2.83+0.11 113
5.00 5.99+0.23 109
B3 0.98+0.10 1.00+0.10  -2.00 1.00 2.00 3.10£0.08 106
5.00 5.60 + 0.21 92.4
B4 0.68+0.05 0.72+0.04 -5.55 1.56 2.00 2.95+0.12 113
5.00 5.89+0.28 106
B5 169+025 158+020 6.96 1.56 2.00 3.71£0.09 101
5.00 6.55+0.24 97.2
B6 065+0.05 0.59+0.07 10.17 1.96 2.00 2.89+0.11 112
5.00 6.23+0.35 112
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Finally, a brief comparison was made of the studies previously reported in
the literature related to the determination of reducing sugars using the Cu(l)-NC
reaction. In all studies, a spectrophotometer was used, which is a much more
expensive and sophisticated instrument than a popular smartphone.

As can be seen in Table 4, the present method presented a broader linear
range than practically all the other methods mentioned, as well as one of the lowers
detection limits. The accuracy is compatible with those of the methods used. The
difference between the results are attributed to the use of simpler instrumentation.
Regarding the consumption of reagents (NaOH, NC, CuSO45H,0), the present
method consumed significantly less than the other reported methods, indicating that
it generates a much smaller amount of waste, being it considered an
environmentally friendly method.

Relying on the use of a digital image based (DIB) method for analytical
purposes, a spot test can provide information on the presence of a chemical
component in the sample analyzed generating small amount of waste. Besides, it
contributes to new knowledge due to its characteristics, highlighting the possibility
to use a simple, portable, fast and low-cost device that does not require
sophisticated equipment for the analyst operation. In addition, it is the first time that
an alternative method has been proposed for the determination of sugars in
cachaga in relation to the official method (titration).

The cachaca producers do not carry out analyzes of the sugar content present
in the drinks in the stills themselves. This fact is due to their lack of knowledge of this

need and also to the lack of simplicity that the official method presents.

Thus, through the proposed method, producers with the help of their own
smartphone will be able to perform daily analysis of the sugar content in the drinks.
This analysis can benefit them from having an effective control of the fermentation
process, and consequently, obtaining a final product with superior sensory qualities.
Obtaining a product with superior quality, means having greater acceptance of the

product in the market, resulting this way, improving the business economy.



58

Table 4. Comparison of some parameters of the present method with some

spectrophotometric methods described involving the Cu(l)-NC reaction to determine

reducing sugars.

Parameters AOAC (MAQUIEIR (PERIS- (ARAUJ | (DA | Propose
(LATIME A; DE TORTAJAD | Oetal., | SILV d
RJR, DOLORES A; 2000) | Aet | Method
2012) LUQUE PUCHADES; al.,
CASTRO; | MAQUIEIRA, 2018)
4. VALCARCE 1992)
L, 1987)
Linear - 0.05-1.0 12-7.2 2-250r | 025-| 0.1-15
Range / 20-140 4.0
(gL™)
Detection - 0.143 1.2 or 0.03 0.01
limit / 11.2
(gL
R.S.D./ % - 1.61 - 2.10r 2.6 2.8
1.7
Sample 50 0.0453 - 0.120 or | 0.160 | 0.400
volume / mL 0.340
NaOH 1000 40.32 34.50 495 |0.160 | 0.012
consumptio
n/ mg
NC - 0.672 0.690 0.054 |0.330 | 0.083
consumptio
n/mg
CuSO./ mg 692.78 0.336 0.345 0.027 | 0.128 | 0.00002
Conclusion

To the best of our knowledge, it is the first time that a method based on the
use of digital images is proposed for the determination of reducing sugars in
cachaca. Based on the need to control the levels of these sugars, the present
method proved to be extremely effective and accurate. The method uses a low
amount of reagents, and therefore corroborates the precepts of Green Chemistry. In

addition, it can be easily used by producers of cachaga with reduced access to
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infrastructure in order to assess the fermentative quality, as well as to verify if the
sugar contents are within the acceptable limits as per Brazilian legislation, allowing
more room for the producers to make adjustments in their production system with low
cost and high portability.

Twelve cachagas were analyzed, and only one sample contained values of
reducing sugars above that permitted by law, which suggests a potential use as a
forensic tool to check fraud or non-compliance. In fact, it has been observed that
non-aged cachagas have sugar content on average three times higher than aged
cachacas, which may be associated with adjustments made by producers to mask

negative sensorial properties.
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CAPITULO 3

Emprego de um teste colorimétrico e analise de imagem
digital para determinacao de acidez volatil em cachaga com

o auxilio de um smartphone
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ARTICLEINFO ABSTRACT
Keywords: The present study reports the development and application of a
Volatile acidity novel method for the colorimetric determination of volatile acidity
Cachaca in cachaca using digital image. Cachacga is the most widely

Digital image RGB consumed beverage in Brazil and the development of efficient
Smartphone techniques for the determination of volatile acidity in this
Quality control beverage is essentially important because this parameter
directly reflects on the flavor and aroma of the drink. The method
employed was digital image-based (DIB); this method involves
the use of methyl orange as an indicator and the analysis of
images captured and processed by a smartphone with a free
application. A simple pretreatment of the samples employing a
steam-dragging distillation for the extraction of volatile acids was
performed before DIB analysis. The calibration curve related to
anhydrous alcohol was found to be linear in the range of 25 to
275 mg/100 mL with an adjusted-R? - 0.9912 and limit of
detection of 6.70 mg/100 mL based on acetic acid content. The
recovery assays conducted yielded recoveries ranging from 89.5
and 112 %. The technique proposed in this study is an easy,
inexpensive and rapid tool for the quality control of cachaca,
especially for small producers of the beverage who have limited
financial resources. Moreover, this method is applicable to in situ
analysis allowing to measure this parameter along the cachaca

are produced being useful to monitor the volatile acidity.
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1. Introduction

Cachaga is a popular Brazilian beverage that is produced from the
fermentation of sugar cane juice and which has very distinct characteristics and
flavors [1]. Although the main components of cachaga are water and alcohol, the
beverage also contains low concentrations of secondary components, which are
formed mainly in the alcoholic fermentation process during its production [2—4].
Among the secondary compounds present in cachacga, acids - especially volatile
acids, are essentially vital components in the beverage composition which directly
influence the aroma and flavor of the distilled product [2]. The acidity of the beverage
largely depends on factors such as the control of the raw material, the distillation
mechanism, and most importantly, the fermentation process. The fermentation
process is essentially crucial because it plays a major role in shaping the acidity and
quality of cachacga; during the fermentation process, one must pay particular attention
to the following important factors: yeast, time, purity of the medium, temperature and
handling of the must; by carefully addressing these factors, one will be able to avoid
the proliferation of acetic bacteria during the production process, which increase the
acidity of the drink and decrease the production yield [5].

The volatile acidity of cachacga is a key parameter that directly reflects on the
quality of the beverage since this parameter is essential to the sensory
characteristics of the drink, including flavor and aroma [2]. The presence of an
excessive volatile acidity in the beverage can lead to the production of cachaga with
an undesirable and slightly aggressive taste for the consumer, and this will negatively
affect the quality of the product [6,7].

Based on the findings of the study conducted by Miranda et al. (2008), the
lower the volatile acidity of the beverage, the better the sensory characteristics of the
brandy and the greater its acceptance by consumers; thus, it is extremely important
to control the acidity levels of the beverage in order to ensure an excellent quality of
the final, freshly made product [2].

In Brazil, the quality parameters of cachaga have been defined under the
Normative Instruction No. 13 of the Ministry of Agriculture, Livestock and Extension
(MAPA); based on the established regulatory standards, the volatile acidity of
cachaga must not exceed 150 mg/100 mL of anhydrous alcohol (expressed in acetic
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acid) [8]. In Brazil, the quality parameters of cachaga have been defined under the
Normative Instruction No. 13 of the Ministry of Agriculture, Livestock and Extension
(MAPA); based on the established regulatory standards, the volatile acidity of
cachaga must not exceed 150 mg/100 mL of anhydrous alcohol (expressed in acetic
acid) (MAPA 2005Db).

Based on the studies reported in the literature, among the analytical methods
employed for the determination of volatile acidity in alcoholic beverages include the
following: gas chromatography-flame ionization detector (GC-FID) [9-12], capillary
zone electrophoresis and electrochemical biosensors based on lactate oxidase,
sarcosine oxidase, and a mixture of fumarase and sarcosine oxidase [13]. Other
analytical methods reported in the literature which have been employed for the
determination of acidity are spectrophotometric and colorimetric methods for the
analysis of acetic anhydride [14], hydrolyzed wood [15], and urine [16]. As can be
observed, none of the aforementioned methods have been employed specifically for
the analysis of volatile acidity in cachaca, as proposed in the present study.
However, to develop the DIB method, a simple pretreatment of the samples for the
extraction of volatile acids is needed [17].

Analytical methods based on spot test of digital images have been employed
as a useful alternative mechanism for the determination of different contaminants in
alcoholic beverages, especially in cachacga, since the spot test technique is a rapid,
simple, practical, low cost, portable, and environmental friendly method for the
analysis of compounds of interest once the test involves the use of a few microliters
of chemicals compounds [3,18-20].

The DIB technique (Digital Image-Based) [21-24] has been a powerful
analytical tool in recent years, because it is inexpensive, fast, accessible and
portable as it is compared to conventional spectrophotometry being applied in the
most diverse scientific areas [25—-26]. The first works based on the digital images for
the quantification of analyte concentrations were proposed by Maleki et al and Gaiao
et al. [27-28], and after, an exponential increase in the number of publications are
reported mainly due to advances in devices such as cameras, scanners, webcams
and smartphones and the use of free applications and software such as ImageJ,

Color Grab, PhotoMetrix [21,22,29-31]. The applications and software decompose
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the images into numerical data using different methods, and thus, different color
systems such as RGB, CMYK, HSL, HSV, among others were developed. The most
commonly used color system is RGB, as it is a simpler model. The intensities of the
generated colors are stored in 256 levels, on a scale from 0 to 255 for each color
channel (Red, Green and Blue), where the combination of these three channels (R,
G and B) lead to 16 million combinations/colors covering the entire visible
electromagnetic spectrum [27,28,30,31]. The value 0 for all channels represents the
black color, while the value 255 for all channels represents the white color
[27,28,30,31]. For the use of the DIB method, it is necessary to use platforms to
accommodate the solutions containing the analyte. For this purpose, materials such
as paper [32,33], conventional cuvettes [34], ceramic plates [35], polystyrene
microplates [21] and polylactic acid (PLA) [24] are among the materials most used. In
the DIB method, the control and/or homogenization of the radiation to capture the
digital image is of fundamental importance, in order to avoid spurious radiation, and
to obtain precise and accurate data [23,30] a chamber is commonly used [23,30,36].
The DIB method is based on the phenomenon of reflectance despite the
transmittance/absorbance used in spectrophotometry [25,30,37—40].

To the best of our knowledge, to date, there have been no reports in the
literature regarding the combined application of spot test and digital image-based
(DIB) method using a smartphone as detector for the determination of volatile acidity
in alcoholic beverages. Thus, the present work presents an innovative method for the
determination of acidity level in commercial samples of cachacga for in situ analysis.
The novel methodology presented here is based on the DIB of spot test which
involves the use of methyl orange as an indicator — the methyl orange becomes red
in the presence of acetic acid, and the images are captured by a camera containing a
CCD type sensor. Among the outstanding advantages of the proposed analytical
method are operational simplicity, low cost and low waste generation. The method
was developed to be employed for the determination of volatile acidity in alcoholic
beverages, specifically in cachaca. The technique proposed in this study is an
important tool for the quality control of cachacga, especially for the small producers of
this beverage who have limited financial resources. Moreover, this method is

applicable to in situ analysis of volatile acidity along the cachaca production.
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2. Materials and methods
21. Chemicals and Samples

The solutions were prepared using ultrapure water (resistivity > 18.0 MQ cm)
obtained from a Millipore Milli-Q system (USA). All the chemical reagents employed
in the experiments were of analytical grade. The standard methyl orange solution 1.5
x 10 mol L was prepared by hot dissolving 0.5 g of commercial reagent (acquired
from Sigma—Aldrich). The following chemical substances were also used in the
experiments: acetic acid (99.7%, Vetec), ethanol (95%, Vetec), and sodium
hydroxide (99%, Sigma Aldrich). All the nine cachagca samples (A1-A9) used in the
experiments were obtained from supermarkets in the city of Vigosa - Minas Gerais,

Brazil.
2.2, Apparatus and instrumentation

The apparatus for capturing images employed in this work was developed in
order to simplify the approach employed in other previous works reported in the
literature [41] and to enable the immediate application of the tool by cachaca
producers. A box with dimensions of 20 x 10 x 6 cm®was used to accommodate the
chemical reactions; the box had an opening for the placement of an Asus ZenFone 3
smartphone, which was used to capture the digital images for analysis.

