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MARZANO BARREDA, Luis Alejandro. Desenvolvimento de embalagem ativa
biodegradavel para banana e brécolis frescos. 2018. 93 f. Dissertacao (Mestrado
em Ciéncia de Alimentos) — Universidade Estadual de Londrina, Londrina, 2018.

RESUMO

Polimeros biodegradaveis tém emergido como substitutos promisores dos plasticos
convencionais, como o poli (adipato co-tereftalato de butileno) (PBAT). Ao longo do
tempo, surgiram novas formas de embalagens para alimentos, como a embalagem
ativa e inteligente. As zedlitas sdo aluminossilicatos cristalinos que, devido a sua
porosidade e capacidade de adsorver moléculas especificas, tém sido utilizadas
como adsorvedores de etileno para aumentar a vida util de frutas e hortalicas. O
objetivo foi desenvolver uma embalagem ativa biodegradavel para banana e brocolis
frescos com diferentes blendas de amido de mandioca, poliéster biodegradavel e
zedlita como adsorvedor de etileno, e um indicador colorimétrico para o
acompanhamento do amadurecimento/senescéncia da fruta e hortalica visando
aumentar a vida util e indicar o estadio de maturacdo/senescéncia. Foram usados
azul de bromotimol e vermelho de metila para a produgéo do indicador colorimétrico.
A embalagem ativa biodegradavel foi caracterizada quanto as caracteristicas fisicas,
propriedades mecanicas e de permeabilidade ao vapor de agua. Foi feita a medigcéo
de cor do indicador colorimétrico durante o tempo de armazenagem das bananas e
brécolis. A fita indicadora foi analisada por sua cor durante o tempo de
armazenagem das bananas e brocolis. As bananas e brocolis foram analisados
guanto a sua perda de massa, teor de sdlidos sollveis totais, acidez titulavel, pH,
teor de vitamina C, firmeza e cor. As bananas foram armazenadas durante 7 dias a
25 °C. Neste caso, o indicador de amadurecimento foi capaz de detectar o CO, das
bananas, mas a embalagem com zeodlitas néo foi capaz de aumentar a vida atil da
fruta. Os brécolis foram armazenados a 12 °C. A embalagem ativa biodegradavel
com zedlitas foi eficiente para reduzir o metabolismo dos brocolis preservando a cor
e o teor de vitamina C durante 7 dias.

Palavras-chave: Poli (adipato co-tereftalato de butileno). Zedlita. Amido
termoplastico. Extrusdo sopro em baldo. Indicador de
amadurecimento.



MARZANO BARREDA, Luis Alejandro. Development of biodegradable active
packaging for fresh banana and broccoli. 2018. 96 p. Dissertation (Master’s
Degree in Food Science) — Universidade Estadual de Londrina, Londrina, 2018.

ABSTRACT

Biodegradable polymers have emerged as a promising substitute for conventional
plastics such as poly (butylene adipate-co-terephthalate) (PBAT). Over time, new
forms of food packaging have emerged, such as active and intelligent packaging.
Zeolites are crystalline aluminosilicates and they have been used as ethylene
scavengers to increase fruit and vegetable shelf life due to their porosity and ability to
adsorb specific molecules. The aim of this study was to develop a biodegradable
active packaging for fresh banana and broccoli with different blends of cassava
starch, biodegradable polyester and zeolite as ethylene scavenger, and a
colorimetric indicator to monitor fruit and vegetable maturation/senescence aiming to
increase the shelf life and indicate the stage of maturation/senescence. Bromothymol
blue and methyl red were used for the production of the colorimetric indicator. The
biodegradable active packaging was characterized in terms of physical
characteristics, mechanical properties and water vapor permeability. Color
measurement of the colorimetric indicator was performed during the storage time of
the bananas and broccolis. Bananas and broccolis were analyzed for their weight
loss, total soluble solids, titratable acidity, pH, vitamin C content, firmness and color.
The bananas were stored for 7 days at 25 °C. In this case, the ripeness indicator was
able to detect CO, produced by the bananas, but the packaging zeolites were not
able to increase the shelf life of the product. The broccolis were stored at 12 °C.
Active biodegradable packaging with zeolite was efficient to reduce the metabolism
of fresh broccoli florets stored at 12 °C, preserving the color, and vitamin C content
for seven days.

Keywords: Poly (butylene adipate-co-terephthalate). Zeolite. Thermoplastic starch.
Blown extrusion. Ripeness indicator.
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1. INTRODUCAO

Plasticos a base de petroleo sdo usados como embalagens para alimentos,
e eles tem algumas desvantagens como diminui¢cdo dos recursos de petréleo e gas,
impacto ambiental por sua ndo biodegradabilidade e aquecimento global. Sabe-se que
embalagens plasticas normalmente demoram muitos anos para degradar-se
dependendo do polimero e das condicbes do ambiente. Estas preocupacdes
ecolégicas e de seguranca tém motivado pesquisadores e inddstrias a substituir
polimeros a base de petrdleo por polimeros biodegradaveis.

Polimeros derivados de fontes renovaveis foram emergindo como
substitutos promissores dos plasticos convencionais. Ha materiais compostos de
poliésteres biodegradaveis de fontes renovaveis ou fosseis, como o poli (adipato co-
tereftalato de butileno) (PBAT), cujo polimero ou a mistura com amido vem sendo
utilizados como uma alternativa para substituir os plasticos convencionais flexiveis
gue sao usados na agricultura como sacolas de muda de plantas (BILCK; OLIVATO;
YAMASHITA, 2014), filmes para cobertura do solo (mulching films) e plasticos para
estufas. A biodegradabilidade destes materiais € decorrente da degradacéo (térmica,
oxidativa, biol6gica ou mecanica) apos exposicdo no ambiente (MONHANTY et al.,
2005).

As embalagens ativas para alimentos se caracterizam por alterarem as
condi¢cdes do ambiente ao redor do alimento para prolongar a sua vida util, mantendo
as propriedades sensoriais, nutricionais e de seguranca do produto. A utilizacdo de
embalagens ativas para frutas e hortalicas in natura € interessante, pois estes
produtos continuam respirando apds a sua colheita e a modificacdo da atmosfera
devido a embalagem pode diminuir a atividade metabdlica, aumentando a vida util das
mesmas e reduzindo as perdas pds-colheita.

As zeodlitas sdo aluminossilicatos cristalinos que, devido a sua porosidade
e capacidade de adsorver ou recusar seletivamente moléculas especificas, tém sido
utilizadas em embalagens ativas como absorvedor de etileno para aumentar a vida
atil de frutas e hortalicas in natura (MELO et al., 2002; SARANTOPOULOS; MORAES,
2009), e como absorvedor de oxigénio (FRYDICH et al., 2007).

As embalagens denominadas ‘“inteligentes” detectam e/ou registram
alteracdes no alimento ou no ambiente do produto (RESTUCCIA et al. 2010). Os

biossensores séo indicadores ou dispositivos capazes de detectar e registrar reacdes
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bioldgicas ocorrendo na embalagem com grande preciséo (YAM; TAKHISTOV; MILTZ,
2005), e tem aplicacdo em carnes, frutas e hortalicas (REALINI; MARCOS, 2014).

Nas frutas e hortalicas, a presenca e auséncia do pico climatérico da
respiracao durante o amadurecimento € um parametro importante para classifica-las.
As frutas e hortalicas climatéricas caracterizam-se por ter uma baixa producao de
etileno na fase pré-climatérica seguida de uma fase climatérica onde a producao de
etileno aumenta subitamente durante o amadurecimento (SALTVIET, 1999). Um
exemplo de frutas climatéricas séo as bananas (Musa spp.), nas quais o etileno tem
um papel importante durante o amadurecimento estimulando desenvolvimento de cor,
textura, aroma e sabor (PALOMER et al., 2005; LAROTONDA et al., 2008). Na maioria
das frutas climatéricas, o inicio do pico climatérico esta associado com alteracdo de
cofr.

Os brécolis (Brassica oleracea L., grupo das ltalicas) sao hortalicas ricas
em vitaminas, antioxidantes, compostos anticancerigenos e altamente sensiveis ao
etileno (BRECHT et al., 2008). Geralmente as flores verdes dos brécolis sdo preferidas
pelos consumidores, porém a mudanca de cor ou deterioracdo de qualidade desta
hortalica é rapida, as vezes menos de 7 dias dependo das condi¢cdes de armazenagem
(NATH et al., 2011).

O objetivo deste estudo foi desenvolver embalagens biodegradaveis, ativas
e inteligentes para bananas e brdcolis frescos, visando aumentar a vida util e reduzir
as perdas pos-colheita das mesmas e indicando o estagio de maturacao da fruta ou
hortalica.

A dissertacdo esta dividida da seguinte maneira:

Capitulo 1 — Revisdo Bibliogréafica

Apresenta uma revisdo bibliografica sobre materiais biodegradaveis;
mistura de amido com PBAT; processamento de extrusao; embalagens inteligentes e

ativas; banana e broécolis.

Capitulo 2 — Testes preliminares para producdo de embalagens e fitas

indicadoras inteligentes.

Apresenta os testes preliminares realizados com o objetivo de produzir os

indicadores inteligentes.
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Capitulo 3 — Development of active, intelligent and biodegradable packaging for

fresh banana

Este capitulo foi escrito na forma de artigo cientifico e aborda a utilizacéo

da embalagem ativa biodegradavel para bananas in natura.

Capitulo 4 — Development of active, intelligent and biodegradable packaging for

fresh broccolis

Este capitulo foi escrito na forma de artigo cientifico e aborda a utilizacéo

da embalagem ativa biodegradavel para brécolis in natura.

Capitulo 5 — Conclusdes gerais

Este capitulo apresenta as consideracdes gerais sobre o experimento,

tanto no desenvolvimento de filmes como na aplicacdo em bananas e brocolis.
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CAPITULO 1
REVISAO BIBLIOGRAFICA
1 AMIDO TERMOPLASTICO

O amido é um tipo de carboidrato de reserva dos vegetais e esti na forma
de granulos. Os granulos de amido sédo formados por dois polimeros, amilose e
amilopectina e eles apresentam funcionalidades distintas.

A estrutura da amilose é formada por unidades de D-glicose, ligadas entre
si por ligagbes a1-4, e possui massa molecular de aproximadamente 105 a 106 g/mol,
€ predominantemente linear, mas pode apresentar um pequeno numero de
ramificagdes. A sequéncia de ligacdes tipo o faz com este polimero assuma formato
de uma hélice oca, onde o interior apresenta forte carater hidrofobico e a parte externa
expde numerosos grupos hidroxilas (HILL; LEDWARD; MITCHELL, 1998).

A amilopectina € um polimero onde as unidades de D-glicose também sao
ligadas por ligagbes al-4, mas apresenta ramificagbes laterais ligadas a cadeia
principal por ligagdes al-6, e possui massa molecular em torno de 106 a 109 Da. A
parte linear desta molécula também forma uma estrutura helicoidal, estabilizadas por
ligagéo de hidrogénio entre grupamentos hidroxila, e as ramificagdes ficam expostas
na parte externa, formando uma estrutura arborescente (HILL, LEDWARD;
MITCHELL, 1998).

Durante a formacéo do amido, amilose e amilopectina sdo depositadas em
camadas no interior do granulo. Quando as porcdes lineares dessas moléculas
coincidem de estarem paralelas, elas se associam por ligacbes de hidrogénio,
resultando em regides cristalinas ou micelares, radialmente orientadas dentro do
granulo. As areas entre as micelas, onde pouca ou henhuma associagao € possivel,
sdo conhecidas como regibes amorfas do granulo e sdo mais acessiveis a agua. A
disposicdo destas regifes cristalinas e amorfas € que fornecem os padrbes de
cristalinidade do amido (Figura 1) (MACHADO; ARAUJO; PEREIRA 2010).
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Figura 1 — Estrutura do granulo de amido.
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Fonte: JENKINS; DONALD (1995).

Para obter o amido termoplastico sdo necessarias temperaturas altas e um
plastificante. O amido termoplastico pode ser obtido por véarias técnicas e as mais
utilizadas sao: casting, extrusdo, moldagem por injecao e calandragem. O papel dos
plastificantes é de desestruturar o amido granular a partir do rompimento das ligacdes
de hidrogénio, com o objetivo de reduzir as temperaturas de fuséo e de transic¢ao vitrea
(Tg) (PARRA et al.,, 2004; ALVES et al., 2007; OLIVATO, 2010). Dentre os
plastificantes mais utilizados estdo os polidis como o sorbitol e glicerol.

