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RESUMEN

“Films de PLA y PLA-PHB plastificados para su aplicacion en envases de alimentos.

Caracterizacion y analisis de los procesos de degradacion”

El principal objetivo de esta tesis doctoral fue el desarrollo y caracterizacion de
films biodegradables de poli(acido lactico) (PLA) con propiedades mejoradas para su
aplicacion en envasado de alimentos. Para modular las propiedades del PLA y mejorar su
funcionalidad se estudié la incorporacion de diferentes aditivos mediante mezclado en
fundido como plastificantes (D-limoneno, poli(etilen glicol) (PEG) y citrato(acetil-tri-n-
butilo) (ATBC)), otro biopolimero (poli(hidoxibutirato) (PHB)), nanocomponentes
(nanocristales de celulosa (CNC)) y un antioxidante ((+)-catequina).

Se evalud el efecto de plastificacion del PLA mediante la adicion de dos
concentraciones de D-limoneno estudiando las propiedades estructurales, térmicas,
mecdanicas, de barrera a oxigeno de estos materiales. Se obtuvieron materiales flexibles
debido a la reduccion en la temperatura de transiciéon vitrea. El aumento de la movilidad
de las cadenas del PLA generd un aumenta en la permeabilidad al oxigeno y los materiales
mostraron estabilidad térmica reducida.

La adicién de un 25% en peso de PHB incrementd la cristalinidad y por
consiguiente disminuy6 la permeabilidad al oxigeno y la humectabilidad de la superficie
del PLA. La adiciéon de plastificantes a las mezclas de PLA-PHB mejord la interaccion entre
los polimeros, increment6é la ductilidad y aceler6 el proceso de degradacién en
compostaje, pero no mejoro la estabilidad térmica del material. Los mejores resultados se
obtuvieron con ATBC.

Para mejorar la estabilidad térmica de los materiales se sintetizaron nanocristales
de celulosa (CNC) a partir de celulosa microcristalina. La incorporaciéon de un 5% en peso
de nanocristales de celulosa condujo a una mejora significativa en la estabilidad térmica
aumentando la ventana de proceso. En un siguiente paso se modific6 la superficie de los
CNC mediante un surfactante para evitar la aglomeracion de los cristales. La
funcionalizacion de los nanocristales (CNC-s) resulté en una homogénea dispersién de los
mismos en la matriz de PLA-PHB obteniéndose materiales con propiedades mecanicas y
de barrera al oxigeno mejoradas. Asi mismo, CNC-s generé una reducciéon de la
transmision de la luz UV y acelero la degradacion en compostaje de los materiales

Por ultimo, la adiciéon de (+)-catequina como agente activo presentd una eficaz
proteccion de los biopolimeros frente a su degradacidn oxidativa al mismo tiempo que la

liberaciéon en simulantes de alimentos grasos mostré una significativa actividad
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antioxidante. Los materiales conservaron sus propiedades estructurales y mecanicas

durante la exposicion al simulante alimentario.



RESUM

“Films de PLA i PLA- PHB plastificats per a la seua aplicaci6 en envasos d'aliments.

Caracteritzacio i analisi dels processos de degradacio "

El principal objectiu d'aquesta tesi doctoral va ser el desenvolupament i
caracteritzacié de films biodegradables de poli(acid lactic) (PLA) amb propietats
millorades per a la seua aplicaci6 en envasat d'aliments. Per modular les propietats del
PLA i millorar la seua funcionalitat es va estudiar la incorporacié de diferents additius
mitjancant el mesclat en fos com plastificants (D-limone, poli(etilen glicol) (PEG) i citrat
(acetil-tri-n-butil) (ATBC)), un altre biopolimer (poly (hidoxibutirato) (PHB)),
nanocompostos (nanocristalls de cel-lulosa (CNC)) i un antioxidant (catequina) .

Es va avaluar l'efecte de plastificaci6 del PLA mitjangant 1'addicié de dos
concentracions de D-limone estudiant les propietats estructurals, termiques, mecaniques,
de barrera a oxigen d'aquests materials. Es van obtenir materials flexibles a causa de la
reduccio en la temperatura de transici6 vitria. L'augment de la mobilitat de les cadenes del
PLA va generar un augment en la permeabilitat a 1'oxigen i els materials van mostrar
estabilitat termica reduida.

L'addici6 d'un 25% en pes de PHB va incrementar la cristal-linitat i per tant
disminuir la permeabilitat a 'oxigen i la humectabilitat de la superficie del PLA. L'addici6
de plastificants a les mescles de PLA-PHB va millorar la interacci6 entre els polimers,
incrementar la ductilitat i va accelerar el procés de degradaci6 en compostatge, pero no va
millorar I'estabilitat téermica del material. Els millors resultats es van obtenir amb ATBC.

Per millorar l'estabilitat térmica dels materials es van sintetitzar nanocristalls de
cel-lulosa (CNC) a partir de cel-lulosa microcristal-lina. La incorporacié d'un 5% en pes de
nanocristalls de cel-lulosa va conduir a una millora significativa en I'estabilitat térmica
augmentant les opcions de procés. En un segiient pas es va modificar la superficie dels
CNC mitjangant un surfactant per evitar l'aglomeracié dels nanocristalls. La
funcionalitzacié dels nanocristalls (CNC-s) va donar lloc una dispersi6 homogénia dels
mateixos en la matriu de PLA-PHB obtenint materials amb propietats mecaniques i de
barrera a l'oxigen millorades. Aixi mateix, els CNC-s van generar una reduccié de la
transmissid de la llum UV i accelerar la degradacié en compostatge dels materials.

Finalment, 'addicié de (+)-catequina com a agent actiu va presentar una eficag
proteccié dels biopolimers davant la seva degradaci6 oxidativa a la vegada que va mostrar

una significativa activitat antioxidant en l'alliberament de simulants d'aliments grassos.
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Els materials van conservar les seves propietats estructurals i mecaniques durant

'exposici6 al simulant alimentari.



ABSTRACT

“Plasticized PLA-PHB films for food packaging applications. Characterization and

analysis of degradation processes”

The main objective of this thesis was the development and characterization of
biodegradable films based on poly(lactic acid) (PLA) with improved properties for their
application in food packaging. To modulate PLA properties and to improve its
functionality the incorporation of different additives was studied through melt blend
process, such as plasticizers (D-limonene, poly(ethylene glycol) (PEG) and acetyl(tributyl
citrate) (ATBC)), another biopolymer (poly(hydoxybutyrate) (PHB)), nanocomponents
(cellulose nanocrystals (CNC)) and one antioxidant ((+)-catechin).

PLA plasticization was evaluated through the addition of two different
concentrations of D-limonene and the structural, thermal, mechanical and oxygen barrier
properties of these materials were evaluated. Flexible materials were obtained due to the
reduction of the glass transition temperature. The increase in PLA chain mobility
generated an increase of oxygen permeability and material showed reduced thermal
stability.

The addition of 25wt% of PHB increased the crystallinity and as a consequence the
oxygen permeability decreased and the surface humidity of PLA. The plasticization of PLA-
PHB blends improved the interaction between the polymers, increased the ductility and
speeded up the degradation process in compost, but the thermal stability was not
improved. The best results were obtained with ATBC.

To improve the thermal stability of materials cellulose nanocrystals (CNC) were
synthesized from microcrystalline cellulose (MCC). The incorporation of 5 wt% of
cellulose nanocrystals resulted in a significant improvement in thermal stability by
increasing the process window. In the subsequent step, cellulose nanocrystal surface was
modified by means of a surfactant to avoid nanocrystals agglomeration. The
functionalization of nanocrystals (CNC-s) resulted in a homogeneous dispersion of them in
the PLA-PHB matrix and the obtained materials showed improved mechanical and barrier
properties. Likewise, CNC-s produced a decrease of the UV light transmission and also
speeded up the degradation in composting of materials.

Finally, the addition of (+)-catechin as the active agent provided effective
protection of biopolymers against their oxidative degradation while releasing into fatty
food simulant showed significant antioxidant activity. The materials retained their

structural and mechanical properties during exposure to food simulant.
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ECUACIONES

m; = masa inicial (asintota

_ (m; —my,) inferior)
m= 1+(£)p t Moo My = masa final
Lo p= coeficiente de Hill
to = tiempo a la mitad de la
maxima degradacién
m; = masa inicial (asintota
(m; —my,) inferior)
M=ty + Me Mo = masa final
1+ e 4

to = tiempo a la mitad de la
méaxima degradacion

d¢ = parametro que describe la
forma de la curva

AH,, — AH,,
=100 X
Xe =100 [ AHE, ]

1—mf

Xc = grado de cristalinidad

AH;, = entalpia de fusiéon

AH,. = entalpia de cristalizacén

AH¢y, = entalpia de fusion teérica
material 100% cristalino

AE = yJAa*? + Ab*2 + AL2

AE = diferencia de color

a* = coordenada de saturacion
b* = 4ngulo de tono

L = luminosidad

TSM = masa total soluble

TSM =100 x Mo — My mo = masa seca inicial

m m; = masa final
Aeo0 = absorbancia a 600 nm

Aso0 e = espesor

Transparency =
8 = parametro de solubilidad
5= DY.G D = densidad
M M = masa molar por unidad

repetitiva
G = constante de atraccién molar

W am = contenido de materia seca
mo = masa inicial antes del secado
m; = masa después del secado.

M _ i 8 —D (2n + 1)2m%t
(2n
n=0

M; = masa del migrante en el
simulante a tiempo t
MF, c0 = masa del migrante en el
equilibrio.
Ly, = espesor
D = coeficiente de difusion

M; = masa del migrante en el
simulante a tiempo t

Mp = cantidad inicial de
antioxidante en el film

L, = espesor

D = coeficiente de difusion




ron =

Abscontrol - Abssample

Abs control

> X 100%

I (%) = porcentaje de inhibicién

ADbScontro1 = absorbancia del
control

Abssample = absorbancia del
control
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ABREVIATURAS Y TERMINOS

a: area de membrana
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Ay: actividad de agua
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CE: celofan
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CNC-s: nanocristales de celulosa modificados superficialmente
CNF: celulosa nanofibrilada

CoA: coenzima A

D: densidad.

D: coeficiente de difusion

DPPH: 2,2-difenil-1-picrilhidrazil

DSC: calorimetria diferencial de barrido

dTG: derivada de la masa frente a la temperatura

e: espesor

E: modulo elastico o de Young

EFSA: autoridad europea de seguridad alimentaria

E: mé6dulo reducido

FDA: Food and Drug Administration (EEUU)

FESEM: microscopia electrénica de barrido de emisién de campo
FTIR: espectroscopia infrarroja de transformada de fourier
G: constantes de atraccion molar

GRAS: generalmente reconocido como seguro

H: dureza
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HV: hidroxivalerato

J: flujo de una sustancia

L: luminosidad
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L/D: relacion longitud / didmetro

LDPE: poli(etileno) de baja densidad

m: cantidad de permeante

M,: masa molar promedio en niimero

M,,: masa molar promedio en peso

MCM: celulosa microcristalina

OHB: oligémero de 3-hidroxibutirato
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OTR: velocidad de transmisién de oxigeno
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P: coeficiente de permeabilidad
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S: coeficiente de solubilidad
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sc-PLA: estereocomplejos de PLA

TBC: citrato de tributilo

TEC: citrato de trietilo

TGA: termogravimetria

t: tiempo

T: temperatura absoluta

Ta=0,01: temperatura de inicio de degradacién
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1.

Objetivos

OBJETIVO GENERAL

El objetivo general del presente trabajo es el desarrollo de films biodegradables en

base a PLA mezclado en fundido con otro polimero biodegradable, PHB, y la evaluacién de

sus propiedades tras la incorporacién de diferentes aditivos: (i) plastificantes, (ii)

nanocristales de origen natural y (iii) antioxidantes, para su posible aplicacién en

envasado de alimentos.

2.  OBJETIVOS ESPECIFICOS
Para tal fin, se han planteado una serie de objetivos especificos que se describen a
continuacion:

Estudio de la degradacion térmica de PLA mediante pirdlisis secuencial y

determinacién por cromatografia de gases acoplada a espectrometria de masas.

Evaluacion del efecto de la adiciéon de un plastificante de origen natural (D-
Limoneno) sobre las propiedades térmicas, estructurales, mecanicas,

colorimétricas y de barrera del PLA.

Aumento de cristalinidad de PLA mediante el mezclado en fundido con otro
polimero biodegradable altamente cristalino (PHB) evaluando su efecto en las

propiedades fisicas del material.

Evaluacion del efecto de la incorporacién de tres plastificantes (D-Limoneno, ATBC
y PEG) sobre las propiedades fisico-quimicas de mezclas de PLA-PHB destinadas al
envasado alimentario. Estudio de la degradacion de los films plastificados en

condiciones de compostaje.

Sintesis de nanocristales de celulosa y modificaciéon de su superficie con el objeto

de incrementar su compatibilidad con las matrices poliméricas de PLA y PHB.

Adicion de los nanocristales de celulosa sintetizados a las mezclas de PLA-PHB y
estudio de las condiciones de procesado de films y evaluacién de la estabilidad
térmica de las mezclas y la correcta incorporacion de los nanocristales en las

formulaciones obtenidas.
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e (aracterizacién de las propiedades fisico-quimicas de interés en envasado
alimentario de los nanocompuestos desarrollados y el estudio de su degradacion

en condiciones de compostaje.

e (Caracterizacion de mezclas de PLA-PHB plastificadas con la incorporaciéon de un
antioxidante ((+)-catequina) y estudio de la liberacién del componente activo en
simulantes alimentarios. Evaluacion de su actividad antioxidante y de la
modificacién de las propiedades térmicas, estructurales y nanomecanicas de los

materiales después del estudio de migracion.

Todos estos objetivos se desarrollaran a lo largo de la presente tesis doctoral y se

presentan de forma esquematica en la Figura I. 1.
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Films de PLA y PLA-PHB plastificados para su aplicacion en envases de alimentos.
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Figura L. 1. Esquema del trabajo realizado en la presente tesis doctoral
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Introduccion

1. POLIMEROS EN APLICACIONES DE ENVASES ALIMENTARIOS

Los diferentes cambios del estilo de vida han influido directamente en el tipo de
alimentos que consumimos y en los habitos de consumo, lo que a su vez ha generado la
necesidad en la industria alimentaria del desarrollo de nuevos envases y embalajes. Tal es
asi, que hoy en dia practicamente cualquier producto alimenticio que consumimos se
comercializa envasado, no s6lo para contener el alimento sino también para protegerlo
durante toda la cadena de produccién, es decir desde el lugar donde se han producido
hasta el lugar de venta o consumo. De esta manera, los envases alimentarios cumplen
funciones muy importantes para la conservacién de los alimentos, los protegen de agentes
externos previniendo la contaminacién fisica, quimica y/o microbioldgica, asi como
también de su posible adulteracion. De esta manera, cumplen la funcién de barrera contra
el medioambiente que los rodea, protegiendo los alimentos de la humedad y oxidacion.
Por otra parte, los envases también cumplen la funcidén de informacién muy importante
para el consumidor como son la informacién nutricional, fecha preferente de consumo o
de caducidad y el modo de conservacidn de los alimentos que contienen. También pueden
contener informacién del material del que estd fabricado el envase, su reciclabilidad y
donde debe ser desechado el envase una vez que ha cumplido su vida util.

Los plasticos son, sin duda, los materiales que mas se emplean en la industria de
los envases alimentarios superando ampliamente a otros materiales como las ceramicas,
el vidrio o el carton, debido a que ofrecen aplicaciones practicas de envasado. Estos
plasticos de gran consumo utilizados en envases se denominan comodities, son materiales
poliméricos derivados del petroleo como poli(etileno) (PE), poli(propileno) (PP),
poli(cloruro de vinilo) (PVC), poli(etilentereftalato) (PET) y poli(estireno) (PS). La
versatilidad que los materiales plasticos ofrecen, también permite la combinacién de
materiales plasticos con una menor proporciéon de algin otro material formando
materiales compuestos o composites. Los materiales poliméricos derivados del petréleo
que mas se usan en envasado presentan numerosas ventajas, como son: su disponibilidad
a gran escala, relativo bajo coste de produccion, ligereza, gran versatilidad y relativamente
buenas propiedades de barrera [1]. Por otra parte, los envases fabricados de materiales
plasticos en la industria alimentaria se pueden producir en procesos integrados donde los
envases se llenan y se sellan en la misma linea de produccidn, haciendo que el proceso sea
mas rapido, mas seguro (en términos de seguridad alimentaria) y barato. Sin embargo, la
utilizacion de los recursos foésiles para la produccion de polimeros provocan un
importante impacto medioambiental, como son el efecto invernadero, el calentamiento

global [2] y el dafio de la vida silvestre [3].
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Por otra parte, la existencia de ciertas interacciones entre el material plastico del
envase y el alimento que contiene genera ciertas restricciones de uso de algunos
polimeros y sus aditivos para garantizar la protecciéon del consumidor [4]. Sin embargo
estas interacciones entre el envase y el alimento pueden ser beneficiosas para el

desarrollo de envases activos.

1.1. Nuevas tendencias en envases poliméricos

La posibilidad de incorporar compuestos activos (antimicrobianos, antioxidantes,
nutracéuticos, aromas, colorantes) en matrices poliméricas es una de las principales
ventajas de los plasticos [5]. El desarrollo de envases activos es una tendencia actual en la
tecnologia del envasado de alimentos en que estos sistemas poliméricos activos
aprovechan la interaccion del envase con el alimento para la extensidn de la vida til [6, 7]
0 para mejorar las propiedades sensoriales del alimento, a la vez que mantiene la calidad
del mismo [7]. La liberacién de la sustancia es dependiente de la composiciéon del
polimero, la cristalinidad, la masa molar, la relacién de superficie a volumen y el entorno a
donde se libera [8]. Dentro del concepto de envasado activo los mas importantes son
aquellos sistemas capaces de eliminar oxigeno, etileno y diéxido de carbono, los
reguladores de humedad, aquellos con actividad antimicrobiana o antioxidante, sistemas
que liberan o absorben sabor y moléculas responsables de aromas [7]. El uso de
antioxidantes tiene un interés especial en los materiales poliméricos destinados a envases
alimentarios, debido a que muchas formulaciones de polimeros incluyen la adicién de
antioxidantes para evitar la degradacidn termo-oxidativa durante el proceso [4, 9]. Sin
embargo, debe tenerse en cuenta su posible migracion directa o la liberacion de
subproductos en los alimentos ya que pueden cambiar su calidad organoléptica e incluso
inducir toxicidad potencial en algunos casos [9]. Por lo tanto, el desarrollo de
formulaciones de polimeros con antioxidantes naturales no téxicos ha cobrado especial

interés en los ultimos afios.

1.2. Problematica actual de los polimeros convencionales en el envasado de

alimentos

Los residuos representan un problema a nivel mundial cada vez mayor debido a
que generan un impacto negativo en el medio ambiente por su acumulacién y
contaminacién. Es por ello que las directivas de gestién de residuos establecen una

estrategia de reduccion de residuos estableciendo una jerarquia, en la cual se debe
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primero prevenir la generacidon de residuos o bien reutilizar sin transformacion previa,
seguido del reciclado, otro tipo de valorizacién (como valorizacién energética por
incineracién) y como ultima opcién la eliminacién a un vertedero [10]. Sin embargo los
vertederos contintan siendo una de las opciones mas comunes de eliminacion de residuos
a nivel mundial.

Los envases alimentarios plasticos son utilizados durante un periodo de tiempo
relativamente corto por lo que constituyen una fuente enorme de generacién de residuos
de dificil eliminacién que persiste durante muchos afios, representando uno de los
problemas ecolégicos mas graves de la sociedad moderna [11]. Casi el 50 % de los
plasticos de la Uniéon Europea se depositan en vertederos, y la mayoria de ellos son
envases [12]. Del mismo modo, el uso extensivo y la expansiéon de los plasticos en la
agricultura han generado un aumento de la acumulacién de residuos plasticos en zonas
rurales [13]. Con el crecimiento de la poblacién, la globalizacién, la evoluciéon de la
industria y su continuo desarrollo, la eliminacién de los residuos plasticos se convierte en
una preocupacién mundial cada vez mayor [14] debido al creciente interés en preservar
los sistemas ecoldgicos [3]. Existen formas de revalorizar estos desechos, pero la
valorizacion de los residuos plasticos presenta algunos inconvenientes. La incineracién o
la pirolisis de los residuos, permite disminuir el volumen de los desechos tratados hasta en
un 90% y aprovechar la energia que se genera con la combustién de los residuos para
recuperarla en forma de agua caliente, vapor o electricidad. Sin embargo, ésta valorizacién
energética puede generar algunas emisiones toxicas (por ejemplo, dioxinas) [2, 3]. Lo ideal
seria que todos los productos plasticos fueran completamente reciclables a un coste
razonable [12]. Parte de estos residuos plasticos pueden ser reciclados, pero otra parte de
ellos son dificiles de reciclar por razones técnicas y/o financieras [13]. Los costes de
recogida son bastante altos y el reciclado tiene un impacto negativo en la calidad de los
materiales, tales como un aumento de la fragilidad [2]. La valorizaciéon de los materiales
plasticos a través del reciclado implica algunas limitaciones relacionadas con las
dificultades para encontrar salidas precisas y econdmicamente viables [3]. En este sentido,
para materiales destinados a estar en contacto con alimentos, la normativa europea actual
establece que determinados productos fabricados con plasticos reciclados pueden ser
adecuados solamente para el contacto con alimentos especificos y en determinadas
condiciones [15]. El potencial de reciclado de los plasticos sigue estando
significativamente infrautilizado [12], porque no siempre los sistemas de gestion de
residuos cuentan con un sistema de separaciéon de residuos plasticos que permita su
posterior reciclado, en particular aquellos de algunos paises subdesarrollados. Asi mismo,

en paises donde si existen los sistemas de separaciéon muchas veces el consumidor no lo
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utiliza adecuadamente, provocando que finalmente muchos de los residuos plasticos sean
desechados junto con la basura organica. Esto genera que finalmente los residuos plasticos
que no se reciclan ni se incineran se acumulen cada afio [2]. Dependiendo del sistema de
gestion de residuos utilizado estos residuos pueden finalizar en vertederos, donde son
compactados y cubiertos por una capa de tierra diariamente, o bien ir a compostaje el cual
es un proceso de estabilizacion rapida de la materia organica por la accién de
microorganismos bajo ciertas condiciones controladas. Sin embargo, los residuos plasticos
no pueden ser degradados por los microorganismos y se acumulan.

Esta problematica de la gestion de residuos plasticos, ha generado que los
municipios y las distintas organizaciones (regionales y/o nacionales) encargadas de la
gestion de residuos tomen conciencia acerca de los ahorros significativos que la recogida
de los residuos compostables proveeria [3]. Por otra parte, los datos correspondientes a
las cantidades restantes de combustibles fésiles en el interior de la tierra cambian
continuamente debido a los avances tecnolégicos para la localizaciéon y extraccion de
hidrocarburos, pero finalmente el petréleo es una materia prima fésil, no renovable, que
un dia se agotara [2]. Aparte de estas consideraciones ecoldgicas, el precio del petrdleo
crudo es impredeciblemente fluctuante debido a la situacion politica-econdémica mundial.

En base a estas razones, resulta de gran interés reemplazar los plasticos
convencionales por polimeros con menor impacto ambiental, especialmente para

aplicaciones de envase y embalaje.

1.3. Polimeros biodegradables en aplicaciones de envases alimentarios

La actitud de la sociedad cada vez mas proactiva hacia una reduccién en el impacto
ambiental producido por los envases alimentarios plasticos, ha centrado la atenciéon de la
industria e investigadores en el desarrollo de nuevos envases fabricados de forma que
resulten sostenibles para el medioambiente, para lo cual se deben encontrar soluciones
rentables y compatibles con la minimizacién y/o reutilizacion de residuos [14]. El proceso
de fabricacion de estos productos debe consumir el minimo de energia, asi como también
el minimo de materias primas no renovables. Para ahorrar recursos y minimizar residuos,
deberia optimizarse todo el sistema en el que los envases forman parte, incluyendo la
prevencidn asi como la reutilizacion y recuperacion de los residuos [16].

Por otra parte, resulta ampliamente aceptado que el uso de materiales plasticos de
larga duraciéon para aplicaciones de corta duracién, como es el caso de los envases
alimentarios, no es del todo adecuada [3]. Existe cada vez mas conciencia por parte de las

industrias de la necesidad de promover nuevas técnicas de producciéon basadas en
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recursos renovables [2] y por ello el uso de polimeros mas sostenibles, como son los
biopolimeros o los polimeros biodegradables, ha desplazado a los polimeros derivados del
petroéleo, representando una solucién para resolver el consumo del mismo para la
produccién de plasticos y el problema de la acumulacién de plastico en el medio ambiente,
respectivamente.

