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Resumo Geral

RESUMO GERAL

O amaranto apresenta-se como uma matéria prima interessante para a
elaboragao de filmes biodegradaveis por seu conteddo em amido, proteina e lipideos.
Embora o amaranto ndo seja nativo do Brasil, seu cultivo est4d sendo desenvolvido nos
solos dos cerrados brasileiros com bons resultados. Isto incentiva o desenvolvimento de
alternativas para o uso comercial do amaranto. Filmes elaborados a partir de amaranto
da variedade caudatus (TAPIA-BLACIDO, 2003) resultaram em materiais com excelentes
propriedades de barreira, entretanto apresentaram propriedades mecanicas pobres.
Estudos desenvolvidos com a variedade que estd sendo implantada no Brasil (Amarantus
cruentus) com adicdo de acido estearico apresentaram as mesmas caracteristicas
(COLLA, 2004). Assim, o objetivo desta pesquisa foi 0 estudo do processo de elaboracao
de dois tipos de filmes biodegradaveis: (1) filmes de farinha de amaranto (A.cruentus)
reticulados com epicloridrina e (2) a partir de blendas de farinha de amaranto (A.cruentus)
com poli (vinil alcool) (PVA); assim como a avaliagdo do efeito das duas estratégias
(reticulagdo e PVA) sobre as caracteristicas mecanicas e de barreira dos biofilmes. O
efeito da reacdo de reticulagdo (concentracdo de epicloridrina (1,6-18,4 g/100g farinha),
temperatura (39,8-90,2°C) e tempo de reagdo (12,8-147,2 minutos)) sobre as
propriedades mecanicas e de barreira, foram estudados utilizando a metodologia de
superficie de resposta. Para a caracterizacdo dos biofilmes, foram realizadas as
seguintes andlises: testes mecanicos, de solubilidade em agua, de permeabilidade ao
vapor de agua, microscopia eletrénica de varredura e espectroscopia de infravermelho
com transformada de Fourier (FT-IR).

Para os filmes de farinha de amaranto reticulados com epicloridrina, de acordo
com a analise estatistica das superficies de resposta, foi observado que a reacdo de
reticulacdo teve um efeito plasticizante sobre os filmes de farinha de amaranto, ao
diminuir a resisténcia e aumentar a flexibilidade dos mesmos. Além disso, foi evidenciado
o forte impacto que tem a temperatura de reacao sobre a solubilidade dos filmes, ja que
ao aumentar a temperatura, aumentou a solubilidade em agua, e diminui o pH da solugcao
filmogénica. Foi assim como foram realizadas uma série de reagdes com temperatura
(39,8°C) e tempo (120 min) fixos, e diferentes concentracdoes de epicloridrina (1,6-18,4
g/100g farinha). Nestas condi¢des os filmes reticulados ndo apresentaram diferenca
significativa (p<0,05) nas propriedades mecanicas em relacdo ao filme de farinha de
amaranto ndo modificado. Mesmo assim, a reticulagcdo melhorou as propriedades de
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barreira do filme, com uma diminuigao consideravel da permeabilidade ao vapor de agua
(PVAregia = 2,3 x 10" g / m s Pa). Além disso, a reticulagdo reduziu a solubilidade em
agua (Smedia = 29%) e manteve a integridade dos filmes durante o teste. A analise do FT-
IR mostrou evidéncia de modificacdes quimicas nos filmes de farinha de amaranto
reticulados com epicloridrina. Além disso, as imagens de MEV deram indicios do efeito
que a reacdo de reticulacdo com epicloridrina teve sobre a microestrutura dos filmes de
farinha de amaranto.

Para os biofilmes a partir de blendas de farinha de amaranto com PVA, foram
testados seis tipos de PVA com diferentes graus de hidrélise e peso molecular, foi
escolhido o PVA 325 por apresentar as melhores propriedades mecanicas (Tensao (TS)
10,21MPa, Elongacao (ELO) 89,76%, Forca (PF) 9,40N e Deformacao (PD) 16,3%).
Quando foram avaliadas varias proporgcoes da mistura, farinha de amaranto — PVA (10-
50%) foi observado que as propriedades mecanicas, tanto a resisténcia quanto a
flexibilidade, foram aumentadas ao incrementar a concentracdo de PVA na blenda, os
valores foram pelo menos dobrados. A solubilidade em &gua foi diminuida ao aumentar a
propor¢céo de PVA na mistura, até atingir 44% de matéria soluvel para o filme com iguais
propor¢oes de farinha — PVA. A andlise do FT-IR confirmou a formagéo de pontes de
hidrogénio entre os componentes dos filmes a partir de blendas de farinha de amaranto e
poli(vinil alcool).
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Summary

SUMMARY

The amaranth is an interesting material for biodegradable films production
because it contains starch, protein and lipids. Although the amaranth is not native of
Brazil, its culture is being developed in Brazilian ground with good results. This stimulates
the development of commercial use of amaranth alternatives. Films elaborated from
amaranth of the caudatus variety (TAPIA-BLACIDO, 2003) had resulted in materials with
excellent barrier properties, but presented poor mechanical properties. Studies developed
with the Brazilian cultivated variety (Amaranthus cruentus) with addition of stearic acid
had presented the same characteristics (COLLA, 2004). Therefore, the research objective
was to study the elaboration process of two types of biodegradable films: (1) Amaranth
(A.cruentus) flour films crosslinked with epichlorohydrin, and (2) Amaranth (A.cruentus)
flour films blended with poly(vinyl alcohol) (PVA); as well as to evaluate the effect of both
strategies (crosslinking and PVA addition) on the mechanical and barrier characteristics of
the films. The effect of the crosslinking reaction (epichlorohydrin concentration (1.6-18.4
g/100g flour), temperature (39.8-90.2°C) and time (12.8-147.2 minutes)) on the
mechanical and barrier properties was studied using the response surface methodology
(RSM). For the biofilms characterization, the following essays were carried out:
mechanical tests, solubility in water, water vapor permeability, scanning electron
microscopy (SEM), and Fourier transformed infrared spectroscopy (FT-IR).

The statistics analysis (RSM) for amaranth flour films crosslinked with
epichlorohydrin, showed that the crosslinking reaction provided a plasticizing effect on the
A.cruentus flour films, as it reduced the resistance and increased the flexibility of
crosslinked films. Moreover, it was evident the strong impact that the reaction temperature
had on the films solubility: at high reaction temperatures, the solubility in water increased,
and the pH of the solution decreased. Thus, a series of crosslinking reactions with fixed
temperature (39.8°C) and time (120 min), and different epichlorohydrin concentrations
(1.6-18.4 g/100g flour) were developed. Under these conditions the crosslinking reaction
did not improve the mechanical performance of the A.cruentus flour films. However, it
considerably reduced the solubility in water (Saeage = 29%) and the water vapor
permeability (WVPaerage = 2.3 x 107° g / m s Pa) of the crosslinked films. It also
maintained the film integrity during solubility test. FT-IR analysis showed evidence of
chemical modification in the crosslinked A.cruentus flour films. SEM micrographs
demonstrated the effect of the crosslinking reaction on the film microstructure.
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Summary

Six types of PVA with different hydrolysis degrees and molecular weight were
tested for biofilms from amaranth flour blended with PVA. PVA 325 was chosen due to it
superior mechanical performance (TS 10.21MPa, ELO 89.76%, PF 9.40N and PD 16.3%).
When blended films of amaranth flour - PVA (10-50%) were evaluated, all mechanical
properties (TS, ELO, PF and PD) were enhanced as the PVA 325 content was increased,
values were at least doubled. The solubility in water (S) of the blended films decreased as
the PVA content increased; reaching 44% of soluble mater for equal proportion blended
film. The formation of hydrogen bonds between the blend components was confirmed by
the FT-IR spectra analysis.
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INTRODUCAO GERAL

Quase todos os alimentos, sejam frescos ou processados, requerem algum tipo
de embalagem. A embalagem é utilizada para preservar e proteger o alimento da
deterioracdo oxidativa e microbiana, e consequentemente aumentar sua vida de
prateleira. O uso de plasticos sintéticos, como as poliolefinas e poliésteres, como
material de embalagem, é grande por sua disponibilidade em grandes quantidades e
baixo custo, assim como por suas caracteristicas funcionais, como as propriedades
mecanicas, barreira aos gases e compostos aromaticos, e a selagem térmica
(THARANATHAN, 2003).

No entanto, o uso crescente dos polimeros sintéticos preocupa pelos problemas
de contaminacdo ambiental decorrentes, por nao serem biodegradaveis. Além disso, a
sua reciclagem consome grandes quantidades de energia térmica (PARRA et al., 2004).
O interesse de manter, ou melhorar, a qualidade dos alimentos, e a0 mesmo tempo
reduzir o desperdicio de embalagens, tem encorajado a exploracdo de novos materiais
de embalagens, como os filmes biodegradaveis a base de recursos renovaveis
(OLABARRIETA, 2005).

Os materiais mais comuns usados na producdo de filmes e coberturas
comestiveis sdo os polissacarideos, as proteinas e os lipideos. Muitos desses materiais
tém boas propriedades de formacdo de filmes. Os filmes a base de polissacarideos
(amido, celulose, gomas) séo hidrofilicos e provéem uma barreira eficiente aos 6leos e
lipideos, mas apresentam pouca barreira ao vapor de agua. Os filmes a base de
proteinas (gelatina, gluten, zeina) sao altamente interessantes, ja que conferem mais
propriedades funcionais potenciais. Os filmes a base de lipideos tém excelentes
propriedades de barreira ao vapor de agua, mas podem causar problemas organolépticos
e de textura devido a sua oxidagao e sabor de cera (GUILBERT et al., 1997).

O amaranto apresenta-se como uma matéria prima interessante para a
elaboragao de filmes biodegradaveis por seu conteddo em amido, proteina e lipideos. O
interesse crescente pelas espécies de amaranto é resultado da resisténcia da cultura a
condigbes ambientais adversas, sua utilidade como fonte de nutrientes e sua grande
tolerancia a solos aridos e pobres, nao aptos para o cultivo de outros cereais (CALZETTA
et al.,, 1999). Embora o amaranto nao seja nativo do Brasil, o seu cultivo esta sendo
desenvolvido nos solos dos cerrados brasileiros com bons resultados (variedade “BRS
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Alegria”, do Amaranthus cruentus). Isto incentiva o desenvolvimento deste estudo que
tem como objetivo central apresentar alternativas de uso comercial do amaranto.

Filmes elaborados a partir de farinha de amaranto da variedade caudatus (TAPIA-
BLACIDO, 2003) apresentaram excelentes propriedades de barreira, entretanto com
propriedades mecanicas pobres. Filmes desenvolvidos com uma variedade que esta
sendo implantada no Brasil (Amarantus cruentus) apresentaram as mesmas
caracteristicas, mas com solubilidade menor, pela adicdo de acido estearico (COLLA,
2004).

Existem varias estratégias para melhorar as propriedades dos filmes, entre elas o
uso de blendas, a reticulacdo e a adicdo de plastificantes (OLABARRIETA, 2005). A
preparacao de filmes compostos € uma alternativa para se melhorar as propriedades
mecanicas dos biofilmes. Um exemplo é a adi¢gdo do poli (vinil alcool) (LAWTON, 1996;
SIDDARAMAIAH et al., 2004; RAJ et al., 2003; YOOH et al., 2006b; PARK et al., 2005;
JAYASEKARA et al., 2004; FOLLAIN et al., 2005b; SREEDHAR et al., 2005; YIN et al.,
2005; IMAM et al., 2005; KIM et al., 2002). A incorporagao do poli (vinil alcool) (PVA), um
polimero biodegradavel, cristalino e solivel em agua, altera as propriedades
termodindmicas do amido por modificar a estrutura do polimero a nivel molecular e
morfolégico. O PVA é amplamente utilizado por sua flexibilidade e boa capacidade de
formar filmes (SREEDHAR et al., 2005). Os filmes compostos de amido-PVA sao uns
dos mais populares plasticos biodegradaveis, amplamente usados em embalagens e no
setor agricola (SREEDHAR et al., 2006).

Uma outra alternativa para melhorar as propriedades dos filmes é a modificagdo
da estrutura do polimero por reticulagao das cadeias do mesmo. A presenca de grupos
reativos no polimero torna possivel a reticulacao de cadeias adjacentes por trés métodos:

(a) Tratamento quimico: reticulagdo de amidos por epicloridrina (RIOUX et al.,
2004; DELVAL et al., 2004; LLOYD & KIRST, 1963; SREEDAHAR et al., 2006; KIM et al.,
2002; KIM & LEE, 2002); bérax (SREEDHAR et al., 2005), glutaraldeido (PARRA et al.,
2004), hexametoximetiimelamina (IMAM et al., 2005) e acido boérico (YIN et al., 2005).

(o) Tratamento enzimatico. reticulagio de proteinas com a enzima
transglutaminase (OH et al., 2004; KOLDZIEJSKA et al., 2006; DI PIERRO et al., 2006;
CHAMBI & GROSSO, 2006; DI PIERRO et al., 2005; LIM et al., 1998; LARRE et al.,
2000; LIM et al., 1999).
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(c) Tratamentos fisicos: reticulacdo de amido e proteina de soja por tratamento
térmico e a radiagdao UV e gama (FOLLAIN et al., 2005b; SABATO et al., 2001; LE TIEN
et al., 2000).

A reticulagdo quimica se apresenta como a opgdo mais viavel por ser a mais
econémica e com diversidade de alternativas, sendo a reticulagdo com epicloridrina
(ECH) a mais usada para o amido. A reacao do amido com ECH tem sido amplamente
estudada (KARTHA & SRIVASTAVA, 1985a e 1985b; KUNIAK & MARCHESSAULT,
1972; HAMERSTRAND et al.,, 1960) e apresenta-se como um método relativamente
simples para obter amidos modificados (DELVAL et al., 2004).

Dessa forma, o presente estudo teve como objetivo empregar duas estratégias
para melhorar as propriedades mecanicas e de barreira de biofilmes a base de farinha de
amaranto plasticizados com glicerol: (1) a reticulacdo quimica do amido com epicloridrina
na solucao filmogénica, e (2) a adi¢cao de poli (vinil alcool) (PVA).
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2.1 Amaranto

O amaranto (Amaranthus) é uma planta dicotiledénea da familia das
Amaranthaceae, originario dos Andes e do planalto mexicano. Esta planta, apesar de ter
caracteristicas de cereal, ndao pode ser classificada como tal, por possuir aspectos
botanicos (presenca da inflorescéncia tipo panicula) e caracteristicas nutricionais (alto
teor de proteina, aminoacidos sulfurados e lisina) e por isto é considerado como pseudo-
cereal. As partes comestiveis do amaranto envolvem as folhas e os graos, sendo estes
ultimos os mais explorados econémica e cientificamente (AULER, 2002).

O amaranto tem grande capacidade de adaptacdo climatica, podendo ser
cultivado desde o nivel do mar até em altitudes de 3500 metros. As espécies A.caudatus,
A.cruentus e A.hypochondriacus tém sido objeto de estudos em diversas partes do
mundo, principalmente por suas caracteristicas nutricionais e requerimentos para
producédo (SPEHAR & TEIXEIRA, 2004).

Em relagao ao cultivo do amaranto no Brasil, a Embrapa Cerrados-DF langou a
variedade “BRS Alegria”, do Amaranthus cruentus. Esta variedade possui um ciclo curto
e rapido crescimento, apresentando duas utilidades principais, protecdo do solo e
producdo de graos e forragem na entressafra. Constitui-se também em boa opc¢éo para
rotacdo de culturas, pois possibilita quebra do ciclo milho/soja. Pode ser cultivada em
sucessao a qualquer dessas culturas, uma vez que ndao € graminea nem leguminosa,
nem suscetivel as pragas dessas culturas (SPEHAR et al., 2003).

O componente mais importante do grédo de amaranto é o amido, perfazendo 48 a
69% (base seca) do grao. Seus granulos sdo pequenos (0,75-3,0 um de didmetro) e sua
temperatura de gelatinizacao varia na faixa de 70 - 90C, com propriedades funcionais
Unicas em aplicacdes para alimentos, como substitutos de gordura, espessantes de
alimentos e plasticos biodegradaveis (HOOVER et al., 1998). A maioria das variedades
cultivadas de amaranto contém amido ceroso, com alto conteldo de amilopectina (98-
100%).

O amaranto apresenta uma composicao balanceada de aminoacidos, com alto
contelido de lisina e aminoacidos sulfurados. As pontes intramoleculares de dissulfeto
proporcionam rigidez e estabilidade na estrutura das proteinas, fazendo com que estes
sejam capazes de formar espumas, filmes e emulsdes, sistemas nos quais as
propriedades de superficie sdo desenvolvidas (KINSELLA & PHILLIPS, 1989).
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SALCEDO-CHAVEZ et al. (2002) indicam que a maior solubilidade das proteinas de
A.cruentus estd em pH superior a 10.

Os lipideos perfazem 6 a 8% do peso total do grao, sendo que 75,44% dos acidos
graxos sao insaturados, ricos em acido linoléico (ESCUDERO et al., 2004).

Por seu conteido em amido, proteina e lipideos, o amaranto apresenta-se como

uma matéria prima interessante para a elaboragao de filmes biodegradaveis.

2.2 Farinha de amaranto

A farinha de amaranto pode ser obtida por moagem seca ou Umida. No primeiro
caso, 0s graos de amaranto secos sdo moidos até a obtencdo de pdé ligeiramente
amarelado. Na moagem Umida, a farinha é produzida utilizando-se uma solucao de
NaOH 0,25% para a maceragao do grao. Apdés a moagem, o material é peneirado para
separar o liquido que contém o amido, proteinas e lipideos suspendidos, das fibras. O
liquido é entdo neutralizado e centrifugado antes da secagem e obtencao da farinha sem
fibras (TAPIA-BLACIDO, 2003).

A composicdo da farinha de amaranto da variedade brasileira (A.cruentus) obtida
por moagem umida (COLLA, 2004) é: 15,72% de proteina, 10,81% de lipideos, 70,53%
de amido (15,70% amilose e 84,30% amilopectina), 2,94% de cinzas e 6,10% de
umidade.

De acordo com AULER (2002) a composi¢do da farinha de amaranto (A.cruentus)
obtida por moagem seca foi de 14,64% de proteina, 6,65% de lipideos, 66,40% de amido,
3,67% de cinzas e 7,64% de umidade. Segundo ESCUDERO (2004), a farinha de
A.cruentus preparada por moagem seca dos grdos de amaranto (45°C por 48h) e
peneirados (200um) apresentou a composicao seguinte: 16,6% de proteina, 10,30% de
umidade, 8,77% de lipideos, 3,35% de cinzas, 9,83% de fibra e 61,45% amido, sendo os
valores expressos em base seca.

De acordo com os diferentes trabalhos acima citados, o0 componente mais
importante da farinha é o amido com baixo contetido de amilose (tipo ceroso). Entretanto,
o0 contetdo de proteinas e lipideos na farinha proporcionam boas propriedades de
barreira. A farinha de amaranto comporta-se como um sistema complexo que é o
resultado das interacoes dos diversos biopolimeros: amido e proteina, e a fase lipidea
(TAPIA-BLACIDO, 2003).
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2.3 Biofilmes

Os biofilmes sao materiais de fina espessura, preparados a partir de
macromoléculas biolégicas, que agem como barreira a elementos externos (umidade,
gases e 0Oleos) e consequientemente, protege o produto e aumentam a sua vida de
prateleira (KROCHTA & MULDER-JOHNSTON, 1997).

Geralmente sao utilizados dois tipos de biomoléculas na preparagao de filmes
biodegradaveis, os hidrocolbides e os lipideos. Os hidrocoléides, como polissacarideos
(amido, celulose, gomas) ou proteinas (gelatina, gliten, zeina) por serem hidrofilicos
apresentam uma pobre barreira a umidade, sendo essa propriedade compensada se
adicionar lipideos, os quais apresentam uma boa barreira a umidade (THARANATHAN,
2003).

Cada tipo desses materiais utilizados na formulacdao dos filmes tem suas
vantagens e desvantagens. Dessa forma, muitas coberturas e filmes atualmente s&o
produzidos através da combinagao dos mesmos (BALDWIN et al., 1997).

Os filmes biodegradaveis sao preparados geralmente pelo método “casting”, onde
a solucdo aquosa é depositada numa superficie apropriada e secada posteriormente. A
formacéo do filme envolve liga¢des inter e intramoleculares, ou a reticulagdo das cadeias
dos polimeros, formando assim uma rede tridimensional semi rigida que retém e imobiliza
o solvente. O grau de coesdo depende da estrutura do polimero, do solvente usado, da
temperatura e a presenca de outras moléculas, como os plastificantes (THARANATHAN,
2003).

Qualquer que seja o processo de produgcdo, a transformacdo da solugéo
filmogénica em filmes ou coberturas é conseqiiéncia de interagdes intermoleculares, que
se traduz em forgas estruturais (CARVALHO, 1997).

