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RESUMO

A aguardente é um dos destilados mais consumidos mundialmente e, para atender mercados
cada vez mais exigentes, a maturacdo torna-se uma etapa fundamental para a melhoria das
caracteristicas quimicas e sensoriais. Tradicionalmente realizada em barris de madeira, esse
processo apresenta alto custo e longo tempo, o que motivou o desenvolvimento de métodos
rapidos e alternativos, como o uso de chips de madeira. Este trabalho investigou a utilizacéo e
a reutilizacdo de chips das madeiras carvalho (Quercus sp.), castanheira (Bertholletia excelsa)
e amburana (Amburana cearensis) para maturacao acelerada de aguardente, avaliando os efeitos
do processo no perfil quimico e na bioatividade da bebida. O delineamento experimental foi
dividido em duas etapas principais. Na primeira, realizou-se a coleta e caracterizagdo quimica
da matriz alcodlica, obtida de engenho local na Paraiba, monodestilada e sem diluicdo. Apds a
confirmagdo dos parametros de identidade e qualidade, o destilado foi utilizado na segunda
etapa, que consistiu na maturacdo acelerada em dois ciclos com chips de carvalho, amburana e
castanheira. No primeiro ciclo, a bebida foi armazenada por 28 dias com seis chips por litro,
gerando os respectivos tratamentos Q-1, A-1 e B-1. Apos essa fase, os chips foram reutilizados
para um segundo ciclo, originando os tratamentos Q-2, A-2 e B-2. O acompanhamento
periddico foi realizado em intervalos de 7 dias (teor alcodlico, densidade relativa, intensidade
de cor, acidez volatil, fendlicos totais e taninos totais), e as bebidas finais foram avaliadas
guanto a cor instrumental, atividade antioxidante (DPPH, ABTS e FRAP), perfil de fendlicos,
congéneres volateis e perfil de volateis, proporcionando sua caracterizagdo quimica e bioativa.
Os resultados indicaram que a primeira utilizacdo dos chips promoveu maior extracdo de
compostos fendlicos, diretamente associados ao aumento da intensidade de cor (amarelo
saturado) e da atividade antioxidante. Essas amostras também apresentaram maior diversidade
e intensidade de compostos volateis, especialmente ésteres e terpenos, resultando em perfis
caracteristicos em funcédo do tipo de madeira utilizado. Entre as madeiras, o carvalho destacou-
se pelo maior contetido fendlico e atividade antioxidante. A castanheira apresentou um perfil
de fendlicos semelhante ao carvalho, e a amburana apresentou caracteristicas diferenciadas
guanto aos tipos de fendlicos presentes. Por outro lado, a reutilizacdo dos chips revelou-se
limitada, com reducdo na intensidade das caracteristicas quimicas, aproximando as amostras da
matriz alcodlica, devido a extracdo dos compostos da madeira ocorrer de forma mais eficiente
no primeiro uso. Os achados sugerem que o uso de chips de madeira é uma alternativa
promissora para a producdo de aguardentes de alta qualidade, especialmente em mercados que
demandam processos mais econdémicos e rapidos. Contudo, a pratica de reutilizacdo dos chips
requer otimizagOes adicionais para garantir a manutencdo da qualidade quimica ao longo dos
ciclos de maturacdo.

PALAVRAS-CHAVE: Aguardente de cana-de-agcUcar. Maturacdo acelerada. Chips de
madeira. Reuso. Perfil fendlico e volatil. Atividade antioxidante.



ABSTRACT

Spirits are one of the most widely consumed distillates in the world and, in order to satisfy
increasingly demanding markets, maturation has become a fundamental stage in improving
chemical and sensory characteristics. Traditionally carried out in wooden barrels, this process
is costly and time-consuming, which has prompted the development of quick and alternative
methods, such as the use of wood chips. This study investigated the use and reuse of oak
(Quercus sp.), chestnut (Bertholletia excelsa) and amburana (Amburana cearensis) wood chips
for the accelerated maturation of brandy, assessing the effects of the process on the chemical
profile and bioactivity of the beverage. The experimental design was divided into two main
stages. In the first, the alcoholic matrix was collected and chemically characterized, obtained
from a local mill in Paraiba, mono-distilled and undiluted. After confirming the identity and
quality parameters, the distillate was used in the second stage, which consisted of accelerated
maturation in two cycles with oak, amburana, and chestnut chips. In the first cycle, the beverage
was stored for 28 days with six chips per liter, generating the treatments Q-1, A-1, and B-1.
After this phase, the chips were reused for a second cycle, giving rise to treatments Q-2, A-2,
and B-2. Periodic monitoring was carried out at seven-day intervals (alcohol content, relative
density, color intensity, volatile acidity, total phenolics, and total tannins). The final drinks were
evaluated for instrumental color, antioxidant activity (DPPH, ABTS, and FRAP), phenolic
profile, volatile congeners, and volatile profile, providing their chemical and bioactive
characterization. The results indicated that the first use of the chips led to greater extraction of
phenolic compounds, directly associated with an increase in color intensity (saturated yellow)
and antioxidant activity. These samples also showed greater diversity and intensity of volatile
compounds, especially esters, and terpenes, resulting in characteristic profiles depending on the
type of wood used. Among the woods, oak stood out for its higher phenolic content and
antioxidant activity. Chestnut had a similar phenolic profile to oak, while amburana had
different characteristics in terms of the types of phenolics present. On the other hand, the reuse
of the chips proved to be limited, with a reduction in the intensity of the chemical
characteristics, bringing the samples closer to the alcoholic matrix, due to the extraction of the
compounds from the wood occurring more efficiently in the first use. The findings suggest that
the use of wood chips is a promising alternative for the production of high-quality sugarcane
spirits, especially in markets that demand more economical and faster processes. However, the
practice of reusing the chips requires additional optimizations to ensure that the chemical
quality is maintained throughout the maturation cycles.

KEY-WORDS: Sugarcane spirit. Accelerated maturation. Wood chips. Reuse. Phenolic and
volatile profile. Antioxidant activity.
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1. INTRODUCAO

A aguardente de cana-de-aglUcar tem, em seu processo produtivo, a maturacdo como
uma das etapas mais importantes, impactando diretamente os produtos formados, especialmente
em mercados competitivos que exigem alta qualidade (Da-Silva et al., 2023). Atras da vodca
russa e do soju coreano, € o terceiro destilado mais consumido no mundo, e sua exportacdo
representa uma das principais fontes de receita para os produtores (Granato et al., 2014; Serafim
etal., 2015).

Tradicionalmente, os fabricantes de aguardente utilizam-se de barris e recipientes
apropriados de madeiras para o envelhecimento, onde a bebida permanece acondicionada, por
tempo variavel, com objetivo de promover e intensificar interacdes fisico-quimicas entre a
matriz alcodlica e a madeira, acarretando assim em alteracbes quimicas na bebida e
consequentemente no perfil sensorial final (Bortoletto et al., 2016). Apesar dos beneficios, esta
técnica apresenta fatores limitantes de utilizagdo, como elevado tempo operagdo, imobilizagdo
do capital de giro sob a forma de acondicionamento, além de dificuldades relacionadas ao
acompanhamento de parametros de processo, custo de aquisi¢cdo dos barris e conhecimento
limitado sobre o efeito da reutilizagdo das madeiras para producéo de novas bebidas (Coelho et
al., 2021).

Levando em consideragdo as mudancas propostas na legislagdo brasileira “(Brasil,
2022b), a adi¢@o de constituintes fracionados de madeiras, como os “chips”, tem sido avaliado
como método alternativo para otimizacdo do processo de maturacdo da aguardente de cana,
oferecendo a bebida compostos fendlicos e volateis caracteristicos de envelhecimento, em
menor tempo e com menores custos, devido a utilizacdo de pequenas quantidades de madeira
por litro de bebida e os “chips” podem ser reutilizados (Garcia-Alcaraz et al., 2020).

Em soma, destaca-se na literatura e no setor produtivo, que o carvalho, especificamente
a espécie do género Quercus, € a principal madeira utilizada na confeccgéo de barris destinados
ao armazenamento de destilados, devido aos atributos sensoriais reconhecidos (Fernandes et
al., 2019). Entretanto, devido ao alto custo de aquisi¢cdo desta madeira, produtores buscam
alternativas como substituicdo na maturacdo de aguardente, como outras madeiras, & exemplo
de algumas madeiras tropicais brasileiras, com caracteristicas sensoriais semelhantes, ou
métodos que utilizem uma menor quantidade de madeira, como a aplicacdo de “chips”
supracitada (Coelho et al., 2021).

Dentre as madeiras tropicais brasileiras que apresentam contribuicdo desejavel ao perfil

quimico e sensorial das bebidas, destaca-se a castanheira (Bertholletia excelsa) por apresentar
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caracteristicas similares ao carvalho quanto aos principais compostos de envelhecimento, como
volateis e fendlicos (Coldea et al., 2020) e a amburana (Amburana cearensis), devido a sua alta
demanda comercial, além de formar espécies quimicas em propor¢des mais elevadas durante a
maturacdo em comparacdo ao carvalho, como vanilina, acido vanilico, siringaldeido e
sinapaldeido, conferindo perfil aromatico especifico (Bortoletto, et al., 2021).

A escolha do tipo e da espécie de madeira utilizada possibilita a obtengdo de destilados
com caracteristicas quimicas, e consequentemente sensoriais, exclusivas e distintas. 1sso torna
a caracterizacdo dos compostos derivados da interacdo entre madeira e o destilado, altamente
relevante para a compreensdo dos impactos dessa etapa no produto final (Bortoletto et al.,
2016).

Considerando que a industria de bebidas destiladas busca constantemente oferecer
produtos inovadores, capazes de atender as demandas e preferéncias dos mercados, torna-se
essencial aprofundar o entendimento sobre tecnologias emergentes de maturacéo e os fatores
que impactam as caracteristicas quimicas e bioativas associadas a producdo da bebida.
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2. OBJETIVOS

2.10BJETIVO GERAL

Investigar a utilizacdo e a reutilizacdo de chips das madeiras carvalho (Quercus sp.),
castanheira (Bertholletia excelsa) e amburana (Amburana cearensis) para maturacdo acelerada

de aguardente, avaliando os efeitos do processo no perfil quimico e bioatividade da bebida.

2.2 OBJETIVOS ESPECIFICOS

e Realizar o acompanhamento peridédico para monitorar a evolu¢do dos compostos
marcadores quimicos de maturacdo na aguardente com chips de madeiras;

e Determinar as caracteristicas fisicas de cor das aguardentes maturadas com chips de
madeiras;

e Caracterizar o perfil de compostos fendlicos, fendlicos totais e taninos das aguardentes
maturadas com chips de madeiras;

e Avaliar o potencial antioxidante das aguardentes maturadas com chips de madeiras;

e Determinar o perfil de compostos volateis das aguardentes acondicionadas com chips

de madeiras.
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3. REVISAO DE LITERATURA

3.1 AGUARDENTE DE CANA-DE-ACUCAR

Segundo as disposicoes legais do Ministério da Agricultura Pecuéria e Abastecimento
(MAPA), entende-se por aguardente de cana a bebida de graduacao alcoolica de 38 a 54% (V/V)
a 20 °C, obtida do destilado alcodlico simples de cana-de-agUcar ou pela destilagdo do mosto
fermentado de cana-de-agUcar, podendo ser adicionados até 6 g/L de agucares (Brasil, 2022b).

Cachaca é a denominacdo tipica e exclusiva da aguardente de cana produzida no Brasil,
com graduacao alcodlica de 38 a 48% (V/V) a 20 °C, obtida pela destilacio do mosto
fermentado do caldo de cana-de-agucar em alambiques de cobre com caracteristicas sensoriais
peculiares, podendo ser adicionada de acUcares até seis gramas por litro (Brasil, 2022b).
Portanto, toda cachaca é aguardente, mas nem toda aguardente pode ser considerada cachaca.
Suas principais diferencas estdo relacionadas ao teor alcodlico das bebidas, as matérias-primas

utilizadas para fermentacéo, assim como seu local e aparelho de producéo.

3.1.1 Setor produtivo

Mesmo com seu consumo destinado majoritariamente ao mercado brasileiro,
atualmente, a cachaca esta entre as bebidas destiladas mais consumidas no mundo, com uma
producdo anual estimada em aproximadamente 1,3 bilh&o de litros, sendo produzida em todos
0s estados brasileiros, exceto nos estados do Amapa e Roraima (IBRAC, 2023; Ribeiro-Filho,
2020). Dez estados, incluindo Minas Gerais, Sdo Paulo, Espirito Santo, Rio de Janeiro, Santa
Catarina, Rio Grande do Sul, Paraiba, Goias, Parana e Bahia, ttm o maior nimero de produtores
de cachaca (IBRAC, 2023).

Com relacdo a concentracdo de estabelecimentos por municipio, destaca-se
principalmente a alta concentracdo observada em Vigosa do Ceard/ CE, que abriga 41,7% das
cachagarias do estado, além de Areia/PB, que concentra 28,2% das cachacarias (Brasil, 2022a).
O mapa de calor apresentado na Figura 1 evidencia a concentragdo das cachacarias na regido
sudoeste, sobretudo no estado de Minas Gerais. Observa-se também que embora Salinas/MG
seja 0 municipio com maior nimero de estabelecimentos registrados, coloragdes mais quentes
estdo presentes em outras regides como a Paraiba, sobretudo a regido do Brejo Paraibano,
Pernambuco, Oeste Catarinense e Noroeste Rio-Grandense.
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Figura 1. Mapa de calor de cachagarias com registro de producéo ativo no Brasil.

Fonte: Anudrio da cachaca 2021, MAPA (Brasil, 2022a).

Ap0s queda nas exportacdes durante a pandemia, 0 setor registrou no ano de 2022 um
recorde no valor exportado. Foram US$ 18,47 milhdes exportados, aproximadamente US$ 4
milhGes a mais do que em 2019, sendo o maior valor dos ultimos 12 anos e 54,74% maior que
as exportacdes de 2021 (IBRAC, 2023). Houve ainda crescimento no volume exportado, com
8,6 milhdes de litros seguindo o exterior, promovendo aumento de 30,38% em comparacao ao
ano de 2021.

Segundo os dados do anuario da cachaca de 2021 (Brasil, 2022a), a aguardente de cana
produzida no Brasil € exportada para 67, somando mais de 7 milhdes de litros vendidos e US$
13 milhdes. Em termos de valor exportado, os principais sdo os Estados Unidos, Alemanha,
Paraguai, Portugal, Franca e Italia. Este ano trouxe, inclusive, um aumento significativo na
participacdo de alguns desses paises, que até entdo ndo estavam entre os principais mercados.
Assim, para incremento do mercado de exportacdo e participacao ativa de pequenos e médios
produtores, faz-se necessario a valorizacdo e elevagdo da qualidade sensorial e quimica da

bebida, em busca de publico internacional mais exigente.
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3.1.2 Processo de producéo da cachaga (aguardente de cana-de-agucar)

A cachaca € uma bebida alcoolica produzida exclusivamente no Brasil com teor
alcoolico de 38 a 48°GL (%, v/v) a 20°C, cujo teor alcoolico é gerado a partir da fermentacao
do caldo de cana (mosto de cana), seguida da destilacdo do mosto de cana com caracteristicas
sensoriais adequadas. A cachaca pode ser classificada em: cachaca, cachaga adogada, cachaca
descansada e cachaca envelhecida (incluindo cachaca premium e cachaca extra premium)
(Brasil, 2022b). A regulamentacdo da cachaca é simples, assim como as etapas de producao,
que sdo a pratica de campo (plantio de cana-de-agUcar, colheita e transporte) e a pratica
industrial (extragcdo do suco de recepgdo, fermentacdo, destilacdo, padronizacédo e
envelhecimento) (Da-Silva et al., 2023).

A producdo de cachaca deve ser monitorada desde a obtencdo das matérias primas até o
acondicionamento do destilado final. As etapas para obtencdo de aguardente podem ser
resumidas e visualizadas na Figura 2, de modo que cada parte do processo deve ser seguida no

intuito da obtencao de um produto final com qualidade.

Figura 2. Etapas resumidas para o processamento de aguardente.

Selecdo e obtencdo das ~ _ .
{ matérias-primas ’ \ Extragao ] » \ Filtragao |
L g
{ Fermentagio alcodlica ‘ « Adicdo do indculo . Preparo do mosto
L g
{ Destilacao ‘ » { Armazenamento J » { Filtragéo e
engarrafamento

Fonte: Adaptado de Venturini Filho (2010).

Como uma das etapas impactantes para o destilado final, a fermentacdo alcodlica é
realizada pelas atividades metabolicas das leveduras, que convertem os aglcares em etanol,
diéxido de carbono e metabolitos secundarios. As leveduras sdo amplamente utilizadas na
producdo de cachaga devido & sua caracteristica de resisténcia a toxicidade, & sua alta
capacidade fermentativa, a sua resisténcia ao estresse e a sua geragao de compostos desejaveis
(Da-Silva et al., 2023).
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Durante a fermentacdo, as células de levedura produzem uma grande quantidade de
substancias ativas de aroma (moléculas que contém enxofre, &cidos organicos, alcoois
superiores, compostos carbonilicos e ésteres volateis) que afetam a complexidade do sabor das
bebidas alcodlicas fermentadas, mesmo que estejam em baixas concentragcdes (Da-Silva et al.,
2023).

Dentre os principais compostos, 0s ésteres volateis possuem grande contribuicdo
sensorial, pois sdo responsaveis pelo carater frutado desejavel em bebidas, como os ésteres de
acetato, destacando-se o acetato de etila (aroma solvente), o acetato de isoamila (sabor de
banana) e o acetato de feniletila (aroma floral e de rosas). Adicionalmente, ésteres etilicos de
acidos graxos de cadeia média, como o hexanoato de etila e octanoato de etila, que tem aromas
de “mag¢a azeda” também possuem importancia no buqué aromatico (Ribeiro-Filho et al., 2021).

Apds a fermentacdo, o fermentado cuja concentracdo alcodlica é de 7 a 8% ¢é enviado
ao alambique e aquecido, emitindo vapores com composi¢do rica em compostos volateis
alcodlicos, formando o teor alco6lico das bebidas (Ribeiro-Filho et al., 2021). Pode se entender
por destilacdo, a operacdo unitaria de separacdo entre misturas com diferentes pontos de
ebulicdo, assim, utiliza a volatilizacao de liquidos pelo aquecimento, condensando-os a seguir,
com objetivo de formar novos produtos por decomposic¢ao das fragdes “cabeca”, “coragdo” e
“cauda”.