Asi, esta nueva generacién de polimeros mas sostenibles son aquellos que
producen un menor impacto sobre el medioambiente: los bioplasticos y los plasticos
biodegradables. Los bioplasticos son plasticos biobasados, que significa que tienen un
origen natural renovable u origen “bio” debido a que provienen de las plantas, animales
y/o microorganismos, es decir no son basados en el petréleo [17]. El Comité Europeo de
Normalizacién (CEN) define el término “biobasado” como derivado de la biomasa y a un
“producto biobasado” como aquel producto total o parcialmente derivado de la biomasa
[17]. Es decir, bioplastico se refiere al origen del material y no a la gestion final de su ciclo
de vida [12]. Asi, las materias primas utilizadas en la produccion de bioplasticos,
provienen de la biomasa, principalmente de la agricultura y es por ello que también se los
conoce como agropolimeros. Son producidos a partir de plantas ricas en carbohidratos, a
partir del almidén (como patatas, trigo o maiz), de azucares (como la remolacha o la cafa
de azucar). La agroindustria también proporciona la materia prima a partir de la cual a
través de biotecnologia se producen distintos monémeros que permitiran la obtencién de
bioplasticos a gran escala.

Por su parte, los polimeros biodegradables son aquellos capaces de
descomponerse en elementos quimicos naturales por la accion de microorganismos:
experimentan descomposicion en moléculas simples que se encuentran en el medio
ambiente como diéxido de carbono, metano, agua, compuestos inorganicos o biomasa.
Durante la descomposicién el mecanismo predominante es la accién enzimatica de los
microorganismos, en un periodo determinado de tiempo e incluye la formacién de
compost que puede ser utilizado como acondicionador de terrenos [18, 19]. En la Figura II.
1 se muestran algunos polimeros biodegradables y sus distintos origenes. Actualmente la
mayoria de los plasticos biodegradables son también bioplasticos [12], pero los plasticos
biodegradables también pueden estar fabricados de recursos basados en el petréleo, como
por ejemplo la poli(caprolactona) (PCL). Asi mismo, algunos bioplasticos no son

biodegradables, como el biopolietileno producido a partir de bioetanol.
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Figura II.1. Clasificacién de polimeros biodegradables segtin su origen (Adaptada de

Avérous 2004 [3]).

De entre todos estos polimeros sostenibles destacan los polimeros biobasados y
biodegradables, ya que engloban los dos conceptos: son obtenidos a partir de recursos
naturales renovables y presentan caracteristicas biodegradables, lo que les permite ser
reabsorbidos por la naturaleza completando asi el ciclo de vida del material. El mercado
de los biopolimeros y/o polimeros biodegradables termoplasticos es el que mas se ha
desarrollado. En la actualidad existen muchos materiales termoplasticos biodegradables
que ofrecen una gran versatilidad en cuanto a propiedades mecanicas, térmicas, etc. La
creciente demanda de estos materiales mas sostenibles se refleja en el crecimiento
substancial de las capacidades de producciéon de bioplasticos, la cual en el afio 2012
ascendi6 a aproximadamente a 1.4 millones de toneladas y se espera que la capacidad de
produccion se multiplique para el afio 2017 a mas de 6 millones de toneladas Figura I1.2
[20].

En este sentido, los biomateriales han cobrado especial interés en la industria del
embalaje, porque presentan una serie de propiedades prometedoras en aplicaciones de
envases alimentarios y representan una alternativa adecuada para reemplazar a los

polimeros convencionales derivados del petréleo. Especificamente los biopolimeros
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termoplasticos, presentan un excelente equilibrio de propiedades, ademas de ser
procesables utilizando la misma maquinaria que se utiliza para procesar los plasticos
convencionales, incluyendo la inyeccién por moldeo, extrusién, moldeo por soplado y
termoconformado [21]. El poli(acido lactico) (PLA) es uno de los biopolimeros
comerciales mas atractivos y se utiliza en la actualidad en muchas aplicaciones

industriales.
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Figura I1.2. Capacidad de produccién de bioplasticos global (Fuente: European

Bioplastics- Institute of Bioplastics and Biocomposites, 2013 [20])

2.  POLI (ACIDO LACTICO) (PLA)

El PLA, es un polimero biodegradable cuyo monémero (acido lactico) puede
obtenerse de recursos renovables, productos agricolas simples, como el maiz [7, 22, 23],
celulosa [7], cafia de aztlicar y remolachas azucareras [23]. Presenta propiedades similares
a algunos de los materiales plasticos de uso comun, tales como el polietileno (PE) o el
policloruro de vinilo (PVC), a un precio competitivo [24]. Se procesa en los equipos
disponibles para el procesado de plasticos de uso comun. El PLA es uno de los plasticos
biodegradables que mayor crecimiento ha tenido en los ultimos afios. Se encuentra
disponible en el mercado en aplicaciones plasticas practicas como cubiertos, platos, tazas,
tapas, pajitas de bebidas, bolsas, films [25], envases de fruta fresca o vegetales, botellas y
helados [8].

Después de su uso, los productos de PLA pueden ser degradados en sistemas de

compostaje o reciclados ya sea quimica o mecanicamente, por hidroélisis en acido lactico o
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reprocesando el material (triturado y transformacién térmica), respectivamente [26]. Los
envases de materiales biodegradables, tras su uso, en lugar de ser desechados con el resto
de materiales plasticos, pueden ser tratados junto con los residuos organicos,

incorporandose a la corriente de biomasa [27].

2.1. Estructura quimica del PLA

El PLA es un poliéster obtenido de la polimerizacién del acido lactico, donde los
mondmeros de partida son producidos por fermentacion o sintesis quimica [7]. El acido
lactico es una de las moléculas Opticamente activas mas simples y existe como dos

estereoisomeros: L(+) y D(-)[8, 28, 29] (Figura I1.3).

H, CHs HyCo H
< OH OH
HO HO
> 0
D(-)-Acido Lactico L(+)-Acido Lactico

Figura II.3. Estructura quimica de los estereoisdémeros del acido lactico.

Los dos enantiomeros son producidos por hongos o por fermentaciéon bacteriana
(del género Lactobacillus) [30], siendo ésta tltima la forma mas frecuente de obtencién de
acido lactico a nivel industrial [8]. En la Figura I1.4, se muestra la unidad repetitiva del

PLA.

CHj

Figura I1.4. Unidad repetitiva del PLA

El PLA sintetizado a partir de L-acido lactico y D-acido lactico son poli(L-acido

lactico) (PLLA) y poli(D-acido lactico) (PDLA), respectivamente.

2.2. Sintesis de PLA

La produccion de PLA comienza a partir de plantas ricas en carbohidratos, como es

el caso del maiz donde el almiddn se separa de los otros componentes del grano de maiz
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(proteinas, grasas, fibras, cenizas y agua) y se convierte en dextrosa a través de una
hidrélisis enzimatica. En la Figura II. 5 se muestran las diversas etapas implicadas en la

produccién de PLA a partir del cultivo de maiz.
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Figura IL.5. Etapas implicadas en la produccién de PLA.

El 4cido lactico se puede obtener mediante sintesis quimica, que permite producir

cantidades a gran escala de 4cido lactico racémico pero es econdmicamente inviable [8]. Es
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por ello que la mayor parte del acido lactico se hace por la fermentaciéon bacteriana de
hidratos de carbono [8] a pH casi neutro [31]. A través de acidulacién y una serie de pasos
de purificacién del caldo de fermentacién se purifica sal de lactato para producir, a
continuacion, acido lactico [31]. Los procesos de fermentacion para la obtencion de acido
lactico pueden ser heterofermentativos u homofermentativos. Los métodos
heterofermentativos producen menor cantidad de 4cido lactico y ademas generan niveles
significativos de otros metabolitos tales como acido acético, etanol, glicerol, manitol y
diéxido de carbono. Por su parte, los métodos homofermentativos son los mas utilizados
por la industria debido a que producen mayores rendimientos de acido lactico (1,8 moles
de 4acido lactico por mol de hexosa) y menores niveles de subproductos [8].

El PLA no puede ser sintetizado por polimerizaciéon directa del acido lactico,
porque cada reacciéon de polimerizacién genera una molécula de agua, que degrada la
cadena de polimero formada a cadenas de baja masa molar [2]. El PLA se puede sintetizar
a través de tres rutas principales (Figura II.5), (i) por polimerizaciéon directa por
condensacién del acido lactico (2-hidroxi &acido propanoico) [8, 28, 31], (ii) por
condensacidn azeotrépica deshidratante [8] o (iii) por polimerizaciéon de apertura del
anillo de lactida [2, 8, 24, 28, 31].

La polimerizacién por condensacion directa es la ruta menos costosa [8]. El acido
lactico se polimeriza directamente en presencia de un disolvente y un catalizador. La
reaccion se realiza mediante la aplicacion de alto vacio y elevada temperatura para
eliminar el agua que se genera durante la reaccién de condensacion [31]. El PLA obtenido
puede estar compuesto o bien s6lo por un estereoisémero o una combinacién de D- y L-
acido lactico en varias proporciones o incluso acido lactico en combinacién con otros
hidroxiacidos [29]. Sin embargo, es muy dificil obtener PLA de alta masa molar libre de
disolvente por polimerizaciéon por condensacién directa y se debe adicionar agentes de
acoplamiento o adyuvantes que incrementan el costo del proceso ademas de hacerlo mas
complejo [8].

La sintesis por condensacion deshidratante azeotropica se realiza mediante una
destilacidn a baja presion a 130 °C durante 2-3 horas y se elimina la mayor parte del agua
que se genera durante la reaccién de condensacion. Posteriormente, se afiade un
catalizador y se recircula el disolvente a través de un tubo unido al recipiente de la
reaccién que contiene tamices moleculares a 130 °C durante 30-40 horas adicionales.
Finalmente, se aisla el polimero o se disuelve y se precipita para una purificacién adicional
[8].

La sintesis de PLA mediante polimerizacion de apertura de anillo (Ring Opening

Polymerization, ROP) es actualmente el método mas usado para obtener PLA de alta masa
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molar [8]. Los métodos ROP son los mas comiunmente estudiados debido a que permiten
un control de la sintesis quimica, y por lo tanto se puede variar las propiedades de los
polimeros resultantes de una manera mas controlada ampliando el &mbito de aplicacién
de estos materiales [29]. Para obtener PLA de alta masa molar, éste se produce a partir de
los monémeros enantioméricos (D y L) por policondensacién. En este primer paso el agua
se elimina del proceso bajo condiciones suaves (y sin el uso de un disolvente) para
producir un prepolimero de baja masa molar [31]. Posteriormente este prepolimero es
cataliticamente depolimerizado en un dimero ciclico intermedio (lactida) [32], que es
posteriormente purificado mediante destilacion [31], el cual puede ser polimerizado
mediante ROP en PLA de alta masa molar [2, 3, 21, 29]. Este mecanismo no genera agua
adicional y, por lo tanto, mediante el control de la pureza de lactida [31], permite la
produccion de una amplia gama de pesos moleculares [2, 33]. De esta manera, se elimina
el uso costoso y contaminante de disolventes.

Cuando el dimero es sintetizado a partir de una mezcla racémica de acido lactico
rac-lactida, se pueden obtener los tres estereoisémeros D-lactida, L-lactida (ambos con
una temperatura de fusion de 97 °C) y meso-lactida (D,L-lactida) (con una temperatura de

fusion de 52 °C) (Figura IL.6).

a) b)
O\ 0] O\ 0]
Hh;,,, Hh,
HaC o) HsC

Figura II.6. Estructura quimica de los estereoisémeros de lactida:

a) L,L-lactida, b) D,L-lactida (meso-lactida) y c¢) D,D-lactida.

La polimerizacién por apertura de anillo, patentada por Cargill Inc. en 1992 es el
método mas frecuentemente utilizado para producir PLA [8]. En las dos ultimas décadas,
los avances en la tecnologia de polimerizacién han reducido considerablemente el costo de
produccion y han contribuido a que el PLA sea econdmicamente competitivo con los

polimeros provenientes del petréleo [28].

2.3. Procesado del PLA

El PLA puede ser procesado en los equipos convencionales de transformacion

industrial utilizados para los termoplasticos de uso comin [34] como moldeo por
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inyeccion, moldeo por soplado, termoconformado y formacion de films [8, 21]. El PLA es
susceptible de degradacién térmica e hidrolitica [35]. La presencia de humedad durante el
procesado puede provocar la hidrélisis de las cadenas poliméricas, reduciendo la masa
molar del polimero [34]. Para evitar esta degradacion el PLA debe ser secado antes de ser
procesado a temperaturas inferiores a la temperatura de transicion vitrea (Ty), la cual se
encuentra entre 43 °C y 55 °C [7]. Por lo tanto, algunos pardmetros del proceso como son
la ausencia de humedad, la temperatura de trabajo y el tiempo de residencia deben ser
optimizados y rigurosamente controlados durante el procesado y conformado del material
[29].

La temperatura de procesado es funcién del tipo de polimero. Asi, para el PLA
amorfo la temperatura minima de procesado la marca el valor de su Tg, aproximadamente
58°C [7], permitiendo un amplio rango de temperatura de trabajo. En cambio, para el PLA
semicristalino la temperatura de proceso se encuentra en las proximidades de su
temperatura de fusidon (Tm) [36], la cual se puede encontrar en el rango de temperatura

entre 130 °Ca 180 °C [8].

24. Propiedades del PLA

Las propiedades del PLA se encuentran altamente influenciadas por la relacion
entre las dos formas isoméricas D y L que contienen [3, 8] y la masa molar [8]. La mayor
parte del acido lactico sintetizado por via biotecnoldgica, a partir de recursos renovables,
se encuentra como L-acido lactico. Por lo tanto, generalmente el PLA contiene mayor

proporcidén del enantiémero L [36].

2.4.1. (Cristalinidad y transiciones térmicas

La temperatura de fusion y el grado de cristalinidad son dependientes de la masa
molar, de la historia térmica del material y de la pureza del polimero [29]. La capacidad de
controlar la estereoquimica permite un control sobre la velocidad de cristalizacién y,
finalmente el grado de cristalinidad, las propiedades mecanicas y las temperaturas de
transformacion del material.

Para que la cristalizacion tenga lugar se necesita una pureza 6ptica de al menos 72-
75 % (aproximadamente 30 unidades de acido lactico isostatico) [29]. El PLA
enantioméricamente puro, indistintamente L o D, es semicristalino con un alto grado de

cristalinidad, una temperatura de transiciéon vitrea alrededor de 55 °C [29] y un
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temperatura de fusién (Tm) alrededor de 180 °C [21, 29] con una entalpia de fusion de
entre 40-50 ] g1 [21].

Los cristales de los homopolimeros pueden desarrollarse en tres formas
diferentes, dependiendo de las condiciones de formacién (a, B y v) [8, 37]. Los cristales de
estructura a son cristales de una celda de forma pseudo-ortorrémbica que contiene dos
cadenas antiparalelas (conformacén10; helicoidal) y presentan elevada estabilidad
térmica [8, 38], con una temperatura de fusion de 185 °C [8].

La estructura 3 de poli(L-acido lactico) se desarrolla tras el estiramiento mecanico
de los cristales a [7]. Estos cristales estan formados por una celda unitaria ortorrombica
que contiene seis cadenas antiparalelas (conformacién 3; helicoidal), presentando una
temperatura de fusion de 175 °C [39]. Mientras que la estructura y solo se ha encontrado
por cristalizacion epitaxial en sustrato hexametilbenceno [7, 38].

Cuando la cristalizacién se produce a temperaturas (T..) superiores a 120 °C, los
homopolimeros cristalizan en homocristales de estructura a [37] que es mas estable que
la estructura 3 [8]. Sin embargo, si la cristalizacién ocurre a temperaturas inferiores a 100
°C se encuentran cristales con estructura tipo o, algo mas desordenada y con menor
estabilidad térmica que los cristales a [37]. Si la cristalizacion se produce entre 100 °C y
118 °C coexistiran ambas estructuras [40], ya que la velocidad de cristalizaciéon de PLA en
este rango de temperaturas es muy alta [7].

El PLA de alta masa molar puede ser amorfo o semicristalino a temperatura
ambiente, dependiendo de las cantidades de L, D y meso-lactida en la estructura. E1 PLA
que contiene mas del 93 % de L-acido lactico es semicristalino, mientras que si contiene
entre 50 y 93 % de L-acido lactico es amorfo [8]. Asi, el PLA amorfo de grado comercial
contiene alrededor de un 4% de isémero D [31, 41]. A partir de la mezcla racémica de
monomeros estereoisomericos D,L- lactida (50 % D y 50 % L) también se puede obtener
PLA amorfo.

La introduccién de defectos estereoquimicos en el poli(L-acido lactico), es decir la
incorporacién de meso-lactida o D-lactida, reduce la temperatura de fusidn, la velocidad de
cristalizacién y el porcentaje de cristalinidad del polimero resultante [8, 21]; mientras que
tiene poco efecto sobre el valor de Ty [21]. De esta manera, el PLA puede mostrar
polimorfismo cristalino que puede conducir a diferentes picos de fusion [3].

Por otra parte, mediante el mezclado en fundido de PLLA y PDLA se puede obtener
una estructura estereoregular conocida como estereocomplejo de PLA (sc-PLA) [42] que
consiste en estructuras cristalinas racémicas en las que las cadenas de PLLA y PDLA se

empaquetan y se estabilizan mediante fuerzas de Van der Waals. Como resultado, los

56



Introduccion

estereocomplejos son materiales que presentan mejor estabilidad térmica, mayor
resistencia mecanica y resistencia a la hidroélisis que el PLLA o PDLLA [42].

La cristalinidad del PLA se expresa como un porcentaje de la cristalinidad maxima
tedrica del PLA de alta masa molecular. Un valor de entalpia de fusion teérico del PLA 100
% cristalino comUnmente utilizado es 93 ] gt [29, 35, 43]. La cristalinidad influye en
muchas propiedades de los polimeros como la dureza, moédulo elastico, resistencia a la
traccidén y rigidez [7]. Por ejemplo, los estereocomplejos de PLA que son 100 % cristalinos
(sc-PLA) tienen valores de entalpia mucho mas altas (142 ] g'!) debido a su estructura
cristalina diferente [35] y presentan una velocidad de cristalizacién mayor consiguiendo
aumentar hasta 50 °C la temperatura de fusiéon (Tm = 230 °C) con respecto a la de los
homopolimeros puros (PLLA o PDLA) [8, 29, 39]. Ademas, sc-PLA forma otro tipo de
cristales de estructura ) mucho mas estable térmicamente (Tm = 230 °C) [38].

La temperatura de transicion vitrea es dependiente de la proporcién de PDLA y
PLLA y se encuentra entre 50 °C y 80 °C [26]. Para el PLA amorfo la T4 es uno de los
parametros mas importantes, representando la temperatura maxima a la que el PLA
conserva sus propiedades mecanicas debido a que por encima de la Ty tienen lugar
importantes cambios en la movilidad de las cadenas del polimero. Asi, las propiedades del
PLA amorfo dependeran en parte de cuan por debajo de Ty se utiliza o se almacena el
producto [8]. Las aplicaciones comerciales del PLA generalmente se utilizan en
condiciones ambientales, temperatura inferior pero cercana a la Tg Las cadenas
termodindmicamente inestables tienden hacia un estado de equilibrio a través de
reordenamientos segmentarios conocido como proceso de envejecimiento fisico y puede
tener desventajas importantes en la vida util de los productos de PLA y sus aplicaciones
comerciales [44]. Sin embargo, para el PLA semicristalino, tanto T, como Tm son
parametros fisicos importantes que permiten predecir el comportamiento del material. Es
por ello que el valor de Ty, determina el proceso de transformacion. La adicion de D-lactida
a la estructura del polimero puede conseguir una reduccién en Ty, de entre 20 °C y 50 °C.
Las aplicaciones comerciales de los productos de PLA amorfo se encuentran relacionadas
con la temperatura a la que son utilizados.

A modo de resumen, en la Tabla I.1 se muestran los valores de temperatura de
transicion vitrea, temperatura de fusion, entalpia de fusion y cristalinidad del PLA
enantioméricamente puro, PLA con distintos porcentajes de isomero D y esterocomplejos

de PLA.
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Tabla II. 1. Propiedades fisicas (Tg, Tm, AHm y Xc) de PLA con distintos grados de pureza

PLA (100 % LoD)[29] PLA (98 % L)[26] PLA (94 % L)[26] sc-PLA[42]

T, (°C) 55 71 66 65-72

Tm (°C) 180 163 141 230
AH (J g1) 93 38 22 102

Xe (%) 100 40 25 70

2.4.2. Estabilidad térmica

El PLA tiende a ser afectado por diferentes métodos de proceso y por el ambiente
de almacenaje lo que puede causar diferentes tipos de reacciones de degradacion,
interacciones o inmiscibilidad entre mezclas de componentes [35]. Asi, una de las
principales limitaciones del PLA es su inestabilidad térmica para el procesado [45].
Durante el proceso de transformacidn, los enlaces éster de PLA tienden a degradarse y
ocurre una disminucién de la masa molar ocasionada por la degradacion, lo que afecta a
las propiedades finales del material, tales como la resistencia mecanica y la velocidad de
degradacién hidrolitica [46]. En este sentido, existen diferentes motivos que afectan la
estabilidad térmica del PLA, la cual a su vez es dependiente de la masa molar inicial del
polimero. La humedad puede provocar reacciones de termo-hidrdlisis (Figura 11.7) [45]
que a su vez son catalizadas por los mondémeros hidrolizados como acidos lactico o lactida
[8, 34]. La presencia de restos de catalizadores utilizados durante la sintesis pueden
favorecer la depolimerizacion del PLA [8] formando lactida [47]. Ademas, el
comportamiento de degradacién depende fuertemente de la cristalinidad de las muestras
[8], asi como también del indice de polidispersidad (PDI). Cuando un material tiene un alto
PDI contiene una cierta fracciéon de moléculas pequefias que son volatiles, y cuanto mayor

es el PDI menor es la estabilidad térmica del material [34].

CH; O CHy P @ CHa
0 o + H,O0O —F 5" + ° Opoly
poly o Opoly 2 poly OH HO poly
0 cH, © 0 CHy ©

Figura IL.7. Escisién de la cadena de PLA debido al efecto del agua durante procesado

térmico (adaptado de Carlson y coalaboradores 1998[45])
La degradacién térmica del PLA es un proceso muy complejo debido a que varias
reacciones ocurren simultdneamente [47, 48]. Kopinke y colaboradores (1996) estudiaron

la degradacion térmica del PLA mediante pirolisis combinada con cromatografia de gases
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y espectrometria de masas, e indicaron que la degradacién del PLA que tiene lugar a
temperaturas superiores a 200 °C, incluye (i) procesos de transesterificacion
intramolecular (Figura I1.8-a) que conducen a la formacién de lactida y oligdbmeros
ciclicos; (ii) mecanismos de cis-eliminacién (Figura I1.8-b) que dan lugar a la formacién de
acido acrilico y oligémeros aciclicos y (iii) reacciones de fragmentacién que conducen a la
presencia de acetaldehido y CO2[48]. Al mismo tiempo, los oligémeros ciclicos se pueden
combinar con poliésteres lineales a través de reacciones de insercién [46]. A temperatura
superior a 300 °C pueden ocurrir también reacciones no selectivas radicalarias [48, 49].
De esta manera, la degradaciéon térmica produce la escision de la cadena
polimérica, con la consiguiente formacién de oligdmeros, un aumento en los grupos
terminales hidroxilo y carboxilicos, los cuales a su vez promueven la descomposiciéon
térmica. En consecuencia, se produce un descenso en la masa molar promedio y un

aumento en la polidispersidad [45].
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Figura I1.8. Mecanismos de degradacion térmica del PLA: a) transesterificacion

intramolecular, b)cis-eliminacién (adaptado de Kopinke y colaboradores, 1996[48])

Ademas de la compresion de los distintos mecanismo de degradacién térmica del

PLA, la identificaciéon de los productos de pirélisis del PLA cobra interés para estudiar
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aspectos asociados con el grado de degradacion del polimero sujeto a distintos procesos
de degradacién [50, 51]. Es por ello que en el presente trabajo se ha realizado un estudio
preliminar de los productos obtenidos durante la pirolisis del PLA a elevadas
temperaturas mediante la técnica de pirolisis combinada con cromatografia
(cromatografia de gases y espectrometria de masas), para la mayor comprension de
resultados posteriores. En el apartado 2.4.6 del presente capitulo se desarrollara con mas
detalle el uso de la técnica de pirolisis acoplada a cromatografia de gases y espectrometria
de masas (Py-GC/MS) como una medida indirecta y semicuantitativa de la asimilacién de

L-lactida por parte de los microorganismos.

2.4.3. Propiedades mecanicas

Las propiedades mecanicas del PLA dependen de la estereoquimica, del peso
molecular y del porcentaje de cristalinidad [52]. Dependiendo de la proporcién de D y L-
acido lactico se puede obtener PLA con una amplia gama de valores de rigidez [26], desde
materiales blandos y elasticos a materiales de alta resistencia [29].