2.3.1 Biofilmes de farinha de amaranto

Uma tendéncia na area de elaboracao de biofilmes é a combinacado de diferentes
materiais biolégicos (polissacarideos, proteinas e lipideos) para melhorar as propriedades
mecanicas e de barreira (PARK, 1999). A farinha de amaranto se apresenta como uma
mistura natural desses componentes. TAPIA-BLACIDO et al. (2005) elaboraram filmes a
partir da farinha de amaranto (A.caudatus) com 4% de farinha, 22,5% de glicerol, pH 10,7
e temperatura de processo igual a 82C. Os filmes apresentaram uma coloracao
amarelada, moderada opacidade, alta flexibilidade, baixa resisténcia mecéanica,
solubilidade intermédia (42,25%) e excelente propriedade de barreira ao vapor de agua.
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Observou-se que as interagbes amido — proteina — lipideos influenciaram as
caracteristicas finais dos filmes, ja que os filmes obtidos a partir do amido de amaranto
apresentaram maior solubilidade. COLLA et al. (2006) estudaram a elaboracdo de
biofiimes a partir de farinha de amaranto de Amarantus cruentus, variedade que esta
sendo implantada no Brasil, com adigao de acido estearico. As melhores propriedades de
barreira foram obtidas para os filmes contendo 10% de &cido estearico e 26% de glicerol,
sob condicoes de agitagdo de 12000 rpm. Além disso, a solubilidade foi reduzida a
15,2%.

2.4 Propriedades de filmes biodegradaveis e / ou comestiveis

2.4.1 Barreira ao vapor de agua

A migracdo de vapor de agua é um dos principais fatores de alteracdo da
qualidade sensorial e da estabilidade da estocagem dos alimentos (GONTARD et al.,
1994). A transferéncia de &gua em materiais poliméricos ocorre por difusdo molecular. O
processo de difusdo em sistema polimero — solvente depende do tamanho, natureza
quimica, polaridade e configuragdo da molécula penetrante e do movimento molecular da
cadeia do polimero na matriz do filme (KESLER & FENNEMA, 1986).

A permeabilidade ao vapor de 4gua é definida pela ASTM E96-90 como a taxa de
transmissdo de vapor de agua por unidade de area através do filme, de espessura
conhecida, induzida por um gradiente de pressao entre duas superficies especificas, de
temperatura e umidade relativa especificada (ASTM, 1990).

O coeficiente de permeabilidade ndo é s6 fungcdo da estrutura quimica do
polimero, também depende de fatores como a densidade, cristalinidade, reticulagéao,
plastificante, sensibilidade a umidade e temperatura. Por isso, é preciso manter as
condigcdes do teste o mais similares possivel para ndo afetar o resultado (OLABARRIETA,
2005).

Na Tabela 2.1 apresentam-se alguns valores de permeabilidade ao vapor de agua
para filmes biodegradaveis.

10
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Tabela 2.1 Permeabilidade ao vapor de agua (PVA) de biofilmes

, PVA A
Material (x10™° g/ m s Pa) Referéncia

Farinha de amaranto (A.caudatus) com 0.74 TAPIA-BLACIDO et al.
glicerol (22.5%) ’ (2005)
Farinha de amaranto (A.cruentus) com

_ o . 0,89 COLLA et al. (2006)
glicerol (26%) e acido estearico (10%)
Amido de mandioca (M.esculeta) 0,26 — 1,36 VICENTINI, et al. (2005)
Proteina muscular de tilapia com 1 11— 250 PASCHOALICK et al.
glicerol ’ ’ (2003)
Gelatina bovina e suina com sorbitol 0,56 — 1,11 SOBRAL, et al. (2001)

Gelatina com misturas de glicerol -
bitol 1,50 — 2,66 THOMAZINE, et al. (2005)
sorbito

Gelatina com plasticizantes (10-30%) 0,74 -1,63 VANIN et al. (2005)

2.4.2 Propriedades mecanicas

Um filme com propriedades de barreira adequadas pode ser ineficiente se as
propriedades mecanicas nao permitem a manutencao da integridade do filme durante o
processo de manipulacdo, empacotamento e transporte. Os biofilmes devem ser
resistentes a ruptura e a perfuracao, fazendo que o alimento nao perca a sua protecao
por manuseio ou armazenamento (SARMENTO, 1999). As propriedades mecéanicas
estao diretamente relacionadas com a natureza do material filmogénico utilizado e com a
coesdo da estrutura da matriz polimérica, que esta relacionada com a distribuicao e
concentracao de ligacdes inter e intramoleculares das cadeias do polimero (CUQ et al.,
1998).

As principais propriedades mecanicas dos filmes sao a resisténcia a tragdo, que
expressa a tensdo maxima desenvolvida pelo filme durante um teste de tracdo, e a
elongacao, que é a capacidade do filme em esticar. Segundo GONTARD (1994), uma
alta resisténcia a tensao é requerida, enquanto que o valor da elongacao depende do tipo
de aplicacao do filme, ja que para manter a sua integridade e propriedades de barreira,
um filme deve tolerar a tensdo normal encontrada durante a sua aplicagao, além do

transporte e manuseio.
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Os testes utilizados para avaliar as propriedades mecénicas sdo o teste de tracéo,

onde podem ser derivadas as propriedades de resisténcia a tragdo e elongacao na

ruptura; além do teste de perfuracdo, do qual se pode obter valores de forca e

deformacao na ruptura. Os testes mecénicos sdo geralmente conduzidos de acordo com

métodos padrdo para determinagao de propriedades mecéanicas de filmes plasticos finos

(ASTM, 1997). Valores de propriedades mecanicas (Tensao, TS; Elongacao, ELO; Forca,

PF e Deformacéo, PD) de alguns biofilmes sdo mostrados na Tabela 2.2

Tabela 2.2 Propriedades mecénicas de biofilmes

TS

ELO

PF

PD

Material (MPa) (%) (N) (%) Referéncia

Farinha de amaranto (A.caudatus) 0,3-3 12 — 05-4 3,4-37 TAPIA et al

com glicerol (22.5%) 168 (2005)

Farinha de A.cruentus com glicerol 0,8 -3 74 — 1-2 COLLA et al

(26%) e acido estearico (10%) 620 (2006)

Amido de mandioca (M.esculeta) 1,6—-22 0,6—1 VICENTINI, et
al. (2005)

Gelatina com misturas de glicerol— 7-48 6-127 8-27 2-18 THOMAZINE,

sorbitol et al. (2005)

Gelatina com plasticizantes (10- 9-27 1-7 VANIN et al.

30% glicerol) (2005)

Queratina com glicerol (1 - 9%) 2-17 1,7-32 MOORE (2006)

Polietleno de baixa densidade 9-15 175 - KIM & LEE

(LDPE) com amido de batata 253 (2002)

Amido com PVA, reticulado com 15-30 5-30 SREEDHAR et

bérax. al. (2005)

Amido (HSPAN) com PVA, 12-35 2-13 KIM et al

reticulado com epicloridrina. (2002)

Amido de milho com PVA e acido 5-20 20-150 PARK et al.

citrico (2005)

Amido em diferentes umidades 10-60 1-400 LAWTON

relativas (1996)

Amido (70% amilose) reticulado 15-50 2-12 RIOUX et al

com epicloridrina (2002)
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2.4.3 Solubilidade em agua

A solubilidade em agua de filmes biodegradaveis é de grande importancia, uma
vez que a grande maioria dos filmes elaborados a partir de carboidratos e proteinas
possuem grande afinidade com a agua (VEIGA-SANTOS, 2004).

Além disso, a solubilidade é uma propriedade importante dos filmes no que se
refere ao seu emprego, pois algumas aplicacdes requerem insolubilidade para manter a
integridade do produto, como nos casos de utilizagdo como protec¢do de alimentos onde a
atividade de agua ¢é alta, ou quando o filme é submetido ao contato com agua durante o
processamento do alimento embalado (GONTARD et al., 1992).

A solubilidade também influencia a propriedade de barreira ao vapor de agua dos
filmes. Para se obter uma baixa permeabilidade ao vapor de agua (dentro de uma grande
faixa de umidade relativa), torna-se necessaria a utilizacao de material insoltvel ou pouco
soluvel em agua (FAKHOURI, 2002).

Valores de solubilidade de alguns biofilmes sdo mostrados na Tabela 2.3. Pode-
se observar que a maioria dos valores sdo altos, o que limita o uso dos biofilmes. Ainda
em alguns casos verifica-se a desintegracdo do filme devido a sua solubilizagdo. A
manutencdo da integridade do filme ao estar em contato com agua é de grande
importancia nas possiveis aplicagbes dos biofilmes como material de embalagem.

Tabela 2.3 Solubilidade em agua de biofilmes

Material Solubilidade (%) Referéncia
Farinha de amaranto (A.caudatus) com
_ 40 - 63 TAPIA et al. (2005)
glicerol (22.5%)
Farinha de amaranto (A.cruentus) com glicerol
o o 15 COLLA et al. (2006)
(26%) e acido estearico (10%)
Queratina com glicerol (1 - 9%) 31 —-51 MOORE et al. (2006)
Amido (HSPAN) com PVA, reticulado com
L 5-37 KIM et al. (2002)
epicloridrina.
Amido de milho com PVA e acido citrico 20-55 PARK et al. (2005)
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2.4.4 Microscopia eletronica

A microestrutura dos alimentos e dos seus componentes esta sendo reconhecida
agora como um pré-requisito necessario para compreender as suas propriedades. Todo
pesquisador que tém interesse em descrever, predizer e controlar o comportamento dos
materiais no alimento percebe a importancia do conhecimento profundo da maneira em
que os componentes estao organizados (AGUILERA & STANLEY, 1990).

Duas técnicas utilizadas no estudo da microestrutura dos filmes biodegradaveis
sdo a microscopia eletrbnica de transmissao (MET) e a microscopia eletrdnica de
varredura (MEV).

2.4.4.1 Microscopia eletrénica de transmissao (MET)

A disponibilidade do microscopio eletrbnico de transmissao (MET) fez centrar a
atencdo na organizacao estrutural dos materiais biol6gicos e produz uma mudanca no
paradigma da maneira em que tais materiais foram pensados.

O MET tem sido a ferramenta a mais importante no estudo da estrutura bioldgica.
Na sua forma mais simples, o MET assemelha-se a um microscépio ético (MO) invertido,
onde um injetor de elétrons (filamento de tungsténio) € aquecido e emite um feixe de
elétrons estreito que viaja a alta velocidade. A voltagem aplicada para conseguir esta
aceleracao é da ordem de 40-100 kV. O feixe de elétrons toma o lugar da lampada no
MO e age como a fonte de iluminagao.

A diferenca principal entre o microscépio ético e eletrénico é que os elétrons
precisam de vacuo elevado (10 - 107° torr) a fim de viajar as distancias necessarias na
microscopia eletrénica. O requisito de um ambiente a vacuo, junto com a necessidade de
que um poderoso feixe de elétrons passe através do material observado, limita
profundamente os tipos de espécimes que podem ser examinados: devem estar
completamente secos, ser bastante fortes para resistir aos danos do feixe e para ser
cortados finamente. Assim, a integridade da amostra € comprometida a fim de aproveitar
as vantagens da elevada ampliacdo (300.000x) possivel com o MET (AGUILERA &
STANLEY, 1990).
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2.4.4.2 Microscopia eletrénica de varredura (MEV)

A analise de microscopia mais utilizada para avaliar a microestrutura de filmes
biodegradaveis é a microscopia eletrénica de varredura (VEIGA-SANTOS, 2004).

A microscopia eletrénica de varredura (MEV) faz possivel ver um amplo espectro
da organizagdo estrutural dos materiais biolégicos. Em vérias formas, este instrumento
combina as melhores caracteristicas do microscépio 6tico e o de transmissao eletronica.

A preparagdo da amostra é mais facil e introduz poucos artefatos. Tanto as
caracteristicas superficiais quanto as internas podem ser estudadas, dependendo das
técnicas de preparacdo utilizada. E possivel usar uma larga escala de ampliagdes (20x -
100000x) € a MEV pode atingir uma profundidade de campo 500 vezes maior que a do
microscopio 6tico, em ampliacdes equivalentes (AGUILERA & STANLEY, 1990).

Apesar das multiplas vantagens, os inconvenientes do MEV permanecem, ja que
as amostras precisam ser desidratadas totalmente para serem expostas ao vacuo
elevado, e o material € bombardeado por um feixe de elétrons que pode danifica-lo
(AGUILERA & STANLEY, 1990). Uma alternativa para diminuir a degradagcao do material
é utilizar um feixe de elétron de intensidade bem baixa, 5 a 10 kV. Para uma melhor
visualizagdo da imagem é necessario metalizar a amostra com uma fina camada de ouro,
ja que a maioria dos materiais biodegradaveis é a base de carbono (VEIGA-SANTOS,
2004).

2.4.5 Espectroscopia de infravermelho com transformada de Fourier (FT-IR)

A radiago infravermelha na faixa aproximada de 10000 a 100 cm™ converte-se,
quando absorvida em energia de vibragcdo molecular. O processo € quantizado, porém o
espetro vibracional costuma aparecer como uma série de bandas, sdo as bandas de
vibracdo-rotacdo que ocorrem entre 4000 e 400 cm™, as que se utilizam para a
identificacao dos compostos. A frequéncia ou o comprimento de onda de uma absorcao
depende das massas relativas dos atomos, das constantes de forca das ligacoes e da
geometria dos atomos. As intensidades das bandas podem ser expressas como
transmitancia (T) ou absorbancia (A) (SILVERSTEIN & WEBSTER, 2000).

A espectroscopia com transformacdes de Fourier (FT-IR), tem vérias vantagens
sobre os instrumentos de dispersado. Radiacdo contendo todos os comprimentos de onda
de interesse (5000-400 cm’) é separada em dois feixes. Um deles percorre uma
distancia fixa € o outro uma distancia variavel (espelho moével). A transformacao de
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Fourier em posi¢cdes sucessivas do espelho da origem ao espectro completo de
infravermelho da amostra (SILVERSTEIN & WEBSTER, 2000).

Existem vantagens no uso de transformacdes de Fourier. Como ndo se usam
monocromadores, a totalidade da faixa de radiacdo passa simultaneamente pela amostra
com enorme ganho de tempo. Isto permite resolugdes extremamente altas (< 0,001 cm™
'). Além disso, como os dados sofrem conversdo analégico-digital, os resultados s&o
manipulados facilmente. O resultado de vérias varreduras é combinado para diminuir o
ruido, e espectros excelentes podem ser obtidos com pouca amostra (SILVERSTEIN &
WEBSTER, 2000).

Com o advento dos espectroscopios de FTIR e as suas vantagens concomitantes
da velocidade e sensibilidade, a espectroscopia de absorcdo no infravermelho tem se
tornado uma das ferramentas importantes para a caracterizacao e identificacdo de grupos
estruturais, por meio das interagdes que ocorrem a nivel molecular (FERRARO &
KRISHNAN, 1990).

O espectro infravermelho do amido tem mostrado que é sensivel as mudancgas na
estrutura a nivel molecular, como a conformagéo da cadeia do amido, a cristalinidade e o
processo de retrogradacdo, assim como o conteudo de agua. A espectroscopia FTIR
relacionada a métodos de amostragem, como a reflexao total atenuada, e a possibilidade
de melhorar a resolugdo por deconvolugédo, tem ampliado os campos de aplicagdo da
informagéo espectral do infravermelho (VAN SOEST et al., 1995).

A técnica conhecida como reflexao total atenuada ou espectroscopia de reflexao
interna permite a obtencdo de espectros qualitativos de sélidos, independentemente da
espessura. Esta técnica se baseia no fato de um feixe de luz refletido internamente pela
superficie de um meio transmissor penetra uma pequena distancia além da superficie
refletora e retorna ao meio transmissor durante o processo de reflexao (SILVERSTEIN &
WEBSTER, 2000).

16



Revisao Bibliografica

2.5 Estratégias para melhorar as propriedades dos biofilmes

Existem varias estratégias para melhorar as propriedades dos filmes. A maioria
dessas sdao modificagbes no pré-tratamento, onde as mudangas séo feitas na solugéao
filmogénica. Os métodos mais comuns séo: a adicao de plastificantes, o uso de blendas
e a reticulacdo (OLABARRIETA, 2005).

2.5.1 Plastificante

Os agentes plastificantes sao substancias de baixo peso molecular que reduzem
as interacbes intermoleculares ao acoplar-se entre as cadeias da rede polimérica. A
composi¢ao, tamanho, e forma da molécula do plasticizante influenciam a sua habilidade
de interagir com as cadeias dos polimeros e ligar-se as moléculas de agua, causando
assim um maior efeito plasticizante, ja que a agua é um plasticizante efetivo nos filmes de
biopolimeros hidrofilicos (SOTHORNVIT & KROCHTA, 2001). Os mais comuns sao 0s
polidis, como o polietilenoglicol, o glicerol e o sorbitol. O mais usado é o glicerol, que é
um plastificante com alto ponto de fusao, solivel em agua, polar, nao-volatil, usado como
adocante na industria de alimentos (OLABARRIETA, 2005). A adicdo de plastificantes a
solucdo filmogénica reduz a fragilidade do filme, e aumenta a flexibilidade e
extensibilidade do mesmo. A incorporacdo desse agente modifica a organizagédo
molecular tridimensional da rede polimérica, diminuindo as forcas de atracdo
intermoleculares e aumentando o volume livre do sistema. A rede torna-se menos densa
devido a redugao das forcas entre as cadeias, ocorrendo assim, a diminuicdo da
temperatura de transigcao vitrea (Tg) € o aumento da mobilidade da estrutura polimérica
(MALI et al., 2002).

Porém, a adicdo de plastificante pode aumentar a permeabilidade do filme,
dependendo do tipo e quantidade adicionada. Esse aumento na permeabilidade é
indesejavel para a qualidade dos alimentos. Por isso é preciso otimizar o uso do
plastificante para oferecer um balangco correto entre as propriedades mecanicas e de
barreira do filme. Em resposta aos problemas causados pelos plastificantes de baixo
peso molecular, é possivel substitui-los com compostos de peso molecular maior, que
sejam hidrofébicos. Substancias estudadas como substitutos sdo os anfifilicos, incluindo
os acidos graxos (&cido laurico, esteérico e oléico) (OLABARRIETA, 2005).
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2.5.2 Blendas

A preparacao de filmes a base de blendas é um método que procura combinar as
vantagens de cada um dos componentes da blenda, para obter propriedades melhores
daquilas esperadas para cada substancia individualmente (OLABARRIETA, 2005).
Misturas de amido com polimeros tém sido testadas amplamente, e mais especificamente
com altos contelidos de poliésteres biodegradaveis ou poli (vinil alcool) (PVA). A tensao e
elongacdo na ruptura geralmente sdo melhoradas para misturas com mais de 25% de
polimero sintético na sua formulagdo. E possivel diferenciar trés sistemas que tém sido
desenvolvidos: (a) misturas de amido com polimeros incompativeis (poliolefinas), onde é
preciso a adicao de um agente compatibilizante, (b) mistura de de amido com polimeros
mais ou menos compativeis (poliésteres biodegradaveis) onde o polimero atua como
recheio, e (c) misturas de amido com polimeros hidrossollveis (PVA) que é o Unico caso
que tém demonstrado a capacidade de melhorar tanto a tensido quanto a elongacdo dos
filmes a base de blendas (FOLLAIN et al., 2005a).

2.5.2.1 Poli (vinil alcool) (PVA)

O PVA ((H.C=CH-OH),) € um polimero biodegradavel, cristalino e soluvel em
agua, que muda as propriedades termodindmicas do amido ao modificar a estrutura do
polimero a nivel molecular e morfolégico. O poli(vinil alcool) é utilizado por sua
flexibilidade e boa capacidade de formar filmes (SREEDHAR et al., 2005).

O PVA é produzido a partir do monémero de acetato de vinilo num processo de
vérias etapas. No inicio, 0 monémero é polimerizado em poli (vinil acetato) para logo ser
convertido em poli (vinil &lcool) ao ser hidrolisado com NaOH. Os tipos de PVA variam
tanto em seu peso molecular (grau de polimeriza¢do), quanto em seu grau de hidrélise.
O peso molecular é expresso geralmente em termos da viscosidade da solucao, e
segundo o fabricante, ao aumentar a viscosidade, aumenta-se a resisténcia do filme. O
grau de hidrélise é expresso em porcentagem de moles hidrolisados, e esta propriedade
afeta a sensibilidade a agua dos filmes, aumentando a resisténcia a agua com o
incremento do grau de hidrdlise devido ao aumento nas pontes de hidrogénio
(CELANESE, 2002). Na Tabela 2.4 apresentam-se as propriedades dos tipos de PVA
usados no presente estudo.
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Tabela 2.4 Propriedades dos tipos de poli (vinil alcool) em solugao aquosa a 4%, 20°C

Tipo de PVA Grau de hidrélise (%)  Viscosidade (cps) pH
Celvol 107 98,0-98,8 5,5-6,6 5,0-7,0
Celvol 325 98,0-98,8 28,0-32,0 5,0-7,0
Celvol 350 98,0-98,8 62-72 5,0-7,0
Celvol 205 87,0-89,0 5,2-6,2 4,5-6,5
Celvol 523 87,0-89,0 23,0-27,0 4,5-6,5
Celvol 540 87,0-89,0 45,0-55,0 4,5-6,5

Fonte: Celanese, 2002

ABD EL-KADER & ABDEL HAMIED (2002) e ABD EL-KADER et al. (2002)
estudaram o efeito do peso molecular sobre as propriedades mecanicas dos filmes
comparando-os com filmes de polietilieno comerciais. Foi observado que ao aumentar o
peso molecular do poli (vinil alcool), diminuiu-se a resisténcia mecénica dos filmes por
causa do aumento no grau de desordem das cadeias (diminuicdo da cristalinidade),
resultado que contradiz o observado pelo fabricante do PVA. Além disso, esses autores
observaram que os filmes de PVA (5000 g/mol) apresentaram forcas na ruptura e
médulos de Young maiores, em duas ordens de magnitude, que os filmes de polietileno
comerciais, € observando o comportamento espectroscépico (FT-IR) dos filmes de PVA
com diferentes pesos moleculares concluiram que os espectros nao apresentaram
diferengas pela similaridade das estruturas quimicas dos polimeros, que contém os
mesmos grupos funcionais (ABD EL-KADER & ORABI, 2002).