A destilacdo permite a separacdo de componentes volateis (agua, alcool etilico,
aldeidos, alcoois superiores, acido acético, etc.) dos componentes ndo volateis (células de
leveduras, bactérias, sélidos em suspensdo, sais minerais, aclcares ndo fermentesciveis,
proteinas, entre outros residuos), obtendo como produtos finais duas fracdes liquidas: o
destilado rico em etanol, agua e outros componentes (flegma) e a vinhaca (ou vinhoto)
(Venturini Filho, 2010).

As aguardentes recém-destiladas apresentam-se incolores, com gosto ardente,
agressivo, sabor repugnante, além de buqué irregular, ndo sendo recomendado 0 seu consumo
imediato. Contudo, torna-se necessario a alteracdo parcial da composi¢do quimica do produto
apos sua destilacdo (Venturini Filho, 2010). Assim, o processo de armazenamento da cachaca
se caracteriza em sua maioria na busca por melhorar a qualidade quimica, e por consequéncia
a sensorial, da bebida.

O armazenamento dos destilados pode ser feito em recipientes inertes, como tanques de
aco inoxidavel, porém o processo mais tradicional e mais usual € a utilizagdo de recipientes de
madeira (tonéis ou pipas) para que ocorra o descanso da bebida. Por consequéncia das reacdes

de oxidacé&o e esterificacdo entre o destilado e os componentes da madeira, ocorre a maturagdo
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da bebida e originam-se novas substancias quimicas, como compostos aromaticos, conferindo-
Ihe boas caracteristicas sensoriais. Por exemplo, acidos reagem com alcoois formando ésteres,

que sao as substancias mais aromaticas que as anteriores (Alcarde et al., 2010).

3.2 MATURACAO DA AGUARDENTE DE CANA-DE-ACUCAR

O processo de maturacdo € um sistema complexo que envolve numerosas reacdes
fundamentadas principalmente pela extracdo de moléculas da madeira e aeracdo controlada do
liquido alcoodlico. Fenbmenos de migracao de constituintes da madeira, evolugcdo de compostos
fendlicos, aeracdo/oxidacgdo, estabilizacdo da cor, sabor e o surgimento do carater amadeirado,
contribuem para a riqueza e complexidade do bugqué aromatico (Ramirez-Ramirez, 2002). O
envelhecimento de destilados é o principal fator para a sua caracterizacdo, pois
aproximadamente 60% dos compostos aromaticos sdo oriundos da interacdo com a madeira,
sendo o restante proveniente do processo de produgdo (Mosedale; Puech, 1998).

Segundo Bortoletto et al. (2021) Os efeitos e tempo requeridos para a maturacdo sao
variaveis e influenciados principalmente pelo tipo de madeira utilizada. Diversas madeiras
possuem potencial para envelhecer a aguardente, tais como acécia, castanheira, carvalho,
araruva, jequitiba, grapia, jatoba, freijo, eucalipto, cedro, entre outras (Parazzi et al., 2008).

A caracterizacdo da madeira e do barril estd condicionada a fatores ambientais,
geograficos, pais e floresta de origem, clima e solo, variagdes inerentes a composicdo das
macromoléculas das arvores e suas individualidades (idade, largura do cerne e composi¢do
anatdmica), método de obtencédo de aduelas, tipo de maturacdo da madeira ou secagem (natural
ou artificial), tempo em que as aduelas foram expostas ao ambiente antes da construgdo do
barril - "seasoning", tempo e temperatura de queima aplicada na producdo do barril, tamanho,
condicdes de temperatura e umidade do local de armazenamento dos barris durante o

envelhecimento da bebida (Mosedale; Puech, 1998).

3.2.1 Estrutura da madeira

O constituinte vegetal denominado de madeira, possui estrutura fisica heterogénea,
sendo um sistema biol6gico complexo, constituidas de diversas moléculas, com maior destaque
a celulose, hemicelulose e lignina, também denominadas macromoléculas e em menor parte
pectinas, proteinas, triglicerideos e compostos inorganico, como o0s minerais (Barrera-Garcia et
al., 2007).
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A celulose é um homopolissacarideo linear constituido por mondmeros de glicose
ligados por ligagoes glicosidicas B (1-4) e é o principal constituinte da madeira (45% p/p). O
segundo polimero de maior proporcdo presente na madeira € a lignina (25% p/p), sendo
constituido por trés alcoois fenilpropendicos (alcool p-cumarilico, alcool coniferilico e alcool
sinapilico) e possuindo funcionalidade estrutural de tornar a parede celular vegetal rigida e
impermeével. Em terceiro lugar, a hemicelulose (20 % p/p) é formada por polissacarideos
complexos (xilanos, xiloglucanos, fucogalactoxiloglucanos e mananos). Se diferencia da
celulose por possuir baixo peso molecular, ndo ser soltvel em solugdes alcalinas e sofrer
hidrélise por &cidos. As hemiceluloses podem produzir pentoses por hidrélise e posteriormente
furfural, molécula aromética encontrada em bebidas maturadas (Masson; Puech; Moutnet,
1995).

No caso da cachaca e aguardente de cana, o furfural também pode ser formado pela
pirogenacao da matéria organica durante o processo de destilacdo em alambiques, contribuindo
para o sabor ardente da bebida (Asquieri; Silva; Candido, 2009). A partir do aguecimento para
a confeccdo dos barris comumente utilizados, a hemicelulose gera produtos de caramelizagéo,
provenientes da quebra das moléculas de acglUcar por desidratacdo e reacdo de Maillard,
desenvolvendo compostos relevantes para a composicdo do buqué aromatico e da cor
caracteristica do destilado (Bortoletto et al. 2015). As pentoses formam furfural como principal
produto de degradacdo, ja as hexoses formam 5-hidroximetilfurfural (HMF) e outros compostos
como 2- hidroxiacetilfurano e maltol (Boidron; Chatonnet; Pons, 1988). A fragmentacdo da
cadeia de carbono destes produtos primarios da desidrata¢do forma outros compostos, tais como
acetol, acetoina, diacetil e os acidos latico, pirtvico, acético, levulinico e formico. O surgimento
de produtos de caramelizacdo, derivados da quebra de polioses (celulose e hemicelulose), é
maximizado pelo maior tempo de maturacdo da madeira e pela aplicacdo da queima com
intensidade média (Bortoletto et al. 2016).

A macromolécula responsavel pela geracdo dos compostos denominados marcadores de
envelhecimento, é a lignina. Esses compostos sdo formados a partir da desestruturacdo desta
molécula pela acdo do etanol e oxidagdo promovida pela acdo da aeragdo do barril. Os
marcadores de envelhecimento sdo responsaveis pela caracterizagcdo do buqué aromatico e

evolucéo da bebida (Ramirez-Ramirez, 2002).
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3.2.2 Madeiras utilizadas

3.2.2.1 Carvalho (Quercus sp.)

O carvalho é a madeira mais indicada para a fabricagéo de barris, devido a estrutura das
fibras que geram resisténcia mecénica, flexibilidade, porosidade e dureza, além de conferir
caracteristicas sensoriais peculiares que agregam qualidade a bebida. O carvalho € a principal
madeira utilizada no envelhecimento de bebidas alcodlicas, adquirindo supremacia mundial.
Modifica as propriedades sensoriais da bebida, pois participa ativamente do "flavor" e
viscosidade ou oleosidade, gragas a extracdo de moléculas aromaéticas e taninos hidrolisaveis.
Porém, demanda longo periodo de crescimento da arvore, alto custo inicial e a necessidade de
importacdo de paises europeus ou norte-americanos (Les Cahiers Itineraires D'itv France,
2003).

O carvalho € representado por mais de 250 espécies no mundo, situadas
majoritariamente nas zonas temperadas no hemisfério norte do planeta. Para a confeccdo de
barris, sdo utilizadas predominantemente as espécies: carvalho peduncular (Quercus robur
Linn, Quercus pedunculata Ehrh.), carvalho séssil (Quercus petraea Liebl, Quercus sessiliflora
Sm.), carvalho branco americano (Quercus alba L.) e o vermelho da América do Norte (Quercus
rubra) (Chatonnet; Dubourdieu, 1998).

Os fatores que influenciam a composicdo quimica da madeira de carvalho estdo
relacionados com a espécie botéanica, origem geogréfica, idade da madeira e modo de conduzir
a floresta. Esses séo considerados parametros relevantes na escolha do produtor, pois definem
a qualidade da madeira e, consequentemente no perfil sensorial da bebida (Marco et al., 1994;
Mosedale; Puech, 1998).

3.2.2.2 Madeiras brasileiras

Com utilizacdo comercial j& conhecida e aplicada a alguns anos, outras espécies de
madeira tropical brasileira tém sido usadas para o envelhecimento de cachaga, incluindo
umburana, amendoim bravo, jequitiba, araruva, jequitiba rosa, cerejeira, ipé roxo, castanheira,
grapia, pau-pereira e freijo. Os produtores de cachaca ainda utilizam barris de carvalho para
envelhecimento; no entanto, 0 mercado brasileiro e o mercado internacional vém abrindo novas
portas para as cachacas envelhecidas em barris de madeira (Bortoletto; Alcarde, 2013;
Bortoletto et al., 2021; Bortoletto et al., 2016; Ribeiro-Filho 2020).
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O envelhecimento da cachaca em madeiras tropicais mantém os padrdes de
autenticidade da cachaga; porém, cada tipo de madeira gera uma composic¢éo fisico-quimica e
caracteristicas sensoriais diferentes para a cachaca (Alcarde et al., 2010; Bortoletto et al., 2021).
O envelhecimento da cachaca em barris de madeira tropical abriu um novo mercado para 0s
produtores devido & diversidade de barris de madeira tropical e suas possibilidades de
blendagem, que podem gerar uma mistura diferente de sabores e caracteristicas sensoriais para
atender a diversos tipos de consumidores (Bortoletto et al., 2021). Cada tipo de barril de
madeira influencia a qualidade da cachaca, reduzindo o amargor e aumentando a docura,
resultando em uma bebida suave.

Os barris de Umburana fornecem uma predominancia de compostos como curamina,
eugenol, louro canela, catequina e &cido vinilico (Dias et al., 1998). Campos et al. (2004),
analisaram por cromatografia liquida de alta eficiéncia - HPLC, compostos fenoélicos de baixo
peso molecular (&cido galico, 5-hidroximetilfurfural, furfural, acido vanilico, acido siringico,
vanilina, siringaldeido, coniferaldeido, sinapaldeido e cumarina) em cachacas envelhecidas,
originadas das regides produtoras do Estado do Ceara evem extratos de Amburana cearenses
com o objetivo de estabelecer o perfil quimico das cachacas e avaliar o potencial dos extratos
de Amburana. O estudo concluiu que o tempo de armazenamento ideal para fornecer maiores
concentragcfes dos compostos fendlicos deve variar de acordo com as caracteristicas do barril
(tipo de madeira, idade e tamanho) e com as condi¢Ges ambientais do local de armazenamento
(temperatura e umidade). Os barris de Castanheira geram como compostos fenolicos principais

0 &cido galico e o acido elagico (Bortoletto et al., 2016; Zacaroni et al., 2011).

3.2.3 Alteracdes fisico-quimicas durante a maturagéo

A maturacdo é um processo de modificacdo da composicdo quimica do destilado. Seu
mecanismo se baseia na extracdo de moléculas da madeira, sua posterior oxidagdo e
volatilizacdo dos componentes do destilado alcoolico. O alcool favorece reacgdes fisico-
quimicas de extracdo e degradacdo de moléculas da madeira.

A transformacéo do destilado ocorre por vias aditivas e subtrativas. As vias aditivas
correspondem a decomposi¢cdo das macromoléculas da madeira, extragdo de constituintes
minoritarios e oxidacdo de compostos (Bortoletto et al., 2021). As vias subtrativas
caracterizam-se pela evaporagdo de compostos volateis, adsor¢do de moléculas pelas fibras da

madeira e oxidagdo de compostos (Mosedale; Puech, 1998).
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O sistema fisico-quimico presente no processo de maturacdo se caracteriza pela
saturacdo das fibras da madeira e dissolucdo das moléculas extraidas pela madeira na bebida.
A acdo de extracao de constituintes da madeira, assim como a oxida¢do do destilado, ocorre no
limite de saturacdo da fibra (Bortoletto et al., 2016). Nos primeiros dias em contato com 0
destilado e com o passar do tempo, o processo dindmico confere o retorno de algumas moléculas
para o interior do barril. A extragdo de constituintes da madeira é ocasionada pela sua simples
dissolucdo nas bebidas alcoolicas e por meio de reacdes de hidrdlise, pir6lise e oxidagdes que
permitem reduzir o grau de retencdo dos compostos e facilitar sua dissolucdo no liquido
(Conner; Paterson; Piggott, 1989; Mosedale; Puech, 1998; Nykanen, 1986; Singleton, 1995).

As macromoléculas estruturais da madeira (celulose, hemicelulose e lignina) sdo os
principais responsaveis da transformacdo do destilado e responsaveis pela geracdo dos
marcadores de envelhecimento. A lignina é a macromolécula com maior potencial para gerar
marcadores. A extracdo direta de seus principais blocos monoméricos possibilita a geracdo de
moléculas menores com o passar do tempo (Bortoletto et al., 2015).

Duas vias ocorrem simultaneamente, a via do siringil (cuja oxidacdo origina o
sinapaldeido, o siringaldeido e o &cido siringico) e a via do guaiacil (gerando o coniferaldeido,
a vanilina e o acido vanilico). Os mecanismos que envolvem a extracdo desses compostos sao
propostos de duras principais formas, uma delas é a simples extracdo desses compostos
fendlicos presentes na madeira, que sdo incorporados na bebida, e a outra é a partir da extracdo
da lignina da madeira mediante acdo do etanol, formando um composto etanol-lignina que é
posteriormente degradado em compostos fendlicos simples. Pelas vias de formacao, a oxidacao
do sinapaldeido origina o siringaldeido, o qual, por sua vez, pode ser oxidado a acido siringico.
A oxidacdo do coniferaldeido forma a vanilina, a qual pode ser oxidada a &cido vanilico (Aylott;
Mackenzie, 2010; Dias; Maia; NelsoN, 1998; Puech, 1981; Puech; Jouret; Goffinet, 1985).

Demais marcadores de envelhecimento podem ser oriundos da celulose e hemicelulose,
tal como o furfural e o 5-hidroximetilfurfural. Taninos hidrolisaveis, presentes na madeira, sdo
responsaveis pela origem do acido galico e &cido elagico. Lactonas sdo ésteres ciclicos
presentes nas madeiras, que impactam positivamente o destilado envelhecido. Algumas
madeiras contem acidos graxos de cadeia longa, que derivam isomeros cis e trans da 3-metil-y-
octalactona. A oxidagdo térmica dos acidos graxos gera a whiskylactona (Nykanen, 1986).
Apesar do destilado envelhecido ser caracterizado pela adicdo de componentes da madeira, ha
também a reducdo de alguns compostos, promovida pelo sistema em agdo. As principais vias

subtrativas ocorrem por meio de oxidacgao, evaporacao e adsorcdo (Conner; Reid; Jack, 2003).
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3.2.4 Caracteristicas sensoriais da aguardente maturada

O tipo e espécie da madeira utilizada para maturacdo e envelhecimento possibilita
obtencéo de destilados com aspectos sensoriais distintos (Francis, 1992). Analises sensoriais e
fisico-quimicas podem demonstrar as importantes diferencas entre a origem e espécie da
madeira que personalizam o carater amadeirado devido a cinética de extracdo dos compostos
da madeira ser diferentes (Masson; Guichard, 1995).

Acido galico, 5-hidroximetilfurfural, furfural, &cido vanilico, &cido siringico, vanilina,
siringaldeido,  coniferaldeido, sinapaldeido, cumarina,  whisky-lactona,  furfural,
hidroximetilfurfural e cumarina sdo compostos fenolicos de baixo peso molecular extraidos da
madeira mediante mecanismos de degradacdo da celulose, hemicelulose e da lignina e
participam ativamente do perfil sensorial do destilado envelhecido, assim como outros
compostos minoritarios, tais como agucares, taninos, lipideos, etc (Aylott; Mackenzie, 2010;
Dias; Maia; Nelson, 1998; Puech, 1981; Puech; Jouret; Goffinet, 1985).

O processo de queima da madeira, € um dos principais responsaveis pelos descritores
sensoriais em bebidas. Essa etapa realizada durante a producéo dos barris tem a finalidade de
dar forma as aduelas, auxiliando na envergadura. Outro processo de queima é realizado ap6s as
etapas de producdo, e contribui para modificar e modular as estruturas das moléculas da
madeira. Esse processo causa a degradacdo de polimeros, como polissacarideos e polifendis, e
permite o surgimento de novas substancias aromaticas, que conferem sabor diferenciado ao
produto (Ledo, 2006). O nivel de degradacdo térmica da madeira pode também influenciar as
caracteristicas fisicas da madeira, pois aumenta a superficie de contato com o liquido; as
caracteristicas quimicas, mediante degradacdo térmica dos compostos, formacdo de novos
componentes quimicos e aumento do teor de compostos suscetiveis de serem extraidos.
Consequentemente afetam as caracteristicas sensoriais da bebida, aumentando sua
complexidade aromatica (Chatonnet, 1999).

A madeira ndo queimada possui poucas quantidades de furfural e tragos de alcool
furfurilico. Esses compostos sdo encontrados somente ap6s a queima final, etapa que produz
importantes quantidades de aldeido furénicos a partir de acUcares. Assim, as hexoses,
componentes da celulose séo transformadas em hidroximetil-5-furfural (5SHMF) e em metil-5-
furfural, e as pentoses componentes da hemicelulose s&o transformadas em furfural. Esses
compostos sdo oriundos da reacdo de Maillard e por desidratacdo (reagdo catalisada por acido
acético). As notas aromadticas associadas a esses compostos sdo “queimado”, “caramelo” e

“améndoas grelhadas”. Entre os polifenois formados a partir da queima, destacam-se também
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o0s originados da série guaiacil e siringil, que sdo responsaveis pelas sensa¢des organolépticas
de “defumado” e “especiarias” (Alcarde et al., 2010; Bortoletto; Alcarde, 2013; Bortoletto et
al. 2015).