Cuando se desean propiedades mecanicas altas, se prefiere un PLA semicristalino
[29] debido a que las regiones cristalinas ordenadas acttian como centros de alta densidad
de enlaces covalentes [53]. El PLA semicristalino presenta mayor rigidez que el PLA
amorfo, presentando valores de moédulo elastico (E) de aproximadamente 3000 MPa,
mientras que la resistencia a la traccion (TS) varia entre 50 y 70 MPa y su elongacion a la
rotura (egy) es aproximadamente de un 4% [29]. Asi, presenta propiedades mecanicas
superiores a PS, pero menores que al PET [7, 26]. Por su parte, las propiedades mecanicas
del PLA amorfo indican que éste es un material algo mas ductil. Esta ductilidad dependera
ampliamente de si se encuentran por encima o por debajo de sus valores de T, Por su
parte, sc-PLA presenta una rigidez superior en aproximadamente un 60% a la del PLLA
[39], debido a que los cristales de los estéreo-complejos permiten la formacion de enlaces
intermoleculares cruzados [29].

El modulo elastico y la resistencia a la traccién aumentan con el aumento de la
masa molar. Sin embargo, se ha visto que dicha tendencia se cumple cuando la masa molar
promedio aumenta de 50 kDa a 100 kDa, aumentando los valores de E y TS en un factor de
2, mientras que aumentos mayores de la masa molar (por ejemplo: 300 kDa) no parecen
influenciar estas propiedades [29].

Si bien la variacion de la estereoquimica, la masa molar y la cristalinidad del PLA
pueden mejorar su ductilidad y resistencia al impacto hasta cierto punto, esta mejora es

generalmente insuficiente para satisfacer el requisito de la mayoria de las aplicaciones
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practicas [28]. La falta de ductilidad del PLA se puede corregir con la adiciéon de
plastificantes [22, 40, 54]. Por otra parte, las propiedades mecanicas finales de la pieza

obtenida también dependen de la técnica y condiciones de procesado.

2.4.4. Interaccion entorno-envase-alimento

Los envases de los alimentos son importantes para la proteccién del producto que
contienen, conservarlo y extender su vida util. Sin embargo, los materiales poliméricos
pueden establecer interacciones tanto con el entorno como con el alimento, lo que puede
dar lugar a una reducciéon de la calidad del producto, como alteraciones quimicas,
nutricionales y sensoriales del alimento que contienen, y como consecuencia una
reduccion de su vida util.

Estas interacciones del envase con el entorno y el alimento involucran procesos de
permeacion, sorcidn, difusiéon y migracion [55], los cuales se encuentran representados en
la Figura I1.9-a. Los procesos de permeacién son aquellos que permiten el intercambio de
sustancias a través del envase entre el entorno exterior y el entorno interior o espacio de
cabeza [4], mientras que el fenémeno de difusion es la velocidad a la que estas sustancias
atraviesan el polimero. El proceso de permeacién es un proceso de difusién controlada
donde un permeante es absorbido por, difunde a través de, y luego desorbe del polimero
[55]. El proceso de sorcion es la absorcion de algunas sustancias procedentes del alimento
(como el aroma, el sabor, olor o compuestos colorantes), que pueden ser retenidas por el
material polimérico [4, 55]. Los fendmenos de migracién involucran la transferencia de
sustancias originalmente presente en el material de plastico del envase hacia el alimento

[55].
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Figura I1.9. Procesos de las posibles transferencias de masa involucrados en las

interacciones entorno-PLA-alimento

2.4.4.1. Propiedades Barrera

En este sentido, los plasticos son relativamente permeables a las moléculas
pequefias (permeantes), tales como gases, vapor de agua, vapores organicos y liquidos
[56], a diferencia de las ceramicas, vidrios y metales [55]. Por lo tanto, una de las
propiedades mas importantes cuando se trata de desarrollar un sistema para envasado de
alimentos es la permeabilidad a los gases (especialmente diéxido de carbono y oxigeno) y
al vapor de agua. El vapor de agua y oxigeno son dos de los principales permeantes
estudiados en aplicaciones de envasado alimentario, ya que se pueden transferir, ya sea
del medio interno o externo a través de la pared del envase polimérico, lo que provoca un
cambio continuo en la calidad del producto y la vida util [56]. Por otra parte, la
permeabilidad quimica a través de las membranas poliméricas puede dar lugar a
continuos cambios de la estructura del polimero [55].

El coeficiente de permeabilidad (P), permite determinar la capacidad que tiene una

membrana polimérica para permitir el paso de un permeante a su través y tiene en cuenta
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la solubilidad o coeficiente de absorcién (S) y el coeficiente de difusion (D), los cuales se

encuentran relacionados segtn la Ecuacién II. 1.

P=S-D EcuacionIl. 1

S depende de la solubilidad de las moléculas de permeante en el material y D depende de
la estructura del polimero y tiene en cuenta tanto el volumen libre de la matriz como su
tortuosidad [57]. De esta manera, muchos polimeros muestran un incremento de la
absorcion de los gases con un incremento del volumen libre de la matriz polimérica [55],
como por ejemplo el causado por la adicién de plastificantes [40, 58], donde el aumento de
la movilidad de las cadenas poliméricas permite el transporte de moléculas pequenas a
través de la matriz [59]. Dado que las regiones cristalinas son altamente ordenadas, en
comparacion con las regiones amorfas, el volumen libre es inferior o no existente y de esta
manera las regiones cristalinas actian como barreras impermeables para la difusion y la
adsorcion. Al mismo tiempo, las regiones cristalinas presentan una restriccién de la
cadena polimérica en la regién amorfa que influye en el proceso de absorcién en la fase
amorfa limitando la eficacia de la trayectoria de difusion [55]. Asi, la cristalizacién parcial
del PLA reduce la permeabilidad a gases debido a que los cristales disminuyen el volumen
de fase amorfa, a través de la cual los gases pueden permear con facilidad, al mismo
tiempo que generan un camino mas tortuoso, reduciendo el coeficiente de difusién [53].
Los gases tienen capacidad para penetrar en el material sélido, bien porque las
moléculas del permeante interaccionan con el sélido y se disuelven en él, o bien porque
penetran en los huecos microscépicos de la estructura sélida. La presencia de humedad y
la temperatura influyen en el mecanismo de transporte de un gas a través del PLA. Auras
(2007) observo un incremento de la difusién de oxigeno en PLA con el incremento de la
actividad de agua atribuyendo este comportamiento al efecto de plastificacion producido
por el agua en la matriz de PLA. Con respecto a la permeabilidad al oxigeno, encontré que
las muestras de PLA presentaron un aumento significativo (~3 veces) a la permeabilidad
al oxigeno con el aumento de la temperatura de 5 °C a 40 °C. Sin embargo, las muestras de
PLA ensayadas a altas actividades de agua (Aw = 0.9) presentaron un menor aumento (~2
veces) de la permeabilidad al oxigeno con la temperatura, debido a la ocupacién de parte
del volumen libre por las moléculas de agua. Es por ello que el PLA muestra una reducciéon
a la solubilidad del oxigeno con el aumento de contenido de agua [55].
El fendmeno de difusion (D), velocidad a la que las moléculas atraviesan el polimero, se

encuentra gobernado por la primera Ley de Fick (Ecuacion II. 2):
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J= D ac Ecuacion II. 2
ox

la cual establece que el flujo (/) de una sustancia (en direcciéon x) es proporcional al
gradiente de su concentracién (c) en la misma direccién. La penetraciéon del permeante
dara lugar a un desplazamiento neto de éste desde el lado mas concentrado al menos
concentrado. Termodinamicamente el potencial quimico serd mayor del lado mas
concentrado y tenderd a igualar dicho potencial igualando la concentracién a ambos lados.
El permeante se absorbe sobre la cara del film donde la concentracién es mayor
solubilizdndose en la matriz polimérica, luego se reparte en el seno del film y se difunde
dentro de él hasta llegar a la cara opuesta donde se desorbe para incorporarse en la
atmosfera del otro lado, menos concentrada, estableciéndose un flujo neto (Figura 11.9-b).
Este equilibrio termodindmico estd gobernado por la Ley de Henry [55], a ambos lados del

film, Ecuacion II. 3:

Ac=S-Ap EcuacionIL 3

la cual establece que el coeficiente de la concentracion de saturaciéon dentro del film (Ac),
es proporcional a la presién parcial en la atmdsfera gaseosa (Ap). El coeficiente de
permeabilidad P se puede expresar como la cantidad de permeante (m), que atraviesa el
film (de espesor €), en la unidad de tiempo (t), por unidad de area superficial (a) cuando
entre los dos lados de la membrana la diferencia de presion parcial del permeante (4p) es
la unidad (1 atm) (Ecuacién II. 4) [55].

p=_M¢ Ecuacion II. 4

t-a-Ap

Sin embargo, la relacion directa entre el grado de cristalinidad del PLA y las
propiedades de barrera es un tema de discusiéon [19]. En este sentido, Cocca y
colaboradores (2012) indicaron recientemente que la permeabilidad al vapor de agua
practicamente no cambia con el aumento de la cristalinidad en films de PLA cristalizados
(inmediatamente después de su preparacion) a temperaturas inferiores a 110 °C. Sin
embargo, obtuvieron una marcada disminucién de la permeabilidad al vapor de agua con
un aumento muy pequefio de la cristalinidad en las muestras cristalizadas a temperaturas
entre 115 y 125 °C, correspondiente al rango de temperatura en el que la cristalizacion del
PLA presenta un polimorfismo de cristales a y a’ [60]. Con respecto a las propiedades de

barrera al oxigeno del PLA, Guinault y colaboradores (2012) estudiaron la difusién de
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oxigeno y el coeficiente de solubilidad en funcién del grado de cristalinidad en muestras
de PLA con diferente cristalinidad, y encontraron que la permeabilidad se rige
principalmente por el coeficiente de difusion. En films de PLA de cristalinidad inferior a
35%, el coeficiente de difusién aument6é con el aumento del grado de cristalinidad y
atribuyeron este comportamiento no esperado a la creacién de una fraccién amorfa rigida
con volumen libre mas grande [61]. Las diferencias en el empaquetamiento molecular
entre los cristales de forma o’ y a influye también en la permeabilidad, donde la presencia
de grandes fracciones de cristales a consiguen un empaquetamiento mas estrecho de las
cadenas de PLA que consiguen acoplarse fuertemente con las regiones amorfas y
disminuir asi la difusion a través del film [60].

El PLA presenta mejores propiedades de barrera al COzque PS pero menores que
PET [8], mejores propiedades de barrera al oxigeno que PS [26] y poli(etileno) de baja
densidad (LDPE) [58], pero menores que PET [26, 58] y otros polimeros biodegradables

como caseinatos [6] y gelatina [62].

2.4.4.2. Migraciones

El PLA es aceptado como seguro en aplicaciones de envasado de alimentos y se
encuentra clasificado como GRAS (de sus siglas en inglés: Generally Recognized As Safe)
por la Food and Drug Administration (FDA) [63]. Asi mismo, la normativa europea actual
no incluye directrices especificas para ensayar los biopolimeros de manera diferente a los
materiales poliméricos de uso comun [64, 65]. Por lo tanto, sélo es necesario el control de
la composicién y los niveles de migracion de este tipo de envases [66].

Los ensayos de migracion se realizan mediante el contacto directo del material
plastico hacia simulantes alimentarios seguido de una posterior cuantificacion de los
migrantes mediante el analisis quimico en el caso de migracion especifica o un analisis
gravimétrico en el caso de la migracion global [67]. Desde los envases de PLA pueden
migrar moléculas pequefias hacia los alimentos como oligémeros, dimeros de acido lactico,
lactida y acido lactico, por fenémenos de degradacién hidrolitica [25]. En cualquier caso, el
acido lactico resulta el de especial interés porque dimeros y oligdbmeros en un sistema
acuoso finalmente hidrolizan en acido lactico [8] (Figura 11.10), que es un ingrediente
alimentario seguro y de uso comun [25, 68], que también se encuentra naturalmente en
algunos alimentos como en la carne de cerdo, carne de cordero, yogurt, quesos, chucrut,
entre otros [25]. Tal es asi, que el acido lactico se encuentra en la lista autorizada de

sustancias para entrar en contacto con alimentos sin limite de migracion especifica [69].
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Figura I1.10. Esquema de hidrolisis de PLA: trimero, dimero y lactida

Los procesos de transferencia de masa, pueden también ser empleados en
beneficio del producto envasado con el objetivo de mejorar la calidad del producto [4]
aprovechando su capacidad de interaccionar con el alimento mediante el desarrollo de
envases activos. En este sentido, es sabido que el PLA se puede utilizar como matriz para
la liberaciéon sostenida de sustancias bioactivas [8], por lo cual se utiliza para aplicaciones
biomédicas. La capacidad del PLA de liberar sustancias a partir de su matriz polimérica le
confiere una ventaja adicional para su aplicacion en envasado activo permitiendo
interacciones entre algin aditivo del envase de PLA y el alimento o entre los aditivos del

envase de PLA y la atmosfera interior del mismo [7].

2.4.4.3. Envase activo

Como se comentd anteriormente, una tendencia actual es la adicién de aditivos con
propiedades especificas, como antimicrobianas o antioxidantes, a las matrices poliméricas
que al migrar del envase hacia el alimento interaccionaran con éste evitando el desarrollo
microbiano o la oxidaciéon de componentes del alimento, respectivamente. Una de las

principales ventajas que ofrecen los envases activos, es que los materiales activos pueden
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actuar como una fuente del aditivo que se libera a los alimentos a velocidades controladas
[70] ofreciendo una ventaja con respecto a la adicién directa del aditivo al alimento.

El efecto de la adicién de sustancias activas a la matriz de PLA ha sido ampliamente
estudiado en los ultimos afios, tanto componentes antimicrobianos [71, 72] como agentes
antioxidantes [23, 73-76]. Jin y colaboradores (2009), incorporaron nisina a films de PLA y
mezclas de PLA-pectina y demostraron inhibicidon de la actividad bacteriana de Listeria
monocitogenes [71]. Fortunati y colaboradores (2012) mostraron actividad antibacteriana
contra Escherichia coli y Staphylococcus aureus en films de PLA adicionados con
nanoparticulas de plata [72]. Manzanares Ldépez y colaboradores (2011) propusieron
mezclas de PLA con a-tocoferol para el envasado de alimentos perecederos grasos debido
a que demostraron un retraso de la induccién a la oxidacion en aceite de soja debido a la
liberaciéon sostenida del agente antioxidante [73]. Hwang y colaboradores (2013)
incorporaron resveratrol y a-tocoferol a PLA y mezclas de PLA-almiddn y encontraron que
ambos antioxidantes mejoran la estabilidad térmica de los materiales finales [23]. Por su
parte, Ifiiguez Franco y colaboradores (2012) incorporaron catequina y epicatequina al
PLA y estudiaron la difusion de estos antioxidantes hacia diferentes simulantes
alimentarios y observaron que el proceso de extrusion afecto a los antioxidantes afiadidos,
sin embargo, el contenido restante de antioxidante en las formulaciones finales demostro

una efectiva actividad antioxidante [74].

2.4.5. Propiedades 6pticas

Ver a través del film es uno de los requisitos mas importantes para el envasado
alimentario, ya que puede influir en la decisiéon del consumidor a la hora de elegir un
alimento [77]. Por otra parte, la transmisidn de la luz visible y ultravioleta son pardmetros
importantes en el disefio de los envases para conservar y proteger los productos hasta que
llegan al consumidor [8]. Las longitudes de onda de interés en el envasado de alimentos se
encuentran entre 200 y 2200 nm del espectro electromagnético: region ultravioleta (UV)
(100-400 nm), espectro visible (400-700 nm) y la regién del infrarrojo cercano (700-2200
nm). La luz UV a su vez se subdivide en tres regiones de longitud de onda distintas: UV-A
(400-315 nm), UV-B (315-280 nm) y UV-C (280-100 nm). La luz UV-A, “luz negra”, es el
componente de menor energia mientras que la radiacién UV-B es el componente de mayor
energia de la luz UV natural [8]. La radiacion UV-B es la que causa la degradacién
fotoquimica (fotdlisis iniciada por fotooxidacion) [78] de la mayoria de los plasticos y se

encuentra parcialmente bloqueada por la capa de ozono [8]. La luz UV-C natural es
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totalmente absorbida por la atmésfera y nunca alcanza la superficie de la tierra. Sin
embargo, la luz UV-C es generalmente creada a partir de fuentes de luz artificial [8].

Auras y colaboradores (2005a) observaron que el PLA presenta mejores
propiedades de barrera a la luz UV-C que LDPE, pero un poco inferiores que el PS, Celofan
(CE), y PET [26]. Sin embargo, el PLA transmite mas la luz UV-A y UV-B que PS, CE y PET
[8]- Por lo tanto, para el envasado de algunos alimentos sensibles a la luz UV, la aplicacién
de envases de PLA transparentes puede requerir aditivos que sean capaces de absorber la
luz UV y por lo tanto prevenir el dafio a los alimentos envasados, lo que resulta en la
retencion de sabor y apariencia, la extension de la vida util y mejora de la calidad del
producto [8].

Las propiedades o6pticas del PLA dependen del grado de cristalinidad y por lo tanto
un PLA amorfo presentard mayor transparencia que un PLA con mayor grado de
cristalinidad [53]. Por otra parte, las propiedades oOpticas de PLA resultan también
importantes en las operaciones de tefiido e impresion [40], su polaridad hace que tenga
una energia superficial critica elevada, lo que le proporciona una mayor facilidad para su
impresion o tefiido que PE y PP [53].

El color que presenta un envase alimentario es de fundamental importancia para
los consumidores. Una coloracién amarillenta de los envases alimentarios podria crear
una percepcion de que el envase es viejo [8] o bien considerar que el color amarillento
proviene del alimento. La medida del color de PLA mediante el espacio colorimétrico
CIELab ha demostrado que el PLA presenta apariencia similar a LDPE y PS [26]. El PLA
presenta similar indice de amarillamiento (cambio de color de blanco o claro hacia

amarillo) que PS y LDPE, mientras que el celofan y PET tienen valores mas altos [8].

2.4.6. Degradacion hidrolitica y enzimatica

Una de las principales ventajas de los plasticos biodegradables es que son
degradados facilmente por los microorganismos presentes en el medio ambiente a
diferencia de los plasticos convencionales los cuales son resistentes al ataque microbiano
[7]- El carbono, hidrogeno y oxigeno en el PLA tienen su origen en agua y didxido de
carbono y si el envase de PLA, al finalizar su vida til, es expuesto a degradaciéon en
condiciones de compostaje tendra también su final en agua y diéxido de carbono, como
consecuencia de la degradacion bioldgica, completando asi el ciclo de vida del PLA (Figura

11.11).
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Figura II.11. Ciclo de vida del PLA

La degradacion bioldgica de los plasticos puede ser aerdbica, en la naturaleza
salvaje; anaerobia, en sedimentos y rellenos sanitarios; o una combinacién de ambas
parcialmente aerdbica y parcialmente anaerébica, como es el caso de la degradacion en
suelo y en los medios de compostaje [78]. La degradacién en compost, implica inicialmente
procesos abidticos (degradacién térmica y fotodegradacién) y procesos bidticos,
degradando el polimero en especies de baja masa molar. Sin embargo, los fragmentos de
degradacion resultantes deben ser utilizados completamente por los microorganismos, de
lo contrario existe potenciales consecuencias ambientales y, en consiguiente, para la salud
[18].

La degradacion del PLA en condiciones de compostaje ocurre en dos etapas
consecutivas, primero ocurre una degradacion hidrolitica seguida de una degradacion
enzimatica [19]. La desintegracion del PLA comienza por la superficie que absorbe agua
del medio, los grupos hidrolizables en la cadena principal son susceptible al ataque del
agua, que comienza a erosionar el polimero [79]. Posteriormente, el agua difunde al seno
del polimero produciendo escisiones no enzimatica de cadenas del grupo éster al azar
[19]. Asi, las cadenas de alta masa molar hidrolizan a oligdmeros de menor masa molar
(M, de aproximadamente 40000) [21] y acido lactico (Figura I1.12) que pueden ser
asimilados por los microorganismos tales como hongos y bacterias [19]. Ademas, ocurre

un proceso de difusion de oligdmeros solubles al seno del polimero [80]. La escisién y la
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hidrélisis de los enlaces éster es autocatalizada por los grupos terminales acidos

carboxilicos [68].
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Figura I1.12. Esquema de hidrélisis de PLA y pérdida de masa molar (Adaptado de Kale y
colaboradores, 2006 [79])

Durante el proceso de hidrdlisis, la integridad estructural del material se va
afectando a medida que la masa molar disminuye [79], se observa una disminucién en
tamafio (reduccién del espesor) y un aumento de la fragilidad del material [68]. La
reaccion de hidrélisis puede acelerarse debido a la presencia de acidos o bases y se ve
afectada tanto por la temperatura como por los niveles de humedad [21]. La velocidad de
degradacidn hidrolitica del PLA y su consiguiente reduccién de la masa molar es mayor en
condiciones basicas que en medios acidos [81]. Por otra parte, en el caso de medios de
compostaje un pH acido podria inhibir el desarrollo microbiano. La Figura 11.13 muestra
un esquema de la depolimeracién del PLA en un medio basico. Durante la degradacién del
PLA en un medio alcalino en la cadena final puede ocurrir una transesterificacion
intramolecular, debida al ataque electrofilico del grupo terminal hidroxilo en el segundo
grupo carbonilo, catalizado por una base, lo que conduce a una formacién de anillo. El
polimero se acorta por la hidroélisis de la lactida resultante, la cual en un siguiente paso se

hidroliza en dos moléculas de acido lactico. Al mismo tiempo, se produce una degradacién
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intramolecular al azar por el ataque alcalino en el carbono del grupo éster, seguido por la

hidrélisis del enlace éster que genera nuevas moléculas de baja masa molar [82].
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Figura I1.13. Esquema de la hidrdlisis de PLA en condiciones alcalinas (adaptado de Lucas

y colaboradores 2008 [82]).

Independientemente del medio de hidrdlisis, la escisién hidrolitica de las cadenas
de PLA se produce principalmente en las zonas amorfas que se encuentran entre las
regiones cristalinas [8]. A continuacién del proceso de hidrdlisis los microorganismos
continian el proceso de degradacion del material mediante la conversiéon de estos
componentes de menor masa molar en diéxido de carbono, agua, y humus [21].

Aunque el proceso de degradacion del PLA en un medio de compostaje es un
proceso simple de hidrdlisis, cualquier factor que afecte a la reactividad asi como también
a la accesibilidad del agua y de los microorganismos a la matriz polimérica afectaran a la
velocidad de degradacion del polimero [8]. Estos factores pueden ser: la humedad, la
temperatura, el pH, tipo de microorganismo presente, la disponibilidad de oxigeno y de
nutrientes en el medio [83], el tamafo de particula y su forma, la cristalinidad de la
formulacidn final, el porcentaje de isémero, la concentracion de acido lactico residual, la

masa molar, la distribucién de masa molar, impurezas de metales del catalizador [8, 79] y
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la presencia de grupos funcionales [84]. De esta manera, las condiciones adecuadas para la
biodegradacion de PLA en compost se alcanzan con temperatura por encima de 50 2C y
[33] una alta humedad relativa (40-50% de la capacidad maxima de retencion de agua del
suelo) [85] para promover la hidrélisis de las cadenas de PLA.

Las bacterias presentes en el suelo, aerobias y anaerobias, son los agentes
implicados en el siguiente paso de la degradacidn de los polimeros biodegradables. Su
accion degradativa es principalmente un resultado de la produccién de enzimas y la
consiguiente ruptura del sustrato con el fin de obtener nutrientes [85]. Las enzimas
producidas por diferentes microorganismos tienen sitios activos con diferentes
especificidades, con diferentes formas complementarias, cargas e
hidrofilicidad /hidrofobicidad. En este sentido, los hongos Aspergillus niger y Aspergillus
flavus presentes en el suelo y en cultivos, respectivamente, producen enzimas que digieren
mas rapidamente poliésteres derivados de mondmeros de tamafio medio (Cs-Ci2) que
aquellos derivados de mon6meros mas largos o mas cortos [84, 85]. Para que las enzimas
puedan degradar un polimero biodegradable, la cadena de polimero debe ser capaz de
encajar en el sitio activo de la enzima [85]. Por lo tanto, esta especificidad enzimatica
puede contribuir a diferentes tasas de degradacion de poliésteres biodegradables en
diferentes entornos de compostaje [84].