Os filmes de PVA podem ser plasticizados com glicerol ou com moléculas de
baixo peso molecular que atuam como umectantes ao reter agua no filme. O poli (vinil
alcool) (C.A.S. 25213-24-5) é amplamente usado em materiais em contato com o0s
alimentos, incluindo adesivos para embalagens de alimentos e coberturas para papel. Os
filmes de PVA apresentam um interesse crescente pelos seus atributos: solubilidade em
agua, biodegradabilidade, propriedades de barreira ao oxigénio, resisténcia a solventes e
6leos, inocuidade e nao contaminagao do meio ambiente (CELANESE, 2002).
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2.5.2.2 Filmes compostos de amido com poli (vinil alcool)

Tanto o amido quanto o PVA s&o polimeros polares. Por isso, é de se esperar que
a blenda desses dois compostos produza materiais com excelentes propriedades
mecanicas, pela formacdo de pontes de hidrogénio entre as duas moléculas
(SIDDARAMAIAH et al., 2004). Na Figura 2.1 observa-se a possivel interagéo entre as
moléculas de amido e o poli (vinil alcool).
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Figura 2.1 Formagao de pontes de hidrogénio entre o amido e o PVA nas blendas
(SIDDARAMAIAH et al., 2004)

SIDDARAMAIAH et al. (2004) avaliaram o efeito da adicdo de 1-10% de amido de
milho em filmes de PVA com 99% de hidrolise e grau de polimerizacdo de 17000-18000,
e observaram que a incorporagdao do amido ndo afetou as propriedades mecanicas dos
filmes de PVA. RAJ et al. (2003) fizeram a modelagem das isotermas de sorcdo de
umidade dos filmes de PVA com amido de milho (10-50%) concluindo que os filmes séo
apropriados para a embalagem de alimentos.

YOON et al. (2006b) e PARK et al. (2005) avaliaram o efeito de aditivos com
diferentes grupos funcionais (hidroxila e carboxila) nas propriedades fisicas dos filmes de
amido de milho com PVA (99% de hidrélise, PM: 89000-98000 g/mol) na mesma
proporcao. Os plasticizantes avaliados foram: glicerol, sorbitol e acido citrico (AC). Os
autores observaram que as melhores propriedades foram atingidas com a adicdo de
acido citrico, devido a que o AC contém grupos hidroxila e carboxila que aumentaram as
interagbes inter e intramoleculares do amido através das ligagdes de hidrogénio. As
melhores propriedades foram obtidas com agitagdo da blenda com AC por 50 min a 1500
rpm. Os filmes apresentaram as seguintes caracteristicas: tensao na ruptura 20,12 MPa,
elongacao 36,98% e 19% de solubilidade.
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A adicao de PVA também foi estudada em filmes de amido de trigo (60%), PVA
(20%) e glicerol (20%), os filmes foram analisados por espectroscopia de infravermelho
com transformada de Fourier (FTIR) e ndo evidenciou-se a formagao de ligagbes entre os
componentes individuais (JAYASEKARA et al., 2004).

LAWTON (1996) estudou o efeito de diferentes tipos de amido nas propriedades
de filmes a base de blendas de amido (41%) e PVA (41%) com adic&o de glicerol (15%) e
acido polietilen-co-acrilico (EAA) (3%). O EAA foi adicionado para melhorar a
compatibilidade entre o PVA (99% de hidrélise, PM: 85000-146000 g/mol) € o amido, ja
que estes ndo sao misciveis em altas concentracées. Sem a presenca do EAA as fases
se separam durante a secagem. Quando se analisou a influéncia do tipo de amido,
observou-se que os filmes com alto conteldo de amilose possuem as melhores
propriedades mecanicas, estaveis ao longo do tempo, entretanto os filmes com amido
ceroso apresentaram pobre desempenho mecanico comparado com os outros filmes,
devido a sua estrutura com alto conteddo de amilopectina. O EAA nao consegue se
complexar com a amilopectina tdo bem quanto com a amilose (SHOGREN et al., 1991).

Além das blendas do PVA com amido, existem estudos de filmes compostos de
PVA com proteinas e outros polissacarideos como a quitosana. SABATO et al. (2001)
reportaram que a adicdo de PVA em filmes a base de proteina de soja aumentou a forca
de perfuracdo, mas nao provocou reducdo na permeabilidade ao vapor de agua. WANG
et al. (2005) estudaram as propriedades dos filmes a base de blendas de quitosana e
PVA para medicamentos de liberagao controlada, caracterizaram os filmes com FT-IR,
microscopia electronica de varredura (MEV), e avaliaram a influéncia dos factores
(proporcao quitosana-PVA) na velocidade de liberagdo de um medicamento modelo. Os
resultados indicaram que o filme é sensivel ao pH e forga iGnica do meio, e 0 tempo de
reticulacédo influenciou as propriedades de liberacdo do medicamento. Pelo que o filme
tem aplicagao para a liberagdo de medicamentos no intestino (WANG et al., 2005).
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2.5.3 Reticulacao

Uma outra alternativa para melhorar as propriedades dos filmes é a modificagdo
da estrutura do polimero através da reacao de reticulagcdo. Segundo BELITZ & GROSCH
(1988), a reacdo do amido com grupos poli funcionais produzem compostos com
temperatura de gelatinizagdo mais ou menos incrementada e capacidade espessante
mais ou menos diminuida, em funcdo do agente reticulante utilizado. Também a
estabilidade frente ao cisalhamento e valores extremos de pH é incrementada. Os amidos
reticulados sao utilizados em produtos onde é preciso uma grande estabilidade, como
nos biofilmes poliméricos naturais (BELITZ & GROSCH, 1988). A reticulacao envolve a
formagao de ligacoes intermoleculares entre macromoléculas adjacentes do polimero. O
aumento no grau de reticulacao torna o material mais rigido, ao incrementar o nimero de
ligacdes covalentes na estrutura do polimero, reduzindo assim a sua mobilidade
(DELVAL, 2004), e melhorando a resisténcia do filme. A presenca de grupos reativos no
polimero torna possivel a reticulacdo das cadeias por trés métodos: tratamento quimico,
tratamento enzimatico e o tratamento fisico.

2.5.3.1 Tratamento fisico

O tratamento fisico pode ser térmico (usado para formar ligacdes intermoleculares
nos filmes de proteina) e a radiacao gama (y) ou UV. FOLLAIN et al. (2005b) reticularam
filmes a base de blendas de amido de trigo nativo e PVA com radiacdo UV, usando
benzoato de sbédio como foto sensibilizador, observando que a modificagdo na
distribuicdo molecular do amido, por adicdo de PVA e a reticulagdo com radiagdao UV,
produz um aumento na tensdo na ruptura do filme.

SABATO et al. (2001) formularam filmes com isolado de proteina de soja e
caseina com adicao de PVA e carboximetilcelulose (CMC). Os filmes foram reticulados
com radiagcdo gama, observando-se que a forca e deformacéo na ruptura aumentaram ao
reticular os filmes de proteina de soja e caseina. Entretanto, a adicdo de PVA, mais do
que a adicdo do CMC, provocou o aumentou da forca na ruptura dos filmes de proteina
de soja e caseina (SABATO et al., 2001).

LE TIEN et al. (2000) formularam filmes de proteina de soro de leite reticulados
por tratamento térmico e radiacdo gama, obtendo filmes insollveis com boas
propriedades mecénicas e alta resisténcia ao ataque das enzimas proteoliticas.
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2.5.3.2 Tratamento enzimatico

OH et al. (2004) reticularam com transglutaminase, filmes de proteina de leite e
filmes de hidrolisado de zeina. A elongagao do filme de caseina foi aumentada em 41%
pela acdo da transglutaminase. No entanto, a reticulagdo enzimatica ndo afetou
significativamente a solubilidade nem a permeabilidade ao vapor de agua dos filmes.
CARVALHO e GROSSO (2004) diminuiram a solubilidade em 20% e a permeabilidade ao
vapor de agua em 35% de filmes de gelatina ao reticular com transglutaminase.

A reticulacdo com transglutaminase tem se aplicado na formulacdo de grande
variedade de filmes, como biofiimes a base de gelatina de peixe e quitosana
(KOLDZIEJSKA et al., 2006), quitosana e proteina de soro de leite (DI PIERRO et al.,
2006), gelatina e caseina (CHAMBI & GROSSO, 2006), pectina e farinha de soja (DI
PIERRO et al., 2005), proteina de clara de ovo (LIM et al., 1998), gliten deamidado
(LARRE et al., 2000), e gelatina com glicerol (LIM et al., 1999).
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2.5.3.3 Tratamento quimico

A modificagdo quimica do amido € baseada na alteragdo dos grupos hidroxilas por
reagcbes quimicas (esterificacdo, eterificacdo ou oxidagao). A presenca de trés grupos
hidroxilas por unidade glucosidica, mostra que o amido atua fundamentalmente como um
alcool, embora a natureza quimica da macromolécula do amido nao permite que seja
considerado como um alcool (FLECHE, 1985).

A reticulagdo quimica tem sido usada para limitar a hidrofilicidade do amido
(FOLLAIN et al., 2005a).

A reacao inicia na quebra da ligacao O-H para formar o amido anibnico (St-O’). O
resumo do mecanismo de reacao pode ser descrito com as Equacdes 2.1 e 2.2, onde o
St representa o amido e R o agente reticulante. O mecanismo da reagao de reticulagcao é
facilitado pela presenca de reagentes alcalinos (NaOH, KOH).

St-O-H — St-O + H.O Equacéo 2.1
St-O"+ R*-X — St-O-R + X Equacéo 2.2

A reagdo de reticulagdo é desenvolvida em presenca de reagentes bifuncionais
que possam reagir com dois grupos hidroxilas. Entre os agentes reticulantes mais
usados estdo: a epicloridrina (ECH), o metafosfato trisddico (STMP), o oxiclorato de
fésforo (POCI3) e o formaldeido, nos trés primeiros reagentes € preciso o meio alcalino
para que a reagdo ocorra, entretanto para os aldeidos é requerido o meio acido
(FLECHE, 1985).

A Tabela 2.5 apresenta o resumo dos resultados obtidos nos diferentes estudos
onde a reticulagdo quimica foi utilizada como uma estratégia para melhorar as
propriedades dos filmes.
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Tabela 2.5 Resumo dos resultados obtidos por diferentes autores ao utilizar a reticulacao

como estratégia para melhorar as propriedades dos biofilmes.

Material Reticulante Resultado Referéncia
Amido (70% Epicloridrina | Ao aumentar o grau de reticulagéo, diminuiu | RIOUX et al.
amilose) (1-10g o grau de cristalinidade do amido. Os (2002)

ECH/100g valores maximos das propriedades
polimero) mecanicas foram dos filmes com graus
moderados de reticulacao.
Farinha com Epicloridrina | O aumento na concentragao de ECH (de 10 | DELVAL et
alto contetdo a 70 mL) tornou o material mais rigido. al. (2004)
de amido Devido ao aumento no nimero de ligagdes
covalentes na rede do polimero, reduzindo
assim a mobilidade da matriz.
Amido de milho | Epicloridrina | A tens&o dos filmes aumentou com o LLOYD &
Ceroso e com aumento no contetdo de amilose. Filmes de | KIRST
alto conteldo amido ceroso mostraram elongacdes (1963)
de amilose menores as observadas nos filmes com
amilose. Os filmes de amido reticulado
mostraram uma variagao moderada das
propriedades mecénicas (tenséo e
elongacao).
Amido (20% Epicloridrina | Foi observada uma queda na intensidade do | SREEDHAR
amilose) e PVA pico —OH (3237 cm™") ao aumentar o grau de | et al. (2006)
reticulacdo (FTIR). A reticulagéo do filme
produz temperaturas de transi¢éo vitrea (T,)
menores.
Amido de Epicloridrina | Filmes de LDPE contendo 5-10% de amido KIM & LEE
batata e LDPE | (0,1-2,0g reticulado apresentaram melhores (2002)
ECH/100g propriedades mecanicas (tenséo e
amido) elongacgao na ruptura) que os filmes de

LDPE com amido de batata nativo.
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Tabela 2.5 Resumo dos resultados obtidos por diferentes autores ao utilizar a reticulacao

como estratégia para melhorar as propriedades dos biofilms. (Continuagéo)

Material Reticulante Resultado Referéncia
Amido de milho | Epicloridrina | Foi melhorada a compatibilidade entre KIM et al.
(HSPAN) e HSPAN/PVA pela reticulagdo com ECH, e (2002)

PVA assim as propriedades mecanicas dos
filmes. A solubilidade em agua dos filmes
diminuiu com o aumento de ECH. E foi
observada uma reticulagao simultanea do
ECH com os grupos hidroxilas do amido e
do PVA.

Isolado de Epicloridrina | A reticulacao dos filmes de isolado de FENG et al.

proteina de glutaraldeido | proteina de amendoim com ECH melhorou (2005)

amendoim as propriedades dos mesmos, ao diminuir
sua permeabilidade ao vapor de agua e
aumentar a tensao na ruptura.

Quitosana Epicloridrina | Os filmes de quitosana reticulados com ZHENG et
epicloridrina apresentaram propriedades al. (2000)
mecanicas (tensdo na ruptura) melhoradas.

Amido de Glutaraldeido | Ao aumentar o contetdo de glutaraldeido PARRA et

mandioca diminuiu a permeabilidade ao vapor de agua | al. (2004)
dos filmes de amido de mandioca, devido ao
efeito da reticulagao.

Quitosana e Formaldeido | A reticulagéao dos filmes compostos de CHEN et al.

PVA glutaraldeido | quitosana e PVA com trés tipos de aldeidos | (2005)

glioxal

diminuiu a permeabilidade ao vapor de agua
e aumentou a tensdo e elongacdo na

ruptura.
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Tabela 2.5 Resumo dos resultados obtidos por diferentes autores ao utilizar a reticulacao

como estratégia para melhorar as propriedades dos biofilms. (Continuagéo)

Material Reticulante Resultado Referéncia
Isolado de Formaldeido | A adicao de formaldeido, glutaraldeido, LEE et al.
proteina de glutaraldeido | glioxal e cinamaldeido como agentes de (2005)
soja e zeina glioxal reticulacao em filmes de isolado de proteina

cinamaldeido | de soja e zeina, melhorou as propriedades

fisicas dos filmes. Em particular, o

cinamaldeido foi considerado o melhor

agente porque é seguro em alimentos.
Amido de Diacrilato Apos a reticulacao a solubilidade em agua MARQUES,
mandioca tetraetileno do amido diminuiu a 9-16%. A reacao de et al. (2006)

glicol reticulacao foi confirmada pela

caracterizacao no FT-IR.
Amido de Hexametoxi A reticulacao quimica dos filmes de amido, IMAM et al.
milho, fibra metilmelami fibra e PVA (todos eles polimeros com (2005)
lignocelulésica | na (HMMM) grupos hidroxila) com
e PVA hexametoximetilmelamina (HMMM)

aumentou a resisténcia a agua dos filmes.
Amido (21% Bérax Os filmes reticulados apresentaram maior SREEDHA
amilose), PVA, estabilidade e menor Tg que as blendas de R et al.
polietilenglicol amido-PVA sem adicao de bérax. A tensao (2005)

na ruptura dos filmes aumentou e a

elongagao diminuiu ao aumentar a

concentragao de bérax adicionada.
Amido de Acido bérico | Os filmes obtidos a partir de amido de milho | YIN et al.
milho, PVA e com PVA, glicerol e acido bérico (2005)
glicerol apresentaram boas propriedades mecanicas

e resisténcia a agua.
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A reticulagcdo quimica apresenta-se como a opg¢do mais viavel por ser a mais
econdmica e com diversidade de alternativas, j4 que a reticulagdo enzimatica envolve um
custo elevado e o tratamento com radia¢ao requer equipamentos especiais.

Dentre os agentes quimicos, os aldeidos (formaldeido, glutaraldeido, glioxal,
hexametoximetilmelamina) sdo geralmente utilizados para reticular proteinas, com bons
resultados, mas apresentam efeitos indesejaveis ao meio ambiente, e seu uso encontra-
se regulado. Igualmente ocorre com o acido bérico e o bérax, sendo seu uso restrito
como aditivo indireto aos alimentos (FDA, 2005).

A epicloridrina (C.A.S. 106-89-8) é o agente de reticulacdo mais usado para o
amido (DELVAL et al., 2004).

2.5.3.4 Reacao de reticulacao com epicloridrina

A epicloridrina (C3HsCIO) (Figura 2.2) é um dos agentes de reticulagao
bifuncionais permitido pela lei americana. O FDA regula o uso da epicloridrina como
aditivo para uso direto em alimentos (na elaboracdo de amidos modificados)
estabelecendo uma dosagem méxima de 0,3% (FDA, 2005).

CH2—C1

Figura 2.2 Estrutura quimica da epicloridrina

A ECH reage com os grupos hidroxilas do amido para formar mono e diéteres. Os
diéteres podem ser inter ou intramoleculares (HAMERSTRAND et al., 1960). A reacao de
amido reticulado por epicloridrina € amplamente documentada e apresenta-se como um
método relativamente simples para obter amido modificado. No polimero reticulado
existem duas estruturas: o amido reticulado pela ECH, e a epicloridrina homo
polimerizada ao reagir com ela mesma.
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A estrutura do polimero reticulado é complexa (Figura 2.3), com muitas unidades

de glicose interconectadas, formando uma rede tridimensional (DELVAL et al., 2004).

a) OH"

b) H.C—CH—CH,CI
+ g ‘o’

Amilopectina Amilose

Figura 2.3 Formacao da rede polimérica por reticulacdo do amido com a epicloridrina
(SHIFTAN et al., 2000)

Existem duas formas de se promover a reac¢ao de reticulagdo com ECH: a forma
heterogénea e a homogénea. Na reacdo heterogénea, o amido é mantido na forma
granular ao adicionar uma baixa concentracdo de NaOH (0,3-0,5%) e reagindo com a
epicloridrina a temperaturas baixas (20-30°C) por tempos longos (16-24h). Desta forma, é
possivel recuperar o amido ap6s a reacao para a secagem. Na reacdo homogénea, o
amido € disperso numa solugao alcalina, com uma concentracdo de NaOH mais elevada
(2-20%), e a ECH ¢ adicionada sob agitacao continua. A temperatura da reacdo pode ser
elevada (40-50°C) e o tempo sera consideravelmente menor, cerca de 1 a 2 horas
(KUNIAK & MARCHESSAULT, 1972).

Tanto LLOYD & KIRST (1963), quanto KIM & LEE (2002), desenvolveram a
reticulacdo heterogénea, no primeiro caso com um tratamento de 16 horas a 23°C, e no
segundo caso por 24 horas a temperatura ambiente, com um pH inicial de 10,5, sendo
ajustado no final a pH 5,5 com acido acético para deter a reacéo.

Reagbes do tipo homogéneo foram desenvolvidas por KIM et al. (2002) e
SREEDHAR et al. (2006), sendo nos dois casos a 40°C por 2 horas, com um pH inicial de
10 e com concentracbes de epicloridrina que variavam entre os 5 e 20% (m/m). Para a
formagao de filmes de amido com alto conteldo de amilose (70%), a reticulagcdo do
amido com ECH (1-10%) foi realizada a 50°C por uma hora, com posterior ajuste do pH
com acido acético (RIOUX et al., 2002).
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KARTHA & SRIVASTAVA (1985a, 1985b) estudaram a cinética e o mecanismo da
reacao do amido com a epicloridrina, observando que a reacdo segue uma cinética de
segunda ordem. Baseado nas evidéncias encontradas na cinética da reagdo, esses

autores propuseram os mecanismos da reacdo conforme descrito na Figura 2.4.

-+
Passo (1) g4 —OH + NQOH === StO Na + H0

—— St -O-CHZ—(‘\H_-EHZ—Cl
ONa

e
Passo (2) StONa

kS s«6—cn2—c\|:)—/cu2mac1
()

Passo (3) St 5®CH2-CH— CHy;—0St — St —0— CHp—CH —CHz-0St
L O'Na
(ii)
OH/
St HG-CHE—C{!‘J/{:Hz P—- Y —O“CHQ—(':H —CH20H
OH

(i)

Figura 2.4 Mecanismo da reacdo de amido com epicloridrina em meio alcalino
(KARTHA & SRIVASTAVA, 1985b)

Em presenca de alcali, ocorre a formagéao do amido sédico, mostrado no passo (1)
do mecanismo. No passo (2) o amido anidnico ataca a molécula da epicloridrina, e o anel
epodxido é aberto, resultando na formagao de um novo ep6xido (i). A formacao de (i) pode
se dar pelo mecanismo (a) ou em duas etapas pelo mecanismo (b). No passo (3) outra
molécula de amido sédico reage de maneira similar ao passo (2) dando como resultado o
produto reticulado (ii).
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Entretanto, o produto (i) pode reagir com os OH do meio para formar o
subproduto mono glicerol éter (i) numa reacdo lateral. A formacao de (i) e (iii) é
resultado da competicdo entre StO" e OH/H,0O por (i). A formagao preferencial de um ou
outro produto dependerd da concentracdo destas espécies. No caso de reagdes sob
condigdes homogéneas, tem sido observado que a formacao de (iii) € aumentada com o
incremento da razao agua/amido. Outro fator que pode influenciar a formacao de (ii) e (iii)
€ a razdo amido/ECH.

Sob condicoes idénticas, maiores razées amido/ECH vao favorecer a formacao de
(i), que € o produto reticulado. Portanto, altas concentragdes de NaOH e ECH favorecem
a formacao de mono glicerol éter (iii), produto ndo desejado na reagao.