Outros compostos de destaque séo os aldeidos fenolicos, composto presente em maior
quantidade na madeira queimada. Destacam-se 0s aldeidos benzdicos (vanilina e siringaldeido)
e os aldeidos hidroxicindmicos (coniferaldeido e sinapaldeido). Possuem notas aromaticas
associadas a “fumaca”, “especiarias” e “fendlico” (Chatonnet; Dubourdieu, 1998). A maior
complexidade aromatica é produzida por volta de 250°C com a vanilina, formando aroma de
baunilha, queimado e améndoas. Vanilina é o maior ativador de flavor derivado da quebra da

lignina (Singleton, 1995).

3.2.5 Acondicionamento com constituintes de madeira

O uso de fragmentos de madeiras € considerado acelerador de envelhecimento em
bebidas (Singleton, 1995). Outras metodologias, tais como a adi¢do de extratos ou constituintes
de madeiras, tém sido utilizadas para diminuir o periodo de maturacdo e oferecer a bebida
caracteristicas de envelhecimento (Mosedale; Puech, 1998).

Alguns estudos com uso de lascas, chips ou extratos de madeiras (Abreu-Lima et al.,
2005; Borragini; Faria, 2010; Bortoletto; Alcarde, 2015; Castro Neto et al., 2005), avaliaram o
impacto sensorial da adicdo de extratos de diferentes madeiras em interacdo com cachaca, e
compararam com cachaca envelhecida de maneira tradicional em barril de carvalho em teste
sensorial de aceitacdo. Resultados favoraveis foram encontrados para a cachaga com extrato de
balsamo e a cachaca comercial envelhecida em ipé amarelo e destaque negativo para amostras
com extratos de louro-canela e jequitiba rosa. A aplicacdo de circulacdo forcada de ar dentro de
um recipiente contendo a cachaca proporcionou uma maior extracao dos compostos da madeira
do que o processo tradicional (Borragini; Faria, 2010; Castro Neto et al., 2005).

Desta forma, persiste uma lacuna cientifica e tecnoldgica na avaliagdo dos impactos da
utilizacdo e subsequente reutilizagdo de constituintes fracionados de madeira (chips) nas

caracteristicas quimicas, bem como em sua influéncia nos aspectos sensoriais das bebidas.
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4. DELINEAMENTO EXPERIMENTAL

A coleta de dados foi realizada por meio de pesquisa experimental para a obtencdo de
seis diferentes aguardentes maturadas com trés tipos de “chips” de madeira (a partir de uma
amostra controle — aguardente tradicional) submetidas a mais de uma utilizagcdo. O estudo
verificou, além da potencialidade bioativa, o perfil de compostos volateis e ndo volateis. O
delineamento experimental, apresentado na Figura 4, resume a metodologia para o

desenvolvimento do projeto em duas principais etapas.

Figura 4. Delineamento experimental.

ETAPA I: ETAPA II:
Obtencdo da aguardente Maturacdo por envelhecimento acelerado
Maturacdo (primeiro uso dos chips) — 28 dias (25 °C)

| B-1

Al
333 ] 3

Querciis sp. : Amburana o Bertholletia
. “ cearensis La.;‘ﬂ excelsa

Coleta em engenho -
produtor = Q1 |

Determinacées ndo volateis: Determinacdes volateis:
Teor alcodlico % (v/IV)
Densidade relativa

Cor instrumental
Intensidade de cor

* Compostos fendlicos totais Acidez volatil

* Taninos totais Identidade e qualidade

*  Perfil de fenélicos (HPLC) (BRASIL, 2022

* Atividade antioxidante * Perfil de volateis
(FRAP, ABTS e DPPH) (GC-MS)

Maturagdo (reutilizagio dos chips) — 28 dias (25 °C)
Caracterizacdo Quimnica:

» Identidade e qualidade L Q-2 | A2 L B-2
(BRASIL, 2022) - | j:llj

- Perfil de volateis (GC-MS) i

. P 5 vt Quercus sp. ! Amburana Bertholletia
Composicdo ndo volatil . “ ocrensis G fﬂ oo

Fonte: Autor (2024).
4.1 ETAPA I: OBTENCAO DA AGUARDENTE
A primeira etapa do esquema representado na Figura 3 (Etapa I) representa a obtencdo

da amostra que foi disponibilizada por engenho produtor de cachaca, localizado no estado da

paraiba, seguindo da caracterizagdo quimica quanto as analises de identidade e qualidade
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preconizadas na legislacdo brasileira (Brasil, 2022) e também para o perfil de compostos

volateis e fendlicos.

4.2 ETAPA 1l: MATURACAO POR ENVELHECIMENTO ACELERADO

A segunda etapa do experimento (Etapa Il) esquematiza o0 processo de maturagao
acelerada da aguardente em dois ciclos. Para realizacdo da primeira maturacdo, o destilado
coletado (sem diluicdo) foi homogeneizado e distribuido igualmente em trés recipientes de
vidro de 5 litros, adicionado junto a 6 unidades de chips por litro de bebida (recomendacéo do
fabricante do chips) das madeiras selecionadas: carvalho (Quercus sp.), amburana (Amburana
cearensis) e castanheira (Bertholletia excelsa), dando origem aos respectivos tratamentos Q-1,

A-1e B-1, como mostra a Tabela 1.

Tabela 1. Tratamentos para maturacdo com diferentes chips de madeiras.

Tratamentos
Chips de madeira adicionado — _ _
Primeira utilizacéo Segunda utilizagdo
Carvalho (Quercus sp.) Q-1 Q-2
Amburana (Amburana cearensis) A-1 A-2
Castanheira (Bertholletia excelsa) B-1 B-2

Apbs adicdo dos chips, os recipientes foram levados para estufa B.O.D com controle de
temperatura (25 £ 1 °C) por quatro semanas (28 dias), ficando acondicionados de forma estética.
Aliquotas de analise (140 mL) foram retiradas semanalmente para acompanhamento cinético
da evolucgdo quimica da bebida mediante as analises descritas na Tabela 2.

Tabela 2. Pontos de coleta para acompanhamento da maturacdo com diferentes chips de

madeiras.

Ponto de Tempo de interacio . o
Analises de acompanhamento cinético

coleta com chips
Teor alcodlico, densidade relativa, intensidade de cor,
P(1) 1 dia . - - . . .
acidez volatil, fendlicos totais e taninos totais.
) Teor alcodlico, densidade relativa, intensidade de cor,
P(2) 7 dias

acidez volatil, fendlicos totais e taninos totais.
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) Teor alcodlico, densidade relativa, intensidade de cor,
P(3) 14 dias ) . . ) ) )
acidez volatil, fenolicos totais e taninos totais.

] Teor alcoolico, densidade relativa, intensidade de cor,
P(4) 21 dias ) . . _ ] ]
acidez volatil, fenolicos totais e taninos totais.

Teor alcodlico, densidade relativa, cor instrumental,
intensidade de cor, acidez volatil, fenolicos totais,

P(5) 28 dias taninos totais, atividade antioxidante (DPPH, ABTS e
FRAP), perfil de fendlicos, congéneres volateis e perfil
de volateis.

Apb6s o final da primeira maturacdo, as bebidas resultantes foram removidas e
acondicionadas em garrafas de vidro, tampadas e levadas ao armazenamento longe da luz e com
0 mesmo controle de temperatura realizado durante a maturacao, até realizacdo da analise
sensorial. Os chips de madeiras remanescentes da primeira maturacdo foram reutilizados
(imediatamente) adicionando novo volume de aguardente, promovendo a segunda utilizagdo
desses constituintes, dando origem aos tratamentos Q-2, A-2 e B-2 como também é mostrado
na Tabela 1. Assim, o processo de maturacdo foi repetido para as mesmas condicdes de
estocagem, tempo e analises de acompanhamento cinético realizadas nas aguardentes Q-1, A-1
e B-1, afim de verificar a influéncia da reutilizagdo dos chips para 0s mesmos parametros

analiticos em mesmas condi¢des de maturacao.
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5. RESULTADOS

Os resultados obtidos na pesquisa desenvolvida estdo apresentados na forma de artigo
cientifico em atendimento a Norma Complementar n° 01/2024 do Programa de Pds-Graduagéo
em Ciéncia e Tecnologia de Alimentos da Universidade Federal da Paraiba (PPGCTA/UFPB).

5.1ARTIGO | - ACCELERATED AGING OF BRAZILIAN SUGARCANE
SPIRIT: IMPACT OF WOOD CHIPS REUSE ON THE PHENOLIC AND
VOLATILE PROFILE OF THE BEVERAGE

O Artigo I, publicado na revista cientifica Food Chemistry (fator de impacto 8.5),
explorou o impacto do uso de chips de diferentes madeiras no envelhecimento acelerado de
aguardente de cana-de-acucar, focando nos ciclos de maturacdo e suas contribuicGes para o
perfil quimico das bebidas. O primeiro ciclo demonstrou maior extragdo de compostos fenolicos
e volateis, resultando em uma bebida mais complexa, com maior intensidade de cor e atividade
antioxidante. O carvalho destacou-se por seu contetdo fendlico e bioatividade superior,
enguanto amburana e castanheira exibiram perfis Gnicos de compostos.

Foi identificado que a reutilizagdo dos chips reduz a concentracdo de compostos
bioativos e a complexidade quimica, embora mantenha os padrdes legais de qualidade. O estudo
concluiu que os chips sdo uma alternativa promissora para agregar qualidade as bebidas,
especialmente em mercados com restri¢des de recursos. Contudo, a pratica de reutilizacdo dos
chips apresenta limitacdes, especialmente na intensidade das caracteristicas que definem as
bebidas envelhecidas, o que leva a pesquisas futuras explorar estratégias quanto a otimizacéo

dessa tecnologia emergente.
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The study investigated the impact of reusing wood chips in the maturation of sugarcane spirits on the chemical
profile (non-volatile and volatile) of the bevarage. Chips of oak (Quercus sp.), amburana (Amburana cearensis),
and chestnut (Bertholletia excelsa) were used in two maturation cycles. The first use of the chips resulted in
greater extraction of phenolic and volatile compounds (especially esters and terpenes), increasing color intensity
and antioxidant activity, promoting more complex beverages. Oak stood out for its higher phenolic content and
greater antioxidant activity, while amburana and chestnut had different phenolic profiles. Compounds such as
vanillin, vanillic acid and procyanidin-B2 were confirmed as markers of the woods studied. Reusing the chips

reduced the concentration of antioxidant compounds, although it maintained the legal quality standards. Thus,
the use of woodchips is a promising technique for adding aging markers in a short time, although their reuse is a

limited practice.

1. Introduction

The aging process is essential for the development of desirable sen-
sory characteristics in fermented and distilled beverages, such as spirits,
cachaca, whiskey, and cognac, adding color, aromatic complexity, and
flavor, which make the beverages more attractive and allow them to be
marketed with greater added value (Bortoletto et al., 2016; Da Silva
Cruz et al., 2020).

During aging, distillates interact with the container, traditionally
wooden barrels, which contribute significantly to the final profile of the
beverage, adding compounds derived from plant structures, such as
phenolic and volatile compounds, which characterize aged distillates
(Silvello et al., 2021). However, despite the benefits, the traditional
process of aging in barrels is considered slow and expensive, due to the

* Corresponding author.

gradual nature of extraction, immobilization of working capital in the
form of packaging, as well as acquisition costs, and limited knowledge
about the effect of reusing wood to produce new drinks (Kriiger et al.,
2022).

Studies have explored alternatives to traditional aging, focusing on
methods that speed up the process without compromising the quality of
the beverage. One of these alternatives is the use of chips, which are
fragments of wood in the form of cubes or splinters, where they are
immersed in the product (Kriiger et al., 2022). This technique has been
applied to fermented and distilled beverages, with promising results in
terms of reducing costs and maintaining chemical quality, as the
increased contact surface between the wood and the liquid promotes
faster extraction of phenolic and volatile compounds that are markers of
aging (Caldeira et al., 2017). Despite the growing interest, few studies
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have investigated the impact of using woodchips in sugarcane spirits, an
area still little explored given the change in Brazilian legislation
allowing the use of the technique (Brasil. Ministério da Agricultura,
2022).

Research into the feasibility of reusing chips is scarce. However, it is
crucial to understand how this practice affects the chemical composition
of the beverage. Given the high cost and time involved in traditional
aging, exploring alternatives that can maintain or even improve the
chemical characteristics of sugarcane spirits using faster and more
accessible techniques has a significant impact on both the industry and
consumers (Caldeira et al., 2017; Kriiger et al., 2022).

It should also be noted that oak, specifically the genus Quercus, is the
main wood used for storing distillates, due to its recognized sensory
attributes (Fernandes et al., 2020). Nonetheless, in countries where it
does not occur naturally, such as Brazil, it is pertinent to evaluate the use
of local woods (Coelho et al., 2021). Among the Brazilian tropical woods
that make a significant contribution to the chemical profile of beverages,
amburana (Amburana cearensis) and chestnut (Bertholletia excelsa) stand
out. Amburana is a wood known for generating high concentrations of
compounds such as vanillic acid and vanillin, as well as providing a
characteristic aromatic profile (Bortoletto & Alcarde, 2013). Chestnut,
on the other hand, also stands out, as it has aging compounds compa-
rable to those found in oak (Coldea et al., 2020).

To characterize the key compounds in the maturation of distilled
spirits, analytical techniques play a fundamental role, allowing for the
identification and quantification of these constituents. Spectrophotom-
etry and colorimetry are often applied to evaluate general parameters,
while more robust methods, such as high-performance liquid chroma-
tography with diode array detection (HPLC-DAD), allow for detailed
phenolic characterization (Plaza et al., 2018). In addition, gas chroma-
tography coupled with flame ionization detection (GC-FID) and mass
spectrometry (GC-MS) provide a comprehensive view of the volatile
profile, highlighting the impact of maturation conditions on the final
composition of the beverage (Ribeiro et al., 2023).

This research aims to compare the effects of the first and second use
of chips from different woods (oak, amburana, and chestnut) on
migration and to elucidate the formation of phenolic and volatile com-
pounds during the accelerated maturation of sugarcane spirits.

2. Material and methods
2.1. Obtaining the alcoholic matrix

The spirit used for maturation (alcoholic matrix) was made from
sugar cane, monodistilled, stored in a stainless steel tank and did not
pass through a process of dilution, standardization or filtering with
active materials. It was made available by a cachaca-producing mill
located in the state of Paraiba, Brazil. After collection, the beverage was
transported in an inert, closed container, where it was stored under
temperature control (25 + 1 °C) until it began to mature.

2.2. Accelerated aging of sugarcane spirit

Wood chips were obtained commercially. A unit of this constituent is
characterized by being cubic (1 cm®), with an average weight of 0.90 g,
and by undergoing a toasting process at 200/230 °C for 10 to 15 min.

Two maturation processes were carried out to evaluate the first and
second use of the woodchips. To carry out the first use/maturation, the
collected distillate (50 % ethanol, V/V) was homogenized and distrib-
uted in three inert containers containing 5 1 of the spirit, added together
with 6 units of chips per liter (commercial recommendations) from the
selected woods: oak (Quercus sp.), amburana (Amburana cearensis) and
chestnut (Bertholletia excelsa), giving rise to the respective treatments Q-
1, A-1 and B-1.

After adding the woodchips, the containers were closed and taken to
a temperature-controlled oven (25 + 1 °C) for 28 days. Aliquots of 140
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mL were taken weekly from each container containing the matured
spirits to monitor the kinetic evolution of the beverage by analyzing the
color intensity and total phenolics as described in section 2.4.

At the end of the first maturation cycle (28 days), the beverages
obtained were bottled, and the remaining wood chips were immediately
reused without undergoing drying or any additional processing. These
chips were directly placed into new containers with 5 1 of sugarcane
spirit (alcoholic matrix) under the same conditions described for the first
maturation cycle (storage, time, and monitoring analyses). This process
resulted in the treatments Q-2, A-2, and B-2, corresponding to the spirits
matured with chips of oak (Quercus sp.), amburana (Amburana cear-
ensis), and chestnut (Bertholletia excelsa), respectively.

2.3. Identity and quality analysis of the brandies

The alcoholic beverages were assessed for standard identity and
quality, as established by Brazilian legislation (Brasil. Ministério da
Agricultura, 2022). The relative density, alcoholic strength (ABV % V/
V), and total and volatile acidity were evaluated according to the
methodologies proposed by the Ministry of Agriculture and Livestock
(Brasil. Ministério da Agricultura, 2005).

The levels of total aldehydes, total esters, methyl alcohol, and higher
alcohols (n-propyl, isobutyl and isoamyl) were determined using a Gas
Chromatograph with Flame Ionization Detector (GC-FID) (Agilent
model HP6890) following a methodology adapted from Bortoletto et al.
(2016). The standards used were acetaldehyde, ethyl acetate, methanol,
1-propanol, isobutanol, isoamyl alcohol, sec-butanol, 1-butanol, acro-
lein, furfural and 5-HMF (Merck - Darmstadt, Germany), all of chro-
matographic grade with purity >99 %. The samples were added with the
internal standard (3-pentanol) to quantify the analytes. Separation was
carried out using a polar capillary column (CP-Wax 52CB), 60 m x 0.25
mm x 0.25 pm. The detector and injector temperatures were set at
250 °C and 245 °C, respectively, and the manual injection mode with a
split flow rate of 1:25, an injection volume of 1.0 pL of the sample, in
triplicate and a temperature ramp starting at 40 °C (4 min), increasing to
120 °C at a rate of 20 °C/min for 1 min and increasing at 30 °C/min to
170 °C for 4 min.

2.4. Non-Volatile characterizations

2.4.1. Instrumental color and color intensity

The instrumental color of the matured spirits and the control (alco-
holic matrix) was determined using a Minolta digital colorimeter (Model
CR-300, Minolta, Mahwah/New Jersey, USA) to read the parameters L*
(luminosity), a* (red/green intensity), b* (yellow/blue intensity), C*
(chroma) and h® (hue angle) according to the specifications of the
Commission Internationale de L’éclairage (CIE, 2004). The color in-
tensity of the spirits was determined using spectrophotometry, by
directly reading the absorbance at 420 nm (Bortoletto et al., 2016).

2.4.2. Total phenolic compounds and total tannins content

The total content of phenolic compounds was assessed by spectro-
photometry (at 765 nm), after reaction with Folin-Ciocalteau reagent
(Amerine & Ough, 1980) using gallic acid as a standard for constructing
the analytical curve in a 40 % (V/V) ethanol solution. The final con-
centration was expressed in mg gallic acid equivalent per 100 mL. Total
tannins were also quantified by UV/VIS spectrophotometry by the
colorimetric reaction of the sample with the Folin-Ciocalteau reagent,
quantified at 725 nm following the methodology of Petchidurai et al.
(2019), using tannic acid as a standard for constructing the analytical
curve in a 40 % (V/V) ethanol solution.

