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RESUMO GERAL

Dado o crescimento anual no consumo de embalagens plasticas para alimentos,
faz-se desejavel a existéncia de matérias-primas alternativas ao petrdleo,
principalmente que sejam renovaveis ou obtidas de residuos industriais, como o
isolado proteico de soro de leite (IPS). O presente trabalho propGe a avaliacdo da
aplicabilidade de novas blendas de IPS e poli (&lcool vinilico) (PVA) como
embalagem flexivel para alimentos. Para tal, foram desenvolvidas blendas de
IPS acrescidas de 10%, 20% e 30% de PVA, com objetivo de melhorar a
flexibilidade dos filmes de IPS. As blendas, bem como o filmes de IPS e PVA
isolados, foram caracterizadas quanto as propriedades: mecénicas (testes de
tragdo e punctura), morfoldgicas (Microscopia Eletronica de Varredura — MEV),
de interacdo (Espectroscopia na Regido do Infravermelho — FTIR), éticas (%
transmitancia), térmicas (Analise Termogravimétrica — TGA e Calorimetria
Diferencial Exploratéria — DSC), de permeabilidade ao vapor de &gua, de
solubilidade em &gua e de interacdo com umidade sob atividades de agua e
temperaturas variadas (isotermas de sorcao de agua). A adicao de 30% de PVA a
matriz de IPS produziu uma blenda com menor resisténcia a tragdo, porém com
um comportamento mais ductil, exibindo uma capacidade de deformagdo dez
vezes maior que a do filme de IPS. As propriedades de tracdo obtidas para esta
blenda foram proximas aquelas referentes ao polietileno de baixa densidade
(PEBD). A resisténcia a punctura e a permeabilidade ao vapor de agua nao
foram afetadas pela adi¢do de PVA a matriz de IPS, porém a solubilidade em
agua e a transmitancia o6tica foram reduzidas quando comparadas ao filme de
IPS. As blendas mostraram temperaturas de transicao vitrea (Tg) semelhantes a
do filme de IPS puro e boa compatibilidade entre os polimeros foi indicada pelos
resultados de Tg. Os dados experimentais de isotermas de sor¢cdo foram bem
ajustados através do modelo GAB, e as curvas mostraram um expressivo
aumento na sorcéo de agua em atividades de &gua (aw) acima de 0.6. A adicéo de
PVA & matriz de IPS tornou o processo de sor¢cdo de agua mais espontaneo.
Através das analises realizadas concluiu-se que é indicada a adi¢do de 30% de
PVA aos filmes de IPS para obtencdo de um material mais flexivel, sem
prejudicar a barreira & umidade e, além disso, que essa blenda é aplicavel a
embalagens flexiveis para alimentos e atmosferas externas com a, abaixo de
0.90.

Palavras-chave: Isolado proteico de soro de leite. Poli (&lcool vinilico). Blendas
poliméricas. Embalagens para alimentos.



GENERAL ABSTRACT

Given the annual growth in food plastic packaging consumption, it is desirable
the existence of raw materials, which are alternative to petroleum, especially
those renewable or obtained from industrial byproducts, such as the whey
protein isolate (WPI). The present work proposes to evaluate the applicability of
WPI and polyvinyl alcohol (PVA) new blends as flexible packaging for food. In
order to this, blends of WPI with 10%, 20% and 30% of PVA were developed,
aiming to increase the WPI films flexibility. Blends, as well as isolated WPI and
PVA films, were characterized regarding the following properties: mechanical
(tensile and puncture tests), morphological (Scanning Electron Microscopy —
SEM), of interaction (Fourier Transform Infrared — FT-IR), optical (%
transmittance), thermal (Thermogravimetric Analysis — TGA and Differential
Scanning Calorimetry — DSC), of water vapor permeability, of solubility in
water and of interaction with moisture under different water activities and
temperatures (water sorption isotherms). The addition of 30% of PVA to WPI
matrix produced a blend with lower strength, but with a more ductile behavior,
exhibiting a ten times higher elongation when compared to WPI film. The
tensile properties obtained for this blend were close to those from low density
polyethylene (LDPE). The puncture resistance and the water vapor permeability
were not affected by the addition of PVA to the WPI matrix, while solubility in
water and optical transmittance were reduced when compared to WPI film.
Blends showed glass transition temperature values similar to that from WPI film
and a good compatibility between the polymers was indicated by Tg results. The
experimental data from water sorption isotherms tests were well adjusted
through GAB model and curves showed a more expressive increase of water
sorption above water activity (aw) of 0.6. The addition of 30% PVA to WPI
made the water sorption process more spontaneous. Through the performed
analysis it was possible to conclude that is indicated the addition of 30% of PVA
to the WPI matrix in order to obtain a more flexible material without prejudice
its water barrier property, as well as, that the application of this blend as flexible
packaging is suitable for foods and external environments with a, below 0.90.

Keywords: Whey protein isolate (WPI). Polyvinyl alcohol (PVA). Polymeric
blends. Food packaging.
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1 INTRODUCAO GERAL

Materiais plasticos desempenham fungdes essenciais as atividades
humanas, especialmente aquelas relacionadas ao setor alimenticio. Tal classe de
material é responséavel por acondicionar e proteger a maioria dos alimentos, 0s
quais sdo distribuidos e consumidos em todo o mundo. A necessidade diaria de
se consumir alimentos, e consequentemente, de se consumir embalagens
plasticas, trouxe a tona uma demanda por novas fontes de materiais poliméricos,
principalmente por aquelas que sejam renovaveis. Além disso, dados alguns
cenarios nos quais a degradacdo rapida do material é desejavel, como em
ambientes onde a coleta de residuos é dificultada ou quando a embalagem esta
na forma de revestimento comestivel, faz-se presente um atual crescimento nas
pesquisas relacionadas a plasticos biodegradaveis.

Polimeros biodegradaveis destinados & producdo de embalagens devem
ser renovaveis e abundantes, além da necessidade de possuirem um baixo custo,
para que haja viabilidade na sua aplicacdo (CAZON et al., 2017). Neste
contexto, pode-se assumir que biopolimeros oriundos de residuos industriais em
geral se adequam a essas requisi¢des. O isolado proteico de soro de leite (IPS) é
um biopolimero comestivel e biodegradavel, o qual é obtido como subproduto
da industria de queijos, e pode ser utilizado como matriz na producéo de filmes
para embalagens (AZEVEDO et al., 2017; CINELLI et al., 2016; SCHMID,
2013a). Apesar de suas desejaveis propriedades de transparéncia e boa barreira
ao oxigénio, filmes de IPS sdo comumente frageis e quebradicos devido as
interacBes entre diferentes grupos funcionais das cadeias proteicas (SCHMID,
2013b). Por esse motivo, na busca pela obtengéo de propriedades mecénicas e de
barreira aplicaveis a embalagem, diversas pesquisas relacionadas a producao de

blendas de IPS com outros polimeros sdo desenvolvidas, principalmente, com
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amido e quitosana. Entretanto, nenhum trabalho sobre blendas de IPS com poli
(&lcool vinilico) (PVA) foi publicado até 0 momento.

O PVA ¢é um polimero sintético, biodegradavel, solivel em agua, o qual
é obtido através da hidrdlise acida do poli (acetato de vinila) (HALIMA, 2016).
Filmes de PVA, usualmente, apresentam boa capacidade de estiramento e,
portanto, sua adicdo pode atuar aumentando a flexibilidade e reduzindo a
fragilidade dos filmes de IPS, tornando-os mais adequados & aplicagdo na area
de embalagens para alimentos, mantendo a propriedade de biodegradabilidade.

Além das caracteristicas fisicas e mecanicas, a propriedade térmica de
transicdo vitrea e a interagdo com a umidade sdo fatores fundamentais na
determinagdo e adequacdo de embalagens a alimentos, ja que a grande maioria
dos alimentos requer protecdo a umidade. Portanto, buscando avaliar a
possibilidade da aplicacdo de blendas de IPS/PVA no setor de embalagens
plasticas flexiveis para alimentos, o presente trabalho propde o desenvolvimento
e caracterizacdo de filmes de IPS acrescidos com 10%, 20% e 30% de PVA,
quanto as propriedades: mecanicas, morfologicas, Oticas, térmicas, de
permeabilidade ao vapor de agua, de solubilidade em &gua e de interacdo com

umidade sob atividades de dgua e temperaturas variadas.
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2 REFERENCIAL TEORICO

2.1 Embalagens pléasticas alimenticias

No setor alimenticio, a embalagem desempenha um papel fundamental
na manutencdo das caracteristicas proporcionadas pelo processamento dos
alimentos. Desta forma, embalagens permitem que alimentos possam ser
transportados com seguranca por curtas ou longas distancias de forma que estes
se mantenham em condi¢cGes adequadas até chegarem ao consumidor.
Entretanto, embalagens precisam equilibrar suas fungdes com outras questdes,
como custos energéticos e de matérias-primas, envolvimento social e ambiental
e adequacdo a regulamentacdes sobre descarte de residuos sélidos, entre outras,
para que possam efetivamente serem aplicadas no mercado alimenticio
(MARSH; BUGUSU, 2007).

Atualmente, a maioria dos alimentos produzidos, distribuidos e
transportados sdo embalados em plasticos (NERIN, 2016). Segundo a
Associacdo Brasileira de Embalagens (ABRE), em 2016 o valor estimado do
faturamento da industria de embalagens no Brasil foi de R$ 64,3 bilhdes, dos
quais os materiais plasticos representam a maior parcela frente aos demais
(39,42%). No cenério da pesquisa, a ABRE citou a indUstria de plastico como a
gue mais emprega no setor de embalagens, representando 52,88% do total de
postos de trabalho (ABRE, 2017).

Em 2016, a producdo mundial de plésticos excedeu 335 milhGes de
toneladas, comprovando assim, o uso extremamente difundido desse material
(EPRO, 2017). Vale ressaltar que, antes da expansdo do uso de materiais
poliméricos, o vidro era o material mais utilizado no acondicionamento de
produtos alimenticios liquidos e solidos. A introducdo dos polimeros no

mercado propiciou uma reducdo no consumo global de energia, principalmente



15

pelo fato de que a producdo e reciclagem do vidro consomem montantes de
energia usualmente superiores aos necessarios para a producdo de embalagens
plésticas (RABELLO, DE PAOLLI, 2013).

Com todas as vantagens oferecidas pelos polimeros, a necessidade diaria
pelo consumo de alimentos e a exigéncia crescente dos consumidores por
produtos praticos, prontos para o consumo, de alta qualidade e seguranga,
propicia um crescimento na utilizagdo de embalagens plésticas a cada ano. Tal
alto consumo, associado ao descarte inadequado de grande parte desses
materiais e a resisténcia da maioria dos plasticos a degradagdo, tém ocasionado
um grande acimulo de residuos desse material no meio ambiente. Vale ressaltar
que tal impacto ambiental ocorre somente porque, ainda, falta por parte da
populagdo, a consciéncia de que o descarte inadequado dos materiais
poliméricos, ou mesmo a destinagcdo a aterros, provocam a perda da energia
gasta no processo de producdo dos mesmos (MAGRINI et al., 2012). A
resisténcia a degradacdo desses materiais é fator fundamental para a sua
capacidade de serem reciclados, possibilitando um ciclo de vida com eficiéncia
energética maior do que todos 0s seus concorrentes.

Segundo Magrini et al. (2012), as principais motivagfes para 0
desenvolvimento de plasticos oriundos de biopolimeros tém sido a substitui¢do
de matérias-primas de origem fossil e o referido problema do acumulo desses
materiais no ambiente dado seu descarte inadequado. Apesar de cerca de apenas
4% do petroleo extraido ser destinado para a producdo de plasticos, e de que o
acumulo desses residuos é passivel de ser resolvido com destinagcdo correta dos
mesmos a reciclagem, de fato, em qualquer setor, é desejavel a existéncia de
fontes alternativas de matéria-prima. No setor de embalagens para alimentos,
principalmente, o qual consome montantes de materiais poliméricos diariamente,
anseia-se por novas fontes de matéria-prima as quais sejam renovaveis ou

obtidas através de residuos com reduzido ou sem valor agregado.
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2.2 Biopolimeros

Biopolimeros sdo definidos como macromoléculas formadas por
organismos Vvivos, incluindo proteinas, acidos nucleicos e polissacarideos
(IUPAC, 1996). Esses materiais também podem ser enguadrados como
polimeros extraidos de materiais renovaveis e, além de possibilitar a reducdo do
volume de residuos acumulados no meio ambiente, também podem, ao invés de
descartados, ser utilizados na compostagem de plantas (BERTOLINI, 2007). A
biodegradabilidade apresentada por grande parte desses materiais, bem como sua
abundancia, ja que sdo oriundos de fonte renovavel ou de residuos industriais,
sdo os mais fortes fatores de competicdo desses materiais na tentativa de
substituir os polimeros baratos com origem no petroleo.

Apesar de a busca por materiais biodegradaveis ter sido um dos
combustiveis para o desenvolvimento das pesquisas relacionadas a
biopolimeros, Yates e Barlow (2013) afirmam que a maioria dos biopolimeros
realmente sdo biodegradaveis e que, entretanto, nem todos esses materiais irdo
apresentar essa propriedade. Além disso, vale ressaltar que nem sempre a
biodegradabilidade é fator desejavel, ja que muitos materiais precisam ser
armazenados ou transportados por longas distancias e por maiores periodos de
tempo, sendo essencial a manutengdo das funcdes das embalagens durante esse
processo. Tal propriedade é desejavel, por sua vez, em ambientes naturais nos
quais a coleta de lixo é dificultada, como praias, por exemplo, ou mesmo em
situacBes em que o produto armazenado tem vida Gtil curta ou é embalado na
forma de revestimento comestivel.

A biodegradabilidade vai depender de fatores morfolégicos, como a
forma e o tamanho da cadeia, fatores quimicos, incluindo a estrutura quimica e
composicao, fatores fisicos, como as condi¢cBes de processamento, além da

presenca do microorganismo adequado no ambiente de degradagdo. De acordo
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com a fonte e com o tipo de sintese, polimeros caracterizados como

biodegradaveis séo usualmente divididos em quatro classes:

a)

b)

d)

Polimeros originados de biomassa, de fontes agricolas vegetais ou
animais, como polissacarideos (amidos de milho, batata, etc.), produtos
lignocelulésicos, e outros como quitosana, quitina, pectinas e proteinas
do leite;

Polimeros obtidos por microorganismos (polihidroxialcanoato — PHA,
polihidroxibutirato-PHB, entre outros);

Polimeros sintetizados quimicamente através de monémeros de fontes
agricolas, como por exemplo o poli (acido latico) ou o poli (alcool
vinilico) (PVA) obtido pela desidratacdo do alcool etilico da cana-de-
acucar;

E polimeros em que seus mondmeros e a prépria molécula polimérica
final sdo obtidos pela sintese quimica de fontes fosseis, como as
policaprolactonas (PCL), os poliesteramidos (PEA), o PVA, entre outros
(VIEIRA et al., 2011).

Biopolimeros podem ser amplamente aplicados na indUstria alimenticia

como materiais para embalagens (BERTOLINI, 2007). Alguns atributos séo

responsaveis pela determinacédo da aplicacdo desses materiais a alimentos, como

a possibilidade deles serem comestiveis, as propriedades mecanicas de tracdo e

punctura, a capacidade de barreira a gases e a dgua, a estabilidade sob diferentes

condi¢des de temperatura e umidade, entre outras.

2.3

Soro de leite e isolado proteico de soro de leite (IPS)

O Regulamento Técnico de Identidade e Qualidade do Soro de Leite 0

define como sendo “o liquido obtido a partir da coagulagdo do leite destinado a

fabricacdo de queijo, caseina e produtos lacteos similares”, o qual possui 5g de
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proteina lactea a cada litro (BRASIL, 2013). Os soros séo classificados em doce
ou &cido, sendo esse primeiro, de acordo Fernandes (2010), proveniente da
coagulacdo enzimatica do leite em pH de aproximadamente 6,7, ou coagulacdo
da caseina por enzimas proteoliticas em pH de, no minimo, 5,6. O soro doce é
obtido a partir do processamento de queijos de coagulacdo rapida ou outros
como Prato, Mussarela, Cheddar, etc. O soro &cido, por sua vez, é obtido pela
coagulacdo da caseina em pH abaixo de 5,1, e produzidos no processamento de
queijos de coagulacéo lenta ou queijos como 0 Quark e o Requeij&o.

Os teores de proteina do soro de leite sdo inferiores quando comparados
aos leites integral e desnatado. Entretanto, o grande volume de soro oriundo da
industria de queijos, permite que seja vantajosa a extracdo da proteina deste
subproduto. O mercado atual mostra uma tendéncia de crescimento na producao
mundial de queijos, a qual gera, em média, até 9kg de soro de leite para cada
quilo de queijo produzido (GONZALEZ-SISO et al., 2015). Esse subproduto,
portanto, ja foi considerado como poluente, considerando-se o fato de que era
comum 0 seu descarte em cursos d’agua, aumentando a demanda bioquimica de
oxigénio (DBO). Entretanto, com o passar dos anos, a consciéncia ambiental e a
necessidade das industrias em gerar lucros até mesmo sobre 0s subprodutos, uma
vasta gama de produtos lacteos passaram a ser produzidos a partir do soro de
leite, como leite em po, bebidas lacteas e o isolado proteico de soro de leite
(CHAVAN et al., 2015).