Fig. 1 illustrates the equipment developed and used to capture the images for
analysis. Plastic lids of glass vials of 2 cm in diameter were used to store the
solutions for further digital analysis. The light source of the system came exclusively
from the smartphone; this helped simplify the operation of the apparatus. The images
were required to be decomposed in an algebraic model in order to be used for
analysis; the image decomposition was performed using the free application

ColorGrab (version 3.6.1, Loomatix ©) [42], which provides RGB values instantly.
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Fig.1. Apparatus developed for the determination of volatile acidity in cachacas.

2.3.Optimization of operational parameters

The apparatus employed for the acquisition of the analytical data was
optimized in order to obtain satisfactory, accurate data and results for the proposed
procedure. In this way, a thorough analysis was carried out in order to determine a
suitable region (selected region) for the acquisition of the data inside the reaction lid
and the size of the specific region; this procedure is found to be essentially important
because the area analyzed is required to be free of shadows and excessive
brightness, since these elements can impair the quality of the data obtained. In
addition, one needs to ensure that the selected region is homogeneous; in other
words, the selected region should be within the detection area itself, and the

standard deviation should be as small as possible [30,35].

For a thorough analysis of these factors (selected region for analysis and the
size of the selected region), the following three different pixel sizes were tested using
the open access application Grab (version 3.6.1, Loomatix ©) (Loomatix, 2017): 20 x
20, 30 x 30, and 40 x 40 (length x height). To perform these tests, Tartrazine dye
with a concentration of 10®° mol/L was employed. To evaluate the effect of the
variation in the size of the selected area, a comparative analysis was conducted
using the results obtained from the values of the RGB channels found in each
experiment. After obtaining the RGB values, a logarithmic equation was used to
obtain the analytical response. As the R, G, and B signals from the colorimetric

reactions (/) were lower than the analytical background (), the equation -log (I/lo)
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was used to construct the analytical curve [30,41]. To perform this analysis, a single
channel, the one which exhibited the best analytical sensitivity, was used in all the
experiments. All the procedures were performed in triplicate (n = 3). The reactions
were carried out by transferring adequate volumes of solutions to the sample
reservoir. Foam supports were placed inside the box in order to bind the sample

reservoir tightly.
24. Otimizagao das condig¢oes reacionais.

The analysis of the digital images was performed after the cachaga samples
were subjected to steam-dragging distillation for the extraction of volatile acids [17].
To perform this analysis, an amount of 10 mL of each sample was placed in a
bubbler and an amount of 2560 mL of distilled water was added to the generator
connected to the condenser. The water was then boiled, with the steam tap open, to
eliminate the air from the device and, eventually, the carbon dioxide in the distilled
water. Subsequently, the faucet was closed so that the water vapor bubbled into the

sample, dragging the volatile acids which were collected for digital image analysis.
2.5. Optimization of reaction conditions

The analysis of volatile acidity of cachaca in this work was carried out using
methyl orange as an indicator responsible for the color change which is determined
by the amount of acetic acid concentration in the spirits. This indicator was chosen
due to the fact that the pH of the samples after extraction was within the turning
range of the indicator, enabling its use.

The formation of red color observed when there is an increase in acetic acid
concentration in the reaction medium is attributed to the protonation of the free amine
of methyl orange, which leads to the formation of helianthin - which has a red color.
The protonation of the methyl orange allows for the dislocation of free electrons by

the molecule, as can be seen in Fig. 2.
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Fig.2. Methyl orange and its species in chemical equilibrium according to the protonation of

the free amine.

The delocalization of electrons allows the light present to promote a quantum
leap from the HOMO orbital to the LUMO due to the effect of hyperconjugation, which
gives the molecule a red color. Hyperconjugation is also responsible for the
stabilization of the molecule, so the equilibrium is shifted toward the formation of
helianthin [43].

To optimize the experimental conditions applied for the determination of
volatile acidity in cachacga, a Box — Behnken type experimental design was used to
evaluate the adequate concentration of the variables investigated. In this sense,

three variables (A, B and C) were studied with their respective levels: [methyl orange]
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(3.40, 4.54 and 5.67 x10* mol/ L); time of reaction (1, 5.5 and 10 min); and
hydroalcoholic content (30, 40 and 50 %). In a system involving three significant
independent variables — namely, A, B, and C, the mathematical relationship involving
the response of these variables can be approximated by the quadratic polynomial
equation.

The analytical response was calculated based on the difference in the values
obtained by channel G between two different concentrations of acetic acid equivalent
to 10 mg and 200 mg of acetic acid/100 mL of anhydrous alcohol. In this case, single
and lower values of G would not necessarily be favorable for the reaction, since both
concentrations could respond with the same tendency for the range analyzed and
exhibit an inaccurate result in relation to the variables investigated. Thus, the goal
here was to obtain the highest possible variation of G value, which pointed to a
difference in the colors shown in the reactions for the two concentration levels. With
that in mind, all experiments in the experimental design were carried out in triplicate
(n = 3) for both concentration levels, and the difference in the values obtained (Y)
was used with an analytical response.

For this response (Y), the following polynomial model of the second degree
was defined targeted at quantifying the influence of the variables:

Y = Bot+ B1A + BB + B12AB + B13AC + B23BC + B11A? + B2.B? + B33C?
where A, B and C are the independent variables; B is a constant; B4, B2, and (s are
the linear coefficients of A, B and C, respectively; B12, 813 and B2; are the coefficients
of interactions between the variables; and B, B» and s are the quadratic
coefficients of the variables A, B and C.

After the optimization of the reaction, the samples were subjected to analysis.
The analytical procedure employed was quite simple and straightforward. The
procedure consisted of using 100 pL of distilled sample after steam-dragging and 300
ML of methyl orange in the sample reservoir; this was taken to the apparatus for
image acquisition and the analytical response was obtained from the smartphone
application.

All samples were also analyzed using the official method determined by the
Ministry of Agriculture, Livestock and Supply — MAPA from Brazil. This method

involves the titration of samples with 0.1 mol/L sodium hydroxide standard using
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phenolphthalein as an indicator; after that, the samples are subjected to steam-
dragging distillation [44]. The ethanol content in cachaga was measured using a

pycnometer, based on the recommended guidelines of the AOAC [45].

3. Results and Discussion

3.1.Optimization of the Imaging System

The optimization process targeted at obtaining the analytical signals was
performed carefully in order to avoid any inaccurate results. Initially, an analysis was
conducted aiming at identifying which size of the selected area was adequate to be
used with a view to obtaining a homogeneous and accurate response. This factor is
essentially important because, in certain situations, the control of luminosity is not
effective, and, as such, some regions of the sample reservoir may receive different
intensities of light.

As previously reported in the literature, regions with shadows or excessive
brightness pose a significant obstacle when it comes to obtaining the analytical signal
[23,30,35]. In this sense, three levels of the selected area available through the
application were tested, and all of them presented close results, with coefficient of
variation (CV) of 1.2 % in relation to all the levels; the experiments were performed in
triplicate (n = 3). Thus, an area of 30 x 30 pixels was selected for the conduct of
further studies.

In addition, an analysis was also performed in order to evaluate the maximum
volume of solution that the sample reservoir could handle in order to obtain a
maximum analytical response. As the cap has a small internal circular hole, this
region has a capacity to pre-concentrate the solution and increase the optical path,
resulting in a high analytical response. The results obtained from this analysis
showed that the maximum volume that the internal hole could bear in a safe and
stable manner was 400 pL; thus, this volume was chosen for the conduct of further

experiments.
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3.2. Reaction optimization

To provide a thoroughly accurate description of the behavior of experimental
data, an experimental design must ensure that all variables are studied at least in
three levels. This is possible when one employs experimental matrices that allow the
adjustment of second order functions. Based on the response surface methodology
(RSM) analysis, the second order quadratic model of coded units for the analytical
response (Y) is presented as follows:

Y =-95.24 + 20.62 A — 1.67A?-0.38B + 0.10B? + 3.8C — 0,04 C?>-0.15 AB - 0.AC —
0.01 BC

The experimental data was evaluated by the analysis of variance (ANOVA)

and the significance of the regression coefficients was analyzed based on the

corresponding p-values, as shown in Table 1.

Table 1. Analysis of variance for the response surface quadratic model

SQ DF MS F-value p-value
Model 190.87 9 21.21 17.86 <0.01*
A 0.02 1 0.02 0.05 0.84
A 17.17 1 17.17 51.52 0.02*
B 21.08 1 21.08 63.25 0.02*
B? 16.03 1 16.03 48.08 0.02*
o 3.1 1 3.1 9.33 0.09
C? 72.03 1 72.03 216.08 <0.01*
AB 2.23 1 2.23 6.70 0.12
AC 2.25 1 2.25 6.74 0.12
BC 1.00 1 1.00 3.00 0.23
Residual error 5.94 5 1.19
Lack-of-fit 5.27 3 1.76 5.27 0.16
Pure error 0.67 2 0.33
Total 184.93 14

* Significant at 95% confidence;. SQ: Sum of squares, DF:degrees of freedom, MS: Mean

square.



79

As can be observed, the model presented and the variables A, A?, B, B? C?
were found to be significant (P < 0.05); this shows that all the factors studied in the
experimental design had significant influence in relation to the independent variable.
In addition, it was also observed that there was no significant interaction between the
variables studied, and the lack of fit of the method was not significant. The model
was evaluated using the determination coefficient (R?); the adjusted-R? value
obtained was 0.967 — this value showed that the model was highly significant in
predicting the variables investigated.

As can be seen in Fig. 3a, a high analytical response is obtained when there is
a reduced reaction time - close to 1 min of reaction; this shows that the response of
the indicator employed in the study is extremely efficient in the presence of acetic
acid.

The reaction time is found to be extremely important; this is because, in spot
test analysis, a reaction must respond in the shortest possible time. As can be
observed, higher values of methyl orange concentration yielded superior analytical
signals, and the analytical signal remained stable from the concentration of 4.8 x 10
mol/L onwards (based on the model); this shows that the levels studied are within the
optimal concentration range of the indicator.

Fig. 3b confirms that the concentration of methyl orange is precisely in the
above range. This same figure also shows that the ideal hydro- alcoholic
concentration range is approximately 40 %. The same results are observed in Fig. 3c
with respect to hydro-alcoholic concentration and dye concentration. Thus, the
following conditions were applied in subsequent experiments: methyl orange
concentration of about 4.8 x 10 mol/L; reaction time of 1 min; and hydro-alcoholic
concentration of 40 %. Thus, the following conditions were applied in subsequent
experiments: methyl orange concentration of about 4.8 x 10* mol/L; reaction time of

1 minute; and hydro-alcoholic concentration of 40%.

Given that the hydro-alcoholic concentration in cachaga varies from one brand
to another, it was essentially important to evaluate the real impact of this variable on
the content of acetic acid in the beverage, since the variable proved to be highly
significant in the experimental planning. This time, a robustness test was performed,

and the following different hydro-alcoholic concentrations were tested: 38, 42, 44, 46,



80

48, 50, 53, and 54%. The result obtained showed that the values of channel B
changed above 5 % only after the concentration of 44 %. Thus, when the cachaca
has a hydro-alcoholic concentration below 44 %, no correction is required to be
made. In contrast, when the hydro-alcoholic concentration is above 44 %, one is
required to make some adjustments in order to correct the alcohol content to 40 %
for further analysis. In fact, the content of alcohol doesn’t change significatively the
color of the methyl orange because the acid-base equilibrium is not shifted by
alcohol, to be it a very weak acid substance. The hydroalcoholic content only
changes the transfer rate of volatile acid. Thus, the RGB data is weakly affected by

alcohol compounds [46].

-
-

[Methyl orange] X 10"mol 1"
[ [ ] |
TEaBRE8R

Time / min

Fig. 3. Effect of interaction between: a) time and [methyl orange] and analytical response; b)

[methyl orange], % ethanol and analytical response; c) % ethanol and analytical response. Variation of

green channel (AG).
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The variation of the color of the methyl orange due to the variation of pH is not
a problem for quantification purposes using the RGB system. The variation of the
RGB value of the methyl orange is in function of the volatile acids presented in the
sample. Moreover, other volatile compounds such as signal of the sample (containing

volatile acid compounds) [21,26,35].