O glicerol é uma molécula hidrofilica pequena, com trés grupos hidroxila,
que interagem facilmente com as cadeias do amido (MALI et al. 2004). O uso de
glicerol nos filmes pode levar a um aumento da afinidade pela &gua,
consequentemente pode prejudicar as propriedades de barreira (MALI et al., 2004;
MULLER; YAMASHITA; LAURINDO, 2008). Também ¢ possivel obter fiimes
biodegradaveis a partir de blendas de amido termopléstico e poliésteres
biodegradaveis (MALI; GROSSMANN; YAMASHITA, 2010)

2 POLI (ADIPATO CO-TEREFTALATO DE BUTILENO) (PBAT)

O poli (adipato co-tereftalato de butileno) (PBAT) € um co-poliéster alifatico-
aromatico de natureza hidrofobica e biodegradavel, comercializado pela empresa

BASF da Alemanha com o nome comercial Ecoflex®.
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O PBAT é um polimero versatil, compostavel, imprimivel, soldavel,
adequado para contato com alimentos, que pode ser processado por extrusao-sopro
em baldo. E flexivel e apresenta uma temperatura na faixa de 110-115 °C (BASF,
2014). Como o PBAT € um material biodegradavel, pode ser decomposto em diéxido
de carbono, agua, metano, compostos inorganicos ou biomassa, sendo a acao
enzimatica de microrganismo o mecanismo predominante de decomposi¢ao (BRITO
et al., 2011).

Para producéo de copolimeros alifatico-aroméaticos € utilizada a técnica de
poli condensacédo padrdo, onde trés didis sao utilizados como precursores, além de
dois acidos dicarboxilicos alifaticos e o acido tereftalico, utilizados como componente
aromatico (WITT et al., 2001).

O PBAT pode ser combinado com amido e outros polimeros
biodegradaveis na formacéo de blendas poliméricas melhorando a processabilidade
e as propriedades mecanicas e de barreira dos filmes (BILCK, 2010; BRANDELERO;
YAMASHITA; GROSSMANN, 2010; OLIVATO, 2010).

A estrutura molecular do PBAT pode ser visualizada na Figura 2.

Figura 2 — Estrutura quimica do PBAT, “m” representa a cadeia alifatica e “M”

representa a cadeia aromatica.
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Fonte: WITT et al., 2001.

3 MATERIAIS BIODEGRADAVEIS

No Brasil, da producéo total de plasticos rigidos e flexiveis estima-se que
entre 20% e 22% é reciclado, numero comparavel com a Unido Europeia, mas que
ainda fica longe de paises como a Alemanha, onde é utilizada a chamada reciclagem
energética. O maior desafio para a reciclagem desses polimeros € a diversidade das
resinas, o que pode criar um problema na hora do aproveitamento. (ABIEF, 2016).

Devido ao acumulo de lixo plastico e aos danos que este tipo de lixo pode

causar ao ambiente, a maioria de paises desenvolvidos reconhece a necessidade de
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reduzir a quantidade destes polimeros e através de pesquisas busca-se alternativas
ecologicamente viaveis (FARIA; VERCELHEZE; MALI et al., 2012). Assim, foram
surgindo polimeros derivados de fontes renovaveis como substitutos dos plasticos
convencionais.

Em meados da década de 1970, diversas pesquisas estudaram a mistura
de amido em matrizes poliméricas sintéticas, p.ex. polietileno, na proporcéo de 5 a
20%, produzindo plasticos fragmentaveis, mas nao biodegradaveis, e que poderiam
gerar grave problema ambiental (GRIFFIN, 1977; GUILBERT; GONTARD; CUB,
1995). Outra alternativa na época foi substituir parcialmente os polimeros plasticos
derivados do petréleo nas embalagens por polimeros de fontes renovaveis.

A partir da década de 1990, aumentou o interesse no desenvolvimento de
materiais termoplasticos compostos por amido e plastificantes, como glicerol ou
sorbitol (MALI; GROSMANN, 2003; MALI et al., 2002, 2004, 2005, 2006; ALVES et al.,
2007; SHIMAZU; MALI; GROSSMANN, 2007). Mais recentemente muitas pesquisas
estdo voltadas para o estudo das misturas do amido a outros polimeros sintéticos
biodegradaveis na producédo de filmes, como o poli (adipato co-tereftalato de butileno)
(PBAT) (BILCK; GROSSMANN; YAMASHITA, 2010; BRANDELERO; YAMASHITA;
GROSSMANN, 2010; GARCIA et al., 2011); o alcool polivinilico (PVOH) (MALI et. al.,
2010; FARIA; VERCELHEZE; MALI, 2012), ou ainda, a obtencdo de compdsitos de
amido e fibras naturais (VERCELHEZE et al., 2012; 2013; MATUDA et al., 2013;
MARENGO et al.,, 2013), também na aplicacdo de filmes biodegradaveis na
agricultura, producdo de morangos e goiabas (BILCK, 2010), ou ainda, na otimizacéo
das propriedades fisicas e mecanicas de filmes (amido com PBAT) como sacolas
biodegradaveis (OLIVATO et al. 2013). Todos os trabalhos citados apontam o glicerol
como o melhor plastificante para producdo do chamado amido termopléastico, e as
proporc¢des utilizadas variam de 20 a 30 kg de glicerol/100 kg amido.

3.1 BLENDAS DE AMIDO TERMOPLASTICO COM PBAT

O desenvolvimento de filmes biodegradaveis a partir de blendas de amido
e polimeros sintéticos biodegradaveis, € de grande interesse, principalmente na
reducao de custos e o melhoramento das propriedades do amido termoplastico (TPS)
(ROSA et al., 2004; BILCK, 2010), e existem diversos estudos de blendas de amido

com diferentes polimeros como poli (acido latico) (PLA); poli (adipato co-tereftalato de
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butileno) (PBAT); poli (succinato co-adipato de butileno) (PBSA); polihidroxialcanoatos
(PHA), como por exemplo, o polihidroxibutirato-cohidroxivalerato (PHB-HV);
polihidroxibutirato (PHB); policaprolactona (PCL) e alcool polivinilico(PVA) (ROSA et
al., 2001; SAKANAKA, 2007; COSTA, 2008).

E possivel obter filmes com boa processabilidade a partir de blendas de
amido e PBAT com a mesma tecnologia utilizada na producéo de filmes de polietileno
de baixa densidade (extrusdo-sopro em baldo) (SCAPIM, 2009; BILCK, 2010;
OLIVATO, 2010). Os filmes de amido termoplastico e PBAT melhoram a estabilidade,
propriedades mecanicas e principalmente diminuem a permeabilidade ao vapor de
agua comparado com filmes produzidos apenas com amido termoplastico
(BRANDELERO; YAMASHITA; GROSSMANN, 2010).

4. EMBALAGENS ATIVAS PARA FRUTAS E HORTALICAS

Devido a alta perecibilidade de alguns alimentos, como frutas e hortalicas
in natura ou minimamente processadas, no decorrer dos anos foram surgindo as
chamadas embalagens ativas. As embalagens ativas se caracterizam por alterarem
as condicdes do ambiente ao redor do alimento para prolongar a sua vida util,
mantendo as propriedades sensoriais, nutricionais e de seguranca do produto. As
primeiras embalagens ativas para frutas e hortalicas comercializadas foram sachés
para remocao de oxigénio e vapor de agua (SCULLY; HORSHAM, 2007).

O etileno é um géas que induz a maturacdo em frutas e hortalicas e pode
acelerar o processo de senescéncia diminuindo a vida util destes produtos.
(OZDEMIR; FLOROS, 2004; SCULLY; HORSHAM, 2007).

Ha uma variedade de métodos utilizados pela industria horticola para
diminuir o impacto do etileno durante o armazenamento, incluindo uso de baixas
temperaturas e atmosferas controladas. O etileno pode ser removido através de uma
reacdo de oxidacdo com permanganato de potassio formando agua e dioxido de
carbono ou adsorvido em carvao ativado contendo paladio como metal catalisador
(SCULLY; HORSHMAN, 2007) sendo que tanto o permanganato quanto carvao
podem estar na forma de sachés dentro da embalagem.

Nos ultimos anos, varias embalagens plasticas ativas para remoc¢ao de
etileno vém sendo comercializadas, consistindo em polietileno impregnado com

minerais finos dispersos, tais como argilas, zeolitas e carvado ativado (MELO et al.,
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2002; SARANTOPOULOS; MORAES, 2009; GURUDATT et al., 2010; COLOMA et
al., 2014).

Também existem embalagens ativas que utilizam antimicrobianos, e
enzimas imobilizadas em contato direto com o alimento embalado, que foram
investigadas como uso potencial em frutas (MORAES et al., 2007; OZDEMIR,;
FLOROS, 2004). Os agentes antimicrobianos podem ser incorporados nas
embalagens ativas de trés formas: diretamente na matriz polimérica, na superficie dos
alimentos ou estar contidos em etiqguetas (APPENDINI; HOTCHKISS, 2002; COMA,
2008).

4.1 ZEOLITAS

A denominacéo zedlitas, minerais aluminossilicatos microporosos, vem de
um termo de origem grega (zein = ferver + lithos = pedra), introduzido em 1756 pelo
mineralogista Alex Fredick Cronsted, para designar os materiais que tinham resposta
peculiar quando aquecidos. As zedlitas apresentam uma estrutura tridimensional
formada por tetraedros de (SIO4)* e (AlO4)> formando um arcabouco diversificado.
Quando ocorre a substituicdo de Si** por AI** na estrutura da zedlita, gera deficiéncias
de cargas positivas, balanceada pela incorporacdo de céations monovalentes ou
divalentes (QUEROL et al., 2002).

Os tetraedros de (SI04)* e (AlO4)*> estdo ligadas através de um atomo de
oxigénio para formar as diferentes zedlitas como: faujasita, zedlita A, sodalita, que séo
as formas mais comuns e encontradas naturalmente (GHASEMI et al., 2016). Uma
ilustracdo esquemaética da estrutura da zedlita € apresentada na Figura 3.
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Figura 3 — Construcdo de uma zedlita a partir de tetraedros de (SIO4)* e (AlO4)*>
formando: zeolita A (LTA), faujasita (FAU) e sodalita (SOD).
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Fonte: Adaptado de GHASEMI et al., 2016.

As zedlitas tém poros que por sua vez geram canais, sendo que o tamanho
dos poros e a forma dos canais séo caracteristicas estruturais de cada tipo de zedlita,
qgue as diferencia de outros aluminossilicatos. As zedlitas tém muitas aplicacfes
industriais e comerciais devido as suas propriedades particulares, como permuta
ibnica, absorcao/dessorcdo e catalise. Os poros e canais intercristalinos das zedlitas
tém a capacidade de discriminar moléculas de diferentes tamanhos, € por isso que
sdo conhecidas como peneiras moleculares (GHASEMI et al., 2016).

Muitas pesquisas estudaram a utilizacdo das zedlitas, particularmente
zeodlitas naturais como a clinoptilolita, como permutador de ions e adsorvente para
descontaminar aguas residuais na industria da aquicultura (GHASEMI et al., 2016).

No decorrer do tempo, foram criadas as zeolitas sintéticas, sendo a
vantagem delas sobre as naturais, é que apresentam uniformidade no tamanho e
forma dos canais, e tem uma composi¢cao quimica pré-definida para os fins a que se

destinam. Considerando seu elevado custo, as zeolitas sintéticas sao utilizadas em
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casos onde sao exigidas estruturas mais uniformes, como nos processos de catéalise
de carbonetos na industria de detergentes (PASSAGLIA; GALLI, 1991).

Na &rea de alimentos, muitas pesquisas estdo voltadas a utilizacdo das
zeolitas como antimicrobianos ou adsorvedores de etileno. No caso de zedlitas como
antimicrobianos, geralmente, ions de prata sdo integrados em matrizes inertes como
as zeolitas (LLORENS et al., 2012). A clinoptilolita (zedlita natural) tem uso potencial
como adsorvedor de etileno, e a sua capacidade de adsorver o etileno aumentam
quando apresentam quantidade de ijons de K* do que Na* e Ca*? (ERDOGAN;
SAKIZCI; YORUKOGULLARI, 2008).