Fernandes (2010) cita que o soro liquido contém cerca de 20% das
proteinas do leite original, sendo essas, em sua maioria, B-lactoglobulina, a-
lactoglobulina, albumina sérica e proteose-peptona. Segundo Rutten et al.
(2002), a B-lactoglobulina, principal componente, tem estrutura globular em sua
forma nativa e é composta por 162 residuos de aminodcidos ou unidades
peptidicas de 20 tipos diferentes. Um trecho da estrutura priméria com sete

residuos de aminodcidos (H-Ala-Leu-Pro-Met-His-lle-Arg-OH) é mostrado na
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Figura 1-a. J& a estrutura secundéria apresenta-se 15% em conformagdo a-
hélice, 50% em S-sheet e o restante de conformagdes desordenadas. Tal estrutura
é estabilizada pela presenca de ligacGes de hidrogénio internas e duas ligacGes
covalentes enxofre-enxofre (S-S) propiciados por residuos de cisteina da cadeia
(FIGURA 1-b), e é carregada sob valores de pH acima e abaixo do seu ponto

isoelétrico (pH = 5,5).

Figura 1 - a) B-lactoglobulina: segmento da cadeia (estrutura priméaria) com sete
aminoacidos  (H-Ala-Leu-Pro-Met-His-lle-Arg-OH) e b) B-
lactoglobulina: segmento de cadeia (estrutura primaria) com residuos
de cisteina formando ponte dissulfidica.

N
~
H/ H

Fonte: Adaptado de NCBI (2017).

A utilizacdo das proteinas contidas no soro, além de estar ligada as
propriedades nutritivas e funcionais das mesmas, também ¢é justificada por
outras caracteristicas apresentadas por esses compostos, como solubilidade,
emulsificacdo, estabilidade térmica, capacidade de formacdo de géis, entre

outras. Em relacdo a separacdo dessas proteinas, podem ser produzidos dois
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tipos de produto: o concentrado proteico de soro de leite (CPS) e o isolado
proteico de soro de leite (IPS) (CHAVAN et al., 2015). Ao remover o0s
componentes ndo-proteicos do soro de leite pasteurizado, geralmente pelo
método de membranas por ultrafiltragdo, obtém-se o CPS, com composicao de
30 a 90% de proteinas e o restante de lactose, lipideos e cinzas. As etapas de
preparacdo do CPS por esse método envolvem a clarificagdo do soro (50°C), a
ultrafiltracéo e, por ultimo a secagem por spray drying. Os concentrados com
menor porcentagem de proteinas sdo utilizados em produtos de panificacéo,
doces, laticinios, entre outros, enquanto os CPS mais concentrados em proteinas
sdo utilizados também em confeitaria, carnes, suplementos proteicos e para 0
desenvolvimento de filmes biopoliméricos (FERNANDES, 2010).

O IPS, por sua vez, é obtido de maneira semelhante ao CPS, porém com
a adicdo de mais uma etapa ao processo, que é a cromatografia de troca ibnica.
Essa etapa tem a funcdo de remover os minerais da mistura, obtendo-se, assim,
isolados com teores de proteina que podem ser maiores que 90%, contendo,
portanto, uma porcentagem de proteinas mais elevada e menor quantidade de
lactose e lipideos que o CPS. Essa adicdo de mais uma etapa ao processo acaba
por proporcionar um custo mais elevado ao IPS. Segundo o U.S. Dairy Export
Council, a composicdo usual do isolado € de 90-92% de proteina, 0,5-1% de
lactose, 0,5-1% de lipideos e 2-3% de cinzas (FERNANDES, 2010). O IPS é
utilizado em laticinios, panificagdes, carnes, doces, como fonte proteica em
suplementos e, mais recentemente, como matéria-prima na producdo de filmes
flexiveis.

O proéprio fato de poder ser produzido utilizando-se um subproduto
gerado em grande volume pela inddstria de queijos, j& faz com que o isolado
proteico de soro de leite desperte interesse de pesquisas, ndo somente no ambito
alimenticio ou nutricional. O IPS também vem sendo alvo de estudos para sua

utilizagdo como matriz polimérica na producédo de filmes biodegradaveis.
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2.3.1 Filmes de IPS

Nos ultimos anos, o IPS vem sendo bastante explorado em pesquisas
visando sua aplicacdo como matriz polimérica para producdo de filmes
biodegradaveis para embalagem de alimentos (AZEVEDO et al., 2017,
HASSANNIA-KOLAEE et al., 2016; OYMACI; ALTINKAYA, 2016). Em
geral, tais filmes apresentam propriedades como boa barreira a oxigénio e
versatilidade de propriedades mecanicas, quando combinados com compostos e
nanocompostos especificos, além de apresentarem boa transparéncia e
possibilidade de serem incorporados a agentes ativos diversos.

Apesar das desejaveis caracteristicas citadas, filmes de IPS usualmente
se apresentam frageis e quebradigos, dadas as varias interacGes que se formam
entre os diferentes grupos funcionais das proteinas (SCHMID, 2013b). Além da
fragilidade, a capacidade de interacdo com a umidade faz com que a aplicacéo
de filmes de IPS em embalagens para alimentos seja, ainda, limitada. Na
tentativa de reverter esse fato, utilizam-se modificagdes como adicdo de outros
polimeros para formacdo de blendas, a insercdo de outros materiais para
formagdo de compositos, ou mesmo mudangas nas varidveis de producdo dos
filmes, como temperatura e pH. Silva et al. (2016) produziram uma blenda de
IPS com goma de alfarroba (locust bean gum) e conseguiram maiores
flexibilidade, resisténcia a tracdo e barreira ao vapor de 4gua quando comparado
ao filme de IPS. Olabarrieta et al. (2001) obtiveram um aumento na barreira ao
vapor de agua de filmes de IPS ao adicionar e-policaprolactona, formando uma
blenda desses dois polimeros. Oymaci e Altinkaya (2016), por sua vez,
obtiveram uma reducdo da hidrofilicidade dos filmes de IPS através da adicéo de
nanoparticulas de zeina.

Diante do fato de que o IPS corresponde a uma matéria-prima

biocompativel, abundante e com a possibilidade de ser obtida através de residuos
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industriais, € desejavel a exploracdo de compostos aditivos e novas
metodologias, as quais sejam capazes de tornar as propriedades dos filmes a
base deste conjunto de proteinas mais aplicaveis a industria de embalagens para
alimentos. A adicdo de poli (alcool vinilico) (PVA) a matriz de IPS, por sua vez,
ainda ndo foi reportada em trabalhos publicados até o presente momento.
Acredita-se que esta adicdo, jA em pequenas quantidades de PVA, apresenta
potencial capacidade de tornar os filmes de IPS mais flexiveis e, portanto, mais

aplicaveis ao setor de embalagens.

2.3.2 Poli (alcool vinilico) (PVA)

O PVA foi sintetizado pela primeira vez em 1924, por Herrman e
Haehnel, através da hidrdlise do poli (acetato de vinila), metodologia essa
utilizada até hoje para sua obtengdo. Halima (2016) define o PVA como sendo
um polimero sintético, soltvel em agua, composto por uma cadeia principal de
carbono e biodegradavel sob condicbes aerdbicas e anaerébicas. O PVA é
produzido em grande escala mundialmente, e apresenta propriedades
subordinadas ao grau de polimerizacdo e de hidrolise. Desta forma, diversos
tipos de PVA sdo produzidos industrialmente variando-se esses dois parametros.
Os PVAs 100% hidrolisado e com grau de hidrolise menor que 100%
encontram-se, respectivamente, representados nas Figuras 2-a,b. O acetato de
vinila, que é a matéria prima para sua producdo, é recentemente produzido pela
oxidac&o de etileno na presenca de paladio (MESQUITA, 2002). O etileno, por
sua vez, pode ser obtido através dos processos de transformacéo do petréleo, ou

através da desidratacdo do alcool etilico.
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Figura 2 — Estrutura do (a) PVA 100% hidrolisado, sem grupos acetato; e (b)
PVA com grau de hidrélise menor que 100%, com a presenca de
grupos acetato na cadeia.
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Fonte: Adaptado de Halima (2016).

As etapas de producdo do PVA séo a polimerizagdo do acetato de vinila,
gerando o poli (acetato de vinila) (PVAC), seguida pela reagdo de hidrolise
alcalina do PVAc, finalmente, formando o PVA. A sintetizagdo ocorre nessas
duas etapas uma vez que o alcool vinilico € um composto instavel que se
converte em acetaldeido espontaneamente e, portanto, ndo pode ser obtido de
forma direta. Fernandes (2005) cita como formas correntemente utilizadas para a
producdo do PVA a reacdo do PVAc com uma quantidade estequiométrica de
base em meio aquoso (hidrdlise alcalina), e a reacdo do PVAc com alcool
(metilico ou etilico) na presenca de catalisador acido ou basico (hidrolise acida
ou alcalina). Chiellini (2003) representou a producdo do PVA através do

esquema presente na Figura 3.
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Figura 3 — Representacdo esquematica da sequéncia de reacdo utilizada na
producdo industrial de PVA.
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Fonte: Adaptado de Chiellini (2003).

Apo0s a polimerizacdo e hidrdlise acida ou basica, obtém-se o polimero
final, o qual vai ter grau de hidrélise dependente da extensdo da reacdo de
hidrolise, sempre existindo uma por¢cdo de PVAc ao final do processo.
Comercialmente existem PVAs com alto grau de hidrélise, geralmente de 98,5-
99%, e menor quantidade de grupos acetato no polimero, influenciando
diretamente em propriedades como a solubilidade e grau de cristalinidade do
PVA (HASSAN, PEPAS, 2000).

Por ser um polimero biodegradavel em condicGes aerdbia e anaerodbia, 0
PVA é alvo recorrente de pesquisas na area dos biomateriais. Silvério (2013)
destaca a capacidade do PVA em formar ligagbes de hidrogénio intra e
intermolecular, sua alta capacidade de estiramento, além de suas propriedades
térmicas, de barreira e de resisténcia a solventes organicos, as quais variam com

0 grau de cristalinidade do polimero. A cristalinidade, por sua vez, vai estar
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diretamente conectada ao grau de hidrolise e massa molecular média do
polimero, demonstrando, portanto, a possibilidade de se obter uma grande
variedade nas propriedades do PVA e adequa-lo a diferentes aplicaces.

Quanto a solubilidade, trés parametros principais podem influenciar a
solubilizacdo do PVA em 4&gua: grau de polimerizacdo, grau de hidrélise e
temperatura de solubilizacdo. Por exemplo, um PVA com grau de hidrélise de
100%, por apresentar maior cristalinidade, requer altas temperaturas (entre 80 e
100°C) para se solubilizar totalmente. Além disso, quanto maior o grau de
polimerizacdo, maior a temperatura necessaria para a solubilizacdo completa. A
relacdo entre temperatura e solubilizagdo é bastante complexa, uma vez que o
aumento da temperatura pode agir tanto quebrando as ligacBes intra e
intermoleculares do PVA, favorecendo a solubilizacdo, quanto quebrando as
ligacBes de hidrogénio do polimero com a &gua, diminuindo a solubilidade.
Toyoshima (1973) experimentou PVAs com diferentes graus de hidrolise e
polimerizagdo e avaliou a solubilidade em &gua dos mesmos em funcdo da

temperatura, obtendo o grafico da Figura 4.

Figura 4 — Solubilidade em &gua de PVAs com diferentes graus de
polimerizacao e hidrélise em funcdo da temperatura.
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Fonte: Adaptado de Toyoshima (1973).
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Observa-se que, quanto maior o grau de hidrolise, maiores sdo as
temperaturas requeridas para a solubilizacdo do PVA. O grau de polimerizacéo,
por sua vez, tem maior influéncia na temperatura de solubilidade de PVAs com
grau de hidrolise de 98-99%, do que nos com 87-89%. Mas em geral, 0 grau de
polimerizacdo também € diretamente proporcional a temperatura de
solubilizacdo. Nota-se que o PVA com grau de hidrdlise de 78-81 constitui-se
em um exemplo no qual, a partir de 25°C, o aumento da temperatura age
reduzindo a solubilidade, possivelmente pela quebra das ligagdes de hidrogénio
do polimero com a agua.

Ramos (2008) cita algumas propriedades térmicas gerais do PVA como
temperatura de transicdo vitrea de 58°C e temperatura de fusdo de 150-190°C
para PVA parcialmente hidrolisado; temperatura de transicdo vitrea e de fusdo,
respectivamente, de 85°C e 210-230°C para PVA completamente hidrolisado; e
decomposicao térmica acima de 180°C, o que pode dificultar o processamento
por extrusdo, muitas vezes sendo desejavel a incorporacdo de um aditivo ou
outros polimeros que possam aumentar a estabilidade térmica do PVA.

Segundo Ozaki (2004), existe uma gradativa reducdo nos custos de
producdo do PVA, o que tem contribuido para a expansdo de sua aplicacéo.
Além disso, por suas propriedades ajustaveis e adequadas a aplicacdo em
embalagens e sua biodegradabilidade, o PVA ¢é, portanto, um material com
grande potencial na modificagdo de propriedades de outros polimeros
biodegradaveis, como o IPS, para torna-los mais adequados ao

acondicionamento de alimentos.

2.3.3 Filmes de PVA

No ambito dos materiais para embalagens, o PVA apresenta excelente

capacidade de formacdo de filmes por casting, além de propriedades
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emulsificantes e adesivas. Ozaki (2004) afirma que a principal dificuldade de
processamento do PVA é devido a sua baixa resisténcia térmica, ndo sendo
adequado para processos de extrusdo ou injecdo em molde, como ocorre com
boa parte dos polimeros em geral. Apesar disto, outros autores, como Jang e Lee
(2003), ja reportaram como viavel a producdo de blendas de PVA e
polipropileno extrudados.

Quanto as propriedades, filmes de PVA apresentam resisténcia a 6leos e
solventes, alta resisténcia a tragéo, 6tima barreira a oxigénio e aroma, além de
ser inodoro e atdxico, caracteristicas que possibilitam, portanto, sua aplicacdo
em embalagens para alimentos. Entretanto, as propriedades desse material
podem variar de acordo com a umidade. Com teores mais elevados de &gua, e
consequente maior adsorcdo de umidade por parte da matriz, maior o efeito
plastificante provocado pela &gua e, assim, menor a resisténcia a tragdo e maior
0 potencial de elongacdo do filme (TANG; ALAVI, 2011).

Na grande maioria das pesquisas de aplicacdo do PVA em embalagens,
faz-se a juncdo desse material com outros polimeros de origem renovavel e mais
baratos através de blendas poliméricas, para assim, obter materiais mais

resistentes, com boa biodegradabilidade e custos mais baixos.

2.3.4 Blendas

A producdo de blendas constitui-se em uma estratégia em crescimento
na tentativa de tornar polimeros biodegradaveis com propriedades adequadas a
determinadas aplicages, como por exemplo, no setor de embalagens. Segundo
Bona (2007), blendas s&o misturas fisicas de dois ou mais polimeros,
frequentemente, com um plastificante e um solvente resultando em uma mistura
miscivel ou imiscivel. Ao produzir uma blenda entre dois polimeros é possivel

produzir um material com propriedades inéditas, o que, usualmente, é mais
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economicamente vidvel do que o desenvolvimento de um novo produto. Por
outro lado, nem sempre a miscibilidade € alcancada ao se misturar dois
polimeros diferentes.

A miscibilidade de uma blenda obedece a segunda lei da termodindmica,
a qual leva em consideracéo e entalpia (AHM), a entropia (ASM) e a temperatura
(T) do sistema. De acordo com esta lei, dada pela Equacdo 1, 0s componentes da
blenda s6 irdo se misturar perfeitamente sem separacéo de fase, se a energia livre
de Gibbs de mistura (AGM) for negativa. A maioria das blendas de polimeros
com mondmeros de alto peso molecular sdo imisciveis devido a fraca interagéo
entre as fronteiras de fases dos materiais, 0 que produz blendas imisciveis e com
pobres propriedades termomecanicas. Como estratégia para o0 melhoramento da
compatibilidade dos materiais na blenda, comumente, se faz o uso de
compatibilizantes diversos, 0s quais sdo capazes de interagir com ambas as
fases, formando uma rede de ligacOes covalentes (THOMAS; MISHRA,
KALARIKKAL, 2017).

AGM = AHM — TASM 1)

A verificagdo da miscibilidade de dois polimeros em
uma blenda pode ser feita também através da analise da temperatura de transi¢do
vitrea (Tg) da blenda produzida. A temperatura de transicdo vitrea é a
temperatura a partir da qual ocorre o inicio do movimento das cadeias
poliméricas, passando de um estado vitreo, com moléculas mais ordenadas, para
um estado borrachoso, onde as mesmas adquirem maior flexibilidade e menor
ordenacdo (CANEVAROLO JUNIOR, 2006). Usualmente, ao se misturar dois
polimeros com diferentes valores de Tg, a observacdo de uma Unica Tg para a
blenda remete & miscibilidade dos materiais. Enquanto isso, para polimeros

imisciveis, a blenda demonstra claramente dois valores de Tg para os respectivos
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componentes puros, independentemente da composicdo da mesma. As blendas
parcialmente misciveis, portanto, apresentam valores de Tg relativos aos seus
componentes intermediarios as Tg’s dos polimeros isolados (KALOGERAS;
BROSTOW, 2008).