Na Figura 2.5 mostra-se a formacao de produtos de reacbes secundarias com
altas concentragdes de NaOH e ECH.

-+
St —0-CHz-CH—CHz+ NGOH === St -0 - CHp~ CH - CH0Na + H0
OH OH OH

Cl—=CHp-CH—-CH
l 2 \o/ 2

St ~0~-CHy)—CH—-CH —OCHz—CH -CH2
Z 2 v
oH
St —0} CHy~CH- CHy -0} St
OH .

(iv)
OH/H,0
CHy—CH-CHp—Cl ——%» (|:Hz-('ZH—CH2-Cl, ‘;‘“z‘cl“‘cl“z
4 OH OH OH OH OH

(v) (vi)

Figura 2.5 Mecanismo da reacao secundaria do amido com epicloridrina em meio
alcalino (KARTHA & SRIVASTAVA, 1985b)

Em condigdes de abundancia de NaOH e ECH no meio, a reagao de reticulagao
envolve mais de uma unidade de epicloridrina, formando-se o produto (iv). Outra reagao
lateral importante é a hidrélise da ECH, a cloridrina (v), e posteriormente o glicerol (vi).
Nas reacdes sob condicdes homogéneas, observou-se que ao se aumentar o conteldo
de agua no sistema, incrementa-se a formacao de (v) e (vi) por hidrélise da epicloridrina
(KARTHA & SRIVASTAVA, 1985b).
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A reacdo do amido com a epicloridrina é de natureza complexa. E dificil
relacionar o rendimento do produto reticulado com a eficiéncia quimica da reagédo de
reticulacdo, ja que tanto a reticulagdo quanto as reagbes secundarias encontram-se
envolvidas no processo. HAMMESTRAND et al. (1960) tentou determinar a extensao da
reacao de reticulacdo do amido com ECH ao determinar a quantidade de epicloridrina
que nao reagiu por analise quimica.

KUNIAK & MARCHESSAULT (1972) reportaram que dependendo das condicbes
de tempo, temperatura e razao molar dos reagentes, de 5 até 25% da epicloridrina pode
ser ligada ao amido para formar mono glicerol éter (iii). Esses autores observaram que a
maior eficiéncia da reacdo de reticulagao foi atingida ao usar altas concentracoes de
amido (140-360g/L) e uma baixa razao molar de NaOH/amido, entre 0,5 e 1,0, onde as
temperaturas (25-50°C) nao afetam o rendimento da reacdo, mas sim o tempo da
mesma; sendo recomendadas temperaturas baixas.

KARTHA & SRIVASTAVA (1985b) recomendaram para condi¢cdes heterogéneas
de reacdo (onde se mantém a estrutura granular intacta), uma concentracdo de NaOH
que nao supere 1% (m/v), com temperatura inferior a 50°C e com uma razao amido/agua
de 1:2. Sob estas condicoes o tempo de reacdo foi de 16-24 horas, onde 70-85% do

reagente & consumido.
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2.6 Propriedades de filmes a base de blendas de amido com poli (vinil alcool)
reticulados

O PVA também pode ser reticulado através dos seus grupos hidroxilas para
aumentar a resisténcia a umidade e a resisténcia mecéanica. Os agentes reticulantes
mais comuns sdo os aldeidos, como o glioxal. Mas, com o interesse de usar agentes sem
aldeidos por fatores ambientais, € recomendado o uso de compostos como a
epicloridrina, que apresenta bons resultados na reticulagao do PVA (CELANESE, 2002).

Diversos autores (FOLLAIN et al., 2005b; SREEDHAR et al., 2005; YIN et al.,
2005; IMAM et al., 2005 e YOON et al., 2006a) estudaram filmes a base de blendas de
poli (vinil alcool) com amido, usando diferentes formas de reticulagdo quimica e fisica,
obtendo melhoras nas propriedades mecénicas dos filmes, e demonstrando assim a boa
compatibilidade que existe entre esses dois polimeros. KIM et al. (2002) reportaram que
a compatibilidade entre o amido (amido-g-PAN hidrolisado, HSPAN) e o PVA foi
melhorada pela reticulagdo com a epicloridrina (ECH), devido a reticulagdo simultanea
dos grupos hidroxilas do amido e do PVA através de epicloridrina.

SREEDHAR et al. (2006) avaliaram as caracteristicas térmicas e de superficie dos
filmes compostos de amido (21% amilose) e PVA em proporcdo 2:8, reticulados com
epicloridrina, e observaram que a incorporagdo de PVA no amido melhora as
propriedades térmicas e mecénicas dos filmes, j& que modifica a estrutura do polimero

tanto no nivel molecular quanto no morfoldgico.
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Amarantus cruentus flour films: Effect of crosslinking with epichlorohydrin
on the solubility, mechanical and barrier properties of the films

Nadiarid Jiménez', Paulo J. do Amaral SobraF and Florencia C. Menegalli"

'Food Engineering Department, FEA-UNICAMP, P.O. Box 6121, Campinas, SP 13081-970, Brazil
2ZEA-FZEA-USP, P.O. Box 23, 13635-900 Pirassununga, SP, Brazil

Abstract

Crosslinked films of Amaranthus cruentus flour were prepared at different
epichlorohydrin concentration (1.6-18.4 g/100g flour), reaction temperature (39.8-90.2°C)
and time (12.8-147.2 minutes). The effect of these parameters on the mechanical and
barrier properties was evaluated using the response surface methodology (RSM).
According to the statistical analysis, the crosslinking reaction provided a plasticizing effect
in the A.cruentus flour film, and the reaction temperature had a strong impact under the
film solubility and the pH solution. A series of reactions were performed with fixed
temperature (39.8°C), time (120 min) and different ECH concentration (1.6-18.4 g/100g
flour), without pH adjustment. The A.cruentus flour film crosslinked under these conditions
(39.8°C, 120 min) presented no significant difference from the non-modified film.
However, it showed an improved barrier performance with low solubility in water (Saverage =
29%) and water vapor permeability (WVPayerage = 2.3 x 107° g / m s Pa). Moreover, the
crosslinking reaction prevented the film disintegration during solubility test. FT-IR analysis
showed evidence of chemical modification in the crosslinked A.cruentus flour films, and
SEM micrographs demonstrated the effect of the crosslinking reaction on the film
microstructure.

Keywords: biofilms; Amaranthus cruentus flour; crosslinking; epichlorohydrin; mechanical
properties; solubility.
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3.1 Introduction

In recent years, biodegradable films have increased their commercial importance
because of environmental problems of non-biodegradable and non-renewable polymeric
materials (7). The major biopolymers used for biofilms production are the polysacharides
and proteins, with addition of plasticizers. Other ingredients normally used are lipids,
acids, among others. The interest in combining these ingredients in biofilm production is
due to the advantages and disadvantages of these components. The use of natural
blends of protein, polysaccharides, and lipids directly obtained from agricultural sources
takes advantage of each component in the original system and appears to be a new
opportunity for material in the area of biofilms (2).

Amaranth seeds contain a significant proportion of starch (62%), protein (14-17%)
and fat (5-9%) (3). Thus, amaranth flour can be an interesting source of raw material for
biofilm production, following the actual trends in the use of natural mixtures of starch,
protein and lipids to reach the desired properties for biofilms. Amaranth is a pseudo cereal
of rapid growth, with a high tolerance to arid conditions and poor soils where traditional
cereals cannot be grown. The main cultivars used are Amaranthus hipochondriacus, A.
cruentus and A. caudatus. Amaranth seeds contain a significant proportion of starch
(62%), protein (14-17%) and fat (5-9%) which make the flour a promising material for film
formation (3).

A. caudatus flour films have been developed, producing films slightly yellowish
with moderate opacity, good flexibility and barrier properties, although mechanical
resistance was relatively low (3). Besides, A. cruentus flour films produced with stearic
acid addition, the incorporation of stearic acid into the polymeric matrix provided an
additional water vapor barrier to the film (2).

The attempts to improve the properties of biopolymer based films are made in
several ways. Chemical crosslinking has been proposed as a strategy of improving
biofilms properties, since it reinforces the intermolecular binding with the introduction of
covalent bonds to supplement natural hydrogen bonds of the polysaccharide
macromolecules (6). Crosslinking of starch with epichlorohydrin (ECH) is the most
common method used in polysaccharide chemistry. Epichlorohydrin is a bifunctional agent
that is used for crosslink starch by forming the glycerol diether linkage through the
reactions with hydroxyl groups of polysaccharide (7). The crosslinked starch has more
carbon chains than native starch, which causes the polymer to be more hydrophobic (8).
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The crosslinking reaction with epichlorohydrin could be developed in two different
conditions. First, when the starch granules are maintained in low NaOH concentration
(0,3-0,5%) solutions, low temperatures (20-25°C) and long times (16-24h), this condition
is called heterogeneous reaction (5,8); and when the starch is gelatinized, with higher
NaOH concentration (2-20%) solutions, enhanced temperature (40-50°C) and lower
reaction time (1-2h), this condition is called the homogeneous reaction (1,6-7).

Some researchers studied both crosslinking reactions with epichlorohydrin. Kartha
and Srivastava (9, 10) reported the kinetics and mechanism of the starch-epichlorohydrin
reaction. Hamerstrand et al. (71) determined the extent of crosslinking reaction by the
amount of unreacted ECH. Kuniak and Marchessault (72) reported that depending upon
conditions of time, temperature and mole ratio of the reactants, 5-25% of the applied ECH
is bound in the starch as glycerol monoether derivative, which is an undesired side
reaction, just like the hydrolysis of ECH to glycerol in presence of water excess (10).

The characterization of films based on starch crosslinked with ECH has been
reported for several authors (7,4-8). Nevertheless, a lack of information about the
crosslinking of starch in a complex mixture such as flours exists. Therefore, the purpose of
this work was to develop films based on Amaranths cruentus flour using the
epichlorohydrin as a starch crosslinker, and to optimize this process production using a
response surface methodology, in terms of the ECH concentration, the reaction
temperature and time. The studied responses were the mechanical properties and

solubility in water of films.
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3.2 Materials and methods

3.2.1 Materials

Amaranth flour was obtained from Amaranthus cruentus seeds (cultivar BRS
Alegria provided by Embrapa Cerrados, Brazilian Company of Agricultural Research,
Federal District, Brazil) by the alkaline wet milling method described elsewhere (2), with a
yield of 57%. The A. cruentus flour samples were analyzed following the standard
methods of the AOAC (1997) and the results were (on dry basis): 72.5% starch (7.8 £ 0.2
g amylose/100 g flour), 11.9 £ 0.3% protein, 7.7 + 0.8% lipids, 2.2 £ 0.6% ash and 5.6 =
0.2% moisture. Amylose content was determined using a colorimetric method (713),
modified by Martinez and Cuevas (74).

The epichlorohydrin (C3HsCIO) 99.0%, with molecular weight of 92.53 g/mol and
density 1.179-1.181 g/mL at 20°C; glycerol, NaOH, and other chemicals were analytical
reagent grade, purchased from Synth (Sao Paulo, Brazil), and used without further
purification.

3.2.2 Film preparation and conditioning

Amaranth flour crosslinked films were made by the casting technique (Figure 3.1).
The amaranth flour film forming solutions were made as established by Tapia-Blacido (3)
from amaranth flour (4g/100g solution) dispersed in deionized water. The solution was
mixed for at least 2 hour with a magnetic stirrer, and the pH was adjusted to 10.7, for
protein solubilization. The solution was heated up to 70°C, then glycerol (20g
glycerol/100g flour) was added. The mixture was gelatinized at 80°C for 15 minutes with
constant stirring in a jacketed beaker connected to a water bath (Tecnalise, Brazil).

The film forming solution crosslinking was performed under homogeneous
conditions, with predetermined epichlorohydrin concentration, reaction temperature and
time. At the end of the reaction, the pH of the solution was measured and adjusted to
10.7, to ensure the protein solubility. Then the solution was defoamed under ultrasonic
waves (Ultrasonic Cleaner / Unigue, Model USC 1450) for 5 minutes. Afterward, the film
forming solution was poured and evenly spread over Teflon plates (18x21 cm). The weight
of filmogenic solution was controlled to obtain a constant thickness of 80+2um. The
casting solutions were dried at controlled temperature of 37C and relative humidity of
55% for 12-14h, until the equilibrium moisture was reached (13.5£1.7%).
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Figure 3.1 Flowchart for the elaboration of A.cruentus flour films crosslinked with

epichlorohydrin
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Dried films were peeled off from the casting surface and cut into adequate
samples. The films were conditioned at 25C and 58% RH in desiccators containing a
saturated solution of NaBr for 72h prior to mechanical tests and water vapor permeability
determination. For solubility test and FTIR analysis, the films were conditioned in
desiccators with silica gel (0% RH) for 48 hours and 1 week, respectively.

3.2.3 Film characterization

Thickness was measured using a micrometer (model FOW72-229-001, Fowler,
U.S.A.) with a range of 0-1in and an accuracy of 0.0001in. The mean thickness of the
films was determinated from the average of 15 measurements made at five different
locations.

Moisture content of films was determinate by the method of the AOAC (1997)
drying the sample (0.200+0.001g) at 105< for 24h, in an air oven. This determination was
made by triplicate.

Mechanical properties were determined by puncture tests: puncture force (PF) and
puncture deformation (PD); and tensile tests: tensile strength (TS) and elongation at break
(ELO), both tests using a TA-XT2i Stable Micro Systems texture analyzer.

For puncture tests, circular sample films were fixed in a 34mm diameter cell, and
then they were perforated by a 3mm diameter cylindrical probe, moving at 1mm/s (15).
These tests were done in triplicate. The puncture deformation was calculated as follows,
equation 1:

PD = Alfl, = [(D? + 162 = 15] / I, Eq.1
where |, is the initial disc radius (17 mm) and D the distance penetrated at the break point.

Tensile tests were performed according to the ASTM standard method D882-97

(16). Dumbbell shaped samples were cut for each film with 115mm length and 6mm wide
in the middle. The initial grip separation was set at 80 mm and the crosshead speed at 1.0
mm/s. At least four samples from each film were evaluated. The elongation at break was
obtained with equation 2:
ELO = (AL/L,)100 Eqg.2
where AL is the elongated distance at break and L, the initial distance between the grips
(80mm). Care was taken to remove the samples just before they were tested to minimize
the chance of samples drying out or picking up moisture due to the change in humidity
from the desiccator to the testing room. The TS (MPa), ELO (%), PF (N) and PD (%) were
calculated using Texture Expert version 1.15 (SMS).
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Solubility in water was determinated according to the method described by
Gontard et al. (717) with modifications. Three dried film discs (2 cm diameter) were
weighed (w;) and immersed in 50mL deionized water (with sodium azid, 0.02%) at 25C
for 24h, with constant agitation (50 rpm) in a shaker (Tecnal, TE-420). Then the films were
recovered by vacuum filtration on filter paper with known weight, dried at 105C for 24h
and weighed (w;). The solubility (S) was calculated as the percentage of dissolved film,
equation 3:

S = [(wi-wf) / w] 100 Eq.3

Water vapor permeability (WVP) tests were conducted using ASTM method E96-

95 (18), considering the modifications proposed by Gontard et al. (79). Each film sample
was sealed over the circular opening of a permeation cell containing silica gel. These cells
were placed on desiccators with distilled water kept at 25C. The cell weight was
measured each hour, for 10 hours, and then 12 hours later, using an analytic balance
(A200S, Sartorius Analytic). The WVP was calculated as equation 4:
WVP = (w/t) (x/ AP A) Eq. 4
where x is the average thickness of the amaranth flour films, A is the permeation area
(9.07 x10™* m?), AP is the difference between the partial pressure of the atmosphere over
silica gel and over pure water (3.168 kPa, at 25 ), and the term w/t was calculated by
linear regression (R®>0.99) using data of weight gain as a function of time. All tests were
performed in triplicate.

Fourier transformed IR spectroscopy (FTIR). Infrared spectra of dry films were
recorded between 4000 and 600 cm™ at 4 cm™ resolution, with a Spectrum One (Perkin
Elmer) spectrometer, supplied with a universal attenuated total reflectance (UATR)
accessory. Each sample was scanned 16 times and averaged to produce each spectrum
(24).

Scanning electron microscopy (SEM) analyses were performed using a Leica
(Cambridge, England) model LEO440i scanning electron microscope operating at 10 kV.
Film samples were maintained in a desiccator with silica gel for 7 days and then randomly
broken to investigate the cross section of the samples. A cylindrical aluminum stub cut like
a straight chair, upon which the film was fixed using a double-sided cupper tape, was
used in a specific way to observe the morphology of the cross section and the surfaces.
Further, the stubs with films were coated with gold in a VG Microtech (Cambridge,
England) model SC7620 sputter coater for 180 s at 4 mA.
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3.2.4 Preliminary tests were tested

Four sets of preliminary tests were developed in order to determine the
parameters of the crosslinking reaction with epichlorohydrin. For these tests, the amount
of glycerol added to the films was varied from 22.5 to 20g/100g flour, and the reaction
temperature from 60 to 80°C. Two epichlorohydrin concentration (5 and 10g/100g flour)
were tested, at three different reaction times (30, 60 and 90 min, or 40, 80 and 120 min).
In all cases, the pH of the solution was adjusted to 10.7 at the end of the reaction. The
crosslinked films were prepared as described before, with the following conditions:

Table 3.1 Parameters of the preliminary tests for the A.cruentus flour films crosslinked
with epichlorohydrin

Set Reaction Glycerol Reaction time Epichlorohydrin
temperature (°C) (g/100g flour) (min) (9/100g flour)
1 60 22.5 30, 60, 90 5,10
2 70 20.5 40, 80, 120
3 80 21.5 40, 80, 120
4 80 20.0 40, 80, 120 5,10

Mechanical properties (TS, ELO, PF and PD) were measured for all films, and the
solubility in water was determined for the 4™ set. For statistical analysis, mean values of
the mechanical properties and solubility were analyzed by Tukey honest significant
difference (HSD) test, performed using Statistica 5.0 software (Statsoft Inc., U.S.A.).

3.2.5 Experimental Design

A 2° full factorial central composite design (star configuration) with 6 axial and 3
central points (triplicate only at the central point), resulting in 17 experiments, was
performed. This experimental design was used to obtain a second-order model for
prediction of mechanical properties (by puncture and tensile tests) and solubility
(dependent variable) as a function of three independent variables: epichlorohydrin
concentration (xi), reaction temperature (x») and reaction time (x3). The crosslinking
reaction conditions were: epichlorohydrin concentrations of 1.6, 5, 10, 15 and 18.49/100g
of flour; reaction temperatures of 39.8, 50, 65, 80 and 90.2°C, and reaction times of 12.8,
40, 80, 120 and 147.2 minutes.
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The statistical design and the coded and real values of these variables are given in
Table 3.2. All experiments were performed randomly, and data were treated with the aid
of Statistica 5.0 software (Statsoft Inc., U.S.A.)

Table 3.2 Central composite design matrix with coded and real values of the variables for

the crosslinking reaction with epichlorohydrin.

1 5(-1) 50 (-1) 40 (1)

2 15 (+1) 50 (-1) 40 (1)

3 5 (-1) 80 (+1) 40 (-1)

4 15 (+1) 80 (+1) 40 (1)

5 5 (-1) 50 (-1) 120 (+1)
6 15 (+1) 50 (-1) 120 (+1)
7 5 (-1) 80 (+1) 120 (+1)
8 15 (+1) 80 (+1) 120 (+1)
9 1.6 (-1.68) 65 (0) 80 (0)
10 18.4 (+1.68) 65 (0) 80 (0)

11 10 (0) 39.8 (-1.68) 80 (0)
12 10 (0) 90.2 (1.68) 80 (0)
13 10 (0) 65 (0) 12.8 (-1.68)
14 10 (0) 65 (0) 147.2 (+1.68)
15 10 (0) 65 (0) 80 (0)
16 10 (0) 65 (0) 80 (0)
17 10 (0) 65 (0) 80 (0)
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3.2.6 Crosslinking reactions without pH adjustment

Another set of experiments were conducted with varied epichlorohydrin
concentration, at constant temperature and time. The temperature was fixed at the lowest
condition of the experimental design (39.8°C), and the reaction time was 120 min. The
epichlorohydrin concentration varied from 1.6 to 18.4g/100g flour, at the same five levels
used before. The crosslinked films were prepared as described in section 3.2.2, but
without pH adjustment at the end of the crosslinking reaction.

Mechanical properties (TS, ELO, PF and PD), solubility in water and water vapor
permeability were determined for the crosslinked A.cruentus flour films. FTIR analysis was
also performed for three samples, 1.6, 10 and 18.49/100g flour. For statistical analysis,
mean values of the mechanical properties and solubility were analyzed by Tukey honest
significant difference (HSD) test, performed using Statistica 5.0 software (Statsoft Inc.,
U.S.A).
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3.3 Results and discussion

The study of A.cruentus flour films crosslinking reaction with epichlorohydrin was
carried out in three stages. (a) The determination of the reaction parameters by a series of
preliminary tests; (b) the development of an experimental design to assess the effect of
three variables (ECH concentration, reaction temperature and time) on the mechanical
and barrier responses; and finally (c) the study of the ECH concentration effect on the
mechanical and barrier properties of the crosslinked A.cruentus flour films without pH
adjustment.