As zeolitas também podem ser adicionadas em matrizes poliméricas e ser
usadas como adsorvedores de etileno e tém patentes usando materiais plasticos
flexiveis como PEBD (GURUDATT et al., 2010). Coloma et al. 2014 compararam 0
efeito de absorcédo de etileno de duas zeolitas (montmorilonita Na* e NZ-Ch) numa
embalagem feita de polietileno de baixa densidade e polietileno de baixa densidade
linear, neste estudo se demostrou que a zeolita NZ-Ch apresentou maior capacidade
de adsorver etileno. As desvantagens desta tecnologia € que a maioria dos filmes
testados € opaca e alguns deles ndo adsorvem o suficiente etileno. Porém, foram
criados exemplos comercialmente disponiveis contendo este tipo de minerais e
usados em frutas e hortalicas, por exemplo, Evert-Fresh (Evert-Fresh Co. EUA) e
Peakfresh™ (Peakfresh Products, Australia) (L6pez-Rubio, 2004), que ainda estdo

presentes no mercado.
5. EMBALAGENS INTELIGENTES PARA FRUTA E HORTALICAS

A embalagem inteligente caracteriza-se por gravar, detectar, registrar,
rastrear, comunicar e/ou indicar as condi¢des do produto com a finalidade de fornecer
informacgao para o consumidor, ou facilitar tomadas de decisdes para estender a vida
atil, melhorar a qualidade ou alertar possiveis problemas (YAM; TAKHISTOV; MILTZ,
2005).

Uma subclasse das embalagens inteligentes é a indicadora de deterioracéo
também conhecida como biossensores; esse tipo de embalagem por meio de produtos
ou subprodutos produzidos do alimento ou de microrganismos monitora o estado do
alimento. Geralmente estes indicadores fornecem informacgfes através de mudancgas

colorimétricas. Um indicador ideal para a embalagem ndo deve ter sensores de alto
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custo (MILLS, 2005); e podem ser incorporados no interior ou exterior da embalagem
(BRODY et al., 2008).

Indicadores de pH com base na cor utilizam metabolitos secundarios de
microrganismos ou compostos volateis de frutas e hortalicas, pois os aromas induzem
uma mudanga de pH (KERRY; O’'GRADY; HOGAN, 2006).

Os indicadores de pH com base na cor podem ser usados para compostos
volateis acidos/basicos (SMOLANDER, 2003). Tém sido propostos indicadores de pH
com base na cor usando solu¢des de quitosana e antocianinas (MACIEL; YOSHIDA,;
FRANCO, 2012) e filmes feitos de quitosana contendo antocianinas (YOSHIDA;
MACIEL; MENDONCA; FRANCO, 2014) para deteccéo de frescor de diversos tipos
de alimentos (frutas, hortalicas, produtos carneos e lacteos, etc.).

Na deterioracdo de um alimento por microrganismos, em muitos casos, €
produzido CO2. Por esse motivo foram propostos diferentes tipos de indicadores
colorimétricos que interagem com o CO2 resultando em mudangas colorimétricas
visuais, visando assim, o monitoramento da deterioracdo de produtos tais como
vegetais fermentados (“kimchi”) (HONG; PARK, 2000), em sobremesa tailandesa
(“gota dourada”) (NOPWINYUWONG; TREVANICH; SUPPAKUL, 2010). O tipo de
indicador exposto anteriormente poderia ser utilizado para detectar CO: liberados por
frutas e hortalicas in natura durante o processo de respiracao.

Frutas e hortalicas in natura ou minimamente processadas sdo matrizes
complexas devido a respiracéo, producédo de etileno e compostos volateis. Frutas em
geral apresentam uma mistura de compostos volateis que poderiam ser indicadores
de amadurecimento. Para esta finalidade foram desenvolvidos indicadores para
deteccdo de compostos volateis da maca durante o armazenamento a base de uma
solucdo aquosa de molibdato de aménio, sulfato de paladio e peroxido de hidrogénio,
impregnada em um filtro de fibra como material de substrato (LANG; HUBERT, 2012),
ou indicadores a base de azul de bromotimol e vermelho de metila em solugéo
alcool/agua misturados em matrizes de amido termoplastico feito por casting para
detectar compostos de enxofre utilizado na fruta tailandesa durido (Durio zibethinus)
(NIPONSAK et al.,2016).
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6. EXTRUSAO TERMOPLASTICA

A extrusdo termoplastica € uma operacdo termomecanica de ampla
aplicacdo na producédo de materiais plasticos (ALAVI; CHEN; RIZVI, 2002; WANG;
PADUA, 2003).

O equipamento utilizado normalmente é dividido nas seguintes partes:
canhdo ou barril (zona de alimentagédo, zona de compresséo, zona de controle de

vazéao), cabecote, parafuso ou rosca e motor (Figura 3).

Figura 4 — Esquema representativo de uma extrusora monorrosca (sopro em baléo).
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Fonte: SANTOS (2010).

De acordo com Manrich (2005), a rosca é a peca mais importante de uma
extrusora, devido as diferentes condi¢cdes de pressao e cisalhamento que exerce a
rosca, e tais condi¢cdes permitem a plastificacdo de materiais.

A rosca tem diferentes dimensdes para cada um dos seus parametros:
diametro (Ds), comprimento (L), profundidade do canal (h), angulo da rosca, passo
(Ls), espessura do filete (e) e largura do canal podem ser alterados de acordo com o
material a ser processado. Alteracdes nestes parametros podem causar variagdes no
tempo de residéncia do material no canal, na taxa de cisalhamento e no atrito,
consequentemente, na estrutura do produto final (DING et al., 2005).

Os filmes podem ser produzidos de duas formas, utilizando-se processo de
extrusdo sopro em baldo ou de matriz plana, e a espessura do filme ndo deve ser
maior do que 0,25 mm (SARANTOPOULOS, 2002).

Na extrusdo-sopro o filme é processado em forma tubular, o polimero é

fundido contra a matriz anelar, e o jato de ar na vertical promove o estiramento das
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paredes do baldo, promovendo orientacdo transversal ao processamento. A
orientacdo longitudinal do filme €& promovida pelos rolos puxadores da extrusora,
obtendo-se um filme biaxial de comportamento anisotropico. Dessa forma, as
propriedades de tensdo no sentido do processamento (longitudinal) do baldo podem
diferir das do sentido de expanséo (transversal) do baldo (SAKANAKA, 2007).

As diferencas das condi¢cGes de fabricacdo dos filmes podem ocasionar
variacdes na sua morfologia, além dessas condi¢des existem outros fatores tais como:
taxa de resfriamento; esfor¢co de cisalhamento que podem afetar a cristalinidade dos
polimeros e, consequentemente, as propriedades mecanicas; oOticas; de barreira e
solubilidade dos filmes (MANRICH, 2005).

A fragmentacao do amido durante a extrusdo depende das condi¢des de
operacdo da extrusora como: velocidade do parafuso; temperatura nas diferentes
zonas do equipamento; umidade assim como o tipo de amido usado (VILLART et al.,
1995). Em baixas umidades podem coexistir dentro da extrusora pequenas
guantidades de amido gelatinizado, granulos fundidos e fragmentos das ramificagbes
de amilopectina, ocasionando decréscimo na massa molecular.

Existem varios estudos de extrusdo com mistura de amido e PBAT, os quais
apresentaram boa processabilidade e melhoramento nas propriedades mecanicas
(ROSA et al., 2004; SCAPIM, 2009; BILCK, 2010).

7. FRUTAS E HORTALICAS

Frutas e hortalicas frescas séo as principais fontes de vitaminas e minerais
essenciais para os seres humanos. No entanto, sdo altamente pereciveis e exigem
atividades coordenadas por produtores, operadores de armazenamento,
processadores e vendedores para manter a qualidade e diminuir a perda de alimentos
e residuos (MAHAJAN et al., 2014). Estima-se que um ter¢o dos alimentos produzidos
no mundo, aproximadamente 1,3 bilhGes de toneladas sé&o perdidos ou desperdi¢cados.
Essas perdas somam cerca de US$680 bilhdes em paises industrializados e US$310
bilhdes em paises em desenvolvimento (FAO, 2017).

Frutas e hortalicas apresentam matrizes complexas, e diferentes estadios
durante sua vida util. Destes estadios, o amadurecimento é muito estudado, pois este
desencadeia uma serie de reagBes bioquimicas que tornam frutas e hortalicas
atrativas e comestiveis ou pode leva-las a senescéncia (PAUL; PANDEY, 2014). As
frutas e hortalicas, em geral, mostram dois padrdes de respiracao (producdo de CO2)
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distintivos durante o amadurecimento e, nesta base, as frutas séo divididas em grupos
climatéricos e n&o climatéricos (LELIEVRE et al., 1997; YAMANE et al., 2007;
BRECHT et al., 2008).

Frutas climatéricas (maca, banana, pera, Kiwi, etc.) apresentam um
aumento exponencial na taxa de respiracdo (pico climatérico) durante o
amadurecimento (PAUL; PANDEY, 2014). Esse aumento da respiracao € simultaneo
ou é seguido de um aumento da taxa de producéo de etileno (LELIEVRE et al., 1997).
Neste tipo de fruta, o processo de amadurecimento pode ser desencadeado e
acelerado pelo tratamento em camaras de maturacao (etileno exdgeno) (SALTVIET,
1999).

Em frutas e hortalicas, tanto a aplicacdo de etileno exdgeno como o
produzido pelas préprias plantas (etileno endégeno) foram amplamente estudadas
devido ao efeito sobre a fisiologia de frutas e hortalicas frescas. O etileno produzido
por frutas e hortalicas em forma de gas, € produzido a partir da metionina e tem como
produto intermediario o acido 1-aminociclopropano-1-carboxilico, para producdo de
etileno é importante a presenca das enzimas ACC sintase e ACC oxidase e requer
niveis adequados de Oz (>10%), e baixos niveis de CO2(<1%) (SALTVIET, 1999).

Os efeitos do etileno nas frutas e hortalicas podem ser variados como:
amarelecimento em vegetais verdes (perda de clorofila), amolecimento de tecidos
(promove a maturagdo), escurecimento e gosto amargo dos tecidos (estimula
metabolismo dos fenil-propandides), e diminuicdo de vitamina C e vitamina A (PAUL;
PANDEY, 2014). Por isso, existem pesquisas visando a reducdo de producédo de
etileno através de embalagens ativas contendo 1-metilciclopropeno, permanganato de

potassio, carvao ativado, zedlitas, dentre outros produtos.
7.1 BANANA

A banana (Musa spp) € uma fruta tropical comercialmente significativa
sendo que praticamente toda a banana produzida no Brasil € em sistema convencional,
sendo a produtividade média de 19 toneladas/ha/ano (RIBERO et al., 2012). A banana
é uma fonte de carboidratos com valor de 67 calorias aproximadamente por 100
gramas de fruta (EMAGA et al., 2008). A banana é uma das frutas mais susceptiveis
as pragas, e o melhoramento genético é uns dos métodos mais usados para minimizar
0 uso de agrotoxicos com o desenvolvimento de materiais resistentes, nao

ocasionando prejuizo aos trabalhadores e consumidores (SILVA et al., 2004).
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A banana é um fruto climatérico que, no fim do periodo da maturacao
apresenta um marcante aumento na taxa respiratoria, provocado pelo aumento da
producéo de etileno. A maioria dos cachos de banana é colhida enquanto os frutos
estdo verdes, e posteriormente é feito o amadurecimento artificial em cémaras
contendo etileno até os frutos atingirem o grau de maturacdo comercial (RAM et al.,
1979). Durante o amadurecimento da banana, ocorre a quebra do amido em acucares
simples, que esta associado a maciez e ao sabor doce da fruta (PALIYATH; MURR,
2006). A banana € considerada um fruto altamente perecivel devido a sua alta taxa
de respiracdo. O etileno € um composto volatili que participa diretamente nas
mudancas bioquimicas e fisiolégicas das frutas e hortalicas e esta relacionada ao
amadurecimento. As alteracbes podem ser desde mudancas de cor, textura, sabor,
composicado de acucares e na producao de compostos volateis (PEREIRA et al., 2008).