In previous work we described this principle of the variation of the RGB using
anthocyanins and acid-base indicator to microtitration to measure the total acidity in
food and to evaluate the conformity of bleaching products [21,35]. The anthocyanin
presents a purple color in pH 7, and the RGB data correlated with this color was used
as background signal, and the RGB obtained from the shift to red color in funcion of
the acidity of the food was used discounted from the RGB background [21]. This
procedure was similarly studied by Shalaby & Mohamed [39] and Inagawa et al. [40]
to evaluate acid-base dyes as alizarin red S, methyl orange, bromothymol blue and
bromophenol blue. Thus, the change in the color solution characteristic of acid-base

dyes does not present interference.
3.3. Analytical features

An analytical curve was constructed using the G channel and based on the
application of acetic acid in the range of 25 to 275 mg acetic acid / 100 mL of
anhydrous alcohol. The linearity of the proposed method was evaluated through the
calibration curve using the least squares method (LSM). The following equation was
fitted to the processed data from the images: —log (l/l;) = 0.0006 [acetic acid] +
0.0527, and an adjusted determination coefficient (R?) of 0.9912 was obtained; this
result points to a significant linearity over the working concentration range. The limit
of detection (LOD) and limit of quantification (LOQ) were estimated based on the new
IUPAC guidelines [47]; the values obtained were as follows: LOD = 3.70 mg/100 mL
and LOQ = 11.1 mg/ 100 mL of anhydrous ethanol. Furthermore, the proposed
method exhibited a reliable precision, with a relative standard deviation (RSD) of 5.3
% for acetic acid solution of 150 mg/100 mL of anhydrous ethanol (n = 10).

Some organic compounds (referred to as potential interferents) present in

cachaca were tested to evaluate their influence in terms of interaction with methyl
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orange (employed as an indicator). The potential interferents shown in Table 2 were
analyzed wusing the proposed method. Methanol, Propan-1-ol, butan-1-ol,
acetaldehyde, furfural and ethyl acetate were tested in the molar ratios of 1:1 and
1:10 (interferent/ analyte). Normally, the absence of interference is considered when
the response variation is<5 %. Based on the results obtained in this analysis, it can
be concluded that acetaldehyde, furfural and ethyl acetate are potential interferents

when it comes to the determination of volatile acidity in cachaga samples [46].

Table 2. Selectivity study for determination volatile acidity in cachaga (n =3)

Interferent Ratio of acetic acid/ interferent Relative error (%)
Methanol 1:1 -5.52
1:10 -1.84
Propan-1-ol 1:1 -5.50
1:10 -3.68
Butan-1-ol 1:1 -9.20
1:10 9.28
Acetaldehyde 1:1 -9.20
1:10 9.28
Furfural 1:1 -1.80
1:10 7.41
Ethyl acetate 1:1 11.21
1:10 22.50

Recovery assays were carried out for the cachaga samples using three
concentration levels: 55, 90 and 125 mg of acetic acid / 100 ml of anhydrous alcohol.
The recovery rates obtained ranged between 89.50% and 111.80% (Table 3); this

result shows that there was no significant matrix effect.



Table 3: Percentage of furfural recovered in the analyzed samples with n = 3.

Sample 2 Addedp Found® Recovery (%)
A1 55.0 49.22 + 3.21 89.49
125.0 130.96 + 5.66 104.77
A2 55.0 53.76 + 4.48 97.74
125.0 124.68 + 5.36 99.74
A3 55.0 54.24 +2.36 98.60
125.0 121.32 £ 6.25 97.05
A4 55.0 51.15+4.97 93.00
125.0 136.16 + 5.47 109.93
A5 55.0 50.10 £+ 3.5 91.10
125.0 126.10 + 7.46 100.88
A6 55.0 61.50 + 3.56 111.83
125.0 112.42 + 3.64 89.92
A7 55.0 58.08 +4.78 105.62
125.0 134.43 £ 6.21 107.54
A8 55.0 57.59 + 2.28 104.71
125.0 127.07 £ 7.67 101.66
A9 55.0 57.15 £ 3.91 103.90
125.0 126.09 + 4.63 100.87
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The volatile acidity content of nine non-aged cachaga samples was

determined using the proposed method and the reference method [44]. The results

obtained from this analysis are summarized in Table 4. As can be observed, the two

methods exhibited quite similar results, with relative errors varying between —14.5 %

and 15.0 %.

Table 4: Acetic Acid concentrations found in samples of cachaca unaged tested by

the DIB-spot test and comparative method with n = 3.

Sample ? Reference Method b DIB method b Relative error (%)
A1 81.92+£0.45 70.02 £5.15 -14,52
A2 91.36 £ 2.80 88.37 £ 8.30 -3.27
A3 10.40 + 0.56 9.02+1.42 -13.26
A4 25.32 £ 0.60 29.36 + 3.20 15.95
A5 166.08 £ 0.48 150.23 £ 10.21 --9.54
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Sample ? Reference Method b DIB method b Relative error (%)
A6 228+1.2 25.65 £ 2.65 12.5
A7 36.23+0.24 38.52 + 1.36 6.32
A8 43.80+0.13 50.36 £ 3.35 14.97
A9 196.80 + 0.50 215.68 £ 8.93 9.59

@ Real alcoholic degree of cachaca samples: 41, 38, 39, 40, 38, 38, 42, 42, 45 %(v/v)

respectively. b Concentration in mg / 100 mL of anhydrous ethanol.

The analysis of the results presented in Table 4 shows that two samples of
cachaca, A4 and A9, exhibited volatile acidity above the levels established by the
Brazilian legislation (MAPA)- 150 mg/100 mL of ethyl alcohol (this value is expressed
in terms of acetic acid). According to Leite et al. [5], volatile acidity levels depend on
factors such as adequate control of time and temperature during the fermentation
process, type of yeast used, must management, and, most importantly, the hygienic
condition during the manufacturing process. Thus, the results obtained in this study
reinforce the importance of implementing good production practices, and a fast and
in situ analysis as the DIB method using smartphone in order to obtain beverages
with great sensory qualities, which will, consequently, lead to higher market
acceptance.

Finally, the results obtained from the application of the proposed method and
the reference method were statistically compared using the paired t-test with 95 %
confidence level. The results of the paired t-test showed that the calculated t value
(0.08) was lower than the critical t value (2.30); this implies that there were no

statistically significant differences between the two methods.
4. Conclusions

The present work reported the development and application of a novel method
for the determination of volatile acidity in non-aged cachagca samples using a
smartphone as an analytical tool. Methyl orange was used as an indicator of color
change according to the acidity of the medium, and the green channel was used
based on the RGB model decomposed in a cell phone application. The method
proposed in this study proved to be efficient, fast and environmentally friendly, since

it generates a very small amount of waste. Apart from that, the proposed method can
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be easily employed for the production of good quality cachaca with great sensory
properties and volatile acidity levels that are within the limits stipulated by the
Brazilian legislation. Two samples of cachacga failed to meet the standard criteria
established by the Brazilian legislation; thus, the findings of this study point to the
need for promoting good production practices and stricter quality control of the

beverage.
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CAPITULO 4 -

Uma nova reacao seletiva e altamente sensivel para a
determinacdao de Cu* em bebidas destiladas empregando

imagens digitais



92

Analytica Chimica Acta 1177 (2021) 33884

Contents lists availdblenceDire
at C
Analytica Chimica Acta

journal homepageww.elsevier.com/locate/ac

A color reaction for the determination of Cu?in distilled beverages
employing digital imaging

Mathews de Oliveira Krambeck Franco 2, Gabriel Abranches Dias Castro °, Castelo
Vilanculo ?, Sergio Antonio Fernandes °, Willian Toito Suarez *~

2 Departamento de Quimica, Centro de Ci*encias Exatas e Tecnologica, Universidade Federal de Vigosa, Vigosa, MG, 36570-900, Brazil

® Grupo de Quimica Supramolecular e Biomimetica (GQSB), Departamento de Quimica, Centro de Ci”encias Exatas e Tecnologica, Universidade Federal de Vigosa, Vigosa,
MG, 36570-900, Brazil

ARTICLE INFO ABSTRACT

Keywords: In this work, we describe for the first time the synthesis of
Digital image analysis thiocarbazones for the selective determination of Cu®" in

Copper determination  distilled beverages. The method was based on the

Thiocarbazones complexation reaction of Cu®* with thiocarbazones, and the
Copper complex colored product was analyzed using a smartphone
Distilled beverages application. The thiocarbazones react with Cu** to form a 1:1

(metal:ligand) complex. The Cu? complex was characterized
by UV, IR and NMR spectral analyses. The proposed reaction
yields a yellow color, and therefore, channel B of the RGB
system was used in the analysis. After optimizing the reaction
conditions, an analytical curve was obtained to determine
Cu?* concentrations ranging between 0.25 and 6.75 mg L™,
the use of 400 yL sample volumes led to a relative standard
deviation (n = 5) of 3.2% and a detection limit of 0.18 mg L™
Recovery experiments were performed with sugar cane
spirits, whiskies and tequilas to evaluate the accuracy of the
method, and the recovery obtained ranged from 80.5—
112.2%.
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1. Introduction

According to a recent global status report on alcohol and health, approximately
2.3 billion people currently consume alcoholic beverages and that number has
steadily increased. As a result, peoples’ awareness of the consumption of quality
products has also been growing, and this has generated the need to develop the
products they seek in accordance with the norms and standards defined by
regulatory bodies [1-3]. In this context, beverages that are usually distilled in
traditional equipment made of copper deserve special attention, since when
manufacturers do not promote the proper hygiene of distillers, there may be
contamination of copper in the distillates [4]. In this scenario, we can cite mainly
whiskey, tequila and sugar cane spirits, since their production and consumption have
been growing worldwide [5-8]. In general, it has been reported that when these
beverages are produced in copper-based equipment, they are more widely accepted,
which can be explained by the unique ability of copper to reduce acidity and the
levels of aldehydes and sulfur-based compounds; these characteristics reduce the
organoleptic quality of drinks [9-11]. The Ministry of Agriculture, Supply and
Livestock of Brazil (MAPA) established that the maximum allowed Cu?* concentration
in drinks is 5 mg/L, which applies to sugar cane spirits, whiskey and tequila [12].

In this sense, it is of utmost importance to develop simpler and more robust
methods for analyzing Cu®** concentrations in beverages. Some studies have already
reported the determination of this ion by using a smartphone as an analytical
instrument with several samples, such as water and blood, mushrooms and effluent
[13,14]. Therefore, chemical analyses are becoming more accessible since
webcams, smartphones and cameras can be used as analytical tools, thereby
allowing the determination of analyte dosages in a simple and inexpensive way [15—
22]. In addition, methods that involve the analysis of digital images are fast, do not
require sophisticated technical knowledge in the area and only require that the
product formed from the reaction with analyte be colored. In addition, the advantages
of this type of platform over conventional methods of analysis are numerous,
including low reagent consumption, small sample volumes, simplicity, portability and
disposability [23].
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Shiff bases (or imines) play a very important role, since they have already
proven countless times to be useful in the determination of metals by colorimetric
methods [24-27]. They were first reported by Hugo Shiff in 1864 and are organic
molecules that can be identified by the presence of a double bond between a carbon
and a nitrogen (C=N) [28]. Among the Shiff bases already studied, thiocarbazones
have been gaining prominence. They are commonly produced from the condensation
of an aldehyde, or ketone, with a thiocarbohydrazine. This class of compounds is
structurally similar to thiosemicarbazones and thioureas [29-31]. In general, these
compounds have already been reported in the literature because they have several
applications in which they serve as antioxidants, antifungal and antibacterial agents,
and as urease inhibitors [29,32—-35]. In addition, thiocarbazones have been reported
several times because they have the ability to complex metals selectively and
produce colored coordination compounds [29,30,36-38].

In view of the above, a method based on digital image analysis with a
smartphone is proposed for the use of thiocarbazones to determine the Cu®* content
in whiskey, tequila and sugar cane spirits. The reaction employed in this method is
unprecedented in the literature and has proven to be highly sensitive and selective
for the determination of the metal in beverages. The method is simple, fast, robust
and can be used for quality control of the Cu?" content in manufactured drinks,

thereby guaranteeing the food safety of the final product.
2. Experimental
2.1.  Chemical and Samples

Carbon sulfide (CS;, >99%, Sigma Aldrich), hydrazine hydrate (NH:NH., 80%
in water, Sigma Aldrich), acetic acid (99,7%, Vetec), ethanol (95%, Vetec), 4-
methoxybenzaldehyde (98%, Sigma Aldrich), 4-nitrobenzaldehyde (98%, Sigma
Aldrich), 4-(dimethylamino)benzaldehyde (>95%, Eastman Organic Chemicals), 4-
aminobenzaldehyde (>99%, Sigma Aldrich), 2-nitrobenzaldehyde (98%, Sigma
Aldrich), deuterated dimethylsulfoxide (DMSO-ds, 99%, Sigma Aldrich), and copper
sulfate pentahydrate (CuS0O..5H,0, >98%, Sigma Aldrich) were used. All chemical

reagents were of analytical grade.
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The solutions were prepared with ultrapure water (resistivity > 18.0 MQ)
obtained from a Millipore Milli-Q system (USA). A stock solution of Cu* 75.375 mg L
(0.00125 mol L") was prepared by dissolving 0.0312 g CuS0O4.5H,0 in 100 mL of
distilled water and then stored at room temperature. Ligand (1A-1E) stock solutions
(0.001 mol L") were prepared in anhydrous ethanol and stored at 4 °C.