Khabbhaz y colaboradores (2000) estudiaron la degradacién del PLLA en un medio
bidtico (cultivo mixto de microorganismos extraidos de compost) por la técnica de
pirolisis a 5002C acoplada a un cromatografo de gases y un espectrometro de masas
(Py/GC-MS) y compararon los resultados con muestras de PLLA degradadas en un medio
abidtico [51]. Todas las muestras pirolizadas revelaron la presencia de dos picos con
espectros de masas idénticos, correspondientes a la estructura quimica de lactida. Debido
a que uno de estos picos representa a L-lactida o D-lactida (sin distincion) y el otro pico
representa a meso-lactida [48], utilizaron la relacion de areas entre el pico
correspondiente a meso-lactida y el pico correspondiente a L-lactida (meso-lactida :
lactida) como una medida semicuantitativa de la asimilacién de L-lactida por parte de los
microorganismos. Observaron mayor cantidad de L-lactida o D-lactida en las muestras
expuestas a la degradacion bidtica que en las muestras sin degradar y las expuestas al
medio abiotico. Por su parte, la cantidad de meso-lactida resulté mayor en las muestras
degradadas en medio bidtico que en las muestras degradadas en medio abidtico. Se
atribuyeron estos resultados a que los microorganismos prefieren la forma L-lactida en
lugar de la forma D (D-lactida), lo que influye tanto en la formacién como en las cantidades

de meso-lactida y lactida (D o L lactida) durante la pirdlisis [51].
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Cada modificacion sustancial en la formulacion del material en base a PLA podria
cambiar el patréon de producto de degradaciéon obtenido mediante la introducciéon de
nuevos compuestos solubles en agua o que afecten a la distribucién de productos [35]. En
este sentido, Lemmouchi et al. (2009) demostraron que la desintegracion de PLA en
condiciones de compostaje se ha mejorado por la presencia de plastificantes [86]. Por otra
parte, se espera que la incorporacién de polimeros cristalinos como parte de mezclas de
materiales basados en PLA retarde el proceso de degradacién del PLA en condiciones de
compostaje, debido a que la degradaciéon en compost ocurre principalmente en las zonas
amorfas del polimero [8]. La incorporacién de nanocargas a la matriz de PLA puede
presentar diferentes comportamientos segin la naturaleza de la carga. En este sentido,
Fortunati y colaboradores (2014) encontraron que la adiciéon de nanocristales de celulosa

(CNC) acelera el proceso de degradacion del PLA [87].

2.5. Aplicacion del PLA en envases alimentarios

A pesar de las numerosas caracteristicas positivas que presenta el PLA
mencionadas anteriormente, el uso de PLA en aplicaciones de envase de alimentos se
encuentra limitado debido principalmente a que presenta algunas restricciones en cuanto

a sus propiedades térmicas, mecanicas y barrera [7].

2.5.1. Modificaciones del PLA para su aplicacién en envases alimentarios

En el envasado de alimentos se debe garantizar la seguridad de un material
evitando el deterioro de su estructura durante su servicio. Asi, la degradacién del PLA
debe tenerse en cuenta [66]. En este sentido, los productos generados por la degradacién
térmica pueden ser una molécula de lactida, un anillo de oligdmero o una mezcla de
acetaldehido y CO, en funcién del lugar de la cadena donde ocurra la fragmentacion. El
acetaldehido resulta indeseable en aplicaciones destinadas para el envasado de alimentos
ya que puede alterar las propiedades organolépticas del alimento [36].

La alta fragilidad del PLA limita tanto su capacidad de proceso como sus
aplicaciones. Una manera de mejorar el comportamiento mecanico del PLA es mediante la
adicion de plastificantes [22] como poli(etilen glicol) (PEG) y citrato de acetil tri-n-butilo
(ATBC) que resultan altamente recomendados para plastificar el PLA [57]. La Autoridad
Europea de Seguridad Alimentaria (EFSA), informé que el uso de PEG [88] y ATBC [89] en
materiales destinados a estar en contacto con alimentos no plantean un problema de

seguridad para los consumidores. Sin embargo, la introduccién de plastificantes a la
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matriz de PLA genera un aumento de la permeabilidad a los gases de la matriz polimérica,
lo que resulta perjudicial para el uso de envases alimentarios [22].

Para aplicaciones de envase alimentario tanto el PLA como el PLA plastificado no
presentan propiedades de barrera suficiente a los gases (sobre todo diéxido de carbono y
oxigeno), ni al vapor de agua [53], las cuales son propiedades fundamentales para esta
aplicacion debido a que el envase debe proteger al alimento, entre otras cosas de la
oxidaciéon y de la humedad. Por otra parte, como se coment6 anteriormente, la presencia
de agua tiene un efecto significativo en las propiedades barreras de los polimeros debido a
que puede modificar la forma en que el gas o el vapor son absorbidos y difundidos a través
de la matriz polimérica [90]. Es por ello que se han propuesto modificaciones para mejorar
las propiedades de barrera del PLA, siendo las mas estudiadas la preparacion de
multicapas y el aumento de la cristalinidad.

Para el desarrollo de envases de multiples capas resulta imprescindible que los
materiales utilizados, aparte del PLA, también sean biodegradables para mantener el
caracter biodegradable del material final. Asi, se han propuesto diferentes biomateriales
que presentan mejores propiedades barreras al oxigeno como pueden ser las proteinas
(gelatina [91], soja [92] o caseinatos [6]) y el gluten [93].

Otra via para mejorar las propiedades barreras del PLA es mediante el aumento
del grado de cristalinidad, lo que dificulta la difusiéon de los gases debido a que genera un
camino mas tortuoso a través de la estructura polimérica [90]. El aumento de la
cristalinidad puede conseguirse desarrollando un material con un alto contenido de L-
lactida, mezclando el PLA con otro polimero que sea cristalino o incorporando
nanocompuestos.

Las mezclas de PLA con otro biopolimero resultan una estrategia atractiva para
aumentar la cristalinidad del PLA debido a que es un proceso relativamente facil y que se
obtiene mediante la misma tecnologia disponible en la industria para el procesado de PLA
[94] y los plasticos de uso comun. En este sentido, el poli(hidroxibutirato) PHB, es un
biopoliéster cristalino, perteneciente a la familia de los poli(hidroxialcanoatos),
biodegradable y presenta temperatura de fusion entre 173 °Cy 180 °C [3, 95], proxima a la
del PLA por lo que puede ser un candidato para mezclarlo con él en fundido.

Por otra parte resulta de fundamental importancia reducir la tasa de degradacion
térmica del PLA y mejorar su estabilidad térmica de manera que pueda tener aplicaciones
mas amplias, sin comprometer las propiedades del producto debido a la apariciéon del
inicio de la degradacion térmica [96]. De entre los muchos métodos que se pueden utilizar
para reducir la degradacion térmica de PLA, una alternativa prometedora es modificarlo

mediante la adicién de nanocargas. Los nanomateriales presentan propiedades mejoradas
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respecto a los materiales originales debido a la incorporacién de pequeias cantidades de
relleno, de escala nanométrica, en la matriz polimérica [33]. El uso de nanocargas de
origen natural resulta especialmente interesante ya que engloba ambos conceptos
respetuosos con el medio ambiente: origen renovable y biodegradable. En este sentido
Fortunati y coaboradores (2010, 2012a), demostraron que la celulosa microcristalina
(MCC), disponible comercialmente, resulta un aditivo muy efectivo para mejorar las
propiedades de los polimeros [97] sin afectar la transparencia [72] y a partir de MCC se
pueden obtener nanocristales de celulosa (CNC) [98]. La adicién de CNC a la matriz de PLA
ha demostrado mejorar efectivamente las propiedades del PLA, respecto a otros
nanomateriales cominmente utilizados como refuerzos y ofrece algunas propiedades

adicionales como su biodegradabilidad, alta rigidez y baja densidad [98].

3. PLASTIFICACION DEL PLA

El PLA es un material rigido y quebradizo para ser procesadas como film. Es por
ello que comuinmente se incorporan aditivos al PLA tales como plastificantes, no sélo para
facilitar la procesabilidad, sino también para obtener materiales mas flexibles y ductiles,
mediante la disminucién de la temperatura de transicién vitrea [28]. Generalmente, los
plastificantes son moléculas organicas pequefias, relativamente no volatiles, que se afiaden
a los polimeros para reducir el nimero de contactos polimero-polimero relativo
disminuyendo la rigidez de la estructura tridimensional, permitiendo de ese modo la
deformaciéon sin ruptura [99]. Sin embargo, la seleccion de un plastificante para ser
aplicado en la industria del envasado alimentario biodegradable, requiere la consideracién
de varios criterios como compatibilidad, caracter biodegradable, permanencia del
plastificante en el material durante el procesado [100], la resistencia a la migracion,
ausencia de toxicidad y baja volatilidad [28, 100], entre otros.

La eficiencia de plastificacion de un plastificante, es evaluada generalmente en
términos de la disminucién de la Tg y 1a mejora en las propiedades de traccidn, las cuales
dependen de su miscibilidad con la matriz polimérica y de a masa molar [28]. Por lo tanto,
para conocer el efecto de plastificacion es importante conocer la solubilidad que se va a
presentar entre el PLA y los plastificantes, asi como entre las mezclas de PLA-PHB y los
plastificantes debido a que la correcta distribucion del plastificante en el seno de la matriz
polimérica estara determinada principalmente por el nivel de miscibilidad entre el
plastificante y el polimero. Se puede suponer que la eficiencia del plastificante se relaciona
principalmente con la estructura quimica de su molécula y su compatibilidad con la matriz

polimérica. Desde un punto de vista molecular, el plastificante debe ser miscible con el
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polimero y presentar fuerzas intermoleculares similares. En general, se ha observado que
el plastificante mas eficaz se asemeja mucho al polimero y se caracteriza por presentar
parametros de solubilidad similares a los de los polimeros [100]. El concepto de
pardmetro de solubilidad (&) se basa en la energia libre de Gibbs, la ecuacién de la energia

libre de mezclado (Ecuacién II. 5).

AG = AH — TAS Ecuacion Il 5

donde AG es la variacion en la energia libre de Gibbs, AH la variacién de la entalpia (calor
de mezclado), T la temperatura absoluta y AS la entropia de mezclado.

Se requiere un valor negativo de AG para que se produzca la disolucién [55].
Cuando las moléculas de polimero y del disolvente (plastificante) se mezclan para dar una
disolucién aumenta la entropia del sistema (AS), debido al desorden creado en el sistema.
Por lo tanto, el signo del cambio de energia libre se encuentra determinado por AH, el cual
representa el balance energético que resulta cuando el polimero y el disolvente pasan de
su estado puro (polimero sélido o fundido y disolvente liquido) a la disolucién (liquida);
por tanto se requiere valores negativos o pequefios de calor de mezclado.

La compatibilidad de un plastificante depende de ambos, polimero y plastificante.
Termodinamicamente, los polimeros amorfos pueden ser considerados como liquidos. Por
eso la solubilidad del polimero en el plastificante o solvente puede ser tratada de la misma
manera que la miscibilidad de dos liquidos [100]. Asi, para que dos liquidos sean
miscibles, sometiéndolos a calores de mezcla minimos, deben presentar densidades de
energia de cohesion similares. La densidad de energia de cohesion, es la energia requerida
para la separacion infinita de las moléculas de un liquido por centimetro cubico evitando
las fuerzas intermoleculares: energia de vaporizaciéon por unidad de volumen [101].

Generalmente se utiliza el parametro de solubilidad, 6 (Ecuacion II. 6).

Ecuacion Il 6

donde AE/V representa la densidad de energia cohesiva (variacién de energia molar de
vaporizacion a presién cero por unidad de volumen V, del liquido) [55].

La afinidad relativa de un polimero y un plastificante se puede estimar usando los
parametros de solubilidad [8]. De esta manera, la cercania de los parametros de
solubilidad entre plastificante y polimero se utiliza generalmente para evaluar la

miscibilidad entre ellos, y proporciona una referencia para la seleccién de un plastificante
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efectivo [28]. Para poder considerar la mezcla de los componentes compatibles, los
parametros de solubilidad del polimero y del plastificante deben ser del mismo orden.

Se han desarrollado varios métodos para la determinacién del parametro de
solubilidad, sin embargo generalmente se calcula a partir de su férmula estructural,
debido a su simplicidad y a la validez de los resultados obtenidos. Considerando varios
tipos de moléculas simples, Small elaboré una lista de constantes de atraccién molar (G)
para varias moléculas, las cuales son aditivas. Asi, es posible calcular 6 por adicién de las
constantes de atracciéon molar, considerando el aporte que cada uno de los grupos hace a

la estructura global de la molécula (Ecuacién II. 7).

_ G Ecuacion II. 7
M,

é

donde & es el parametro de solubilidad (cal cm=3)'/2, D la densidad (g cm3), .G el
sumatorio de constantes de atraccién molar [(cal cm3)¥/2 mol!l] y M, es la masa molar
promedio en nimero por unidad repetitiva (g mol-1). Se debe tener en cuenta que las
predicciones tedricas pueden ser relativas porque la solubilidad de un polimero en un
plastificante se puede ver afectada por variaciones en la composicion, la cristalinidad y la
polaridad, entre otras [100].

Las moléculas pequeiias de plastificantes suelen resultar mas eficientes que las
mas grandes, especialmente en la reduccion de la T, de la matriz polimérica [28, 99]. Asi, la
miscibilidad de un polimero con plastificantes de la misma familia quimica disminuye con
el aumento en la masa molar del mismo, porque una mezcla con plastificantes de baja
masa molar tiene alta entropia de mezclado [28]. Se espera que un plastificante de menor
masa molar resulte en una mayor disminuciéon de la T del PLA, sin embargo también
puede migrar desde el material al alimento mas facilmente que plastificantes de mayor
masa molar [99].

Se ha observado que se pueden alcanzar elevada ductilidad del PLA plastificAndolo
con poliadipatos comerciales en concentraciones de entre 10% y 20% en peso [58] sin dar
lugar a separacion de fases y migracion del plastificante al finalizar el estudio de
envejecimiento a 25 2C durante tres meses [69]. Mdas recientemente, Burgos y
Colaboradores (2013) estudiaron el envejecimiento de films de PLA plastificados con
oligbmeros de acido lactico (OLA) usando concentraciones entre el 15 % y 25 % en peso
sin observar separacion de fases después de tres meses de almacenamiento a 25 2Cy 50 %

de humedad relativa [40].
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Varios mondémeros y oligdbmeros han sido investigados como potenciales
plastificantes para PLA. Entre ellos, poli(etilenglicol) (PEG) (Figura I.14-a) y ésteres de
citrato son, quizas, los plastificantes mas cominmente investigados [28, 54, 57]. Existen
varios ésteres de citrato comerciales como plastificantes para films destinados al contacto
con alimentos, incluyendo citrato de trietilo (TEC), citrato de tributilo (TBC), citrato de
acetiltrietilo (ATEC), y citrato de acetil-tri-n-butilo (ATBC) (Figura I1.14-b) [28]. El
desarrollo tecnolégico de los bioplasticos, tales como PLA y PHB, atin no se ha traducido
en un impacto significativo en el mercado y es por ello que la investigacién de aditivos
renovables y biodegradables constituye un motivo adicional para el desarrollo de nuevos
plastificantes [99]. En este sentido, estudios recientes han propuesto el uso de D-limoneno
como un nuevo mondémero [102]. El D-limoneno (Figura I.14-c) es el monoterpeno mas
abundante en la naturaleza y el componente principal de los aceites esenciales de los
citricos [103, 104]. El uso de limoneno como aromatizante en productos alimenticios esta
permitido [5]. Por otra parte, se ha observado que el limoneno presenta propiedades
antioxidantes y también se ha observado actividad antimicrobiana frente a algunos
microorganismos como Aspergillus penicilium [5]. El limoneno ha sido tradicionalmente
utilizado para estudiar la difusion de aromas en diferentes materiales poliméricos. Sin
embargo, recientemente se ha adicionado aceite esencial de limén a matrices poliméricas
como poli(etileno) de alta densidad (HDPE) destinado a envase de galletas y un anélisis
sensorial mostré una alta aceptaciéon por parte de los jueces con respecto al aroma de
limén y al sabor de las galletas [103]. Asi mismo, se ha afiadido aceite esencial de
bergamota a matrices de polimeros biodegradables como hidroxipropil metilcelulosa
(HPMC) [105] y quitosano [104]. Salazar y colaboradores (2012) estudiaron la absorcién
de diferentes compuestos aromaticos a través de la matriz de PLA y encontraron un efecto
de plastificacién de la matriz polimérica [106]. Por otra parte, el D-Limoneno es el residuo
mas importante en la industria de los citricos, por lo que resulta interesante en términos

medioambientales revalorizar este subproducto al usarlo como plastificante de polimeros.
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Figura I1.14. Estructura quimica de los plastificantes: a) PEG, b) ATBC y c) D-Limoneno.
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Se debe tener en cuenta que ATBC es un plastificante monomérico, mientras que
PEG es un plastificante polimérico. Concretamente, en el caso de PLA plastificado con
ATBC se encontrd que éste resulta mas efectivo en la mejora de la elongacién cuando su
presencia es de mas de 10% en peso [28, 107]. Coltelli y colaboradores (2008) observaron
que la plastificacion de PLA con ATBC resulté en un aumento de la cristalinidad con
concentraciones inferiores al 20% [108]. Lemmouchi y colaboradores (2009) reportaron
que la combinacién de PLA-ATBC en proporcién 80:20 conduce a una mejora importante
de las propiedades termo-mecdanicas del PLA [86]. Asi, en las mezclas de PLA con ésteres
de citrato se produce separacion de fases a partir de un 25% de ATBC [28]. Courgneau y
colaboradores (2011) estudiaron PLA plastificado con PEG (M,= 200g-mol!) y ATBC, y
concluyeron que la adicién de ATBC en contenidos mayores o igual al 13% en peso
disminuye la Ty del PLA y aumenta el alargamiento a la rotura, sin presentar separacion de
fases hasta un contenido de 17% en peso. Por el contrario, PEG muestra un limite de
miscibilidad con PLA al presentar separacion de fases a partir de un 9% en peso [57]. En
los sistemas PLA-PEG, la miscibilidad se encuentra condicionada por la masa molar de
PEG, donde su eficiencia de plastificaciéon aumenta con la disminucién de la masa molar
[28, 109]. En este sentido, Martin y Avérous (2001) estudiaron sistemas PLA-PEG, de My
entre 400-1500 g-mol-}, y encontraron que conforme disminuye la masa molar de PEG
mejoran las propiedades mecanicas y disminuye la Ty [54]. Kulinski y colaboradores
(2005) observaron separacién de fases macroscépica en mezclas de PLA con un 20% en
peso de PEG 200 (My= 200 g mol!) y en 30% en peso de PEG 400 (400 g mol-1) [110]. En
conclusién, se obtienen mejoras significativas en la ductilidad del material a
concentraciones de plastificante por encima del 10% en peso, mientras que mejoras en las
propiedades mecanicas se han obtenido para *20% en peso de plastificante. No obstante,
en el presente trabajo el desarrollo de los sistemas plastificados tienen como finalidad la
aplicacion al sector de envasado de alimentos, por lo tanto la posible migraciéon de
plastificantes al alimento quiere evitarse. Asi mismo, se pretende un equilibrio entre las

propiedades mecanicas y barrera al oxigeno.

4. Copolimeros y mezclas de polimeros

La copolimerizacion y el mezclado con otros polimeros y/o aditivos son los dos
medios mas empleados para modificar las propiedades fisicas del PLA.

Una practica comun en la sintesis de materiales, que se utiliza para mejorar las
propiedades fisicas de los polimeros, es la polimerizacion simultinea de dos o mas

monoémeros diferentes [111] obteniéndose cépolimeros [112, 113], los cuales han

79



Introduccion

adquirido una importancia relevante, debido a que los procesos de copolimerizacion
permiten combinar las caracteristicas de los diferentes monémeros, resultando materiales
con excelentes prestaciones [113].

Los copolimeros pueden ser: (i) de cadena lineal, (ii) de injerto y (iii)
entrecruzados. En los copolimeros de cadena lineal los dos mondmeros se distribuyen a lo
largo de la misma cadena de una forma determinada (al azar, en secuencias o en
bloques)[112]. En los copolimeros de injerto, sobre puntos especificos con alta reactividad
de una cadena de polimero ya formada, se hace crecer una ramificacién lateral de otro
mondmero [113]. En los copolimeros entrecruzados, uno de los monémeros tienen una
funcionalidad mayor que dos dando lugar a estructuras ramificadas tridimensionales
(geles) [112].

Mediante la manipulaciéon de la arquitectura de la molécula, la secuencia de
monoémeros y la composicion se pueden mejorar distintas caracteristicas de los
copolimeros, como las propiedades de traccion y de impacto [28]. Asi mismo, la
copolimerizacion permite mejorar las propiedades de barrera de un determinado
polimero mezclandolo con otro que sea menos permeable. De esta manera, el copolimero
puede presentar propiedades de ambos polimeros o intermedias entre ellos, aunque
muchas veces el producto final presenta propiedades totalmente diferentes a las de los
homopolimeros correspondientes [112], representando un poderoso medio para la
obtencion de materiales poliméricos con propiedades que resultan inalcanzables por los
homopolimeros [28].

La composicién es el factor mas importante que determina las propiedades de un
copolimero, es decir, la proporcién relativa y la disposicién de los comondémeros que lo
constituyen. Por lo tanto, la composicidn final depende de la concentraciéon de cada uno en
la mezcla de alimentaci6én y de su reactividad relativa [112].

La copolimerizaciéon del PLA puede llevarse a cabo ya sea a través de
policondensacion de acido lactico con otros monémeros (o segmentos de polimero) o bien
por copolimerizacién por apertura de anillo (ROC) de lactida con otros monémeros
ciclicos (o segmentos de polimero). Siendo ésta ultima la copolimerizacién mas utilizada
para mejorar la tenacidad o flexibilidad del PLA, debido a que permite un control mas
preciso de la quimica y permite obtener copolimeros de mayor peso molecular [28].

Los copolimeros de PLA con otros mondémeros, como Aacido glicélico y
caprolactona, son utilizados para aplicaciones biomédicas, debido a su excelente
biocompatibilidad y como vehiculo para la liberacién sostenida de diversos farmacos [7].
En aplicaciones alimentarias estos sistemas resultan atractivos para la liberacion

sostenida de agentes activos. Sin embargo, a pesar de esta cualidad y de que se pueden
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obtener un amplio espectro de propiedades mecanicas del PLA mediante su
copolimerizacion con otros homopolimeros, la copolimerizacién es actualmente
econdmicamente inviable a escala industrial para aplicaciones alimentarias [28].

Otro método de combinar las caracteristicas de los materiales es a través de el
proceso de mezclado mecanico en fundido o blending. En una mezcla, siempre que los
polimeros lo permitan, se funden ambos polimeros conjuntamente y se mezclan. Al
enfriar, se obtiene un material que combina las caracteristicas de ambos y que presenta
una Unica fase homogénea, si existe miscibilidad entre los componentes.

Cuando los polimeros que constituyen la mezcla son inmiscibles se forma un
sistema bifasico, donde uno de ellos actia como fase matriz y el otro como fase dispersa.
Cuando la mezcla es inmiscible generalmente se trata de mezclas con malas propiedades
mecanicas, ya que la adhesién entre las dos fases no es buena. Es por ello que la
compatibilidad entre ambos polimeros y sus proporciones son factores de fundamentel
importancia a la hora de preparar mezclas. Cuando los polimeros son compatibles también
se debe seleccionar las cantidades adecuadas, ya que para obtener una compatibilidad
Optima entre los dos polimeros es necesario que uno de ellos sea la fase mayoritaria que
marque el comportamiento de la mezcla y la adiciéon del otro polimero sea en menores
cantidades [113].

El mezclado se utiliza con mayor frecuencia a nivel industrial por la versatilidad
que presentan las mezclas obtenidas, ya que se puede conseguir un abanico de
propiedades muy amplio y, ademas, es un método mas rapido y econémico. Las mezclas de
polimeros son muy investigadas para el PLA con la finalidad de modificar algunas
propiedades segtn la aplicacidn final del producto, como pueden ser las caracteristicas de
permeabilidad, propiedades térmicas y mecanicas [29]. Asi, en la dltima década las
mezclas de PLA con otros polimeros biodegradables han cobrado especial interés para
aplicaciones de envases alimentarios biodegradables.

En el presente trabajo se propone mezclar el PLA con un 25 % en peso de PHB
para incrementar la cristalinidad del PLA y ampliar su uso como films de envasado de
alimentos. Esta modificacion constituye uno de los puntos basicos del presente trabajo de

investigaciéon y en el apartado 6 del presente capitulo se desarrolla con mas detalle.

5. POLI(HIDROXIALCANOATOS), PHAs

Los poli(hidroxialcanoatos) (PHAs) son poliésteres producidos por numerosas
bacterias en la naturaleza [3, 114] como reserva de energia y carbono [3]. Los PHAs son

polimeros isotacticos, de elevada masa molar, semicristalinos [111] y algo mas versatiles
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con respecto a sus propiedades que el PLA [2]. Los productos hechos de PHAs pueden ser
compostados después de su utilizacién y se transforman en agua y CO; por un proceso de
descomposicién oxidativo mediado por la accién catabédlica de diversos microorganismos
[2]. Muchos PHAs ademdas de biodegradables son biocompatibles, debido a que los
productos de degradacién son 3-hidroxidcidos, que se encuentran naturalmente en los
animales. Procedente de la polimerizacion del mondmero de 3-hidroxibutirato, el
homopolimero de poli(3-hidroxibutirato) (PHB) es el PHA mas simple [115] y mas
conocido [3, 116] y presenta propiedades similares al PP pero es algo mas rigido y
quebradizo [68]. Por esta razon, es también comun encontrar el copolimero de PHB y
poli(hidroxivalerato) (PHV), conocido como poli(hidroxibutirato-co-hidroxivalerato)
(PHBV) [3], debido a que la copolimerizacién con hidroxivalerato (HV) permite ajustar las
propiedades del material de PHB mediante la disminucién de la cristalinidad y la
temperatura de fusién [115], pero su precio es bastante elevado [68]. Sin embargo, el
proceso de recuperacion, es decir, los pasos de extraccién y purificacion, es decisivo para
obtener un PHA de alta pureza y, a menudo explica por qué tales polimeros siguen siendo

caros [33].