Embora o processo de amadurecimento da banana seja bem conhecido,
existem estudos centrando-se no monitoramento da maturagcédo da banana, com intuito
de desenvolver novos equipamentos ou métodos capazes de prolongar a vida util,
como, por exemplo atmosfera modificada e embalagens ativas para controle de etileno
em banana. Souza Prill et al. (2012) mostraram que a combinacdo da embalagem de
polietileno de baixa densidade (PEBD) com o saché de permanganato de potassio
(KMnOQa4) retardou o processo de maturagao dos frutos de banana ‘Prata-And’, quando
armazenada a 12°C. Além disso, existem outros estudos com embalagens ativas
visando retardar o amadurecimento em bananas como o0 uso de 1-metilciclopropeno
em embalagens de PEBD (YUEMING et al.,1999), e absorvedores de etileno em
filmes ou em sachés, contendo carvao ativado ou zedlitas (VERMEIREN et al., 2003;
ZAGORY, 1995).

7.2 BROCOLIS

Os brocolis (Brassica oleracea L., grupo das Italicas) sdo amplamente
consumidos e utilizados na industria em todo o mundo. Além de ter proteinas,
carboidratos, vitaminas e aminoacidos, sdo ricos em compostos fendlicos e
antioxidantes que participam no mecanismo de prote¢cdo na saude humana (NESTLE,
1998). Um desses compostos, € a glucorafanina, precusora do isotiociato sulforafano
gue demonstrou a capacidade de reduzir o desenvolvimento de tumores mamarios
(ZHANG et al., 1992).
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Flores de brécolis verdes séo preferidas pelos consumidores. Esta hortalica
apresenta uma alta taxa de respiracdo, aproximadamente dez vezes maior do que
tomates na mesma temperatura (BRECHT et al., 2008), porém uma baixa producéo
de etileno. Baixas temperaturas de armazenamento (4 — 15 °C) de armazenamento
diminuem tanto a taxa de respiracdo quanto a degradacdo de clorofila em brdcolis
(NATH et al., 2011).

Além disso, o processamento minimo como corte, pode ocasionar um
aumento na taxa de respiracao, que por sua vez, desencadeia mudancgas nutricionais
e perdas de qualidade (VENNERIA et al., 2012). Injarias mecanicas de tecidos
vegetais induzem vias metabdlicas que produzem metabolitos. As injurias, juntamente
com a producao de etileno, aumentam a atividade de fenilalanina amonia liase, uma
enzima chave para biossintese de fendis. Os fendis tém uma acéo protetora contra
ataque de patégenos, além disso, os compostos fendlicos sdo substratos para
transformacao de polifenol oxidase, de modo que pode levar ao escurecimento nos
tecidos (REYES; VILLARREAL; CISNEROS-ZEVALLOS, 2007).

O armazenamento, transporte e processamento influenciam
significativamente os niveis de acido ascorbico, glucosinolatos e flavonoides em
brécolis (LEJA et al., 2001). Além disso, os brocolis sofrem amarelecimento das flores,
incidéncia de doencas e desenvolvimento de sabor desagradavel, por isso, é
considerada uma hortalica muito perecivel (SALTVIET, 1999). Por este motivo,
pesquisas em brocolis tem o intuito de prolongar vida util através de temperaturas
baixas ou o uso de atmosferas modificadas como embalagens ativas (1-
metilciclopropeno) (YAMASHITA et al., 2006; NATH et al., 2011).
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CAPITULO 2
TESTES PRELIMINARES PARA PRODUCAO DE EMBALAGENS E FITAS
INDICADORAS INTELIGENTES

Foram encontrados na literatura consultada trabalhos sobre a producao de
indicadores colorimétricos de presencga de CO2 a base de amido e celulose feitos pelo
método de casting. Nopwinyuwong; Trevanich; Suppakul (2010) utilizaram azul de
bromotimol e vermelho de metila para deteccéo de CO2 na sobremesa tailandesa Gota
Dourada.

Além disso, filmes biodegradaveis produzidos a partir de PBAT e amido de
mandioca por extruséo sopro (BILCK; YAMASHITA; GROSSMANN, 2010) poderiam
ser misturados com os indicadores anteriormente mencionados na producéo de
embalagens inteligentes para frutas e hortalicas frescas.

Por este motivo, foram realizados testes preliminares com o intuito de
determinar as formulacdes adequadas para o desenvolvimento de embalagens
inteligentes biodegradaveis produzidas por extrusao termoplastica e fitas indicadoras
pela técnica de casting, ambas com intuito de indicar o estadio de maturacdo ou

senescéncia da fruta ou hortalica.’
1 MATERIAL E METODOS
1.1 MATERIAL

O amido de mandioca foi adquirido da empresa Indemil (Brasil). O glicerol
grau técnico (99,5% de pureza) foi adquirido da empresa Dinamica (Brasil), e 0
polimero sintético biodegradavel foi poli (adipato co-tereftalato de butileno) PBAT,
como nome comercial Ecoflex®, produzido pela empresa BASF (Alemanha), e os
corantes azul de bromotimol (Labsynth, Brasil) e vermelho de metila (Inlab, Brasil),
ambos em po, e hidréxido de sédio em pellets (Panreac Quimica, Espanha).

Para as fitas produzidas por casting utilizou-se amido de mandioca (Indemil,
Brasil), glicerol comercial 99,5% de pureza (Dinamica, Brasil), alcool etilico 99,8% de
pureza (Neon Comercial, Brasil), azul de bromotimol em pd (Labsynth, Brasil),

vermelho de metila em po (Inlab, Brasil).
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1.2 METODOS
1.2.1 FORMULACOES

Inicialmente, foram produzidos pellets com as seguintes formulagdes:
17,50% de glicerol, 37,20% de amido de mandioca, 45,20% de PBAT, 0,006% de
vermelho de metila e 0,04% de azul de bromotimol. Foram produzidos pellets
utiizando a mesma formulacdo descrita anteriormente e adicionando 0,2 mLde
solucdo NaOH 50% m/m no glicerol. A mistura dos componentes foi manual, e para
garantir a homogeneizacédo destes primeiro misturou-se o glicerol com os corantes
(azul de bromotimol e vermelho de metila) com hidroxido de sodio 50%, depois foi
adicionado o PBAT e por ultimo se colocou o amido de mandioca. Os pellets foram
produzidos utilizando uma extrusora mono-rosca (BGM, EL-25, Brasil) com as
seguintes especificacdes: diametro da rosca de 25 mm, comprimento de 700 mm,
acionamento por motor de 10 CV com inversor de frequéncia, com cinco zonas de
aguecimento e matriz com 2 orificios de 2 mm cada. As condi¢cbes de operacao
utilizadas foram: rotacdo do parafuso 35 RPM, com perfil de temperatura de 90 / 120
/120 /120°C.

Para a solucédo indicadora, se misturou vermelho de metila em etanol 50%
na proporc¢ao 0,3% m/v, e azul de bromotimol em etanol 50% na proporc¢éo 0,3% m/v,
essas duas solucdes foram misturadas novamente na proporcao 3:2 (v/v). Os filmes
por casting foram feitos da seguinte forma: misturou-se com bastéo de vidro o amido
de mandioca e agua na proporcao 5% m/m e foi aquecida num béquer até atingir sua
completa gelatinizacdo (~70 °C). Depois disso, foi colocado o glicerol na mistura
amido/agua, a proporcéo de glicerol utilizado foi 25% em base a quantidade de amido,
em seguida, foi adicionada 25 gotas da solugéo indicadora e 1 gota de NaOH (50%)
para 600 mL de solu¢do amido/agua. A solucao foi colocada em bandejas de teflon
(150 x 100 mm) na estufa a 35°C por 48 horas. ApGs secagem foram os filmes foram
cortados nas dimensfes 5 x 2 cm para formar as fitas indicadoras (Adaptado de
NIPONSAK et al. 2016).

1.2.2 PRODUCAO DE EMBALAGENS INTELIGENTES

Com os pellets da formulagéo exposta anteriormente, foi feita a extrusao-

sopro em baléo para a elaboracdo das embalagens inteligentes.
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Estas foram produzidas utilizando a mesma extrusora, porém foi colocada
a matriz circular de 50 mm de diametro com fluxo interno de ar para formacgéao do baléo,
assim, se aumentou uma zona de aquecimento. O perfil de temperatura utilizado foi:
90/120/120/ 115/ 115°C com rotacéo de parafuso 35 RPM.

1.2.3 ANALISE SUBJETIVA

As embalagens e as fitas foram analisadas quanto a sua mudanca de cor

guando expostas ao CO2, homogeneidade e processamento.
2 RESULTADOS E DISCUSSAO
2.1 ANALISE SUBJETIVA

Os filmes que foram feitos por extrusdo-sopro em baldo sem a solucdo de
NaOH (50%), apresentaram uma cor laranja (Figura 1), e ndo tiveram uma boa
homogeneidade, e ficaram com uma superficie rugosa provavelmente devido aos

granulos de amido néo gelatinizados.

Figura 1 — Imagem da banana embalada no filme inteligente.

Fonte: o proprio autor.

Para verificar se o filme apresentava mudanca de cor em funcdo do COq,
foram embaladas bananas a temperatura ambiente (25° C), pois as mesmas
apresentam uma alta taxa de respiracdo. A uma mudanca de cor foi pouco perceptivel
a olho nu ao longo da armazenagem.



47

Como a embalagem ndo apresentou uma mudanca de cor adequada,
optou-se por modificar o pH na formulacéo do filme adicionando-se NaOH, conforme
descrito no item 1.2.1. Durante a mistura dos componentes da formulagéao, observou-
se que a cor do PBAT se manteve laranja (Figura 2).

A mistura foi extrudada para formar os pellets, que continuaram com a cor
laranja, sugerindo assim que aparentemente o PBAT teve efeito tamponante sobre o

pH da blenda. Por tanto, decidiu-se néo fazer filmes com esta formulagao.

Figura 2 — Mistura de pellets de PBAT, amido de mandioca, glicerol, vermelho de

metila, azul de bromotimol e NaOH.

Fonte: o préprio autor

Asembalagens feitas por extrusdo nao apresentaram o resultado
esperado. Por este motivo, foram produzidas fitas pelo método de casting sem o
PBAT (item 2.1.2). Os materiais produzidos por casting ficaram mais homogéneos
gue os produzidos por extrusao.

Para verificar a mudanca de cor destas fitas, tubos de ensaio contendo
uma solucédo de HCI 1N com bicarbonato de sddio, cuja reacao produz COz2, foram
vedados com as fitas, que apresentaram uma leve mudanca de cor mesmo em

concentracdes baixas de CO:2 (Figura 3).
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Figura 3 — Fitas produzidas por casting sob efeito do CO2 produzido pela reacéo de
HCI 1N e bicarbonato de sodio.

Fonte: o préprio autor.

3 CONSIDERACOES

N&o foi possivel a elaboracdo de embalagens inteligentes por extrusao
devido a presenca do PBAT, porém, foi possivel produzir filmes através do método
de casting que mudam de cor na presenca de CO:. Estes filmes tém potencial para
serem utilizados na forma de fitas indicadoras de senescéncia de frutas e hortalicas

guando colocados no interior da embalagem.
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CAPITULO 3

DEVELOPMENT OF ACTIVE, INTELLIGENT AND BIODEGRADABLE
PACKAGING FOR FRESH BANANAS

ABSTRACT

All over the world, most of the food packaging is mainly petroleum-based. Over time,
new forms of food packaging have emerged, such as active and intelligent packaging.
The goal of this research was to develop an active, intelligent and biodegradable
packaging for fresh bananas (Musa sp. cv. Cavendish Nanicdo), to increase shelf life
and to monitor the postharvest of the fruit. In this study, zeolites (modified zeolite) were
used as ethylene scavenger, and bromothymol blue and methyl red as ripeness
indicators. Five treatments were processed: perforated and non-perforated control
films, perforated and non-perforated films containing zeolite (1.5%) and non-packed
banana. Bananas were stored for 7 days at 25°C. The ripening indicator was able to
detect CO:2 produced by the bananas, but the packaging with zeolites were not able to
increase the shelf life of the product.

Keywords: Poly (butylene-co-terephthalate), cassava starch, blown extrusion,

zeolites, ripeness indicator.

1 INTRODUCTION

Currently, biodegradable materials derived from natural resources can be
used as a substitute for traditional non-biodegradable plastic polymers due to lower
cost, easy availability, and biodegradability (SIRACUSA et al., 2008). Furthermore,
plastics packaging takes a long time to degrade depending on the polymer and
environmental conditions. These ecological, economic and safety concerns have
motivated researchers and industries to replace non-biodegradable polymers with
biodegradable polymers.