2.3.5 Blendas de IPS/PVA

No que diz respeito as blendas utilizando-se PVA como componente, 0
material mais utilizado como matriz polimérica é o amido, enquanto o método
dominante de producéo é o de secagem do solvente (casting). Tian et al. (2017)
produziram blendas de amido/PVA com 50% de amido e 50% de PVA com alta
flexibilidade, deformacdo na ruptura maior que 1000% e resisténcia a tragdo de
9 MPa, propriedades superiores as do polietileno de baixa densidade (PEBD).
Zhai et al. (2017) inovaram no desenvolvimento de uma blenda colorimétrica de
amido/PVA, incorporada com antocianinas de flor de hibisco, a qual foi capaz
de detectar, em tempo real, a frescura de peixes. Aydin e llberg (2016) avaliaram
o efeito de diferentes plastificantes a base de poliol nas propriedades térmicas de
blendas de PVVA/amido e observou mudancas consideraveis na Tg das blendas
ao variar a concentracdo dos plastificantes. Guimaraes et al., (2015a), por sua
vez, avaliaram o efeito da mistura de PVA e amido, sendo possivel observar que
quanto maior a concentracdo de PVA, mais ddcteis e flexiveis eram as blendas;
guanto maior a quantidade de amido, maior a barreira ao vapor de agua do
material produzido; além de uma boa compatibilidade entre os polimeros na
blenda. Foi relatada também, a utilizacdo de tocoferol como agente melhorador
da interacdo entre amido e PVA por Sin et al. (2013). Além desses trabalhos,
muitos outros autores ja relataram a producdo de blendas de amido/PVA, até
mesmo com outros compostos para a formagdo de nanocompositos (FRONE et
al., 2015; GUIMARAES Jr. et al., 2015b; SIN et al., 2010; TEE et al., 2013).
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Ja foram avaliadas também as propriedades mecanicas, térmicas e
estudos de sorcdo em blendas de quitosana e PVA (AGILABRAHAM,;
SOLOMAN; REJINI, 2016; SRINIVASA et al., 2016). Entretanto, a associacao
de IPS e PVA para formacgdo de blendas biodegradaveis ainda ndo foi relatada
na literatura até o presente momento. Com solubilidade desses materiais em
agua e a possibilidade de interacdo por ligacdo de hidrogénio entre diversos
grupos com atomos de nitrogénio (N) e oxigénio (O) das proteinas do leite
(FIGURA 1-a) e os grupos hidroxila do PVA (FIGURA 2-a), pressupfe-se uma
boa interacdo entre eles para obtengéo de filmes poliméricos. Além disso, o PVA
poder agir reduzindo a rigidez e fragilidade dos filmes de IPS, dada a sua alta

capacidade de estiramento.

2.3.6 Propriedades mecénicas

Para Ward e Hardley (1998), muitas aplicaces industriais dependem
das propriedades mecanicas apresentadas por materiais poliméricos, e, portanto,
conhecé-las é de fundamental importancia. Tais propriedades vdo determinar a
resposta de materiais a aplicacdo de forcas mecanicas externas, como tracao,
compressdo, punctura, cisalhamento, etc. No caso de embalagens poliméricas,
determinadas aplicacBes requerem resisténcias especificas a tracdo, punctura e
rasgo, principalmente. Ward e Hardley (1998) afirmam ainda que, em polimeros,
as propriedades mecénicas sdo uma consequéncia da composic¢do da matriz e sua
estrutura em niveis moleculares e supramoleculares.

Materiais plasticos, como os utilizados para embalagens, apresentam um
comportamento de deformacdo simultaneamente, eléstico e pléstico. Quando
submetidos ao teste de tracdo, no qual forcas paralelas em diregdes opostas
exercem o estiramento do material, a curva caracteristica do gréfico de tenséo

(o) versus deformacgdo (g) expde esses dois comportamentos caracteristicos,
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conforme apresentado na Figura 5. De acordo com Guimardes Jr. et al. (2015a),
as propriedades mecénicas de maior interesse em se tratando de filmes flexiveis
sdo aquelas relacionadas a resisténcia a tracao, incluindo o limite de resisténcia a
tracdo (LRT), o modulo de elasticidade (E) e a porcentagem de deformacdo ou
alongamento suportada pelo filme (D). O LRT corresponde a maxima tensao
suportada pelo filme antes da ruptura, enquanto o E corresponde ao coeficiente
angular da porcao eléstica da curva ¢ Versus &, e representa a medida de rigidez
do filme. Por outro lado, a D corresponde ao alongamento percentual, ou seja, a
relacdo entre o comprimento final e o comprimento inicial do filme. A
deformagdo (D) ou alongamento pode ser associada a ductilidade ou grau de

deformagdo pléstica suportada pelo filme.

Figura 5 — Gréfico tensdo versus deformagdo caracteristico de materiais

plésticos.
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Fonte: Adaptado de Ward e Hardley (1998).

Vale ressaltar que, para testes de tracdo de filmes flexiveis, usualmente
segue-se a norma ASTM D882-02 de 2002 (Standard Test Method for Tensile
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Properties of Thin Plastic Sheeting) especifica para materiais com espessura
menor que 1.0 mm.

Além das propriedades relacionadas a tracdo, em se tratando de
embalagens, muitas vezes € desejavel a resisténcia a perfuracdo, ou resisténcia a
punctura, ja que a resisténcia do material pode variar de acordo com o tipo de
forca aplicada. No teste de punctura, o filme é colocado sobre um suporte com
um orificio central e uma sonda € deslocada perpendicularmente a superficie do
filme (a uma velocidade constante) até a perfuragdo do mesmo, de forma que se
possa medir a resisténcia a essa perfuracdo e a deformacdo do filme quando a
méaxima forga foi aplicada (AZEVEDO, 2013). A norma comumente utilizada
para a realizagdo deste teste é a ASTM F1306-16 de 2016 (Standard Test
Method for Slow Rate Penetration Resistance of Flexible Barrier Films and
Laminates).

No ramo alimenticio, cada aplicacdo requer propriedades diferentes de
resisténcia a tracdo, capacidade de deformacdo, flexibilidade e resisténcia a
perfuragdo por parte das embalagens. Portanto, ao se produzir um filme flexivel
com a intenc¢do de aplica-lo no setor de embalagens, é de suma importancia a sua
caracterizagdo para conhecimento e verificagio da conformidade dessas

propriedades as aplicacGes pretendidas.

2.4 Espectroscopia na regido do infravermelho

Segundo Barth (2007), a espectroscopia na regido do infravermelho (1V)
€ um método cléssico para determinagdo da estrutura de pequenas moléculas,
dada a sua sensibilidade & composi¢do quimica e sua arquitetura. O autor explica
que a absorcédo da radiacdo do infravermelho excita as transi¢des vibracionais de
moléculas, de forma que, a frequéncia vibracional e a probabilidade de absor¢édo

dependem da forca e da polaridade das ligagdes intra e intermoleculares, e
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assim, o espectro gerado contém um alto conteldo de informagdes sobre o
material analisado. A andlise permite a identificacdo de mudancas na estrutura
quimica do material e é geralmente realizada utilizando-se espectrémetros de
Fourier transform infrared (FT-IR), associados a uma operacao de transformada
de Fourier ao espectro medido.

O esquema de um espectrometro Fourier transform infrared é exposto
na Figura 6. Sucintamente, um interferdmetro contendo um espelho fixo e um
movel gera uma diferenca de caminho otico entre dois feixes, proporcionando
um sinal de deteccdo contendo a informacdo do espectro. A luz emitida é
dividida por um divisor de feixe, de forma que, metade dela é refletida para o
espelho fixo, reflete-se de volta para o divisor de feixes e metade dela chega ao
detector (setas pretas na Figura 6). Enquanto isso, a outra metade da intensidade
de luz inicial passa o divisor de feixe, é refletida pelo espelho mével, passa
novamente ao divisor de feixes, e metade dela é refletida para o detector (setas
cinza na Figura 6). Em seguida, os dois feixes que chegaram ao detector se
recombinam gerando uma interferéncia construtiva ou destrutiva, a depender da
diferenca de caminho 6ptico. Um interferograma mede a intensidade da luz em
relacdo a posicdo do espelho movel e, por fim, o computador realiza a
transformada de Fourier, convertendo os dados medidos a um espectro, o qual é
o resultado final da analise (BARTH, 2007).
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Figure 6 — Esquema de uma anélise de espectroscopia por FT-IR.
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Fonte: Adaptado de Barth (2007)

No estudo de filmes para embalagens, especialmente de blendas, a
analise FT-IR pode auxiliar no monitoramento das mudancas quimicas ocorridas
no material em funcdo, por exemplo, das diferentes composicGes da blenda, bem
como prover informagdes que indicam a compatibilidade entre os polimeros
utilizados (GUIMARAES Jr. et al., 2015a). Portanto, a analise do perfil
espectroscopico das blendas constitui-se em uma boa estratégia no entendimento
da estrutura do material produzido, bem como da interacdo entre os polimeros,
auxiliando também no entendimento de outros resultados, como analises

mecanicas, térmicas e de barreira ao vapor de &gua, por exemplo.
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2.4.1 Propriedades fisicas

Algumas das propriedades fisicas de interesse no ambito dos filmes
flexiveis para embalagens s@o a permeabilidade ao vapor d’agua, a solubilidade
em agua e a transparéncia. A analise da propriedade de barreira & umidade é de
suma importancia na area de embalagens, ja que a aplicacéo final do material e a
qualidade do alimento embalado vao depender desta caracteristica (OTHMAN et
al., 2017). A medida da permeabilidade ao vapor de agua de filmes é usualmente
medida seguindo a norma ASTM E96 / E96M-16 de 2016 (Standard Test
Methods for Water Vapor Transmission of Materials). Desta forma, o teste
poder ser realizado conforme mostrado na Figura 7, utilizando-se amostras
circulares de filme com uma area conhecida (area — A), fixadas em capsulas
contendo, por exemplo, silica gel, adotando-se como zero a umidade da
atmosfera em contato com a face inferior da amostra (relative humidity 1 — RHa).
Essas capsulas sdo entdo inseridas em dessecadores herméticos com um valor de
umidade relativa conhecido e controlado (relative humidity 2 — RH)). A
guantidade de umidade que atravessa a amostra de filme é medida através do
método gravimétrico: ganho de massa da capsula ao longo do tempo. A norma
ASTM E96 / E96M (2016) pede que, no minimo, seis pontos sejam utilizados
para plotar o gréfico de massa adquirida (weight gain — W) versus tempo (time -

t) e, portanto, sete pesagens devem ser feitas incluindo a pesagem inicial.
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Figura 7 — Esquema da analise de permeabilidade ao vapor d’agua pelo método
gravimétrico utilizando cdpsulas com silica e dessecador.
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Fonte: Do Autor (2018)

A taxa de permeabilidade ao vapor de agua (water vapor permeability
rate — WVPR) pode entdo ser calculada através da Equacdo 2, enquanto a
permeabilidade ao vapor de agua (water vapor permeability — WVP) é obtida a
partir da Equacgdo 3, a qual leva em consideracdo a espessura da amostra

(thickness — ti) e a pressdo de saturacdo da agua na temperatura do teste (ps).

WVPR =22 )
tA
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WVPR.ti
— 3
WVP = ps (RH, 5 ( )

Enquanto isso, o teste de solubilidade em filmes flexiveis para
embalagens mede a porcentagem de massa do filme que é solubilizada quando
agitado por um tempo determinado em um recipiente contendo agua (CINELLI
et al., 2016). Uma vez que grande parte dos alimentos contém agua em sua
composicao, a analise desta propriedade é importante para que se possa conhecer
0 comportamento do filme em termos de solubilizagdo perante um ambiente com
elevada umidade. A perda de massa por parte do filme ocasiona mudangas em
suas propriedades, podendo até mesmo anular a fungdo de protecdo pretendida
para a embalagem.

Por fim, a propriedade de transparéncia pode ser desejavel ou ndo na
area de embalagens para alimentos, a depender da aplicagdo. De acordo com o
Relatério de Tendéncias em Embalagens para Alimentos feito pela Mintel
(2014), uma agéncia que faz pesquisas de mercado, nos Estados Unidos,
constatou-se que os consumidores enxergam a embalagem transparente como
sendo mais Gtil em termos de avaliacdo da frescura e qualidade dos produtos,
além de ajuda-los a encontrar exatamente o produto que procuram. Portanto, a
propriedade de transparéncia, além de estar relacionada atributos funcionais,
como por exemplo a prote¢do de produtos que se degradam sob agdo da luz,
também envolve todo um contexto mercadoldgico relacionado ao marketing. Dai
a importancia de se caracterizar filmes poliméricos desenvolvidos objetivando a
aplicacdo na area de embalagens.

A transparéncia pode ser medida em termos da transmitancia de um
filme, em que, 100% de transmiténcia significa transparéncia total. Essa
propriedade usualmente é medida utilizando-se espectrofotdmetros e seguindo a
norma ASTM D1746-03 (2003) (Standard Test Method for Transparency of
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Plastic Sheeting). As amostras de filmes sdo colocadas na parede interna de
cubetas de quartzo e a porcentagem de transmitancia é medida no comprimento
de onda desejado. A medida da transparéncia (T) pode ser calculada, levando em
consideracdo a espessura do filme (e), utilizando-se o valor de transmitancia

pedido (%T), conforme descrito pela Equacéo 4.

T = log(%T) /e 4)

2.4.2 Microscopia Eletrénica de Varredura - MEV

De acordo com Canevarolo Jr. (2003), a microscopia eletrénica de
varredura (MEV) é uma técnica de caracterizagdo a qual permite obter imagens
com alta profundidade de foco possibilitando a identificagdo de diferentes
relevos na superficie do material que estd sendo analisado. Segundo o autor,
nesta técnica um feixe de elétrons focalizado por lentes eletromagnéticas e
diafragmas varre a amostra com o auxilio de bobinas de varredura e um sinal é
capturado em funcédo da posicéo desse feixe incidente na amostra.

Na caracterizacdo de materiais poliméricos, a preparagdo para analise de
MEV inclui a secagem e deposi¢do de material condutor sobre a superficie da
amostra para permitir a formacéo da imagem. Ao avaliar blendas, usualmente é
realizada a criogenia do material para obtencdo de uma fratura vitrea,
destacando, assim, a morfologia interna da amostra e permitindo observar as
fases formadas (GONCALVES, 2000).

Além disso, a microscopia eletronica pode ser utilizada para observacéo
de informacd@es estruturais de materiais poliméricos, tais como homogeneidade,
presenca de delaminagdo, bolhas, rachaduras, entre outras (GUIMARAES Jr. et
al., 2015a). Em blendas, a presenca dessas falhas na estrutura e, principalmente a

separacao de fases, podem afetar drasticamente as propriedades mecénicas e de
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barreira do material. Portanto, é desejavel a analise microscopica para avaliar a
estrutura da blenda produzida e extrair informagfes que possam embasar 0

entendimento dos seus comportamentos mecanico e de barreira.

2.4.3 Propriedades térmicas

A andlise termogravimétrica (TG — Thermogravimetric analysis) mede a
variagdo de massa de uma amostra em relacdo & temperatura, enquanto a
calorimetria exploratéria diferencial (DSC — Differential Scanning Calorimetry)
avalia a quantidade de energia absorvida ou liberada por uma amostra de acordo
com a variagdo de temperatura. Tais anélises sdo utilizadas para a obtencéo de
propriedades térmicas de materiais, como temperatura de degradacdo,
temperatura de transicdo vitrea, temperatura de fusdo, entre outras.

As andlises térmicas de materiais poliméricos sdo métodos efetivos para
fornecer informacdes sobre caracterizagdo desses materiais, as quais podem ser
usadas para selecionar a aplicagdo final mais adequada para o polimero, prever o
desempenho do mesmo, além de melhorar a qualidade deste produto (SILVA et
al., 2015). O conhecimento de propriedades térmicas de polimeros destinados as
embalagens para alimentos, especialmente a temperatura de degradacgéo e a de
transigdo vitrea, faz-se desejavel.

A temperatura de degradacdo (Td) do polimero estd ligada & energia
necessaria para romper suas ligagdes intramoleculares e, portanto, € uma
caracteristica que varia de material para material. O conhecimento de tal
propriedade € importante para determinacdo da temperatura de processamento
adequada, de forma a garantir a ndo-degradacdo do polimero. Além disso, a Td
pode ser utilizada para avaliar o efeito da adicdo de materiais ao polimero, como
um outro polimero ou nanoparticulas, na degradacdo da blenda ou composito
produzido (MOHANTY et al., 2015). A temperatura de inicio de degradacdo
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(T;), a temperatura final de degradacéo (Tr), a perda de massa (Am) e a % de
residuo final (%R) podem ser identificadas na curva obtida através da analise

termogravimétrica, conforme mostrado na Figura 8.

Figura 8 — Curva caracteristica de analise termogravimétrica para decomposi¢do
térmica em etapa Unica.
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Fonte: Adaptado de Canevarolo Jr. (2003)

A transi¢do vitrea, por sua vez, constitui-se em um importante fenémeno
de caracterizacdo de homopolimeros, blendas, copolimeros e redes poliméricas
(KALOGERAS; BROSTOW, 2008). A temperatura em que ocorre a transi¢éo
vitrea (Tg) pode ser identificada como o ponto de inflexdo na segunda curva de
aquecimento de uma analise de DSC, ja que o primeiro aquecimento é realizado
com 0 objetivo de eliminar a histéria térmica do material (MUTLUR, 2004). E
importante a realizacdo da analise termogravimétrica antes da analise de
DSC para identificar a temperatura de degradagdo do material e, assim,

determinar as temperaturas maximas de aquecimento no DSC.
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Conforme citado anteriormente, a verificacdo da miscibilidade de dois
polimeros em uma blenda pode ser feita através na andlise da Tg da blenda.
Além disso, Cox Little e Hodgson (2005) afirmam que, acima da Tg, o volume
livre entre as cadeias poliméricas € maior e, portanto, a difusdo de moléculas
menores através do material € mais alta que quando abaixo da Tg. Portanto, o
conhecimento desta propriedade é de suma importancia, tanto para a verificacao
da miscibilidade dos polimeros em uma blenda, quanto para o entendimento do

comportamento de barreira da mesma as moléculas de agua.

2.4.4  lIsotermas de sor¢do de 4gua

No que diz respeito a embalagens, as isotermas de sorcdo de agua sdo
Uteis na andlise das propriedades de adsorcdo de agua por filmes hidrofilicos,
provendo informacBes sobre a interacdo da agua com 0s componentes destes
filmes (ISOTTON, 2013). Essas avaliam o contetido de umidade adsorvido pelo
filme em determinadas atividades de agua e temperatura. A submissdo de filmes
hidrofilicos para embalagens aos experimentos de isotermas é desejavel, uma
vez que, suas propriedades mecénicas, térmicas e fisicas sdo sensiveis a
umidade, influenciando, portanto, sua funcionalidade (YANG; PAULSON,
2000). O grafico de isoterma de sor¢do é obtido através de dados experimentais
de teor de umidade do filme no equilibrio em atividades de &agua pré-
determinadas e a uma dada temperatura.