Solutions of 0.1 mol L phthalate buffer with pH 4.0 and 0.1 mol L™ borate
buffer with pH 9.0 were prepared by dissolving 2.042 g of potassium hydrogen
phthalate (KHCgH.O,) and 3.814 g of sodium tetraborate decahydrate
Na:B.O7-10H.0 in 100 mL of distilled water, respectively, and these solutions were
stored at room temperature. Hydrochloric acid (HCI) and sodium hydroxide (NaOH)
solution with concentrations of 0.1 mol L™ were prepared and used to adjust the pH.

All samples of sugar cane spirits, whisky and tequila used for our studies were

obtained from supermarkets in the city of Vicosa-MG-Brazil.

2.2. Instrumentation and Apparatus

Infrared spectra were recorded on neat samples using an FT-IR Varian 660
Fourier transform infrared spectrometer. Values are expressed in wavenumbers
(cm™) for spectra recorded in the range 4000-400 cm™". NMR spectra were recorded
at 25 °C in DMSO-ds on a Varian Mercury 300 spectrometer operating at 300 MHz
for 'H and 75 MHz for "*C. All chemical shifts are reported in parts per million (ppm)
and were measured relative to the solvent in which the sample was analyzed
(DMSO-ds, & = 2.49 for 'H NMR and & = 39.5 for *C NMR). Coupling constants (J)
are reported in hertz (Hz), and the signals were characterized as singlet (s), doublet
(d), triplet (t), quartet (q), multiplet (m), double doublet (dd) and triple doublet (td).
The masses of compounds were determined by mass spectrometry using a
SHIMADZU GCMS-QP2010C Ultra.

For Cu? determination in distilled beverages, the procedure was performed
according to the protocol described in our previous works with some adaptations [39].
Briefly, the colorimetric reactions were performed directly with samples on porcelain
plaques containing 6 vessels, and after each reaction, an aliquot was transferred to

the reaction module that consisted of lids of glass vials that were 2 cm in diameter.
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To accommodate the lids in the box for image acquisition, a foam was cut into a
circular shape to avoid movements of solutions.

In the present work, an Asus ZenFone 3 smartphone camera with 16.0
megapixel resolution was used as the detector. Camera parameters were fixed in the
application to avoid automatic configurations of the mobile phone. The focus mode
was set by considering that the distance between the camera lens and the reaction
module containing a sample was less than five centimeters. Additionally, the
application uses the automatic focus option, which avoids capturing out-of-focus
pictures of the target sample. The resolution of the pictures was set to the highest
available value in the smartphone to guarantee a high number of pixels in each
sensing area for the image analysis. As shown in Fig. 1, the reaction module
containing a sample was placed at the bottom of the equipment. A box with
dimensions of 20 x 10 x 6 cm was used as an apparatus for image capture. The
smartphone was placed on the top of the box. After entering optimized parameters
for image capturing, the reaction module containing a sample was placed into the
box in an appropriate position to allow the camera flashlight to focus on the sample
solution and therefore capture an image with high quality and good resolution.

When a new picture was required, the application, with the camera parameters
fixed, started the capture process by turning on the flashlight. This step ensured that
pictures were always taken with the same orientation, thereby simplifying the
processing by ensuring that the user did not place the camera in an incorrect
position. For image treatment, the free software Color Grab was used [40]. This
application was chosen mainly for its simplicity and because the RGB values are
offered in real time, which made it easier for the analyst to control and interpret the

responses obtained in each procedure.
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Fig. 1. Apparatus developed for the determination of Cu?" in distilled beverages.

2.3. Image acquisition and data analysis

The digital images can be decomposed with several color models, with the
RGB model being that most known and used. In this model, the images were
decomposed into related algebraic matrices for the present colors, red (R), green (G)
and blue (B) [41]. In this way, an appropriate relationship was established between
the values of the channel components and the concentration of the analyte. The
values relating to RGB colorimetric reaction responses (l) were compared with the
values acquired for the R, G, or B values obtained from the analytical background
(lo). The equation y = — log(l/ls) supplied the value needed to construct the analytical
curve [42].

The application Color Grab was used to decompose the images into RGB
data. The program provides the average signal value of each channel (R, G, or B), as
well as the standard deviation for the selected area. The phenomena involved in the
process required the incidence of electromagnetic radiation on the solution contained
in the reaction module. Part of this radiation was reflected and reached the CCD
detector of the smartphone.

Three rectangular areas were selected for analysis in each reaction module,
and they were of different dimension (20 x 20, 30 x 30, and 40 x 40). The
dimensions were given in pixels (length x height), and the regions that presented the

lowest coefficients of variation were chosen, thereby avoiding regions with brightness
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and shadow. The settings used to capture the images with the devices were as
follows: camera left cell (RGB); reference standard (RAL classic), locking indication

(active), noise cancellation (smart with active flashlight option).
2.4. Synthesis of thiocarbohydrazine

With the aid of an addition funnel, carbon disulfide (1 mL) was dripped into a
solution of hydrazine hydrate (3.3 mL) in water (10 mL) contained in a 25 mL flask,
and the mixture was stirred with a magnetic stir bar for one hour. At the end of this
period, the mixture was heated under reflux for two hours (Fig. 2). Subsequently, it
was allowed to cool to room temperature, and the formation of a yellow precipitate

was observed; this was vacuum filtered and washed with cold ethanol [43].

H,0 g
HN-NH; + CS; “oip 75~ BNy M2

M) H H

(0

R)J\H i
" Acetic acid H2N~NJ\N N+ R
Reflux, 3 hours H H
(H) (1)

HZN.NJLN NH,
H H

NO,
R =
O\ NOZ P N\ NHZ

(YR ) ©) (D) (E)

Fig. 2. Synthesis route for thiocarbazide and synthesis route for compounds 1A-1E.

2.5. Spectroscopic data for thiocarbohydrazine

The spectral images are contained in the supplementary material (Fig. S1 — Fig.
S4).Thiocarbohydrazine: White crystals, yield 56%. M.p. 171.1-172.5 °C. IR (cm™) v
max: 3271, 3172, 2964, 1630, 1529, 1488, 1285, 1006. GC-MS (m/z) (abundance %):
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106 (100, M*), 75 (30), 60 (40). 'H NMR (DMSO-ds) 6 8.37 (s, 2H), 5.63 (s, 4H). "°C
NMR (DMSO-ds) 5 181.8.

2.6. General synthesis of ligands 1A-1E

Thiocarbohydrazine (0.11 mmol) was dissolved in a mixture of water (3 mL)
and ethanol (2 mL), and an aromatic aldehyde (0.10 mmol) and 33 pL of acetic acid
were added. The mixture was maintained under reflux for three hours (Fig. 2). The
precipitate was collected by filtration and washed with cold water. For purification, it

was recrystallized from a mixture of ethanol/water in a 1:1 ratio [44].
2.7. Spectroscopic data of thiocarbazones

The spectra images are found in the supplementary material (Fig. S5 — Fig. S24).
1-(4-methoxybenzaldehyde)thiocarbazone (1A): White solid, yield 80%. M.p. 182.2—
183.3 °C. IR (cm™) Vmax: 3165, 2998, 1606, 1504, 1241, 1176, 979, 848, 586. GC-MS
(m/z) (abundance %): 224 (85, M*), 193 (59), 134 (100), 91 (50). '"H NMR (DMSO-d5s)
0 11.27 (s, 1H), 9.67 (s, 1H), 7.93 (s, 1H,), 7.74 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.7
Hz, 2H), 4.81 (s, 2H), 3.76 (s, 3H). *C NMR (DMSO-ds) 6 175.8, 160.6, 142.1, 126.9,
129.0, 114.1, 55.3.

1-(4-nitrobenzaldehyde)thiocarbazone (1B): Yellow solid, yield 73%. M.p. 203.5—
203.9 °C. IR (cm™) Vmax: 3300, 3163, 2966, 1561, 1503, 1335, 1241, 1088, 1008, 943,
861, 783, 703, 624. GC-MS (m/z) (abundance %): 239 (100, M*), 208 (25), 103 (35),
76 (32). '"H NMR (DMSO-ds) & 11.72 (s, 1H), 10.15 (s, 1H), 8.23-8.06 (m, 5H), 4.93
(s, 2H). *C NMR (DMSO-ds) 6 175.7, 147.4, 140.9, 139.3, 128.2, 123.7.
1-(4-(dimethylamino)benzaldehyde)thiocarbazone (1C): Yellow solid, yield 92%. M.p.
186.6-187.6 °C. IR (cm™) vmax: 3385, 3279, 3155, 2900, 1596, 1496, 1358, 1273,
1176, 1008, 804. GC-MS (m/z) (abundance %): 237 (85, M*), 205 (58), 148 (100). 'H
NMR (DMSO-ds) 6 11.14 (s, 1H), 9.49 (s, 1H), 7.87 (s, 1H), 7.59 (d, J = 9.0 Hz, 2H),
6.67 (d, J = 9.0 Hz, 2H), 4.77 (s, 2H); 2.93 (s, 6H). *C NMR (DMSO-ds) & 175.6,
151.3, 143.2, 128.6, 121.6, 111.7, 39.8.

1-(4-aminobenzaldehyde)thiocarbazone (1D): Orange solid, yield 39%. M.p. 183.2—
183.8 °C. IR (cm™) Vmax: 3424, 3323, 3279, 3155, 2989, 1605, 1497, 1277, 1176,
1008, 833, 586, 528. GC-MS (m/z) (abundance %): 209 (68, M*), 178 (42), 135 (48),
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119 (100), 92 (66), 65 (65). '"H NMR (DMSO-ds) & 11.11 (s, 1H), 9.45 (s, 1H), 7.81 (s,
1H), 7.25 (d, J = 8.4 Hz, 2H), 6.53 (d, J = 8.4 Hz, 2H), 5.53 (s, 2H), 4.84 (s, 2H). *C
NMR (DMSO-ds) 6 175.6, 150.8, 143.6, 128.9, 121.4, 113.4.
1-(2-nitrobenzaldehyde)thiocarbazone (1E): Yellow solid, yield 58%. M.p. 187.4—
188.8 °C. IR (cm™) vimax: 3130, 2922, 2798, 1510, 1343, 1227, 1022, 782, 746, 601.
GC-MS (m/z) (abundance %): 239 (28, M), 222 (39), 104 (56), 91 (100), 75 (67), 60
(66), 44 (75). 'H NMR (DMSO-ds) 6 11.71 (s, 1H), 10.00 (s, 1H), 8.53 (dd, J = 8.0
and 1.5 Hz, 1H), 8.43 (s, 1H), 8.00 (dd, J = 8.0 and 1.5 Hz, 1H), 7.75-7.69 (m, 1H),
7.62-7.57 (m, 1H), 4.92 (s, 2H). *C NMR (DMSO-ds) 6 175.8, 148.2, 136.9, 133.3,
130.2, 128.5, 128.4, 124.5.

3. Results and Discussions
3.1. Optimization of system parameters

For the capture of digital images, the built system was submitted to precision
assays based on the obtained RGB data. First, it was observed that all areas
selected to capture the images obtained satisfactory responses, with standard
deviations less than 1.8%. This showed that the apparatus developed to obtain the

digital images was adequate and allowed us to acquire homogeneous illumination.

3.2. Study of the best complexant for Cu**

Five ligands (1A-1E) were synthetized and evaluated while seeking the
sensitive and selective determination of Cu?. Thus, all were used at a fixed
concentration of 2 x 10* mol L”, while the metal concentrations were varied from
1.60 to 31.75 mg L. As shown in Fig. 3, all metals showed good sensitivity until a
concentration of 3.71 mg L™ was reached, while only ligand 1C showed sensitivity at
concentrations higher than this. In this study, the solution was kept at pH 7, and the

reaction time was 10 minutes.
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Fig. 3. Study of complexes for determination of Cu?".