Poly (butylene-co-terephthalate) (PBAT) is a biodegradable polymer that
can be blend with thermoplastic starch improving the processability, mechanical and
barrier properties of the films (BILCK; GROSSMANN; YAMASHITA, 2010;
BRANDELERO; GROSSMANN; YAMASHITA, 2010).

Also, new technologies have emerged, such as active and intelligent

packaging. Active packaging is characterized by controlling product deterioration
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reactions using active ingredients that have been included in the packaging or the
headspace (ROONEY, 2005). The active packaging for fruits and vegetables is
interesting because these products continue to respire after harvesting and the
modification of the atmosphere due to packaging can decrease their metabolic activity,
and consequently increasing shelf life (MELO et al., 2002; GURUDATT et al., 2010).

Ethylene accelerates respiration of fresh fruit and vegetables, leading to
rapid senescence of these products, many studies are focused on removing or
scavenging the ethylene using zeolites (GURUDATT et al., 2010; COLOMA et al.,
2014).

Intelligent packaging can detect, record, and/or indicate the shelf life
condition of packaged products (YAM; TAKHISTOV; MILTZ, 2005), and indicator
systems usually provide qualitative information through visual colorimetric changes.
Color-based pH indicators can potentially be used as secondary metabolite indicators,
especially volatile compounds because aromas can induce pH changes (KERRY;
O’GRADY; HOGAN, 2006). Fresh fruits and vegetables produce several volatile
compounds associated with senescence (BRECHT et al., 2008), and it can be used as
ripeness markers. Two achievements have been proposed as a ripeness indicator
label to measure volatile compounds in apple (LANG; HUBERT, 2012), and durian
(Durio zibethinus), and these volatile compounds of fruit and vegetables can react with
these color-based pH indicators using oxidation/reduction in the presence of moisture
producing the color change (NIPONSAK et al.,2016)

The goal of this study was to develop a biodegradable, active and intelligent
packaging for bananas, aiming to increase the shelf life and indicating the stage of

maturation of this fruit.
2 MATERIALS AND METHODS

2.1 MATERIALS

Native cassava starch (Indemil Ltda, Brazil), glycerol (purity ~ 99.5%,
Dinamica, Brazil), poly (butylene-co-terephthalate) (PBAT) (BASF, Germany), citric
acid (Dinamica, Brazil), sodium hydroxide (Panreac, Spain) and Watercel ZF zeolite
(Celta Brasil, Brazil) were used to produce the biodegradable active packaging.

Distilled water, native cassava starch, glycerol, ethyl alcohol (Neon Comercial, Brazil),
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methyl red (Inlab, Brazil) and bromothymol blue (Labsynth, Brazil) were used to
prepare the indicator label.

Banana (Musa sp. Canvedish cv. Nanicdo) was purchased from the local
wholesale market at the mature-green stage. The bananas were produced in Itajai-SC,
Brazil at coordinates 27°00’S latitude, 48°45’'W and 1 of altitude.

2.2 DEVELOPMENT OF BIODEGRADABLE ACTIVE PACKAGING

2.2.1 Production of biodegradable active packaging

Pellets were processed using a laboratory single-screw extruder (model EL-
25, BGM, Brazil) with a screw diameter of 25 mm and a screw length of 700 mm. The
components, PBAT, glycerol, zeolite, citric acid and cassava starch were manually
mixed at the time of extrusion and pelleted with a barrel temperature profile of 90/ 110
/110/110 °C from the feeding zone to the die zone at a screw speed of 35 RPM, using
a die with two holes of 2 mm diameter. Then, the pellets were extruded to produce the
films with a barrel temperature profile of 90/ 110/ 110/ 125/ 125 °C for the four zones
and 125 °C for the 50 mm film-blowing die with internal air for the formation of the film
“bubble” and screw speed of 35 RPM was maintained. The feed rate was maintained
to ensure that the screw operated at full load, and the film thickness was controlled by
the roll speed control and the air-flow rate. These parameters were adjusted for each
formulation to maintain a thickness of 100 - 150 pm.

Five treatments were processed from 2 formulations, as shown in Table 1,
and including a control treatment without packaging: perforated and non-perforated
control films (CF), perforated and non-perforated films containing zeolite (FZ) and non-
packed banana. Eight holes of 6 mm in diameter were made for each package.

Previously, were produced formulations containing 2% of zeolite (w/w), but
the films were too rigid and with poor processability (data not shown). For this reason,

1.5% was defined as the maximum concentration of zeolite.
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Table 1 — Concentration of cassava starch (CS), poly (butylene adipate-co-
terephthalate) (PBAT), zeolite (ZE), citric acid (CA) and glycerol (GLY) to produce
biodegradable active packaging.

Formulation CS* GLY* PBAT* ZE* CA*
CF 49.0 21.0 30.0 0.0 0.03
FZ 47.5 21.0 30.0 1.5 0.03

* kg/100 kg of mixture
CF - Control films (without zeolite); FZ - Films containing zeolite

2.2.2 Characterization of biodegradable active packaging
2.2.2.1 Scanning Electron Microscopy (SEM) Analysis

A scanning electron microscope FEI model Quanta 200 (FEI
Company/Tokyo, Japan) was used to observe the fractured surface of the blown film
samples, CF and ZF. The samples were submerged in liquid nitrogen and then broken
(cryogenic fracture). Before coating with a gold layer, the samples were stored at 25°C
in a desiccator with CaClz (=0% RH) for 3 days. The coating was produced with Sputter

Coater (BAL-TEC SCD 050). Images were taken of the cross and surface section at a

magnification of 400x and 800x.

2.2.2.2 Water Sorption Isotherms

Sorption isotherms were determined by the dynamic method. The films (CF
and FZ) were previously cut into small pieces and conditioned at 0% RH with CacCl..
The samples were analyzed in an Aquasorp isotherm generator (Decagon, USA), with
the conditions suggested by the manufacturer: aw ranged from 0.1 to 0.85, flow rate
300 mL/min and pump at 25 °C.

The isotherms were modeled by GAB model (Guggenheim-Anderson-de

Boer) shown in Eq. (1).

Xw = C.K.mo.aw .
W= [(1-K.aw).(1—-K.aw+C.K.aw) 1)

Where:
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Xw: equilibrium moisture (gH20/g dry basis)

C: Guggenheim constant, which represents the heat of adsorption in the first layer
K: heat of sorption of the multilayer

mo: water content in the monolayer

aw: water activity (RH/100)

2.2.2.3 Mechanical Properties

The maximum tensile strength, elongation at break and Young’s modulus
were determined according to D 882-91 ASTM standard (ASTM, 1996) using a
TA.TX2i texture analyzer (Stable Micro System, England), with a traction speed of 0.8
mm/s, and an initial distance between the grip of 30 mm. Previously, the samples were
cut in the longitudinal direction to a length of 50 mm and a width of 20 mm, conditioned
at 52.9% RH for 48 hours. The films were also conditioned and analyzed after 7 days
of storage. The tests were performed at 25°C, and fifteen determinations were made
for each formulation (FC and ZF).

2.2.2.4 Water Vapor Permeability (WVP)

The WVP of the films was determinate by the gravimetric method adapted
from the E 95-96 ASTM standard (ASTM, 1995), with relative humidity gradient of 32.8
- 64%, using a saturated solution of magnesium chloride (MgCl2) and sodium nitrite
(NaNOy2), respectively. Before the analysis, the samples, with 60 mm diameter were

conditioned at 52.9% RH for 48 hours. The results were expressed in g/m.day.Pa.

2.3 DEVELOPMENT OF INDICATOR RIPENESS LABELS

2.3.1 Production of ripeness indicator labels (RIL)

The indicator solution was produced diluting methyl red in ethanol 50%
(0.3% wi/v), and bromothymol blue in ethanol 50% (0.3% w/v), then these two solutions
were mixed in the proportion 3:2 (v/v). The ripeness indicator labels (RIL) were
produced as follows: 5% w/w cassava starch was mixed with water, and heated until
complete gelatinization (70 °C). Immediately, the glycerol (25 % starch basis) was
added to the starch/water mixture. Then 1.2 mL of indicator solution and 0.05 mL of
NaOH solution (50%) were added to 600 mL of the starch/water mixture, and 200 mL
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was cast on trays (15 x 10 cm). Finally, the trays were placed in the oven at 35 °C for
48 hours; then the films were cut in stripes (5 x 2 cm) to make the labels (Adapted from
NIPONSAK et al., 2016).

2.3.2 Color of ripeness indicator labels (RIL)

The color of ripeness indicator labels (RIL) was measured using a
colorimeter (BYK Gardner, Germany) with illuminant D65 and visual angle of 10°.
Before analysis, the colorimeter was calibrated to a standard white (Yb).
Measurements were analyzed using the CIE L*a* b* The angular coordinates of the
hue angle (h°), the total color difference (AE) and chroma (C*) were calculated as

follows Eq. (2), Eq. (3) and Eq. (4), respectively.

h° = tan™?! (b/a) whena>0eb <0
h° = 180° + tan™?! (b/a) when a < 0

h° = 360° + tan™? (b/a) whena<beb<0 (2)

AE = \J(L* = L)? + (a" — ag)? + (b — b)? (3)

Where L*, a* and b* are the color parameters (CIELab) of the bananas at
each storage time (2, 4 and 7 days), and Lo*, a*o and b*o are the parameters at the

benning of the storage.

Cx= @7 + @) @

The parameter h° refers to dominant wavelength, which starts with 0° and
increases counterclockwise.

The explanation of this color change is as follows, the CO2 from headspace
dissolved in the RIL forms carbonic acid in the presence of moisture. Carbonic acid is
diprotic, having two hydrogen atoms which may dissociate from the parent molecule,
forming hydrogen ions (H+) and bicarbonate ions (HCO3-). A hydrogen ion combines

with a water molecule to form a hydronium ion. Hydronium ions react with the basic
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form (In-) of the indicator label, resulting in an acid form (HIn+) which in turn produces
a color change of the indicator label (NOPWINYUWONG et al., 2010).

2.4 APPLICATION OF THE RIL AND BIODEGRADABLE ACTIVE PACKAGING DURING BANANA'S
SHELF LIFE

The bananas were individually packaged in four types of packaging:
perforated control films (PCF), non-perforated control films (NPCF), perforated film
with zeolite (PFZ), and non-perforated films with zeolite (NPFZ). There were two
replicated per packaging treatment and non-packed bananas (NPB). All the treatment
with the exception bananas had a ripeness indicator label (RIL), and they were stored

at 25°C in B.O.D incubator. The sample times were 0, 2, 4 and 7 days after storage.

2.4.1 Physico-chemical analysis of bananas

2.4.1.1 Color

The color of the bananas was measured using a colorimeter (BYK Gardner,
Germany) with illuminant D65 and visual angle of 10°. Four measurements were made
for each banana. Before analysis, the colorimeter was calibrated to a standard white
(Yb). Measurements were analyzed using the CIE L*a* b* The angular coordinates

of the hue angle (h°), total color difference (AE) and chroma (C*) were calculated.

2.4.1.2 Titratable acidity (TA) and pH

The pH was determined directly by the immersion of pH meter electrode in
the pulp/juice obtained by grinding in a domestic blender. The titratable acidity was
performed according to the AOAC 942.15 A (AOAC, 1995). The results were

expressed as a percentage of malic acid (w / w).

2.4.1.3 Weight loss of bananas during the storage

The weight losses were determined by the difference between the initial
mass and the subsequent weighing, expressed as a percentage (%) of the initial value.

These values were then fit to zero-order kinetic model.

2.4.1.4 Total soluble solids (TSS)
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Total soluble solids were performed in three replicates using a digital

refractometer (Atago, model PAL-BX/RI, Japan). The results were expressed in °Brix.
2.4.1.5 Firmness

Texture (firmness) was determined using a texturometer (Stable Micro
System, model TA-TX2i, England), with a stainless steel cylindrical probe (model P/5).
The bananas were cut into slices of 30 mm height; then the slices were cut in the
transverse direction. The probe penetrated 25% of the body height at 1 mm/s on the
concave surface of the half-slice (Adapted from MEDLICOTT et al., 1990).