2.4.3. Antioxidant activity of the sugarcane spirits

2.4.3.1. Radical Scavenging Activity 2,2-difenil-1picrilhidrazila (DPPH).
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The distillates’ DPPH radical scavenging capacity was determined by
UV-VIS spectrophotometry (Quimis, Q798U, Sao Paulo, Brazil) at 515
nm according to the methodology described by Brand-Williams et al.
(1995). The calibration curve was prepared with Trolox (20-1200 pM),
and the results were expressed as a percentage of radical oxidation
inhibition.

2.4.3.2. Radical Scavenging Activity 2,2- azino-bis (3-etilbezotiazolina)-6-
acido sulfonico (ABTS). The ABTS+ radical scavenging activity was
determined according to the antioxidant capacity of the extracts and
checked at 734 nm in a UV-VIS spectrophotometer (Quimis, Q798U, Sao
Paulo, Brazil) according to the methodology proposed by Re et al.
(1999). The standard curve was made with Trolox (20-1600 pM), and
the results were expressed as a percentage of inhibition, based on the
decrease in absorbance about the blank at time zero.

2.4.3.3. Iron Reducing Antioxidant Power (FRAP). The antioxidant po-
tential of the samples through their ability to reduce iron (Fe3+) to the
ferrous form (Feer) was checked at 595 nm in a UV-VIS spectropho-
tometer (Quimis, Q798U, Sao Paulo, Brazil) using the methodology
described by Benzie and Strain (1999), with adaptations. Based on the
calibration curve prepared with different concentrations of Trolox
(50-1000 pM), the results were expressed as a percentage of iron
reduction.

2.4.4. Phenolic compounds profile

The individual phenolic compounds were determined following the
methodology validated by Padilha et al. (2017), using an Agilent 1260
Infinity LC System Liquid Chromatograph (Agilent Technologies, Santa
Clara - USA) coupled to a Diode Array Detector (DAD) (model G1315D).
The data was processed using OpenLAB CDS ChemStation Edition soft-
ware (Agilent Technologies, Santa Clara - USA). The column used was
Zorbax Eclipse Plus RP-C18 (100 x 4.6 mm, 3.5 pm) and the pre-column
was Zorbax C18 (12.6 x 4.6 mm, 5 ym) (Zorbax, USA). The oven tem-
perature was 35 °C and the injection volume was 20 pL of the sample,
previously diluted in phase A (phosphoric acid solution) and filtered
through a 0.45 pm membrane (Millex Millipore, Barueri, SP, Brazil). The
solvent flow rate was 0.8 mL per minute. The gradient used in the sep-
aration was 0-5 min: 5 % B; 5-14 min: 23 % B; 14-30 min: 50 % B;
30-33 min: 80 % B where solvent A was a solution of phosphoric acid
(0.1 M, pH = 2.0) and solvent B was methanol acidified with 0.5 %
H3PO4. The compounds were detected at 220, 280, 320, 360 and 520
nm, and identified and quantified by comparison with external stan-
dards. The samples were previously diluted (1:1 V/V) with phosphoric
acid solution (0.52 %) and filtered using a filtrate filter with a PVDF
membrane (diameter 13 mm, pore size 0.45 pm).

2.5. Volatile compounds profile

The samples were prepared by adding 3.6 mL of ultrapurified water,
0.4 pL of the alcoholic beverage, and 4 pL of the internal standard (3-
pentanol at a concentration of 1 mg/mL) in 15 mL vials. Headspace
solid-phase microextraction (HS-SPME) was carried out in a water bath
at 45 °C, leaving the 50/30 pm PDMS/Carboxen/DVB SPME fiber
(Supelco, Bellefonte, PA, USA) exposed without equilibrium for 50 min,
activated according to the manufacturer’s recommendations (270 °C/
60 min), with desorption lasting 5 min.

The compounds were separated using a 7890B gas chromatograph
coupled to an Agilent Technologies 5977B mass spectrometer (Little
Falls, DE, USA). The column used was HP-5MS (60 m x 0.25 mm x 0.25
pm). The following conditions from the methodology of Zacaroni et al.
(2017) were used: oven temperature from 35 °C to 240 °C with a heating
rate of 4 °C/min. The injector temperature was set at 270 °C. Helium 5.0
was used as the carrier gas at a flow rate of 1.78 mL/min in a 1:4 split-
mode injection system. The interface temperature of the detector and
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ion source remained at 240 °C and 200 °C, respectively. The mass
spectrometer was operated in electron impact mode (70 eV) and the
mass scan range was 50 to 400 mz-1 at 4.44 scan.s-1.

Compound identification was carried out using the NIST library
(2014) and confirmed using the linear retention index (LRI) calculated
from the injection of a series of C6-C20 n-alkanes, with the results
expressed in concentration (pg/L).

2.6. Statistical analysis

To investigate the influence of the type of wood (W), the number of
uses of the chips (N) and the interaction between these variables (WxN),
two-way ANOVA with multiple comparisons using Tukey’s post hoc test
was used. For comparisons with the alcohol matrix (control), ANOVA
was used with Dunnett’s post hoc test at a 5 % significance level. All
analyses of variance were carried out using XLSTAT software (version
2014.5.03, Addinsoft, New York, USA).

Principal component analysis, PCA-Biplot, was carried out for the
non-volatile characterization of spirits using XLSTAT software, with the
data pre-processed (auto-scaling). For the chemometric analysis of the
profile of volatile compounds, a PCA was carried out, along with a heat
map and hierarchical clustering. These analyses were conducted,
respectively, using the Chemometrics Web App (Darze et al., 2023),
developed in the R programming language, and the TBtools-II v2.105
software (Chen et al., 2023), using autoscaled data.

3. Results and discussion
3.1. Identity and quality standards for the distillates obtained

The parameters required by Brazilian legislation were evaluated
(Table 1) and it can be seen that the process of accelerated maturation
through the use of chips, independently of the wood species, has a sig-
nificant influence on the increase in the congener coefficient, repre-
sented by the sum of total aldehydes (in acetaldehyde), total esters (in
ethyl acetate), higher alcohols (1-propanol, isobutanol and isoamyl),
furfural and hydroxymethylfurfural and volatile acidity (in acetic acid)
compared to the control.

This behavior is to be expected and is also evidenced in traditional
aging processes in wooden barrels, as the distillate-wood interaction
promotes extraction, degradation and oxidation phenomena of chemical
species present in plant constituents, resulting in higher concentrations
of congeners (Bortoletto et al., 2021). However, even though this in-
fluence has a significant effect on quality compounds, it results in dis-
tillates that remain within the legal limits of identity and quality (Brasil.
Ministério da Agricultura, 2022). Quality assurance of spirits is of great
industrial importance due to the control and safety of the beverage for
sale.

The presence of wood (chips) in contact with the distillate was
enough to increase the amount of total esters. Esters are mainly pro-
duced during fermentation by yeasts but are also formed during aging by
the esterification of acids with ethanol or acetic acid. This process occurs
more slowly in inert containers than in barrels, where the presence of
oxygen accelerates the production of aromatic esters (Bortoletto et al.,
2021; Lima et al., 2022).

On the other hand, total aldehydes, which are also present in greater
abundance in spirits that interact with woodchips compared to the
matrix, are influenced by the reuse of these constituents (p-value
0.0008), so that the highest concentrations of aldehydes are found in
spirits A-1, Q-1, B-1 and A-2, which do not differ from each other, but
with Q-2 and B-2 being the samples with the lowest concentrations.
Aldehydes result from the oxidation of ethanol and acids, as well as the
degradation of phenolic compounds normally extracted from wood
during the maturation process (Castro et al., 2023). Maturation with
chips is enough to raise the aldehyde content by rapid interaction, since
in barrels this process is slower - as in amburana - where there was no
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Table 1
Physico-chemical characterizations of sugar cane spirits aged for 28 days with chips reused from different woods.
Ttems Maximum Non-aged Quercus sp. Amburana cearensis Bertholletia excelsa p-value
levels*** spirit ) . - N
(control) Firstuse  Second Firstuse  Second Firstuse  Second Wood N° of WxN
use use use Chips (W) Use (N)
Legal parameters
50.1 + 50.4 + 50.2 = 50.4 + 50.1 + 50.0 =
0,
ABV % (V/V) 54 to 38 50502 o 0.00 0.3° 0.4° 0.1° 0.1° 0.2180 02787  0.2667
. L N e 41.9 + 51.1 4+ 333+ 48.5 + 382+ 55.7 + <
Volatile acidity (acetic acid) 150 18.0 + 0.7 0.65* 1020 2.0 Py 29 102+ 0.00013 0,0001 0.00484
Total aldehydes (acetaldehyde) 83+ 7.4+ 8.7 = 75+ 79+ 7.1%
- 30 5.7 + 0.1 0,67 0,35 0,65+ 0.4 0.4 gt 0.1055 0.0008  0.7110
0.63 = 0.87 + 0.5+ 0.8 + 02+ 0.6 + 0.8+
Methyl alcohol** 2| . . .1202
ethy’ aleaho 0 0.07 0.06° 0.3° 0.1° 0.2° 0.5° 0.3" 0.5003 0.0900  0.120
46.4 + 429 + 46.9 + 43 + 43.8 + 429 +
Total esters (ethyl acetate)** 200 353+ 0.3 Lobs 1.85% Py qu 1.9%% 5,10+ 0.5977 0.0594 0.6123
Higher alcohols (Sum of
: . 118.6 £ 160.0 149.3 + 167 = 149.3 + 155.4 147.9 +
isobutyl, isoamyl and n-propyl 360 09 Loqmr  gge 122+ P Lg5tE 71 0.4606 0.0143 0.6005
alcohols)**
88.3 + 82.4 + 92 + 82.0 + 85.7 + 81.3 +
- _
Isobutyl alcohol 65.6 + 0.4 485+ 485 e 4,65 47 3.9+ 0.498 0.012 0.605
26.9 + 25.4 + 28.0 = 25,5 + 26.2 + 25.1 =
. _
Isoamyl alcohol 20.1+0.3 Lt 190 Lt Lot 15 0.519 0.047 0.742
44.8 + 41.5 + 47.3 + 41.9 + 43.5 + 41.5 +
-] R -
n-Propyl alcohol 329 +0.2 2.gh+ 1.8+ 3534 PELe 260+ 17o 0.3603 0.0104 0.5144
0.48 + 0.49 + 0.47 + 0.6 £ 0.55 + 0.6 + 0.44 +
- d - s . . 5
n-butyl alcohol (1-butanol) 3 0.06 0.06" 0.03° 0.2 0.08% 0.1° 0.02° 0.4870 0.3499 0.6809
Sec-butyl aleohol (2-butanol)** 10 0.368 & 1360 ozse s PP oss2a omes o3 <0,0001 <
! A a a a b el
0.004 0.002° 0.006 0.009° 0.009 0.06 0.008 0,0001 0,0001
Sum of furfural and 5 0.09 + 0.86 + 0.12 + 0.27 + 0.12 + 0.37 + 0.14 + < 0,0001 < <
hydroxymethylfurfural™* 0.02 0.05%* 0.02¢ 0.02" 0.02¢ 0.08" 0.04° ’ 0,0001 0,0001
Acrolein** 5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - -

Different lowercase letters in the rows indicate significant differences between the aged spirits (Tukey’s HSD, post-hoc test, P < 0.05). *Post hoc Dunnett (p < 0.05);
one asterisk indicates a statistically significant difference in relation to the control (non-aged spirit). **mg/100 mL anhydrous alcohol. *** Limits of quality and

identity standards for spirts (Brasil, 2022).

increase in the total aldehyde content as found by Bortoletto and Alcarde
(2013).

The first use of the chips led to a significant increase in the sum of
furfural and hydroxymethylfurfural (5-HMF) compared to the control.
This can be attributed to the fact that the chips undergo a toasting
process and furfural and 5-HMF are formed by the thermal degradation
of pentoses and hexoses, respectively, derived from cellulose and lignin
present in wood (Bortoletto & Alcarde, 2013).

Spirit Q-1 had the highest concentrations of furfural and 5-HMF,
followed by spirits A-1 and B-1, which did not differ from each other.
This behavior was also reported by Bortoletto and Alcarde (2013), since
among the ten wood barrels analyzed, oak had the highest content of
these components. This indicates that even though they come from the
same type of toast, oak favors greater extraction of furfural compounds
due to its fibrous structure, which offers greater permeability to ethanol
(Perez-Coello et al., 1999; Puech, 1987). However, the reuse of these
chips significantly reduced these compounds in Q-2, A-2 and B-2, which
did not differ from the control or from each other, with an average
concentration of 0.126 mg/100 mL. Because they have already been
through an initial extraction process, the reused wood has less avail-
ability of derivative compounds, which explains why the furfuryl com-
pounds did not increase in concentration.

In addition, the maturation of spirits using the chips was also sig-
nificant in increasing the volatile acidity of the beverages, with all
batches starting at 18.04 + 0.66 mg /100 mL (alcoholic matrix) and
ending maturation with acidity varying between 33 and 55 mg/100 mL,
showing a significant effect of the interaction between the type of wood
and the number of uses of the chips (W x N).

Volatile acidity is one of the most important parameters for process
control in distilled beverages and increasing the number of uses of chips
promotes distillates with higher volatile acidity. Aging adds non-volatile
organic acids that also favor increased acidity in the beverage, such as
those derived from phenolic compounds (gallic, tannic, syringic and

vanillic). In addition, the oxidation of ethanol to acetaldehyde leads to
the formation of acetic acid, but it can also be formed due to the
degradation of hemicellulose. Thus, acidity is generated both during the
production of spirits and during aging (Bortoletto & Alcarde, 2013;
Castro et al., 2023).

Methanol, 1-butanol and 2-butanol and acrolein were not influenced
by the maturation process, neither by the use of the chips (W) nor by the
number of uses (N). These compounds are formed mainly during the
fermentation process and are recovered by distillation (Da Silva et al.,
2023). They are controlled due to their negative health implications and
their formation is controlled during fermentation. Therefore, good
management and control of the production process implies reduced
quantities of these parameters.

One of the characteristics of distillates aged in barrels is that over a
long period of time, even years of interaction, there is a reduction in the
alcohol content and a decrease in the volume of the distillate (Da Silva
et al., 2023), which explains their high commercial cost. Alternatively,
the process of accelerated maturation using chips does not result in
distillates with significant differences in alcohol content (ABV%), thus
implying constancy in the volume of the beverage and advantages for
producers by reducing volumetric loss, and directly, costs.

3.2. Kinetic monitoring of accelerated aging

The maturation process of the spirits was monitored through the
release of total phenolic compounds (TPC) and color intensity, with
Fig. 1 (A), (B) and (C) presenting a detailed view of how this process
develops over the interaction time, considering the type of woodchips
and their uses.

In the graphs in Fig. 1, the bars represent the TPC, while the area
represents the color intensity of the drinks. It can be seen that the reuse
of the chips results in a significant reduction in phenolic compounds at
each kinetic point, from the 1st to the 28th day of interaction,
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Fig. 1. Increase in total phenolic compounds (TPC) and color intensity of
brandies stored with Quercus sp. chips (A), Amburana cearensis chips (B), and
Bertholletia excelsa chips (C). Note (s): TPC- Total Phenolic Compounds (mg
EAG/100 mL); Q-1: sugarcane spirit aged with Quercus sp.chips - first use. Q-2:
sugarcane spirit aged with Quercus sp.chips - second use. A-1: sugarcane spirit
aged with Amburana cearensis chips - first use, A-2: sugarcane spirit aged with
Amburana cearensis chips - second use. B-1: sugarcane spirit aged with Ber-
tholletia excelsa chips - first use. B-2: sugarcane spirit aged with Bertholletia
excelsa chips - second use.

accompanied by a decrease in color intensity (lighter areas). In the first
use, all types of chips showed an exponential increase in total phenolic
compounds and color intensity, while in the second use, the evolution
followed a linear pattern (Table S1).

The spirit packaged with oak chips showed the highest content of
TPC from the 14th day of interaction compared to the other woods, also
resulting in greater color intensity. The potential of oak to add a higher
amount of TPC is noteworthy since the beverage resulting from its reuse
(Q-2) is equivalent to the beverage from the first use of the chestnut (B-
1). On the other hand, spirits packaged with amburana chips showed
intermediate results compared to oak and chestnut in the two uses of the
chips. Smailagic et al. (2021) reported that the greatest extraction of
polyphenols, the main compounds responsible for antioxidant activity,
occurs in the first 30 days of aging.

The results obtained for the total phenolic content corroborate the
trend of increased phenolic compounds proportional to the maturation
time, as also observed by Nie et al. (2023), who evaluated the effect of
adding oak chips to persimmon spirits. Comparatively, the phenolic
contents of samples Q-1 (12.5 mg GAE/100 mL) and Q-2 (4.9 mg GAE/
100 mL) exceeded those reported for oak barrels (4.87 mg GAE/100
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mL), as noted by Bortoletto and Alcarde (2013). These authors also
observed a total phenolic content (TPC) of 5.49 mg GAE/100 mL, an
intermediate value between those found for samples A-1 (7.6 mg GAE/
100 mL) and A-2 (3.7 mg GAE/100 mL) in the present study. It is
noteworthy that the total phenolic content obtained for all accelerated
maturation beverages is comparable to that of barrel aging.

Similarly, the color intensity results obtained for samples using oak
chips (Absorbance of 0.297) and amburana chips (Absorbance of 0.232)
were also higher than those reported by Bortoletto and Alcarde (2013)
for woods of the same genus when used in barrels over 36 months. In the
cited study, samples aged in oak barrels (Quercus sessilis) and amburana
barrels (Amburana cearensis) exhibited respective color intensity values
(Abs 420 nm) of 0.197 and 0.127.

Although the castanheira wood provided the lowest color intensity
among the woods evaluated in this study (0.080), its results were still
superior to those observed for other wood barrels, such as Amendoim
(Pterogyne nitens) and Araruva (Centrolobium tomentosum), which
showed final color intensity values of 0.036 and 0.051, respectively
(Bortoletto & Alcarde, 2013). These values are comparable to those of
the reused chip samples, such as Q-2, A-2, and B-2, which showed color
intensities of 0.115, 0.077, and 0.033, respectively. These findings
reinforce that the accelerated maturation method with chips can pro-
mote faster color formation compared to traditional barrel aging.