The sensitivity of the ligan is directly related to its ability to coordinate with the
metal. In this case, the substituents on the aromatic rings of the thiocarbazones
influence the coordination reaction with their ability to donate electronic density to the
ring, since the aromatic ring is conjugated with the imine group, which is one of the
copper binding sites. Therefore, when comparing the substituents we used in the
aromatic ring (OCHs, NO;, N(CHs). and NH.), it is possible to state that the
dimethylamino group of ligand 1C was capable of donating more electronic density
compared to the other ligands; with this, the nitrogen electron pair of the imine
functional group became more available for coordination with copper. The
dimethylamino group is a better donor group since methyl groups donate electronic
density to nitrogen by induction, and the nitrogen atom uses its electron pair to
conjugate with the aromatic ring [45-47]. Therefore, ligand 1C was selected for

further studies.
3.3. Effect of pH and selectivity

The pH plays a significant role in the formation of metal complexes and the
selectivity of the reactions, since it determines the nature of the ions present in the

matrix. To evaluate the reaction selectivity as a function of pH, different metal ions
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that could possibly interfere with determinations of copper in real samples were
treated with synthesized ligand 1C with solution pH values varied from 4.0 — 10.0.
The reaction times was fixed at 10 minutes.

In this study, the effect of pH on complexation was observed, and
simultaneously, the pH was affected by the interferents that may be contained in the
drink. Thus, as shown in Fig. 4, the pH at which the reaction showed the highest
analytical response was 10.0. However, with increasing pH, the other metals also
showed increases in analytical response and, consequently, increased ability to
complex with the ligand. This effect was more pronounced for nickel, at for pH 10.0
supported effective complexation. This occurred because at basic pH, the ligand
binding sites were deprotonated and therefore more susceptible to formation of
complexes. At pH values lower than 4.0, the Cu2+/1C complex did form with high
efficiency, probably because of the competition between protons H* and Cu? for the
active site of the ligand. In addition, even at acidic pH, the analytical signal remained
high, demonstrating that Cu? */1C complexation was strongly favored. Therefore, pH

4 was found to be optimal and was selected for the following experiments.
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Fig. 4. Effect of pH and reaction selectivity.

3.4. Effect of ligand concentration

The effect of ligand concentration was also studied over the ligand

concentration range 0.05 to 0.5 mmol L™". At a concentration of 0.38 mmol, the
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analytical response was maximal and therefore this ligand concentration was chosen
for further studies (Fig. S25). At lower concentrations, complexation was less
effective, and at higher concentrations, there was a decline in the analytical signal
due to the immediate precipitation of the complex, which was observed when excess
ligand was present. In this study, the solution was maintained at pH 4, and the

reaction time was 10 minutes.
3.5. Effect of reaction time on Cu?*/1C complex formation

An optimal reaction time for formation of the complex is necessary to complete
the reaction and achieve a strong analytical signal. The reaction kinetics of Cu?* ions
with ligand 1C were evaluated over a time range of 1-20 minutes. The analytical
signal increased for the first 5 minutes and was stable for up to 12 minutes of
reaction, as shown in Fig. S26. After this time, there was a decrease in the analytical
signal, probably due to the low stability of the generated complex. For this reason, we
selected a minimum time that showed good complex stability. Thus, a reaction time
of 5 minutes was shown to be appropriate, and it was selected for further
experiments. In this experiment, the pH of the solution was maintained at 4, and the

concentration of the ligand was fixed at 0.38 mmol.
3.6. Determination of the stoichiometric ratio of the Cu?'/1C reaction

The continuous variation method, also known as the Job method, is the
technique most commonly used to determine the stoichiometric ratio due to its
simplicity [48]. Thus, this method was used to obtain the stoichiometric relationship of
the Cu2+/1C complex. In this study, 3 mmol solutions of the metal and the ligand
were used and tested with different metal/ligand ratios. The Job curve was
constructed by plotting the results obtained for the analytical signal based on the
equilibrium concentration of Cu?,/1Cg against the molar fraction of 1C. The a/B value
was obtained from the abscissa of the maximum point of the Job curve.

Fig. 5 illustrates the Job diagram for the Cu2+./1Cg reaction. The largest
analytical signal was observed when the molar fraction of the ligand was equivalent
to 0.5. When the free ligand mole fraction value was used in a calculation with the

equation Xic = n/(n+1), the number of moles (n) was seen to equal 1. In this way, it
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could be concluded from the Job method that the stoichiometric ratio of the Cu?*1C

reaction is 1:1.
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Fig. 5. Job's Method to determine the stoichiometric relationship of the Cu?* with ligand 1C reaction.

3.7. Proposal for the structure of the Cu®*/1C complex

The architecture of the Cu®*/1C complex was proposed from the analysis of UV, IR,
'H NMR data (Fig. S27 — Fig. S29) and stoichiometry (Job plot) for the complex. The
proposed structure is shown in Fig. 6, in which the nitrogen groups of the NH, and
N=CH groups coordinate with Cu?, forming a six-membered ring. A similar structural

proposal was offered by Magdy and coworkers in 2010 [49].

Fig. 6. Proposed structure for the Cu?/1C complex.

The uv-vis spectrum of ligand 1C contained a high-intensity band with a
maximum absorption wavelength of 359 nm. After complexation with Cu?®, the
absorption maximum of this band was shifted to 387 nm (Fig. S27), indicating a
bathochromic displacement. This change occurred as a result of coordination of two
nitrogen atoms (NH, and N=CH) to Cu®.
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When comparing the infrared spectrum of thiocarbazone 1C with that of its respective
copper complex (Cu®**/1C) (Fig. $28), it was possible to observe a change in the
frequencies of N-H, NH,, and C=N vibrations (Table 1). There were no changes in
stretching frequencies for vibrations NH (NH), N-N and C=S bonds, which exhibited
the same values for the free ligand and the complex.

Table 1. Infrared bands characteristic of ligand 1C and its coordination compound Cu?*/1C (400 —

4000 cm™).
Vmax (cm™)
Compound
N-H (NH») N-H (NH) C=N N-N C=S
1C 3386 3146 1590 1168 806
Cu*'/1C 3379 3146 1572 1168 808

To carry out '"H NMR and COSY NMR analyses, 5.0 mg (21 ymol) of ligand 1C and
15.8 mg (63 pmol) of CuS04+.5H,0 were added to 600 uL of DMSO-ds. This sample
was analyzed ("H NMR and COSY NMR) at 50 °C, and the spectra shown below
were obtained and compared with the spectrum of free thiocarbazone 1C (Fig. 7 and
Fig. $29). By comparing the '"H NMR of the free 1C ligand (Fig. 7(a)) with that of the
Cu?/1C complex (Fig. 7(b)), it was possible to observe increases in the chemical
shifts of all signals for thiocarbazone after the addition of Cu?. It is important to
highlight the changes in the signals for NH, and HC=N hydrogen resulting from direct
coordination of copper to these nitrogen groups, which led to greater electronic
deshielding of the hydrogens of these groups. The NH; signal for the free 1C ligand
(Fig. 7(a)) is a singlet found at 4.77 ppm. After the addition of Cu?*, this signal was
converted to two singlets at 7.23 and 7.06 ppm (Fig. 7(b)), which can be explained
by the formation of a six-membered ring that generates different chemical
environments for each of the NH, hydrogens and makes them nonequivalent. The
HC=N signal in ligand 1C was a singlet at 7.87, and after adding Cu®, it became a
multiplet at 8.75-8.38. It is also possible to observe changes in the signals for the
four aromatic hydrogens; in the free thiocarbazone 1C there are two doublets (at 7.59
(H9 and H11) and 6.67 (H8 and H12) ppm), and in the Cu®*/1C complex there are
two doublets (at 7.91 (H8) and 6.86 (H9) ppm) and two multiplets (at 7.72-7.60 (H12)
and 6.80-6.73 (H11) ppm), which were assigned with the help of COSY NMR (Fig.
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$29). This multiplicities of the signals can be explained by the alteration of the
chemical environment of the aromatic ring after the formation of the six-membered
ring. The signals for the six hydrogens of the methyls (H14 and H15) also changed
after the addition of Cu?*; 1C displayed a singlet at 2.94 ppm and the spectrum of the

Cu?/1C complex contained two singlets at 3.10 and 3.01 ppm.
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Fig. 7. '"H NMR spectrum (300 MHz; DMSO; douso = 2.49) a) 1C free and b) Cu*/1C complex.

3.8. Analytical performance

An analytical curve was constructed for Cu?* concentrations in the range 0.25-
6.75 mg L, and the linear range of the developed method was verified by analysis of
the calibration curve using the least squares methods (LSM) for the RGB channels.
As seen in Fig. 8, channel B showed higher analytical sensitivity than the other
channels, which can be explained by the fact that absorption of incident radiation
occurred mainly for the complementary color. Since the complex is yellow, high
sensitivity was observed in the B channel. Table S1 presents the analytical
parameters obtained in the construction of the curves for all channels. The B channel
was used in the calibration, and the following calibration regression was obtained: -
log (//lb) = -0.0011+ 0.0427 x [Cu*], where [Cu?] is expressed in mg L (n=5). The
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calculated calibration curve showed a high level of linearity and a determination
coefficient (R?) of 0.998.
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Fig. 8. Analytical curve for Cu*" determination in distilled beverages spirits.

The limits of detection (LODs) and quantification (LOQs) were calculated using
the quantities 3 xa/m and 10 xo/m, respectively, where o is the standard deviation
the blank analytical curve and m is the slope of the analytical curve. Thus, the LOD
and LOQ were 0.18 mg L™" and 0.62 mg L™, respectively. In addition, the developed
method showed reliable precision with an RSD of 3.2% for a Cu®* solution of 5 mg L™’
(n =10), while a 4.5% RSD was obtained over a period of seven days (interday
precision, n=10). These results indicated good precision of the proposed method,
which proves it value for the determination of Cu®* in distilled beverages.

The influence of coexisting ions on the determination of Cu?* in distilled
beverage spirits was investigated under the optimized conditions and according to
the recommended procedure. The tolerance limit of a competitor ion is defined as the
largest amount causing a variation of less than + 5% in the determination of Cu®.
Some metallic ions that could be present in beverages and could compete with Cu?
for complexation with 1C were investigated, as was previously described [50].

As shown in Table 2, the analyzed metallic ions did not act as interferents in
the determination of Cu?* in distilled beverages with the proposed method. Moreover,
only Ni** showed significant interference for a 1:10 ratio of analyte/interferent; it is
rarely found in distilled beverages, and when present, it is at a lower concentration

than Cu?. The effect of a species was considered interference when the signals in
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the presence of the species differed by more than 5% from those obtained in the
absence of the foreign ion.

Table 2. Selectivity study for the determination of Cu®* in distilled beverages. (n=3).

Interferent Ratio Cu?®": Interferent Relative error (%)
Fe* 1:1 -0.20
1:10 -1.19
Ca* 1:1 -1.19
1:10 -1.98
Mn? 1:1 +0.38
1:10 -0.39
Fe** 11 -0.45
1:10 +0.32
Zn* 1:1 -0.78
1:10 +0.37
AP 1;1 +0.79
1:10 -1.19
aNi?* 1:1 +2.77
1:10 +9.92

2Ratio 1:10 showed an intense interference.

Pessoa and collaborators proposed a method based on digital image analysis
to determine Cu®" in Brazilian sugar cane spirits, and they used cuprizone as a
complexing agent [39]. The results obtained by that group indicated that all metals
tested were possible interferents, with the exception of Zn?*, which showed significant
interference. In addition, Ni** with concentrations 10 times lower than that of the
analyte already presented an interference level greater than 12%. Thus, the
complexing agent synthesized in this work showed higher selectivity for Cu?, and the
method serves as a new alternative for determining the metal content in distilled
beverages.

Recovery studies were run for samples of sugar cane spirits (S), whiskeys (W)
and tequilas (T) at two concentration levels: 1.50 and 3.00 mg L™". The resulting
recoveries for Cu?* were reasonable and ranged from 87.3—109.3%. These results

were compared with the values described in the Official Methods of Analysis - AOAC
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[51], which recommends a recovery percentage between 80 and 110% for
concentration levels of 0.1 mg L™ to 10 mg L™".

The Cu?* levels in the distilled beverage samples were determined using the
proposed method and a reference method

(Flame Atomic Absorption

Spectrophotometry). The results are summarized in the Table 3.

Table 3. Analysis of distilled beverages using the proposed method and the reference

method, as well as a recovery study for the analyzed beverages.