Buscando prever o comportamento das isotermas, Varios autores
desenvolveram e propuseram modelos de ajuste de isotermas de sor¢do, em sua
maioria, empiricos (PARK et al., 2008). Para compreendé-los, faz-se importante
o entendimento dos conceitos de umidade de equilibrio e atividade de &gua. A
umidade de equilibrio (Ye) constitui-se no conteddo de umidade que um

determinado material apresenta no momento em que a pressdo de vapor de &gua
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em sua superficie se iguala a pressdo de vapor de agua da atmosfera que o
envolve (PARK et al., 2014). Enquanto isso, a atividade de agua (aw) pode ser
entendida como a razdo, em uma mesma temperatura, entre a pressao de vapor
de equilibrio no produto e a pressdo de vapor de saturacdo (MUJUMDAR,
1995). Em alimentos, Isotton (2013) afirma que aw é uma variavel determinante
no que se refere a crescimento microbiano e ocorréncias de reacdes enzimaticas
ou ndo. Analogamente, esta pode influenciar também a decomposicdo de
biofilmes por seus microorganismos degradadores.

Fennema (2000), em seus estudos com alimentos, afirma que em uma
isoterma tipica de material biol6gico podem ser distinguidas trés zonas,
mostradas na Figura 9, as quais indicam a forma como a agua encontra-se ligada
ao material. Em estudos relacionados a filmes biopoliméricos, acredita-se que tal

separacdo da curva da isoterma em zonas possa, analogamente, ser aplicada.

Figura 9 — Zonas (I, Il e I1l) caracteristicas de isotermas de sorcdo de agua de
material bioldgico.
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Fennema (2000) explica que a zona | representa a adsor¢do da dgua que
estard mais fortemente ligada e com menor mobilidade por estar fixa aos grupos
polares de certos compostos do material. Tal zona corresponde a uma atividade
de &gua que é menor que 0,2 e pode alcancar até 0,3, e o limite entre essa e a
zona Il pode ser entendida como o teor de umidade necessario para que se forme
uma monocamada sobre 0s grupos polares e acessiveis do material. Engquanto
isso, a zona Il segundo o autor, se refere a 4gua das camadas de hidratagdo de
constituintes soliveis do material, como proteinas, aglcares, amidos, sais, etc.,
qual pode estar ligada tanto por interagdes intermoleculares (ligagdes de
hidrogénio ou dipolo-dipolo) quanto fisicamente retida em microcapilares. A aw
da zona Il vai variar de 0,2-0,3 até aproximadamente 0,8 e a transi¢ao entre essa
zona e a zona Il da inicio a processos de dissolucdo, de forma que a &gua
adsorvida a partir dai passa a atuar como solvente, promovendo o inchamento da
matriz do material. Por fim, a zona Il é explicada pelo autor como sendo a agua
menos ligada e com maior mobilidade, disponivel para o desenvolvimento dos
microorganismos e das reacGes quimicas. A retencdo da agua nesta zona é
determinada pelo pH e pelas forgas iénicas e a aw fica entre 0,8 e 0,99.

Dentre os diversos modelos empiricos e semiempiricos desenvolvidos
para predicdo do comportamento das isotermas, pode-se citar os modelos de
GAB (VAN DER BERG, 1984), Halsey (HALSEY, 1948), Smith (SMITH,
1974) e Oswin (OSWIN, 1946), cujas equagdes encontram-se na Tabela 1.
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Tabela 1 — Modelos para ajuste de isotermas de sor¢édo de agua.

Model Equation
GAB v - YmCKay,
(VAN DER BERG, € (1 — Kaw)(l - Kaw + CKaW)
1984)
HALSEY (—A)
a, = exp|—s
(HALSEY, 1948) v r,”
SMITH Y, =A-BIn(1 —a,,)
(SMITH, 1974)
OSWIN aw \?
Y, = A( )
(OSWIN, 1946) 1-ay

Legenda: Y. é o conteido de umidade no equilibrio (base seca, g/g); Ym é 0 contetdo de
agua na monocamada molecular (base seca, g/g); aw € a atividade de &gua; T é a
temperatura; A, B, C, K e n sdo constantes.

De posse dos valores experimentais de teor de umidade em funcgéo de aw
a uma dada temperatura, é possivel ajusta-los a esses modelos e verificar qual
deles melhor descreve esses dados empiricos.

No que diz respeito a analise dos dados obtidos de isotermas de sorcao
para alimentos, 0s muitos estudos ja realizados, permitiram a percepcao de que
determinados modelos descrevem melhor o comportamento de certas classes
alimenticias. Lima (2013), em sua pesquisa sobre os estudos referidos, relata que
existe uma tendéncia a qual indica que o modelo de Halsey é o que melhor
descreve o comportamento de sorcdo de agua em plantas tropicais, medicinais e
com alto teor de volateis. Enquanto isso, segundo a autora, algumas espécies
especificas de plantas do mesmo género tém seu comportamento melhor descrito
por outro modelo, como o GAB para a P. niruri, popularmente conhecida como
quebra-pedra, utilizada para fazer chés caseiros. Portanto, em grande parte dos

estudos, os autores realizam o ajuste dos dados a mais de um modelo empirico
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ou semi-empirico para que se possa identificar o que melhor descreve os dados
experimentais.

Apesar da comum analise de sorcdo de dgua em produtos bioldgicos,
poucos sdo os trabalhos publicados que realizaram testes de isotermas de sorcéao
em filmes biopoliméricos. Azevedo et al. (2015), ao realizar testes de isotermas
em filmes de IPS com &cido citrico e nanoparticulas de argila, observou que o
modelo GAB descreveu adequadamente os dados experimentais. Srinivasa et al.
(2003), por sua vez, concluiu que o modelo GAB foi o que melhor representou
os dados de sor¢éo de blendas de quitosana e PVA. Dada a ndo existéncia de um
estudo mostrando qual o modelo para melhor descricdo do comportamento de
sorcao de biofilmes, além do fato que esse comportamento sempre varia com a
composicdo dos mesmos, é desejavel o0 ajuste dos dados experimentais a
diferentes modelos, principalmente no que diz respeito a novas misturas de
materiais, como as blendas IPS/PVA.

Andrade, Lemus e Péres (2011) em sua revisdo sobre os modelos de
isotermas mais utilizados, relatam os principais usos e limitacGes de cada um.
Segundo os autores, 0 modelo GAB, pode ser considerado como um refinamento
de outros modelos, sendo capaz de descrever bem uma grande faixa de atividade
de &gua, de 0 a 0,9, entretanto, ele subestima os valores de umidade de equilibrio
em a, maiores que 0,93. Os autores também relatam que o modelo de Smith foi
desenvolvido na tentativa de descrever a porcéo final da isoterma de sorcéo de
agua de biopolimeros de alto peso molecular, enquanto o modelo Halsey,
descreve a condensagdo de multicamadas de 4gua a uma distancia relativamente
grande da superficie. Park et al. (2008) afirma que o modelo de Oswin é baseado
na expansdo matematica para curvas de isotermas que apresentam formato de
sigmoide, apresentando, assim como o Smith e o Halsey, a vantagem de possuir

apenas duas constantes de féacil linearizacéo.
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A verificagdo do modelo que melhor descreve os dados experimentais
pode ser feita analisando os valores de Coeficiente de determinagéo (R?), o qual
deve ser o mais proximo possivel de 1, bem como o Desvio relativo médio
(Relative mean deviation — RMD) calculado através da Equacédo 5, na qual N é o
namero de observacfes (ou seja, 0 numero de aw avaliadas) Ye € a i-ésima
observacdo de umidade de equilibio e Yep,iis é 0 valor predito pelo modelo para
a i-ésima umidade de equilibrio. E desejavel que o RMD seja menor que 10%
(RAMOS; MANCINI; MENDES, 2015).

N
100 Yo, =Y.
N . Y,.

i=1 t

| 5)
RMD =

Além disso, outra forma de avaliar a aceitabilidade de um modelo é a
através da funcdo entre os residuos e os niveis de umidade de equilibrio. O
residuo € a diferenca entre o valor experimental observado de Y. e 0 valor de Ye
estimado pelo modelo, para uma mesma atividade de dgua. Em casos onde os
residuos tendem a zero e ndo apresentam resultados tendenciosos, o modelo
pode ser considerado como aceitavel.

Através do estudo de isotermas é possivel extrair parametros
termodinadmicos que nos informam sobre a estabilidade do material testado, bem
como sobre a espontaneidade ou ndao do processo de adsor¢do de agua. De
acordo com Liébanes et al. (2006), parametros termodinamicos diferenciais
revelam informacGes qualitativas sobre os diferentes niveis de energia da
adsorcdo de agua, enquanto os parametros termodinamicos integrais fornecem
informagBes quantitativas sobre o sistema. E desejavel conhecer parametros
integrais em projetos de processos térmicos, por exemplo, para processos de
secagem de alimentos. No caso da anélise de sor¢do de &gua em embalagens, 0s

parametros termodindmicos diferenciais sdo 0s de maior interesse, uma vez que
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a compreensdo das interacdes entre a 4gua e 0 material € mais importante do que
a quantificacao de energia envolvida.

O caélculo de propriedades termodinamicas do processo de sor¢do de
agua assume as hipoteses de que o processo de adsor¢do de dgua ocorre em um
solido inerte, jA& que o equilibrio de umidade entre as moléculas de agua
adsorvidas na superficie do material e o vapor de dgua circundante é alcancado;
e de que o vapor de agua tem um comportamento de gas ideal, uma vez que
apenas a agua (adsorvida fisicamente) ocupa a superficie do filme (LIEBANES
etal., 2006).

A entalpia diferencial de sor¢do (AHgir) pode ser utilizada como um
indicador das forgas de atracdo intermoleculares entre o vapor de gua e 0s sitios
de sorcdo do filme. AHgir (J/mol) é definida como diferenca entre um calor total
de sor¢do (Qs) e o calor latente de vaporizagdo de agua pura (A) (TAO et al.,
2018). Portanto, quando AHgir Se aproxima de zero, significa que a energia que
mantém as moléculas de agua unidas ao filme é igual a energia requerida para
evaporar a agua pura. A partir da Equacdo 6 de Clausius-Clapeyron, os valores

de AHgir podem ser determinados:

1
or

[aln(aw)] _ _Qse=A _ _ AHair (6)
Y,

Uma vez que, mudancas na energia livre de um processo de sor¢ao sao
geralmente acompanhadas por mudangas nos valores de entalpia e entropia, a
Equacdo 7 de Gibbs-Helmholtz pode ser usada para determinar a entropia

diferencial de sor¢ao (ASqir, Jmol*K™?):
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AHg; ASg4i
[~In(aw)ly, = ot - =4 @

Um grafico de -In(aw) versus 1/T para determinado contetdo de
umidade de equilibrio (Ye) pode ser utilizado para calcular AHgir € ASgir. Os
valores de AHgir € ASqir 80 obtidos, respectivamente, pelo coeficiente angular
(AHui/R) e linear (—ASqi/R) da regressdo linear deste grafico, conforme
mostrado na Figura 10. Repetindo-se a plotagem para diferentes valores de Ye é
possivel estabelecer a dependéncia entre a entropia e entalpia diferenciais e o
conteudo de umidade (TAO et al., 2018).

Figura 10 — Pontos experimentais de In(aw) versus 1/T, para trés temperaturas
(T4, T2 e T3) ajustados para obtencdo dos coeficientes angular (AHgis
IR) e linear (ASgit/R).
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Fonte: Do Autor (2018)

Uma relacdo linear entre entalpia diferencial e entropia diferencial é
proposta pela Teoria da Compensacdo Entalpia-Entropia, a qual é dada pela
Equacido 8 (VELAZQUEZ-GUTIERREZ et al.,, 2015). Ty é a temperatura
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isocinética e pode ser expressa como a inclinagdo do grafico ASgir versus AHit
mostrado na Figura 11.

AHg;; = Tg. ASqir + AGg (8)
Figura 11 — Dados de ASqir versus AHgir, ajustados para obtencdo dos
coeficientes angular (Tp) e linear (AG).
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Fonte: Do Autor (2018)

A T;, todas as reagBes ocorrem na mesma taxa para diferentes valores de
In(aw) (L'VOV, 2007). Nos casos em que Tg # Thm, Sendo Trm & temperatura
harménica média, pode ser assegurada a ocorréncia de compensacgdo entalpia-
entropia, indicando mudangas na interacdo molecular entre dgua e material. Thm
é calculada através da Equacéo 5, na qual n é o nimero de isotermas de sorcao e

Ti (K) é a temperatura da iésima isoterma.

Tm= n 1 (9)
()
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A comparagdo entre Tg e Thm, também permite a determinacdo do
mecanismo que rege a sor¢do. Em casos onde Tg > Thm, @ SOr¢do € guiada pela
entalpia, e as interacdes entre a agua e o material sdo mais influentes que o
namero de sitios de sorcao disponiveis no mesmo (TELIS et al., 2000). Por outro
lado, se Tg < Thm, & sorcéo é regida por fenémenos entropicos, e 0 nimero de
sitios de sorcdo exerce mais influéncia no processo do que as forcas de ligacdo
entre a 4gua e o material.

A existéncia da compensacdo entre entalpia e entropia permite a
obtencdo da energia livre de Gibbs associada a temperatura isocinética (AGg)
através do célculo do coeficiente linear do grafico de ASgr versus AHdIf,
conforme mostrado na Figura 11. AGg pode fornecer informacGes sobre a
espontaneidade do processo de sor¢do de acordo com a composigdo do filme ou
blenda analisada.

Portanto, o ajuste de dados experimentais de isotermas de sorcdo de
agua de filmes, através de modelos pré-estabelecidos, permite o estudo dos
pardmetros termodindmicos do processo de adsorcdo da umidade no filme,
levando ao entendimento deste processo e conhecimento da espontaneidade ou

ndo-espontaneidade do mesmo.
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3 CONSIDERAGOES FINAIS

No setor de embalagens para alimentos, é desejavel a existéncia de
fontes alternativas de matéria-prima, considerando-se o consumo de montantes
de materiais poliméricos diariamente. Anseia-se por novas fontes de matéria-
prima as quais sejam renovaveis ou obtidas através de residuos com reduzido ou
sem valor agregado, como é o caso de IPS obtido de residuos da industria de
queijos. Portanto, esse material pode ser considerado como promissor no
desenvolvimento de filmes biodegradaveis. Embora os filmes de IPS apresentem
um comportamento fragil e com alta interagdo com &gua, tais propriedades
podem se tornar mais adequadas a aplicagdo em embalagens para alimentos
através da adicdo de outros polimeros junto ao IPS, formando blendas. A
associacdo de IPS e PVA para formacdo de blendas biodegradaveis ainda néo foi
relatada na literatura até o presente momento. Além de uma boa interacéo entre
esses materiais para obtencado de filmes poliméricos, pressupde-se que o PVA, ja
em pequenas quantidades, possa agir reduzindo a rigidez e fragilidade dos filmes
de IPS dada a sua alta capacidade de estiramento.

Ao desenvolver novas blendas para o setor de embalagens alimenticias,
é importante o conhecimento de suas propriedades gerais de desempenho para
identificacdo do tipo mais adequado de alimento e ambiente a elas destinado.
Portanto, o presente trabalho propde o desenvolvimento e caracterizagdo de
filmes de IPS acrescidos com 10%, 20% e 30% de PVA, quanto as propriedades:
mecénicas, morfoldgicas, éticas, térmicas, de permeabilidade ao vapor de agua,
de solubilidade em agua e de interacdo com umidade sob atividades de agua e

temperaturas variadas.
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4 CONCLUSAO GERAL

Com base no estudo do efeito da adicdo de poli (alcool vinilico) (PVA)
em filmes de isolado proteico de soro de leite (IPS) para o desenvolvimento de
blendas biodegradaveis, concluiu-se que esses sdo materiais compativeis e
apresentam potencial no desenvolvimento de blendas biodegradaveis para
embalagens alimenticias. Além disso, as propriedades de tracdo obtidas para a
blenda com 30% de PVA foram proximas aquelas referentes ao polietileno de
baixa densidade (PEBD), o qual é um material com uso difundido na &rea de
embalagens flexiveis alimenticias.

Ao adicionar PVA ao IPS, as blendas apresentaram permeabilidade ao
vapor de 4gua semelhantes a do filme de IPS, porém com solubilidades em &gua
reduzidas. Entretanto, a adicdo de PVA a matriz de IPS tornou o processo de
sorcdo de &gua mais espontaneo, mostrando que o PVA age aumentando a
interacdo dos filmes de IPS com a umidade.

Com base em todos os resultados, indica-se a adi¢do de 30% de PVA
aos filmes de IPS para obtencdo de um material mais flexivel, a ser aplicado
como embalagens flexiveis para alimentos e atmosferas externas com atividades

de agua abaixo de 0,90, nas quais a blenda encontra-se mais estavel.
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ARTIGO 1 - Morphological, mechanical and physical properties of new
whey protein isolate/ polyvinyl alcohol blends for food
flexible packaging

ABSTRACT

In order to improve whey protein isolate (WPI) film flexibility for application in
food packaging sector, polyvinyl alcohol (PVA) was added to its matrix in 10%,
20% and 30%. FT-IR produced different spectra for blend with 30% of PVA,
indicating the formation of new interactions and structures, while morphology
analysis indicates a possible compatibility between the polymers. The addition
of 30% of PVA provided a material with lower strength, but more ductile
behavior, increasing ten times the WPI elongation capability, leading to tensile
properties close to that from commercial LPDE. WPI film puncture resistance
was not affected by the PVA. PVA addition did not act reducing the water
barrier of WPI matrix, but decreased solubility and optical transmittance of WPI
film. Therefore, it is indicated the addition of 30% of PVA in WPI matrix for
food packaging in order to improve its flexibility, without prejudice its water
barrier property.