3.3.1 Preliminary tests

3.3.1.1 Mechanical properties of A.cruentus flour films crosslinked with
epichlorohydrin (5 and 10%) at 60°C with glycerol (22.5%)

Figure 3.2 shows the results of the tensile tests as function of reaction time for two
epichlorohydrin concentrations. It was observed that the non-crosslinked film was the less
resistant (lowest TS). There was no significant difference between the crosslinked films,
due to the high variability of the results, but there is a tendency of increasing TS with
increased reaction time, for films crosslinked with 5% ECH.
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Figure 3.2 Tensile strength (MPa) and elongation at break (%) of A.cruentus flour films
crosslinked with epichlorohydrin (5 and 10 %) at 60°C and different reaction time, with
22.5g9/100g flour glycerol. Reference value (RV) without crosslinking (0% ECH).
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There was no significant difference between the flexibility of the films, but the
elongation at break tends to be higher at intermediate reaction time (60 min). The
response values and significant differences are shown in Table A.1.

Figure 3.3 shows the results of the puncture test where there was no significant
difference among the puncture force of the crosslinked films and the non-treated
amaranth flour film. Just the puncture deformation (PD) of the non-crosslinked film was
higher than the other crosslinked films, with PD = 5.30%.
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Figure 3.3 Puncture force (N) and deformation (%) at break of A.cruentus flour films
crosslinked with epichlorohydrin (5 and 10 %) at 60°C and different reaction time, with

22.59/100g flour glycerol. Reference value (RV) without crosslinking (0% ECH).

From these results, it was decided to increase the reaction time up to 120 minutes,
since it seems to be a trend of increasing resistance with time. Higher reaction
temperatures were tested in order to assess the possibility of performing the crosslinking
reaction at the amaranth starch gelatinization temperature (70 - 80°C), as the
gelatinization was carried out just before the crosslinking step. Also the amount of glycerol
added to the solution was reduced based on the results obtained from Tapia-Blacido (27)
in the optimization of the A.cruentus flour films with glycerol addition.
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3.3.1.2 Mechanical properties of A.cruentus flour films crosslinked with
epichlorohydrin (5%) at 70 and 802C; 20.5 wt% and 21.5 wt% glycerol respectively

Figure 3.4 shows the effect of two reaction temperatures and glycerol
concentration as function of reaction time. It was noted a trend of decreasing tensile
strength with increased reaction time, for both temperatures (70 and 80°C). The observed
effect of the crosslinking reaction under the film resistance was the opposite of the one
obtained at 60°C. This reveals that at higher temperatures other reactions occur that
change the expected effect in the crosslinked films properties.

The highest resistance (TS = 4.62 MPa) was obtained for the non-crosslinked film
with 20.5% glycerol. At 80°C the elongation at break increased with increasing reaction
time, with a maximum of 92.2% in 120 minutes of reaction. At 70°C, only the film with 120
minutes of reaction was significantly more flexible than the control.

6 100
190
180
170
160
150
140
130
120
110

Tensile strength (MPa)
Elongation at break (%)

RV 40 80 120

Reaction time (min)
e TS 70°C, 20.5%glycerol C——3TS80°C, 215%glycerol
—aA——ELO 70°C, 20.5%glycerol - - -¢---ELO80°C, 215%glycerol

Figure 3.4 Tensile strength (MPa) and elongation at break (%) of A.cruentus flour films
crosslinked with epichlorohydrin (5%) at 70 and 80°C; 20.5 and 21.5 wt% glycerol
respectively. Reference value (RV) without crosslinking (0% ECH).
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Figure 3.5 shows the puncture test results. At 80 minutes of reaction, the films
seemed to become more flexible and less resistant, for both temperatures. At 70°C the
puncture force was significantly lower at 80 minutes, but there was no difference between
the puncture deformations. At 80°C the PD was considerably higher at 80 minutes, but
there was no difference between the film resistances (PF).

The most resistant film (PF = 5.05N) was produced at 70°C for 40 minutes.
Moreover, the most flexible (PD = 11.3%) at 80 minutes of reaction for the film crosslinked
at 80°C, with 21.5g/100g flour of glycerol.
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Figure 3.5 Puncture force (N) and deformation (%) of A.cruentus flour films crosslinked
with epichlorohydrin (5%) at 70 and 80°C; with 20.5 and 21.5 wt% glycerol respectively.
Reference value (RV) without crosslinking (0% ECH).

It was observed from Figures 3.4 and 3.5 the impact that a small difference in the
glycerol content (19/100g flour) could have on the mechanical properties of the films, as
the films prepared with 21.5% glycerol showed higher flexibilities (ELO and PD) and lower
resistance (TS and PF).
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3.3.1.3 Mechanical properties of A.cruentus flour films crosslinked with ECH (5 and
10 wt%) at 802C and different reaction time, with 20 wt% glycerol

Considering the great effect that the glycerol had on the mechanical properties of
the crosslinked films, the glycerol concentration was fixed in 20g glycerol/100g flour. Films
with higher resistance were obtained at this concentration. Once the glycerol content was
fixed, a test to assess the effect of the crosslinked reaction at 80°C (gelatinization
temperature) for two epichlorohydrin concentrations (5 and 10g/100g flour), with the same
reaction times considered previously (40, 80 and 120 min) was carried out.

Figure 3.6 shows the effect of two epichlorohydrin concentrations (5 and 10%) at
80°C with 20 wt% glycerol, as function of reaction time, on the mechanical properties of
the films. It was observed from Figures 3.6 and 3.7 that the films produced with 5% ECH
are more resistant (TS and PF) but less flexible (ELO and PD) than the ones crosslinked
with 10% ECH at the same conditions.
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Figure 3.6 Tensile strength (MPa) and elongation at break (%) of A.cruentus flour films
crosslinked with ECH (5 and 10%) at 80°C and different reaction time, with 20% glycerol.
Reference value (RV) without crosslinking (0% ECH).
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Figure 3.7 Puncture force (N) and deformation (%) at break of A.cruentus flour films
crosslinked with ECH (5 and 10%) at 80°C and different reaction time, with 20% glycerol.
Reference value (RV) without crosslinking (0% ECH).

Only the film crosslinked with 5 wt% ECH for 40 min was more resistant than the
non-crosslinked A.cruentus film (TS = 5.15 > 4.20 MPa).

A non-homogeneous behavior of the mechanical properties was detected with
increasing reaction time, since the minimum resistance and maximum flexibility were
achieved at intermediate time (80 min). This means that there was no real improvement of
the mechanical performance of the crosslinked films, as one property was enhanced while
the other was reduced.
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Although no real improvement of the mechanical properties was observed, Figure
3.8 shows an outstanding reduction of the solubility in water of the crosslinked films
compared to the non-treated A.cruentus flour film, from 67.5% to an average of 25% of
soluble mater.
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Figure 3.8 Solubility in water (%) of A.cruentus flour films crosslinked with epichlorohydrin
(5 and 10%) at 80°C and different reaction time, with 20g/100g flour glycerol. Reference
value (RV) without crosslinking (0% ECH).

For the solubility in water of the crosslinked films, there was no significant
difference between the films produced at the same concentration, but it was noted a lower
solubility for the ones crosslinked with 10% ECH, with an average of 22.3%. It is important
to remark that the crosslinked films maintained their integrity during the solubility test,
which was not accomplished in the control film.
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3.3.2 Response surface methodology (RSM)

After preliminary essays, it was decided to study more deeply the crosslinking
reaction, as it has a significant effect in the solubility of the A.cruentus flour film. The
chosen parameters were epichlorohydrin concentration from 1.6 to 18.4g ECH/100g flour,
reaction temperature from 39.8 to 90.2°C and reaction time from 12.8 to 147.2 minutes.

The developed films were homogeneous, slightly opaque and yellowish with an
average thickness of 80 £ 2um, and average moisture content of 13.5 £ 1.7%. In Table
3.3 are shown the mechanical properties and the solubility in water of the Amaranthus
cruentus flour crosslinked films developed according to the 2% central composite design,
for homogeneous reactions. In addition, the pH of the filmogenic solution determined at
the end of the crosslinking reaction is shown in Table 3.3.

Table 3.3 Central composite design matrix with coded and real values of the variables
and responses to mechanical properties (TS, ELO, PF and PD), solubility and pH of the

solution
Assay ECH (x4) Tempef)ature Time_ TS ELO PF PD S oH
(9/100gflour) (x2) (°C) (x3) (min) (MPa) (%) (N) (%) (%)

1 5(-1) 50 (-1) 40 (-1) 201 6503 329 898 19.83 10.20
2 15 (+1) 50 (-1) 40 (-1) 3.92 2317 458 221 30.19 9.68
3 5(-1) 80 (+1) 40 (-1) 292 31.78 352 650 23.36 7.71
4 15 (+1) 80 (+1) 40 (-1) 245 7096 3.07 10.65 33.32 7.11
5 5(-1) 50 (-1) 120 (+1) 3.68 4069 4.37 3.28 30.10 9.77
6 15 (+1) 50 (-1) 120 (+1) 3.00 4148 3.70 6.59 25.21 8.57
7 5(-1) 80 (+1) 120 (+1) 294 63.09 352 7.62 3366 7.01
8 15 (+1) 80 (+1) 120 (+1) 212 4914 199 1295 3090 6.11
9 1.6 (-1.68) 65 (0) 0 (0) 3.69 3195 4.76 4.23 30.31 9.50
10 18.4 (+1.68) 65 (0) 0 (0) 266 5081 327 8.69 26.53 7.53
11 10 (0) 39.8 (-1.68) 0 (0) 217 7540 355 937 2280 10.09
12 10 (0) 90.2 (1.68) (0) 219 2565 3.19 892 3946 6.31
13 10 (0) 65 (0) 12.8 (-1.68) 229 2917 470 486 31.14 9.25
14 10 (0) 65 (0) 147.2 (+1.68) 3.60 2844 365 528 3326 7.44
15 10 (0) 65 (0) 0 (0) 253 5748 3.12 11.87 30.38 7.76
16 10 (0) 65 (0) 80 (0) 3.23 61.18 285 1291 30.36 7.88
17 10 (0) 65 (0) (0) 225 6472 259 13.94 32.31 8.03

TS, tensile strength; ELO, elongation at break; PF puncture force; PD puncture
deformation; S, solubility and pH, pH of the solution.
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3.3.2.1 Tensile strength and elongation at break

A small variation of the tensile strength (2-4 MPa) for the A.cruentus flour films
crosslinked with epichlorohydrin was observed for all controlled conditions (Table 3.3), this
difference is comparable to the one obtained with the central point essays (2.3 — 3.2
MPa). That explained why it was impossible to get a predictive model for this response.

For the elongation at break (ELO), the results were more variable (23-75%), but a
lack of significance was obtained for its model, since the variation of this mechanical
property could not be explained by the regression (R® = 37%). Therefore, it was not
possible to get a predictive model for the responses either.

However, it was feasible to analyze the results obtained for the seventeen essays,
the control (amaranth flour film without epichlorohydrin, numbered as 0) and the
A.cruentus flour film developed by Tapia-Blacido at the same conditions of the control film
(named as TB) (21), with a direct comparison between the tensile strength and elongation
at break (Figure 3.9). It was observed that all the essays are located in the same diagonal
area, descending from stiff and brittle (high TS and low ELO) to soft and ductile (low TS
and high ELO) films, a typical behavior of the plasticizer effect. In this way, for the
crosslinked films, when the elongation was improved the respective resistance was

decreased.
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Figure 3.9 Tensile strength and elongation at break of the different crosslinking reactions
performed in the experimental design (2°)
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The film developed by Tapia-Blacido (TB) was the stiffest (TS = 5.35 MPa and
ELO = 12.9%), as well as the control film (numbered as 0) with TS = 4.20 MPa and ELO =
20.4%:; therefore the reaction with ECH provided a plasticizing effect on the crosslinked
films. The less desirable properties (low TS and ELO), film soft and ductile, was obtained
from the 12" essay (TS = 2.2 MPa and ELO = 25.6%,) developed with the higher reaction
temperature (90.2°C) and intermediate ECH concentration (10%) and reaction time (80
min).

The best tensile properties among the crosslinked films were achieved by the 5"
essay (5% ECH, 50°C, 120 min), which combined intermediate values of both responses:
resistance (TS = 3.7 MPa) and flexibility (ELO = 40.7%). The most rigid film (high TS)
among the crosslinked was from the 2" essay (15% ECH, 50°C, 40 min), whose
mechanical properties (TS = 3.9 MPa and ELO = 23.2%) are near to those of the control,
both with much lower solubility (S = 30.2%). The most flexible film (high ELO) was from
the 11" essay (15% ECH, 50°C, 40 min), with 75.4% of elongation at break. It is suitable
to note that the desired characteristics (high TS and ELO) were obtained at low reaction
temperature (50°C).

The tensile strengths obtained from the crosslinked films are superior to those
reported for the A.cruentus flour films with stearic acid addition, which varied from 0.8 to
3.0 MPa (2), but with a higher elongation at break (74 - 620%).

Although the mechanical properties of the A.cruentus flour films were not improved
by the crosslinking reaction with epichlorohydrin, the solubility in water was significantly
reduced. It could be considered that the covalent linkages introduced by the
epichlorohydrin may obstruct the physical bonding of the polymer chains, making the
matrix less resistant, but at the same time, this new covalent linkages limited the polymer
disintegration due to hydration.
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3.3.2.2 Puncture force and deformation

From Figure 3.10, it could be seen that the puncture force of the crosslinked films
was generally lower to the one of the control film (numbered as 0) or the A.cruentus flour
film developed by Tapia-Blacido (TB) (27) both with PF = 4.05N; only four samples
(essays 2, 5, 9 and 13) were more resistant (PF > 4.0N). The highest puncture force was
obtained from the 9" essay (PF = 4.76N) performed at the lowest epichlorohydrin
concentration (1.6g/100g flour). The crosslinked films presented values slightly superior to
those reported for the A.cruentus flour films with stearic acid addition, which varied from
1.0t0o 2.0 N (2.
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Figure 3.10 Puncture force and deformation of the different crosslinking reactions
performed in the experimental design (2°)

For the puncture deformation the inverse effect was observed, with higher PD for
almost all the crosslinked films compared to the control sample (PD = 3.55%). The highest
puncture deformation value was achieved by the central point of the experimental design
(PD =18 + 1%) with 10g ECH /100g flour, 65°C and 80 minutes of reaction. The optimized
amaranth flour film developed by Tapia-Blacido (3), for another variety of amaranth
(A.caudatus) with glycerol addition, presented superior flexibility (PD = 15.6%) than the
A.cruentus flour crosslinked films, but with lower resistance (PF = 2.34N).
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Models for puncture force and deformation

A regression analysis (p < 0.05) was performed to obtain a second order model
equation for the puncture force (equation 5) and puncture deformation (equation 6) as
function of epichlorohydrin concentration (x;), reaction temperature (x,) and time (xs).

PF=3.0-0.2 X1+ 0.3 X12 -0.3 Xo + 0.3 X32 -0.3 X1 Xo - 0.4 X1 X3 Eq5
PD=126+1.0 X1 '2.0X12+ 1.2X2' 1.1 X22'2.5 X32+ 1.6X1 Xo + 1.4X1 X3 Eq6

The regression parameters reveal the importance of each independent variable
(x1, X2, X3) under the response (PF or PD), as well as the effect that it has increasing (+) or
decreasing (-) the specific mechanical property. The inverse effect between the PF and
PD is evident, as the regression signs for each variable of the PF equation generally had
the opposite sign in the PD model. For example, the reaction temperature (xo) has a
decreasing effect under the PF (-0.3), although it has an increasing effect in the puncture
deformation (+1.2). Regression coefficients are shown in Table A.2.

The statistical significance of these coded models was evaluated with an F test
(ANOVA) and the results are given in Table 3.4.

Table 3.4 Analysis of variance for the quadratic model of puncture force and deformation

Source of Puncture force Puncture deformation
variation SS* DF®° MS® Fratio SS° DF® MS® Fratio
Regression 6.57 6 1.10 456 160.34 7 2291 5.86
Residual 2.40 10 0.24 35.19 9 3.91
Total 8.97 16 195.53 16
R®=0.73 R?=0.82
Fse.6.10= 3.22 Fse7.0= 3.29

aSum of squares; ° degrees of freedom; ¢ Mean square
Both models are significant since each F ratio (MS regression / MS residual) is

higher than the F critical value (4.56 > 3.22 for PF, and 5.86 > 3.29 for PD) (the absolute
and relative deviations for each model are shown in Table A.4).
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Since the models were significant (p<0.05) they were used to plot the response
surfaces at three different reaction temperatures (39.8, 65 and 90.2°C) for PF (Figure
3.11) and PD (Figure 3.12).

Figure 3.11 (a, b and c) shows that as the reaction temperature increases, the
conditions to obtain more resistant films (high PF), varied from high ECH concentration
and short reaction time at 39.8°C, to low ECH concentration and long reaction time at
90.2°C.

At low reaction temperatures (Figure 3.11 a) and short time, the film became more
resistant as the ECH concentration increases. This reinforcing effect could be explained
by the transformation of the hydrogen bonds to covalent linkages in the polymeric matrix
(70). The inverse effect was noted at high reaction temperature (Figure 3.11 ¢) and long
reaction time, where the film became less resistant as the ECH concentration increases.
This behavior may be due to the formation of side reaction products, such as glycerol,
whose production is favored under extreme reaction conditions (high ECH concentration,
high temperature and long reaction time) and diluted solutions. Kartha and Srivastava (10)
noted that in reactions under homogeneous conditions, the increasing amount of water in
the system promoted the hydrolysis of the ECH, resulting in the formation of chlorohydrin
and glycerol. Generally, the highest PF values were obtained for crosslinking reactions at
low ECH concentration and long reaction time.

Figure 3.12 shows that the highest flexibilities (PD) for the crosslinked films are
achieved at intermediate reaction time (~80 min), and the PD maximum goes from 5-10%
ECH at 39.8°C; to 10% ECH at 65°C, and finally 10-15% ECH at 90.2°C. The optimized
region was dislocated to higher epichlorohydrin concentrations as the reaction

temperature increases.
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Figure 3.11 Response surfaces for puncture force (PF) as a function of epichlorohydrin

concentration and reaction time, at different reaction temperature (39.8, 65 and 90.2°C)
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At low temperature (Figure 3.12 a) and short reaction time, the film became less
flexible as the ECH concentration increased, denoting a strengthening of the film matrix
due to the crosslinking of the polymeric chains. However, at high reaction temperature
(Figure 3.12 c) the opposite effect was observed, since the film became more flexible as
the ECH concentration increased, indicating the presence of side reaction products that
act like plasticizers in the polymeric matrix. The maximum film flexibility was obtained at
high reaction temperature (90.2°C) and ECH concentration (10-15%), noting the strong
effect that high temperature has on the mechanical properties.

These results (PF and PD) show the same plasticizing effect analyzed for the
tensile strength and elongation at break, where the crosslinking reaction with ECH make
the A.cruentus flour films more resistant but less flexible, or more flexible with lower
resistance, depending of the reaction conditions. This phenomenon indicates that there
was no real improvement on the mechanical properties of the films due to the crosslinking
reaction.

A reinforcing effect from the crosslinking reaction was expected as it changed the
hydrogen bonds of the polymeric matrix for covalent linkages, but this effect was just seen
at low reaction temperature (39.8°C). At medium and high temperatures was observed a
plasticizing phenomenon. This observation could be explained by two factors. (a) the
promotion of undesired side reactions: the glycerol formation from the hydrolysis of ECH
in presence of water excess (70), as well as the monoglycerol ether starch produced by
the competitive reaction of hydroxyl ions to open the oxirane during the crosslink reaction
(12); and (b) the covalent linkages introduced by the ECH obstructed the physical bonding
of the polymer chains, reducing the matrix resistance.

As indicated in the methodology, the films were prepared from a 4% amaranth
flour solution, this fact could affect the crosslinking reaction, as the small epichlorohydrin
molecule could be unable to reach easily the polymer chains to make the covalent
linkages between them, and so reinforce the film matrix. Instead, the side reactions
mentioned before were favored, making the films less resistant and more flexible.
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Figure 3.12 Response surface for puncture deformation (PD) as a function of ECH

concentration and reaction time at different temperatures (39.8, 65 and 90.2°C)
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3.3.2.3 Solubility in water and pH of the solution

Since the integrity is one of the most important aspects in packaging materials, the
solubility in water (S) of the films should be as low as possible to guarantee the food
protection at high water activities (77). Although the mechanical properties of the modified
films were not improved, the solubility in water was considerably reduced by the
crosslinking reaction.

Figure 3.13 shows a direct comparision between solubility in water (S) of the films
and the pH solution at the end of the crosslinking reaction. All reactions started at pH
10.4, and at the end, the pH was measured before being adjusted to pH 10.7. It was
noticed that all crosslinked films presented an inferior solubility (Saverage= 29.6 * 4.8%)
when compared to the non-crosslinked A.cruentus flour film (S = 67.5%), and that almost
all maintain their integrity under the test conditions. Reduced values of solubility were
expected as the crosslinked polymer became more hydrophobic due to the substitution of
the hydrogen bonding by covalent linkages (9), but the major effect may be due to the
network formation by the covalent links.

¢
=2
3
A 4
®5
35 1 ®6
o7
30 | onm He 8
9

45

40

Solubility (%)

25 4 ° ¢ 10
n =11
Al12
=13
¢ 14
e 15
=16
17

20 A *

15

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5

pH solution

Figure 3.13 Solubility in water and pH of the solution of the different crosslinking reactions
performed in the experimental design (2°%)
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The lowest value of solubility observed was 19.8% for the 1°' essay (5% ECH,
50°C and 40 min), at the lowest conditions combination. The higher value (S = 39.5%)
was obtained for the film developed at the higher reaction temperature from the 12" essay
(10% ECH, 90.2°C and 80 min). In general the A.cruentus flour films crosslinked with
epichlorohydrin presented a lower solubility compared to the A.caudatus flour films with S
= 42.2% (3), but higher than those of A.cruentus flour with stearic acid addition whose
solubility was 15.2% (2).