5.1. Poli (hidroxibutirato), PHB

El PHB es un polimero altamente cristalino, producido por una amplia variedad de
bacterias [3, 11, 116]. Al obtenerse a partir de fuentes de carbono naturales renovables,
como maiz [57], representa un material biodegradable prometedor para reemplazar a los
plasticos sintéticos. Es utilizado en algunas aplicaciones practicas como en la fabricaciéon
de envases plasticos biodegradables [83]. Sin embargo, no hay una gran fabricacién de
productos PHB, ya que tiene un mayor costo que los polimeros derivados del petroleo, es
un plastico relativamente rigido y fragil y presenta una baja resistencia a la degradacién

térmica lo que limita su procesado [11, 116].

5.1.1. Estructura quimica del PHB

El PHB (Figura I1.15) es el poliéster de cadena mas corta dentro de la familia de los
PHAs, es Opticamente activo y presenta un centro quiral [117]. Tanto el PHB como los
poliésteres naturales presentan la misma configuraciéon para el centro quiral, el cual se
encuentra en la posicion 3. Esta posicion es muy importante, tanto para sus propiedades
fisicas como para las actividades de las enzimas implicadas en su biosintesis y en su

biodegradacion [117].
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Figura II.15. Unidad repetitiva del PHB
5.1.2. Sintesis de PHB

El PHB es un producto polimérico de almacenamiento intracelular de una amplia
variedad de bacterias [3, 11, 116], incluyendo bacterias Gram-positivas y Gram-negativas.
Los granulos intracelulares de PHB sirven como reserva de energia y de carbono [30, 117].
El polimero es producido por las bacterias en respuesta a una limitacién de nutrientes en
el medio [30, 117], con el objetivo de evitar la inanicién si un elemento esencial deja de
estar disponible [116, 117]. El PHB es ideal como un polimero de almacenamiento de
carbono ya que es insoluble en agua, quimicamente y osméticamente inerte, y puede ser
facilmente reconvertido a acido acético mediante una serie de reacciones enzimaticas
dentro de la célula [117]. El PHB se produce a partir de acetil Coenzima A (CoA), derivada
del 4cido acético [117] mediante biosintésis en tres pasos catalizada por tres enzimas: 3-
cetiolasa, acetil-CoA reductasa y PHA sintasa. La acetil-CoA es dimerizada (por la enzima
3-cetiolasa) en acetoacetil-CoA que posteriormente es convertida en el mondmero R-3-
Hidroxibutiril-CoA (por la acetoacetil-CoA reductasa), para finalmente producir PHB (por
PHA sintasa) [116]. Este ciclo se activa debido a una deficiencia en nutrientes
(generalmente fésforo, nitrégeno u oxigeno) que necesita la célula para promover la
metabolizacién de acetil-CoA a través del ciclo del acido tricarboxilico [117]. Cuando el
nutriente limitante se repone, el PHB intracelular se degrada y el carbono resultante es
utilizado por la bacteria para el crecimiento [116]. De esta manera, el PHB es un polimero
natural que puede ser producido por sintesis bacteriana controlada [95]. Sin embargo, la
sintesis de PHB en bacterias nativas o recombinantes a través de fermentacién es un
proceso bastante costoso [116].

La agricultura representa una alternativa prometedora para la producciéon de PHB
a gran escala y a bajo costo. La sintesis del homopolimero PHB fue realizada por primera
vez en plantas utilizando Arabidopsis thaliana como vector, en 1992. A través de ingenieria
genética, los genes de las enzimas implicadas en la sintesis de PHB que se encuentran los
tres juntos en un operdn, se clonan y posteriormente se introduce el operén en una
bacteria, como Escherichia coli. De esta manera, las bacterias genéticamente manipuladas

que contienen el operdén pueden expresar las tres enzimas y sintetizar PHB en grandes
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cantidades a partir de una amplia gama de compuestos organicos [117]. Después de la
fermentacion, el PHB puede obtenerse a partir de la biomasa por extracciéon con

disolventes organicos [3].

5.1.3. Procesado del PHB

En la actualidad, no existe una gran produccién comercial de productos de PHB, ya
que tiene un mayor costo que los polimeros derivados del petréleo [11]. E1 PHB dispone
de un alto grado de cristalinidad, lo que le confiere una procesabilidad restringida [2]. Sin
embargo, su baja resistencia térmica parece ser el problema mas serio relacionado con su
procesado [11]. Puesto que el punto de fusién del PHB ocurre alrededor de 170-180 °C [3,
11], la temperatura de proceso deberia ser al menos 10 °C superior [11]. La diferencia
entre la temperatura de descomposicion (alrededor de 270 °C) y la temperatura de fusién
proporciona una ventana pequefia de procesado para la tecnologia de extrusion en estado
fundido [2]. Ademas, entre 180 °C y 200 °C puede ocurrir una escisiéon de la cadena
polimérica, lo que resulta en una disminucién de la masa molar [11]. Por estos motivos la

temperatura de proceso de PHB debe ser rigurosamente controlada.

5.1.4. Propiedades de PHB

El PHB es un biopoliéster que presenta un alto grado de cristalinidad (80%) [2, 3].
Debido a su alta cristalinidad, el PHB es rigido y quebradizo, lo que resulta en propiedades
mecanicas muy pobres con un alargamiento minimo a la rotura, limitando su campo de
aplicacion [11, 118]. El PHB presenta una coloracién amarillenta y presenta menor
transparencia que el PLA.

Se ha sugerido que el mecanismo de degradacién térmica del PHB se produce casi
exclusivamente mediante cis-eliminacion, una escision de la cadena al azar no radicalaria
[47]. La cis-eliminaciéon es siempre dominante en ésteres que tienen un enlace C-H
activado, como es el caso del PHB, debido a que los hidrogenos de metileno se activan por
la proximidad del grupo carboxilo incrementando su acidez [49] lo que implica un estado
de transicion de anillo de seis miembros y finalmente da lugar a la formacién de acido

crotonico y oligomeros de PHB (Figura 11.16)[47, 119].
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Figura I1.16. Mecanismo de degradacion térmica de PHB mediante cis-eliminaciéon

(Adaptado de Aoyagi y colaboradores (2002)[47])

El PHB presenta una variedad de propiedades apropiadas para el envasado
alimentario, tales como biodegradabilidad, actividad éptica y buenas propiedades de
barrera [120]. Por ejemplo, el PHB presenta mejores propiedades de barrera que el PET
[121]. Al comparar el PHB con el polipropileno (PP), el PHB presenta algunas desventajas
como son, su mayor rigidez y fragilidad (debido a su mayor cristalinidad), tiene una menor
resistencia a los disolventes y una elongacién a la rotura muy baja. Sin embargo, PHB
presenta mayor resistencia a la luz ultra violeta (UV), mayor exclusiéon de oxigeno y, sobre
todo, es biodegradable [2], siendo degradado por numerosos microorganismos (bacterias,
hongos y algas) en diferentes ecosistemas [83].

Para facilitar la transformacion, el PHB puede ser plastificado, como por ejemplo
con esteres de citrato [3, 11]. También se puede modificar las propiedades del PHB
mediante la interrupcién de la matriz polimérica incorporando PHV [2] para dar lugar al
PHBV.

Durante la degradaciéon del PHB en condiciones de compostaje, causada por
microorganismos, en primer lugar se observa la erosion de la superficie del polimero y
posteriormente difunde gradualmente al interior [122]. El PHB presenta una velocidad de

degradacién en compostaje inferior a la del PLA, el cual es inicialmente hidrolizado.

6. Mezclas de PLA-PHB

Las mezclas de PLA-PHB han sido estudiadas por numerosos investigadores en los
ultimos afios [94, 95, 123-127], tanto para mejorar las propiedades del PLA, como para

mejorar las propiedades del PHB. Sin embargo, la miscibilidad entre estos dos
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biopolimeros es bastante discutible. La miscibilidad entre el PLA y el PHB es dependiente
de distintos factores como son: (i) la masa molar, (ii) la temperatura utilizada durante el
proceso de mezclado y (iii) la proporcién de cada biopolimero en la mezcla. Algunos
estudios han indicado que el PLA muestra miscibilidad limitada o parcial con PHB de baja
masa molar [94, 128]. Sin embargo, se considera que la temperatura tiene una mayor
influencia y otros trabajos han demostrado que las mezclas de PLA-PHB son totalmente
miscibles en estado fundido [127, 129]. En este sentido, Zhang y colaboradores (1996)
encontraron que las mezclas de PLA-PHB preparadas a alta temperatura exhibieron mayor
miscibilidad que las mismas mezclas preparadas con disolvente a temperatura ambiente
[130]. Este efecto, de mayor miscibilidad entre el PLA y el PHB en su estado fundido,
podria deberse a que ocurre una reaccién de transesterificacion entre el PLA y las cadenas
de PHB a la temperatura de proceso [95, 130]. Ademas, la miscibilidad entre PLA y de PHB
es fuertemente dependiente de su relacion en la mezcla. En este sentido, Ni y
colaboradores (2009) mezclaron oligdmeros de 3-hidroxibutirato (OHB) con PLA y
consiguieron mejorar la capacidad de cristalizacion del PLA, con cantidades de OHB
inferiores a un 40% [125]. Estos mismos autores demostraron que cantidades superiores
de OHB generaban una separaciéon de fases, indicada por la presencia de dos Ty [125].
Chang y Woo (2012), estudiaron el comportamiento de la cinética de cristalizacién de PHB
mezclandolo con L-PLA y D-PLA (50:50), como agentes de nucleacién biodegradables, y
reportaron una mejora de la densidad de nucleacién del PHB con un 10% en peso de
cristalitos de D,L-PLA [124]. Por otra parte, se ha visto que la rigidez del PHB puede
mejorarse significativamente mediante la mezcla con PLA [123]. Furukawa y
colaboradores (2005) estudiaron mezclas de PLA-PHB preparadas por moldeo con
disolvente en cloroformo con relaciones de mezcla 20/80, 40/60, 60/40, y 80/20 (PLA /
PHB % en peso) e informaron que el PHB cristaliz6 como muy pequefias esferulitas que
pueden actuar como sitios de nucleacidon del PLA en la mezcla 20/80 [126]. Del mismo
modo, Zhang y Thomas (2011) estudiaron mezclas de PLA-PHB en diferentes
proporciones 100/0, 75/25, 50/50, 25/75 y 0/100 (PLA / PHB % en peso) mezcladas en
el estado fundido y seguido de un proceso de moldeo por compresion para obtener films y
encontraron que mezclando PLA-PHB en una proporcién de 75/25 se consigue una 6ptima
miscibilidad y una mejora de las propiedades de traccién con respecto al PLA puro, y
atribuyeron este resultado al efecto de refuerzo que provocan los cristales de PHB en la
matriz de PLA [95]. Mas recientemente, Bartczak y colaboradores (2013) estudiaron la
modificacién de PLA mediante la adicién de hasta un 20 % en peso de PHB y concluyeron
que el PHB puede ser considerado como un efectivo modificador del PLA ya que aumenta

su resistencia al impacto [94].
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Como conclusion, la adicion de un 25 % en peso de PHB a la matriz de PLA permite
obtener un material en el cual el PHB cristaliza como pequenas esferulitas que pueden
actuar como agentes de nucleacién capaces de recristalizar al PLA. Ademas, durante el
mezclado en estado fundido ocurren reacciones de transesterificacién entre el PLA y
algunas cadenas de PHB favoreciendo la misciblidad entre ambos polimeros. Es por ello,
que en la presente tesis doctoral se utilizaron dichas proporciones para preparar las
mezclas de PLA-PHB con el principal objetivo de aumentar la cristalinidad del PLA y
mejorar asi sus propiedades de barrera, las cuales son de fundamental importancia en

aplicaciones alimentarias.

7. NANOCOMPUESTOS

En las udltimas décadas, ha habido un notable desarrollo en el campo de la
nanotecnologia en el sector de los plasticos debido a que permite modular las propiedades
fisico-quimicas de los polimeros y mejorar su rendimiento mediante el desarrollo de
nanocomposites. Un nanocomposite polimérico, es un material compuesto por dos o mas
fases en el cual el componente mayoritario es el polimero que forma una matriz continua
en cuyo seno se dispersan pequefias particulas. Dichas particulas tienen al menos una de
las dimensiones en el orden de los nandmetros [7], conocidas como nanocargas o
nanorefuerzos, y no suelen superar el 10 % en peso % en peso en total. Es preciso que la
nanocarga y el polimero sean compatibles para poder obtener una dispersiéon homogénea
de la nanocarga en la matriz polimérica. De esta manera, la interfase entre la matriz y la
fase dispersa adquiere propiedades nuevas, que son intermedias a las correspondientes a
ambas fases.

Los nanocompuestos cobran especial importancia en el envasado de alimentos
debido a que se pueden obtener materiales con propiedades especificas mejoradas; como
son las propiedades barrera, resistencia mecanica y estabilidad térmica [131], con
respecto al polimero puro y a los composites convencionales. Los refuerzos para la matriz
polimérica seleccionada pueden ser organicos o inorganicos y con diferentes geometrias.
Existen tres tipos de nanocompuestos dependientes de su aspecto, geometria y de
lasdimensiones de las particulas nanométricas dispersas [132]; (i) nanoparticulas
isodimensionales (las 3 dimensiones son nanométricas)[7], como son las nanoparticulas
de silice esféricas [132], (ii) nanotubos o nanocristales (whiskers) (con dos dimensiones
nanométricas) las cuales forman una estructura alargada como los nanotubos de carbono,
sepiolita y los nanocristales de celulosa [133], y (iii) nanoparticulas en forma de laminas

(con una dimensién en nanémetros) [7], como son las nanoarcillas (montmorillonita,
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saponita). Estas tltimas a su vez se pueden presentar en tres formas: microcompuestos de
fases separadas, nanocompuestos intercalados o nanocompuestos exfoliados [131].

Las nanocargas pueden ser clasificadas también segin su origen (natural,
semisintético o sintético) [134]. En este sentido, el uso de materia prima lignocelulésica
para la obtencién de nanocargas destinadas a reforzar materiales biopoliméricos ha
cobrado especial interés en las ultimas décadas, debido a que proporciona beneficios
ambientales positivos con respecto a su eliminacion final y al origen renovable, en
comparacioén con cargas inorganicas [135].

Para formulaciones de nanocompuestos de matriz biopolimérica donde interesa
conservar las caracteristicas de material biobasado y biodegradable se prefiere reforzar la
matriz polimérica con nanocargas de origen renovable obteniendo un bio-nanocompuesto
y se pretende que también sea biodegradable. Asi, los bio-nanocompuestos son
nanocompuestos en los cuales tanto la nanocarga como la matriz provienen de fuentes

renovables.

7.1. Bio-nanocompuestos

Los bio-nanocompuestos representan una oportunidad de desarrollo de materiales
sostenibles con un alto rendimiento, capaces de sustituir los materiales utilizados para
envase y embalaje de plasticos convencionales, los cuales son a base de petréleo y en
consecuencia no son biodegradables [80], para aplicaciones de requerimientos especificos.
En particular para la aplicacion de envases alimentarios, los bio-nanocompuestos
muestran una gran promesa en la provisién de excelentes propiedades de barrera [80,
136], debido a que las cargas son capaces de retrasar la difusion de las moléculas haciendo
que el camino sea mas tortuoso [80].

De entre todos los bio-nanocompuestos los derivados de los polisacaridos se
encuentran entre los mas estudiados para su aplicacion en envases [133] debido, entre
otras cosas, a que se ha observado una correcta dispersién de las nanocargas mezclando
los componentes en su estado fundido lo que permite adaptar el proceso a escala
industrial [132]. Las nanocargas de origen ligninocelulésico se pueden obtener a partir de
una amplia variedad de plantas, por lo que se pueden producir en todo el mundo a un
menor costo que las nanocargas sintéticas y ademas se pueden obtener a partir de

productos agricolas no alimentarios [135].
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7.2. Nanocristales de Celulosa

La estructura de las plantas se resume basicamente en fibras cristalinas de celulosa
y una fase amorfa constituida por hemicelulosa y lignina [137]. Durante milenios, estos
materiales lignoceluldsicos naturales basicos se han utilizado en forma de fibras de
madera y fibras de plantas por numerosas industrias para productos forestales, papel,
textiles, etc. [138]. La celulosa es considerada como el polimero natural mas abundante en
la naturaleza [139-141]. Es una sustancia fibrosa dura, insoluble en agua, que juega un
papel esencial en el mantenimiento de la estructura de las paredes celulares de las plantas
[142]. En la Figura I1.17 se muestra la estructura quimica de la celulosa con la unidad
repetitiva de la celobiosa. La celulosa es un -glucano, compuesto por moléculas de D-
glucosa unidas en posicion 1-4 () [139, 143]. Las cadenas poliméricas se conectan a
través de fuerzas de van der Waals y enlaces de hidrogeno (intra e inter moleculares)[134]
formando estructuras fibrosas [144] ordenadas jerarquicamente que dan lugar a
nanofibras elementales (2-5 nm) [134]. Esta estructura hace que la celulosa sea un
polimero relativamente estable, que no se disuelve facilmente en disolventes acuosos
tipicos, no posee punto de fusion y presenta una alta rigidez axial [140]. Las microfibrillas
estdn compuestas por las diferentes microestructuras jerarquicas de tamafio nanométrico
con alta resistencia estructural y rigidez, siendo la parte cristalina conocida como
nanocristales [144]. Cada mondémero de celulosa tiene tres grupos hidroxilo con la
capacidad para formar puentes de hidrégeno. Por lo tanto, estos grupos hidroxilos
determinan la direccién en que se ordenan las estructuras cristalinas y también rigen las
propiedades fisicas mas importantes de la celulosa [139], en particular, su (i) estructura
microfibrilada multi-escala, (ii) la organizacién jerarquica (regiones cristalinas versus
regiones amorfas), y (iii) la naturaleza altamente cohesiva (con una temperatura de

transicion vitrea superior a su temperatura de degradacion)[141].
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Figura I1.17. Estructura quimica de la celulosa y unidad repetitiva de la celobiosa
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La celulosa que se encuentra en la naturaleza se conoce como celulosa I o celulosa
nativa y se produce en dos alomorfismos, l. y Ig[141, 142]. Las cadenas de celulosa se
agregan en estructuras cristalinas repetidas para formar microfibrillas en la pared celular
de las plantas, que a su vez se agregan en fibras macroscopicas mas grandes. El alto
rendimiento mecanico que confieren los materiales naturales extraidos de la agricultura
es conferido por estas estructuras celulésicas jerarquicas [145]. Asi mismo, esta estructura
jerdrquica es la que esencialmente se desensambla con el fin de generar las nanofibras de
celulosa a partir de las plantas [140]. Las nanofibras de celulosa son mecanicamente mas
rigidas y por lo tanto adecuadas para el refuerzo de nanocompuestos. Es por ello que la
segunda generacidn de materiales a base de celulosa se centra en la escala nanométrica y
se encuentran representados por los nanocristales de celulosa (CNC)[138]. La celulosa
nativa I es la principal fuente de nanocelulosa [141]. Los CNC son nanoparticulas
cristalinas en forma de varilla alargadas con un didmetro que oscila de 2 a 20 nm [144],
obtenidos bajo condiciones controladas, que conducen a la formacion de cristales
individuales de alta pureza [141], que ofrecen nuevas caracteristicas incluyendo una alta
biodegradabilidad y una mayor uniformidad [138] y otras ventajas adicionales como son:
baja densidad, superficie relativamente reactiva que es util para injertar grupos
especificos, facil procesabilidad, alta resistencia y médulo especifico [135]. Asi, debido a
que en general los bioplasticos presentan propiedades mecanicas bajas lo que dificulta su
explotacion practica, los materiales celuldsicos procedentes de recursos renovables han
ganado especial importancia como potenciales elementos de refuerzo de biomateriales
termoplasticos [137]. En este sentido, Fortunati y colaboradores (2012b, 2012c, 2013)
han incorporado exitosamente nanocristales de celulosa (CNC) en la matriz de PLA [98,
146, 147]. Asi mismo, Patricio y colaboradores (2013) han incorporado CNC a matrices de
PHB [148], mostrando en ambos biopolimeros un incremento de las propiedades
mecanicas superior que otros materiales de refuerzo. Por otra parte, la incorporacién de

CNC permite la reduccién de la cantidad de biopolimero en la formulacidn final.

7.2.1. Sintesis de nanocristales de celulosa

Los nanocristales de celulosa (CNC) pueden obtenerse a partir de fibras celulésicas
extraidas practicamente de cualquier fuente de celulosa renovables como por ejemplo: a
partir de algodén [149], cafiamo, sisal, palma, pulpa de madera blanda y pulpa de madera
dura [142], lino [150] y celulosa bacteriana [151], entre otros. Por lo tanto, los CNC

pueden obtenerse también a partir de celulosa microcristalina (MCC), que presenta
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dimensiones en el orden de 10 a 50 um. La MCC es un material disponible comercialmente,
comunmente utilizado para aplicaciones en la industria farmacéutica y alimentaria.

Dependiendo de la fuente de la que se obtienen, los nanocristales ofrecen una
amplia variedad de relaciones de aspecto en cuanto a su longitud y didmetro (longitud /
didmetro, L./D), desde nanoparticulas con una relacién L/D de 1 a aproximadamente 100.

Se pueden obtener distintos tipos de nanocargas de celulosa: (i) nanocristales de
celulosa (cellulose nanocristals, CNC) a través de la disociacion transversal de las partes
amorfas presentes a lo largo de su eje produciendo nanoparticulas en forma de varillas,
libres de defectos (zonas amorfas) [134]; (ii) celulosa nanofibrilada (cellulose
nanofibrillated, CNF) la cual se obtiene a partir de la delaminacién lateral de haces de
fibrillas elementales [134] mediante la combinacién de tratamiento mecanico y un
tratamiento quimico o enzimatico [138]; y (iii) nanocristales de celulosa bacteriana
(bacterial cellulose nanocristals, BCNC) que se obtienen por bio-sintesis mediada por
bacterias [134] de la familia Gluconoacetobacter xylinius a partir de glucosa [138].

La obtencién de CNC a partir de materiales a base de celulosa ocurre en dos etapas.
La primera es un pre-tratamiento del material de origen, en el caso de madera y plantas
implica la eliminaciéon completa o parcial de materiales de la matriz (hemicelulosas,
lignina, etc.) y el aislamiento de las fibras celuldsicas [138]. El segundo es un tratamiento
quimico controlado de las fibras celul6sicas obtenidas que permita eliminar las regiones
amorfas del polimero de celulosa [138] obteniendo una suspensiéon de CNC que presenta
un comportamiento coloidal [135].

El principal proceso para la obtencidn de regiones cristalinas celulésicas a partir
de las fibras, en su forma de nanocristales, se basa en una fuerte hidrolisis acida [139, 141,
152] en condiciones estrictamente controladas de temperatura, agitaciéon y tiempo [141].
Las regiones amorfas de la celulosa que rodean las microfibrillas son preferentemente
hidrolizadas, mientras que las regiones cristalinas las cuales tienen mayor resistencia al
ataque acido permanecen intactas [135, 142]. Esto es debido a que la cinética de hidrélisis
es mas rapida en los dominios amorfos que en los cristalinos [135]. Los CNC obtenidos
tienen morfologia y cristalinidad similar a la celulosa de las fibras originarias [134]. Sin
embargo, las condiciones de hidroélisis y el tipo de 4cido utilizado afectan a las propiedades
de los nanocristales finales [144].

Si bien los protocolos de extraccion de CNC deben adaptarse a cada fuente de
celulosa, la obtencién de CNC mediante el uso de acido sulfurico (H2SO4) durante la
hidrélisis acida conduce a suspensiones acuosas mas estables que las preparadas por
otros acidos [135, 140, 144] como por ejemplo acido clorhidrico (HCI), el cual posee una

capacidad de dispersion limitada en medios acuosos y las suspensiones coloidales de CNC
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tienden a flocular [134, 142], debido a que los CNC no poseen la superficie funcionalizada
(cargada i6nicamente) [140]. En cambio, cuando se utiliza H2SO4 para la hidrolisis, los
grupos sulfatos reaccionan con los grupos hidroxilo superficiales de celulosa lo que
generan una superficie funcionalizada cargada negativamente, los grupos sulfatos se
repelen lo que permite dispersiones homogéneas en agua [134, 142, 152, 153] y es por
ello que es el acido cominmente utilizado para la sintesis de CNC. Sin embargo, la
introduccién de estos grupos sulfato cargados, compromete la termoestabilidad de los
nanocristales, especialmente durante el proceso de obtencién de nanocompuestos, donde
la temperatura es elevada [98] y se encuentran en ausencia de disolvente [134].

La concentracién de H,SO, utilizada también es un factor a tener en cuenta. Una
concentracion baja puede generar una hidroélisis parcial o insuficiente, lo que da lugar a
particulas de mayor tamafio con menor area de superficie y por lo tanto una carga
superficial inferior que favorecen la interacciéon particula-particula [152]. Mientras que,
una concentracion de H,SO4 mayor a 65 % en peso puede disolver la celulosa [154]. En
este sentido, utilizando una concentracion de H.SO4 de 64 % en peso se pueden obtener
CNC con elevada cristalinidad [138].