Proposed Reference
Added/ Found/mg Recovery/
Samples method/ method/ R.E./%
mg L L %
mg L mg L™
S1 3.92+£0.15 4.35+0.05 -9.78 1.5 555+0.12 108.7
3.0 6.98 £ 0.14 102.0
S2 277+£0.05 2.54+0.04 9.24 1.5 423 +0.08 97.3
3.0 5.74+ 0.09 99.0
S3 0.68+£0.04 0.74+0.02 -4.23 1.5 2.25+0.04 108.0
3.0 3.87 £0.09 108.0
S4 0.94 £ 0.08 1.01 £ 0.02 -6.28 1.5 2.34 £0.04 93.3
3.0 4.02 £0.08 102.6
S5 0.94+£0.07 0.95+0.02 -0.37 1.5 2.25+£0.05 87.3
3.0 3.98 £ 0.1 101.3
S6 0.90+£0.07 0.81+0.06 11.98 1.5 2.29+0.04 92.6
3.0 3.90 £ 0.06 100.0
W1 1.40 £ 0.07 1.30 £ 0.05 7.69 1.5 3.00 £ 0.07 106.6
3.0 4.25 +0.07 95.0
w2 <LD 0.01 - 1.5 1.52+£0.03 101.3
3.0 3.21 £0.03 107.0
W3 0.65+£0.03 0.62+0.03 4.83 1.5 2.21+£0.02 104.0
3.0 3.75+£0.03 103.3
w4 0.68+£0.04 0.72+£0.10 -5.55 1.5 2.32+£0.05 109.3
3.0 3.87 £0.05 106.3
T 0.68+£0.05 0.72+£0.04 -5.55 1.5 1.45+0.04 96.6
3.0 3.02£0.08 100.6
T2 <LD 0.01 - 1.5 1.59 £ 0.07 106.0
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3.0 3.12+0.05 104.0

T3 <LD <LD - 1.5 1.38 £ 0.04 92.0
3.0 3.25+0.06 108.3
T4 0.89 0.95 -6.31 1.5 2.45+0.05 104.0
20 3.75+0.09 95.3

Mean * d Standard deviation. Samples: S = sugar cane spirits; W = whiskies; T =
tequilas. R.E %= Relative error = ((proposed method - reference method)/ reference
method) *100

As seen in Table 3, the levels of [Cu?'] determined by the proposed method
and the reference method are relatively close, indicating the accuracy of the
proposed method. The -0.51 t value calculated was lower than the critical t (2.26);
therefore, no statistically significant differences in the results were generated by
either method at a confidence level of 95%. Of the 14 beverage samples, none
presented values above that allowed by Brazilian legislation (5 mg L™'). However,
samples S1 and S2 would be at odds with European legislation, which is stricter,

since it advocates a maximum of 2 mg L.
3.9. Comparison with other analytical Cu?sensors

Table 4 shows several sensors that have already been reported in the
literature for the determination of Cu?* ions in several samples, such as water and
wastewater [13,52,53], distilled drinks [39], and biological, environmental, and food
samples [14]. Compared to other systems, the proposed method presents a more
extensive linear range [13,39,54,55], lower detection limit [54,56] and better relative
standard deviation [13,14,39,56]. In addition, the use of a manufactured portable
device and a smartphone as an analytical tool for capturing the image immediately
with a cell phone application is highlighted. When compared with the work of Pessoa
and collaborators [39], the dimensions of the apparatus used for acquiring images in
our work are smaller, and the method does not require external light sources such as

LEDs to capture images. Furthermore, it does not require any sample preparation,
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unlike studies involving two-phase liquid-liquid extraction [56] or liquid-liquid
microextraction [14], and it presents the highest precision (lowest RSD) among the
studies that employ smartphones [13,14,52,56]; this is due to the reduced size of the
apparatus and, mainly, to the use of the contained light source. In addition, the
present work brings some considerable advantages, such as the limited use of
reagents (400 yL per analysis), displaying agreement, therefore, with the precepts of
green chemistry. In addition, the method is highly portability since analyses can be
done with the smartphone itself and the device for acquisition is the cell box itself. All
of these factors make the method a highly promising alternative for analyzing copper
in distilled beverages.

Table 4. Comparison between the results obtained by the proposed method and

other methods used for Cu?* ions determination.

Reference | Linear Range/ | Detection limit/ | Detection method R.S.D./ %
(mg L) (mg L)

[39] 0.75-5.0 0.078 Digital camera 5.9
[54] 0-0.64 0.32 Spectrophotometric -
[55] 0.13-0.64 0.13 Spectrophotometric -
[52] 5.0-571.9 0.08 Smartphone 25
[53] 0.006 - 6.00 0.001 Smartphone 3.0
[56]° 3.18-12.7 3.05 Smartphone <5
[14]° 0.3-40 0.1 Smartphone 4.1-5.3
[13] 0.25-1.17 0.053 Smartphone 8.3

Proposed 0.25-6.75 0.18 Smartphone 3.2

Method

@ demands a sample preparation involving two-phase liquid-liquid extraction;

® demands a sample preparation involving and liquid-liquid microextraction.

However, the method has a disadvantage because it requires the synthesis of
thiocarbazone, which makes the method more time consuming than would a

commercial reagent that could be used immediately.
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Conclusions

The proposed method for determining Cu?* in distilled beverages proved to be
accurate, precise, simple, and robust since the smartphone itself can be used as an
analytical instrument. In addition, it dispenses with a complex electronic system and
LEDs to focus electromagnetic radiation on the samples, and a producer seeking to
control beverage quality in the production environment can easily use it.

In addition, the reaction used to determine Cu?" is unprecedented and was
shown to be sensitive and selective for metals at acidic pHs. The method generates
a low amount of waste (approximately 400 L), and it only takes 5 minutes to acquire
the images, demonstrating the speed of the method. For further studies, it is possible
to use paper or thread to immobilize the ligand, thereby generating a test strip for

Cu?" determination.
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Fig. $3. '"H NMR spectrum of thiocarbohydrazine.
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1. 1C - Cu* Complex

1.1. Ultraviolet experiment
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Two solutions were prepared, one of copper sulfate pentahydrate and the other of
thiocarbazone 1C, both 0.04 mmol L'. Readings were performed on a
spectrophotometer of the isolated ligand solution and a 1: 1 mixture of the ligand
solution and CuS0.4.5H,0. The spectra obtained are shown below (Fig. S$27). It is
possible to observe the formation of the 1C-Cu®* complex, with maximum absorption

at 387 nm. The maximum absorption wavelength of the binder is 359 nm.
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Fig. S27. UV spectrum of the 1C-Cu?" complex and the 1C ligand.

1.2. Infrared experiment
An experiment was carried out in which the 1C-Cu?" complex and the isolated 1C

ligand were analyzed on an FTIR spectrophotometer (Fig. $28).
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1.3. COSY NMR experiment
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Fig $29. COSY NMR spectrum (300 MHz; DMSO; dpmso = 2.49) Cu?/1C complex.
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Channel Calibration equation * Determination coefficient (R?)
R 0.0017 x [Cu*] +0.0040 0.75
G 0.0099 x [Cu**] +0.0099 0.87
B 0.042 x [Cu**]—0.0011 0.99

2 calibration equation = Sl. x [Cu®] + Lc., where SI. is the slope and Lc. is the linear

coefficient, and [Cu?'] is expressed in mg L (n=5)
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ABSTRACT

For the first time, a method based on digital image analysis was proposed for the
simultaneous determination of Cu? and furfural in cachagas samples using a two-
phase system and chemometrics tools. Furfural reacts with aniline in acidic medium
forming furfulidenanelline, which presents a pink color. On the other hand, Cu®
reacts with CPZ in a basic medium to form a blue complex. The two reactions were
performed on a porcelain plaque, and a smartphone was used to capture the
colorimetric images. Partial least squares (PLS) regression was used to build the
prediction models for Cu®* and furfural contents in cachagas samples. After finding
the best PLS models, the ordered predictors selection (OPS) was performed to select
the most predictive variables. The developed method was effective to estimate the
values of Cu?* and furfural in cachagas, with a mean absolute error of 0.2 mg/L for
Cu® model, and 0.3 mg/100 mL of anhydrous alcohol for the furfural model.
Furthermore, the method is simple, does not require complex technical knowledge
and can be used by the producers themselves in the cachaga manufacturing
process.

KEYWORDS: Partial least squares; Multivariate calibration; Two-phase system;

Alcoholic beverages; Chemometric; Smartphone
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1. Introduction

Analytical chemistry has recently advanced in the development of simpler
analytical methodologies, with low-cost, using low amounts of reagents,
corroborating the principles of green chemistry. In this sense, the use of analytical
instruments associated with low-cost home-built equipment, adequate for in situ
analysis, and miniaturized apparatus has been widely used quantification several
compounds in diverse samples of foods and beverages [1-6].

Sugarcane spirits (cachaca) is a Brazilian alcoholic beverage with an alcohol
content of 38% to 48% by volume at 20°C. It is obtained from the distillation of
fermented must from sugarcane juice [7]. Cachaga is a typical distilled beverage
produced in Brazil and, after beer, is the most consumed alcoholic beverage in the
country, occupying the fourth position worldwide [8].

Recently, numerous studies have pointed to cachagas with components that
do not comply with the standards established by Brazilian legislation [9], eemesuch
as: furfural [10,11], Cu®* [2,12-14] methanol [11,15], reducing sugars [16], ethyl
carbamate [11,14], acrolein [17,18] among others. Furfural and hydroxymethylfurfural
(HMF) are aromatic aldehydes and are some of the undesirable components present
in cachagas. These compounds are formed mainly from the pyrolysis of organic
matter deposited at the bottom of stills [19]. Prolonged or repeated contact with
furfural can affect the central nervous system, produce dermatitis, irritation of the
mucosa and respiratory tract, in addition to having carcinogenic potential [20].
According to Brazilian legislation, the maximum content of furfural and HMF allowed
in cachagas is 5 mg per 100 mL of anhydrous alcohol [9].

Furthermore, in the distillation process, the formation of acidified alcoholic
vapors occurs by the dissolution of part of the basic Cu?* carbonate present on the
walls of the stills. Depending on the amount of metal transferred to the beverage, the
quality of the final product is impaired, as the presence of Cu?" in high concentrations
is undesirable because it is harmful to humans [21]. Wilson's disease is the most
well-known disease caused by the accumulation of Cu? in the body, clinically
characterized by hepatic and neurological manifestations and accumulation of Cu?* in

the liver and corneas [22]. Brazilian legislation limits the Cu?* content in distilled
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beverages to 5 mg/L [9]. Nevertheless, the European Union, for example, does not
tolerate more than 2 mg/L of Cu® in alcoholic distillates [23].

Therefore, Analytical Chemistry has introduced, due to the fast image capture
and background stability, the use of cameras and smartphones, since they provide
the development of new analytical methods with high sensitivity, robustness, quick,
portable, accessible due to its low implementation cost [24]. These smartphones due
to its sensors are capable of converting the intensity of incident light into storable
digital values which are used to construct the digital image. For analytical purposes,
softwares are employed to decompose this image in the original data at a specific
color model [15]. The widely used colors models used are RGB, HSV, HSI color
model data among others [25-29]. The RGB (Red-Green-Blue) color model is a color
representation standard in which each color is expressed by combining the R, G and
B colors. RGB images are mathematically represented by three distinct two-
dimensional matrices, one for each channel. Each element of these matrices is a
number which represents the color intensity of a pixel [27,29]. Therefore, each pixel
contains three values that represent the intensity of the red, green and blue colors.
Each channel is represented by 8 bits, and thus, values from 0 to 255 are possibles
for each channel, being the value 0 for all channels supplying the black color while
the value 255 for all channels the white color [26].

The use of digital images represents a current opportunity for the rapid and
direct development of quantitative determinations, particularly when combined with
colorimetric or fluorescence methods for a wide variability of applications [28,30-32].
For applications involving DIB and FDIB methods, it is necessary to use support
platforms. Among the materials commonly used for the manufacture of these
platforms are paper [12], ceramic plates [33], polystyrene microplates [28], polylactic
acid [32] among others. For the process of obtaining the concentration of the analyte,
some care must be taken into account regarding the control of the luminosity of the
platform of analysis [15]. In fact, the excess of shadows and brightness can
compromise the results of the analysis leading to a change in the values of the RGB,
and, consequently, modify the analyte concentrations [34]. Therefore, it is necessary
to use closed chambers during the analyses in order to avoid this inconvenience
[12,28,32,33].
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Thus, there is a demand for simple, fast, and low-cost analytical
methodologies to evaluate the chemical compounds present in the cachaga to verify
the conformity with the legislation. In this sense, in situations in which the
determination of a chemical substance is difficult, due to a lack of instruments, costs,
use of solvents, or due to the presence of interferents, the use of smartphone and
digital image together multivariate calibration has the potential to solve this demand.
Multivariate calibration, such as partial least squares (PLS), consider the presence of
interferents when modeling the analyte of interest. The Multivariate calibration is
used to avoid the physical separation of species and use of expensive and complex
analysis. In this way, two or more analytes can be determined simultaneously without
compromising the data, increasing the analysis speed and analytical frequency with
deduced uses of harmful compounds to the environment and health person [35,36].