It was observed that the pH adjustment of the filmogenic solution (to pH 10.7) after
the crosslinked reaction, affected the solubility of the film, as the sodium hydroxide added
is soluble in water. For the 12" essay conditions (10% ECH, 90.2°C and 80 min), a film
without pH regulation was formulated and it presented a decreased solubility (S = 31.6%),
this difference could be explained by the NaOH addition needed to increase the pH from
6.3 to 10.7. However, this pH adjustment was required to make amaranth protein soluble
in the film forming solution.

The pH solution was measured after the crosslinked reaction for each essay
(Table 3.3); it was observed a decrease of the pH from the non-crosslinked A.cruentus
flour solution (pH 10.4) to the crosslinked film forming solutions with an average pH 8.2 +
1.3. The pH reduction is due to the consumption of OH" along the crosslinked reaction as
explained by Kartha and Srivastava (70) in the reaction mechanism of starch crosslinked
with ECH.

The lowest pH was achieved by the 8" essay (pH 6.1) with the highest condition
combination, 15% ECH, 80°C and 120 min of reaction. On the contrary, the higher pH
solution was from the 1% essay (pH 10.2) with the lowest conditions, 5% ECH, 50°C and
40 minutes, which presented also the lowest solubility in water. The pH solution seems to
be an indicator of the reaction intensity, but not precisely of the crosslinking degree, since
side reactions are also involved.
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Models for solubility in water and pH of the solution

A regression analysis (p<0.05) was performed to get a second order model
equation for the solubility in water (equation 7) and the pH of the solution (equation 8) as
function of epichlorohydrin concentration (x;), reaction temperature (x,) and time (xs).

S =30.63 - 1.29 x4 + 3.22 xp + 1.23 X3 - 3.50 X X3 Eq.7
pH = 8.12- 0.48 x; + 0.15 x;* - 1.22 X5 - 0.46 X3 Eq.8

Both, the reaction temperature (xo) and time (x3) enhancement produced an
increase in solubility but a decrease in pH solution (Equations 7 and 8). Besides, an ECH
concentration (x;) enhancement caused a pH solution reduction, as more OH  was
consumed in the reaction. The factor with more effect under both responses (S and pH)
was the reaction temperature (xo). Regression coefficients are shown in Table A.3.

The statistical significance of these models was evaluated with a F test and the
results are given in Table 3.5.

Table 3.5 Analysis of variance (ANOVA) for the quadratic model description of solubility in
water and pH of the solution.

Source of Solubility Solution pH
variation SS* df MS® Fratio SS? d  MS® Fratio
Regression  281.3 4 70.32 10.20 26.56 4 6.64 111.8
Residual 82.7 12 6.89 0.71 12 0.06
Total 364.0 16 27.28 16
R®=0.77 R?=0.97
FS%,4,12= 3.26 I:5%,4,12= 3.26

aSum of squares; ° degrees of freedom; ¢ Mean square

Both models are significant since each F ratio (MS regression / MS residual) is
higher than the F critical value (10.20 > 3.26 for S, and 111.8 > 3.26 for pH). The
correlation coefficients (R?) show that 77% of the solubility values variation and 97% of
the pH solution variation could be explained by the regressions, equations 7 and 8
respectively. The absolute and relative deviations for each model are shown in Table A.5.
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Since the models are significant (p<0.05) they were used to plot the response
surface at three different reaction times for S (Figure 3.15) and pH (Figure 3.16). The
response surfaces for solubility (S) as a function of epichlorohydrin concentration and
reaction time (39.8°C), is presented in Figure 3.14.

o fapenes

Time {min)

Epichlorohydrin {g¢100g flour)

Figure 3.14 Response surface (a) and contour diagram (b) for solubility as a function of

epichlorohydrin concentration and reaction time, at 39.8°C

In accordance with the analysis made for the mechanical properties, the Figure
3.14 shows the effect of the epichlorohydrin concentration and the reaction time at 39.8°C,
where the lowest solubility was achieved. At short reaction time (12.8 - 40 min), the film
turns to be more soluble as the ECH concentration increased, although it became more
resistant. In contrast, at long reaction time (120 — 147.2 min) the film solubility decreased
as the epichlorohydrin concentration increased.

This inverse effect is more clear in Figure 3.15 analysis (a, b and c). The lowest
solubilities (S) for the crosslinked films were reached at 39.8 - 50°C with 1.6% ECH for
12.8 minutes, and at 39.8 - 50°C with 15 — 18.4% ECH for 147.2 min. The minimum
region (low S) was dislocated from low to high ECH concentrations as the reaction time
increased, always at low reaction temperatures (39.8 - 50°C).

78



Capitulo 1

The higher reaction temperatures made the crosslinked films more soluble in water
for all the ECH concentrations, since side reactions may be favored under these
conditions. Moreover, at intermediate conditions of reaction time (~80°C) and ECH
concentration (~10 wt %) the films became more hydrophilic (Figure 3.15 b), same
reaction conditions that make the crosslinked films more flexible (high PD) but less
resistant (low PF).

The lowest solubilities were obtained at low reaction temperature (~39.8°C)
combined with: (a) low ECH concentration and short reaction time, or (b) high ECH
concentration and long reaction time. In the first case, with the lowest condition
combination, for example the 1% essay, the films were softer and ductile, with low
resistance (PF) and relatively high flexibility (PD), and the low solubility may be favored by
the small amount of NaOH that had to be added in order to adjust the pH from 10.2 to
10.7. In the second case, for example the 6" essay (15 g/100g flour ECH, 50°C, 120 min),
the films presented intermediate mechanical performance (PF and PD) and the pH of the
solution had to be adjusted from 8.57 to 10.7, where the amount of NaOH added was
significantly higher than the first case.
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Figure 3.16 (a, b and c) shows the response surfaces for the pH solution.
Evidently, the reaction temperature had the major effect under the pH solution, as the
lowest pH values were obtained at higher temperatures. Besides, the ECH concentration
and reaction time had a negative impact in the pH solution, as it decreased with the
increase of both variables. That is why the pH solution appears like an indicator of the
reaction intensity. In addition, it is important to consider that at more intense reaction

conditions (low pH) it was necessary to add more NaOH to adjust the pH of the solution,
and this fact affected the film solubility.

42
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Socs

-
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@

Figure 3.16 Response surface for pH of the solution as a function of (a) epichlorohydrin
concentration and reaction temperature (reaction time, 80 min), (a) epichlorohydrin
concentration and reaction time (reaction temperature, 65°C), and (c) reaction
temperature and time (ECH concentration, 10%)
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The response surfaces analysis confirm that (a) the crosslinking reaction provided
a plasticizing trend in the A.cruentus flour film as it enhanced one mechanical property
(resistance or flexibility) with the consequent reduction of the other characteristics. (b) The
reaction temperature had a strong impact on the film solubility and the pH solution,
therefore is desired to perform the crosslinking reaction at low temperatures to ensure the
reduction of the film solubility, as well as to decrease the pH variation along the reaction.
And, (c) the pH adjustment affected the film solubility as the NaOH added increased this
characteristic.

3.3.3 Effect of the epichlorohydrin concentration without pH adjustment

Based on the previous observations, it was decided to perform a series of
crosslinking reactions with fixed temperature and time, and varying the epichlorohydrin
concentration, without pH adjustment at the end of the reaction. The temperature was
fixed at the lowest condition of the experimental design (39.8°C), and the reaction time
was set at 120 min. These conditions provided the best film characteristics (intermediate
PF and PD, low S) in the experimental design. The epichlorohydrin concentration varied
from 1.6 to 18.49/100g of A.cruentus flour, at the same five levels used before. This was
an attempt to study the effect of the ECH concentration on the mechanical and barrier
properties of the crosslinked A.cruentus flour films without the pH adjustment effect.

3.3.3.1 Mechanical properties

In conformity with the observations made before, the crosslinked A.cruentus flour
films became more resistant and less flexible with increasing epichlorohydrin
concentration. The resistance of the films (TS and PF) increased and the flexibility (ELO
and PD) decreased, as the epichlorohydrin concentration was enhanced (Figures 3.17
and 3.18). This behavior could be explained by the combination of three factors: (a) a
reinforcing effect from the crosslinking reaction as it changed the hydrogen bonds of the
polymeric matrix for covalent linkages (70), (b) the reduction of side reactions and (c) the
decrease of the pH of the solution variation at low reaction temperature.
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Figure 3.17 Tensile strength (MPa) and elongation (%) at break of A.cruentus flour films
crosslinked with epichlorohydrin at different concentrations (39.8°C, 120 min)
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Figure 3.18 Puncture force (N) and deformation (%) at break of A.cruentus flour films
crosslinked with epichlorohydrin at different concentrations (39.8°C, 120 min)

Although the crosslinking reaction produced a reinforcement of the polymeric
matrix due to the covalent bonding formation, it did not provide a real improvement of the
mechanical properties when compared to the non-treated A.cruentus flour film. There was
no significant difference (p<0.05) in the resistance responses (TS and PF) and the
puncture deformation (PD) between the crosslinked and non-crosslinked films. Only the

83



Capitulo 1

elongation at break (ELO) from the film crosslinked with 5 wt% ECH obtained a higher
elongation at break (ELO = 41.3%) than the non-modified film (ELO = 20.4%) (Appendix
1, Table A.6). This observable fact could be explained as the covalent linkages introduced
by the epichlorohydrin obstructed the natural bonding of the polymer chains, making the
matrix less resistant.

In general, the crosslinked films with ECH presented a higher resistance than the
A.cruentus flour— stearic acid films (TS, 2.6 MPa; PF, 2.5N), but a lower elongation at
break (ELO, 148%) (2).

It is suitable to note that in the tensile test (Figures 3.17), the film crosslinked with
59 ECH/100g flour, showed the best mechanical performance among the other
crosslinked films under the same conditions; since it obtained a favorable combination of
both characteristics, resistance (TS) and flexibility (ELO). The mechanical properties are
given in Table 3.6, the crosslinked films (5 wt% ECH) presented slightly lower resistance
(TS and PF) but improved flexibility (ELO and PD) when compared to the non-crosslinked
Amaranthus cruentus flour film. However, just the elongation at break presented a
significant difference from the control film (p<0.05).

Table 3.6 Mechanical properties of crosslinked and non-crosslinked A.cruentus flour film

] ] Tensile test Puncture test
A. cruentus flour film with 20 wt.% of glycerol
TS (MPa) ELO (%) PF(N) PD (%)
Crosslinked (5 wt.% ECH, 39.8°C and 120 min) 3.56 41.35 3.67 4.47
Non crosslinked 4.20 20.41 4.05 3.55

TS, tensile strength; ELO, elongation at break; PF puncture force; PD puncture
deformation

Rioux et al. (1) reported that the maximum values for the mechanical properties of
the high amylose starch films crosslinked with epichlorohydrin (1-10g/100g polymer) were
reached for the moderate crosslinking degree (CLD) at 6 g/100g flour. The researchers
explained that at these CLD the polymer is less crystalline and the low crosslinking allows
enough flexibility of chains to be stabilized by hydrogen bonding in the polymer network.

Nevertheless, the mechanical performance of the crosslinked films were poor as
contrasted with other films developed, for example the starch-filled low-density
polyethylene film (with 5% of crosslinked starch), which presented 15.5 MPa of tensile
strength and 253% of elongation at break (8).
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3.3.3.2 Solubility and water vapor permeability

Although the covalent bonds formed by epichlorohydrin in the crosslinking reaction
were insufficient to enhance the mechanical properties of the A.cruentus flour films, they
were able to improve their barrier properties compared to the non-modified film.

Figure 3.19 shows a significant reduction of the barrier properties (S and WVP)
due to the crosslinking reaction with ECH. The solubility was decreased from 67.5% (non-
crosslinked film) to 29.3 £ 2.2% of soluble mater for the crosslinked films. However, there
was no significant difference between the films crosslinked with 1.6 — 15 wt% ECH, only
the film crosslinked with 18.4g ECH/100g flour showed a significant lower solubility (S =
25.8%). The values and significant differences between the samples are shown in the
Table A.7.
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Figure 3.19 Solubility in water (%) and water vapor permeability (g / m s Pa) of A.cruentus
flour films crosslinked with epichlorohydrin at different concentrations (39.8°C, 120 min)

As mentioned before this improvement in the solubility was expected as the
crosslinked polymer became more hydrophobic due to the covalent linkages that
substituted the hydrogen bonding (9) and the network formation, therefore these new
linkages limited the polymer disintegration and solubilization.
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Figure 3.20 shows two types of A.cruentus flour films under the solubility test
conditions, one crosslinked with epichlorohydrin (5 g/100g flour ECH, 39.8°C, 120 min)
and the other without modification. It was evident the effect that the crosslinking reaction
had on the film solubility, as the modified film maintained its integrity when immersed in

water for 24 hours at 25°C with constant stirring (50 rpm).

Figure 3.20 Image of the integrity of A.cruentus flour films in the solubility in water test, (a)
film crosslinked with 5 g/100g flour ECH at 38.9C for 120 min, and (b) non-crosslinked film

The film solubility is related to the water vapor barrier property of the films. It is
required an insoluble material or with low water solubility to ensure a low water vapor
permeability at a wide range of relative humidity (77).

The water vapor permeability (WVP) of the crosslinked films with epichlorohydrin
was in average 2.3 + 0.2 x 10 g / m s Pa, value considerably lower to the non-
crosslinked film, whose WVP was 3.8 x 10"° g/ m s Pa (Figure 3.19). However, there was
no significant difference between the WVP of the crosslinked films as function of ECH
concentration (39.8°C, 120 min) see Appendix 1, Table A.7. However, these values were
higher than the Amaranthus cruentus flour- stearic acid film WVP, reported as 8.9 x 10"
g/msPa(2.
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3.3.3.3 Fourier transformed infrared (FT-IR) spectroscopy

Figure 3.21 shows the FTIR spectra obtained for the A.cruentus flour films without
modification and for the films crosslinked with three different epichlorohydrin
concentrations (1.6, 10.0 and 18.49/100g flour) at 39.8°C for 120 minutes. Table 3.7
summarizes the main IR bands, their intensity and a tentative assignment of the functional
groups that origin the peaks.

The amaranth flour films spectra displays the typical profile of a starch-based
material (4). In FTIR analysis of polysaccharides, the region of 1300-900 cm™ is the
domain more sensitive to molecular conformation (25), so the discussion will be focused
in this region. At 1150 cm™ a medium peak from the C-O stretching glycosidic bond is
characteristic of the amaranth starch and was not altered by the crosslinking reaction, as
well as the peak at 1078 cm™. The peaks at 1078 and 1016 cm™ are characteristic of the
anhydroglucose ring (4).

The peak at 1016 cm’", associated to C-O / C-C stretching, which is characteristic
of amorphous material (24), went through and enhancement compared to the 996 cm’™
peak for the 10 wi% ECH film. It was seen that this band became more prominent as the
glycerol concentration increased in the films from 0 to 45% glycerol in cassava starch
films (22). Van Soest et al. (23) observed that the peak at ~1022 cm™ is characteristic of
amorphous starch, changing the band shape and intensity as the starch goes from semi-
crystalline to amorphous. The increase in this peak could corroborate to previous
observation about the production of glycerol as a side product of the crosslinking reaction.
This phenomenon was also observed for the spectra of the films from the essays 8 and 12
of the experimental design; these films were produced at the highest reaction conditions
and were very plasticized and difficult to handle (Figure A.2).

The band at 996 cm™, which is mainly due to COH bending vibrations, is sensitive
to the influence of water content on the intramolecular hydrogen bonding (23). Both 1016
and 996 cm™ bands were increased in intensity for the crosslinked films with 1.6 and 18.4
wt% ECH, when compared to the non crosslinked amaranth flour film, suggesting
additional C-O and C-C bonds present in the glyceryl bridge, characteristic of the
crosslinking reaction with epichlorohydrin.

The IR spectra showed that chemical modifications were produced in the amaranth
flour components by crosslinking and side reaction with epichlorohydrin, but unfortunately,
could not provide information about the location of the bridges, the molecular mobility of
the different polymers or the side reactions that were favored.
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Figure 3.21 FT-IR spectra of A.cruentus flour films crosslinked with epichlorohydrin 0%, 1.6%, 10% and 18.4%, at 39.8°C for 120

min.
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Table 3.7 Assignment of the main bands of the FT-IR spectra of the A.cruentus flour film

Non-crosslinked A.cruentus flour film

Wavenumber

Crosslinked A.cruentus flour film

Wavenumber

(cm™) P.I. Assignment (cm™) Assignment

3293 M  OH stretching (H bonded) 3284-3292% OH stretching (H bonded)

2925 M CH stretching (asym, 2925 CH stretching (asym, sym)
sym)

1746 W 1745-1746

1650 W  OH bending (water) 1649-1653° OH bending (water)

1549 w 1547-1549 * ¢

1409 M  CH bending (CH,) 1405-1408 ° CH bending (CH,)

1367 M  CH bending 1367-1368 ¢ CH bending

1239 W  CH,-OH mode 1239 ° CH,-OH mode

1150 M C-O stretching glycosidic 1150 ¢ C-O stretching glycosidic
bond, C-O stretching / OH bond, C-O stretching / OH
bending bending

1103 M 1103

1078 M  CH bending 1078 ¢ CH bending

1016 S C-O/C-C stretching 1016-1017 ¢ C-O/ C-C stretching

996 S  COH bending vibration 995-996 ©  COH bending vibration

927 M Asymmetrical ring mode 927-928 Asymmetrical ring mode

849 C-H deformation 849 C-H deformation

760 Symmetrical ring vibration 759 ¢ Symmetrical ring vibration

704 704

P.l., Peak Intensity: W, weak; M, medium; S, strong.

& Shift to lower frequency, varying intensity (increase for 1.6 and 18.4%, decrease for

10%);

® Intensity increase for 10% ECH;

¢ Intensity increase for 1.6 and 18.4% and; decrease for 10% ECH,;

4 From A.cruentus starch;

¢ From A.cruentus protein
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3.3.3.4 Scanning electron microscopy (SEM)

Microstructural images from the cross section and the surface of the non-
crosslinked A.cruentus flour film are shown in Figures 3.22. It was observed a dense and
rough appearance in the cross section, as well as a cracked surface, which could explain
the increased water vapor permeability of the non-crosslinked film.

Figure 3.22 Scanning electron micrographs (300x) of Amaranthus cruentus flour film (a)
Cross section, (b) Surface. (Donned by Tapia-Blacido)

Figures 3.23 and 3.24 show micrographs of the cross section (at two different
magnifications) from the crosslinked films of the 12" essay (10% ECH, 90.2°C, 80 min),
and 8" essay (15% ECH, 80°C, 120 min), respectively. The reaction conditions of these
two essays provoke the lowest pH values among all the reactions performed in the
experimental design, pH 6.1 in both cases.

The film from the 12" essay presented a similar appearance to the non-modified
film. It showed a considerable amount of microporous, giving a spongy appearance, and a
cracked surface. This spongy microstructure is characteristic of starch films with high
amylopectin content (2). This film obtained the worst mechanical properties and solubility,
with low resistance and flexibility (TS = 2.2, ELO = 26%), making the material soft and
non-cohesive, and was partially disintegrated in water (S = 39%).

Moreover, Figure 3.24 shows the microstructure of the A.cruentus flour film from
the 8" essay, crosslinked at the highest combination of conditions (15% ECH, 80°C, 120
min).
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Figure 3.23 Scanning electron micrographs of A.cruentus flour films crosslinked with
epichlorohydrin from assay 12 (10% ECH, 90.2°C, 80 min), cross section at: (a) 500x and
(b) 5000x

Under these conditions, the film was more flexible (ELO = 49%, PD = 13%), and with
relatively low solubility (S = 31%). The film cross section presented the same dense
structure with microporous, but in this case, with a smoother appearance. Although this
film did not present outstanding mechanical properties, it gave evidence of the effect that
the crosslinking reaction had under the microstructure of the A.cruentus flour film.

0022 900X 10KV

Figure 3.24 Scanning electron micrographs of A.cruentus flour films crosslinked with
epichlorohydrin from assay 8 (15% ECH, 80°C, 120 min), cross section at: (a) 900x and
(b) 5000x
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3.4 Conclusions

The crosslinking reaction provided a plasticizing effect in the A.cruentus flour film
as it enhanced one mechanical property (resistance or flexibility) with the consequent
reduction of the other characteristics. Besides, the reaction temperature had a strong
impact on the film solubility and the pH solution, therefore is desired to perform the
crosslinking reaction at low temperatures to ensure the reduction of the film solubility, as
well as to decrease the pH variation along the reaction. In addition, the pH adjustment
affected the film solubility as the NaOH added increased this characteristic.

Although the crosslinking reaction did not improve the mechanical performance of
the A.cruentus flour films, it considerably reduced the solubility in water (Saverage = 29%)
and the water vapor permeability (WVPaemge = 2.3 x 107 g / m s Pa) of the films
crosslinked at 39.8°C for 120 minutes. Moreover, the crosslinking reaction maintained the
film integrity during the solubility test. FT-IR analysis showed evidence of chemical
modification in the crosslinked A.cruentus flour films. SEM micrographs gave evidence of
the effect that the crosslinking reaction had under the film microstructure.
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Amarantus cruentus flour films: Effect of poly(vinyl alcohol) addition
on the mechanical properties and solubility
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Abstract

The aim of this work was to study the effect of poly (vinyl alcohol) (PVA) addition
on the mechanical properties and solubility of Amaranthus cruentus flour films. First,
different PVA grades were tested. Blends with PVA fully hydrolyzed (107, 325 and 350)
were more resistant, with higher tensile strength (TS) and puncture force (PF). Moreover,
the partially hydrolyzed PVA (523 and 540) films show higher elongation at break (ELO)
and puncture deformation (PD), with exception of PVA 325. The latter was chosen due to
it superior mechanical performance (TS = 10.2MPa, ELO = 89.8%, PF = 9.4N and PD =
16.3%). When blended films of amaranth flour / PVA (10-50%) were evaluated, all
mechanical properties (TS, ELO, PF and PD) were enhanced as the PVA 325 content
was increased. Values were at least doubled. The solubility in water (S) of the blended
films decreased with increasing PVA content; reaching 44% of soluble mater for equal
proportion of blended film. The formation of hydrogen bonds between the blend
components was confirmed by the FT-IR spectra analysis.