Additionally, the mathematical correlation between phenolic com-
pounds and color intensity is shown in Table S1, proposing a linear
model with a correlation coefficient (R?) above 0.9. This indicates an
adequate fit between the data and suggests a prediction model that al-
lows producers to predict and pause ripening based on direct absorbance
readings (spectrophotometry), providing accurate estimates of phenolic
content without the need to carry out the reaction with the Folin-
Ciocalteu reagent, making the process more practical for the day-to-
day industry.

In addition, Wimalasiri et al. (2024) highlighted the influence of
phenolic compounds on the stability and sensory quality of beverages
such as wines, correlating with current findings that relate color in-
tensity to phenolic content. The reduction in phenolic compounds in the
second use of the chips can be explained by the decreased availability of
these compounds after the first maturation cycle, as described by Castro
et al. (2023), who observed a decrease in the extraction of phenolic
compounds in reused oak barrels.

3.3. Non-volatile characterization

In addition to color intensity, the beverages were characterized in
terms of instrumental color parameters, with the results shown in Fig. 2.
The colorimetric analysis showed a pattern of behavior among the
samples, as all the beverages resulting from the interaction with
woodchips resulted in a decrease in L* and a*, along with an increase in
the b*, hue and C* parameters.

The decrease in luminosity (L*) in the samples shows that the spirits
have become darker due to the incorporation of compounds from the
wood chips. This phenomenon is common in aging processes, as the
wood is responsible for contributing a darker color (Gonzdlez-Saiz et al.,
2014). On the other hand, the increase in b* points to a more yellowish
coloration of the beverages, and together with the C* parameter (satu-
ration), reinforces that the samples tended to become more saturated,
with a more pronounced yellow color. The increase in these variables is
due to the phenolic compounds, which promote the formation of chro-
mophores that intensify the color in the samples (Moya et al., 2012).

The same behavior of variables, by the decrease in L* with an in-
crease in yellow color (b*) was also evidenced by Nie et al. (2023) and
Yan et al. (2024) with maturations of distillates using wood chips. This
characteristic was more present in samples Q-1 and A-1, while samples
Q-2, A-2 and B-1 had equivalent coloration. B-2 was closer to the alco-
holic matrix (control).

The a* and hue parameters showed less significant variations in the
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Fig. 2. Instrumental color of spirits obtained through the accelerated maturation process with different wood chips. Note (s): Different lowercase letters for each
instrumental color parameter (L*, a*, b*, hue and C*) indicate significant differences between the aged distillates (Tukey’s HSD, post-hoc test, P < 0.05). *An asterisk
in the mean values indicates a statistically significant difference from the control (unaged distillate). A-1: Sugarcane spirit aged with Amburana cearensis chips - first
use. A-2: Sugarcane spirit aged with Amburana cearensis chips - second use. B-1: sugarcane spirit aged with Bertholletia excelsa chips - first use. B-2: sugarcane spirit
aged with Bertholletia excelsa chips - second use. Q-1: sugarcane spirit aged with Quercus sp. chips — first use. Q-2: sugarcane spirit aged with Quercus sp. chips —

second use.

samples. The a* variable showed negative initial values in all the sam-
ples, indicating a tendency towards slightly greenish tones as it
decreased. This coloration is subtle, however, as the main change
observed is on the yellow-blue axis, where the increase in b*
predominates.

The increase in hue (hue angle) suggests that the samples have
become more vibrant compared to the alcoholic matrix, showing col-
orations with similar hues in the sample groups: B-2, A-2 and B-1; and Q-
2, A-1 and Q-1. The similarity in hue values between the sample groups
suggests that, despite the differences in color intensity, the final hue
stabilizes in similar ranges after interaction with the chips.

These changes in the samples indicate that the interaction with the
wood chips plays a crucial role in the evolution of the spirits’ coloration,
promoting desirable color characteristics that enhance the aging pro-
cess. In addition, the variations observed between the samples raise
questions about the chemical species responsible for these changes,
which can be better understood by determining and analyzing the pro-
file of phenolic compounds present.

3.3.1. Phenolic compounds profile

The phenolic compound profile of the spirits obtained (Table 2)
revealed a total of 16 compounds, distributed into three main classes:
phenolic acids and lignin derivatives, flavonoids and stilbenes. Flavo-
noids make up the bulk of the phenolic compounds found and can be
subdivided into three subgroups: flavonones, flavonols, and condensed
tannins or proanthocyanidins. Our findings on the influence of wood on
the release of phenolic compounds align with previous studies, such as
Smailagic¢ et al. (2021), who demonstrated significant variations in
chemical profiles depending on the wood species and aging duration.

Among the compounds of interest that signal positive chemical
quality for aged distillates, adding complexity of flavor, the compounds
derived from lignin stand out, especially as a result of the oxidation of
coniferyl (Vanillin and Vanilic Acid), sinapyl (Syringic acid) and p-
coumaric (p-coumaric acid) alcohols (Bortoletto & Alcarde, 2013; Cer-
nisev, 2017).

Chestnut wood stood out for its presence of vanillin, being the only
type of chip that, even when reused, continued to release this com-
pound. Comparatively, the average vanillin concentration for B-1 of 2.4
(mg/L) is higher than that found by Yan et al. (2024), who presented
results in the range of 0.58-2.17 (mg/L) for different beverages matured
with chips and oak barrels.

In contrast, although amburana had a lower concentration of vanillin
on first use, it was four times more expressive in the presence of vanillic
acid than in the other woods. This suggests that, for amburana, the
conversion of vanillin into vanillic acid occurs more quickly than for the
other woods during interaction with the distillate. The absence of
vanillin in A-2 and Q-2, together with the low concentration in B-2 and
the non-detection of vanillic acid in all the reuse spirits, suggests that the
guaiacyl pathway (degradation of coniferyl alcohol) is practically
completed after the first use of the woods.

Syringic acid, resulting from the syringyl pathway, was found in all
the samples, varying in concentration according to the species of wood
and the number of uses of the chips. The presence of syringic acid sug-
gests that as a result of lignin degradation, syringaldehyde is rapidly
oxidized to the corresponding benzoic acid (Cabrita et al., 2011). Spirit
Q-1 had an average concentration of syringic acid (3147 mg/L)
approximately twice as high as B-1 (1779 mg/L) and three times as high
as A-1 (1139 mg/L). In reuse, all the spirits had concentrations below 1
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phenolic compounds of sugarcane spirit aged for 28 days with reused chips from different woods.

Phenolics compounds Non-aged Quercus sp. Amburana cearensis Bertholletia excelsa Two-way ANOVA

spirit (contro) First use Second use  First use Second use  First use Second use  Wood N° of Use WxN

Chips (W) (N)

Phenolic acids and lignin derivatives
Vanillie acid** nd é:gggi nd g:ggi nd 3j§§i nd <0,0001  <0,0001 ;’ 0001
s we WS M MBS emo Ame 0 e comn S,
p-coumaric acid** n.d g;g;;& n.d n.d nd ggzg;& n.d < 0,0001 < 0,0001 ;,0001
trans-cinnamic acid** 0.18 + 0.03 giéji géggfdi g(l)g:hi gig;ﬁ gégz,.i gégzj 0.00108 < 10,0001 ;0001
Vanillin** nd é:zgfﬁ nd é:ggéi nd ﬁ:gggﬁ g:gigdﬁ <0,0001  <0,0001 ;’ 0001
Flavonoids
Flavornones
Naringenin** nd n.d n.d ggggi égﬁ?ﬁ nd n.d < 0,0001 <0,0001 ;!0001
Hesperitin®* nd n.d nd g:gfi n.d nd nd <0,0001  <0,0001 ;’ 0001
Flavonols
sow  EDMES el IS e ome g,
Epicatechin™* nd gzgji nd n.d gigzi ggihji ggagi < 0,0001 <0,0001 ;!0001
Epigallocatechin** n.d gﬁg’i:& n.d n.d n.d n.d n.d < 0,0001 < 0,0001 ;’0001
IS g JEBS R GTME s RS L ome g,
Quercetin 3-glucoside**  n.d zg(l];i (l)ggdi* n.d n.d 3.0 £ 0.1%* (l)g;i* < 0,0001 < 0,0001 ;’0001
Condensed tannins
Procyanidin B1** nd gg;gi n.d n.d n.d nd n.d < 0,0001 < 0,0001 ;’0001
Procyanidin B2** n.d g;;gi n.d gzgii nd ggigﬁ n.d < 0,0001 <0,0001 ;,0001
Stilbenes
trans-resveratrol** n.d gﬁﬁgbi n.d nd nd ggz;‘; gigzﬂi < 0,0001 <0,0001 ;,0001

Different lowercase letters in the rows indicate significant differences between the aged spirits (Tukey’s HSD, post-hoc test, P < 0.05). *Post hoc Dunnett (p < 0.05);
one asterisk indicates a statistically significant difference in relation to the control (non-aged spirit). **mg/L.

mg/L. Sample Q-1 has a sirinic acid concentration in the same range as
that found by a study that also matured oak chips, with an average value
of 3.8 (mg/L), corroborating the literature (Yan et al., 2024).

Thus, in maturation with chips, the syringyl pathway is predomi-
nantly formed in oak and chestnut, resulting in syringic acid as the main
benzoic acid, while the guaiacyl pathway is favored in amburana, with
vanillic acid being the main benzoic acid. This behavior corroborated
the study by Bortoletto and Alcarde (2013), where cachaga stored for 36
months in Amburana barrels was found to be expressive for vanillic acid
compared to other woods, and was highlighted as a chemical marker for
this species.

In addition, average amounts of 0.491 and 0.363 mg/L of p-coumaric
acid were found only in Q-1 and B-1, a compound also derived from
lignin and present in small concentrations in distillates aged for years
(Puech, 1987). The presence of p-coumaric acid and syringic and vanillic
acids are quality indicators in aged beverages, and especially for first-
use spirits, accelerated maturation was considered positive, high-
lighting the potential of the chips to confer aging characteristics in a
short period of interaction.

trans-Cinnamic acid was the only phenolic acid found in the alcoholic
matrix (control). The presence of this compound in unaged distillate

comes from fermentation, as yeast (S. cerevisiae) is capable of producing
this compound and its derivatives (Gottardi et al., 2017). However,
during maturation, there was an increase in the concentration of trans-
cinnamic acid in spirits Q-1, A-1, A-2, and B-1 compared to the control.
This behavior is expected since trans-cinnamic acid can also be formed
by the oxidation of hydroxycinnamic acids from wood lignin (Cernisev,
2017).

In addition to phenolics derived from lignin, other compounds such
as stilbenes, flavonoids, and tannins can also be extracted from the
cellular structures of wood and can give a unique chemical profile to the
distillates obtained. Trans-Resverastrol was the only stilbene quantified
and was present in spirits B-1, B-2 and Q-1. The addition of wood chips
from the Quercus genus to beverages increases the trans-resveratrol
content, since oak is known to release significant amounts of this com-
pound due to its chemical composition rich in stilbenes (Gortzi et al.,
2013; Jung et al., 2016). The chestnut can also release trans-resveratrol,
especially in the first use of the chips, when the levels of phenolic
compounds are still high. In the second use, the concentration tends to
be lower, but still relevant (0.225 + 0.002 mg/L).

The presence of flavonones, represented by Naringenin and Hes-
peritin, was found exclusively in the beverages used with amburana
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chips. Naringenin was present in spirits A-1 and A-2, with a reduction of
approximately 70 % in its concentration due to the reuse of the chips.
Hesperitin was only found in the spirit resulting from the first use of the
chips (A-1). In addition to their antioxidant function, these compounds
are also found in citrus peels (Liga et al., 2023), which may give distil-
lates that interact with this type of wood their distinctive sensory
characteristics.

About quantified tannins, sample Q-1 stands out for its higher con-
centration of Procyanidin B2 (0.779 mg/L), compared to A-1 (0.588 mg/
L) and B-1 (0.496 mg/L), and was the only sample to show minimal
concentrations of Procyanidin B1, showing that the use of oak chips
results in distillates with a higher concentration of tannins. Tannins are
phenolic compounds associated with plant defense, being an antioxidant
and antimicrobial agent (Geissman, 1963). However, they also play a
role in adding color and developing flavor in distillates, since they are
also associated with increased astringency and bitterness (De Simon
et al., 2014).

Among the flavonols present in the spirit samples (including the
alcoholic matrix), there were concentrations of Catechin and Epi-
catechin gallate (ECG) above 1.0 mg/L and 2.9 mg/L, respectively.
These compounds may come from the beverage production process,
since the extraction of sugarcane juice can add compounds derived from
its plant walls that can migrate to the distillate, in addition to sucrose
(mostly) (Cernisev, 2017).

The decrease in the concentration of Catechin in spirit Q-1 can be
explained by the formation of Procyanidin B1 in this sample since this
tannin is the result of the condensation of catechin with its isomer epi-
catechin. Unlike Catechin, during maturation, there was an increase in
GCE due to the use of the woods, except B-2, which did not differ from
the control. ECG is an esterified form of epicatechin with gallic acid.
These compounds are important antioxidants and may also be involved
in oxidation reactions that alter the taste of aged distillates (Mendez &
Mato, 1997).

Epicatechin was found in samples Q-1, B-1, B-2 and A-2. The pres-
ence of epicatechin in beverages matured by the reuse of amburana and
chestnut chips may be associated with the degradation of procyanidin
B2, which was present in A-1 and B-1 since the latter is the result of the
condensation of two epicatechin molecules. On the other hand, the
presence of Epicatechin in Q-1 and B-1 may indicate a similar phenolic
composition, as Epicatechin is present in addition to tannins.

The only sample to show Epigallocatechin was Q-1, which may be
characteristic of this type of plant species or may have come from the de-
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esterification of Epigallocatechin gallate (EGCG). The EGCG compound
was only found in the samples from the first use of the chips, with A-1
standing out among the others for having four times higher concentra-
tions of EGCG than Q-1 and nine times higher than B-1. However, the
reuse of the chips was significant for the absence of Epigallocatechin
gallate and Epigallocatechin in the spirits.

The flavonol Quercetin 3-glucoside was identified in spirits matured
with oak and chestnut chips. It is noteworthy that the type of wood
influences the presence of this phenolic, as in both uses, spirits derived
from chestnut form more Quercetin 3-glucoside than those from oak,
with the first use of these species exhibiting higher concentrations of the
flavonol. Quercetin 3-glucoside results from the glycosylation of quer-
citin on a glucose molecule. This compound has antioxidant properties
and contributes to the color and stability of the final product, and is also
associated with a chemical marker of matured beverages (De Simon
et al., 2014).

3.3.2. Antioxidant activity of the sugarcane spirits

The evaluation of the antioxidant capacity of the samples is shown in
Fig. 3, which illustrates the percentage inhibition of the ABTS* + and
DPPH* radicals and the FRAP potential of spirits subjected to the
accelerated maturation process using chips. It is noteworthy that all the
distillates that interacted with wood showed an increase in antioxidant
activity compared to the control, regardless of the method of analysis,
which can be explained by the fact that the antioxidant capacity of
beverages is proportional to the content of phenolic compounds (Silvello
et al., 2021).

The first use of the chips resulted in beverages with greater inhibition
of the ABTS* + and DPPH* radicals and a higher FRAP potential when
compared to the samples obtained by the second use of the chips. In
addition, the spirits exhibited different behaviors depending on the type
of wood used.

Oak stood out for giving the final distillates a higher antioxidant
activity than amburana and chestnut, with Q-1 showing 53 % and 42 %
inhibition respectively for ABTS and DPPH and 70 % for FRAP reducing
power. Previous studies have identified oak as a wood rich in antioxi-
dant phenolic compounds (De Rosso et al., 2009; Jung et al., 2016),
which explains the better performance of oak when compared to the
other species. Amburana proved to be intermediate for antioxidant ac-
tivity, being superior to chestnut for ABTS inhibition and Fe** reduction
(FRPA). However, A-2 and B-2 were equivalent in terms of antioxidant
capacity and did not differ for the three methods.
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Fig. 3. Antioxidant activity of spirits matured with chips from different woods using the ABTS, FRAP and DPPH methods. Note (s): Different lowercase letters on the
separate bars in each quadrant indicate significant differences between the aged distillates (Tukey’s HSD, post-hoc test, P < 0.05). *Dunnett’s post hoc (p < 0.05); an
asterisk indicates a statistically significant difference from the control (non-aged spirit). Q-1: sugarcane spirit aged with Quercus sp.chips - first use. Q-2: sugarcane
spirit aged with Quercus sp.chips - second use. A-1: sugarcane spirit aged with Amburana cearensis chips - first use. A-2: sugarcane spirit aged with Amburana cearensis
chips - second use. B-1: sugarcane spirit aged with Bertholletia excelsa chips - first use. B-2: sugarcane spirit aged with Bertholletia excelsa chips - second use.
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As for the principle of antioxidant action of the beverages obtained
by interacting with chips, the first use of the woods provides distillates
with better performance for reducing iron, since the FRAP method
achieved better results in reducing power for Q-1 (70.37 %), A-1 (48.17
%) and B-1 (39.58 %) than the other methods. On the other hand, when
reused, samples Q-2, A-2, and B-2 performed better for the ABTS
method, with inhibition percentages of 30.98 %, 26.38 %, and 26.68 %,
respectively. As for the DPPH method, only Q-1 showed satisfactory
results, with an inhibition percentage of over 40 %.

In terms of DPPH radical inhibition, the results obtained for samples
A-1 and B-1 are similar to the findings of Nie et al. (2023), with inhi-
bition of less than 30 % up to 30 days of maturation at average chip
concentrations of 5 g/L. However, the results for Q-1 were higher than
those of the aforementioned study, demonstrating the greater antioxi-
dant potential of oak.

The methods for determining antioxidant activity can be classified
into two main groups: the first is based on the capture of free radicals, as
in the ABTS and DPPH tests; and the second, on determining the
oxidation of a target molecule, as in the FRAP assay (Kumara et al,,
2018). The results obtained suggest that the different mechanisms that
confer antioxidant capacity are linked to the type of phenolic com-
pounds present in the samples. Thus, chemometric correlations (Fig. 4)
can elucidate how these specific compounds are associated with anti-
oxidant tests.

3.3.3. Principal component analysis

The main cluster analysis for the non-volatile characterization of the
distillates (Fig. 4) explained 82.75 % of the variability of the data in the
PC1 (60.61 %) and PC2 (22.14 %) dimensions, with PC1 being more
representative. The Bi-plot shows that most of the variables show an
increasing correlation with the positive side of PC1, except for the color
parameters L*, a*, hue, and Catechin, which are on the negative side of
PCI1.