Thus, in this work an analytical methodology based on digital image analysis
for the simultaneous determination of furfural and Cu?* in Brazilian cachaga samples
using a two-phase system was developed. Partial least squares (PLS) regression
was used to build the prediction models for copper and furfural contents in alcoholic
beverages. To the best of our knowledge, no analytical methodology based on digital
image analysis has been proposed for the simultaneous determination of two

analytes in cachaga samples.
2. Materials and methods
2.1.Chemicals and samples

The solutions were prepared with ultrapure water (resistivity > 18.0 MQ cm)
obtained from a Millipore Milli-Q system (USA) and all chemical reagents were of
analytical grade. Cuprizone (bis (cyclohexanone) oxaldihydrazone, CPZ), copper
sulphate pentahydrate, aniline, furfural, sodium hydroxide,
ethylenediaminetetraacetic acid (EDTA) and ethanol were purchased from Sigma-
Aldrich. Acetic acid was purchased from Merck. The 500 mg/L Cu?" stock solution
was prepared by dissolving 0.196 g of CuSO4-5H,0 in 100 mL purified water, and
then standardized by complexometric titration using EDTA [12,37].
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The 2500 mg/L CPZ stock solution was prepared in a 60% (v/v) ethanol —
ultrapure water mixture and stored at 4° C. The other solutions in different
concentrations were obtained by diluting the stock solution in ethanol — purified water
60% (v/v). The 0.2 mol/L borate buffer solution at pH 9.0 was prepared by dissolving
NazBsO7-10H,0 in ultrapure water with the addition of NaOH 0.2 mol/L. The pH was
measured on a benchtop pH meter (Mettler Toledo, USA).

A stock solution of furfural 1.0 x 102 mol/lL was prepared in 40%
(ethanol/water) and stored in a suitable storage container away from sunlight and
heat. The aniline solution in concentrated acetic acid was prepared daily. Forty-three
samples were used in this work. Thirty-four samples were made using standard
solutions of Cu*? and furfural, and the other nine samples were from alcoholic
beverages. All samples of cachaga used for our studies were obtained from

supermarkets in Vigosa city, state of Minas Gerais, Brazil.
2.2. Apparatus and Instrumentation

A closed chamber used to obtain digital images was built in order to employ
apparatus as simple as possible, in such a way as to make its operation more
accessible and corroborate with some principles of green chemistry. In this sense, a
chamber of recycled paper with dimensions of 20 x 10 x 6 cm was used as an
apparatus of image capture. On the top of the box an opening was made to capture
the digital image of a Xiaomi redmi note 8 smartphone. Moreover another opening

was performed to allow the illumination by the LED of the smartphone, Fig.1.
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Fig.1. Closed chamber used to obtain digital images for determination of Cu?" and furfural in cachaga
using a smartphone. At the bottom, a porcelain plate was used to accommodate the chemical

reactions.

One of the main advantages of the apparatus presented in Fig. 1 is that it does
not require external lighting sources, such as lamps and LEDs, normally used in this
type of analysis to obtain a homogenization of the light to capture the digital images
with adequate precision. In fact, the smartphone's built-in flash was used as a light
source to capture digital images [6,38,39]. The reactions were conducted in a
porcelain plaque containing nine reaction vessels, with a maximum volume of 1 mL.
Eppendorf (Germany) automatic pipettes were used to transfer precise volumes of
reagents and/or samples to the porcelain plate, which was placed inside the chamber
to capture the images. In addition, only the central cavity of the porcelain plate was
used for analysis, since it offered a homogeneous illumination, i.e., absence of

excess brightness or shadows [40].
2.3. Two-Phase System Optimization

Furfural reacts with aniline in acidic medium forming furfulidenanelline, which
presents a pink color. On the other hand, Cu®* reacts with CPZ in a basic medium to
form a blue complex. Due to the low solubility of the anilinium ion in a hydroalcoholic
system, a biphasic system of pink and blue solutions is formed, composed of
Cu?*/CPZ and furfural/anilinium ion in the center of the reaction module.

Therefore, standard solutions of different concentrations of furfural and Cu?*
were placed on the porcelain plate, totaling 150 uL. Then 100 uL borate buffer (pH 9)
and then 100 yL CPZ were added. Then, 20 pL of aniline ion (aniline in acetic acid)
was added, totaling 370 uL of total volume in the solution. The final solution was
adjusted to 40% alcohol/water, as this is the concentration normally found in
cachacas. Table S1 shows the volumes of all reagents used in the work to set up the
partial least squares (PLS) regression. In the case of cachaga samples, the volumes
of Cu®, furfural and 40% alcohol were substituted by the samples.

Studies were carried out to find the best reaction conditions for both reactions,

in order to mitigate possible influences of some reaction component of one reaction
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on the other. The pH of the solution was maintained at 9, using a borate buffer as
discussed in previous work [41]. The ideal concentration of cuprizone used in the
complexation of Cu* was studied individually from 50 to 160 mg/L. In addition,
different aniline ion solutions were prepared, varying different proportions of aniline
and acetic acid volumes. All tests aimed to obtain the highest possible analytical
response. In all these studies, the concentration of Cu?* was kept fixed at 5 mg/L and
furfural fixed at 5 mg/100 mL of anhydrous alcohol.

As both reactions are carried out at different concentrations of H* ions, the
optimal reaction time had to be optimized, as the complex will dissolve with time, due
to the increase in acidity of the reaction medium, as acetic acid will naturally migrate
to the aqueous phase, and impairing the formation of the Cu/CPZ complex.
Therefore, a kinetic study aiming to obtain the highest analytical signal for both
reactions as well as a time in which the two reactions were separated by a two-phase
system was carried out.

For the analytical response, the mean value of the R, G or B channel
measured by sample or standard solution was used and subtracted from the mean
value of the Ry, Go or By acquired from the analytical blank. As the complementary
color of the pink is green, the G channel will be used to measure the Furfural.
Similarly, the R channel will be used to measure the Cu?* with cuprizone. Sometimes,
the analytical curves with R, G or B data vs. concentration are reported in the
literature [42]. The concept of complementary color is used for colorimetry and/or
spectrophotometry [43—46]. However, the captured signal from a digital camera is
due to reflection, and thus, the reflected signal based on R, G or B value is correlated
with the absorbance, and this reflected signal has been used in the literature. Thus,
the analytical signal is a decrease in the RGB signal, i.e. the greater the signal drop,

the greater is the analytical response [28,33,41,47].
2.4 Image processing

The images were imported to MATLAB 2019a (MathWorks, Natick, USA).
Each image is composed by 2448 x 3264 pixels. Therefore, the image dimension
was reduced, cutting the image around the area where the sample was placed. After

that the image was rotated from 0 to 342 degrees with steps of 18 degrees, 20
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different images were generated, and then, the median of each pixel for all imagens
were used to acquire a corrected image. Then, each image was decomposed in its
red, green, and blue data. The values of the middle horizontal pixels for each image
were used. The matrices of independent variables (X), that were used for modeling,
were built, where each line represents an image, and the columns the pixels of the
image, ranging from 1 to 600. Four different X matrices were built, considering the
histograms for each color (XR, XG, XB) and the histograms of all three colors
concatenated (XRGB) [29,48].]

2.5 Multivariate Regression

Partial least squares (PLS) regression was used to build the prediction models
for Cu?* and furfural contents in alcoholic beverages. The X matrices were divided
into a calibration set, comprising 70% of the standard solution samples, and a
prediction set, comprising the remaining 30% of the real samples, using the Kennard-
Stone algorithm. The calibration step and therefore the model is made using only the
calibration set, whereas the prediction set is used to validate the model, using
standards that were not used to create the model. As a means to find the best model,
ten-fold random cross-validation were used, and 1 to 10 latent variables evaluated.
The best PLS models that returned the lowest root mean squared error of cross-
validation (RMSECV) were chosen. After finding the best PLS models, the ordered
predictors selection (OPS) was performed to select the most predictive variables
(available at www.deq.ufv.br/chemometrics). The OPS is performed sorting the
variables according to an informative vector, and then searching for the best
combination of variables. All OPS methods and informative vectors were studied

using a size 50 window and increments of 20 variables [49,50].
3. Results and Discussion
3.1.  Optimization of reaction conditions.

The reactions of Cu?* with cuprizone and furfural with aniline were optimized to
obtain the best analytical responses. Initially, the more adequate concentration of

cuprizone was evaluated. As the product of the Cu?*-cuprizone complexation is blue,
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the channel that presented the high analytical signal was the R channel, as
previously discussed due to the to be the complementary color, and therefore, it was
used as an analytical response. As can be seen in Fig. 2, starting from the cuprizone
concentration equivalent to 70 mg/L,there is a signal drop, and thus, the greater the
analytical response. Moreover, the analytical signal is very stable leading to obtain
precise data to quantify Cu®* ions, and therefore, this concentration was used for

further studies.
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Fig 2. Effect of increasing cuprizone concentration on the formation of the Cu?*-cuprizone complex as

a function of the R channel. The concentration of Cu?* was kept fixed at 5 mg L.

The appropriate concentration of the aniline ion for the furfural reaction was
also studied. Therefore, several concentrations of the aniline were evaluated in order
to obtain a satisfactory analytical signal. As the reaction between the aniline ion and
the furfural generates a chromophore with a pinkish color, the complementary G
channel presented the best analytical response as expected. In fact, there is a high
signal drop of the G channel when the aniline ion concentration was equivalent to 1.2
mol L. After this concentration, the signal goes up again indicating that the solution

is getting less intense, Fig. 3.
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Fig 3. Different concentrations of anilinium ion and the response given in the green (G) channel.

Finally, the kinetics of both reactions were evaluated concomitantly, to verify
the level of stability of the reactions, since both are carried out amid different
concentrations of pH. Thus, as can be seen in Fig. 4, the R channel for Cu*-
cuprizone reaction remained stable up to 4 minutes of reaction, after which time, an
increase in the values of the respective channel was observed, which was caused by
the acidification of the reaction medium, since the H* ions naturally migrated through
the two-phase system, thus, the complex was falling with the time. On the other
hand, for the reaction of furfural with the aniline ion, a maximum analytical response
was obtained after 1.5 minutes, and the signal remained constant until approximately
5 minutes.

From the data obtained in this experiment, it was decided to choose the
reaction time of 1.5 minutes as appropriate, since both reactions remained stable
with maximum analytical responses. In addition, the use of a reduced reaction time

increases the analytical frequency of the analysis.
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Fig. 4. Effect of time on analytical response in the reactions of (i) Cu®"-cuprizone, and (ii) furfural-

aniline ion. In reaction (i) the R channel was used, and in reaction (ii) the G channel was used.

3.2.  Model validation and analysis of real samples

Fig. 5 shows the concentration of Cu*? and furfural for each standard solution

sample and cachaga sample used in this work. Samples from 1 to 34 represent the

standard solutions and among 35 to 43 the cachaca samples. The standard solution

samples cover a wider range of concentration, and the inclusion of cachaga samples

brings variation related to the possible matrix effect to the model, therefore making it

possible to use the model to predict the concentration of Cu* and furfural in real

cachaga samples.
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Fig. 5. Concentration of Cu*® versus furfural of the standard solution samples (red circles) and

cachacga samples (blue diamonds).

Fig. 6 shows the digital images acquired for each sample. It can be observed a wide
variation in the blue and pink color due to the presence of Cu*? and furfural in the
samples. A white region is observed due to the camera flash. In addition, some
variations in the shape of the pink region are observed. This region of the digital
image should be not used to avoid spurious signals as reported by Benedetti et al.
[51]. Thus, the analyst cannot control these factors, therefore an image

preprocessing step was put in place to correct them.
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Fig. 6. Digital images captured from each sample of cachaga to copper and furfural analysis.

Samples (S).
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A univariate calibration was tested for the calibration of both analytes, however,
the overlapping of concomitant colors of the two reactions made an adequate
analysis impossible in this way. Therefore, the multivariate model was necessary.
Fig. 7 shows the image preprocessing process. The white regions were removed and
some variations in the shape of the pink region were corrected. The best PLS models
to predict the Cu*? and furfural contents were acquired using middle horizontal pixels
of the green channel. Fig. S1 presents the intensity of the middle horizontal line of
the green channel for each sample. The middle horizontal pixel is representative of
the whole sample as it was acquired by rotating the image and calculating an
average pixel of the rotated figures. Figure 7 shows the middle horizontal pixels for

each sample.