The firmness data was described by a second-order kinetic model (Eqg. 5),
and the parameters of the model were determined by multiple regression analysis

(Statistica 8.0, StatSoft, USA).

t ot 1
ET T T T (5)
F  Fo KFg

Where: t is the time (days), F is the firmness (N), F.. the firmness over a

long time (N), and K the reduction rate of the firmness (day™).

2.5 STATISTICAL ANALYSIS

The data were analyzed using Statistica 8.0 software (Statsoft, Oklahoma),

with analysis of variance (ANOVA) and Tukey’s test at a 5% significance level.
3 RESULTS AND DISCUSSION

3.1 CHARACTERISTICS OF THE BIODEGRADABLE ACTIVE FILMS
3.1.1 Water Sorption Isotherms

The water sorption isotherms showed a sigmoidal behavior for both films
(Figure 1), characteristic of hydrophilic materials, and also observed by Olivato et al.
(2017). Table 2 shows that GAB model was efficient to describe the moisture sorption
isotherms of the formulations CF and FZ (R2= 0.99).
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Figure 1 — Sorption isotherms of the formulations FZ and CF.
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Table 2 — Sorption parameters obtained by the regression adjustment of GAB model.

Formulation C K Mo R2
CF 1.03 0.85 8.40 0.99
FZ 1.93 0.97 4.54 0.99

C — Guggenheim constant, characteristic of the sample and related to the heat of adsorption in the
monolayer; k — heat of sorption of the multilayer; mo — water content in the monolayer; R? — coefficient
of determination of the GAB model.

The monolayer value (mo) indicates the maximum amount of water
adsorbed in a single layer per gram of dry material that can be related to the sorption
sites. The formulation without zeolite (CF) showed the higher monolayer value (8.40),
however the formulation FZ showed the lower monolayer value (4.54). This behavior
was found and related by Olivato et al. (2017) using PBAT, cassava starch and
sepiolite (nanoclay), and according to the authors, the nanoclay-starch interactions
decreased the availability of the hydrophilic sites, reducing the monolayer value, which
could have happened in this study using zeolite.

The k parameter is related to the heat of sorption of multilayer region, and
generally, the values of this parameter are less than 1, and k values for the formulations
CF and FZ were 0.85 and 0.97, respectively.

The C parameter is related to the heat of sorption of the first layer, 1.03 and

1.93 for the formulations CF and FZ, respectively.

3.1.2 Mechanical Properties
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Table 3 shows the mechanical properties of films before and after their use
as active packaging. The tensile strength and elongation at break of FZ (films
containing zeolites) were higher than CF (control films), while the Young’s modulus
was lower than CF, probably because zeolite stayed between starch chains, and acted
as a plasticizer. Also, in previous tests films with 2% of zeolite were more rigid than
1.5% zeolite (data not shown). This phenomenon was reported by Belibi et al. (2012)

using lyophilized beta zeolite in cassava starch film made by casting technique.

Table 3 — Results of tensile testing of the films before and after the applications with

bananas.
Formulation o (MPa) € (%) Eo(MPa)
Day 0 Day 7 Day 0 Day 7 Day 0 Day 7
CF 1.82+0.28® 2.84+0.182 25.80+2.69° 17.67+2.092 23.03+1.56% 35.33+2.632
FZ 249+0.13* 211+0.29° 35.07+9.38%2 12.74+2.77° 14.85+1.14° 29.04 +2.61°

o: tensile strength; €: elongation at break; Eo: Young's modulus
Results expressed as mean + standard deviation
ab Different letters in the same column indicate significant differences (Tukey test p < 0.05).

The higher Young’s modulus of the films after the storage means that they
became m ore rigid. The elongation at break of the CF and FZ films decreased after
the storage, 17.67 and 12.74%, respectively. Both films, CF and FZ, became more
fragile and rigid probably due to the process of crystallization of the starch and

migration of the plasticizer glycerol (MALI et al., 2005).
3.1.3 Water Vapor Permeability (WVP)

The water vapor permeability of the films CF and FZ were 5.75 (£1.11) x10°
6 and 5.14 (+2.13) x10%, g/m.day.Pa, respectively, and the zeolite did not influence
the WPV. These high WPV values could be explained by the hydrophilicity of the films,
and are similar to the others biodegradable materials (OLIVATO et al., 2011; SANTOS
et al., 2014)

The zeolite did not reduce the WPV of the FZ films probably because the
gaps between the agglomerated particles were routes for the passage of water vapor.
Similar behavior was reported by Belibi et al. (2012), using a Beta zeolite nanocrystal
in cassava starch films produced by casting technique. According to the authors, the
zeolites did not decrease the WPV (2.76-3.02x101! g/m.day.Pa) compared to the films

without zeolite.
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3.1.4 Scanning Electron Microscopy (SEM) Analysis

Figure 2 — Cross section SEM images of the formulations CF (control films) and FZ

(films containing zeolite).
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Figure 3 — Surface section SEM images of the formulations CF (control films) and FZ

(films containing zeolite).

The micrographs of the fracture and surface area of CF and FZ films are
shown in Figure 2 and 3, respectively. There were no cracks or pores throughout the
cross and surface area, suggesting a compact structure.

It can be observed the presence of starch granules that were not gelatinized
and/or melted (Figure 3) because of the high concentration of starch in the blend. The
presence of starch granules was reported by Olivato et al. (2013) in the films of PBAT

and cassava starch in (55:45 w:w).
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3.2 APPLICATION OF THE RIL AND BIODEGRADABLE ACTIVE PACKAGING DURING BANANA'S
SHELF LIFE

3.2.1 Color

The hue value of the banana skin changed from negative a* (green) to
positive b* (yellow), 110° to 92°, according to Figure 4. This phenomenon is due to the
loss of chlorophyll during the ripening caused by the ethylene, which is part of physical-
chemical changes of the banana (PAUL, PANDEY, 2014). This behavior was reported
by Zhu et al. (2015) where the hue value of banana peels changed from 115° to 103°.
Apparently, in treatments PFZ and NPFZ, the zeolite was not able to scavenge enough
ethylene to reduce the banana metabolism and slow down color change.

The color was measured just until day 4 of storage due to the development
of brown spots on the banana peel caused by phenolic compounds and polyphenol
oxidase enzyme (BRECHT et al., 2008). These spots made it difficult to measure the
color appropriately. All the treatments did not show any fermentative process during
storage time.

Figure 4 — Hue value of the bananas during storage time at 25 °C (perforated control
films, perforated film with zeolite, non-perforated control films, non-perforated films with
zeolite, non-packed bananas — PCF, PFZ, NPCF, NPFZ, and NPB, respectively).

Different letters on the same day indicate significant differences (Tukey test p <0.05).
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3.2.2 Titratable acidity (TA)

The titratable acidity (TA) was associated with the increase of the malic acid
concentration for the cultivar Nanicdo, and all the treatments had similar behavior.
There was no significant difference between the treatments during the storage time.
On the second day of storage, all treatments had a high increase on TA from 0.32% to
0.53%, but on the fourth and seventh days they showed a fall from 0.53% to 0.31%,
and the TA was almost the same as on day 0, and this behavior was reported by
another author (NASCIMENTO JUNIOR et al., 2008).

Figura 5 — Titratable acidity of the bananas during storage time at 25 °C (perforated
control films, perforated films with zeolite, non-perforated control films, non-perforated
films with zeolite, non-packed bananas — PCF, PFZ, NPCF, NPFZ and NPB,
respectively).
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3.2.3 Weight loss of bananas during the storage

Banana weight loss showed a linear behavior as a function of the storage
time at 25 °C (Figure 5) and there was no influence of the type of packaging on the
weight loss. The weight loss rates were 3.80, 4.07, 3.98 e 3.76% day for bananas
from treatments PCF, PFZ, NPCF and NPFZ, respectively, and the bananas without
packaging had the highest weight loss rate of 4.60% day*.
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The packaging reduced the weight loss of bananas despite the high vapor
permeability of the films. Similar results were obtained by Abdul-Rahaman and Bishop
(2013) when evaluated bananas packed in plastic (LDPE) and biodegradable (not
specified) packages, where non-packed bananas had higher weight loss as compared

to others.

Figure 6 — Weight loss of the bananas during storage time at 25 °C (perforated control
films, perforated films with zeolite, non-perforated control films, non-perforated films
with zeolite, non-packed bananas — PCF, PFZ, NPCF, NPFZ, and NPB, respectively).
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3.2.4 Total soluble solids (TSS)

The total soluble solids (TSS) of the bananas varied during the storage at
25° C, and at the beginning of the storage there was an increase of the TSS for all the
treatments (Figure 6), from 13.1 to approximately 20.9 °Brix and, then, these values
began to remain constant.

During ripening, there is an increase in the sugar concentration of the fruits,
but in climacteric fruits, such as bananas, there is also an increase in the respiration
rate, by the action of the enzymes phosphorylases, a-amylase, 3-amylase, and a-1, 6-
glucosidase (SEN; MISHRA; SRIVASTAV, 2012).
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According to Tapre and Jain (2012), the total soluble solids in banana
‘Robusta’ increased from 19.2° Brix (maturity stage of 5) to 23.07° Brix (maturity stage
of 7) at 20 °C. A similar result was found by Nascimento Junior et al. (2008) in a study
with banana ‘Prata’ and banana ‘Nanicao’ stored at 24 °C where the °Brix changed
from 0.95 to 24.38, and 0.81 to 23.35, respectively.

Figure 7 — Total soluble solids of the bananas during storage time at 25°C (perforated
control films, perforated film with zeolite, non-perforated control films, non-perforated
films with zeolite, non-packed bananas — PCF, PFZ, NPCF, NPFZ, and NPB,

respectively). Different letters on the same day indicate significant differences (Tukey test p < 0.05)
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3.2.5 Firmness

In general, bananas firmness decreased during the storage at 25 °C for 7
days and showed second-order kinetics (Figure 7 and Table 4). The values varied from
3.80 to 1.01, 3.80 to 1.15, 3.80 to 1.12, 3.80 to 1.40 and 3.80 to 1.61 N for bananas
from treatments PCF, PFZ, NPCF, NPFZ, and NPB, respectively. The softening of the
banana during ripening is associated with the conversion of starch to sugar, the
breakdown of pectin substances and the movement of water from the rind to the pulp
(BRECHT et al., 2008).
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Figure 8 — Firmness of the bananas during storage time at 25°C (perforated control
films, perforated film with zeolite, non-perforated control films, non-perforated films with
zeolite, non-packed bananas — PCF, PFZ, NPCF, NPFZ and NPB, respectively).
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Table 4 — Parameters of the second-order kinetics equation of banana firmness during

storage time at 25 °C.

Treatments PCF PFZ NPCF NPFZ NPB
K (day™) 1.34 1.14 1.12 1.40 1.61
Fw(N) 1.05 1.15 0.79 1.70 1.29
R? 0.91 0.93 0.80 0.94 0.95

The packaged bananas had the lower loss of firmness rate (K) (Table 4)
than the treatment NPB, probably because of the packaging that reduced the metabolic
activity of the fruits, creating a modified atmosphere and micro modified atmosphere,
to sealed or non-perforated packaging and perforated packaging, respectively.

The F- values for the bananas stored in packaging containing zeolites (PFZ
and NPFZ) were higher than those in packaging without zeolites (PCF and NPCF).
Probably the zeolite was able to scavenge some of the ethylene inside the packaging
reducing metabolism and delaying the firmness loss.

Nascimento Junior et al. (2008) evaluated bananas ‘Prata’ and ‘Nanicao’
stored at 24 °C, and both showed a decrease in firmness during 14 days of storage.

This behavior also observed by Larotonda et al. (2008), where bananas ‘Nanica’ were
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stored at the same temperature of this study (25 °C) showed a decrease in the firmness

during 7 days of storage. These studies did not report the rate of firmness loss.
3.2.6 Color of ripeness indicator labels (RIL)

Figure 8 illustrates the color difference of the ripeness indicator label (RIL)
during storage of the bananas at 25 °C, and the color of the RIL in this study changed
from dark green to light yellow during the storage. The PCF and NPCF treatments with
the change color of the RILat 2 days of storage are depicted in Figure 9.

The AE of the RIL of non-perforated treatments (NPCF and NPFZ) showed

a marked increase until the fourth day of storage because of the high concentration of
CO:z2 inside the packaging.