Spirits Q-1, B-1, and A-1 appear on the positive side of PC1, standing
out for the presence of total phenolics, total tannins, and most of the
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compounds identified in the phenolic profile, which correlate with
greater color intensity, especially in the b* (yellow color) and C* (color
saturation) parameters. This increase in color and the migration of
phenolic compounds also correlated with greater antioxidant activity in
the beverages. Spirits Q-2, A-2, and B-2 were on the negative side of PC1,
close to the characteristics of the control, showing lighter colors, lower
antioxidant activity, and lower amounts of phenolics.

The Bi-plot was effective in relating the profile of phenolics formed
by the woods. Samples Q-1 and B-1 were grouped together due to the
similarity of the extracted compounds, especially phenolic acids and
lignin derivatives, which correlated with iron reduction (FRAP).
Phenolic acids, such as gallic acid and p-coumaric acid, play a prominent
role in the antioxidant effect of wood, as evidenced in previous studies
(Smailagic et al., 2019; Smailagic et al., 2020). In isolation, sample A-1
showed singularity in the formation of phenolics, especially due to the
presence of Epigallocatechin gallate, flavonones such as hesperitin,
naringenin, and vanillic acid.

In the positive quadrant of PC1 and the positive quadrant of PC2,
there was a positive correlation with total phenolics, total tannins,
especially procyanidin B2, and the inhibition of ABTS and DPPH radi-
cals, suggesting that the free radical inhibition mechanism is favored by
chemical compounds with a higher electron-donating capacity, such as
tannins.

In quantitative terms, the use of oak chips results in a distillate with
higher phenolic content, followed by amburana and, more subtly,
chestnut. However, qualitatively, the profile of phenolic compounds
formed by the chestnut is similar to that of oak, especially flavonols and
stilbenes, possibly conferring similar sensory characteristics. Although
both have similar phenolic profiles, oak stands out due to its high
antioxidant activity. This can be explained by two factors: 1) the amount
of phenolics extracted from the chestnut was not sufficient to confer
significant antioxidant potential; 2) oak-specific phenolics, such as
procyanidin Bl and epigallocatechin, increase its ability to inhibit
radical oxidation.
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Fig. 4. Principal component analysis (Bi-plot) for non-volatile characterization, phenolic profile and antioxidant activity of sugarcane spirits aged with reused wood
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sugarcane spirit aged with Bertholletia excelsa chips - first use. B-2: sugarcane spirit aged with Bertholletia excelsa chips - second use.
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3.4. Volatile compounds profile

One hundred and twenty-two (122) volatile compounds were iden-
tified and classified according to their functional chemical characteris-
tics (alcohols, acids, esters, aldehydes, ketones, terpenes, and others)
(Table S2) (Fig. 5).

Fig. 5 (A) shows the Principal Component Analysis generated with all
the volatile compounds obtained, with components 1 and 3 explaining
49.14 % and 9.01 % of the variability in the data set, respectively.
Component 1 shows that there was a well-defined separation between
the alcoholic matrix (M) and the beverages matured according to the
number of uses of the wood, as there was no intersection between the
ellipses representing the different groupings; however, the first use of
the wood chips shows greater variability between the samples matured
with different woods.

In this way, the distillate-wood interaction makes it possible to alter
the profile of the volatile compounds present, but as far as the diversity
of volatiles between the types of wood is concerned, only the first use of
the chips makes it possible to form distillates with specific odor char-
acteristics, while the reuse of these woods tends to present similar dis-
tillates in terms of aroma at the same interaction time, even though they
come from different woods.

A breakdown of the volatile compounds in the distillates, according
to the type of wood used and their respective uses, is shown in Fig. 6 (A,
B, C, D). However, the main classes in terms of the number of com-
pounds identified in the beverages (Fig. 5 B) include esters, terpenes,
and alcohols, with the highest number of compounds obtained for the
distillates from the first use of the woods. Although the total amount of
compounds is similar between the samples, the differences stand out in
terms of the intensity of each compound obtained.

The heat map showing the alcohol profile of spirits conditioned with
wood (Fig. 6 A) shows 12 compounds, including short-chain alcohols,
compounds with an aromatic ring, and long-chain aliphatic alcohols.
Samples A-1 and Q-1 form a hierarchical cluster, as do samples A-2, B-2,
and Q-2, while B-1 is intermediate between the clusters.

For short-chain alcohols, Isobutanol, Isoamyl alcohol, and the isomer
2-methyl-1-butanol stand out. These compounds were in higher con-
centrations in the second-use samples of the chips, coming from the
control distillate. Their presence in distillates confers a fruity, banana,
alcoholic, sweet, and pungent aroma (Portugal et al.,, 2016; Ribeiro-
Filho et al., 2021). It is worth noting that Isoamyl alcohol is a precursor
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to the formation of Isoamyl acetate, which is observed (Fig. 6. C) in the
samples in a similar behavior to the precursor alcohol.

Among the alcohols that have an aromatic ring in their structure,
Phenylethyl Alcohol is known to have a positive impact on the aroma of
distillates, conferring sweet notes, such as floral, roses, and honey
(Portugal et al., 2016). The use of amburana for maturation, especially
in the first use, promotes a higher concentration of Phenylethyl Alcohol
compared to oak and chestnut.

The other aromatic ring alcohols present were cerulignol and 4-ethyl
guaiacol. These phenols share a similar structure and differ in their
radical groups. B-1 has a higher concentration of cerulignol, while A-1
and Q-1 are more expressive for 4-ethyl guaiacol. In addition, samples A-
2, B-2, and Q-2 only had concentrations of 4-ethyl guaiacol, which
contributes to beverages with aromatic notes of smoke and spices
(Petrozziello et al., 2014).

The other alcohols present (Fig. 6 A) - 2-heptanol, octanol, nonanol,
2-nonanol, decanol, and 1-Hexadecanol - are long-chain structures and
were abundant in Q-1, A-1, and B-1, but they have less of an odoriferous
impact on the distillates compared to the short-chain and aromatic ring
alcohols.

Evaluating the profile of aldehydes and ketones (Fig. 6. B) shows two
hierarchical groupings, with the samples from the first use of the chips
being related by the greater intensity of the compounds, while those
from the second use are grouped by the reduced concentration of these
compounds. In the first and second uses, the oak and chestnut samples
were similar in terms of the aldehydes and ketones formed.

Isopentanal was the only aldehyde present in greater intensity when
the beverages were obtained by reusing the chips. This indicates that in
reuse, the oxidation conditions of isobutanol (Fig. 6 B) favor the for-
mation of aldehydes, a behavior that does not occur in first use, where
the oxidative reaction of isobutanol favors the formation of esters, such
as isobutyl decanoate (Fig. 6 C).

Among the first-use wood samples, Q-1 stands out for the presence of
furfural, Carvomenthone, and Damascenone, which carries descriptors
associated with herbal, floral, fruity, and honey aromas (Pinc & Queris,
2011). A-1 is marked by Diethyl acetal, trans-2-decenal, Acetaldehyde,
and Decaldehyde, while B-1 is expressive of Hexyl cinnamic aldehyde
and Benzaldehyde. Acetaldehyde is described as contributing positively
to the aroma of beverages (Bortoletto & Alcarde, 2013).

The long-chain aldehydes found in the samples of the first use of
chips, such as Nonaldehyde and Decaldehyde, can add unpleasant

(B)

Fig. 5. Use of different wood chips in the volatile profile of sugarcane spirits: (A) Principal component analysis for the volatile compound profile (GC-MS); (B)
Classification based on the volatile compounds obtained. Note (s): M: alcoholic matrix (non-aged spirits; control). A-1: sugarcane spirit aged with Amburana cearensis
chips - first use. A-2: sugarcane spirit aged with Amburana cearensis chips - second use. B-1: sugarcane spirit aged with Bertholletia excelsa chips - first use. B-2:
sugarcane spirit aged with Bertholletia excelsa chips - second use. Q-1: sugarcane spirit aged with Quercus sp.chips - first use. Q-2: sugarcane spirit aged with Quercus

sp.chips - second use.
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first use. Q-2: sugarcane spirit aged with Quercus sp.chips - second use.

11



E.G.T. de Souza et al.

aromas, so the lower intensity of these compounds in spirits matured
using the second use of chips may be positive sensorial. As for the al-
dehydes with an aromatic ring, Hexyl cinnamic aldehyde may have been
derived from the oxidation of trans-cinnamic acid (Table 2), while
Benzaldehyde is the result of the oxidation of Phenylethyl Alcohol
(Fig. 6 A). Therefore, the low concentration of trans-cinnamic acid and
Phenylethyl Alcohol for B-1 compared to the other woods in the first use
of the chips can be understood by the formation of their derived
aldehydes.

As for the profile of esters and acids (Fig. 6 C), we observed the
formation of distinct clusters with Q-1 standing out on its own as the
sample with the highest expression of esters, while the other clusters
were formed depending on the number of times the chips were used. The
complex interaction between the components of the wood and the
constituents already present in the spirit can result in the formation of
new esters or the intensification of compounds already present. The
greater presence of esters in spirit Q-1 may be associated with factors
related to the composition of the wood, the chemical reactions estab-
lished between distillate and wood, and the maturation conditions.

Long-chain fatty acid esters - Ethyl tetradecanoate, Ethyl pentade-
canoate, Methyl hexadecanoate, Ethyl 9-hexadecenoate, Ethyl palmi-
tate, Isopropyl palmitate, Ethyl linolate, Ethyl Oleate - were abundant
compounds in Q-1 and contribute to the flavor and viscosity of the
beverage, giving body to the distillate. However, an excess of them can
lead to negative perceptions because they are associated with fat
(Bortoletto et al., 2018).

Along with spirit Q-1, A-1 also stood out in terms of the presence of
esters with an aromatic ring, such as phenethyl acetate, Farnesol
formate, 2,3-dihydro farnesyl acetate, and Phenethyl octanoate. These
compounds contribute positively to the beverages, resulting in floral,
woody, or balsamic aromas. However, all the samples from the second
use of the chips showed Isobutyl phthalate as the aromatic ester, which
may have come from the esterification of isobutanol (Fig. 6 A).
Amburana also stands out for containing medium-chain esters such as
Ethyl octanoate, Propyl octanoate, Ethyl nonanoate, and Ethyl capri-
nate, which contribute to the beverage’s oiliness, as well as highlighting
fruity and floral aromas (Pino & Queris, 2011; Silva et al., 2020).

The chestnut added a greater amount of acetic acid to the distillates
obtained (B-1 and B-2). This compound can be formed by the degrada-
tion of long-chain esters, and also by the degradation of the carboxylic
group of phenolic acids, which would help explain the low intensity of
total phenolic compounds in this wood since its degradation is favored
by the formation of acids. The reuse of the chips also led to an increase in
Decanoic acid, which can be explained by the degradation of esters with
chains longer than 10 carbons, mainly Propyl decanoate, Ethyl unde-
canoate, and Ethyl dodecanoate.

Fig. 6 (D) shows the heat map for the terpene profile. The hierar-
chical cluster shows grouping according to the number of uses of the
wood, with the first cluster comprising Q-2, A-2, and B-2 and the second
grouping Q-1, A-1, and B-1. The first cluster is formed mainly by the
significant presence of a-Curcumene, p-Chamigrene, and Calamenene in
all the distillates matured with reused wood. This indicates that reuse
alters the structure of previously migrated compounds, as is the case
with the isomers p-Curcumene and trans-Calamenene, which were in
greater quantities in distillates A-1, Q-1, and B-1, and converted to
a-Curcumene and Calamenene in the second maturation.

Oak is the wood that stands out most from the others in terms of its
terpene profile, both in the first and second uses, and has the most
expressive compounds: Neomenthol, trans-Calamenene, 2,3-Dihydrofar-
nesol, p-cymenene, b-guaiene, b-trans-farnesene, a-farnesene, pre-
hnitene, a-lonene. Limonene also appears in the first and second uses of
oak. These compounds are associated with citrus (orange, lemon),
herbal, raspberry, and cedarwood aromas (Petrozziello et al., 2020).

Amburana is recognized for providing characteristic aromatic pro-
files in beverages and the use of this wood has highlighted the com-
pounds p-Curcumene, Nerolidol, a-Corocalene, p-Xylene, Cadelene,
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Cubebol, and Cadinol. p-Curcumene is associated with woody aromas,
while Nerolidol contributes floral and fruity aromas. a-Corocalene and
p-Xylene add complexity, offering spicy and sweet scents. Cubebol and
Cadinol, exclusive to amburana, are related to woody, spicy, and bal-
samic descriptors (Silva et al., 2020).

Chestnut was the wood that showed the least amount of expressive
terpenes, with Styrene and o-Cymene standing out the most. Styrene is
known for its slightly sweet and herbal aroma and is naturally occurring
in plants. o-Cymene contributes citrus and spicy aromas (Purdy et al.,
2021). This shows that the chestnut has a less complex aromatic profile.

4. Conclusions

The process of accelerated maturation using wood chips is a prom-
ising technological alternative for aging spirits. The first use of the chips
makes it possible, in a short period of interaction, to obtain chemical
(volatile and non-volatile) and physical characteristics (such as color)
similar to those of aged beverages, without exceeding the legal limits for
marketing. This allows producers with limited resources to improve the
chemical quality of their beverages, making them competitive in
demanding markets. Oak gave more expressive color, phenolics formed,
antioxidant activity, and volatile compounds. Amburana showed spe-
cific chemical compounds, especially in the phenolic profile, making it
the most distinctive among the woods. The chestnut was less intense in
terms of the formation of volatiles and phenolics but was qualitatively
similar to oak. The reuse of wood chips has a negative impact on the
intensity of compounds that characterize aged beverages, limiting the
process. Even so, the use of the chips resulted in spirits with a greater
intensity and diversity of compounds associated with biological activity.
This fact opens up space for new studies to explore the impacts of these
beverages on the body, considering that many of these phenolics are
already reported to have health benefits.
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SUPPLEMENTARY DATA

Table S1. Kinetic behavior equations for the formation of phenolic compounds and color intensity in brandies matured with chips.

44

Total Phenolic Content

Color Intensity

Color intensity x
Total phenolic

. o 2 2 2
Wood Chips N7ofUse gEcA/moOomL)* R (Abs 420 nm)* R Content (mg R
EGA/100mL )**
Firstuse y=2.8001In(x) +2.4405 0.9578 y=0.1603In(x) +0.04 0.9952 y =37.296x + 1.3629 0.9994
Quercus sp.
Seconduse y=0.1233x +1.5742 0.9928 y=0.0214x +0.0062 0.9878 y = 38.686x + 0.5966 0.9819
Firstuse y=1.4371In(x) +2.5311 0.9951 y=0.1177In(x) + 0.0474 0.9912 y =25.161x + 1.6535 0.9718
Amburana cearensis
Seconduse  y=0.0831x +1.3761 0.9932 y =0.0127x + 0.013 0.9687 y=43.542x +0.332 0.9819
Firstuse y=1.1236In(x) +1.4185 0.9716 y=0.0427In(x)+0.014 0.9926 vy =154.93x + 0.8702 0.9702
Bertholletia excelsa
Seconduse y=0.0831x+1.3761 0.9932 y=0.0059x +0.0034 0.9745 y=65.167x + 0.7544 0.9428

* Independent variable (x) is the interaction time in days; **Correlation equation between the variables TPC and Color intensity, with the

dependent variable (x) being the absorbance measured at 420 nm.



Table S2. Volatile Profile of sugar cane spirits aged for 28 days with chips reused from different woods.

Concentration (ug/L)

N. CAS Compound M A-1 B-1 0-1 A-2 B-2 Q-2
Alcohols
. .31 oputanol 310007 + 1012273 372524+ 1381504 798597+ 119741.0 115504.1+
12880.1 +38676.6 22633 +18055.0 33109  +20488.8  23282.8
, 123-51- isoamy! alcohol 7043309 %900 ggiag00 FIBB 57407594 OLZ grg74954
3 £7647.0 o %o 582783 v 186422 o> o 1649119
; 137-32-  Methvl-Lbutano! 784644.8 328684.8 275019.0 3754831 2369672+ 3079419 3214114+
6 y +31408.1 +69677.6 +19166.0 +52136.1 26899.8 +460741  53546.9
251788.9
4 71-41-0 1-Pentanol 0 00£00 00%00 0000 0000 00£00 00%00
- 543-49- s -Hentano] 134012+ 79433+ 81221+ 99800+ 40000+ 66964+  6411.6+
7 p 2415 14369 24148 23914  869.8 1237.2 1635.0
6 111-70- 1-Heptanol 29458% 13,00 00+00 00+00 00+00 00%00  0.0+00
6 1398.9
, 111-87- octanol 103862+ 9336.6+ 85603+ 117981+ 47320+ 68373+  6504.4 %
5 32041 12173 10942 45809 13925 11471 517.3
; 628-99- > Nonanol 124130+ 71701+ 76449+ 50888+ 15852+ 38641+  5377.0+
9 9757 6361 34300 15237 5415 2012.8 1056.3
41666.1+ 226754+ 112161+ 147835+ 04509+ 76542+ 38751+
9 60-12-8 Phenylethyl Alcohol 27352 99669  1508.7 28919 34579  3106.2 615.3
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143-08- 34318.3+ 335425+ 33816.4 *
10 3 1-Nonanol 0.0+0.0 9158.0 12860.7 8469 4 00+00 0000 0.0+0.0
11 112-30- Decanol 31703.7 + 20938.7 + 12646.9+ 24000.7+ 8307.1+ 107399+ 131938+
1 1679.6 2658.3 1293.5 7287.8 1947.2 3064.5 1394.1
12 2785- A-Ethvl quaiacol 94650.6 + 56695.4 + 31865.2+ 71110.2+ 18879.5+ 26579.3+ 313474+
89-9 yig 13320.4 9936.6 4858.5 15351.1 3872.4 8916.7 5742.8
2785- 39339+ 09875.0%+ 2066.6 +

13 Cerulignol 0.0+0.0 00+00 00%0.0 0.0+0.0

87-7 1908901 16346  1049.1
14 112é53' 1-Dodecanol 7%%52'%1 0000 00+00 00+00 00+00 00£00 0000
36653- 4840.6 + 5309.0+ 5417.1+
15 89-4 1-Hexadecanol 20068 0.0+0.0 £99. 817 6 0.0+0.0 0.0+0.0 0.0+0.0
Acids
. 31932.7 + 23271.9 +
16 64-19-7 Acetic acid 00£00 00£00 >0 00£00 00£00 “SH0F  00£00
. 334-48- Secansic acid 148921+ 5417.6+ 122252+ 248273+ 283317+ 175352+ 311447+
5 34621 4535 25046 112850 26046 41729 13279.3
Esters
5 141-78- Cl Acetate 469985+ 180481.8 663937+ 305450.6 1618068+ 203932.8 260878.0 +
6 y 28655.8 +66183.9 89202 +52653.1 54120  +646917  62041.1
. 6053.6+ 31066+ 40694+ 47934+ 25806+ 31346+ 38203+
19 97-62-1 Ethyl isobutyrate 25742 10001 16084  591.3 216.6 833.8 967.1
20 105-54- Ethyl butyrate 68044+ 24260+ 21133+ 30295+ 13659+ 18826+  2012.0 +