(62V) (B) (© @)

ROTATION CUTTING

- - -

600 PIXEL
DIAMETER

Fig. 7. Image preprocessing steps. Original image (A), corrected image after rotation (B), selected
region where the dotted red line represents the 600-pixel circle (C), and the RGB images where the

black line represents the middle horizontal pixels used to build the models (D).

Table 1 shows the PLS model parameters for Cu*? and furfural models. The models
presented a high correlation coefficient of calibration and prediction. Although the
method using all variables (PLS) generated a good model, the application of OPS
(PLS-OPS) reduced the error of the models selecting more predictive variables. Fig.
8 shows the reference values versus the values predicted for the calibration and
prediction set using the method performed to determine Cu*? and furfural. It can be
observed a good fit between the reference, i.e., value of the concentration used to
perform the calibration set, and the predicted values, which corroborated with the

results presented in Table 1.
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Table 1. Modeling parameters for Cu*? and furfural determination.

Analyte  Method Va”:‘b'e RMSEC Rc RMSECV Rcv RMSEP Rp LV
. PLS 600 038 099 139 08 142 083 6
PLS-OPS 50 020 100 056 098 049 098 6
PLS 600 054 099 108 095 186 090 5
Furfural
PLS-OPS 49 033 100 076 098 08 099 5

RMSEC: root mean square error of calibration; Rc: correlation coefficient of calibration; RMSECV: root
mean square error of cross-validation; Rcv: correlation coefficient of cross-validation; RMSEP: root
mean square error of prediction; Rp: correlation coefficient of prediction; LV: latent variables. RMSEC,
RMSECV, RMSEP are in mg/mL.
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Fig. 8. Reference versus predicted values for Cu*? (A) and furfural (B). The blue filled circles represent
the calibration samples and the red filled circles the validation samples.

Table 2 presents the comparison among the concentration of the calibration set and
the values obtained by using the prediction set for both Cu*? and furfural
determinations. The models presented a satisfactory capacity to predict Cu*? and
furfural for both samples using standard solution and samples of cachaga, presenting
an average absolute error of 0.2 mg/L for Cu?® model, and 0.3 mg/100 mL of

anhydrous alcohol for the furfural model.

Table 2. Concentration of the calibration set (Standard) and the values obtained by

using the prediction set for the samples used for model validation.
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Cu? (mg/L) Furfural (mg/100mL?)

Sample_ Copmaton Preded ey Coppaton  Pedeld
01 Standard  Validation 3.6 3.6+£0.2 0.0 4.6 36+04 21.7
02 Standard Calibration 3.8 42+0.3 10.5 0.0 0.5+0.3 -
03 Standard Calibration 0.0 0.2+0.1 - 0.0 0.2+0.2 -
04 Standard Calibration 0.0 0.12+ 041 - 9.0 8.9+0.2 1.1
05 Standard Calibration 7.2 6.72+0.2 -6.9 1.9 26+0.3 -36.8
06 Standard Calibration 1.5 142+0.2 -6.7 9.5 9.6 +0.1 -1.1
07 Standard Validation 7.6 7.72+0.3 1.3 4.8 47+0.2 2.1
08 Standard Calibration 4.0 4.02+0.2 0.0 22 1.9+01 13.6
09 Standard Calibration 1.8 1.82+0.1 0.0 25 3.2+£03 -28.0
10 Standard Calibration 2.0 1.72+02 -15.0 6.3 58+0.2 7.9
11 Standard Calibration 5.0 492+0.2 -2.0 10.0 10.7+0.4 -7.0
12  Standard Calibration 8.0 7.92+0.3 -1.3 6.9 7.2+0.3 4.3
13  Standard Calibration 5.5 6.02+0.3 9.1 5.0 51+01 -2.0
14  Standard Validation 42 39102 -7.1 10.6 10.0+ 0.4 5.7
15  Standard Calibration 8.4 87+04 3.6 11.1 11.1+0.2 0.0
16  Standard Calibration 8.9 8.9+0.3 0.0 0.0 -0.2+0.2 -
17  Standard Calibration 0.0 0.1+£0.1 - 7.5 7.3+0.1 27
18  Standard Calibration 6.0 6.0+0.2 0.0 0.0 -0.1+£0.1 -
19  Standard Calibration 0.0 0.0+0.1 - 5.3 52+02 1.9
20 Standard Calibration 44 45+0.1 2.3 8.3 8.2+0.2 1.2
21  Standard Calibration 6.6 6.4+0.3 -3.0 9.0 8.8+0.3 2.2
22 Standard Calibration 7.2 70+0.2 -2.8 2.9 26+0.3 10.3
23 Standard Validation 23 24+0.2 43 0.0 0.1+0.1 -
24  Standard Calibration 0.0 -0.1+£0.1 - 3.3 28+0.1 15.2
25 Standard Calibration 2.6 24+0.2 -7.7 5.5 57+0.2 -3.6
26 Standard Calibration 3.9 39+0.2 0.0 4.9 47+0.2 41
27 Standard Calibration 1.0 1.0+£0.2 0.0 8.6 79+04 8.1
28 Standard Validation 6.9 78104 13.0 8.8 6.7+0.2 23.9
29 Standard Calibration 7.0 72+0.3 29 5.0 46+0.3 8.0
30 Standard Validation 4.0 44+0.2 10.0 8.9 82+04 7.9
31 Standard  Calibration 7.1 7.1+£0.1 0.0 1.2 1.0+0.2 16.7
32 Standard Calibration 1.0 09+0.3 -10.0 1.3 1.0+0.2 23.1
33 Standard Calibration 1.0 1.2+0.2 20.0 5.2 53+0.1 -1.9
34 Standard Validation 4.1 46+0.2 12.2 1.3 14+0.2 7.7
35 Cachaga Calibration 2.8 2.8+0.1 0.0 0.0 -0.2+0.2 -
36 Cachaga  Calibration 2.6 25+01 -3.8 4.9 50+0.2 -2.0

continua...
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Cu? (mg/L)

Sample  Celbvaon Prdcied g, Calbaten  Prediied
37 Cachaga Validation 6.8 6.7+0.1 -1.5 1.9 21+0.1 -10.5
38 Cachaga Validation 0.0 04+0.2 - 0.1 08+04 -700.0
39 Cachaga  Calibration 54 54+01 0.0 2.6 25102 3.8
40 Cachaga  Calibration 0.4 06+0.2 50.0 0.0 02+0.2
41 Cachaga Validation 8.2 7.3+0.3 -11.0 0.3 0.9%0.2 -200.0
42 Cachaga  Calibration 3.2 3.0+£0.2 -6.3 0.0 0.2+0.3
43 Cachaga  Calibration 3.5 34102 -2.9 1.2 1.2+0.1 0.0

RE: Relative error (%)

2Concentration in mg/100 mL of anhydrous ethanol

As can be seen from the table above, the multivariate calibration was
adequate to predict most standard solutions and real samples. Samples 38 and 41
showed an above-average experimental error, although the predicted values are still
far from the maximum allowed by legislation, and therefore cannot generate
inconsistencies in the sample's compliance with the standards established by MAPA.

Furthermore, the results obtained through both methods were statistically
comparable using the paired t-test with 95% confidence in a bilateral test. The t value
(0.57) for Cu®* and t value (1.03) for furfural calculated was lower than the critical t
(2.018). In that sense, no statistically significant differences in the results were
generate by either method.

Moreover no sample analyzed had furfural concentration above the maximum
allowed by MAPA, which is 5 mg/100 mL of anhydrous alcohol. On the other hand,
three of the analyzed samples (37, 39 and 41) were in disagreement with the
maximum concentration of Cu?* allowed by Brazilian legislation, which is 5 mgJ/L,
indicating that 33% of the analyzed samples are in disagreement with the standards
established by MAPA. In addition, only two samples (38 and 40) had concentrations
of Cu?* accepted by European legislation, i.e., concentration lower than 2 mg/ L,
which reaffirms that high concentrations of this metal are the main obstacle to the

export of Brazilian cachaga [12].

In this way, the proposed based method can be a very useful alternative in the

quality control of beverages, in which the technical manager of the alembic can carry
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out the analyzes in a simple and practical way to certify that the cachagas
manufactured are in accordance with the norms established by the legislation.
Brazilian market, guaranteeing the manufacture of a product with superior sensorial

quality, which is also safe for human consumption.

4. Conclusions

An analytical methodology based on digital image analysis was carried out to
determine Cu®" and furfural simultaneously using a two-phase system. Furfural
reacts with aniline in acidic medium forming furfulidenanelline, which presents a pink
color. On the other hand, Cu?" reacts with CPZ in a basic medium to form a blue
complex. Partial least squares (PLS) regression was used to build the prediction
models for Cu?* and furfural contents in alcoholic beverages. After finding the best
PLS models, the ordered predictors selection (OPS) was performed to select the
most predictive variables. The proposed method was effective to estimate the values
of Cu?* and furfural in cachagas, with a mean absolute error of 0.2 mg/L for Cu®
model, and 0.3 mg/100 mL of anhydrous alcohol for the furfural model. None of the
cachaca samples had furfural levels above those allowed by Brazilian legislation.
However, 33% of the samples had Cu* levels above the permitted level. The
developed method presents a highly promising alternative for carrying out in situ
analysis of Cu? and furfural in cachagas. Due to its low cost (in the order of a few
cents), portability, simplicity, and speed (2 minutes per analysis), the present
proposal has countless advantages in relation to the methods previously described

with regard to its applicability in situ analyzes.
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Table S1: Volumes of all reagents used in the work to set up the partial least squares (PLS)

regression
Sample Cu* Furfural 40% Alcohol Borate buffer CpPz Aniline ion
(ML) (L) (ML) (ML) (ML) (ML)
1 34 43 113 100 100 20
2 36 0 154 100 100 20
3 0 0 190 100 100 20
4 0 86 104 100 100 20
5 68 18 104 100 100 20
6 15 90 85 100 100 20
7 72 45 73 100 100 20
8 38 21 131 100 100 20
9 17 24 149 100 100 20
10 19 59 112 100 100 20
11 48 95 47 100 100 20
12 76 65 49 100 100 20
13 52 48 90 100 100 20
14 40 100 49 100 100 20
15 80 105 4 100 100 20
16 85 0 105 100 100 20
17 0 71 118 100 100 20
18 57 0 133 100 100 20
19 0 50 140 100 100 20
20 42 78 70 100 100 20
21 63 86 42 100 100 20
22 68 27 95 100 100 20
23 22 0 168 100 100 20
24 0 31 159 100 100 20
25 25 52 113 100 100 20
26 37 46 107 100 100 20
27 9 82 99 100 100 20
28 65 83 42 100 100 20
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(continua...)
Sample Cu*? Furfural 40% Alcohol Borate buffer CPz Aniline ion
(ML) (L) (ML) (ML) (ML) (ML)
29 66 47 77 100 100 20
30 38 85 67 100 100 20
31 68 11 111 100 100 20
32 10 12 168 100 100 20
33 10 49 131 100 100 20
34 39 12 139 100 100 20
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Fig. S$1. Intensity of the middle horizontal line of the green channel for each sample.
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Quatro métodos baseados em analises digitais foram propostos para
determinacdo de alguns analitos importantes para o monitoramento da qualidade
quimica e sensorial de cachacas, tais como: acgucares redutores, acidez volatil,
furfural e cobre, sendo que esta ultima analise também foi estendida para amostras
de Tequila e Whiskey.

Os métodos utilizam baixa quantidade de reagentes e, portanto, corrobora os

preceitos da Quimica Verde. Além disso, pode ser facilmente utilizado por
produtores de cachagca com reduzido acesso a infraestrutura para avaliagdo da
qualidade fermentativa, bem como para verificar se os teores das substancias estao
dentro dos limites aceitaveis, pela legislagao brasileira, permitindo mais espago para
os produtores fazer ajustes em seu sistema de produgdo com baixo custo e alta
portabilidade.
Os métodos apresentaram ser eficientes, eficazes, além de apresentar boas faixas
de recuperacgao, indicando auséncias de efeitos de matriz. Por fim, os resultados de
todas as analises foram comparadas com os métodos oficiais e notou-se que nao
houveram diferencas estatisticamente significativas entre os resultados obtidos a
95% de confianga.

Além disso, os métodos se destacam pela portabilidade, pois as analises
podem ser feitas com o proprio smartphone em aplicativos integrados, tudo isso
torna o método uma alternativa altamente promissora para controle de qualidade de

cachacgas e outras bebidas destiladas.
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