Keywords: biofilms, Amaranthus cruentus flour, poly (vinyl alcohol), mechanical
properties, solubility
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4.1 Introduction

The use of biodegradable polymers for packaging offers an alternative and partial
solution to the problem of accumulation of solid waste composed of synthetic inert
polymers (7). Recently, interest in using biodegradable materials for food packaging has
increased because of the consumer’s awareness of environmental damage caused by
non-biodegradable packaging (2). The major ingredients that can be used for
biodegradable films fabrication include carbohydrates, proteins and lipids. The interest in
combining these ingredients in films production is due to the advantages and
disadvantages of these components. The use of natural blends of protein,
polysaccharides, and lipids directly obtained from agricultural sources takes advantage of
each component in the original system and appears to be a new opportunity for material in
the area of biofilms (3).

Amaranth flour is an interesting source of raw material for biofilm production,
following the actual trends in the use of natural mixtures of starch, protein and lipids to
reach the desired properties for biofilms. Amaranth is a pseudo cereal of rapid growth,
with a high tolerance to arid conditions and poor soils where traditional cereals cannot be
grown. The main cultivars used are Amaranthus hipochondriacus, A. cruentus and A.
caudatus. Amaranth seeds contain a significant proportion of starch (62%), protein (14-
17%) and fat (5-9%) which make the flour a promising material for film formation (3,4).

A. caudatus flour films has been developed, producing films slightly yellowish with
moderate opacity, good flexibility and barrier properties, although mechanical resistance
was relatively low (4). Besides, A. cruentus flour films with stearic acid addition where
produced. The incorporation of stearic acid into the polymeric matrix provided an
additional water vapor barrier to the film (3).

The attempts to improve the properties of biopolymer films are made in several
ways. One strategy is the preparation of blend films through combined use of compatible
polymers to enhance mechanical properties of biopolymers. Quite often, starch based
polymers are blended with high-performance polymers (ex. aliphatic polyesters) to
achieve the necessary performance properties for various applications (5). Nevertheless,
these materials remain non-biodegradable. Thus, the better alternative may be the use of
a biodegradable synthetic polymer, such as the poly (vinyl alcohol) (1, 5,6).

Poly (vinyl alcohol) (PVA) is water-soluble crystalline polymer with technological
potential as a biodegradable material (6). Starch-PVA blend films are one of the most
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popular biodegradable plastics, and are widely used in packaging and agricultural sector
(5).

The incorporation of PVA into starch changes the thermomechanical properties of
the material and thus modifies the polymer structure at both the molecular and
morphological levels; allowing its flexibility and functional properties (7).

Several researchers (1, 5, 7-17) have reported the characterization of starch-PVA
blended films. The majority studied the properties of the films formulated with equal parts
of starch-PVA (7-11), and many have used chemical or physical crosslinking to increase
the compatibility of the two polymers (5, 7, 14-17).

The aim of this work was to improve the mechanical properties of the Amaranths
cruentus flour films by the incorporation of poly(vinyl alcohol). Several PVA grades were
tested to choose the best that enhance the most the mechanical properties of the blended
film and then a series of flour-PVA blends were prepared by variations in the PVA content
of 10-50% (w/w) and those films were characterized by mechanical properties and
solubility. All films were plasticized by glycerol.

4.2 Materials and methods

4.2.1 Materials

Amaranth flour was prepared from Amaranthus cruentus seeds (cultivar BRS
Alegria provided by Embrapa Cerrados, Brazilian Company of Agricultural Research,
Federal District, Brazil) by the alkaline wet milling method described elsewhere (3), with a
yield of 57%. Samples were analyzed following the standard methods of the AOAC (1997)
and results reported on dry basis. Amylose content was determined using a colorimetric
method (78) with modifications proposed by Martinez and Cuevas (79). The A. cruentus
flour contained 72.5% starch (7.8 £ 0.2% amylose), 11.9 + 0.3% protein, 7.7 £ 0.8% lipids,
2.2 £ 0.6% ash and 5.6 £ 0.2% moisture. Poly(vinyl alcohol) polymers having different
molecular weights (viscosities) and acetyl group hydrolysis rates (Table 4.1) were from
Celanese Chemicals and donated by Dermet Agekem (S&o Paulo, Brazil). Glycerol,
NaOH, and other chemicals were analytical reagent grade, purchased from Synth (Sao
Paulo, Brazil), and used without further purification.
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Table 4.1 Characterization of selected poly(vinyl alcohol)

PVA Grade Hydrolysis degree (%)  Molecular weight range
Celvol 107 98.0-98.8 13000-23000
Celvol 325 98.0-98.8 85000-124000
Celvol 350 98.0-98.8 146000-186000
Celvol 205 87.0-89.0 13000-23000
Celvol 523 87.0-89.0 85000-124000
Celvol 540 87.0-89.0 146000-186000

4.2.2 Film preparation and conditioning

Amaranth flour/PVA blended films were made by the casting technique (Figure
4.1). Firstly, the two solutions were prepared separately. The amaranth flour solution was
made as established by Tapia-Blacido (4) from amaranth flour (49/100g solution)
dispersed in deionized water. The solution was mixed for at least 2 hour with a magnetic
stirrer with adjusted pH (10.7) for protein dissolution. The solution was heated up to 70°C
and glycerol (20 wt.%) was added, then it was gelatinized at 80°C for 15 minutes with
constant stirring in a jacketed beaker connected to a water bath (Tecnalise, Brazil). The
poly(vinyl alcohol) solution was prepared from PVA (49/100g solution) with deionized
water. It was dispersed by stirring for at least 4 hours at room temperature. The product
was dissolved by heating, at 85°C for partially hydrolyzed PVA (87-89%) and at 90°C for
fully hydrolyzed PVA (98-99%,) for 30 minutes or until PVA was completely dissolved, and
glycerol (20%) was added.

Blends of amaranth flour and PVA solutions were prepared for different poly(vinyl
alcohol) content from 10 to 50%, and blends were homogenized using an Ultra-Turrax
emulsifier (model T18-Basic, IKA Works Brazil) for 1 or 2 min at 6000 rpm, depending on
the blend proportion, because PVA and starch are not compatible when each is added in
high concentration (8). The blend was heated at 75°C for 30 minutes for increase the
interaction between the components, and then it was kept under vacuum (Tecnal, TE-058)
for defoaming, for 30-60 minutes, depending of the air incorporation during the
homogenization. Afterward, the film forming solution was poured and spread evenly over
a Teflon surface (18x21 cm). The weight of the film forming solution was controlled to
obtain a constant thickness (80+2um).
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The solutions were dried in a controlled temperature and relative humidity oven
(model MA 415UR, Marconi, Brazil) at 37C and 55% r elative humidity (RH) for 12-14h,
when the equilibrium moisture was reached (11£2%). Dried films were peeled off the
casting surface, cut into adequate samples. The films were conditioned at 25T and 58%
RH in desiccators with a saturated solution of NaBr for 72h prior to mechanical tests, and
at 0% RH in desiccators with silica gel for solubility (48h) and FT-IR analysis (1 week).
Films of A.cruentus flour without PVA and films of pure PVA were also prepared and
analyzed.

4.2.3 Film characterizations

Thickness was measured using a micrometer (model FOW72-229-001, Fowler)
with a range of 0-1in and an accuracy of 0.0001in. The mean thicknesses of the films
were determined from the average of 15 measurements made at five different locations.

Moisture content of films was determinate by method of AOAC (1997) drying the
sample (0.200+0.001g) at 105 for 24h, in an air o ven, in triplicate.

Mechanical properties were determined by puncture test (puncture force, PF and
puncture deformation PD) and tensile test (tensile strength, TS, and elongation at break,
ELO) using a TA-XT2i Stable Micro Systems texture analyzer (SMS). For puncture test,
circular sample films were fixed in a 34mm diameter cell and perforated by a 3mm
diameter cylindrical probe, moving at Tmm/s (20), in triplicate.

The puncture deformation was calculated as follows, equation 1:

PD = Alfl, = [(D? + 162 = 15] / I, Eq.1

were |, is the initial disc radius (17 mm) and D the distance penetrated at the break point.
Tensile test was performed according to the ASTM standard method D882-97 (27).
Dumbbell shaped samples were cut for each film with 115mm length and 6mm wide in the
middle. The initial grip separation was set at 80 mm and the crosshead speed at 1.0
mm/s. At least four samples from each film were evaluated. The elongation at break was
obtained with equation 2:
ELO = (AL/L,) 100 Eqg.2
were AL is the elongated distance at break and L, the initial distance between the grips
(80mm). Care was taken to remove the samples just before they were tested to minimize
the chance of samples drying out or picking up moisture due to the change in humidity
from the desiccator to the testing room. The TS (MPa), ELO (%), PF (N) and PD (%) were
calculated using Texture Expert Analyzer version 1.15 (SMS).
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Solubility in water was determinate according to the method described by Gontard
et al. (22) with modifications. Three dry film discs (2cm diameter) were weighed (w;) and
immersed in 50mL deionized water (with sodium azide, 0.02%) at 25C for 24h, with
constant agitation (50 rpm) in a shaker (Tecnal, TE-420). Then the films were recovered
by vacuum filtration on filter paper with known weight, dried at 105<C for 24h and weighed
(wy). The solubility (S) was calculated as the percentage of dissolved film, equation 3:

S = [(wi-wg) / wi] 100 Eq.3

Fourier transformed IR spectroscopy (FT-IR). Infrared spectra of dry films were
recorded between 4000 and 600 cm™ at 4 cm™ resolution, with a Spectrum One (Perkin
Elmer) spectrometer, supplied with a universal attenuated total reflectance (UATR)
accessory (23). For each spectrum, 16 scans were co-added.

Scanning electron microscopy (SEM) analyses were performed using a Leica
(Cambridge, England) model LEO440i scanning electron microscope operating at 10 kV.
Film samples were maintained in a desiccator with silica gel for 7 days and then randomly
broken to investigate the cross section of the samples. A cylindrical aluminum stub cut like
a straight chair, upon which the film was fixed using a double-sided cupper tape, was
used in a specific way to observe the morphology of the cross section and the surfaces.
Further, the stubs with films were coated with gold in a VG Microtech (Cambridge,
England) model SC7620 sputter coater for 180 s at 4 mA.

For statistical analysis, mean values of the mechanical properties and solubility
were analyzed by Tukey honest significant difference (HSD) test, performed using
Statistica 5.0 software (Statsoft Inc.).
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4.3 Results and discussion

4.3.1 Poly(vinyl alcohol) (PVA) grade selection

Different grades of poly(vinyl alcohol) were tested in the formulation of blended
films with equal proportion of amaranth flour — PVA. Blended films made with PVA 205
were not included in the analysis, because phase separation occurred during drying due
to the lack of compatibility between this partially hydrolyzed and low molecular weight
PVA and amaranth flour.

Mechanical properties of blended films such as puncture force and deformation,
tensile strength and elongation at break, were analyzed. Figure 4.2 shows the variation in
the mechanical properties due to poly(vinyl alcohol) addition with different hydrolysis
degrees and molecular weights (see Table 4.1). Significant difference between films
(p<0.05) are shown in Table A.8.

Tensile strength (MPa)

14 140 12 30
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Figure 4.2 Mechanical properties of A.cruentus flour — poly(vinyl alcohol) blended films
with different grades of PVA. (a) Tensile strength (MPa) and elongation (%) at break from
tensile test, (b) Puncture force (N) and deformation (%) at break from puncture test

PVA fully hydrolyzed (107, 325 and 350) blended films were more resistant, with
higher tensile strength and puncture force, than partially hydrolyzed PVA (523 and 540). It
was expected because the higher hydrolysis degree increased the amount of hydroxyl
groups present in the PVA molecule that allowed the formation of hydrogen bonds or
chemical interactions between the —OH groups of PVA and —OH groups of amaranth flour,
reinforcing the polymer structure.
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The tensile strength, which is a measure of the resistance to direct pull, is
important in machinability and packaging applications (73). Abd El-Kader, et al. (24)
reported that the strength at break for PVA films decreased as the molecular weight is
increased, but this effect was not evident in the present study, where no significant
difference (p>0.05) was observed between tensile strength of samples with the same
degree of hydrolysis and increased molecular weights. Elongation at break and puncture
deformation reveal the flexibility of the polymer structure, and generally increase as the
resistance decrease (25). Films with partially hydrolyzed PVA showed higher ELO and
PD, except in the case of PVA 325 which was not different (p>0.05) from PVA 523 and
540.

PVA 325, which is a fully hydrolyzed (98%) and medium molecular weight
poly(vinyl alcohol), presented the best mechanical characteristics between the other
grades evaluated, with TS = 10.21MPa, ELO = 89.76%, PF = 9.40N and PD = 16.3%,
and was chosen to improve the mechanical performance of A.cruentus flour-PVA blended
films. These values are close to those reported by some researchers for starch-poly(vinyl
alcohol) blended films in equal proportion (Table 4.2).

Table 4.2 Mechanical properties of starch-poly(vinyl alcohol) blended films reported in

literature

Formulation and conditions TS (MPa) ELO (%) Reference
Starch (21% amylose) — PVA (NH-17R), 15% glycerol 12.1 59.2 (7)
Waxy cornstarch (41%), PVA 325 (41%), Glycerol ~16 144 (8)
(15%) and EAA (3%) at 50% RH
Cornstarch (5%), PVA (5%) and glycerol (20 wt%), ~10 ~75 9
mixed at 1500 rpm for 40 min. At 22°C and 52% RH
Starch-g-PAN (HSPAN) — PVA, without plasticizer ~27 ~10 (17)
Amaranth flour (4%), PVA 325 (4%) and glycerol 10.2 89.8 This work
(20wt.%), homogenized at 6000rpm for 2 min, at 58%
RH
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4.3.2 A.cruentus flour - poly(vinyl alcohol) (PVA 325) blended films

4.3.2.1 Mechanical properties

Figures 4.3 and 4.4 show the mechanical properties of blended films, and
significant difference between the films (p<0.05) are shown in Table A.9. Both the tensile
strength and elongation at break of A.cruentus flour - PVA 325 blended films were higher
than the A.cruentus flour without PVA films (TS 5.82MPa and ELO 13.81%), but lower
than those of pure PVA films (TS 44.84MPa and ELO 84.35%). There was a tendency of
increasing both tensile strength and elongation at break with increased PVA 325 content.
However, at high PVA content, it was necessary to increase the homogenization time to
overcome the phase separation during drying due to their incompatibility of both polymers
at high concentrations (8).

This improvement in the tensile properties was also reported for absorbent
hydrolyzed starch-g-PAN (HSPAN) and PVA blended films (77).
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Figure 4.3 Tensile strength (MPa) and elongation (%) at break of poly(vinyl alcohol) (PVA
325) - A.cruentus flour blended films in different proportions.
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Figure 4.4 Puncture force (N) and deformation (%) at break of poly(vinyl alcohol) (PVA
325) -A.cruentus flour blended films in different proportions.

Both the puncture force and deformation of A.cruentus flour - PVA 325 blended
films were also above those of A.cruentus flour films (PF 4.65N and PD 2.36%), but below
to those of pure PVA films (PF 43.42N and PD 23.89%). Besides, there was a trend of
increasing puncture force and deformation with higher PVA 325 content. These results
demonstrate that it was possible to overcome the A.cruentus flour — PVA incompatibility
by homogenization and heating of the blends. The enhancement in the mechanical
properties could be due to the interaction of the components by hydrogen bonds formation
between —OH groups of the PVA, amaranth starch and protein. The formation of hydrogen
bonds between the components of the blend was corroborated by the FT-IR spectra
analysis, as seen in section 4.3.2.3. This conformational modification induced by the
incorporation of PVA in the blend achieved a real improvement in the mechanical
performance of the blended films, as it enhanced both the resistance and flexibility of the
polymeric matrix (25).
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4.3.2.2 Solubility and moisture content

In Figure 4.5 are shown the solubility and moisture content of A.cruentus flour -
PVA 325 blended films in different proportions.
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Figure 4.5 Solubility in water (%) and moisture content (%) of poly(vinyl alcohol) -
A.cruentus flour blended films in different proportions.

It was noticed that as PVA content increased, both the solubility and moisture
content decreased, the films became less hydrophilic, with the exception of the 20% PVA
blended film which presented 55% of soluble mater, value lower to those of 30-70 and 40-
60 blends. The diminution in the solubility in water and the moisture content of the
blended films could be attributed to the formation of hydrogen bonds between the two
polymers, which reduce its capacity to absorb water (74); this observation was confirmed
by the FT-IR spectra analysis.

Another factor that could improve the solubility of the films was the
homogenization (1-2 min at 6000 rpm) of the blends. It was observed for corn starch —
PVA (99% hydrolyzed and MW: 89000-98000) blended films that the mixing time
decreased the solubility until it was equilibrated at 40 min (1500 rpm), this phenomenon
was explained by the free volume decrease in combination with hydrogen bonding
formation between starch and poly(vinyl alcohol) (9).
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4.3.2.3 Fourier Transformed Infrared (FT-IR) spectroscopy

Figure 4.6 shows the FTIR spectra obtained for the A.cruentus flour — PVA
blended films at different proportions, it was observed that as the PVA concentration
increases, occurred a decrease in the spectra intensity. This trend was explained as the
crystalline films, such as the PVA films, generally provoke loss of radiation intensity due to
an excessive dispersion of light (26).

0% PVA

10% PVA

30% PVA

M/W 50% PVA

AN /\ 100% PVA
W —J

0.0 3000 2000 1500 1000 650.0

Figure 4.6 FT-IR spectra of A.cruentus flour films with poly(vinyl alcohol) addition 0%,
10%, 30% and 50%, and 100% PVA film.

The main IR bands and their assignments are summarized in Table 4.3. The
A.cruentus flour film (0% PVA) spectrum displays the typical profile of a polysaccharide in
the 1200-930-cm™ range (characteristic peaks attributed to COC bond stretching), since
the amaranth flour has a high content of starch (72.5%). The strong peaks at 996, 1016
and 1078 cm™ are characteristic of the anhydroglucose ring, and shift to higher
frequencies as the PVA concentration increase, only the 10% PVA blended film presented
a peak at 995 and 1019 cm™. The peak at 1650 cm™ is due to the water present in the
amaranth flour, as it did not appear in the 100% PVA film. The band at 2925 cm™ is
characteristic of CH stretching (27).
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Table 4.3 Assignment of the main bands of the FT-IR spectra of the A.cruentus flour —
poly(vinyl alcohol) blended film

A.cruentus flour film A.cruentus flour — PVA blended film
Wa\(/srr:#{? ber Pl Assignment Wa\(/ce;r?]lﬂ;] ber Assignment
3293 M  OH stretching (H bonded) 3272-3278 ° OH stretching (H bonded)
2925 M CH stretching (asym, 2919-2921 ¢  CH stretching (asym,
sym) sym)
1746 W 1745°
1650 W  OH bending (water) 1650-1657 ®  OH bending (water
1549 W
1409 M  CH bending (CHy) 1417 ¢ CH bending (CH,)
1367 M  CH bending
1325-1331 °©
1239 W  CH,-OH mode 12372 CH>-OH mode
1150 M C-O stretching glycosidic 1142-1144°  C-O stretching glycosidic
bond, C-O stretching / OH bond, C-O stretching / OH
bending bending
1103 M
1078 M  CH bending 1079-1086 ¢ CH bending
1016 S C-O/C-C stretching 1019 *¢ C-O/ C-C stretching
996 S  COH bending vibration 995 @ COH bending vibration
927 M Asymmetrical ring mode 916-924°  Asymmetrical ring mode
849 C-H deformation 835-847°  C-H deformation
760 Symmetrical ring vibration 7582 Symmetrical ring vibration

Pl, peak intensity; W, weak; M, medium; S, strong peak intensity
4 Only present in 10% PVA

® Not present in 100% PVA

¢ Shift to lower frequency

9 Shift to higher frequency

® Not present in 0% PVA
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The broad band at 3293 cm™ is due to hydrogen-bonded hydroxyl groups (O-H).
This band is of great importance as it indicates the presence of hydrogen bonding in the
polymer. There was a shift to lower frequencies as the PVA concentration increases
(3272-3278 cm’™), this could mean an increase in the hydrogen bonds between the PVA
and A.cruentus flour hydroxyl groups, which provoke an improvement in the mechanical
properties and solubility in water of the blended films.
This fact was explained by SILVERSTEIN & WEBSTER (2000): the formation of hydrogen
bonds modifies the force constant of both the groups involved in it, and thus, with this, the
frequencies of axial and angular deformation are altered. The “free” hydroxyl groups
absorbs strongly between 3650 and 3584 cm-1, but when the intermolecular hydrogen
bonding becomes important, the bands start to appear at lower frequencies, typically
3550-3200 cm-1, observing themselves a wide absorption the 3333 cm-1 for polymeric
structures (26).