Keywords: Whey protein isolate; Polyvinyl alcohol; blends; food packaging.

1 INTRODUCTION

Plastics play important roles on general areas related to human activities,
especially to the food sector, since this class of material is responsible for
contain and protect the most food, which are consumed and distributed all over
the world. The Plastics Europe (EPRO, 2017) reported that 335 million tonnes of
plastic materials were produced in 2016, and 39.9% of this production was
designated to the packaging sector. The daily need of food consumption, and

therefore, of plastic materials, brought up a demand of researches related to
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biodegradable packaging in order to replace materials that accumulate for a long
time in the environment. However, according to Cazon et al. (2017), is desirable
that biodegradable polymers used to produce packaging be abundant and low-
cost, and thus, biopolymers with residue origin, such as whey protein isolate, are
suitable to this requests.

Whey protein isolate (WPI) is an edible and biodegradable biopolymer,
which is obtained from a by-product of cheese industries, and can be used as
polymeric matrix for packaging film forming (AZEVEDO et al., 2017,
CINELLI et al., 2016; SCHMID, 2013a). Despite the desirable properties of
transparency and good oxygen barrier, WPI-based films are commonly brittle,
due to the interactions among the different functional groups in protein chains,
such as sulfhydryl, amino and carboxylic acid groups, producing a more rigid
structure (SCHMID, 2013b). Furthermore, the high affinity by water provided
by polar groups makes solubility in water and water vapor permeability more
likely in WPI films. In order to obtain barrier and mechanical properties which
are applicable for food packaging, or even to produce active food packaging,
blends and composites with WPI has been evaluated for different authors
(ALIZADEH SANI; EHSANI; HASHEMI, 2017; AZEVEDO et al., 20153;
GOUNGA; XU; WANG, 2007; HASSANNIA-KOLAEE et al., 2016;
LEUANGSUKRERK et al., 2014; LI et al., 2011; OYMACI; ALTINKAYA,
2016; OZER et al., 2016; QAZANFARZADEH; KADIVAR, 2016b;
SOTHORNVIT et al., 2010; WANG; AUTY; KERRY, 2010; ZHANG et al.,
2016; ZINOVIADOU; KOUTSOUMANIS; BILIADERIS, 2010; ZOLFI et al.,
2014). However, no previous work on biodegradable films based on blends of
WPI with polyvinyl alcohol (PVA) has been reported.

PVA is a biodegradable synthetic polymer, soluble in water, obtained
through the hydrolysis of polyvinyl acetate (HALIMA, 2016). This material has

properties subordinated to its degree of hydrolysis and polymerization, and,
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therefore, can exhibit different molecular weights and mechanical properties,
such as tensile strength and flexibility. As PVA films use to show good
stretchability, is expected that low addition percentages of this material to WPI
matrix can possible improve the flexibility of WPI films. The brittleness
reduction could certainly become WPI based films more suitable for food
packaging systems, maintaining the biodegradability property.

Considering new blend materials for food packaging, is important to
evaluate the performance properties, as well as to analyze the interactions
between the materials used and their morphology in the blend. Therefore, in
order to evaluate the possibility of application of new WPI/PVA blends in food
packaging sector, this work aims to evaluate WPI films added with 10, 20 and
30% of PVA regarding to: interaction phenomena (FT-IR), morphology (SEM),
mechanical properties (tensile and puncture tests), water vapor permeability,
solubility in water and optical transmittance.

2 MATERIAL AND METHODS

2.1 Material

The materials used for this research were: Whey Protein Isolate (WPI
9400) with 90% of proteins produced by Hilmar Ingredients; Polyvinyl alcohol
with high molecular weight (Mw = 130.000 g/mol) and highly hydrolyzed
(99%), from Sigma-Aldrich; Glycerol (> 99,5%, density 1.26 g/mL), as
plasticizer agent, produced by Sigma-Aldrich.
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2.2 Preparation of films and blends
2.2.1 Preparation of films

WPI film was produced using a concentration of 6% m/v of solution.
WPI (12 g) was dissolved in 200 mL of distilled water, added with glycerol
(30% m/m of WPI), and kept under agitation for 30 min (250 rpm). Then, the
solution was submitted to water bath at 90 °C for 30 min. After cooled at room
temperature, it was homogenized in Ultra Turrax (Kika Labortchnik) for 20 min
(450 rpm). The homogenized solution of 200 mL was sonified (Sonifier Cell
Disruptor Branson — Model 450D, Manchester, UK) at 60% of amplitude (270
W), for 10 min (600 s) in a continuous assay, using ice bath to avoid heating.
The ultrasonic energy applied to the solution was calculated through Equation 1,
resulting in 810 JmL™,

ag =0/, L)

where AE corresponds to the ultrasonic energy applied (JmL™), P is the

power emitted by the sonifier (270 W), t refers to the time of ultrasonic agitation
(600 s) and v to the volume of solution (200 mL) (CHRISTENSEN, 1985).

Solution was shed on a rectangular teflon plate (750 c¢cm?) and
conditioned at room temperature for drying. Three replicates of WPI film were
performed. Thickness was controlled through the volume of the shed sample
(200 mL). The dried films was conditioned under controlled temperature and
relative humidity (RH) (25+1 °C and 50% RH).

PVA film was also produced using a concentration of 6% m/v of
solution. PVA (12g) was dissolved on 200 mL of distilled water and kept under
agitation for 24h (100rpm) in order to hydrate the PVA. Glycerol (30% m/m of
PVA) was added and the solution was kept under agitation for more 30 min (250

rpm). Then, the solution was submitted to water bath at 90 °C for 60 min. After
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cooled at room temperature, it was homogenized in Ultra Turrax and sonified in
same conditions as those used for WPI film production. Finally, solution was
shed on a similar teflon plate and conditioned at room temperature for drying.
Three replicates of PVA film were performed. Thickness was controlled through
the volume of the shed sample (200 mL). The dried films was conditioned under
controlled temperature and relative humidity (RH) (251 °C and 50% RH).

2.2.2 Preparation of blends

The WPI and PVA blends were produced varying the concentrations of
WPI/PVA (90/10, 80/20 and 70/30), maintaining the same total amount of
polymer (6% m/v of solution) and plasticizer (30% m/m of polymers). Initially a
PVA solution was prepared by dissolving the polymer in 100mL of distilled
water, and it was kept under agitation for 24h (100rpm) in order to hydrate the
PVA. A WPI solution was separately prepared by dissolving it in 100mL of
distilled water, it was added the glycerol (3.6 g), and the solution was kept under
agitation for 30 min (250 rpm). The both prepared solution (PVA and
WPI/glycerol) were separately submitted to water bath at 90°C for, respectively,
60 and 30 min. Then the solutions were cooled to room temperature, merged,
homogenized in Ultra Turrax and sonified in same conditions as those used for
WPI film production.

Finally, solution was shed on a similar teflon plate and conditioned at
room temperature for drying. Three replicates of each blend were performed.
Thickness was controlled through the volume of the shed sample (200 mL). The
dried films was conditioned under controlled temperature and relative humidity
(RH) (251 °C and 50% RH).

2.3 Characterization of films and blends
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2.3.1  Fourier transform infrared (FT-IR) analysis

In order to identify possible interactions among the matrix constituents
and to evaluate the structural changes resulted from the different films, samples
were characterized by absorption spectroscopy on the region of infrared through
a FTS 3000 Excalibur Digilab (United States), in Total Attenuated Reflection
(ATR) mode, equipped with a KBr detector. All films were previously dried
(100 + 5 °C, 24h) according to (DIAZ; CANDIA; COBOS, 2016), and the
analysis range was from 4.400 to 400 cm™ with 64 scans. Finally, seeking to
classify the films by the different spectra obtained for each one, a Principal
Component Analysis (PCA) was conducted using the Chemoface software, in
which wavelengths data was used as variables and the transmittance values as

answers.

2.3.2  Morphology

Scanning Electron Microscopy (SEM) was used in order to evaluate film
morphology and to investigate the presence of flaws, clusters, delamination,
phase separation and other effects, which could be related to the mechanical and
physical results. Films were analyzed through a LEO 1430 VP (England) using
an accelerate voltage of 20 kV. Specimens were previously frozen in liquid
nitrogen and fractured, in order to observe the morphology at the cross section,

and then gold (Au)-coated using vapor deposition.

2.3.3  Mechanical properties and thickness
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Using a texturometer (Stable Microsystems, model TATX2i, Englalnd)
with a load cell of 1 kN, it were measured the maximum tensile strength (TS),
the tensile modulus (TM) and the maximum elongation (E) of films, according
to D882-02 (ASTM, 2002). The specimens of 5 mm of width and 100 mm of
length was submitted to the tensile test using a speed of 10 mm/s. TM was
calculated from the tangent of the initial linear function of the stress-strain
curve, considered as an elastic behavior. TS was found by dividing the
maximum tensile by the film transversal section area, and E was calculated
trough the percentage relation between the final and initial length of the
specimen. Five repetitions were used for each combination of WPI and PVA,
and considering the three film repetitions for each treatment, a total of 75
specimens were tested.

Using the same texturometer and the load cell of 1 kN, it was analyzed
the film performance concerning the puncture resistance (PR). The puncture test
was conducted in specimens of 900 mm? by fixing them on a support with hole
of 21 mm of diameter. A spherical probe with 5 mm of diameter (A/TG probe)
was perpendicularly dislocated to the specimen surface in a speed of 0.8 mm/s
until the film rupture. The PR, puncture resistance/thickness (N/mm), was
calculated by dividing the tensile at the rupture by the film thickness, and the
puncture deformation (PD) was determined at the rupture. Four repetitions were
used for each combination of WPI and PVA, and considering the three film
repetitions for each treatment, a total of 60 specimens were tested.

A digital micrometer (Digimess) was used to take 5 random

measurements of the thickness per specimen, with a resolution of 0.001 mm.

2.3.4  Water vapor permeability (WVP)
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Water vapor permeability rate (WVPR) were determined by gravimetry
(ASTM E96-10, 2010) using circular specimens with 80 mm of diameter. They
were fixed in capsules containing silica gel, setting the humidity to 0 (zero) in
the atmosphere in contact with the specimen’s lower face. The capsules were
placed in hermetic desiccators at 25+1 °C in which a volume of sodium chlorate
saturated solution sets the humidity to 75%. Weight gain measurements were
taken by weighing the capsules (Analytical balance, resolution 0.001g) each 24h
for 7 days. A plot of weight gained (Wg) versus time (t) was used to determine
the WVPR, which was calculated by the Equation 2:

WVPR =22 &)

where: WVPR, given in (g.m2s%?), is obtained through the slope of the

linear portion of the plot and represents the steady-state amount of water vapor

diffusing through the specimen, and A (m?) is the permeation area of the
specimen.

Water vapor transmission (WVP) was calculated through Equation 3:

WVP = WVPR.ti
ps (RH{—RH,)

®)

where: WVP is given in g.mm.m2.s.kPa; ti is the medium specimen
thickness (mm); ps is the water vapor saturation pressure at the test temperature
(3.169 kPa); RHjs is the relative humidity of the desiccator chamber (0.75) and
RH; (0.00) is the relative humidity inside the capsule (GUIMARAES JR. et al.,

2015). Three repetitions were performed for each film and blend.
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2.3.5  Solubility in water

Solubility in water was determined using square test specimens of 900
mma2, The initial dry mass was obtained using an analytical balance after drying
at 10015 °C for 24 h. The test specimens were immersed in a vessel containing
50 mL of distilled water and shaken at 100 rpm for 24 h at room temperature (at
around 251 °C). Then the specimens were dried again at 100+5 °C for 24 h and
weight in order to obtain the non-solubilized mass. Solubility of the films was
expressed in percentage of specimen mass solubilized in relation to the initial

mass. Three repetitions were performed for each film and blend.

2.3.6  Optical Transmittance

The percentage light transmitted throughout films was measured using a
Bel SPECTRO S-2000 (Monza, Italy) spectrophotometer, according to ASTM
D1746-03 (ASTM D1746-03, 2003). The scan adopted was from 400 to 800 nm,
in order to cover all wavelengths from visible light. The specimen thicknesses
were standardized in order to guarantee similar thickness for all films. Samples
were cut into rectangles (10x30 mm), placed in the internal wall of the
spectrophotometer stand, and the percentage of transmittance (%T) was
measured using the empty cuvette as blank. Three repetitions were made for

each film, resulting in a total of 15 readings.

2.4 Statistical analysis
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In order to carry out statistical analysis of the results by comparing the
means, Sisvar 5.0 was used to apply Scott-Knott test, with 95 % of confidence

level. The test was used for mechanical, WVP and solubility results.

3 RESULTS

3.1 FT-IR

Figure 1 presents spectra on the infrared region for WPI and PVA films
and blends. The main absorptions occurred on bands: 3270 cm™, from 3000 to
2800 cm™ and from 1770 to 790 cm™. These specific regions of the general
spectra (Fig. 1-a), can be better observed on Fig. 1-b and Fig. 1-c.
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Figure 1 - FT-IR spectra of WPI and PVA films and blends and CMS/PVA
blends: (a) range from 4400 cm™ to 500 cm™?; (b) range from 3700 cm™?
to 2700 cm and (c) range to 1800 cm™ to 700 cm™.
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All films presented the band localized on 3270 cm™, which is related to
the existence of N-H in case of films with WPI, and/or to the stretch of O-H
groups and the water existence for all films (GUIMARAES JR. et al., 2015;
RAMOS et al., 2013). The N-H bond is a characteristic of the amino group of
proteins, therefore is a typical band of WPI films. However, this band can be
occurred for WPI film and for the blends due to the intra and intermolecular
hydrogen bonds in the material’s matrix. Although PVA does not contain N-H
groups in its chains, PVA film presented the higher band intensity and width,
probably due to a larger number of interactions by hydrogen bond among its
chains and also to a larger amount of water molecules entrapped to its structure.
Analyzing the blends, 70W/30P presented the lower intensity on 3270 cm
band. This fact can be associated to the lower amount of WPI and therefore of
N-H groups in its structure. On the other hand, the referred blend provided a
spectra with an enlargement of the 3270 cm™ band, indicating the formation of a
larger amount of hydrogen bonds between WPI and PVA. The PVA hydroxyl
groups (FIGURE 2-c) can easily interact with water and with many nitrogen (N)
and oxygen (O) atoms of B-lactoglobulin (FIGURE 2-a), the major whey protein
of ruminants (KONTOPIDIS; HOLT; SAWYER, 2004). For 70W/30P blend, it
is assumed that the PVA OH groups were interacting with the protein chains in
WPI, decreasing the amount of water entrapped in the film structure, and

therefore decreasing the intensity of the 3270 cm™ band.
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Figure 2 - Structure of: a) chain segment (primary structure) with seven amino
acid residues (H-Ala-Leu-Pro-Met-His-lle-Arg-OH, 142-148) from
B-lactoglobulin, the major protein of ruminants milk whey; b) chain
segment (primary structure) with cysteine aminoacid residues from
B-lactoglobulin forming a disulfide bond; c) PVA 100% hydrolyzed,
without an acetate group and d) PVA with hydrolysis lower than 100
%, showing the presence of acetate group on the chain.
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Source: Adapted from NCBI (2017) and Halima (2016).

Bands from 3000 to 2800 cm™ are associated to C-H bond stretch
(GUIMARAES JR. et al., 2015). The PVA spectra presented the higher
absorption on this region, although the more PVA was added to the blends, the
more decreased the absorpion. As previously supposed, the larger amount of
PVA possibilited stronger linkages among PVA and WPI proteins chains, and it
probably reduced the streching of C-H bonds in the structure.

On 1744 cm? films with WPI presented a band with low intensity

probably related to vibrations of C=0 and C-N bonds characteristics from
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proteins. On 1626 cm™, bands are attibuted to amide groups involved in the
extended B-sheet structure, typical of WPI films (RAMOS et al., 2013). This
bands (1744 and 1626 cm?) intensity decreased with the addition of PVA,
probably due to the lower amount of proteins in the structure which were
replaced by PVA chains, and maybe because interactions among PVA and
protein chains can cause interruptions on the extended [B-sheet secondary
structure of the proteins.

Bands on 1521 cm are related to the N-H stretch from amina | group,
and therefore, was present only for WPI film and blends. Similarly, bands from
1500 to 1350 cm? for WPI films and blends are possibly associated to bonds
type N-H from amide Il groups (RAMOS et al., 2013). The band on 1418 cm?
was only observed for PVA film, and is probably associated to the angular
deformation of CH; groups. The same exclusive phenomenon occurred on 1324
cm?® for PVA film, and this band can be related to an angular deformation of C-
H groups. Bands from 1350 to 1200 cm™ can be associated to the vibrations of
N-H and C-N (amide I11) bonds for films with WPI. However, all films showed
a band on 1230 cm™, which can be attributed to angular deformation of CH, for
WPI and PVA films and for the blends. At the region from 1150 to 800 cm™,
bands are related to the presence of glycerol for all films, corresponding to the
vibration of C-C and C-O groups (RAMOS et al., 2013).

The graphic obtained for Principal Component Analysis (PCA) can be
observed on Figure 3. Principal component 1 (PC1) contains 99.92% of
variance, and then it was used to classify the groups formed. Spectra of WPI
film, 90W/10P and 80W/20P blends were grouped, while PVA film and
70W/30P blend were isolated. The addition of up to 20% of PVA produced more
similar structures to the WPI film than to the PVA film, as expected, due to the
higher amount of WPI constituent. On the other hand, the 70W/30P blend
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showed different spectra when compared to both, WPI and PVA films, and it
indicates the formation of new interactions and structures.