Existen otros factores que influyen en las propiedades de los CNC resultantes como
el tiempo y la temperatura de hidrélisis [135]. La temperatura puede variar desde
temperatura ambiente hasta 70 °C y el tiempo de hidrélisis puede variar entre 30 miny 24
horas dependiendo de la temperatura utilizada [142]. En principio, se puede obtener
nanocristales mas cortos si el tiempo de reaccion es mas largo [144], sin embargo tiempos
de digestion altos pueden conducir a la carbonizacién y el oscurecimiento del producto
[136]. Asi mismo, el tiempo de reaccion es también fuertemente dependiente de la fuente
de obtenciéon de CNC. Se ha sugerido que 45 °C es una temperatura dptima de reacciéon
para la concentracion de H,SO4de 64 % en peso [143, 152].

Para mejorar la dispersion de los nanocristales la hidroélisis puede ser asistida por
ultrasonidos [138], o bien la suspensién obtenida es posteriormente sometida a
ultrasonidos controlando la temperatura para evitar sobrecalentamiento, que puede
causar desulfatacion de los grupos sulfato en la celulosa [152].

La Figura I1.18 muestra un esquema de la obtencién de CNC mediante hidrolisis
acida (a 45 °C durante 30 min) a partir de MCC siguiendo el procedimiento indicado por
Fortunati y colaboradores (2012b) [98]. Después de la hidrdlisis, para neutralizar la
suspension resultante se diluye con agua, se lava sucesivas veces y se dializa con agua
ultrapura [98, 141, 142]. A la suspensidn de celulosa se afiade una resina de intercambio
i6nico para asegurar que todos los materiales iénicos se eliminan excepto los iones H*

asociados con los grupos sulfato en las superficies de CNC [98]. Posteriormente, la
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suspension se somete a ultrasonidos con la finalidad de obtener nanocristales de
dimensiones coloidales [143]. La suspension se lleva a pH 9 con la finalidad de mejorar la
estabilidad térmica de los CNC [98]. Finalmente, la suspensién es liofilizada para obtener
los CNC en polvo y poder procesarlo con la tecnologia de proceso de los termoplasticos

comunes.
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Figura I1.18. Esquema de obtencién de CNC a partir de MCC

Sin embargo, el principal problema asociado con la fabricacién de nanocompuestos
de celulosa eficaces esta relacionada con su dispersion homogénea dentro de una matriz
polimérica [140]. Por lo tanto los CNC, a pesar de todas las propiedades atractivas que
presentan, se utilizan s6lo en un grado limitado en la practica industrial debido a las
dificultades asociadas con las interacciones de su superficie. La naturaleza polar e
hidrofilica inherente de los polisacaridos convierte a los medios acuosos en los ideales
para las suspensiones de nanoparticulas [87]. Esto se encuentra en contraposicion con las
caracteristicas no polares de la mayoria de los termoplasticos, que no pueden ser disueltos
en medios acuosos, dificultando la utilizacién de CNC como refuerzos de termoplasticos ya
que dan como resultando materiales compuestos ineficientes [135]. Por otra parte,
durante el secado de los nanocristales de celulosa se puede producir una aglomeraciéon
irreversible como resultado de fuertes enlaces de hidrégeno establecidos a través del gran
numero de grupos hidroxilo presentes en su superficie [134]. Por lo tanto, la liofilizacion,

representa una etapa critica para la obtencién de CNC con dispersion uniforme [98, 155].

8. INCORPORACION DE NANOCRISTALES DE CELULOSA EN LA MATRIZ DE PLA

El mayor desafio en la incorporacion de nanocristales de celulosa en la matriz de

PLA es la obtencion de una buena dispersion de las nanoparticulas en la matriz [134]. La
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dispersion homogénea de CNC en la matriz de PLA no es facil de lograr [156] debido a su
caracter hidrofilico [151]. Una estrategia para favorecer la dispersién de los CNC en la
matriz de PLA, y por consiguiente las propiedades de la formulacién final, es la
modificacion de la superficie de los CNC. Asi mismo, la modificacién de superficie puede
mejorar otros aspectos especificos, tales como proporcionar una mayor adhesién y reducir
la sensibilidad a la humedad [157]. Una manera, efectiva de favorecer la dispersién de los
CNC en la matriz de PLA es mediante una modificacién superficial como puede ser un
tratamiento con silanos, para mejorar la dispersién de los CNC en solventes organicos y asi
poder mezclarlos con la matriz de PLA en solucion [149]. Otra estrategia, es el uso de
agentes tensioactivos, como por ejemplo ésteres de fosfato aniénicos [87, 98, 149, 152,
155], que modifican la superficie de los CNC (denominados CNC-s) permitiendo una mejor
dispersion de los mismos [98]. La cantidad de tensioactivo debe controlarse, ya que un
exceso puede producir una degradacidn significativa de la matriz de PLA en la
temperatura de proceso [134].

En la Figura I1.19 se muestran las suspensiones tipicas de CNC (Figura 11.19-a) y
CNC-s (Figura 11.19-b) obtenidas a partir de la hidrélisis acida de MCC. Una suspension de
CNC es turbia y blanca, mientras que una suspensiéon de CNC-s es una suspension
translicida, debido a que gran parte de las particulas de celulosa en la suspension se
encuentran por debajo del limite de la dispersion de la luz [155]. Las Figura I1.19-c y
Figura I1.19-d muestran nanocristales de celulosa observados por microscopia electrénica
de transmision (TEM). Se puede observar la presencia de algunos CNC agregados (Figura
[1.19-c), mientras que los CNC-s se encuentran perfectamente individualizados (Figura
[1.19-d). Los CNC y CNC-s presentan dimensiones de nanocristales de celulosa en el rango
de 100 a 300 nm de longitud y entre 5 a 10 nm de ancho [98, 149, 155, 158]. Ademas, la
modificacién superficial producida por el surfactante obstaculiza la unién de puente de
hidrégeno entre los CNC-s durante la liofilizacién evitando su aglomeracion durante este
proceso [155]. Esta metodologia permite obtener CNC-s funcionalizados los cuales

presentan una buena dispersion en la matriz de PLA.
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S50nm 100 nm

Figura I1.19. Suspensiones de nanocristales de celulosa obtenidas por hidrolisis 4cida: a)
sin modificacién superficial (CNC) y b) modificada con un surfactante (CNC-s).

Imagenes TEM de suspensiones de: ¢) CNC (15.000 X) y d) CNC-s (10.000 X)

8.1. Propiedades de bio-nanocompuestos de PLA/CNC

Los CNC tienen origen renovable, pudiendo obtenerse a partir de numerosas
fuentes disponibles en todo el mundo, y son biodegradables. Sin embargo, su origen bio y
biodegradabilidad no son las unicas caracteristicas positivas de los CNC como aditivos del
PLA. Los CNC presentan una serie de propiedades intrinsecas atractivas para ser utilizados
como nanorefuerzos de PLA como son sus dimensiones de nanoescala, area superficial,
morfologia Unica, baja densidad, alta resistencia especifica y médulo de elasticidad, asf
como muy bajo coeficiente de expansion térmica [159].

La incorporacion de CNC a la matriz de PLA produce un aumento de la cristalinidad
de la formulacion final, la cual se encuentra favorecida por la correcta dispersion de los
CNC en la matriz de PLA, como es el caso de la modificacion superficial de los nanocristales
[98, 149]. Fortunati y colaboradores (2012b), desarrollaron film de PLA reforzados con
CNC-s y encontraron que la nucleacion de los CNC-s produce también una mejora de las

propiedades mecanicas y térmicas con respecto al PLA puro y al PLA reforzado con CNC
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(sin modificacién superficial) [98]. Asi mismo, la incorporaciéon de CNC en la matriz de PLA
genera una disminucién a la transmisién de vapor de agua [136] y mejora las propiedades
de barrera al oxigeno [136, 146] manteniendo una transparencia satisfactoria [19]. El PLA
reforzado con CNC-s muestra efectos mas pronunciados en cuanto a la mejora de las
propiedades barrera al oxigeno [146], lo que resulta de especial interés en aplicaciones de

envasado de alimentos.

9. INCORPORACION DE ANTIOXIDANTES A LAS MATRICES POLIMERICAS

Para los alimentos sensibles a la oxidacion resulta necesario retrasar este proceso
y asi extender su vida util. Una manera de evitar la adicion directa del antioxidante al
alimento y permitir su comercializacién como alimento libre de aditivos, es envasarlos en
envases activos con propiedades antioxidantes.

Los antioxidantes son compuestos quimicos capaces de reducir la oxidacion de un
sustrato al interceptar y reaccionar con los radicales libres a una velocidad mayor que el
sustrato oxidable. Los antioxidantes se agregan a la matriz polimérica con un doble
objetivo, proteger en una primera instancia al polimero durante el procesado y para
extender la vida util del alimento durante el servicio del material. En ambos casos los
antioxidantes actian mediante los mismos mecanismos de accion, el cual esti
condicionado por la estructura quimica del antioxidante seleccionado.

Los antioxidantes se dividen en antioxidantes primarios y antioxidantes
secundarios. Los antioxidantes primarios (captadores de radicales) interrumpen la
reaccion de oxidacion por combinaciéon con los radicales libres que actian en la
propagacion (R- y R0OO-), ya sea como donantes de electrones e hidréogeno reduciendo
ROO- a ROOH y aceptores de electrones para oxidar o atrapar R- en ausencia de oxigeno.
Los mas importantes son fenoles con impedimentos estéricos, donde el grupo reactivo es
el OH (Figura 11.20-a) y las aminas aromaticas secundarias donde el grupo NH dona un
hidrogeno al radical carbono, oxigeno o al ROO- (Figura 11.20-b), dando lugar a productos

estables que pierde la capacidad de abstraer un nuevo hidrégeno.
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Figura I1.20. Mecanismo de oxidacién mediado por oxidantes primarios a) antioxidante

fenolico y b) antioxidante aminico

Los antioxidantes secundarios actiian previniendo la introduccién de grupos
hidroperoéxidos reduciéndolos a compuestos no radicalarios. En la Figura [1.21 se muestra
como ejemplo un antioxidante secundario, tris(2,4-di-tert-butilfenil) fosfito, afadido

cominmente para la proteccidn del polimero durante el proceso.

HaC CH, H3C CH;
HaC HC
O OH Px
| ~0 /OH
P + —_— + R
HsC R O H3C
CH 3 CH; 3
HSC 3 H3C

Figura I1.21. Descomposicion del grupo hidroperoxido por oxidacion de tris(2,4-di-tert-

butilfenil) fosfito.
Como se coment6 anteriormente, el fenémeno de migraciéon desde la matriz de PLA

puede ser tomado como una ventaja a la hora de desarrollar envases antioxidantes. Para

desarrollar un envase antioxidante, se requiere adicionar una sustancia antioxidante que
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resista la temperatura de proceso y que posteriormente pueda ser liberado desde la
matriz polimérica.

De esta manera, es necesario que el agente activo se intercambie entre el alimento
y el envase con una cinética adecuada para que proteja al alimento eficientemente. Por
otra parte, en la industria de los envases de alimentos, los aditivos sintéticos estan siendo
reemplazados por los conservantes naturales [6, 160-165]. Uno de los tipos de
antioxidantes naturales mas comunes son los compuestos fenoélicos [162], son extraidos
de fuentes de origen natural y tienen la capacidad de actuar de forma efectiva frente a los
procesos de degradacién oxidativa.

Los flavonoides, especialmente el grupo de las catequinas, han cobrado especial
interés en aplicaciones de envasado activo de alimentos debido, no sélo por su efectividad
frente a los procesos de degradacion oxidativa de los alimentos, sino también por sus
multiples efectos bioldgicos [161, 162] y sus potenciales beneficios para la salud [161] por
sus propiedades antiinflamatorias, antialérgicas, antivirales y anticancerigenas [166]. Las
catequinas estan presentes en el vino [166], el té, el cacao, en frutas (bayas, citricos,
manzanas, peras) y verduras [167, 168]. Sin embargo, s6lo se encuentran en
concentraciones elevadas en el té [167]. Asi, la (+)-catequina y la (-)-epicatequina (Figura
[1.22), son los principales constituyentes activos del extracto de té verde [166, 169], el cual
es muy conocido por las propiedades saludables que presenta, lo que le confiere a estos
componentes una aceptacién positiva por parte de los consumidores. Por otra parte, para
su aplicacion en la tecnologia de envasado activo, la adicién de (+)-catequina a la matriz
polimérica presenta ventaja frente a otros antioxidantes naturales como los aceites
esenciales, ya que es un compuesto que no es volatil, reduciéndose la pérdida de aditivo
durante el procesado con el polimero [161]. Puede ocurrir la epimerizacion, es decir, la
conversion de (+)-catequina a (-)-epicatequina bajo condiciones de calor [162]. Ambas,
poseen actividad antioxidante similar debido a la semejanza de sus estructuras quimicas

[74].

OH
OH

HO O

OH

OH
Figura I1.22. Molécula de (+)-catequina y (-)-epicatequina
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La estrategia del disefio de un sistema de envasado activo debe estar focalizada en
obtener una capacidad de liberacion efectiva del antioxidante desde la matriz del
polimero. Debido a que se espera que el agente activo muestre una mayor afinidad por la
matriz de polimero que por los productos alimenticios, se debe aumentar la movilidad de
las cadenas del polimero para permitir la liberaciéon del antioxidante hacia el alimento.
Castro Lépez y colaboradores (2012), reportaron que una forma efectiva para mejorar la
liberacién de la sustancias activas de la matriz polimérica es mediante la adiciéon de

plastificantes [170].
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Results and Discussion

The present work is focused on the development of bio-based and biodegradable
PLA films for food packaging. PLA is currently considered a good alternative to some
commodities in this application, but some properties, such as its low thermal stability,
poor barrier properties and reduced stretchability are major issues limiting the use of PLA
in the preparation of films for packaging. Therefore, some modifications in PLA
formulations are required.

The modification strategy followed in this work consists of blending PLA with
other biopolymer (PHB) and/or some additives in the melt state to get a practical
approach to their suitability for processing at the industrial scale. In addition, some key
aspects of the PLA degradation processes during PLA processing, use and further
elimination are also studied. Section III of this document integrates and discuss all results,
which are briefly described and in the paragraphs below.

Some aspects of the thermal degradation under pyrolysis conditions of PLA were
initially studied by using a Py/GC-MS methodology with a complete analysis of the PLA
thermal degradation products. The main results of this study are reported in Chapter III.1.

The use of a natural plasticizer, such as D-limonene, to obtain flexible PLA-based
materials was studied in Chapter I11.2. The objective of that chapter was also to give added
value to D-limonene, from a low-grade by-product of citrus processing industries to a
useful plasticizer. Subsequently, the addition of PHB, a highly crystalline bio-based
polymer, to improve barrier properties in plasticized PLA was reported in Chapter II1.3
where ternary PLA-PHB-Limonene systems were fully characterized with regards to the
proposed applications in food packaging. In addition the disintegrability under
composting conditions was suggested as the end of life option of the developed PLA-PHB-
Limonene blends.

PLA-PHB blends were blended with two commercial plasticizers, PEG and ATBC, in
Chapter II1.4. The complete characterization of the obtained films was carried out in
consideration of their thermal stability and intended use. Meanwhile, the changes in the
plasticized PLA-PHB properties during composting were studied in Chapter IIL5.

The introduction of a third nanocomponent to PLA-PHB blends was considered to
improve some of their properties. Pristine cellulose nanocrystals (CNC) were synthesized
from microcrystalline cellulose, and they were further modified in their surface by the
addition of a surfactant agent (CNC-s). Processing conditions of these nano-biocomposites
was optimized in Chapter III.6, where both CNC and CNC-s were blended with PLA-PHB
systems improving the PLA-PHB processability and interaction between both polymers.

These nano-biocomposites were processed into films and properties related with food

116



Results and Discussion

packaging were studied and reported in Chapter I11.7 as well as their disintegration under
composting conditions.

The use of PLA-PHB blends as support of antioxidants for active food packaging
application was also considered. Chatechin was added to plasticized PLA-PHB blends and
the release of this agent to food simulants was studied and reported in Chapter I11.8 to get
information about Kinetics and the ability of these blends to reduce oxidation processes
and to extend food shelf-life during storage. In the mean time, the potential material

degradation during foodstuff storage was also evaluated.
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Abstract

Thermal degradation of PLA is a complex process since it comprises many
simultaneous reactions. The use of analytical techniques, such as differential scanning
calorimetry (DSC) and thermogravimetry (TGA), yields useful information but a more
sensitive analytical technique would be necessary to identify and quantify the PLA
degradation products. In this work the thermal degradation of PLA at high temperatures
was studied by using a pyrolyzer coupled to a gas chromatograph with mass spectrometry
detection (Py-GC/MS). Pyrolysis conditions (temperature and time) were optimized in
order to obtain an adequate chromatographic separation of the compounds formed during
heating. The best resolution of chromatographic peaks was obtained by pyrolyzing the
material from room temperature to 600 °C during 0.5 seconds. These conditions allowed
identifying and quantifying the major compounds produced during the PLA thermal
degradation in inert atmosphere. The strategy followed to select these operation
parameters was by using sequential pyrolysis based on the adaptation of mathematical
models. By application of this strategy it was demonstrated that PLA is degraded at high
temperatures by following a non-linear behaviour. The application of logistic and
Boltzmann models leads to good fittings to the experimental results, despite the
Boltzmann model provided the best approach to calculate the time at which 50% of PLA
was degraded. In conclusion, the Boltzmann method can be applied as a tool for simulating

the PLA thermal degradation.

Key words: Poly(lactic acid), thermal degradation, Pyrolysis, Py-GC/MS, Logistic model,

Boltzmann model.
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1. INTRODUCTION

Biopolymers are becoming more and more interesting for many industrial sectors,
such as packaging, automotive and many others since they are obtained from renewable
resources and they are intrinsically biodegradable. Several biopolymers have been
investigated as alternatives to non-degradable commodities to produce materials with
similar properties to those of the common polymers [1].

Among all commercial biopolymers, poly(lactic acid) (PLA) is one of the most
attractive and mainly used in many applications, being biocompatible and biodegradable
[2]. Currently, PLA is used in food packaging industry for short shelf life products [3, 4].
Although the inherent biodegradable and compostable characteristics of PLA, the high
growth on its production in the last years and application in the packaging market
represents an upcoming new main source of polymer waste and new strategies for PLA
waste management should be proposed [5]. Therefore, the fact that biodegradable
polymers, and particularly PLA, should be considered as waste suggests that pyrolysis may
offer an alternative option for waste treatment of biomass and biopolymers [6]. In this
sense, PLA has a high potential energy content making it suitable for thermal processes
with energy recovery. It has been reported that PLA waste is suitable to be used in
pyrolysis facilities due to the high conversion efficiency of the polymer [7]. Therefore,
pyrolysis of PLA may offer an alternative to this polymer waste management, while being
economically and environmentally attractive [2]. The application of thermo-chemical
operations to PLA must be carefully tackled, taking into account healthy and
environmental issues and guaranteeing the right management of emitted gases [7].
Although some research work has been published on the PLA pyrolysis [8], only semi-
quantitative results of the PLA degradation products were reported [8-10].

The study of polymers thermal degradation is especially important because it is
relevant for their processing, characterization, potential applications and thermal
recycling [9] as well as to guarantee their complete life cycle. The obtained products
during thermal degradation depend on the selected conditions. Furthermore, degradation
mechanisms of a particular polymer are dependent on its structure and they can follow
different paths by the complexity of the polymeric chains and their breaking under heat
[11]. In this sense, PLA thermal stability is often evaluated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). However these techniques lack on the
identification of the thermal degradation products and pyrolysis coupled to gas
chromatography/mass spectrometry (Py-GC/MS) is an alternative to identify these
products in polymers and biodegradable polymers [12, 13]. To the best of our knowledge,
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no methodologies for the quantification of PLA thermal degradation products by using Py-
GC/MS have been already reported.

The main objective of this work was to develop a Py-GC/MS method for the
simultaneous identification and quantification of PLA thermal degradation products by
optimization Py-GC/MS experimental parameters: pyrolysis time and temperature. This

methodology was successfully applied to PLA film samples by using sequential pyrolysis.

2. MATERIALS AND METHODS

2.1. Materials

Poly(lactic acid) (PLA 2002D, M, = 98000 Da, 4 wt% D-isomer) was supplied by
NatureWorks (USA). Chloroform (99.8% purity) was obtained from Sigma Aldrich
(Méstoles, Spain).

2.2. Films preparation

PLA was processed into films by compression molding following the methodology
developed by Martino et al. (2009) [14]. Since PLA is highly hygroscopic [15], pellets were
previously dried in a vacuum oven (60 °C for 6 h) and then moulded at 170 2 C in a hot
press (Mini C 3850, Caver, Inc. USA) at atmospheric pressure for 5 min until melting and
then it was submitted to the following pressure cycles, 3 MPa for 1 min, 5 MPa for 1 min,
and 10 MPa for 3 min, with the aim to eliminate the trapped air bubbles [16]. Film samples

were then quenched at room temperature at atmospheric pressure.

2.3. Samples and standards preparation

1.0 g of PLA in pellets (for standards) or PLA films previously prepared as
described (for sample solutions) were dissolved in 30 mL of chloroform. 10 uL of each
solution were then put in the pyrolysis tube to get a complete solvent evaporation.

Samples were prepared at the lowest quantity used for standard solutions (0.34 pg).

2.4. Py-GC/MS analyses

Samples were pyrolyzed with the use of a Pyroprobe 1000 instrument (CDS
Analytical, Oxford, PA, USA), which was coupled to a gas chromatograph (6890N, Agilent
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Technologies, Madrid, Spain) equipped with a 5973N mass selective detector (Agilent
Technologies). The column used for the analysis was 30 m long HP-5 (0.25 mm thickness)
using helium as carrier gas with a 50:1 split ratio. The GC oven was programmed at 40 °C
for 2 min, followed by a stepped increase of 5 °C min-1 to 200 °C, where it was held for 15
min, and then the temperature was increased by 20 °C min! to 300 °C, where it was held
for 5 min. The mass selective detector was programmed to detect masses between 30 and
650 amu. PLA samples were pyrolyzed at 600 °C for 0.5 s. Samples were repeatedly
subjected to sequential pyrolysis under the same conditions up to 36 cycles were
completed. The identification of PLA degraded products was confirmed by the
characteristic fragmentation patterns observed in Py-GC/MS spectra or by comparison

with literature mass spectra.
2.5. Validation

Linear relationships between the instrumental response and product
concentrations were established by using least-squares regression (peak area vs.
concentration, ranging from 0.34 to 1.36 pg). Intra-day repeatability of peak-areas
expressed as relative standard deviations (RSD) were calculated. The method
reproducibility was evaluated by the variation coefficients of five measurements of the
same standard at different days (inter-day precision). The sensitivity and limit of detection
(LOD) were estimated as three times the standard deviation provided by the relationship
between the signal-to-noise ratio and the slope of the corresponding calibration curve,

determined as the curve sensitivity [17].
2.6. Data statistical analysis and fitted models

The relationship between the cumulative mass of each degraded PLA and the
pyrolysis time was fitted to two non-linear regression models based on the empirical use
of the Logistic and Boltzmann equations in OriginPro 8.0 software. Firstly data were

adjusted to a sigmoidal fit using a logistic type equation (Equation III.1. 1):

_ (mi —me)

— ; EquationIII.1. 1
1+ (% p

o]
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where m; and mw are the initial and final mass values at the initial and final asymptotes, p
is the Hill slope coefficient [19], and to is the time at which cumulative mass reaches the
average value between m; and m«, known as the half-maximal degradation.

Secondly, the Boltzmann equation (Equation II1.1. 2) was fitted to the data.

= M) Equation I1L.1. 2
(t=to) 0

1+ e 4t

where dt is a parameter that describes the shape of the curve between the upper and

lower asymptotes [19].