4.3.2.4 Scanning electron microscopy (SEM)

Amaranth flour — PVA 325 blended film microstructure images are presented in
Figure 4.7. Figure 4.8 shows the micrographs of the A.cruentus flour film without
modification. The surface of the blended film (Figure 4.7a) was dense and with
agglomerations distributed along the surface. Figure 4.8a shows the same dense
structure of the A.cruentus flour film at lower magnification (300x).

(PVA 325) blended film in equal proportion (a) Surface, (b) Cross section.
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Figure 4.8 Scanning electron micrographs (300x) of Amaranthus cruentus flour film (a)
Surface, (b) Cross section. (Donned by Tapia-Blacido)

Moreover, Figure 4.7b shows that the cross section of the blended film presented
a considerable amount of microporous, giving a spongy appearance, this structure is
characteristic of starch films with high amylopectin content, as seen in the Figure 4.8b for
the film without PVA. The type of structure was reported for A.cruentus flour — stearic acid
emulsified films (3).

4.4 Conclusions

Mechanical properties of amaranth (A.cruentus) flour films have been improved
with the addition of poly(vinyl alcohol) (PVA). From blends with different grades of
poly(vinyl alcohol), the PVA fully hydrolyzed (107, 325 and 350) blended films were more
resistant, with higher tensile strength and puncture force, than the partially hydrolyzed
PVA (523 and 540). Besides, the films with partially hydrolyzed PVA show higher
elongation at break and puncture deformation, except in the case of PVA 325 which was
not different (p<0.05) from PVA 523 and 540. PVA 325, which is a fully hydrolyzed (98%)
and medium molecular weight poly(vinyl alcohol), was chosen because it presented the
best mechanical performance between the other grades evaluated, with TS 10.21MPa,
ELO 89.76%, PF 9.40N and PD 16.3%, for A.cruentus flour- PVA 325 blended films in
equal proportions.

All mechanical properties (TS, ELO, PF and PD) were enhanced as the PVA 325
content was increased (up to 50%) in the blended film, values were at least doubled. The
conformational modification induced by the incorporation of PVA in the blend achieved a
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real improvement in the mechanical performance of the blended films, because it
enhanced both the resistance and flexibility of the polymeric matrix. The solubility in water
of the blended films was decreased as the PVA content increased; reaching 44% of
soluble mater for 50% amaranth flour- 50% PVA blended film. The formation of hydrogen

bonding between the components of the blend was confirmed by the FT-IR analysis.
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CONCLUSOES GERAIS

A aplicacdo das duas estratégias melhoraram algumas das caracteristicas dos
filmes de farinha de amaranto. A reticulagao com epicloridrina reduz significativamente a
solubilidade em agua dos filmes; entretanto a adicdo de PVA melhorou o desempenho
mecanico dos filmes.

5.1 Filmes de A. cruentus modificados com epicloridrina

A reacao de reticulacdo com epicloridrina teve um efeito plasticizante sobre os
filmes de farinha de amaranto (A.cruentus), ao diminuir a resisténcia mecanica enquanto
aumenta a flexibilidade dos biofilmes reticulados, ou aumentando a resisténcia dos filmes
com a conseqlente diminuicao da flexibilidade.

A temperatura de reacao (39,8 — 90,2°C) foi a variavel que teve mais impacto
sobre a solubilidade em &gua dos filmes e o pH da solugéo filmogénica apds a reagéo. O
incremento da temperatura diminuiu o pH da solugdo e aumentou a solubilidade do filme,
provavelmente devido a base adicionada para manter o pH em torno de 10,7.

Os filmes reticulados com temperatura baixa (39,8°C) e tempo longo (120 min)
nao apresentaram diferenca nas propriedades mecéanicas em relacdo ao filme nao

reticulado.

A reacdo de reticulacdo dos filmes de amaranto (A.cruentus) com epicloridrina
(1,6-18,4% ECH, 39,8°C por 120 min) provocou uma melhora significativa das
propriedades de barreira. A solubilidade em agua (Smegia = 29,6 * 4,8%) diminuiu mais da
metade do valor em relacdo aos filmes nao reticulados (Syr = 67,5%). Assim como a
permeabilidade ao vapor de 4gua passou de WVPyr = 3,8 x 107° g / m s Pa, no filme néo
reticulado, @ WVPeqia = 2,3 x 107° g / m s Pa, para os filmes modificados. Além disso, a
reticulacdo manteve a integridade dos filmes durante o teste de solubilidade.

A analise do FT-IR evidenciou a presenca de modificacdes quimicas nos filmes de
farinha de amaranto reticulados com epicloridrina.
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As imagens de microscopia eletrénica de varredura (MEV) deram indicios do
efeito que a reagd@o de reticulagdo com epicloridrina teve sobre a microestrutura dos
filmes de farinha de amaranto.

5.2 Filmes de A.cruentus misturados com poli(vinil alcool) (PVA)

O tipo de poli (vinil alcool), PVA 325, com alto grau de hidrélise (98%) e peso
molecular intermediario (85000-124000g/mol) proporcionou filmes com melhores
propriedades mecanicas (TS 10,21MPa, ELO 89,76%, PF 9,40N e PD 16,3%) em termos
de resisténcia, mas sem efeito na flexibilidade, quando comparada com os filmes
contendo PVA com hidrélise parcial.

As propriedades mecénicas dos filmes de farinha de amaranto (A.cruentus), tanto
a resisténcia quanto a flexibilidade, aumentaram com o aumento da concentragdo do
poli(vinil alcool) de 10 até 50%, sendo que estes valores foram ao menos dobrados.
Dessa forma, pode-se concluir que houve uma melhora real das caracteristicas

mecanicas dos biofilmes.
Nas blendas de farinha de amaranto com poli (vinil &lcool), a solubilidade em agua
diminuiu com o aumento da propor¢cdo de PVA na mistura, até atingir 44% de matéria

soluvel para o filme com iguais proporgoes.

A analise do FT-IR confirmou a formacdo de pontes de hidrogénio entre os
componentes dos filmes a partir de blendas de farinha de amaranto e poli(vinil alcool).
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SUGESTOES PARA TRABALHOS FUTUROS

Baseado nos resultados obtidos neste projeto é recomendavel direcionar os
futuros trabalhos com o objetivo de desenvolver materiais com propriedades mecéanicas e
de barreira que permitam a sua aplicagdo na area alimentar, bem como aprofundar na
compreensdo das alternativas escolhidas, a reacao de reticulagdo com epicloridrina e a
adicao do poli(vinil &lcool).

6.1 Reacao de reticulacao com epicloridrina

Avaliar o efeito de maiores concentracbes da farinha de amaranto na solugéo
filmogénica como alternativa de aumento do rendimento da reacao de reticulagdo. Para
assim favorer a formacao de ligacoes entre as cadeias do polimero, e diminuir as reacdes
secundarias.

Diminuir a concentracao de plasticizante (glicerol), jA que 0 mesmo € produzido
nas reagdes secundarias da epicloridrina.

Deter a reagao de reticulagdo com epicloridrina ao ajustar o pH da solucao a pH 6,
no final da reagao. Avaliar o efeito do ajuste do pH na solubilidade das proteinas da

farinha de amaranto.

6.2 Adicao de poli(vinil alcool)

Otimizar a concentragdo de PVA adicionada, sendo a minima necesséria para
provocar uma melhora significativa das propriedades do filme de farinha de amaranto.

Desenvolver uma metodologia que envolva as duas alternativas, ao preparar uma
blenda de farinha de amaranto com poli(vinil &lcool), cujas cadeias possam ser
reticuladas pela epicloridrina. Assim seria obtida uma melhora conjunta das propriedades
mecanicas e de barreira dos filmes de farinha de amaranto.
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APENDICE 1

Efeito da reticulacdao com epicloridrina nas propriedades mecanicas
e de barreira dos filmes de farinha de amaranto
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Table A.1 Mechanical properties and solubility of A.cruentus flour films crosslinked with epichlorohydrin under different conditions for

the preliminary tests

Puncture test Tensile test S (%)
T (mm) PF (N) PD (%) T (mm) TS (MPa) ELO (%)
60<C, 22.5 wt.% glycerol
RVO0%ECH  0.0940.01 a 47:02 a 53:09 2@ 0.083:0.007 C 26:02 b 21x4 a  81#17 a
5%,30min  0.08%0.01 a 54405 a 3.8+05 aP 0.106+0.002 a 3107 a 264 A 28+7 be
5%,60min  0.09%0.01 a 52:06 @ 4.3:04 ab 0079:0.004 C 50:08 a 337 @  2px12  bc
5%, 90 min  0.09+0.01 a 57+07 @ 38+05 ab 0090+0.005 bc 52:09 a 278 A 16116 c
10%, 30 min  0.08%0.01  a 50401 @ 33+04 D 0.083+0.009 C 4.1+05 a 33+1 @ 56413  ab
10%, 60 min ~ 0.09+0.01 a 48+02 @ 45:09 ab 0115:0.007 2@ 4.0+04 ab 39+ 2 56+9 ab
10%,90 min  0.09%0.01 a 52:01 @ 4608 a 0084£0.003 C 4908 a 29¢7 @ 507  abc
5% ECH, 70C, 20.5 wt.% glycerol

RV0%ECH  008+0.01 2 4.1x0.1 ab 4609 2@ 0093+0.008 2@ 46101 @ 262 @

40 min 0.11+0.01 @ 50402 @ 50409 2@ 0.088+0.009 @ 39+05 ab 33+x4 a

80 min 0.08+0.01 @ 37+04 b 65+t05 @ 0082+0.003 @ 40+03 a 19«2 a

120 min 0.08+0.01 @ 4.4+04 @b 40+0.1 @ 0.094+0.002 @ 34+0.1 b 38+16 A

5% ECH, 80T, 21.5 wt.% glycerol

RV0%ECH  009+001 2 4103 @ 55+03 b 0080:0003 b 32+04 a 45¢7 b

40 min 0.09+0.01 @ 34408 @ 7.0+0.9 ab 0107£0.001 @ 28+0.2 a 72+3 ab

80 min 0.09+0.01 @ 35:01 @ {1x2 & 0.087£0.002 P 25+02 ab 75:¢11 a

120 min 0.10+0.01 @ 4.0t0.1 A g2 ab  0.086+0.005 b 25:01 b 9245 @
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Table A.1 Mechanical properties and solubility of A.cruentus flour films crosslinked with epichlorohydrin under different conditions for
the preliminary tests.

Puncture test Tensile test S (%)
T (mm) PF (N) PD (%) T (mm) TS (MPa) ELO (%)
80T, 20 wt.% glycerol
RV0%ECH 008001 2 4104 @ 36+01 D 0072t0.0056 d 42+05 a 20+2 b 68+7 a
5%,40min  008+0.01 @ 3.7+04 2@ 41+03 b 0.092+0.003 abc 52+06 A 9+2 b 2743 b
5%, 80min  008+0.01 @ 3.4+02 @ 49+0.6 ab 0097+0.009 ab 38+03 bc 20+3 b 27+4 b
5%,120min  009+0.01 @ 4.2+04 @ 4.0+03 b 0.088+0.001 abc 44+04 ab q7:5 b 2945 b
10%, 40 min  009+0.01 @ 32401 A g2 ab  0077+0.004 ¢d 44101 a q17s3 b 2142 b
10%,80min  040+0.01 @ 3.1x0.1 4 9+2 a  0102+0.002 @ 2602 d 39+3 A 2443 b
10%, 120 min 0 08+0.01 @ 3.3+06 2@ 7.8¢0.6 ab 0.092+0.003 abc 30+02 ¢Cd 35+24 @ 2243 b

T, thickness; PF, puncture force; PD, puncture deformation; TS, tensile strength; ELO, elongation at break; S, solubility in water.
Significant difference at p<0.05
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Table A.2 Regression coeficients (MS Residual) for the puncture force and deformation

Eactor Puncture force Puncture deformation
RC? SE® p value RC? SE® p value
ECH (x1) -0.28 0.13 0.07¢ 0.99 0.58 0.13
ECH (x4?) 0.31 0.14 0.07¢ -2.03 0.64 0.02°
Temp (xo) -0.33 0.13 0.04° 1.17 0.58 0.08°
Temp (x2°) 0.08 0.14 0.58 -1.08 0.64 0.13
Time (xs) -0.19 0.13 0.18 0.21 0.58 0.73
Time (x5°) 0.37 0.14 0.04° -2.52 0.64 0.01°
X1*Xz -0.33 0.17 0.10¢ 1.62 0.75 0.07¢
X1*X3 -0.38 0.17 0.06° 1.41 0.75 0.10°
X2*X3 -0.16 0.17 0.38 0.59 0.75 0.46

# Regression coefficient, ® Standard error, Significant factor at °p<0.05 or d p<0.1

Table A.3 Regression coeficients (MS Residual) for the solubility in water and the pH of

the solution
Solubility Solution pH
Factor
RC? SE® p value RC? SE® p value
ECH (x) 0.46 0.89 0.62 -0.48 0.06 0.00°
ECH (x;%) -1.41 0.98 0.19 0.20 0.07 0.02°
Temp (Xz) 3.22 0.89 0.01° -1.22 0.06 0.00°
Temp (x2°) -0.46 0.98 0.66 0.09 0.07 0.24
Time (x3) 1.23 0.89 0.21 -0.46 0.06 0.00°
Time (xs°) -0.08 0.98 0.94 0.14 0.07 0.08¢
X1*Xz 0.22 1.17 0.86 0.03 0.08 0.74
X1*X3 -3.50 1.17 0.02° -0.12 0.08 0.17
X2"X3 0.33 1.17 0.79 -0.02 0.08 0.81

2 Regression coefficient, ® Standard error, Significant factor at °p<0.05 or  p<0.1
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Table A.4 Experimental and predicted values, absolute and relative deviations for the

puncture force (PF) and deformation (PD)

Assay

Puncture force

Puncture deformation

PFexp PFpred AD? RD® PDexp PDpred AD? RDP
1 3.286 3.541 -0.26 -7.76 8.982 7.896 1.09 12.09
2 4.582 4.392 0.19 414 2.211 3.828 -1.62 -73.11
3 3.518 3.542 -0.02 -0.69 6.502 6.991 -0.49 -7.52
4 3.067 3.086 -0.02 -0.62 10.652 9.392 1.26 11.83
5 4.371 4.304 0.07 1.53 3.279 5.082 -1.80 -55.01
6 3.702 3.629 0.07 1.95 6.587 6.642 -0.05 -0.83
7 3.525 4.305 -0.78 -22.14 7.620 4177 3.44 45.19
8 1.988 2.324 -0.34 -16.88 12,948 12.207 0.74 5.72
9 4.757 4.295 0.46 9.70 4.229 5.249 -1.02 -24.13
10 3.271 3.344 -0.07 -2.25 8.694 8.581 0.11 1.30
11 3.552 4.530 -0.98 -27.52 9.373 7.643 1.73 18.46
12 3.188 3.432 -0.24 -7.66 8.924 11.561 -2.64 -29.55
13 4.701 3.014 1.69 35.90 4.863 5.527 -0.66 -13.65
14 3.648 3.014 0.63 17.40 5.284 5.527 -0.24 -4.60
15 3.115 3.014 0.10 3.27 11.870 12.642 -0.77 -6.50
16 2.853 3.014 -0.16 -5.63 12905 12.642 0.26 2.04
17 2.588 3.014 -0.43 -16.44 13.938 12.642 1.30 9.30

2 Absolute deviation, ° Relative deviation
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Table A.5 Experimental and predicted values, absolute and relative deviations for the

solubility in water (S) and pH of the solution

Assay Solubility in water Solution pH
Sexp Spred AD? RD® pHexp pHpred AD? RDP
1 19.83 21.40 -1.57 -7.92 10.20 10.42 -0.22 -2.14
2 30.19 28.39 1.80 5.96 9.68 9.46 0.22 2.26
3 23.36 27.84 -4.48 -19.18 7.71 7.98 -0.27 -3.52
4 33.32 34.83 -1.51 -4.53 7.11 7.02 0.09 1.20
5 30.10 30.85 -0.74 -2.47 9.77 9.50 0.27 2.79
6 25.21 23.85 1.36 5.38 8.57 8.54 0.03 0.34
7 33.66 37.28 -3.62 -10.76 7.01 7.06 -0.05 -0.73
8 30.90 30.29 0.62 2.00 6.11 6.10 0.01 0.09
9 30.31 26.98 3.33 10.99 9.50 9.33 0.17 1.77
10 26.53 26.98 -0.45 -1.69 7.53 7.72 -0.19 -2.57
11 22.80 25.22 -243  -10.65 10.09 10.16 -0.07 -0.73
12 39.46 36.04 3.42 8.66 6.31 6.07 0.24 3.86
13 31.14 28.57 2.57 8.25 9.25 8.89 0.36 3.90
14 33.26 32.69 0.56 1.70 7.44 7.34 0.10 1.33
15 30.38 30.63 -0.26 -0.84 7.76 8.12 -0.36 -4.58
16 30.36 30.63 -0.27 -0.90 7.88 8.12 -0.24 -2.98
17 32.31 30.63 1.68 5.19 8.03 8.12 -0.09 -1.06

2 Absolute deviation, ° Relative deviation
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Table A.6 Mechanical properties of A.cruentus flour crosslinked films with different

concentrations of epichlorohydrin (ECH)

ECH (g / Puncture test Tensile test
100g flour) T (mm) PF (N) PD (%) T (mm) TS (Mpa) ELO (%)
0 0.083+0.004 @ 47405 ab 24+04 @ 0.080+0.001 5.840.4 abc q14+2 bc
1.6 (-1.68)  0.089+0.003 @ 4.0+0.3 @ 56+0.7 @ 0.081+0.002 3.3:04 © 3615 ab
5 (-1) 0.076+0.002 @ 3.7#0.4 D  45+0.8 @ 0.081+0.001 36401 bc 4118 a
10 (0) 0.079+0.003 @ 4.0+0.5 ab 4.0+0.6 @ 0.083+0.001 ab 4.3+0.8 abc 22+ beC
15 (1) 0.083+0.003 @ 4.7+0.4 ab 34104 @ 0.084+0.001 4804 2 1445 C
18.4 (1.68) 0.088+0.009 @ 4.9+0.5 @ 3.4+0.6 @ 0.081+0.001 © 4.4+0.1 ab 23+g bc

T, thickness; PF, puncture force; PD, puncture deformation; TS, tensile strength; ELO,

elongation at break. Significant difference at p<0.05

Table A.7 Barrier properties of A.cruentus flour crosslinked films with different

concentrations of epichlorohydrin (ECH)

ECH (g/100g flour)

Solubility in water (%)

WVP (g/ m s Pa)

0
1.6 (-1.68)
5.0 (-1)
10.0 (0)
15.0 (+1)

18.4 (+1.68)

68+2
32+1
29+1
30+1
30+1
261

ab
ab

3.8+0.2E-10
2.3+0.1E-10

2.4+0.2E-10

2.1+0.3E-10

WVP: water vapor permeability. Significant difference at p<0.05
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Figure A.1 FT-IR spectra of A.cruentus flour films crosslinked with epichlorohydrin from
(a) assay 8 (15% ECH, 80°C, 120 min) and (b) assay 12 (10% ECH, 90.2°C, 80 min) of
the experimental design
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APENDICE 2

Efeito da adicao de poli (vinil alcool) nas propriedades mecanicas
e solubilidade dos filmes de farinha de amaranto
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Table A.8 Mechanical properties

with different grades of PVA.

of A.cruentus flour — poly(vinyl alcohol) blended films

PVA Puncture test Tensile test

Grade T (mm) PF (N) PD (%) T (mm) TS (Mpa) ELO (%)
107 0.101+0.004 b 87404 @ 12¢1 d 010+0.01 b 79+04 bc 33+3 ¢
325 0.098+0.006 b 9.2+0.2 @ 16+1 € 0.11£0.01 @ 10.2+09 @ 9o+3 ab
350  0.113+0.007 @ 9.3+05 @ 12+#2 ¢d (.11+001 @ 82+06 a 77+9 b
523 0.102+0.009 b 6.8+05 b 21+1 b 0.11+001 2 66:06 bPC 105t16 @
540  0.104+0.004 b 6.4+0.9 b 24+4 a 0.10+001 b 49:09 ¢ g5x2 ab

PF, puncture force; PD, puncture deformation; TS, tensile strength; ELO, elongation at

break. Significative difference at p<0.05

Table A.9 Mechanical properties and solubility of poly(vinyl alcohol) - A.cruentus flour

blended films in different proportions

PVA/ Puncture test Tensile test

ACF S (%)
% T (mm) PF (N) PD (%) T (mm) TS (Mpa)  ELO (%)

0-100  0.083:t0.004 @ 5+1 b 24:04 D 0.080+0.001 @ 5804 C 14+2 b gg:3 a
10-90  0.096+0.009 @ 6+1 P 39+09 b 0.079+0.001 @ 53+03 C 21+5 ab gp+3 a
20-80  0.085+0.009 @ 6+2 b 26+06 P 0.081+0.002 @ 78+03 b 16x2 b 55+2 C
30-70  0.08740.001 @ 8+1 b 45:09 b 0.079+0.002 @ 76107 D 26+7 ab 7041 b
40-60  0.086+0.009 @ 10#3 @ 50+0.9 ab 0.079+0.002 2 9.7+0.4 @ 37+7 @ B0+3 C
50-50  0.082+0.001 @ 11#1 @ 7.7#0.7 @ 0.081+0.002 @ 10.0+0.7 @ 38#6 @ 44+2 b
100-0  0.083+0.004 432 23.9+0.5 0.080+0.001 44.8+0.6 8445

T, thickness; PF, puncture force; PD, puncture deformation; TS, tensile strength; ELO,

elongation at break; S, solubility. Significant difference at p<0.05
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