Figure 3 - PCA analysis of FT-IR spectra from WPI film, 90W/10P, 80W/20P
and 70W/30P blends, and PVA film.
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3.2  Morphology

Figure 4 a-j shows micrographs of WPI, blends and PVA films. WPI
film (FIGURE 4-a and 4-b) exhibited at cross section a smooth and compact
structure, with few pores or bubbles and without flaws or cracks. PVA film also
presented a compact structure, absent of flaws or cracks, but with a tendency of
layer orientation (FIGURE 4-i and 4-j). 90W/10P micrograph (FIGURE 4-c and
4-d) showed that 10% of PVA added provided a single phase blend, without
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layer delamination, possibly aided by the plasticizer. On the other hand,
80W/20P and 70W/30P exhibited single phase structures, but with roughness
and orientation of layers, more evident on the blend 70W/30P with larger
amount of PVA. Li et al. (2014) observed a similar morphology of PVA layers
when analyzing PVA films added with graphite oxide, and suggested a possible
covering of graphite oxide layers by the PVA layers. In the WPI/PVA blends,
supposedly the existence of many hydrogen interactions among polymeric
chains from the both materials provided this layered and oriented structure.

The structures obtained for all blends, without phase separation or
clusters of materials, possibly indicate the existence of compatibility between

the polymers.
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Figure 4 - SEM cross section microscopies: WPI film (a,b), 90W/10P (c,d),
80W/20P (e,f), 70W/30P (g,h) and PVA film (i, j).
b
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3.3 Mechanical properties and thickness

According to Guimardes Jr. et al. (2015), flexible film mechanical
properties of highest interest are those related to TS, including TM and E.
However, in case of food packaging, is also important to know the resistance of
the material to the puncture for many applications, for example to known the
resistance of the film to ink prints or pointed parts of food such as stems in fruit
and bones in meats. Figure 5 shows the average of stress-strain curves for the
films, while Figure 6 presents the results referring to the tensile test (TS, TM and
E), conducted until the film rupture, and Figure 7 shows the PR and PD obtained

through the puncture test.

Figure 5 - Average of stress-strain curves of films WPI, 90W/10P,
80W/20P, 70W/30P and PVA.
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As observed on Figure 6-a, the mean TS of the WPI films was 9.76
MPa, while films of PVA presented the highest TS mean, 11.61 MPa. Blends
presented TS values lower than PVA film TS. The 90W/10P and 80W/20P
blends were not significantly (p > 0.05) different from the WPI film regarding
the TS. On the other hand, 70W/30P was the one with the lowest TS, 7.62 MPa,
which is almost 20% lower than the mean TS from the other two blends. Despite
the observed TS reduction for 70W/30P, its TS (7.62 MPa) and those TS
obtained for the other blends can be considered a close resistance to that found
for low density polyethylene (LDPE) films, of 6.9 - 16 MPa, which is a material
with widespread application in food packaging sector (DOAK, 1986).

WPI films presented a mean TM of 237 MPa, while PVA films showed
a mean TM almost 90% lower, 15 MPa (Figure 6-b). According to Tian et al.
(2017), PVA is a material with great mechanical properties due to its flexible
bonds of C-C and to the plenty of OH groups in its chains. Probably, these chain
characteristics provided this large film flexibility and the noticed low TM value.
It was observed that, with PVA addition, blends presented a decreasing in the
TM value, as expected. 70W/30P blend showed a mean TM of 85MPa, while
90W/10P and 80WPI/10PVA TM was not significantly (p > 0.05) different. This
decreasing profile can be clearly observed on Figure 5, with the slope decreasing
of the stress-strain blend curves. The addition of 30% of PVA provided a
considerable higher flexible behavior when compared to the WPI film, being
less rigid than commercial LDPE, which has a known TM of 102 — 240 MPa
(DOAK, 1986).

Regarding to the elongation, PVA film showed an E of 398.1%, while
WPI film presented only 12.7% of E, confirming the fact that PVA is a much
more flexible material when compared to WPI (FIGURE 6-c). The stress strains
curves (FIGURE 5) shows this behavior: WPI as a fragile material and PVA as a
ductile film. WPI film fragility is clearly observed through the absence of the
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yield point on its curve, so that this film did not presented plastic deformation.
The addition of PVA caused an increase in E for all blends, and the more PVA
was added, the more E value increased. 70W/30P (E of 126.8%) showed a
significant gain in flexibility, ten times higher, when compared to the WPI film
(E of 12.7%). Qazanfarzadeh e Kadivar (2016) found 24% of E for WPI films
with 50% of glycerol. This value is higher when compared to the observed on
the present work for WPI film (12.7%), but can be justified by the larger amount
of plasticizer used by the author. Guimaraes Jr. et al. (2015) observed an E of
2.7% for starch films, while for starch/PVA films in a proportion of 60/40, E
increased ten times, to 26%. This result is similar to that observed in the present
work, where the addition of 30% of PVA into WPI matrix also provided an E ten
times higher. In case of WPI matrix, it was necessary a lower amount of PVA to
produce the same effect of flexibility increase when compared to the starch
matrix. The 70WPI/30PVA blend presented an elongation which fits to the
LDPE elongation range of 100 — 800% (DOAK, 1986). It is inferred that the low
tensile modulus and high elongation observed for this blend is closely related to
the hydrogen bonds existence and to the observed preferential orientation of
layers observed on FT-IR and MEV results. Possibly, a more ductile film was
provided with the oriented layers anchored by the referred secondary bonds.
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Despite the known chain flexibility characteristic from PVA, decreases
in film tensile strength and increases in flexibility can be related with the
number of crosslinks in the film material, and for blends, it can be also
associated with the miscibility of the blended materials. When whey proteins are
heated, their denaturation is induced, and then occurs the exposure of internal
sulfhydryl groups from cysteine (Cys), which promotes disulfide bond formation
among the chains, as showed on Figure 2-b (SHIMADA; CLAUDE CHEFTEL,
1989). Methionine (Met) is the other aminoacid which presents a sulfur atom
(FIGURE 2-a), but it is unable to form disulfide bond. The WPI film formation,
which involves the proteins heating, possibly provides these intermolecular
disulfide bonds between cysteine aminoacids, producing a brittle and stiff film
(high TM and low E). The PVA in the matrix probably decreases the number of
this kind of interaction among the WPI protein chains, and link with them and
with another PVA chains through hydrogen bonds, as observed on FT-IR results,
leading to a higher flexibility (low TM and high E).

The possible compatibility observed on MEV results for all blends
explains the mechanical results, where blends were more ductile then isolated
WPI. Furthermore, analyzing the tensile properties obtained, TS, TM and E
results suggest that blends were miscible, but with partial compatibility, which
was responsible for increasing ductility (E), but not sufficient to keep the
strength. Besides that, the tensile properties analyzed for the blends were
intermediate to those from WPl and PVA, indicating the existence of
compatibility between these materials on the blends.

The puncture test (FIGURE 7) showed that the addition of 10, 20 or
30% of PVA into the WPI matrix does not caused a significant (p > 0.05) effect
in PR of the WPI films. PVA films presented a higher mean PR (212.2 N/mm)
when compared to the WPI film (PR of 158.8 N/mm) and the blends. According

to Board (2002), films made with PVA and plasticizer are tough tear-resistant
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and present resistance to perforation. The PVA structure allowed its films to
present higher flexibility in both, tensile and puncture tests. PVA film presented
the highest PD for the puncture test, 19.22 mm. The addition of 30% of PVA
into WPI matrix can be used to increase the PD of WPI films.

Azevedo et al. (2015) found a PR for WPI films of 113.65 N/mm and a
PD of 4.65 mm, values lower than those found in this work, probably because
the author use an amount of 24% of glycerol, while in this work it was used
30%. Another hypothesis to explain this difference is the pH used for the film
solutions. Azevedo et al. (2015) used a pH of 8, while the present work used
neutral pH (around 7.2), which produce different protein charges affecting the
final film properties. In fact, in pH values more distant from their isoeletric point
(around 5.5), the whey protein molecules are more charged, and therefore, they
interact more with water molecules (SOARES; SILVA; OLIVEIRA, 2016). The
higher pH used from Azevedo et al. (2015) possibly leaded to a higher amount
of water molecules in the WPI matrix, which acted as plasticizer, increasing the
free volume among the protein chains and decreasing the PR as well as the PD
capability. Muppalla et al. (2014) developed PVA films, but with a much lower
amount of glycerol (0.1% v/v of film forming solution), and found a PR of 1.5 N
of PVA films with main thickness of 0.150 mm, which means a PR of 10 N/mm.
This value is considerable lower than that found in the present work for PVA
film (212.2 N/mm) and, besides the different amount of glycerol, it can be
justified by the probe diameter of 2 mm used by Muppalla et al. (2014), which is

less than half of that used in this work (5 mm).
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the interaction of proteins with water molecules (FIGURE 8-a) and also the
formation of hydrogen bonds among the protein chains. Regarding the blends,
the WVP results indicate that PVA did not influenced the interaction of WPI
films with water. In films with partially hydrolyzed PVA (FIGURE 2-d),
residual acetate groups could act decreasing the interaction between WPI matrix
and water. However, the absence of these groups on highly hydrolyzed PVA (as
that used in the present work, FIGURE 2-c), and the existence of hydroxyl
groups in its chains (one OH by monomer), made this PVA a material with high
affinity for water. Because of this property, PVA film showed the highest
WVPR and WVP, differing from the other films with WPI. Despite this fact,
PVA did not act increasing the water barrier of WPI matrix, which is a positive
result, since most food packaging require good water vapor barrier.

When analyzed blends of starch with PVA, Guimaraes Jr. et al. (2015)
observed an increase of WVP with the addition of PVA to the blend, and the
authors justified that, in this case, PVA acted as a facilitator of water transport
through the blend due to the nature of its chemical structure with several
hydroxyl groups. In the present work, the unchanged WVP with the addition of
PVA in WPI films, possibly occurred due to the formation of a large amount of
hydrogen bonds between WPI/PVA molecules, leading to a cohesive structure
with few free groups available to link with water and allow its permeation, as
can be observed on Figure 8-b. On the other hand, the highly hydrolyzed PVA
structure, allows a higher permeation of water by associating its OH groups with
the water molecules, as showed in Figure 8-c, with a higher diffusion of water
molecules.

The water vapor permeability rate of LDPE films is around 1.35 x 10*
g.m2st (MANGARAJ; GOSWAMI; PANDA, 2015). WPI/PVA blends allow
that approximately five times more water get through them when compared to

this commercial LPDE films.



Table 1 - Mean values and standard deviations of water vapor permeability rate

(WVPR) and water vapor permeability (WVP) of films

) WVPR WVP
Film %WPI/ Thickness (g-m2st) (g-mm.m2s*kPa?)
%PVA mm) *10* *10°
WPI 100/0  0.176 £0.06a 7.89 +0.79a 570+ 1.47a
90W/10P  90/10 0.161+0.0la 7.03+0.70a 475 +0.31a
80W/20P  80/20 0.143+0.0la 7.67 £0.93a 4.64 +0.81a
70W/30P  70/30 0.188+0.05a 7.05+0.43a 6.62 +1.71a
PVA 0/100  0.202 £0.05a 13.83+1.39b 11.81 + 3.26b

Different letters represent significantly different values at (p > 0.05) using Scott-Knott
test.
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Figure 8 - Representative scheme of molecules interaction in (a) WPI film (b)
WPI/PVA blends and (c) PVA film.
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35  Solubility

The solubility results are presented on Figure 9. Solubility can be
subordinated to the presence or absence of affinity for water of materials in
general. For WPI/PVA blends, the strong interaction of PVA by water did not
act increasing the blends solubility in water. Despite the large amount of
hydroxyl groups in PVA, it is supposed that these groups were preferentially
kept associated to the WPI chains. This result is analog to that found for WVP of
the blends, corroborating the hypothesis of formation of a large amount of
hydrogen bonds among the WPI and PVA chains (FIGURE 8-b) confirmed
through FT-IR analysis. This way, with the addition of PVA from 10 to 30%, the
blends solubility were not significantly (p > 0.05) different, but presented a
reduction when compared to WPI film solubility.

Figure 9 - Mean values and standard deviations of solubility of films. Different
letters represent significantly different values at (p > 0.05) using
Scott-Knott test.
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3.6 Optical transmittance

Food packaging applications can require or not the transparency
characteristic depending to the designated application. WPI films are usually
known by their transparency and colorless attributes. Figure 10 shows the visual
comparison of WPI film, WPI/PVA blends and PVA film when placed in front
of a same picture. The WPI film obtained in this work, as that one produced by
Kadam et al. (2013), presented good visual transparency and flexibility, without
bubbles or flaws. All blends presented similar visual transparency, and all of
them were less transparent than WPI and PVA films. This observable
phenomenon is confirmed with the transmittance measures, presented on Figure
11. Blends presented from 42.00% to 67.43% of transmittance considering all
wavelengths (400, 500, 600, 700 and 800 nm), while WPI film showed up to
76.60% of transmittance. Materials that allow 100% of transmittance are
considering completely transparent. PVA film presented the higher
transmittance (80.23 — 86.20%), although the addition of PVA in WPI films

caused a decrease on light transmittance.

Figure 10 - Visual aspect of WPI film (a), 90W/10P blend (b), 80W/20P blend
(c), 70W/30P blend (d) and PVA film (e).
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Figure 11- Average and standard deviation (SD) values of transmittance
properties of films WPI, 90W/10P, 80W/20P, 70W/30P and PVA.
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Transparency in films is usually associated to a highly amorphous

polymer state, since in polymeric materials with crystalline regions the light

passing through the film is refracted at the crystalline/amorphous interface,
producing opacity (AMEDURI; SAWADA, 2016). Blends allowed lower light

transmittances, which can probably be related to strong interactions between

WPI and PVA leading to a cohesive and more organized structure. Besides that,

the roughness is another parameter which can influence the opacity of films
(GUIMARAES JR. et al., 2015). Microscopy analysis showed more rough
structures for blends with 20% and 30%, of PVA, which can deviate the light

and make them more opaque. PVA films were the most transparent, possibly



93

due to highly amorphous state, which can be contributed to the highest water
diffusion as presupposed on Figure 8-c.

WPI film, blends and PVA film allowed better the light transmittances
in higher visible wavelengths. This fact means that all films were more
transparent to radiation with low frequencies, which can be desirable in cases
where infrared radiation is used to collect information from devices and labels

placed inside the package.

4 CONCLUSION

FT-IR and MEV analysis indicates the formation of new interactions and
structures for 70W/30P blend, as well as confirms the occurrence of hydrogen
bonds between WPI and PVA, and a possible compatibility between the
polymers. The addition of 30% of PVA provided a lower tensile strength, but a
more ductile behavior for WPl matrix, increasing ten times its flexibility,
leading to tensile properties close to that from LPDE. On the other hand,
puncture resistance was not affected by the PVA addition under the work
circumstances. PVA did not act reducing the water barrier of WPI matrix, while
caused a reduction on solubility and on optical transmittance of WPI film.
Therefore, it is indicated the addition of 30% of PVA in WPI matrix for food
packaging in order to improve its flexibility and reduce solubility in water,

without prejudice its water barrier property.
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ARTIGO 2 - Thermal properties and water sorption thermodynamic
behaviour of whey protein isolate/ polyvinyl alcohol blends
for food flexible packaging

ABSTRACT

In order to determine suitable applications for whey protein isolate
(WPI)/polyvinyl alcohol (PVA) blends for food packaging sector, thermal
properties and water sorption thermodynamic behavior were evaluated. The
addition of up to 30% of PVA on WPI matrix did not affect the thermal stability
or glass transition temperature of WPI films. Water sorption experimental data
were well described by GAB model, and curves showed a more expressive
increase of water sorption above water activities of 0.6 with higher equilibrium
moistures (Y¢) at lower temperatures. Differential enthalpy decreased and
differential entropy increased with the Y. gain, and the occurrence of enthalpy-
entropy compensation was confirmed with enthalpy driving the sorption process.
The addition of PVA to WPI matrix made the water sorption process more
spontaneous. Water sorption thermodynamic analysis indicates that the
application of WPI/PVA blends as packaging is suitable for foods and external
environments with water activity below 0.90.

Keywords: Whey protein isolate; Polyvinyl alcohol; blends; water sorption
isotherms.

1 INTRODUCTION

Packaging plays an important role in protecting quality of foods,
including the management of moisture ingress or regress (MORRIS, 2016). The
moisture content influences chemical and physical film properties, also
determining processes such as food spoilage, and properties of food texture and
crispiness level (JAKUBCZYK; MARZEC; LEWICKI, 2008; PITT;
HOCKING, 2009). Therefore, is very important to know water adsorption

behavior of flexible films for food packaging, since it can be used to predict
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information about stability and quality changes of the packed food product
(JAGADISH; RAJ, 2011). More than that, it allows predicting the film behavior
under different moisture conditions inside and/or outside the packaging.

Whey protein isolate (WPI) films are known by their excellent barriers
to oxygen, lipids and aromas (AZEVEDO et al., 2015). However, like other
protein based films, WPI films present a hydrophilic nature, strongly interacting
with water, as well as a brittle behavior, which limit their application as food
packaging. In previous works, it was observed that the addition of up to 30% of
polyvinyl alcohol (PVA) to the WPI matrix provided an increase on flexibility, a
reduction on solubility in water and did not change the water vapor permeability
of WPI films. In addition to these results, in order to define the most suitable
application, is necessary to better understand the interaction of these new
WPI/PVA blends with moisture, which can be accomplished through sorption
isotherms studies.