3. RESULTS AND DISCUSSION

3.1. Optimization of pyrolysis conditions

The selection of experimental parameters is a critical issue for an accurate analysis
of pyrolytic products. These parameters, in particular pyrolysis temperatures and times,
are the key factors to achieve a good separation and further identification of compounds
from degraded materials. Several pyrolysis conditions for PLA were proposed in previous
works. Westphal et al. proposed pyrolysis of PLA for 2 s at 400 and 500 °C [20]. Kopinke
and Mackenzie [21] proposed the study of PLA pyrolysis for 10 s at temperatures between
400 and 600 °C. Aoyagi et al. [9] also used 10 s but lower temperatures, i.e. 280 °C. In the
present work different times and temperatures were evaluated. The starting pyrolysis
time was 2 s and pyrolysis temperature was firstly selected at 400 °C, with further
increases to 500 °C and 600 °C. Under these conditions, the high number of compounds
involved in the PLA pyrolysis gave highly complex chromatograms. As expected, a higher
number of reaction products was obtained when the pyrolysis temperature increased,
resulting in poor separation of the degradation compounds. In order to improve the
chromatographic resolution between the pyrolizates, the influence of pyrolysis time was
also evaluated maintaining the pyrolysis temperature at 600 °C. It is known that the use of
short pyrolysis times can improve the chromatographic separation of the pyrolyzates.
Therefore, a reduction in pyrolysis time was considered 1.5, 1 and 0.5 s were used in tests.
The best resolution was reached when the selected time was 0.5 s since good
chromatographic separation between peaks was achieved (Figure II.1.1). Under these
conditions, seven PLA pyrolizated products were detected and identified by getting the

mass spectra of each main chromatographic peak (Table III.1. 4). [t was observed that the
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thermal degradation of PLA under these conditions showed a dominant series of
signalswith m/z = 56 + (n x 72) in which n assumed values of 1, 2, 3 and 4. Figure II[.1.1
shows the presence of two peaks (1 and 2) with very similar mass spectra (Figure 111.1.2),

where their main fragments were those with m/z = 32, 43, 45 and 56.
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Figure II1.1.1. Py-GC/MS chromatogram of PLA pyrolizates for 0.5 s at 600 °C.

Table III.1. 4. List of products formed during Py-GC-MS at 600°C for 0.5s

Peak Retention Time lIon EI
number (min) Compound (m/z)=
1 16.2 Mesolactide 32,43,45,56
2 17.4 Lactide 32,43, 45,56
3 29.5 Dimer: 56+(2 x 72) 32,56,100, 128, 200
4 34.6 Trimer: 56+(3x 72)a 32,56,100, 128,200, 272
5 35.6 Trimer: 56+(3x 72)b 32,56,100, 128, 200, 272
6 36.7 Trimer: 56+(3 x 72)c 32,56,100, 128, 200, 272
7 42.4 Tetramer: 56+(4x72) 32,56,100,128, 200, 272, 344

a Main ion (base peak in bold) for electron ionization (EI).

These two peaks were assigned to mesolactide and lactide, respectively [8, 21, 22].
The groups of peaks appearing periodically at retention times higher than 20 minutes

were assigned to higher cyclic lactide oligomers [8, 10, 22]. Three trimer peaks were
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observed with very similar spectra. This is due to the fact that lactide oligomers are
diastereomers derived from the asymmetric C atom [8, 21] in the lactic acid monomer,
suggesting that the dominant reactions during pyrolysis of PLA followed an intramolecular

trans esterification [10, 20].
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Figure I11.1.2. Py-GC/MS spectra of peak 1 (a) and peak 2 (b)

3.2. Validation of the analytical method

The validation of this method was carried out by evaluating the main analytical
parameters, in particular limit of detection (LOD), limit of quantification (LOQ), linearity,
and repeatability for each compound (Table II1.1. 5). Linear calibration curves for all these
reaction products were evaluated at 6 calibration points in the range 0.34 pg - 1.36 pg,
using triplicates at each standard. Linear relationships between instrumental responses
for each compound, in terms of PLA amount, were verified by the analysis of the variance

of the regression curve. The linear correlation between each compound (axis x) and
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chromatographic peak areas (axis y) was given by the regression equation, y= ax + b
permitting the calculation of correlation coefficients (r2). It could be observed in Table II1.1.
5 that nearly all compounds showed a linear correlation coefficient above 0.900 over the
whole concentration range. This is a reasonably good result since it is a complex
separation and no better results have been reported in literature. Only two exceptions
were observed, for 56+(3 x 72)a and 56+(2 x 72) oligomers that showed lower correlation

coefficients (0.841 and 0.880 respectively).

Table III.1. 5. Validation parameters of the development analytical method

LOD Repeatability RSD Reproducibility RSD
Compound r2

(ng)® (n=5)° (n=5)
Mesolactide  0.921 0.15 4.18 3.89

Lactide 0.968 0.20 4.09 2.65

56+(2x72) 0.880 0.22 3.49 3.42
56+(3x72)a  0.841 0.27 2.83 4.23
56+(3x72)b  0.925 0.26 3.05 4.56
56+(3x72)c  0.947 0.10 3.56 4.32
56+(4x72) 0.985 0.23 4.68 4.48

aug: responses of each compound in terms of pg of PLA

bn: number of replicates

Table III.1. 5 shows that the LOD of the developed method increased when the
molar mass of PLA pyrolysis products decreased, and consequently the lowest detection
limit when applying this analytical method was calculated for the lactide peak. The
relationship between areas corresponding to mesolactide and lactide peaks was reported
as a semi-quantitative indication of the pyrolysis mechanism of PLA [8, 20]. In this work
this mesolactide:lactide relationship was 1:7.7, remaining constant for all the calibration
samples with a standard deviation 0.7, demonstrating the good reproducibility of the
method. This parameter was also validated by the variation coefficients of five
measurements of the same standard at different days (inter-day precision), while
repeatability of the method was evaluated by the variation coefficient for the
measurement of five identical samples during one working day (intra-day precision). This
parameter was evaluated and results are shown in Table III.1. 5 reflected by the relative
standard deviation (%RSD). It was observed that all %RSD values were lower than 5%,
indicating that the Py-GC/MS method proposed in this study can be carried out with a

satisfactory level of precision for the determination of PLA pyrolysis products.
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3.3. Application of the sequential pyrolysis to PLA films

This method was successfully applied to the quantification of PLA thermal
degraded products in PLA films by using sequential pyrolysis, defined as the consecutive
pyrolysis reactions applied to the same sample under identical experimental conditions,
until no more products are detected [23]. In this procedure, sample sizes should be small
enough to discard any diffusion effect. Thus, a first pyrolysis run was performed and the
total product peaks were recorded. A second pyrolysis was then performed to the residue
remaining from the first pyrolysis, and this sequence was repeated until no more products
evolved [24]. Data obtained from sequential pyrolysis were further used to create a plot of
cumulative areas as a function of time in a variety of polymers, such as polysulfones [23],
poly(butyl acrylate) [25], polyamide-6 [26], poly(epichlorohydrin-co-ethylene oxide)[24],
poly(methyl methacrylate) [25, 27], and polystyrene [25, 27], where the system is
expected to show a first order behavior with exponential growth. No studies on sequential
pyrolysis of PLA have been previously reported.

The introduction of the m. term in the equations used in this study ensures that
the asymptotic value for the pyrolysis limit might be different from 100% [28]. But, in this
work, samples were repeatedly subjected to sequential pyrolysis under the same pyrolysis
conditions until no more products were detected. Consequently, the m. term could be
attributed to the total amount of PLA degraded during pyrolysis. It was observed that PLA
thermal degradation under the selected conditions did not show the expected exponential
growth, as it was reported for other materials [23, 26]. However, the thermal
decomposition pattern of PLA showed a sigmoidal pyrolysis behaviour for all compounds.
In this sense, Sanchez-Jiménez et al reported a non-first order behaviour for another
biodegradable polymer [29]. Sigmoidal curves were obtained during the study of the
kinetics of cellulose pyrolysis by TGA. They showed that this sigmoidal model fits better to
the experimental degradation curves for cellulose. They proposed a new kinetic model
based on the assumption that random scission of the polymer chains occurs. A random
scission mechanism implies the cleavage of the polymeric chains followed by the release of
fragments once they become small enough to volatilize [30]. This explanation could be
extended to PLA pyrolysis, since it should be expected that a random scission could lead to
the formation of the lactide monomer as well as dimers, trimers and tetramers, as
indicated in Table III.1. 4. Moreover, in the case of PLA, it has been reported that processed
PLA showed lower thermal stability than unprocessed PLA due to a certain
depolymerization reactions caused by PLA melting with the result of volatilization of the

the small molecules formed during melting [31].
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A further analysis of these results makes necessary the use of empirical equations
to permit the data treatment for each PLA thermal degradation product. Therefore, the
cumulative mass of PLA degradation products was studied by using non-linear regression
methods. The Logistic (Equation III.1. 1) and Boltzmann (Equation II1.1. 2) methods were
used to fit the cumulative experimental masses vs. the cumulative pyrolysis time for each
product in order to correlate the observed sigmoidal behavior (Figure II1.1.3). The
estimated regression parameters of the two non-linear models, m« and t, were calculated
from these curves and they are shown in Table IIl.1. 6. The correlation coefficients
between theoretical and experimental data (r?) were higher than 0.995 in all cases,
indicating that only minor differences were observed between the two applied models in
their fitting to experimental values. Therefore, the cumulative amount of these seven
degradation products seems to be well described by both models. Logistic model provided
slightly higher values of moo than Boltzmann for all PLA thermal degradation products. In
the case of t0 calculations, which represent the time at which 50% of each PLA product
was degraded, results were significantly different when applying the Logistic (Equation

[11.1. 1) and the Boltzmann (Equation III.1. 2) approaches (see Table II1.1. 6).
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Figure II1.1.3.Cumulative amount of PLA products (ug PLA) as a function of time, after

consecutive pyrolysis for a) mesolactide, b) dimer, c) trimer and d) tetramer.
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We can conclude that although both models lead to good fitting to experimental
results, the Boltzmann model provided the best approach to calculate the value for t, since

the mo value proposed by Boltzmann model was closer to the initial mass (0.34 ug).

Table IIL.1. 6. Parameters estimated for PLA sequential pyrolysis by using the Logistic and

Boltzmann models

Compound Parameter estimation
Logistic (Equation 1) Boltzmann (Equation 2)
Moo to r2 Moo to r2
(ng)? (min) (ng)? (min)
Mesolactide 0.378 £ 0.004 9.4 +0.1 0.999 0.348 £ 0.001 8.8+£0.1 0.999
Lactide 0.370 £ 0.006 8.2+0.1 0.996 0.346 £ 0.002 7.5+0.1 0.999
56+(2x72) 0.391 £ 0.002 8.8+0.2 0.997 0.346 = 0.002 7.5+0.1 0.998
56+(3x72)a 0.412 £0.003 9.2+0.3 0.997 0.355 + 0.005 7.2+0.2 0.998
56+(3x72)b 0.386 = 0.008 8.7+0.2 0.998 0.346 + 0.003 7.6 0.1 0.998
56+(3x72)c 0.385 + 0.006 8.6+0.1 0.998 0.348 £ 0.002 7.6£0.1 0.999
56+(4x72) 0.437+0.002 104+04 0997 0.340 + 0.005 8.2+0.1 0.998

aug: responses of each compound in terms of pg of PLA

4. CONCLUSIONS

A Py-GC/MS method for the identification and quantification of PLA thermal
degradation products has been developed and successfully applied to PLA films. The
optimum pyrolysis conditions were set at 600 °C for 0.5 s and the analytical methodology
was successfully validated. Seven different compounds produced during the PLA thermal
degradation were identified and quantified in terms of PLA amount. It was observed that
the pyrolized PLA gave a dominant series of signals with m/z = 56 + (n x 72). This work
demonstrated that the use of short pyrolysis times and diluted film samples were key
factors to achieve good chromatographic resolutions and to avoid diffusion effects,
respectively. The validated methodology was applied to PLA films by using sequential
pyrolysis to the same sample until no more products were detected. It was found that the
thermal degradation of PLA revealed a sigmoidal behavior and this could be an indication
of the PLA complex degradation mechanism. The use of processed PLA in this study and
the obtained results could lead to the conclusion that the hot-melt treatment to produce
films could significantly change the polymer behaviour at high temperatures. However,

further work should be carried out to assess such complex mechanism since it is known

131



Results and Discussion

that a variety of experimental factors could be also co-responsible of such differences in
PLA thermal degradation. The Logistic and Boltzmann models could describe well this
behaviour since the complete sample was pyrolizated before the end of the test. Therefore,
sequential pyrolysis allowed assuming that the final mass (m«) should be equal to the
initial amount. Although both models lead to good fittings to experimental results, it could
be concluded that the Boltzmann model provided the best approach to calculate the value
for to at which 50% of each PLA compound was degraded. In conclusion, it could be
expected that the Boltzmann model could be applied to PLA other formulations with

different additives by using low amount of materials and short pyrolysis times.
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Abstract

Polymers derived from renewable resources are now considered as promising
alternatives to traditional petro-polymers as they mitigate current environmental
concerns (raw renewable materials/biodegradability). D-limonene can be found in a
variety of citrus, indeed is the main component of citrus oils and one of most important
contributors to citrus flavor. The incorporation of limonene in PLA matrix was evaluated
and quantified by Pyrolysis Gas Chromatography Mass Spectrometry (Py-GC/MS).
Transparent films were obtained after the addition of the natural compound. Mechanical
properties were evaluated by tensile tests. The effect of limonene on mechanical
properties of PLA films was characterized by an increase in the elongation at break and a
decrease in the elastic modulus. The fracture surface structure of films was evaluated by
scanning electron microscopy (SEM), and homogeneous surfaces were observed in all
cases. Barrier properties were reduced due to the increase of the chain mobility produced

by the D-limonene.

Keywords: PLA; limonene; plasticizer; packaging.
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1. INTRODUCTION

Polymers derived from renewable resources are now considered as promising
alternatives to traditional petro-polymers as they mitigate current environmental
concerns (raw renewable materials/biodegradability). It is widely accepted that the use of
long-lasting polymers for short-term and disposable applications, such as packaging, is not
entirely satisfactory [1]. As a result, the biopolymer industry is growing rapidly since
biodegradables polymers made from renewable resources have a less negative effect on
the environment compared to the conventional petroleum based materials largely used in
commodities [2].

Polylactide (PLA) is one of the most promising bio-based polyesters for food
packaging [1] and [2] because of its good mechanical, superior transparency, ease of
processing and availability in the market [3]. In this sense, poly(lactic acid) (PLA) is one of
the most attractive biopolymers with many short-term or disposable applications, such as
disposable cutlery (plates, cups, lids and drinking straws), bags and film packaging [4] and
[5]- PLA is also widely used in rigid and flexible food packaging applications [6] since it has
been approved by the US Food and Drug Administration (FDA) as a food contact substance
[7] and [8]. However, the use of PLA for food packaging is somewhat limited because of its
poor ductility, thermal and oxygen barrier properties [3].

Recent studies have been conducted on the use of limonene as a new novel
monomer to obtain polyterpenes [9]. D-limonene can be found in a variety of citrus, indeed
is the main component of citrus oils and one of most important contributors to citrus
flavor [10] and [11]. Is the most abundant monocyclic monoterpene in nature and
represents more than 90% of orange peel oil, being the most important residue in the
citrus industry [12]. The limonene diffusion through packaging has been widely studied in
different food contact materials such as polyethylene (PE) [13], low density polyethylene
(LDPE) [14], high density polyethylene (HDPE), polystyrene (PS)[15]and
PLA [15] and [16]. Furthermore, the sorption of aroma compounds through packaging
materials have been reported recently by Salazar etal.(2012) [17], who found a
plasticization effect of PLA films by aroma compounds after the sorption studies.

For many practical food packaging applications, it is desirable to modify the
polymer matrix and many modifications have been proposed to improve PLA's
performance. It is widely known that PLA plasticization is required in order to improve
ductility [18] and [19]. Although the addition of plasticizer increases the PLA gas
permeability, this could be detrimental for food packaging use [3] since polymer barrier

properties are of fundamental importance for food packaging applications [20]. Lopez-
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Rubio & Lagaron (2009) reported that the addition of the B-carotene to PLA showed a
significant plasticization of polymer matrix [21]. In addition, the control of light
transmission through packaging is an important parameter to preserve and protect some
food products until they reach the consumer. So, additives are required for transparent
PLA films to block light transmission [22]. Furthermore, PLA modified with natural origin
compounds has been proposed as active packaging [8], [23] and [24]. In this way, Hwang
etal. (2011) proposed PLA with added a-tocopherol and resveratrol as promising active
functional membranes [8]. Jamshidian et al. (2012) studied PLA with ascorbyl palmitate
although they reported high loss of antioxidant during polymer preparation and negatives
results on PLA transparency [24].

Polymer modifiers should be miscible with polymer matrix, so it becomes
necessary to analyze the effects of the additives on the thermal stability of the modified
PLA formulations. Thermal degradation is responsible for serious damage to many
polymeric materials during processing and use under high temperature conditions
[25]. Therefore, it becomes necessary to study the incorporation of modifiers into polymer
matrix with the effect depending on the chemical nature of the molecules and their
interaction.

The aim of this work is to evaluate the performance of PLA films when two
concentrations (15 wt% and 20 wt%) of D-limonene were added to the PLA matrix to
obtain sustainable films. The amount of limonene incorporated into PLA matrix was
studied by thermogravimetric analysis (TGA) and also with pyrolysis coupled with gas
chromatography and mass spectrometric detection (Py-GC/MS). In order to evaluate the
applicability for flexible food packaging materials, optical, mechanical and oxygen barrier

properties of PLA and PLA-limonene films were also assessed.

2. MATERIALS AND METHODS

2.1. Materials

Poly(lactic acid) pellets (PLA 4032D, M,=217,000 Da, 2 wt% D-isomer) was
supplied by NatureWorks LLC (USA). D-limonene (M., =136.24 g/mol) was provided by
Acros Organic (USA). The chemical structures of PLA and limonene are provided in Figure

[11.2.1.
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Figure II1.2. 1. Chemical structures of PLA and limonene
2.2. Film preparation

The preparation of PLA with D-limonene was performed by adding limonene
monomer to the PLA matrix. Since PLA is very hygroscopic, PLA pellets were previously
dried in a vacuum oven at 60 °C for 6 h. Blends were obtained by mixing PLA pellets and D-
limonene in appropriate amounts, 15 wt% or 20 wt%, in a Haake Polylab mixer (Thermo
Fischer Scientific Walham, USA). Samples were designated as PLA, PLA-Lim15 and PLA-
Lim20. The melt mixing was performed at 180 °C with 50 rpm rotor speed for 5 min for
PLA pellets followed by 3 min after limonene addition. The blends were then molded into
films at 170 °C in a press (Mini C 3850, Caver, Inc. USA). The material was kept between
the plates at atmospheric pressure for 5 min until melted and then submitted to the
following pressure cycle, 3 MPa for 1 min, 5 MPa for 1 min and 10 MPa for 3 min, with the
aim of liberating trapped air bubbles [19]. Film samples were then quenched at room

temperature at atmospheric pressure.

2.3. FTIR analysis

Fourier transformed infrared spectroscopy (FTIR) measurements were carried out
at ambient temperature in transmission mode by using a Perkin-Elmer Spectrum BX
infrared spectrometer (Perkin-Elmer, Spain, S.L., Madrid Spain). Spectra were obtained in
the 4000-600 cm-1 region, using 128 scans and 4 cm-! resolution. A blank spectrum was
obtained before each test to compensate for the humidity effect and the presence of

carbon dioxide in the air by spectra subtraction.

2.4. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to observe the fracture surface

morphology of the films samples generated from the tensile test in a Phenom SEM (FEI
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Company, Eindhoven, The Netherlands) using an acceleration voltage of 10 kV. Samples

were covered with an Au layer in vacuum conditions prior to each measurement.

2.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) tests were carried out using a TGA/SDTA 851
Mettler Toledo thermal analyzer (Schwarzenbach, Switzerland). Samples weighing around
5-10 mg were heated under dynamic mode. Measurements were performed at
10 °C min-! from 30 to 600 °C under nitrogen atmosphere (flow rate 50 mL min-1) in order

to prevent any thermoxidative degradation.

2.6. Py-GC/MS analysis

The amount of D-limonene incorporated into PLA films was measured by Py-
GC/MS. Film samples were pyrolyzed with the use of a Pyroprobe 1000 instrument (CDS
Analytical, Oxford, Pennsylvania, USA), which was coupled to a gas chromatograph
(6890N, Agilent Technologies, Spain S.L., Madrid, Spain). The column used for the analysis
was 30 m long HP-5 (0.25 mm thickness) using helium as carrier gas with a 50:1 split
ratio. The GC oven was programmed at 40°C to 50°C by a stepped increase of
5 °Cmin-! and then the temperature was increased by 10 °C min-! to 300 °C, where it was
held for 5 min. For mass spectral detection, a Agilent 5973N mass selective detector was
used. The transfer temperature from the GC to MS was set at 280 °C. The mass selective
detector was programmed to detect masses between 30 and 650 amu. Film samples were
pyrolyzed at 1000 °C for 0.5 s. The identification of PLA and PLA-limonene degradation
products was confirmed by the characteristic fragmentation patterns observed in Py-
GC/MS spectra or by comparison with literature mass spectra. The concentration of
limonene incorporated into the film sample was determined from the peak area of the
limonene component and by using the calibration curve from limonene standard
solutions. The limit of detection (LOD), was calculated as three times the standard
deviation which provided the signal-to-noise ratio in the lowest concentration standard,
divided by slope of the calibration curve (LOD =3 SD/m). The slope (m) represents the
sensitivity of the method [26].

143



Results and Discussion

2.7. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) experiments were carried out in a TA
Instrument Q100 calorimeter (New Castle, DE, USA). The heating and cooling rate for the
runs was 10 °C min-1in a nitrogen atmosphere, the typical sample weight was around
4 mg. Calibration was performed using an indium sample. The cycle program consisted of
a first heating stage from -90 to 180 °C at a rate of 10 °C min-1, followed by cooling to
-90°C and subsequent heating up to 200°C at 10°Cmin-t. The glass transition
temperature (Tg) was calculated from the first heating and was taken at the mid-point of
heat capacity changes. The melting temperature (Tm) and cold crystallization temperature
(Te) were obtained from the second heating, and degree of crystallinity (x.) was

determined by using Equation II1.2. 1:

AH,, — AHCC] 1
AHS, 1 1—my

X = 100 x [ Equation II1.2. 1

where AH,, is the enthalpy of fusion, AH. is the enthalpy of cool crystallization, AH¢y, is the
heat of melting of purely crystalline PLA, taken as 93 J/g [27], [28], [29], [30] and [31], and

(1 - my) is the weight fraction of PLA in the sample.

2.8. Mechanical properties

Tensile tests were conducted at room temperature on a universal testing machine
IBERTEST ELIB 30 equipped with a 5 kN cell (S.A.E. Iberstest, Madrid, Spain) according to
the standard procedure UNE-EN ISO 527-3 [32]. Tests were performed on rectangular test
pieces (10 mm x 100 mm) with initial grip separation of 50 mm and crosshead speed of
5 mm min-1. Average percentage deformation at break (€8%), elastic modulus (F) and
tensile strength (TS) were calculated from the resulting stress-strain curves as the average

of five measurements from three films of each composition.

2.9. Film color properties

Film color properties were evaluated measuring colour coordinates in the CIELAB
colour space L* (lightness), a* (red-green) and b* (yellow-blue) were analyzed using a

KONICA CM-3600d COLORFLEX-DIFF2, HunterLab, Hunter Associates Laboratory, Inc,
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(Reston, Virginia, USA). The instrument was calibrated with a white standard tile.
Measurements were carried out in quintuplicate at random positions over the film surface.
Average values for these five tests were calculated. Total color differences (AE), induced
by limonene incorporation, with respect to the control PLA film was evaluated Equation

[11.2. 2:

AE = \/Aa? + Ab? + AI2 Equation IIL2. 2

The yellowness index (YI) was also measured.

2.10. Oxygen permeability measurement

The oxygen transition rate (OTR) measurements were accomplished using an
oxygen permeation analyzer from Systech Instruments-Model 8500 (Metrotec S.A, Spain)
at a pressure of 2.5 atm. Measurements were conducted at room temperature. Films were
clamped in the diffusion chamber and pure oxygen (99.9% purity) was then introduced
into the upper half of the sample chamber, while nitrogen was injected into the lower half
of the chamber where there was an oxygen sensor. Measurements were done in triplicate
and were expressed as oxygen transmission rate per film thickness (OTR.e). Thickness
was measured at 25 °C using a Digimatic Micrometer Series 293 MDC-Lite (Mitutoyo,
Japan) accurate to 0.001 mm from 10 readings taken at random positions over the 14 cm

diameter circle films.

2.11. Wettability

Water contact angle measurements were performed at room temperature with an
EasyDrop Standard goniometer FM140 (KRUSS GmbH, Hamburg, Germany) equipped with
a camera and analysis software (Drop Shape Analysis SW21; DSA1). The contact angle was
measured by randomly putting 10 drops of distiller water (2 pl) onto the surface film with
a syringe. Five measurements were carried out for each sample an average values were

calculated.
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3. RESULTS AND DISCUSSION

Figure II1.2.2 shows the visual appearance of pure PLA films and PLA films with
15wt% and 20wt % of limonene. The films have good transparency even at high

limonene concentrations; therefore limonene has no effect on the transparency of the PLA.