1745.2 513.9 232.5 717.6 152.1 227.4 355.2



21

22

23

24

25

26

27

28

29

30

31

97-64-3
108-64-

123-92-

624-41-

123-66-

10348-
47-7
106-30-
123-25-

119-36-

106-32-

1731-
84-6

Ethyl lactate

Ethyl isovalerate

Isoamyl acetate

2-Methylbutyl acetate

Ethyl caproate

Pentanoic acid, 2-hydroxy-4-
methyl-, ethyl ester

Ethyl heptoate
Diethyl succinate

Methyl salicylate

Ethyl octanoate

Methyl nonanoate

24435.0 £

o> 00£00 0000
9039.8+ 42128+ 39853+
44690 10045  713.1
40672.7+ 18022.0 + 17113.7 +
20307.2 29493  3107.1
64033+ 47619+ 43093+
96.9 819.9 765.3
219342'0 1336029 137516.7
iseag 244358 63206

5034.2 +
i1ny  00£00 0000
12257.6+ 74266+ 81121+
549.7 766.6  2734.7
285925+ 12266.8+ 11002.8 +
1376 31660 3553
17475+ 3337.8+
5825 10822 0000
4057634.3 2557716.0 1872655.2

+ + +
1426741.0 520775.2 351289.7

62547+ 2976.3 +
00£00 31751 10029

0.0+0.0

5627.3 +
1268.9

23707.3 =
5104.6

6097.5 +
1850.3

162963.9
+ 35527.4

0.0+0.0

9550.6
3035.9

14158.1 +
4476.5

0.0+0.0

2785348.8
+

395683.6

2390.1 +
97.6

0.0+0.0

2769.4 +
325.7

11671.8 +
1533.0

3365.2 +
374.8

77823.3
7734.2

0.0+0.0

1657.9 =
269.7

4755.6 £
811.3

0.0+0.0

1647078.1
+57446.3

0.0+0.0

0.0+0.0

3589.2 +
450.8

15726.0 +
2263.5

41179+
577.5

91702.7 +
12690.8

0.0+0.0

3020.1 +
1405.8

7583.4 +
2529.6

0.0+0.0

1456530.6

256694.2

0.0+0.0
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0.0+0.0

4247.2 +
1058.1

17465.2 +
4281.9

4978.9 +
1138.2

1111619 +
31131.0

0.0+0.0

43116
1012.8

7549.3 +
1304.7

0.0+0.0

2046827.8 =
594465.1

0.0+0.0



32

33

34

35

36

37

38

39

40

41

103-45-

624-13-

123-29-

110-38-

2035-
99-6

67121-
39-5

30673-
60-0

627-90-

30673-
38-2

Phenethyl acetate

Propyl octanoate

Ethyl nonanoate

Ethyl (4E)-4-decenoate

Ethyl caprinate

Isoamyl octanoate

2-Methylbutyl octanoate

Propyl decanoate

Ethyl undecanoate

Isobutyl decanoate

0.0+0.0

0.0+0.0

130615.3
+1168.1

6197.6 +
1000.0

8544096.3
+29612.1

148489.6
+ 3369.9

47856.8 +
625.7

15669.8 *
288.1

59087.4 +
1026.0

76152.8 +
4949.8

10067.4+ 77435%
17337 3634
PL8SE 26957+
90530.9 + 75332.4 %
20150.0 ~ 32304.8
00£00 0000

7114875.3 4836263.8

+ +

1363807.3 863034.4

102810.2
+16887.4

823555 +
37047.3

32738.7 +
5226.9

26909.5 +
11770.1

6818.1 +
1207.6

4503.8 +
1251.0

42805.0 +
5952.9

389452 +
17871.1

46266.3 +
8248.1

43855.6 +
18157.4

11844.9 +
1376.6

5282.2 +
1996.1

105556.1
+15718.1

0.0+0.0

7660116.0
-+

1009590.8

127051.9
+21120.2

42925.0 +
6515.0

97345 %
792.4

58719.3 +
6406.0

65540.0 =
10319.1

4669.8 +
852.7

2380.0 +
534.8

49804.7
786.9
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75 5
76 95-63-6

Furfural

Benzaldehyde

Nonaldehyde

Decaldehyde
trans-2-Decenal
1-Pentadecanal

Hexyl cinnamic aldehyde

Carvomenthone

Damascenone

Styrene

Pseudocumene
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106-28- 9608.7+ 7688.5+ 5305.0+ 89329+

115 5 trans-Farnesol 2889 2 11737 3876 3002.8 0.0+0.0 0.0+0.0 0.0+£0.0
Others
6126- Tetrahydro-5-methyl-2- 39405+ 51753z 6276.9 =
116 49-4 furanmethanol 00£00 00£00 00£00 00200 7474 953.7 17335
556-52- . 62175+ 12693+ 21605+
117 : Glycidol 00+00 00+00 00+00 0000 1o 1073 2982
118
119 637-69- Vinvlanisole 404373+ 202307+ 84387+ 203986+ 65649+ 53362+ 75104+
4 p-viny 89.7 1304.2 411.1 71505 1068.0 1615.4 1740.0
16204- . 5628.4+ 40472+ 76702+
120 57. 1,1,4,5-Tetramethylindan 00+0.0 00x00 00£00 0.0z0.0 983 8 875 5 97835
o1 629-82- Octvl ether 92344+ 8989.7+ 52040+ 120111+ 22509+ 3089.8+ 30420+
3 y 2537.7 44427 10780 29587 720.7 1287.8 1480.9
1222- . 53842+ 33821+ 47826+ 54749+
122 o Galaxolide 0o ara2 0125 omg 00%00 00£00  00%00

Note (s): M: alcoholic matrix (non-aged spirits; control). A-1: sugarcane spirit aged with Amburana cearensis chips - first use. A-2: sugarcane spirit
aged with Amburana cearensis chips - second use. B-1: sugarcane spirit aged with Bertholletia excelsa chips - first use. B-2: sugarcane spirit aged
with Bertholletia excelsa chips - second use. Q-1: sugarcane spirit aged with Quercus sp.chips - first use. Q-2: sugarcane spirit aged with Quercus
sp.chips - second use.
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6. CONSIDERACOES FINAIS

O presente estudo investigou o impacto do uso e reutilizacdo de chips de madeiras
(carvalho, amburana e castanheira) no envelhecimento acelerado de aguardente de cana-de-
acucar, considerando os efeitos nas caracteristicas quimicas e bioativas das bebidas. Os
resultados revelaram que o uso inicial dos chips promoveu maior extracdo de compostos
fenolicos e volateis, conferindo maior complexidade quimica as aguardentes.

Quanto ao perfil quimico, o tipo de madeira que mais se destacou foi o carvalho,
associado a um contetdo fendlico superior e maior atividade antioxidante, enquanto a amburana
e a castanheira apresentaram perfis Unicos, contribuindo para a diversificacdo das caracteristicas
das bebidas.

A reutilizacdo dos chips, por sua vez, apresentou uma limitacéo pratica de uso, visto que
resultou em reducdo significativa na concentragdo de compostos bioativos, fendlicos e volateis.
Esse efeito comprometeu a transferéncia de caracteristicas quimicas desejaveis para a bebida,
aproximando as amostras da matriz alcodlica original.

Dessa forma, a técnica de utilizacdo de chips demonstrou ser uma alternativa promissora
para otimizar processos de envelhecimento, reduzindo custos devido a manutencéo do teor
alcodlico das bebidas e utilizagdo de pequenas quantidades em peso do produto, assim como
promoveu reducdo de tempo de maturagéo.

Além dos avancos obtidos, o estudo sinalizou lacunas que podem direcionar futuras

pesquisas, destacando-se:

1. Abordagem por métodos sensoriais para descrever e caracterizar as bebidas, associando
respostas de aceitabilidade de consumidores para bebidas produzidas por maturacao
acelerada.

2. Avaliacdo de outras espécies de madeiras tropicais brasileiras para identificar
alternativas economicamente vidveis e com alto potencial quimico e sensorial.

3. Desenvolvimento de métodos hibridos que combinem chips de madeira com extratos
vegetais ou em combinagdes com barris para maximizar o desempenho dos constituintes
vegetais durante a reutilizagéo.

4. Investigagdes aprofundadas sobre os mecanismos de interacdo entre os constituintes
quimicos das madeiras e 0os componentes das bebidas, com foco na formacdo de

compostos marcadores sensoriais e bioativos.
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5. Uso de modelagem preditiva e simulagcbes para otimizar as condi¢bes de
envelhecimento e prever impactos sensoriais e quimicos em diferentes pontos de

maturacgéo.



59

REFERENCIAS

ABREU-LIMA, T.L.; ABREU-MAIA, A.B.R.; OLIVEIRA, E.S. Efeitos sensoriais da adi¢ao
de extratos de diferentes madeiras a cachaca. Boletim CEPPA, Curitiba, v. 23, n. 2, p. 347-
360, 2005.

ALBERT, A. et al. Comparison between temporal dominance of sensations (TDS) and key-
attribute sensory profiling for evaluating solid food with contrasting textural layers: Fish
sticks. Food Quality and Preference, v. 24, n. 1, p. 111-118, 2012.

ALCARDE, A. R.; SOUZA, P. A.; BELLUCO, A. E. S. Aspectos da composi¢do quimica e
aceitacdo sensorial da aguardente de cana-de-agUcar envelhecida em tonéis de diferentes
madeiras. Ciéncia e Tecnologia de Alimentos. Campinas, v. 30, n. Supl. 1, p. 226-232, 2010.

ALCARDE, A. R. Cachaca: ciéncia, tecnologia e arte. 22 ed. Sdo Paulo: Ed. Blucher, 96 p,
2017.

AMERINE, M. A.; OUGH, C. S. Methods for analysis os musts and wines. New York: Jonh
Wiley, 1980. 314p.

ASQUIERI, E.R.; SILVA, A.G.M.; CANDIDO, M.A. Aguardente de jabuticaba obtida da
casca e borra da fabricagdo de fermentado de jabuticaba. Ciéncia e Tecnologia de Alimentos,
Campinas, v. 29, p. 896-904, 2009.

AYLOTT, R.l.; MACKENZIE, W.M. Analytical Strategies to Confirm the Generic
Authenticity of Scotch Whisky. Journal of the Institute of Brewing, London, v. 116, n. 3, p.
215-229, 2010.

BARRERA-GARCIA, D.; GOUGEON, D.R.; MAJO, D.D.; AGUIRRE, C. de.; VOILLEY,
A.; CHASSAGNE, D. Different sorption behaviors for wine polyphenols in contact with oak
wood. Journal of Agricultural and Food Chemistry, Davis, v. 55, n. 17, p. 7021-7027,
2007.

BENZIE, I. F. F.; STRAIN, J. J. Ferric reducing/antioxidant power assay: direct measure of
total antioxidant activity of biological fluids and modified version for simultaneous
measurement of total antioxidant power and ascorbic acid concentration. Methods in
Enzymology, v. 299, p. 15-27, 1999.

BOIDRON, J.N.; CHATONNET, P.; PONS, M. Influence du bois sur certaines substances
odorantes des vins. Connaissance de la Vigne et du Vin, Paris, v. 22, p. 275-294, 1988.

BORRAGINI, M.C.C.; FARIA, J. B. Envelhecimento de cachaga sob circulagéo forcada e
aeracdo. Alimentos e Nutricédo, Araraquara, v. 21, n. 1, p. 25-30, 2010.

BORTOLETTO, A. M.; ALCARDE, A. R. Congeners in sugarcane spirits aged in casks of
different woods. Food Chemistry. v.139, p.695-701, 2013

BORTOLETTO, A. M.; CORREA, A. C.; ALCARDE, A. R. Aging practices influence
chemical and sensory quality of cachaga. Food Research International. v.86, p.46-53, 2016.



60

BORTOLETTO, A. M.; SILVELLO, G. C.; ALCARDE, A. R. Chemical and microbiological
quality of sugarcane juice influences the concentration of ethyl carbamate and volatile
congeners in cachaca. J. Inst. Brew. v.121, p.251-256, 2015.

BORTOLETTO, A. M.; SILVELLO, G. C.; ALCARDE, A. R. Aromatic profiling of flavor
active compounds in sugarcane spirits aged in tropical wooden barrels. Brazilian Journal of
Food Technology. v.24, e2019071, 2021.

BRAND-WILLIAMS, W.; CUVELIER, M.E.; BERSET C. Use of a free radical method to
evaluate antioxidant activity. LWT Food Science and Technology, v. 28, p. 25-30, 1995.

BRASIL. Ministério de Agricultura. Anuério da cachaca 2021. Diario Oficial da Republica
Federativa do Brasil, Brasilia, 2022a.

BRASIL. Ministério de Agricultura. Instrucdo Normativa N° 24, de 28 de setembro de 2005.
DispGe sobre os métodos analiticos de bebidas e vinagre. Diario Oficial da Republica
Federativa do Brasil, Brasilia, 28 set. 2005.

BRASIL. Ministério de Agricultura. Portaria N° 539, de 26 de dezembro de 2022. Estabelece
os Padrdes de Identidade e Qualidade da aguardente de cana e da cachaca. Diario Oficial da
Republica Federativa do Brasil, Brasilia, 26 dez. 2022b.

CAMPOS, J.0.S.; AQUINO, F.W.B.; NASCIMENTO, R.F.; COSTA, J.G.M.; EUKELEIRE,
D.D.; CASIMIRO, A.R.S. Influence and effect of thermal treatment in elaboration of regional
wood extracts for cachaga. Journal of Food Composition and Analysis, Grangues, v. 17, p.
179-185, 2004.

CASTRO NETO, J.T.; BORRAGINI, M.C.C,; FARIA, J.B. Efeito da presenca de ar no
envelhecimento de aguardente de cana com circulagéo forcada. Alimentos e Nutricgao,
Araraquara, v. 16, n. 3, p. 239-243, 2005.

CHATONNET, P. Discrimination and control of toasting intensity and quality of oak wood
barrels. American Journal of Enology and Viticulture, Davis, v. 50, n. 4, p. 479-494, 1999.

CHATONNET, P.; DUBOURDIEU, D. Comparative study of the characteristics of American
white oak (Quercus alba) and European oak (Quercus petraea and Quercus robur) for
production of barrels used in barrel aging of wines. American Journal of Enology and
Viticulture, Davis, v. 49, n. 1, p. 78-85, 1998.

CIE. Comission Internationale de L’éclairage. Technical Report. Viena, Austria: CIE, v.15,
n.2, p. 1-72, 2004.

COELHO, E.; TEIXEIRA, J. A.; TAVARES, T.; DOMINGUES, L.; OLIVEIRA, J. M. Reuse
of oak chips for modification of the volatile fraction of alcoholic beverages. LWT, v. 135,
2021.

COLDEA, T. E.; SOCACIU, C.; MUDURA, E.; SOCACI, S. A.; RANGA, F.; POP,C. R;;
VRIESEKOORP, F.; PASQUALONE, A. Volatile and phenolic profiles of traditional



61

Romanian apple brandy after rapid ageing with different wood chips. Food Chemistry, v.
320, 2020.

CONNER, J.; REID, K.; JACK, F. Maturation and blending. In: RUSSELL, I.; STEWART,
G.; BAMFORTH, C. Whisky. Technology, Production and Marketing. London, U. K:
Elsevier, cap.7, p. 209-240, 2003.

CONNER, J.L.; PATERSON, A.; PIGGOTT, J. The distribution of lignin breakdown
products through new and used cask staves. In: PIGGOTT, J.R.; PATERSON, A. (Ed.)
Distilled beverage flavour: origin and development. Chichester: Ellis Horwood, cap. 15, p.
177-184, 1989.

COSTA, V. S. Perfil sensorial de cachaga utilizando diferentes Metodologias com
consumidores. 2018. 91p. Tese (Doutorado em Ciéncia e Tecnologia de Alimentos).
Universidade Federal do Ceard, Fortaleza, 2018.

DA SILVA, M. A. A. P.; LUNDAHL, D. S.; MCDANIEL, M. R. The capability and
psychophysics of Osme: a new GC-olfactometry technique. In: MAARSE, H.; VAN
DERHEW, D.G. (eds) Trends in flavour research: proceedings of the 7th Weurman Flavour
Research Symposium Amsterdan: Elsevier, p. 191-209, 1993.

DA-SILVA, V. P.; DE SOUZA, J. B.; DE QUEIROZ, A. L. M.; RIBEIRO-FILHO, N;
BEZERRA, T. K. A. Cachaga production: from sugar cane to spirit. Journal of the Institute
of Brewing, v. 129, n. 4, 2023.

DIAS, S.; MAIA, A.; NELSON, D. Efeito de diferentes madeiras sobre a composi¢éo da
aguardente de cana envelhecida. Ciéncia e Tecnologia de Alimentos, Campinas, v. 18, p.
331-336, 1998.

DINNELLA, C. et al. A new approach in TDS data analysis: A case study on sweetened
coffee. Food Quality and Preference, v. 30, n. 1, p. 33-46, 2013.

FERNANDES, D. D. S.; ALMEIDA, V. E.; FONTES, M. M.; ARAUJO, M. C. U.; VERAS,
G.; DINIZ, P. H. G. D. Simultaneous identification of the wood types in aged cachacas and
their adulterations with wood extracts using digital images and SPA-LDA. Food Chemistry,
v. 273, p. 77-84, 2019.

FRANCIS, I.L.; SEFTON, M.A.; WILLIAMS, P J. A study by sensory descriptive analysis of
the effects of oak origin, seasoning, and heating on the aromas of oak model wine extracts.
American Journal of Enology and Viticulture, Davis, v. 43, n. 1, p. 23-30, 1992.

FROST, S. C., BLACKMAN, J. W., EBELER, S. E., & HEYMANN, H. Analysis of
temporal dominance of sensation data using correspondence analysis on Merlot wine with
differing maceration and cap management regimes. Food Quality and Preference, v. 64, p.
245-252, 2018.