Water sorption isotherms are important to hydrophilic biopolymers for
packaging since their films are water sensitive, besides the fact that the water
content or the water activity can strongly influence their functionality (YANG;
PAULSON, 2000). However, few are the published works evaluating the
sorption behavior of WPI biofilms or blends with WPI (MACHADO
AZEVEDO et al, 2015; ZHANG et al, 2016; ZINOVIADOU;
KOUTSOUMANIS; BILIADERIS, 2009, 2010). Besides that, the published
works cited do not contemplate the study of thermodynamic properties, such as
differential enthalpy (AHqir), differential entropy (ASqif) and Gibbs free energy
(AG). These properties are essential for understanding the interactions between
water and film material, to evaluate the existence of enthalpy-entropy
compensation, allowing to find the mechanism which drives the sorption
(enthalpy and/or entropy), and to verify the spontaneity of the water sorption

process according to the film composition.
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The mobility of polymer chain depends on temperature, decreasing
below and increasing above the glass transition temperature (Tg) and, therefore,
sorption and transport of penetrant into the polymer will be closely related to
this property (KARIMI, 2011). Tg is also dependent on moisture content and, in
general, glass transition temperature of amorphous materials decreases as water
content increases (JIMENEZ et al., 2013). Furthermore, water content can affect
other thermal properties of polymeric systems, for example, decreasing thermal
stability and decreasing the residue amount by weakening the intermolecular
interactions among the polymer chains (DIAS et al., 2018).

This work aimed to: evaluate thermal properties (degradation profile and
Tg) and water sorption isotherms of new blends of WPI with up to 30% of PVA;
understand the interaction between water and the blends under different
temperatures and the mechanism which drives sorption on these materials;
analyze the effect of PVA addition on the water sorption spontaneity; and
determine the appropriated aw range of foods which can be packed into the

developed flexible material.

2 MATERIAL AND METHODS

2.1 Material

The materials used for this research were: Whey Protein Isolate (WPI
9400) with 90% of proteins produced by Hilmar Ingredients; Polyvinyl alcohol
with high molecular weight (Mw = 130.000 g/mol) and highly hydrolyzed
(99%), from Sigma-Aldrich; Glycerol (> 99.5%, density 1.26 g/mL), as
plasticizer agent, produced by Sigma-Aldrich.
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2.2 Preparation of films and blends

2.2.1 Preparation of films

WPI film was produced using a concentration of 6% m/v of solution.
WPI (12 g) was dissolved on 200 mL of distilled water, added with glycerol
(30% m/m of WPI), and kept under agitation for 30 min (250 rpm). Then, the
solution was submitted to water bath at 90 °C for 30 min. After cooled at room
temperature, it was homogenized in Ultra Turrax (Kika Labortchnik) for 20 min
(450 rpm). The homogenized solution of 200 mL was sonified (Sonifier Cell
Disruptor Branson — Model 450D, Manchester, UK) at 60% of amplitude (270
W), for 10 min (600 s) in a continuous assay, using ice bath to avoid heating.
The ultrasonic energy applied to the solution was calculated through Equation 1,
resulting in 810 JmL™,

ag =0/, )
where AE corresponds to the ultrasonic energy applied (JmL.;), P is the
power emitted by the sonifier (270 W), t refers to the time of ultrasonic agitation
(600 s) and v to the volume of solution (200 mL) (CHRISTENSEN, 1985).
Solution was shed on a rectangular teflon plate (750 cm?) and
conditioned at room temperature for drying. Three replicates of WPI film were
performed. Thickness was controlled through the volume of the shed sample
(200 mL). The dried films was conditioned under controlled temperature and
relative humidity (RH) (25+1 °C and 50% RH).
PVA film was also produced using a concentration of 6% m/v of
solution. PVA (12g) was dissolved on 200 mL of distilled water and kept under
agitation for 24h (100rpm) in order to hydrate the PVA. Glycerol (30% m/m of

PVA) was added and the solution was kept under agitation for more 30 min (250
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rpm). Then, the solution was submitted to water bath at 90 °C for 60 min. After
cooled at room temperature, it was homogenized in Ultra Turrax and sonified in
same conditions as those used for WPI film production. Finally, solution was
shed on a similar teflon plate and conditioned at room temperature for drying.
Three replicates of PVA film were performed. Thickness was controlled through
the volume of the shed sample (200 mL). The dried films was conditioned under
controlled temperature and relative humidity (RH) (25+1 °C and 50% RH).

2.2.2 Preparation of blends

The WPI and PVA blends were produced varying the concentrations of
WPI/PVA (90/10, 80/20 and 70/30), maintaining the same total amount of
polymer (6% m/v of solution) and plasticizer (30% m/m of polymers). Initially a
PVA solution was prepared by dissolving the polymer in 100mL of distilled
water, and it was kept under agitation for 24h (100rpm) in order to hydrate the
PVA. A WPI solution was separately prepared by dissolving it in 100mL of
distilled water, it was added the glycerol (3.6 g), and the solution was kept under
agitation for 30 min (250 rpm). The both prepared solution (PVA and
WPI/glycerol) were separately submitted to water bath at 90°C for, respectively,
60 and 30 min. Then the solutions were cooled to room temperature, merged,
homogenized in Ultra Turrax and sonified in same conditions as those used for
WPI film production.

Finally, solution was shed on a similar teflon plate and conditioned at
room temperature for drying. Three replicates of each blend were performed.
Thickness was controlled through the volume of the shed sample (200 mL). The
dried films was conditioned under controlled temperature and relative humidity
(RH) (251 °C and 50% RH).
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2.3 Characterization of films and blends

2.3.1 Thermogravimetric analysis (TGA)

The film thermal stability and degradation profile was determined by
thermogravimetric analysis (TGA) using a DTG-60H Shimadzu. Samples of 4-6
mg were analyzed. It was used nitrogen atmosphere with 50 mLmin? of flow, a
temperature range of 25 °C to 600 °C and heating rate of 10 °C/min to obtain the
TG curve. Through the first derivative (DTG) of this curve, it was possible to
identify characteristic peaks of thermal degradation of the samples, and extract
from the main stage of degradation, the initial and final temperatures of

degradation (Ti4, Tta) and the temperature of maximum degradation (T max).

2.3.2  Differential Scanning Calorimetry (DSC)

A Differential Scanning Calorimetry analysis was performed using a
DSC 60H (Shimadzu) in order to determine the glass transition temperature
(Tg), and then relate this transition to the behaviour of the films through the
sorption isotherms. Film samples of 2-4 mg were heated at a heating rate of 10
°Cmin?, and the following sequence was adopted for DSC analysis: 1) an initial
heating run from 25 °C to 110 °C was performed, and the material was
maintained at this temperature for 10 min to eliminate the thermal history; 2) the
material was cooled from 110 °C to -50 °C; and 3) a second heating run was
performed to 180 °C.
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2.3.3 Water sorption isotherms

2.3.3.1 Moisture content

Before initializing the sorption isotherms tests, the moisture content of
all films were determined in order to know their dry basis values. Therefore,
film samples of 9 cm? were cut and had their masses measured in triplicate,
before and after drying, at 103 + 5 °C for 24 h. The moisture values were
determined relative to the initial mass and mass lost during drying (ASTM,
2007), and reported on a dry basis. All films presented amounts of moisture of

approximately 20% in mass.

2.3.3.2 Isotherms assembly

Sorption isotherms were determined through static gravimetric method,
using film samples with 6 cm?, placed in small plastic containers coated with foil
(Figure 1). Three samples for each film were balanced into six hermetic pots,
each one with a different saturated saline solution (MgCl, K>COs;, Mg(NO3)2,
NaCl, KCI and K>SO.), with water activity predetermined by Greenspan (1977),
ranging from 0.328 to 0.985 and varying according to the temperature. A glass
tube containing toluene was placed inside the pots in order to prevent fungi
growth. The samples were kept into the pots until they reach equilibrium, which
means a weight change < 5%. The isotherms were performed for 5, 15 and 25°C

seeking to determine thermodynamic parameters.
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Figure 1 - Representative scheme of water sorption isotherms assembly.

Hermetic pot

Small plastic container Sample of WPI
coated with foil film (6 cm?)

/" Glass tube with
toluene

2.3.3.3 Mathematical modeling

Since there is no published work about blends of WPI/PVA and their
water sorption behavior, in order to identify a model which good describes the
water sorption on the developed films and blends, four different models (Table
1) were used to adjust the experimental data. Solver tool, included in Microsoft
Excel 2013, was used to carry out the non-linear fitting of experimental data
(JIMENEZ et al., 2013).
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Table 1 - Models for adjustment of water sorption isotherms.

Model Equation
GAB® . Y,.CKa,
¢ (1-Ka,)(1-Ka, + CKa,,)

HALSEY" —A

a,, = exp F
SMITH® Y, =A-BIn(1-a,)
OSWIN¢ a, \B

o= A(T2)

1—a,

Y. is the water content at the equilibrium (dry basis, g water/100 g film); Y, is the water
content of the molecular monolayer (dry basis, g water/100 g film); aw is the water
activity; T is the temperature; A, B, C, K and n are constants. ® (VAN DER BERG,
1984), ® (HALSEY, 1948), ¢ (SMITH, 1974), ¢ (OSWIN, 1946)

2.3.3.4 Thermodynamic properties

According to Liébanes et al. (2006), differential thermodynamic
parameters reveal qualitative information regarding the different energy levels in
water adsorption, while integral thermodynamic parameters provide valuable
guantitative information about the system. Is desirable to know integral
parameters in designs of thermal processes, for example for drying of foods. In
the case of sorption analysis of packaging, differential thermodynamic
parameters are those of higher interest, since the understanding of the
interactions between the water and the material is more important than the
known of the amount of energy involved.

The thermodynamic properties of differential enthalpy (AHaif), differential
entropy (ASaqir) and Gibbs free energy at the isokinetic temperature (AGg) were
calculated using the parameters obtained from the isotherm model which better

described the experimental data. The calculation assumes two hypothesis: the
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water adsorption process occurs on an inert solid, since the moisture equilibrium
between the water molecules adsorbed on the film surface and the surrounding
water vapor is reached; and the vapor has an ideal gas behavior, once only water
(physically adsorbed) occupies the film surface (LIEBANES et al., 2006).

2.3.3.4.1 Differential enthalpy (AHgir) and differential entropy (ASair)

The differential sorption enthalpy (AHgif) is used as an indicator of the
intermolecular attractive forces between water vapor and sorption sites, and in
this case, of the film or blend sites. AHair (Jmol?) is defined as difference
between a total heat of sorption (Qst) and latent heat of vaporization of pure
water (A) (TAO et al., 2018). From the Clausius-Clapeyron equation, values of
AHgir can be determined:

dln(aw)| _  Qse=4 _  AHgir
[ o ] - R R (2)
T ly

Since changes on the free energy due to water sorption process are
usually followed by variations of both, enthalpy and entropy, Gibbs- Helmholtz
equation can be employed to determine the molar differential entropy of sorption
(ASdir, JImol*K1):

AHg; ASg4i
[—In(a,)ly, = 2a _ ASay ©)

A graph of —In(aw) versus 1/T at certain moisture content (Ye) can be
used to calculate AHgir and ASgir. Values of AHgir and ASgir were obtained,

respectively, from the slope (AHgi/R) and intersection (—ASqi/R) of regression
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line. This procedure was repeated at different moisture contents aiming to
establish the dependence on moisture content (TAO et al., 2018).

2.3.3.4.2 Theory of Enthalpy-Entropy Compensation and AGg

A linear relation between differential enthalpy and differential entropy is
proposed by the Theory of Enthalpy-Entropy Compensation, and is given by the
Equation 4 (VELAZQUEZ-GUTIERREZ et al., 2015). Tp is isokinetic

temperature, and was expressed as the slope of the ASqir versus AHgis graph.

At T, all reactions occur at the same rate for different values of In(aw)
(L'VOV, 2007). In cases where Tg # Tmm, being Thm the harmonic mean
temperature, it can be assured the occurrence of enthalpy-entropy compensation,
indicating changes on molecular interaction between water and material. Tpm
was obtained through Equation 5, in which n is the number of sorption isotherms

and T; (K) is the temperature of the ith isotherm.
Thm = = (5)

A confidence interval for Tg, with a significance level of 0.05, was given

by:
Tg = Tp £ tm—2a/2y/Var(Tp) (6)
where:
TB' _ Y(AHgip—BAHa,r)(ASqif— ASqif) @)

Y(ASqif—ASaif)?
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Y(AHgif—AGg—Tg.ASqif)?
(m—2).%(ASqif—ASqi5)?

Var(Tg) = (8)

Ty is the slope of enthalpy-entropy plot with a 95% confidence interval
calculated for the whole data set, Var(Tg) is the standard error of isokinetic
temperature, Wdlf is the average differential enthalpy, Fdlfis the average
differential entropy, m is the number of data pairs about AHg;r and AH ;.

If Thm stays in the Tp interval, the obtained results about AHgir and ASqit
are merely a reflection of experimental error instead of chemical factors, and the
enthalpy-entropy compensation is not confirmed (TAO et al., 2018).

The existence of enthalpy-entropy compensation allows calculating the
AG associated to the isokinetic temperature (AGg), through the linear coefficient
of the ASgr versus AHgir graph. AGp can provide information about the
spontaneity of the water sorption on the films and blends tested according to
their composition.

2.4 Statistical analysis

The adequacy of the models used for the description of sorption
isothermal behavior was analyzed by evaluating the values of coefficient of
determination (R?) and the relative mean deviation (RMD), which is calculated
through the Equation 7, where N is the number of observation (which means the
number of salts, six) Yeiis the ith observation and Y, is the value predicted by

the model for the ith observation.

100 Yei~Ye,;
RMD === ?’zl—' = ol

ei

(")

Besides that, from the model with the highest R2 and the lowest RMD, it

was analyzed the function between residual values and the levels of equilibrium
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moisture. Residual values are the differences between the experimentally
observed values and the values estimated by the model. In cases in which
residual values are found in a horizontal zone near zero, not including biased

results, the model can be considered as acceptable.

3 RESULTS

3.1 Thermogravimetrical Analysis (TGA)

Figure 2-a,b show the curves of TG and DTG for the films of WPI and
PVA, as their blends, while Table 2 presents data obtained from these curves.
For starch/PVA blends, there are typically three different decomposition stages.
The first, between 75 °C and 200 °C, is related to the loss of adsorbed and/or
bound water, as well as to the release of volatile compounds such as plasticizers;
the second stage represents the main decomposition of the blends; and the third,
above 500 °C, is attributed to the carbonization of organic matter (AYDIN;
ILBERG, 2016). In the case of the WPI films and WPI/PVA blends produced,
the degradations occurred from about 45°C to 200 °C can be attributed to the
loss of water adsorbed on the films surface in lower temperatures, and also to the
loss of bound water from the films structure in higher temperatures. This stage
represents around 20% of mass loss, which is exactly the content of moisture

obtained by drying the films.
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Figure 2 - WPI, blends and PVA curves of TGA (a) and first derivative of the
TGA curves (DTG, b).

DrTGA (mg/s)

Mass (%)

100

80

60 -

40 -

20 -

0.000

-0.002 -

-0.004 -

-0.006

-0.008

-0.010

a

e \V P1
—OOW/10P
—S0W/20P
e TOW/30P
w— PV A

T / T
100 200

b

T v, T
300 400
Temperature (°C)

- -
500 600!

258 oC —

V' P1
e OO W/10P
—SO0W/20P
e TOW/30P
PV A

1 S 1
100 200

T L] I
300 400
Temperature (°C)

- -
500 600



113

Table 2 - TGA and DSC analysis: initial degradation temperature (Tig, °C), final
degradation temperature (T, °C), maximum decomposition
temperature (Tamax, °C), mass loss of the second stage of
decomposition (ML, %), and final residue at 600° C (Rr, %); glass
transition temperature (Tg, °C).

) % WPI
Film 0/(; P\/ A/ Tid Tt Tamax  ML2 Rt Tg

WPI 100/0  275.62 375.28 312.68 38.04 16.61 -5.87
90W/10P 90/10 279.72 381.96 310.75 38.47 1945 -4.62
80W/20P 80/20 278.98 377.48 31235 36.06 17.25 -5.63
70W/30P 70/30 279.47 376.36 312.42 3538 1498 -521
PVA 0/100 214.67 315.67 25759 4842 9.051 71.25

From the second and main stage it was extracted the initial degradation
temperature (Tig, °C), final degradation temperature (Tw, °C), maximum
decomposition temperature (Tamax, °C) and mass loss (ML, %). WPI film and
blends showed an initial temperature decomposition (Tis, 275 to 280 °C)
superior to that presented by PVA film (215 °C). Azevedo et al. (2015) found a
close value of initial temperature decomposition (260.5 °C) when producing
WPI films with 40% of glycerol. Guimaraes et al. (2015) observed a Tis for PVA
films of 248 °C, a higher value than that found in the present work, although a
very similar curve, with three degradation stages were showed by this author.
Maybe the lower amount of glycerol used by Guimarées et al. (2015) (25%)
made possible a more thermally stable PVA film, since glycerol acts plasticizing
the blend and decreasing the thermal stability. PVA film also presented the
highest mass loss in this stage (ML,), at 258 °C. In PVA films, the large amount
of hydroxyl groups can contribute for the formation of decomposition reactions,
and this fact increases the mass loss from the film. The final degradation
temperature (Tr), as well as the maximum decomposition temperature (Tgmax)
and ML, were all similar for WPI film and blends (T around 380 °C, Tdmax
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around 312 °C and ML close to 36%). The addition of up to 30% of PVA on
WPI matrix seems not to affect the thermal stability of WPI films, and blends
kept the same TGA profile from WPI film. Analogously to Tig, Tamax Of PVA
film was lower than those found for WPI film and blends, corroborating the
proposition that PVA films were less thermally stable due to the high presence
of hydroxyl groups in its structure. In addition to degradation of hydroxyl
groups, mass loss from 200 °C to 500 °C, as occurred more evidently for PVA
film at 418 °C, can also be attributed to the formation of unsaturated and
aliphatic carbon chains of low molecular weight (SIN et al., 2011).

Finally, degradation occurred above 500°C were attributed to
carbonization process. Lower residue amounts are usually associated to weak
intermolecular interactions, which allows high degradation during the heating
and therefore, a higher mass loss (DIAS, et al. 2018). PVA film presented the
lowest final residue, which can be attributed to the large amount of hydroxyl
groups in its structure that, as previously stated, contributes for the formation of

decomposition reactions.