Figure 9 — Total color difference of the ripeness indicator labels during storage time
at 25°C (perforated control films, perforated film with zeolite, non-perforated control
films, non-perforated films with zeolite — PCF, PFZ, NPCF, and NPFZ, respectively).
Different letters on the same day indicate significant differences (Tukey test p < 0.05).
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The two treatments with perforated packages showed no significant
difference in AE during the storage probably due to the leakage of CO2 through the
perforations, and thus the indicator did not change the color.
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A similar study has been reported by Niponsak et al. (2016) that used these
indicators in a cassava starch film produced by casting technique to detect volatile

compounds produced by the Thai durian fruit.

Figure 10 — PCF and NPCF treatments with RIL at the second day of storage.

Source: the own author.

4 CONCLUSIONS

The results presented in this study indicated that the ripeness indicator
labels were able to detect CO:2 in packages without perforations. These RILs can be
used as indicators of the alteration of atmosphere by presence of COx.

The packages with zeolites preserved the banana texture duringstorage
time, but the concentration of zeolite (1.5%) was not able to scavenge enough ethylene

to extend the shelf life of the product.
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CAPITULO 4

DEVELOPMENT OF ACTIVE, INTELLIGENT AND BIODEGRADABLE
PACKAGING FOR FRESH BROCCOLI FLORETS

ABSTRACT

The shelf life of fresh broccoli florets is limited by their rapid yellowing. The effect of
biodegradable active packaging and senescence indicator on broccoli florets was
investigated during storage. The biodegradable active packaging was characterized
regarding of mechanical properties, water vapor permeability and water sorption
isotherms. Fresh broccoli florets were packed in perforated and non-perforated
biodegradable active packaging and stored at 12 °C and were evaluated regarding
weight loss, vitamin C content, color, and texture. Active biodegradable packaging with
zeolite was efficient to reduce the metabolism of fresh broccoli florets stored at 12 °C,
preserving the color, and vitamin C content for seven days. The senescence indicator
labels (SIL) was able to detect CO:2 in packages without perforations.

Key-words: Poly (butylene-co-terephthalate), zeolites, blown extrusion, vitamin C,
thermoplastic starch.

1 INTRODUCTION

Biodegradable polymers have emerged as a promising substitute for
conventional plastics such as poly (butylene adipate-co-terephthalate) (PBAT),
polyesters with similar properties to those of conventional polymers (BILCK; OLIVATO;
YAMASHITA, 2014). The biodegradability of these materials is due to degradation
(thermal, oxidative, biological or mechanical) after exposure in the environment.
(MONHANTY et al., 2005).

Intelligent packaging is characterized by recording, detecting, tracking,
communicating and/or indicating the conditions of the product with the purpose of
providing information to the consumer (YAM; TAKHISTOV; MILTZ, 2005). Active
packaging is characterized by controlling product deterioration reactions using active
ingredients that have been included in the packaging or the headspace (ROONEY,
2005). Active and intelligent packaging can be used to extend shelf life of several food
products, such as fresh or minimally processed fruit and vegetables that are very

perishable.
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Green broccoli florets have a short life because of its fast yellowing, and it
has a high respiration rate, approximately ten more times more than tomatoes at the
same temperature (BRECHT et al., 2008), but low ethylene production.

Fresh fruit and vegetables produce a wide range of volatile compounds
associated with ripening and senescence (BRECHT et al., 2008), and it can be used
as ripeness indicators. Nopwinyuwong, Trevanich, and Suppakul (2010) studied a
ripeness indicator label to measure CO2 and sulfur containing-volatiles in Thai dessert
“Golden Drop” and Niponsak et al. (2016) in durian fruit (Durio zibethinus).

The goal was to develop a biodegradable, active and intelligent packaging
for fresh broccoli florets to increase its shelf life and also indicate the maturation stage

of this vegetable.
2 MATERIALS AND METHODS

2.1 MATERIALS

Native cassava starch (Indemil Ltda, Brazil), glycerol (purity ~ 99.5%,
Dinamica, Brazil), poly (butylene-co-terephthalate) (PBAT, ecoflex® C1200) (BASF,
Germany), citric acid (Dinamica, Brazil), sodium hydroxide (Panreac, Spain) and
Watercel ZF zeolite (Celta Brasil, Brazil) were used to produce the biodegradable
active packaging. Distilled water, native cassava starch, glycerol, ethyl alcohol (Neon
Comercial, Brazil), methyl red (Inlab, Brazil) and bromothymol blue (Labsynth, Brazil)

were used to prepare the indicator label.
2.2 DEVELOPMENT OF BIODEGRADABLE ACTIVE PACKAGING

2.2.1 Production of biodegradable active packaging

Pellets were processed using a laboratory single-screw extruder (model EL-
25, BGM, Brazil) with a screw diameter of 25 mm and a screw length of 700 mm. The
PBAT, glycerol, zeolite, citric acid and cassava starch were mixed and pelleted with a
barrel temperature profile of 90 / 110 / 110 / 110°C from the feeding zone to the die
zone at a screw speed of 35 RPM, using a die with two holes of 2 mm diameter. The
pellets were extruded to produce the films with a barrel temperature profile of 90/ 110
/ 110/ 110 / 125°C for the four zones and 125 °C for the 50 mm film-blowing die with

internal air for the formation of the film “bubble” and screw speed of 35 RPM was
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maintained. The feed rate was maintained to ensure that the screw operated at full
load, and the film thickness was controlled by the roll speed control and the air-flow
rate. These parameters were adjusted for each formulation to maintain a thickness of
100 - 150 pm.

Table 1 shows the two formulations used to produce the films, and the
packages for broccoli florets were classified as perforated (PCF) and non-perforated
control films (NPCF), perforated (PFZ) and non-perforated films containing zeolite

(NPFZ). Eight holes of 6 mm in diameter were made for each package.

Table 1 — Concentration of cassava starch (CS), poly (butylene adipate-co-
terephthalate) (PBAT), zeolite (ZE), citric acid (CA) and glycerol (GLY) to produce

biodegradable active packaging.

Formulation cs* GLY* PBAT* ZE* CA*
CF 49.0 21.0 30.0 0.0 0.03
FzZ 47.5 21.0 30.0 1.5 0.03

* kg/100 kg of mixture

CF - Control films (without zeolite); FZ - Films containing zeolite
2.2.2 Characterization of biodegradable active packaging
2.2.2.1 Water Sorption Isotherms

The water sorption isotherms were determined by dynamic method in an
Aquasorp isotherm generator (Decagon, USA) at 25 °C. The aw ranged from 0.1 to
0.85 with a flow rate of 300 mL/min, and the specimens were previously cut into small
pieces and conditioned at 0% RH with CaClz during 48 hours.

The isotherms were modeled by Guggenheim-Anderson-de Boer (GAB)

model shown in Eq. (1).

Xw = C.K.mo.aw .
W= [(1-K.aw).(1-K.aw+C.K.aw) 1

Where:
Xw: equilibrium moisture (gH20/g dry basis)



76

C: Guggenheim constant, which represents the heat of adsorption in the first layer
K: heat of sorption of the multilayer
mo: water content in the monolayer

aw: water activity (RH/100)
2.2.2.2 Mechanical Properties

The maximum tensile strength, elongation at break and Young’s modulus
were determined according to D 882-91 ASTM standard (ASTM, 1996) using a texture
analyzer (Stable Micro System, Model TA.TX2i, England), with a traction speed of 0.8
mm/s, and an initial distance between the grip of 30 mm. Previously, the samples, were
cut in the longitudinal direction to a length of 50 mm and a width of 20 mm, conditioned
at 52.9% RH for 48 hours. The tests were performed at 25°C, and fifteen

determinations were made for each formulation (CF and FZ).
2.2.2.3 Water Vapor Permeability (WVP)

The WVP of the films was determinate by the gravimetric method adapted
from the E 95-96 ASTM standard (ASTM, 1995), with relative humidity gradient of 32.8
- 64% at 25 °C. Before the analysis, the specimens with 60 mm diameter were
conditioned at 52.9% RH for 48 hours.

2.3 DEVELOPMENT OF SENESCENCE INDICATOR LABELS
2.3.1 Production of senescence indicator labels (SIL)

The indicator solution was produced mixing methyl red with ethanol 50%
(0.3% wi/v), and bromothymol blue was with ethanol 50% (0.3% wl/v), the solutions
were mixed (3 parts of methyl red and 2 parts of bromothymol blue v/v). The
senescence indicator labels (SIL) were produced as follows: 30 g of cassava starch
was mixed in 600 mL of water, and heated until complete gelatinization (70 °C).
Immediately, 7.5 g of glycerol, 1.2 mL of indicator solution and 0.05 mL of NaOH
solution (50% w/v) were added to the starch/water mixture. The starch/water mixture
(200 mL) was cast on acrylic trays (150 x 100 x 50 mm). Finally, the trays were placed
in the oven at 35 °C for 48 hours; then the films were cut into strips (50 x 20 mm) to
make the labels (Adapted from NIPONSAK et al., 2016).
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2.3.2 Color of senescence indicator labels (SIL)

The color of senescence indicator labels (SIL) was measured using a
colorimeter (BYK Gardner, Germany) with illuminant D65 and visual angle of 10°.
Before analysis, the colorimeter was calibrated to a standard white (Yb).
Measurements were analyzed using the CIE L*a* b* The angular coordinates of the
hue angle (h°), the total color difference (AE) and chroma (C*) were calculated as

follows Eqg. (2), Eq. (3) and Eq. (4), respectively:

h° = tan™?! (b/a) whena>0eb <0
h° = 180° + tan™?! (b/a) when a < 0

h° = 360° + tan™? (b/a) whena<beb<0 (2)

AE = \J(L* = Lp)? + (a" — ag)? + (b* — b;)? (3)

Where L*, a* and b* are the color parameters (CIELab) of the bananasat
each storage time (2, 4 and 7 days), and Lo*, a*o and b*o are the parameters at the
benning of the storage.

C*= /(a)? + (b)? (4)

The parameter h° refers to dominant wavelength, which starts with 0° and

increases counterclockwise.
2.4 USE OF THE SIL AND BIODEGRADABLE ACTIVE PACKAGING FOR BROCCOLI

Fresh broccoli (Brassica oleracea L. var. italica) was purchased from the
local wholesale market. The broccolis were produced in Sdo José dos Pinhais-PR,
Brazil at coordinates 25°31°51”S latitude, 49°11'45”W. Approximately 100 g of fresh
broccoli florets were packaged with PCF, NPCF, PFZ, and non-packaged broccoli
(NPB) served as control. Two replicates were packaged per treatment. The
senescence indicator labels (SIL) were place inside the packages, and the packaged

broccoli were stored at 12 °C during 7 days.
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2.4.1 Physical and chemical analysis of broccolis
2.4.1.1 Color

The color of the broccoli florets was measured using a colorimeter (BYK
Gardner, Germany) with illuminant D65 and visual angle of 10°. Four measurements
were made for each broccoli florets. Before analysis, the colorimeter was calibrated to
a standard white (Yb). Measurements were analyzed using the CIE L*a* b* The
angular coordinates of the hue angle (h°), total color difference (AE) and chroma (C*)

were calculated.
2.4.1.2 Vitamin C content

The vitamin C or ascorbic acid was determined by using 2,6-dichlorophenol-
indophenol as an indicator, and oxalic acid as extractant solution according to Benassi

and Antunes (1988). The results were expressed as mg/100 g.

2.4.1.3 Weight loss of broccoli during the storage

The weight losses were determined by the difference between the initial
mass and the subsequent weighing, expressed as a percentage (%) of the initial value.
These percentages were used to fit a zero-order kinetic model.

2.4.1.4 Firmness

Texture (firmness) was determined using a texturometer (Stable Micro
System, model TA-TX2i, England), with the following compression test parameters: 50
kg load cell, 50 mm diameter acrylic cylinder probe, 5 mm/s test speed 50% of stalk

diameter distance.
2.5 STATISTICAL ANALYSIS

The data were analyzed using Statistica 8.0 software (StatSoft, USA), with
analysis of variance (ANOVA) and Tukey’s test at a 5% significance level.

3 RESULTS AND DISCUSSION

3.1 CHARACTERISTICS OF THE BIODEGRADABLE ACTIVE FILMS
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3.1.1 Water Sorption Isotherms

Figure 1 showed the water sorption isotherms at 25 °C of the formulations
CF and FZ (R?2=0.99). Both formulations showed a sigmoidal behavior, characteristic
of hydrophilic materials, and also observed by Olivato et al. (2017). Table 2 shows that
GAB model was efficient to describe the moisture sorption isotherms with R? = 0.99

and R?=0.96 for the formulations CF and FZ, respectively.