GARCIA-ALCARAZ, J. L.; MONTALVO, F. J. F.; CAMARA, E. M.; PARTE, M. M. P.;
JIMENEZ-MACIAS, E.; BLANCO-FERNANDEZ, J. Economic-environmental impact
analysis of alternative systems for red wine ageing in re-used barrels. Journal of Cleaner
Production, v. 244, 2020.



62

GARRUTI, D. S.; FRANCO, M. R. B.; DA SILVA, M. A. A. P.; JANZANTTI, N. S;;
ALVES, G.A. Evaluation of volatile flavour compounds from cashew apple (Anacardium
occidentale L) juice by Osme gas chromatography/olfactometry technique. Journal of
Science and Food Agriculture, v. 83, p. 1455-1462, 2003.

GIBSON, E. L. Emotional influences on food choice: Sensory, physiological and
psychological pathways. Physiology & Behavior, v. 89, p. 53-61, 2006.

GRANATO, D.; OLIVEIRA, C. C.; CARUSO, M. S. F.; NAGATO, L. A. F.; ALABURDA,
J. Feasibility of different chemometric techniques to differentiate Brazilian commercial
cachacas based on chemical markers. Food Research International, v. 60, p. 212 — 217,
2014,

IAL — INSTITUTO ADOLFO LUTZ. Normas Analiticas do Instituto Adolfo Lutz.
Meétodos fisico-quimicos para analises de alimentos. 42 ed. (12 Edicdo digital), 2008. 1020p.

IBRAC — INSTITUTO BRASILEIRO DA CACHACA. Mercado interno. Disponivel em:
<http://ibrac.net>. Acesso em: 02 jul. 2023.

IBRAC — INSTITUTO BRASILEIRO DA CACHACA. Mercado exportador de cachaca
bate recorde em 2022. Disponivel em: <http://ibrac.net>. Acesso em: 18 abr. 2024.

KNOWLES, S.; FALKEISEN, A.; GORMAN, M.; BARKER, S.; MOSS, R.;
MCSWEENEY, M. B. Effect of geographical origin on consumers' emotional response to
alcoholic beverages: A study with wine and cider. Journal of Sensory Studies, v. 37, n. 4,
2022,

LEAO, M. M. Influéncia do termotratamento na composicéo quimica da madeira de
Amburana (Amburana cearensis), balsamo (Myroxylonbalsamum) e carvalho (Quercus
sp) e o impacto no aroma de uma solucdo modelo de cachaca. 2006. 86p. Dissertacao
(Mestrado em Ciéncia e Tecnologia de Alimentos). Escola Superior de Agricultura "Luiz de
Queiroz", Universidade de Sdo Paulo, Piracicaba, 2006.

LEE, H.; LOPETCHARAT, K. Effect of culture on sensory and consumer research: Asian
perspectives. Current Opinion in Food Science, v. 15, p. 22-29, 2017.

LENFANT, F. et al. Perception of oral food breakdown. The concept of sensory trajectory.
Appetite, v. 52, n. 3, p. 659-667, 2009.

LES CAHIERS ITINERAIRES D’ITV FRANCE. France Technologie. 2003. Disponivel
em:<http://saturne.io.reseauconcept.net/saisie/upload/137029/1tin%C3%A9raires_6.pdf>.
Acesso em: 29 jun. 2023.

MARCO, J.; ARTAJONA, J.; LARRECHI, M. S.; RIUS, F. X. Relationship between
geographical origin and chemical-composition of wood for oak barrels. American Journal of
Enology and Viticulture, Davis, v. 45, n. 2, p. 192-200, 1994.

MASSON, G.; GUICHARD, E.; FOURNIER, N.; PUECH, J. L. Stereoisomers of beta
methyl-gamma-octalactone. 2.Contests in the wood of French (Quercus robur and Quercus



63

petraea) and American (Quercus alba) oaks. American Journal of Enology and Viticulture,
Davis, v. 46, n. 4, p. 424-428, 1995.

MASSON, G.; PUECH, J. L.; MOUTOUNET, M. Localization of ellagitannins in the wood
tissues of pedunculate and sessile oaks. In: INTERNATIONAL CONFERENCE ON
POLYPHENOLS, 17, p. 285-286, 1995.

MCDANIEL, M.R.; MIRANDA-LOPEZ, R.; WATSON, B.T.; MICHEALS, N.J,; LIBBEY,
L.M. Pinot Noir aroma: a sensory/gas chromatographic approach. In:
CHARALAMBOUS, G., Ed. Flavors and off-flavors, Amsterdam: Elsevier, 1990.

MCNEILL, K. L., SANDERS, T. H., CIVILLE G. V. Using focus groups to develop a
quantitative consumer questionnaire for peanut butter. Journal of Sensory Studies, [s.l.], v.
15, p. 163-178, 2000.

MEISELMAN, H. L. et al. A data-driven classification of feelings. Food Quality and
Preference, v. 27, n. 2, p. 137-152, 2013.

MEYNERS, M., JAEGER, S. R., ARES, G. On the analysis of Rate-All-That-Apply (RATA)
data. Food Quality and Preference, [s.1.], v. 49, p. 1-10, 2016.

MOHAMMAD, S.; TURNEY, P. Emotions evoked by common words and phrases: Using
mechanical turk to create an emotion Iéxicon. In: Proceedings of the NAACL HLT 2010
workshop on computational approaches to analysis and generation of emotion in text.
p.26-34, 2010.

MOSEDALE, J.R.; PUECH, J.L. Wood maturation of distilled beverages. Trends in Food
Science & Technology, Colney, v. 9, n. 3, p. 95-101, 1998.

MUKHOPADHYAY, S. et al. Fuzzy logic (similarity analysis) approach for sensory
evaluation of chhana podo. LWT - Food Science and Technology, v. 53, n. 1, p. 204-210,
2013.

NYKANEN, L. Formation and occurrence off flavor compounds in wine and distilled
alcoholic beverages. American Journal of Enology and Viticulture, v. 37, p.89-96, 1986.

PARAZZI, C.; ARTHUR, C. M.; LOPES, J. J. C.; BORGES, M. T. M. R. Avaliagdo e
caracterizacdo dos principais compostos quimicos da aguardente de cana-de-agucar
envelhecida em tonéis de carvalho (Quercus sp.). Ciéncia e Tecnologia de Alimentos, v. 28,
p. 193-199, 2008.

PETCHIDURALI, G.; NAGOTH, J. A.; JOHN, M. A.; SAHAYARAJ, K.; MURUGESAN, N.;
PUCCIARELLI, S. Standardization and quantification of total tannins, condensed tannin and
soluble phlorotannins extracted from thirty-two drifted coastal macroalgae using high
performance liquid chromatography. Bioresource Technology Reports, v. 7, p. 100273, 2019.

PRESCOTT, J. Some considerations in the measurement of emotions in sensory and
consumer research. Food Quality and Preference, v. 62, n. December 2016, p. 360-368,
2017.



64

PINEAU, N. et al. Temporal Dominance of Sensations: Construction of the TDS curves and
comparison with time—intensity. Food Quality and Preference, v. 20, n. 6, p. 450-455, 20009.

PINEAU, N.; SCHILCH, P. Temporal dominance of sensations (TDS) as a sensory profiling
technique. In: Rapid Sensory Profiling Techniques and Related Methods: Applications in
New Product Development and Consumer Research. [s.l.] Woodhead Publishing Limited,
p. 269-306. 2015.

PUECH, J.L. Extraction and evolution of lignin products in armagnac matured in oak.
American Journal of Enology and Viticulture, Davis, v. 32, n. 2, p. 111-114, 1981.

PUECH, J.L.; JOURET, C.; GOFFINET, B. Evolution des composés phénoliques du bois de
chéne au cours du vieillissement de I’armagnac. Sciences des Aliments, Cachan, v. 5, n. 3, p.
379-391, 1985.

RAMIREZ-RAMIREZ, G. Etude de la sorption des composés d*aréme du vin par le bois
de chéne en systeme modeéle d'élevage en fts. 2002. 346p. Tese (Doctorat en Oenologie) -
Université de Bourgogne, Dijon, France. 2002.

RE, R.; PELLEGRINI, N.; PROTEGGENTE, A.; PANNALA, A.; MIN YANG, M.; RICE
EVANS, C. Antioxidant activity applying an improved ABTS radical cation decolorization
assay. Free Radical Biology and Medicine, v.26, p.1231-1237, 1999.

RIBEIRO-FILHO, M. N. Capitulo 13: Processamento De Cana-De-Acucar Para Producao
de Cachaga e de Etanol. In: Mielezrski, F. & Lopes, G. N. Cultivo de Cana-de-aglcar na
Paraiba. Jodo Pessoa, PB; Editora UFPB. Cap. 13, p. 168-180, 2020.

RIBEIRO-FILHO, N.; LINFORTH, R.; POWELL, C. D.; FISK, I. D. Influence of essential
inorganic elements on flavour formation during yeast fermentation. Food Chemistry, v. 361,
p. 130025, 2021.

SAINT-EVE, A. et al. How texture influences aroma and taste perception over time in
candies. Chemosensory Perception, v. 4, n. 1-2, p. 32-41, 2011.

SAMPAIO, K. L.; BIASOTO, A. C. T.; MARQUES, E. J. N.; BATISTA, E. A. C.; DA
SILVA, M. A. A. P. Dynamics of the recovery of aroma volatile compounds during the
concentration of cashew apple juice (Anacardium occidentale L.). Food Research
International, v. 51, p. 335-343, 2013.

SERAFIM, F. A. T.; RESEARCH, R. V.; FRANCO, D. W. Chemical typification of cachaca
produced in the state of Sdo Paulo. Journal of Food Science, v.80, p. C2200 - C2207, 2015.

SILVA, A.P.; VOSS, H. P.; VAN ZYL, H.; HOGG, T.; DE GRAAF, C.; PINTADO, M,;
JAGER, G. Effect of adding hop aroma in beer analysed by temporal dominance of sensations
and emotions coupled with temporal liking. Food Quality and Preference, v. 75, p. 54-63,
2019.

SILVA, A. P.; VOSS, H. P.; VAN ZYL, H.; HOGG, T.; DE GRAAF, C.; PINTADO, M;
JAGER, G. Temporal dominance of sensations, emotions, and temporal liking measured in a



65

bar for two similar wines using a multi-sip approach. Journal of Sensory Studies, v. 33, n. 5,
2018.

SIMIONI, S. C. C.; TOVAR, D. M.; RODRIGUES, J. F.; DE SOUZA, V. R.; NUNES, C. A;;
VIETORIS, V.; PINHEIRO, A. C. M. Temporal dominance of sensations and preferences of
Brazilians and Slovakians: A cross-cultural study of cachagas stored with woods from the
Amazon rainforest. Journal of the Science of Food and Agriculture, v. 98, n. 11, p. 4058-
4064, 2018.

SINGLETON, V.L. Maturation of wines and spirits - comparisons, facts, and hypotheses.
American Journal of Enology and Viticulture, Davis, v. 46, n. 1, p. 98-115, 1995.

STONE, H.; SIDEL, J. L. Sensory Evaluation Practices: Third Edition. [s.I: s.n.].

SUDRE, J. et al. Comparison of methods to monitor liking of food during consumption. Food
Quality and Preference, v. 24, n. 1, p. 179-189, 2012.

THOMAS, A. et al. Temporal Drivers of Liking. Food Quality and Preference, v. 40, p.
365-375, 2015.

VAN ZYL, H.; MEISELMAN, H. L. An update on the roles of culture and language in
designing emotion lists: English, Spanish and Portuguese. Food Quality and Preference,
2015.

VALENTIN, D.; CHOLLET, S.; LELIE, M. Invited review Quick and dirty but still pretty
good: a review of new descriptive methods in food science. International Journal of Food
Science & Technology, v. 47, n. 8, p. 1563-1578, 2012.

VENTURINI FILHO, W. G. Bebidas alcodlicas: Ciéncia e Tecnologia. Sdo Paulo: Blicher,
2010.

ZACARONI, L. M.; CARDOSO, M. G.; SACZK, A. A;; MORAES, A. R.; ANJOS, J. P,
MACHADO, A. M. R.; NELSON, D. L. Determination of phenolic compounds and
coumarins in sugarcane spirit aged in different species of wood. Analytical Letters, v.44,
p.2061-2073, 2011.



66

PRINCIPAIS CONTRIBUICOES ACADEMICAS E SOCIAIS

Ao longo do periodo de realizacdo do mestrado, diversas atividades académicas foram
realizadas, impactando significativamente a producao de conhecimento cientifico, a formacéo
de novos pesquisadores e a interacao entre academia, setor produtivo e sociedade. A seguir, sdo
destacadas as principais contribui¢des académicas e sociais desenvolvidas além do artigo

cientifico publicado:

1. PUBLICACOES E APRESENTACOES DE TRABALHOS CIENTIFICOS

1.1. APRESENTACAO DE RESUMO NO 15° SLACAN

O trabalho intitulado "Influéncia de Diferentes Tipos de Madeiras no Perfil VVolatil de
Cachaca" foi apresentado durante o 15° Simpdsio Latino-Americano de Ciéncia de Alimentos
e Nutricdo (SLACAN). Esse estudo teve como objetivo analisar o perfil volatil de cinco
cachacas comerciais armazenadas por um ano em barris de diferentes madeiras (Freijo,
Umburana, Carvalho, Bélsamo e Jequitiba), contribuindo para a compreenséo do impacto da
madeira no aroma da bebida. O resumo foi publicado nos anais do evento e pode ser acessado
pelo link: SLACAN 2023.

1.2. DESENVOLVIMENTO DE PROJETO DE INICIACAO CIENTIFICA

Foram desenvolvios projetos de Iniciacdo Cientifica, gerando novos dados para o campo
da ciéncia de alimentos e contribuindo para a formacdo de novos pesquisadores. Um dos
trabalhos apresentados resultou no resumo "Maturacdo Acelerada de Cachaga com Diferentes
'Chips' de Madeiras e seu Efeito na Formacgéo dos Marcadores de Envelhecimento™, exposto no
IX Congresso de Inovacdo em Tecnologia Agroalimentar (IX CITAG). O trabalho elucidou o
processo de envelhecimento acelerado com diferentes tipos de madeira, que ndo foram

utilizadas na dissertacdo, complementando os achados da presente pesquisa.


https://proceedings.science/slacan-2023/trabalhos/influencia-de-diferentes-tipos-de-madeiras-no-perfil-volatil-de-cachaca?lang=pt-br
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2. INTERCAMBIO ACADEMICO - MESTRADO SANDUICHE - COM
DESENVOLVIMENTO DE MATERIAL EDUCATIVO

Foi realizado um mestrado sanduiche na Universidad de Extremadura (Espanha) por
meio do programa de mobilidade Paraiba Sem Fronteiras (Edital N° 11/2024), financiado pela
Fundacédo de Apoio a Pesquisa do Estado da Paraiba (FAPESQ-PB). Durante esse periodo, 0s
estudos realizados na dissertacdo foram ampliados, incorporando uma abordagem sensorial
inovadora que resultard em novas publicac@es cientificas.

Como produto educacional para a FAPESQ-PB, foi desenvolvida uma cartilha de
repasse rapido com informacgdes direcionadas aos produtores sobre o processo de maturacéo
com chips de madeira, junto a uma série de videos que estdo descritos na se¢do seguinte. Esse
material inclui as principais contribuicdes sensoriais dos produtos, com uma abordagem
intercultural. O acesso aos produtos pode ser visualizado por meio do link: Produto

Educacional
3. DIVULGACAO CIENTIFICA E POPULARIZACAO DA CACHACA
3.1. DESENVOLVIMENTO DE MATERIAL AUDIOVISUAL
Com o objetivo de ampliar o acesso as informac6es cientificas, foi produzida uma série

de quatro videos educativos publicados no YouTube, abordando diferentes aspectos da cachaca:

e 0O que é cachaca? — Definicéo, processo produtivo e contexto de consumao.

e Envelhecimento da cachaca — Aspectos quimicos e sensoriais das alteracdes na bebida.

e Maturacdo com chips de madeira — Efeito sobre os constituintes volateis e ndo

volateis.

e Analise sensorial — Descri¢do sensorial e impacto emocional da cachaca.

3.2. APRESENTACAO DE PESQUISAS EM EVENTOS E INTERACAO COM A
INDUSTRIA

e Evento Brasil Cachacgas: Estudos sobre o perfil aromatico de cachacas paraibanas
armazenadas em diferentes barris foram apresentados, promovendo a interacdo entre

academia, produtores e consumidores.


https://drive.google.com/drive/folders/1uNclz_-4H2nyaF3gEs1SFuF-7xEg_y7y?usp=sharing
https://drive.google.com/drive/folders/1uNclz_-4H2nyaF3gEs1SFuF-7xEg_y7y?usp=sharing
https://youtu.be/GI_Y6_DNvbg
https://youtu.be/ro8T-KD2rzw
https://youtu.be/ztm2SBjRNSQ
https://youtu.be/f7O0yRsnRiI
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e Evento "Conexdo Cachaga — Universidade em Parceria com a Industria": Foram
apresentados resultados sobre identidade e qualidade da cachaca a produtores locais,
com fornecimento de laudos técnicos de analise de 75 amostras (28 brancas e 47
armazenadas em barris de madeira). Também foram apresentadas as seguintes
pesquisas: Perfil Aromatico das Cachacas Paraibanas; Compostos Fenolicos e Atividade

Antioxidante de Cachacas Maturadas
3.3. PARTICIPAQAO EM PODCAST
Foi concedida uma entrevista para um podcast sobre cachaca, abordando sua producéo,

contexto local e os resultados das pesquisas desenvolvidas. O episodio pode ser acessado em:

Podcast sobre Cachaca

4. IMPACTO SOCIAL DO PROJETO

As pesquisas e iniciativas desenvolvidas contribuem diretamente para a valorizagéo e
qualificacdo da cachaca, um produto de grande relevancia econdémica e cultural no Brasil. O
fornecimento de dados cientificos, a capacitacao de produtores e a divulgacdo das informacdes
para o publico geral tém impacto direto na melhoria da qualidade da bebida e no fortalecimento
da sua identidade no mercado.

A interacdo entre universidade e setor produtivo permite a implementacdo de praticas
inovadoras, enquanto a producdo de conteldo educativo democratiza 0 acesso ao
conhecimento, beneficiando tanto pesquisadores quanto consumidores. Dessa forma, o projeto
ndo apenas gera avancos académicos, mas também promove desenvolvimento econémico e

cultural, consolidando a cachaca como um produto de alta qualidade e valor agregado.


https://www.youtube.com/watch?v=QDC1-Wjm0_I
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