3.2 Differential Scanning Calorimetry (DSC)

The differential scanning calorimetric analysis was performed in order
to know the Tg from the WPI film, PVA film and blends, and then associate it to
the water adsorption presented by the films in sorption isotherms. Tg is a very
important variable when it comes to plastic food packaging because it
determines the conditions of application. It is usually desirable an application in
which the packaging will be used above its Tg, when the polymer presents a
rubbery behavior, and not a glassy and brittle state as usually observed below
Tg. However, above Tg there are larger free volume among the polymer chains,

which use to provide bigger diffusion of water and/or other substances.
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Table 2 presents the Tg values obtained in the present work. WPI film
and blends showed similar Tg values, between -4.62 °C and -5.87 °C, while
PVA film showed the highest Tg, 71.25 °C. According to Osés et al. (2009),
water can act as a plasticizer by weakening the hydrogen bonds and dipole-
dipole intra and intermolecular interactions due to shielding of these forces by
the water molecule, increasing the free volume and decreasing the Tg. In WPI
films, the presence of nitrogen and oxygen (N and O) atoms from amino and
carboxylic acid groups guarantee the interaction of proteins with water
molecules, leading to lower Tg values. Specifically for film of highly
hydrolyzed PVA, as the one used in the present work, the presence of one
hydroxyl by monomer makes it a material with strong affinity by water.
However, these PVA hydroxyl groups are highly interconnected by hydrogen
bonding, which provides a high glass transition temperature, as observed in this
work (GUIRGUIS; MOSELHEY, 2012).

In general, WPI film and blends presented close and good values of Tg
when it comes to packaging applications for foods stored in chilled
environments, around 5°C, and for those stored in room temperatures between
15 °C and 25 °C. Besides that, the presence of only one glass transition for the
blends supposedly indicates a good compatibility between WPI and PVA. The
Tg results for all blends similar to that from WPI shows that the addition of up to

30% of PVA on WPI films does not affect their glass transition temperature

property.
3.3 Water sorption isotherms
Tables 3, 4 and 5 present the parameters results from models fitting to

the experimental water sorption isotherm data for all films and blends under,

respectively, 5 °C, 15 °C and 25 °C. Analyzing the fitting results is possible to
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affirm that GAB model is the one which best describes the moisture equilibrium
data for the three different temperatures, since it presented higher values for R?
and lower values of RMD when together analyzing all films (WPI, 90W/10P,
80W/20P, 70W/30P and PVA). The GAB model was already used to describe
the sorption behavior of WPI films by other authors (MACHADO AZEVEDO et
al., 2015; ZINOVIADOU; KOUTSOUMANIS; BILIADERIS, 2009, 2010).
Besides that, residual values considering this model have always tended
to zero, not including biased results, confirming the acceptability of GAB model
to adjust the experimental data from WPI and PV A films and blends. Therefore,

the thermodynamic analysis were performed using the GAB model.
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Table 3 - Calculated parameters for the isotherm models for WPI film, blends
and PVA film under 5 °C.

Isotherm  Films  Constants of linear fitting R2 RMD
Model Yn(0/100g) C K
GAB WPI 22.29 10.54 0.76 0.97 7.22
90W/10P 31.91 5.53 0.66 0.99 3.63
80W/20P 24.33 9.19 0.73 1.00 1.64
70W/30P 25.56 11.67 0.75 0.97 4.81
PVA 24.54 6.71 0.70 0.99 2.97
A B
HALSEY WPI 87551.05 3.69 0.81 10.96
90W/10P 1708531.73 4,38 0.82 14.04
80W/20P 37318.48 3.43 0.84 13.59
70W/30P 8947.43 2.87 0.74 18.44
PVA 25101.14 3.44 0.79 15.65
A B
SMITH  WHPI 18.83 36.50 0.88 9.50
90W/10P 19.48 44.41 0.87 10.29
80W/20P 14.70 57.60 0.91 8.29
70W/30P 20.72 53.22 0.85 11.48
PVA 12.45 53.18 0.87 10.82
A B
OSWIN WPI 31.55 0.24 0.85 10.67
90W/10P 32.03 0.23 0.84 11.34
80W/20P 31.12 0.24 0.88 11.10
70W/30P 35.81 0.21 0.83 12.53

PVA 27.21 0.24 0.84 13.05
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Table 4 - Calculated parameters for the isotherm models for WPI film, blends

and PVA film under 15 °C.

Isotherm  Films  Constants of linear fitting R2 RMD
Model Yn(g/100g) C K
GAB WPI 19.11 11.01 0.78 0.97 6.99
90W/10P 27.93 4.65 0.70 0.99 4.36
80W/20P 21.64 10.53 0.75 0.99 2.97
70W/30P 23.34 12.73 0.74 0.95 6.05
PVA 21.64 8.11 0.72 0.99 3.03
A B
HALSEY WPI 629251.38 4.34 0.84 18.58
90W/10P  45982.69 3.58 0.83 12.21
80W/20P  28365.61 3.48 0.82 13.85
70W/30P  30966.19 3.36 0.72 17.54
PVA 83699.18 3.84 0.83 13.41
A B
SMITH  WHPI 15.83 37.62 0.89 9.81
90W/10P 16.34 42.14 0.90 8.28
80W/20P 15.05 42.44 0.90 9.71
70W/30P 20.65 35.82 0.82 13.73
PVA 14.45 42.17 0.89 9.61
A B
OSWIN WPI 26.97 0.26 0.84 11.97
90W/10P 28.62 0.25 0.86 10.13
80W/20P 27.35 0.26 0.86 11.78
70W/30P 31.31 0.22 0.79 14.31
PVA 26.47 0.23 0.86 11.44
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Table 5 - Calculated parameters for the isotherm models for WPI film, blends
and PVA film under 25 °C.

Isotherm  Films  Constants of linear fitting R2 RMD

Model Yn(g/100g) C K
GAB WP 2704 307 072 099 236
90W/1I0P  19.87  7.01 078 097 402
80W/20P 2013  7.20 076 096 5.0
70W/30P 2365 809 073 099 475
PVA 1940 736 074 098 571
A B
HALSEY WPI 464231  2.95 086 1521
9OW/10P  176364.74  4.01 086  21.63
8OW/20P 394210  2.94 082 1578
70W/30P  5798.44  2.95 078  16.23
PVA 400802  3.05 0.84 1141
A B
SMITH  WPI 707 6456 093  7.32
90W/10P 911  57.61 091  7.69
SOW/20P 1041  53.01 089  10.50
70W/30P 1150  62.38 091  9.00
PVA 1255 3558 091  7.89
A B
OSWIN  WPI 2479 031 087 1253
OW/10P 2447  0.33 086 1117
80W/20P 2545  0.30 0.85 1352
70W/30P 2882  0.29 087 1177
PVA 2299  0.29 087 937

Figure 3-a,b,c shows the water sorption isotherms under the three
different tested temperatures and adjusted by the GAB model. According to the
Brunauer’s classification, at 5 °C, 15°C and 25 °C all films presented a sigmoid
type 1l format (BRUNAUER,1938). This format is typical of adsorption of gases

by a nonporous matrix. Towns (1995) explains that typical sorption isotherms of
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proteins present a first region in which water binds to protein charged sites and
highly polar groups; a second region presenting the transition of water from
monolayer to multilayer coverage, where water binds to weaker sorption sites
and through clustering or filling of free volumes created by the polymer
swelling; and a third region where water is condensate in very weak protein sites

and/or in layers of weakly held water.
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Figure 3 - Water sorption isotherms (% Moisture — g water/100g film versus aw)
of WPI film, blends and PVA film under (a) 5 °C, (b) 15 °C and (c)
25 °C, adjusted through GAB model.
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All films in all tested temperatures presented a more expressive increase
of water sorption above aw = 0.6. This result is related with the larger amount of
free water on higher water activities, allowing the film to adsorb more moisture.
Besides that, this behavior can be also caused by structural changes occurred
with the water content increase, which facilitated the water diffusion. PVA film
showed lower equilibrium moistures when compared to WPI films and blends
for all the three temperatures tested. Possibly, the work temperatures
expressively below its Tg, leaded to a lower free volume in its matrix allowing
less water molecules to adsorb on it. However, the addition of up to 30% of
PVA into the WPI matrix, seems not to decrease the equilibrium moisture
values. Besides that, when 30% of PVA is added to the WPI matrix, an increase
on the equilibrium moisture is showed at 5 °C, 15 °C and 25 °C. Possibly, the
addition of this larger amount of PVA produced an increase on the free volume
among the chains of both polymers, allowing a higher water diffusion through
the 70W/30P blend.

Figure 4-a,b,c,d,e exposes the water sorption behavior of each film,
separately, according to the different tested temperatures, also adjusted through
GAB model. For all films is possible to realize that the equilibrium moistures
were increased when the temperature decreased along the water activities. In
higher temperatures, the excitation of water molecules decreases the interaction
among them, therefore decreasing the water adsorption (RAMOS; MANCINI;
MENDES, 2015). Kaya and Kahyaoglu (2005) explains that higher temperatures
can activate water molecules to higher energy levels allowing them to leave their
sorption sites, and it decreases the equilibrium moisture.

For WPI film and blends, in which the Tg (around -5 °C) is close to the
tested temperatures, especially at 5 °C, another behavior could be presented.
With a temperature close to the Tg, the molecules from the material can have

lower mobility, as well as lower free volume among them, allowing a lower
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amount of water to diffuse and, therefore, the material presents lower Y. values.
Regarding WPI film and blends, it can be assumed that temperature of
adsorption are more influent on the amount of water adsorbed than the Tg values
of these materials. Besides that, at levels of water content of the molecular
monolayer (Ym) until 9%, the mobility of the absorbed water, as well as the
flexibility of the polymer chains are limited (TOWNS, 1995). As can be
observed on Tables 4, 5 and 6, for GAB model, the Y, were always above 9% at
5°C, 15 °C and 25 °C, reaching almost 26% when analyzing the 70W/30P blend
at 5°C. It indicates that water can be acted as plasticizer and possibly decreased

the Tg at higher values of aw, leading to higher Y. values.
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Figure 4 - Water sorption isotherms (% Moisture — g water/100g film versus aw)
of (a) WPI film, (b) 90W/10P, (c) 80W/20P, (d) 70W/30P and (e)
PVA film under 5 °C, 15 °C and 25 °C, adjusted through GAB

model.
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By analyzing established values of a. in terms of the tested temperatures
according to the Equation 3, it was possible to obtain the graphs showed on
Figure 5. Through the graphs, it was extracted the differential enthalpy (angular

coefficient), as well as the differential entropy (linear coefficient).
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Figure 5 - Relation between water activity and temperature (-In(aw) versus 1/T)
for different values of Y. of (a) WPI film, (b) 90W/10P, (c)
80W/20P, (d) 70W/30P and (e) PVA.
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3.3.1 Differential enthalpy (AHui)

Figure 6 presents the behavior of differential enthalpy (AHair) according
to the equilibrium moisture content (Ye, %, g water absorbed/100 g dry film) on
the films. AHqir gives information about the state of the water adsorbed to the
material surface, and can reflect the physical, chemical and microbiological
stabilities of this material (TAO et al., 2018). On Figure 6 is possible to observe,

for all films, that differential enthalpy decreases with the equilibrium moisture



126

gain until values close to zero. This behavior is expected, since the enthalpy is
higher when interactions between water molecules and polymer are stronger in
available sites of high energy. With the increment of moisture content, occurs a
saturation of the polymer sorption sites with formation of multilayers of
adsorption, decreasing these interactions, and, therefore decreasing enthalpy.
Besides that, the AHgir approaching to zero at high moisture content, indicates
that the heat of water adsorption was close to heat of vaporization of water.
Another authors, analyzing thermodynamic parameter of water sorption in food
systems retorted a similar behavior (SILVA et al., 2014; TAO et al., 2018).

All blends presented an approaching of AHg to zero at moisture
contents always above 70%, meaning that at Ye above 70% the enthalpy of the
sorption water process in WPI/PVA blends becomes similar to the water
vaporization enthalpy. Below this value of moisture content, the energy required
to vaporize the water molecules adsorbed on the film is higher than that required
to vaporize pure water. Al-Muhtaseb, McMinn and Magee (2004), in water
sorption tests with starch powders, explain that differential enthalpies higher
than vaporization enthalpy indicate that energy of binding between water and
active polar sites on the food surface are higher than the energy which holds the
pure water molecules together in the liquid phase. This explanation can be
extended to the results obtained for the biopolymeric films and blends analyzed.

On Figure 4 is possible to observe that films and blends achieve 70% of
equilibrium moisture approximately above 0.90 of water activity. Therefore,
when it comes to the WPI/PVA blend application as packaging, is desirable a
food, as well as an external environment, with water activities below 0.90, in
which the stability of the films are higher due to the more stable bonds with
water molecules. The referred water activities are also desirable to prevent a
constant process of evaporation/condensation of water molecules on the inner

film surface, which can drip to the food, affecting its quality. Foods such as
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pasta, dry vegetables and fruits, cereals, some candies, honey and jams, for
example, present aw below 0.90 (JAY, 2006). However, fresh fruits, vegetables,
meat and fish have ay always above 0.90, and then are not indicated to be
conditioned in the developed blends.

Figure 6 - Differential enthalpy according to the equilibrium moisture content
for WPI film, 90W/10P, 80W/20P, 70W/30P and PVA film.
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3.3.2 Differential entropy (ASai)

Figure 7 shows the differential entropy (ASai) behavior according to the
equilibrium moisture content (Ye, %, g water absorbed/ 100 g dry film) on the
films. Unlike enthalpy, entropy increases with the Y. for all the films. Tao et al.
(2018), in their water sorption isotherms of blueberry juice powders and fruit
powders study, related a similar behavior of dependence of ASq: on moisture
content with an increasing trend with the moisture increment.

Changes of ASgir can be related with the variation of number of available
sorption sites of the material. In lower moisture contents, water molecules are
located in high energy binding sites of the film, allowing low rotational freedom

and randomness degree, thus leading to lower entropies (KAYA,;
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KAHYAOGLU, 2005). When moisture content increases, these high energy
sites begin to saturate, then allowing the mobility of water molecules adsorbed,
increasing their randomness and the system entropy. Besides that, negative
values of ASgir indicates the presence of a large number of polar groups which
can bind strongly with water (ROSA; MORAES; PINTO, 2010).

Figure 7 - Differential entropy according to the equilibrium moisture content for
WPI film, 90W/10P, 80W/20P, 70W/30P and PVA film.
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3.3.3  Enthalpy-entropy compensation

Figure 8 presents the linear relation between differential enthalpy and
differential entropy for all films, with great coefficients of determination (R?)
varying from 0.99 to 1.00, indicating the occurrence of enthalpy-entropy

compensation for all films.



129

Figure 8 - Linear relation between differential enthalpy and differential entropy
for (a) WPI film, (b) 90W/10P, (c) 80W/20P, (d) 70W/30P and (e)
PVA.
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Through the adjusted lines, it was possible to obtain the isokinetic

temperatures (Tg) and free Gibbs energies at Ty (AGg) and, after that, the

harmonic mean temperatures (Tnm) were calculated. These variables are

presented on Table 6.
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Table 6 - Values of isokinetic temperature (Tg) and free Gibbs energy (AG) and
harmonic mean temperature (Tnm) for the sorption process of the films.

Films T (K) AGg (IMol?) T (K)
WPl  397.00+8851  -5531  287.92
90W/10P 43350 +7.42  -169.73  287.92
8OW/20P 399.52+20.13  -328.44  287.92
70W/30P 453.56 +24.68  -974.44  287.92
PVA  39593+2625 -613.86  287.92

Since Tp # Tnm for all films, considering the confidence interval, it can
be assured the occurrence of enthalpy-entropy compensation, predicted by the
linear relation between these parameters. The compensation indicates changes
on molecular interaction between water and material. When a transformation
occurs in a system, such as the sorption process in biopolymeric films, its
enthalpy and its entropy are modified. Compensation occurs because, if the
interaction between the water and the polymer is strong, the enthalpy increases,
while the molecules freedom of configuration is reduced, as well as the entropy.
All films presented Tg > Tnm, indicating only one mechanism of sorption
controlled by enthalpy. These results show that energy interactions related to the
film composition are more influent than the number of available sorption sites
for all films and blends (TELIS et al., 2000).

Results of AGg can indicate about the water sorption process spontaneity
at the isokinetic temperature, representing the energy required to a water
molecule in vapor state to adsorb on the film surface. All films and blends
presented a negative AGg, indicating that the water is spontaneously adsorbed to
them. WPI film showed a less spontaneous sorption, with a AGg of -55.31 Jmol
! than PVA film, which showed -613.83 Jmol*. Since the sorption is more
spontaneous in PVA, as expected, WPI films with larger amounts of PVVA had

lower AGg values. When added in 30%, PVA acted intensely increasing the
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interaction of WPI films with water, being the the water sorption for 70W/30P
blend more spontaneous than that for PVA film. 70W/30P blend, on previous
work, presented a reduction on solubility in water and similar water permeability
when compared to WPI film. This behavior indicates that possibly this blend
allowed a higher water diffusion through its matrix, due to a higher free volume
among the polymers chain caused by the higher amount of PVA. This higher
water diffusion can explain the more expressive spontaneity of water adsorption
obtained for this blend.

4 CONCLUSION

The addition of up to 30% of PVA on WPI matrix did not affect the
thermal stability or Tg of WPI films, being the blends applicable to packaging
for foods stored in chilled environments and in room temperatures. Water
sorption experimental data were well described by GAB model, and curves
showed a more expressive increase of water sorption above a, = 0.6 and higher
equilibrium moistures at lower temperatures. Differential enthalpy decreased
and differential entropy increased with the equilibrium moisture gain, and the
occurrence of enthalpy-entropy compensation was confirmed with enthalpy
driving the sorption process. The addition of PVA to WPI matrix made the water
sorption process more spontaneous. Water sorption thermodynamic analysis
indicates that the application of WPI/PVA blends as packaging is suitable for

foods and external environments with water activity below 0.90.
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