Figure 1 — Sorption isotherms of the formulations FZ and CF.
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aw (water activity)

Table 2 — Sorption parameters obtained by the regression adjustment of GAB model.

Formulation C K Mo R2
CF 12.09 0.98 3.21 0.99
FZ 1939.97 0.96 2.74 0.96

C - Guggenheim constant, characteristic of the sample and related to heat of adsorption in the
monolayer; k — multilayer heat of sorption; mo — water content in the monolayer (g H-O / g dry material;
R2 — coefficient of determination of the GAB model.

The monolayer value (mo) is related to the active sites of the polymers or
biological components and indicates the maximum amount of water adsorbed in a
single layer per g of dry material. The formulation FZ showed the lower monolayer
value (2.74) and the formulation without zeolite (CF) showed the higher (3.21). Olivato
et al. (2017) report this behavior using PBAT, cassava starch and sepiolite (nanoclay),
and according to the authors, the nanoclay-starch interactions decreased the
availability of the hydrophilic sites, reducing the monolayer value, which could have
happened in this study using zeolite.
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The k parameter is related to the multilayer heat of sorption, and generally,
the values of this parameter are less than 1, and k values for the formulations CF and

FZ are 0.98 and 0.96, respectively.
3.1.2 Mechanical Properties

The mechanical properties of the films before their use as active packaging
is shown in Table 3. The zeolite increased elongation at break, decreased Young's
modulus and did not alter the tensile strength compared to the CF films. Apparently,
the zeolite acted as a plasticizer, and this phenomenon was reported by Belibi et al.
(2012) using Na-beidellite and beta zeolite in cassava starch film made by casting

technique.

Table 3 — Mechanical properties of the films.

Formulation o (MPa) € (%) Eo(MPa)
CF 2.44 +0.232  74.84 +23.74 19.74 £ 1.492
FZ 2.44 + 0.242 97.74 £ 19.992 18.41 + 1.80P

o: tensile strength; €: elongation at break; Eo: Young's modulus
Results expressed as mean + standard deviation
ab Different letters in the same column indicate significant differences (Tukey test p < 0.05)

3.1.3 Water Vapor Permeability (WVP)

The WVP of the films CF and FZ were 4.40 (+0.85) x10® and 5.43 (+0.66)
x10%, g/m.day.Pa, respectively, there was no difference them (p>0.05). These high
WPV values compared with conventional plastic films like polyethylene are typical of
biodegradable materials (OLIVATO et al., 2011; SANTOS et al., 2014) due to the high
hydrophilicity of the biopolymers, like starch.

The zeolite did not influence the WPV, and this behavior was reported for
biodegradable films using a Beta zeolite nanocrystal in cassava starch films produced
by casting technique (BELIBI et al., 2012).

3.2 PACKAGED BROCCOLI FLORETS
3.2.1 Color

The total color difference (AE), luminosity (L*) and Chroma (C*) (Figures 2,
3 and 4, respectively), of broccoli florets packaged with NPCF and NPFZ films had
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similar behavior and remained constant during storage time. Visually the broccoli of
these treatments kept the green color.

Figure 2 — Total color difference of the broccoli florets during storage time at 12 °C.
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Figure 3 — Luminosity of the broccoli florets during storage time at 12 °C.
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Figure 4 — Chroma of the broccoli florets during storage time at 12 °C.
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Figure 5 shows the change of hue value of the broccoli florets during storage
time. The best packaging was the NPFZ followed by NPFC because they kept the hue
value constant during storage time. The florets packaged in PCF, PFZ and NPB films
showed yellowing from the fourth day of storage, and this color change was caused by
chlorophyll loss (TIAN et al., 1996). Similar hue values were reported by Ren et al.
(2006), that packaged broccoli in high-density polyethylene film and stored at 0, 5 and
10 °C. Probably the oxygen and ethylene content inside the NPFZ packaging was
lower because of the absence of perforation and the zeolite that scavenged the
ethylene, consequently, reducing the broccoli metabolism.

The color was measured until day 7 of storage because some packages did
not withstand the low temperature and high relative humidity. Apparently, the broccoli
had the potential for a longer shelf life. All the treatments did not show any fermentative

process during storage time.
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Figure 5 — Hue value of the broccoli florets during storage time at 12 °C.
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3.2.2 Vitamin C content

The vitamin C content of the broccoli florets decreased during the storage
time (Figure 6). Broccoli florets packaged in NPFZ films showed higher retention of
vitamin C during the storage time, due to the lower broccoli metabolism, as previously
discussed.

Nath et al. (2011) reported a similar behavior of vitamin C loss for broccoli
florets, using plastic trays and microperforated polypropylene as packaging and
storage at 15 and 4 °C. Yamashita et al. (2006) also reported a decrease in vitamin C
content using polypropylene as packaging and 1-methylcyclopropene as an active
compound for broccoli florets stored at 12 °C. All the treatments without perforations,

PCF, PFZ, and NPB, showed a similar behavior according to Tukey test (p < 0.05).
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Figure 6 — Vitamin C content of the broccoli florets during storage time at 12 °C.
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3.2.3 Weight loss of broccoli florets during the storage

In general, the weight loss of broccolis increased during the storage time at
12° C and showed zero-order kinetics (Figure 7). The broccoli florets without packaging
(NPB) had the higher weight loss rate (11.81% day), followed by those packaged in
films without perforations NPCF and NPFZ (9.88 and 8.92% day, respectively) and
packages with perforations PCF and PFZ (8.33 and 7.88% day?, respectively), i.e. the
packaging reduced the weight loss of broccoli florets.

Similar results were reported by Jacobsson et al. (2004), using OPP, LDPE,
and PVC as packaging, and the broccoli without packaging lost more weight during the
storage time. Also, other authors reported a minimum weight loss of broccoli stored in

micro-perforated polypropylene at 4 °C (NATH et al., 2011).
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Figure 7 — Weight loss of the broccoli florets during storage time at 12 °C.
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3.2.4 Broccoli florets firmness

The broccoli florets firmness varied from 45.18 to 290.12 N during the
storage time and did not have a defined behavior, probably because of the non-

uniformity of the broccoli florets.

Figure 8 — Firmness of the broccolis during storage time at 12 °C.
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PCF - perforated control films, PFZ - perforated film with zeolite, NPCF - non-perforated control films,
NPFZ - non-perforated films with zeolite, NPB - non-packed broccoli
ab Different letters on the same day indicate significant differences (Tukey test p < 0.05).

3.2.5 Color of senescence indicator labels (SIL)

The hue value of the senescence indicator labels (SIL) changed during the
storage time at 12 °C (Figure 8), and the color of the SIL in this study changed from
dark green to light yellow during the storage.

The hue value of the SIL in non-perforated packaging (NPCF and NPFZ)
was lower than in perforated ones (PCF and PFZ) during the storage time due to the
higher concentration of CO:2 inside the non-perforated packaging because the absence
of perforation that reduced the gas exchange with the environment.

Figure 9 — Hue value of the senescence indicator labels during storage time at 12 °C.
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The SIL of the treatments NPCF and NPFZ showed a color change from
dark green to yellow. The reason for the previous behavior is due to the dissolution of
CO: in the SIL forming carbonic acid in the presence of moisture. Carbonic acid is
diprotic, having two hydrogen atoms which may dissociate from the parent molecule,

forming hydrogen ions (H*) and bicarbonate ions (HCO?). A hydrogen ion binds to a
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water molecule to form a hydronium ion. The color change in the SIL is due to the
combination of the hydronium ions with the basic form (In”) of the indicator label,
resulting in an acid form (HIn*) (NOPWINYUWONG; TREVANICH; SUPPAKUL, 2010).

A similar study has been reported by Niponsak et al. (2016) reported
presence of volatile compounds produced by the Thai fruit using indicator labels of
cassava starch produced by casting technique.

The broccoli florets packaged in non-perforated packaging did not show a
noticeable color change probably due to their lower metabolism, as previously

discussed.

4 CONCLUSIONS

Active packaging with zeolite was efficient to maintain the color, vitamin C
and weight loss of broccolis.

The results presented in this study indicated that the ripeness indicator
labels were able to detect COz2 in packages without perforations. These RILs can be

used as indicators of the alteration of atmosphere by presence of COx.
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CAPITULO 5
CONCLUSOES GERAIS

Foi possivel produzir por extrusdo sopro-baldo embalagens ativas biodegradaveis
elaborados com amido de mandioca, poli (adipato co-tereftalato de butileno), glicerol
e zedlita. Os materiais, dependendo da formulacdo, apresentaram caracteristicas
adequadas de processabilidade, manuseabilidade, propriedades mecanicas e de
barreira ao vapor de agua. Formulagcbes com maiores concentracdes de zedlita (2%
p/p) PBAT foram mais rigidos e tiveram uma baixa processabilidade durante a
extrusdo. A embalagem ativa biodegradavel teve efeito quando foi aplicado em
brécolis, manteve a cor, teor de vitamina C e perda de peso durante o tempo de
armazenamento. Entretanto, esta embalagem quando foi aplicada em bananas, nao
teve o efeito esperado. Necessita-se uma embalagem mais resistente a umidade para
0 armazenamento dos brdocolis. Em ambos experimentos, com brécolis e bananas, a
etiqueta indicadora mudou de cor durante o tempo de armazenamento, porém nao foi

acorde os estadios de maturacao.



ANEXO A — Laudo técnico zedlita Watercel ZF
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Watercel ZF
Ficha Técnica 02/02/2016

1. O que é Watercel ZF

WATERCEL ZF & um meio filtrante derivado de zeolitas naturais, desenvolvido para a
remocdo de ferro e manganés. Pode ser utiizado em tratamento de agua para
consumo humano e efluentes industriais.

2. Caracteristicas fisicas

Ponto de fusdo 1.300°C
Densidade aparente 0,98 g/icm®
Cor Marrom escuro
Granulometria 04a10 rﬁm

3. Composi¢do quimica

Composigdo principal: Si0,, ALO,
Outros componentes: Fe,0,, Ca0, K,0, Na,0, MgO,

4. RecomendacOes para aplicagdo

Taxa de filtragdo: 10 a 15 m*m* h

Taxa de retrolavagem: 25 a 35 m*m*-h

Expansdo no filtro: 20a30%

pH: 2 6,8 para ferro; 2 8 5 para manganés
Densidade: 0,98 kg/L (g/cm*)

Suporte do leito: Utilizar Watercel ZN de ganulometria 1,0 - 3,0

mmou30-80mm
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Watercel ZF
Ficha Técnica 02/02/2016

5. Dimensionamento do Produto

Utilizar o produto para remover concentragdes de até:

+ 6,0 ppm de ferro.
+ 20 ppm de manganés

Para teores de ferro & manganés superiores a 6,0 & 2,0 ppm respectivamente, realizar
decantagiio antes do processo de filtragdo.

Recomenda-se colocar entre 70 - 100 kg de Watercel ZF por cada m¥/h de vazio, A
proporgdo de aplicagdo do produto depende da concentragdo de ferro & manganés na
dgua de entrada,

6. Esquema de montagem do filtro e taxas de retrolavagem

Erdrada Wragem Saida ratralavagan
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Watercel ZF
Ficha Técnica 02/02/2016

7. Manutencao

Aplicar cloro antes do filtro, mantendo um residual de cloro livre de 1,0 a 2,0 ppm
A primeira retrolavagem deve ser feita até a agua sair cristalina.

Realizar retrolavagens freqlentes para nao perder eficiéncia no filtro (no minimo 1 vez
ao dia).

Atengao: Usar cloro nas formas de gas, hipoclorito de sodio ou hipoclorito de calcio.
Como alternativa ao cloro pode-se aplicar ozonio, peroxido de hidrogénio, uliravioleta
ou permanganato de potassio.

8. Beneficios

* Facilidade de refrolavagem devido a baixa densidade e possibilidade de uso da
agua de alimentacdo.

* Menor perda de carga devido a alta porosidade.

* Alta capacidade de adsorcdo de ferro e manganés.

* Alta seletividade dos ions de ferro € manganés.

9. Fornecimento

Sacos de 25 kg.
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