Figure II1.2.2. Visual appearance of films: a) PLA, b) PLA-Lim15 and c) PLA-Lim20

3.1.FTIR

FTIR spectra were recorded for PLA and PLA-limonene films in order to
investigate the chemical structure of the films and to study the characteristic peaks of the
blend. The spectra are showed in Figure I11.2.3, being arbitrarily offset for comparison. The
spectrum region between 3000 cm-!and 2860 cm-!is characterized by -CH stretching
bands [33]; this region shows a high absorption for PLA, with the intensities of these peaks
decreasing with increase of limonene content. There is also a broad absorption due to the
absorption of cyclohexene group at *3000 cm-! which overlap -CH peaks (Figure 111.2.3)
[34]. In Figure II1.2.3-b, the most relevant spectrum bands are identified. The typical
asymmetric stretching of carbonyl group (C=0) by lactide is present at 1760 cm-1 [35].
The 1450 cm-1 band is assigned to the CH3z group [22]. The symmetric and asymmetric
deformation bands of -CH appeared at 1380 cm-!and 1360 cm-!, respectively. In the
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region between of 1000 cm-! and 800 cm-1, the deformation vibration of =CH groups can

be observed.
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Figure II1.2.3. FTIR spectra of PLA and PLA limonene films

3.2. Thermogravimetric analysis

The effect of limonene on the thermal stability of PLA was studied by TGA. PLA
decomposes in a single step process with an initial degradation temperature (To) of 322 °C
and maximum degradation rate temperature (Tmax) centered at 370 °C (Figure I11.2.4). The
addition of Limonene in the polymer matrix resulted in a two step degradation process,
where the first degradation step, between 80-160 °C, corresponds to the degradation of
limonene, while the second step corresponds to the degradation of the PLA. From these
results, it is possible to estimate the remaining amount of limonene in the PLA matrix after
processing, which is approximately 6.5 wt% and 8.5 wt% for the sample PLA-Lim15 and
PLA-Lim20%, respectively. The To and Tmax of the studied samples are showed in Table
[11.2.1. Figure I11.2.4 also shows the derivative curves (DTG) and it could be observed that
there is another step process overlapping PLA decomposition and may be also related to
limonene. Similar behavior was observed by Martino etal. (2006) when PLA was

plasticized with commercial adipates [36].
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Table II1.2.1. DSC and TGA results of PLA and PLA-Limonene films.

Parameter PLA PLA-Lim15 PLA-Lim20
T o(a=0,01) (°C) 322 109 105
Tmax (°C) 370 338 367
T¢(°C) 60.3 30.2 33.8
Tec (°C) 99.8 75.1 72.7
Tm (°C) 167.4 164.2 166.3
Xc (%) 4.54 3.54 1.80
—teARA e JTGAPLA
oA FLALionane 2%t - TA FLALImanene20%

Weight loss, %

50 100 150 200 250 300 350 400 450 500 550 £00 €50 700

Temperature, *C

Figure II1.2.4. TGA and dTGA curves for PLA and PLA-Limonene films

3.3. Py-GC/MS

The quantification of the remaining amount of limonene after film processing was
carried out by Py-GC/MS. This technique presents high sensitivity and it could be useful to
study smaller variations in material structure [5], [37] and [38]. The optimization of Py-
GC/MS conditions was based in the use of 0.5 s and 1000 °C, since short pyrolysis time
allowed achieving good chromatographic resolution [38] and high temperature was in
order to elute the total amount of limonene in the sample in one pyrolysis. Therefore,
these pyrolysis conditions allow limonene to be eluted in one and it could be quantified by
using standard solutions. The peak at 7.5 min in the pyrogram corresponds to D-limonene
while the peak at 9.7 min corresponds to L-lactide (Figure I11.2.5). There is another smaller
peak at around 9.1 min that has been identified as mesolactide [38]. The limonene limit of

detection (LOD) was 0.05 wt%. The results indicated that after processing there were
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remaining amounts of D-limonene of 8.9 wt% and 11.2 wt% in PLA-Lim15 and PLA-Lim20,
respectively. Therefore, there is a loss of limonene during processing and the lost was
more pronounced when the concentration of limonene was increased. These results are in
good agreement with Soto-Valdez et al.,, 2011 who reported that the amount of resveratrol
lost during extrusion of PLA-resveratrol films increased with higher resveratrol

concentrations [39].
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Figure II1.2.5. Pyrogram obtained for PLA-Limonene films at 1000°C for 0.5s

3.4. Differential Scanning Calorimetry

DSC curves showed a single T;for the limonene added samples indicating the
miscibility between limonene and PLA. In addition, a significant reduction in T, was
observed (Table I11.2.1) accompanied by a decrease in the value of T, with the addition
of D-limonene to the polymer matrix. These changes are due to the increase in the polymer
chain mobility, indicating a plasticization effect. Moreover, degree of crystallinity (y.) of
the blends decreased with increasing limonene content, due to enhanced polymer chain
mobility [40] and the plasticization effect [39]. The low yc values obtained indicate that
the all films are essentially amorphous. The lower amounts of crystals present when melt
occurs in the sample containing limonene, produce a slight shifting of Tmto lower

temperatures with respect to the neat PLA film.

3.5. Mechanical properties

The plasticizer effect of limonene was also observed in the mechanical tests. The
incorporation of limonene caused a reduction in elastic modulus and tensile stress values

in accordance with y. decrease, and increased the elongation at break of the films (Figure

149



Results and Discussion

[11.2.6). Consequently, PLA-limonene films presented less brittleness than neat PLA. The
most significant difference between the films with limonene and neat PLA film was the
elongation at break, which was significantly lower for control PLA film. It is known that
films for packaging require high flexibility to avoid breaking during processing and use
[36]. The elongation increased from 1.5% (PLA) to 150% for PLA-lim15 and reached a
maximum of 165% for PLA-Lim20 film. These results display a significant improvement in

the flexibility of PLA due of the plasticization effect achieved by limonene addition.

£ I PLA
[T1PLA-Limonene 15wt%
I PLA-Limonene 20wt%

Figure II1.2.6. Elongation at break (¢, %), tensile stress (TS, MPa) and modulus (E, MPa) of
PLA and PLA-Limonene films

3.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were taken of the fractured surfaces
after the tensile tests and are shown in Figure I11.2.7. A smooth broken surface was
observed for neat PLA film sample corresponding to brittle nature of PLA (Figure I11.2.7-a).
PLA-Lim15 (Figure I11.2.7-b) and PLA-Lim20 (Figure I11.2.7-c) fracture surfaces show great
evidence of plastic deformation with a uniform dispersion of limonene in the PLA matrix.
Limonene addition significantly influences the morphological structural showing blended-

PLA ductile behavior in accordance with the increased deformation at break.
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Figure II1.2.7. Fracture surface of a) neat PLA film, b) PLA-Lim15 film and c) PLA-Lim20

film

3.7. Film color properties

Table II1.2.2 shows the results obtained from the colorimeter analysis. When
limonene is added to the film sample, a slight decrease in lightness values (L*) was
observed. However, PLA and also both PLA-limonene samples presented high L* values
showing their high brightness. Furthermore, no major differences were found for total
color difference values. This result suggested high transparency for films containing
limonene and the possibility to see through the film is one of the most important
requirements for consumers [41]. Negative values obtained for a* coordinate are
indicative of a deviation towards green. However, these values are close to zero so the
green tone was not noticeable. Positive values obtained of b* coordinate indicate a slight
deviation towards yellow. Therefore, yellowness index was also determined. The YI is
used to describes the change in color of a sample from clear toward yellow [22]. It was
observed that the YI values increased with the limonene content increase. However, the
highest YI value, achieved by PLA-Lim20, is a similar value that has been reported for

other packaging plastic films such as PET [22].
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Table I11.2.2. Color parameters from CIELab space, wettability and oxygen barrier
properties of PLA, PLA-Lim15 and PLA-Lim20.

Parameter PLA PLA-Lim15 PLA-Lim20
Color L* 94.08+£0.07 93.86+0.10 93.32%0.33
a* -1.03+0.01 -0.99+0.01 -1.31+0.08
b* 1.33 £0.05 1.27 £ 0.06 2.55+0.47
AE - 0.24 £ 0.04 1.46 £ 0.50
Y313 (65/10) 3.47 £0.07 3.49 +£0.10 5.65 +0.85
Oxygen Barrier ~ OTR.e (cm3mm.m-2.d-1) 444 +09 84.0+£4.9 99.3+2.6
Wettability 6° 58.4 + 3.7 753 %1.3 783 %21

3.8. Oxygen permeability measurement

The incorporation of limonene leads to an increase in the oxygen permeation
(Table III.2.2). This result is in accordance with Ty values. The increase in polymer chain
mobility caused by limonene plasticization effect reduced the resistance of the PLA film to
oxygen transmission, allowing the mobility of the oxygen molecules in the polymer matrix.
Increases in OTR.e values with increasing amount of plasticizer in the PLA matrix have
been well reported in the literature [19], [42] and [43]. Although, OTR.e values increased
with limonene present they were still better than the levels obtained for commercial LDPE

films in comparable conditions (OTR.e = 160 cm3 mm m-2 d-1) [19].

3.9. Wettability

The hydrophilicity of films samples was investigated by water contact angle
measurement. When limonene was added to the PLA matrix, the contact angle with water
was increased from 58° to %75, showing a higher hydrophobic character of PLA-limonene
blends. This behavior could be attributed to the limonene hydrophobic character. It has
been reported that modifying the physicochemical properties of the material surface can
control the water adsorption [41]. Therefore, PLA films containing limonene are also
expected to have higher resistance to water adsorption than neat PLA film. PLA-limonene
blends could be used in packaging formulations with reduced water adsorption

requirements.
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4. CONCLUSIONS

A complete characterization of PLA blended with d-limonene was carried out. PLA-
limonene films maintained their transparency after the addition of the natural compound,
but minor positive values of b* coordinate indicated a slight deviation towards yellow. Py-
GC/MS analysis demonstrated that there was a remaining amount of limonene in the PLA
matrix after processing. The results revealed that the addition of limonene into the PLA
matrix decreases the glass transition temperature of the films. The T and x. were also
decreased while Tm was slightly reduced. Mechanical properties of the films were altered
by the presence of limonene and good plasticization was observed. Barrier properties to
oxygen were reduced due to the plasticization of the PLA matrix, but presented acceptable
values for food packaging applications. Furthermore, d-limonene reduced the water
adsorption of PLA matrix.

These results show the feasibility of using d-limonene as a natural PLA plasticizer
to obtain flexible films for food contact materials, and even to be tested as active

compound in active packaging systems.
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Abstract

In this work poly(lactic acid) PLA, and poly(hydroxybutyrate) PHB, were blended
and plasticized with a natural terpene D-limonene (LIM) with the dual objective to
increase PLA crystallinity and to obtain flexible films intended for food packaging
applications. Materials were melt-blended and processed in transparent films. Structural
and surfaces properties were evaluated. Moreover, functional properties were studied by
means colorimetric parameters, oxygen permeation and water resistant measurements. In
addition, thermal stability, crystallization behavior, mechanical as well as nanomechanical
properties were investigated. FTIR spectra showed the characteristic bands
corresponding to PLA and PHB and their rather molecular interaction. Py-GC/MS showed
the characteristics peak of D-limonene as well as the thermal degradation products of PLA
and PHB. D-limonene amount after processing was higher in PHB incorporated samples.
PHB produced a reinforcing effect in PLA matrix and therefore an improvement in the
oxygen barrier properties and the surface water resistance. Moreover, Scanning Confocal
Microscopy surface images showed the dispersion of PHB crystal in PLA matrix. The
influences of plasticization process on the mechanical properties showed that D-limonene
provoked an increase in elongation at break. Disintegrability under composting conditions
was also investigated and it was observed that PHB delays the PLA disintegrability under
composting while D-limonene speed it up. In brief, the best results regarding structural,

thermal, barrier and mechanical properties were found for the ternary PLA-PHB-LIM film.

Keywords: Poly(lactic acid) PLA; Poly(hydroxybutyrate) PHB; Limonene; food packaging;
biodegradable.
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1. INTORDUCTION

Increasing ecological concern towards a reduction on the environmental impact
produced by plastics is contributing to the growth of the biodegradable polymer industry.
During the last two decades, the great interest in the reduction of environmental impact
caused by food packaging and their indiscriminate use, have increasingly received the
scientist attention specially focused in the development of new biodegradable materials as
a way to reduce the petroleum-based plastic residue. In this sense, poly(lactic acid) (PLA)
is becoming increasingly popular as a biodegradable plastic owing to its high mechanical
strength, superior transparency and easy processability compared to other
biodegradables polymers [1]. Nowadays, PLA is an economically feasible material [2]
derived from renewable resources [3], in particular from sugar and starch [4], chemically
synthesized, commercially available with good performance characteristics as a packaging
material [5] that is currently being used for many short-term applications, such as
disposable cutlery (plates, cups, lids and drinking straws), bags and film packages [6].
Moreover, its waste is suitable to be used in pyrolysis facilities to produce green energy
[7] and also it is a compostable material [8]. Therefore, the PLA is suitable for food
packaging applications [3]. Nevertheless, the use of PLA for food packaging is limited
because of PLA has lower water vapor permeability, poor mechanical and thermal
properties, low ductility, and its thermal and oxygen barrier properties are quite poor
compared with equivalent petroleum based polymers [9].

Moreover, although the addition of plasticizer increases PLA gas permeability,
owing to its poor ductility PLA plasticization is required for film applications [10].
Polymer barrier properties are of fundamental importance for food packaging
applications. For instance, there are many food products sensitive to oxidation and to
overcome this trouble packages with reduced oxygen permeability are desirable. On the
other hand, the water resistant is also important, particularly for materials intended for
direct contact with high moisture foods as well as materials to be submitted under high
humidity conditions during storage and/or transport[5]. PLA barrier properties are
decided by the crystalline and molecular characteristics [11]. Thus, research on
modifications of PLA has mainly focused on the increase of PLA crystallinity.

There are many studies focusing on PLA modification such as the addition of
modifiers, copolymerization or blending. Blending PLA with another bio-based and/or
biodegradable material allow to adjust some properties in wide range while legislation
also favors completely compostable materials with minimal carbon-footprint [12], such as

are those provided by the physical blend processing technology. In this sense, poly-
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hydroxybutyrate (PHB), another biodegradable thermoplastic, is the most common
representative of Poly-hydroxyalkanoates (PHA) that has been proposed for short term
food applications [13]. It is also a brittle polymer, as its enzymatic polymerization leads to
the formation of macromolecules with highly ordered stereochemical structure, as a result
large crystallinity [12]. One of the great advantages of PHB over many other biodegradable
polymers is it biodegradability under both, aerobic and anaerobic conditions [14]. For this
reason, PLA and PHB and their blends are biodegradable materials commonly investigated
for food packaging applications [15], [16], [17] and [18]. One of the potential application
fields of these materials is as a film. It has been reported that 25 wt% of PHB produced a
reinforcement effect on PLA matrix [18] due to PHB could be used as a nucleating
agent[17]. In this sense, Zhang and colleagues studied blends of PLA and
poly(hydroxybutirate) (PHB) in different proportions and concluded that blending PLA
with 25 wt% of PHB some interactions between both polymers matrices were observed.
Furthermore, their results also showed improved mechanical properties [18]. However,
PLA and PHB films are rigid and need to be modified. One common practice for film
manufacturing is the plasticizers addition to increase the molecular mobility and
consequently enhance the material flexibility. The composition of materials in contact with
foodstuffs is tightly regulated, so food grade plasticizers are required. Furthermore, when
consumers decide to purchase food products the aspect of packaging could influence the
decision, and therefore high transparency in food packaging is required.

The use of additives in the developed of biodegradable materials to be in contact
with food is limited not only by safety, but for environmental concern. Essential oil rich in
monoterpens are of great interest as stabilizers for polymers. Terpenes, such as limonene,
are abundant and inexpensive [19]. It was found that D-limonene is easily absorbed for
plastic polymers [20] and also it has no effect on aroma quality on foodstuff [21].
Moreover, limonene, extracted from citrus peel, is one of the most important byproduct in
the citrus industry [22]. Thus, it is highly available in the market at low-price and it would
be positive to increase its added value from a low-grade by-product to a useful plasticizer.
In this sense, in our previous work we showed that different amounts of D-limonene
provoke a positive plasticization effect in PLA matrix [10]. D-limonene was also selected
because it is derived from renewable resources and it is colorless reducing some
drawbacks in the transparency that occurs with other natural additives such as several
essential oils.

For materials intended to be used in short term applications, such as food
packaging, not only the renewable nature of its components but also their inert

degradation is highly desirable [16]. PLA may not biodegrade at room temperature, but it
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is biodegradable under severe degradation conditions as those provided by composting
systems [9]. Composting is the controlled and natural decomposition of organic matter by
strong active microorganisms [8]. Biodegradable polymers exposed to compost conditions
first become susceptible to hydrolysis, the attack of water molecules lead to polymer
random decomposition into oligomers [23] and chemical degradation initiates the
polymer erosion as a result of hydrolysable functional groups in the polymer backbone
[8]. The degradation behavior of PLA strongly depends on the stereochemical
composition, molecular weight and the initial crystallinity as well as the percentage of L-
lactide content [6, 8]. The final degradation product formed during the degradation
process of PLA is lactid acid which is easily assimilated by the microorganisms [23, 24].
Likewise, PHB hydrolytic degradation products (R) and (S)-hydroxybutyrates are as well
nontoxic compounds [16].

This work is focused on the developing of fully biodegradable films intended for
film food packaging applications based on PLA-PHB blends plasticized with D-limonene.
The obtained films were full characterized by the determination of structural, thermal,
mechanical, nanomechanical and morphological properties. Same functional properties
such as optical, wettability and oxygen barrier properties were also assayed to
demonstrate the potential of PLA-PHB blends incorporated with D-limonene for food
packaging sector. Moreover, the disintegration under composting conditions was also
tested by studding the thermal degradation, surface changes and the meso-lactide to
lactide relationship of PLA based formulations after the exposition to compost, with the
main objective to supply information about the environmentally friendly end-life option

proposed for these developed biomaterials.
2. MATERIALS AND METHODS
2.1. Materials
Poly(lactic acid) pellets (PLA 4032D,M,=217,000Da, 2wt% D-isomer,
My/M,=2) was supplied by NatureWorks LLC (USA), PHB pellets (PHB P226,

M, =426,000) was provided by Biomer (Krailling, Germany) and D-limonene
(M = 136.24 g/mol) was provided by Acros Organic (USA).
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2.2. Film samples preparation

The preparation of PLA-PHB blends was performed by mixing PLA and PHB pellets
in 75 wt% and 25 wt% proportion respectively in a Haake Polylab mixer (Thermo Fischer
Scientific Walham, USA) at 180 °C and a rotation speed of 50 rpm for 4 min. PLA pellets
were previously dried in a vacuum oven at 80 °C overnight, meanwhile PHB pellets were
dried at 40 °C during 4 h. PLA and PLA-PHB were added with 15 wt% of d-limonene.
Furthermore, PLA and PHB neat films were also prepared using the same conditions as a
reference material. The d-limonene was added into the mixer after 3 min when PLA and
PLA-PHB blend achieved the melt state. Blends were then molded into films at 180 °C in a
hot press (Mini C 3850, Caver, Inc. USA). The material was kept between the plates at
atmospheric pressure for 2 min until melting and then it was submitted to the following
pressure cycles, 3 MPa for 1 min, 5 MPa for 1 min, and 10 MPa for 2 min. Finally, film
samples were quenched at room temperature at atmospheric pressure. Five formulations

were obtained and were named as PLA, PLA-LIM, PHB, PLA-PHB and PLA-PHB-LIM.

2.3. Samples characterization

2.3.1. Structural characterization

2.3.1.1. Fourier transformed infrared spectroscopy analysis (FTIR)

Fourier transformed infrared spectroscopy (FTIR) tests were performed in
transmission mode at ambient temperature using a Perkin-Elmer BX infrared
spectrometer (Perkin Elmer Spain, S.L., Madrid Spain). Spectra were obtained in the 4000-
600 cm-! region, using 128 scans and 4 cm-! resolution. A background spectrum was
obtained before each test to compensate the humidity effect and the presence of carbon

dioxide in the air by spectra subtraction.

2.3.1.2. Pyrolysis gas chromatography/ mass spectrometry (Py-GC/MS)

Film samples were pyrolyzed at 1000 °C for 0.5 s with the use of a Pyroprobe 1000
instrument (CDS Analytical, Oxford, Pennsylvania, USA), which was coupled to a gas
chromatograph (6890N, Agilent Technologies, Spain S.L., Madrid, Spain) equipped with a

30 m long HP-5 (0.25 mm thickness) column and using helium as carrier gas with a 50:1
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split ratio. The GC oven was programmed at 40-50°C by a stepped increase of
5 °C min-! and then the temperature was increased by 10 °C min-! to 300 °C, where it was
held for 5 min. For mass spectral detection, an Agilent 5973N mass selective detector was
used. The transfer temperature from the GC to MS was set at 280 °C. The mass selective
detector was programmed to detect masses between 30 and 650 amu. The identification
of PLA and PHB degraded products were confirmed by the characteristic fragmentation
pattern observed in Py-GC/MS spectra. While the amount of D-limonene incorporated into
polymer matrices was measured by pyrolysis coupled with gas chromatography and mass
spectrometric detection (Py-GC/MS) following a previous developed method [10] and it
was determined from the peak area of the limonene component and by using the

calibration curve from D-limonene standard solutions.
2.3.2. Thermal characterization
2.3.2.1. Differential Scanning Calorimetry (DSC)

DSC experiments were carried out in a TA Instrument Q100 calorimeter (New
Castle, DE, USA). The heating and cooling rate for the runs was 10 °C/min in a nitrogen
atmosphere, the typical sample weight was around 4 mg. Calibration was performed using
an indium sample. The materials were exposed to a heat-cool cycle. The cycle program
consisted in a first heating stage from -90 to 180 °C at a heating rate of 10 °C min-1,
followed by a cooling process up to -90 °C and subsequent heating up to 200 °C at
10 °C min-1. The glass transition temperature (T;) was taken at the mid-point of heat
capacity changes. The melting temperature (Tm) and cold crystallization temperature (T)
were obtained from the first heating and degree of crystallinity (y.) was determined by

using Equation II1.3. 1:

AH,, — AH,,

] ! Equation II1.3. 1
AHE, | T1—m;

Xc=100><[

where AH,, is the enthalpy of fusion, AH,. is the enthalpy of cool crystallization, AHy¢ is the
heat of melting of purely crystalline PLA by considering this value as 93 ]/g [6] and
[25] and Wpy4 is the weight fraction of PLA in the sample [1]. For neat PHB Equation II1.3. 2
was used to calculate the degree of crystallinity (x.). Where AHy¢ is the heat of melting of

purely crystalline PHB considering this value as 146 ] /g [26].
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Xc = 100 x |32 Equation I11.3. 2

2.3.2.2. Thermogravimetric analysis (TGA)

Dynamic and isothermal thermal degradation analysis were carried out using
thermogravimetric analyzer TGA/SDTA 851 Mettler Toledo (Schwarzenbach,
Switzerland). Dynamic measurements were run at 10 °C/min constant heating rates.
Temperature was raised from 30 to 600 °C under nitrogen atmosphere (flow rate
50 mL/min) to avoid any thermo-oxidative degradation. The initial degradation
temperature (70) was calculated at 5% mass loss, while temperatures at the maximum
degradation rate (Tmax) for each stage were determined from the first derivatives of the
TGA curves (DTG). Isothermal measurements were carried out at 40 °C under air

conditions.
2.3.3. Mechanical properties
2.3.3.1. Tensile test

The film Young’s modulus (E), tensile strength (TS) and percentage deformation at
break (eg%), were conducted at room temperature on a universal testing machine
IBERTEST ELIB 30 (S.A.E. Iberstest, Madrid, Spain) equipped with a 5 kN cell, according to
the standard procedure ASTM D882-01 [27]. Tests were performed in rectangular probes
(10 mm x 100 mm), with an initial grip separation 50 mm, and crosshead speed
5 mm min-1. Results were calculated from the resulting stress-strain curves as the average

of five measurements from two films of each composition.
2.3.3.2. Nanoindentation procedure

Nanomechanical properties were acquired by a nanoindenter machine G-200
(Agilent Technologies, USA) with a previously calibrated Berkovich diamond tip.
Experiments were carried out by Continuous Stiffness Measurement (CSM) under a 70 Hz
harmonic oscillation frequency and 2 nm of harmonic amplitude maintaining a constant
0.05 s-lindentation rate. An array of 5 x 5 indentations distanced between them 50 pm,

were programmed at a constant 200 nm depth, calculating the average values between the
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100 nm and 200 nm depth. The reduced elastic modulus (E;) was calculated instead of the
Young’s Modulus because the Poisson’s coefficient is unknown for these blends and

plasticized polymers.

2.3.4. Surface characterization

2.3.4.1. Scanning Electron Microscopy (SEM)

Fracture surfaces morphology generated from the tensile test were coated with a
gold layer to be observed in a Phenom Scanning Electron Microscopy SEM (FEI Company,
Eindhoven, Netherlands) with an operating voltage of 10 kV.

2.3.4.2. Optical Microscopy

Surfaces of films before and after disintegrability under composting conditions
were observed by a LV-100 Nikon Eclipse optical microscope equipped with a Nikon sight

camera at 20x magnifications using the extended depth of field (EDF) imaging technique.

2.3.4.3. Scanning Confocal Microscopy (SCM)

Surfaces of the sample slices before and after composting were examined and
imaged using a Leica TCS SP2 AOBS (Leica Microsystems Heidelberg GmbH, Mannheim,
Germany) inverted laser scanning confocal microscope. Samples were mounted in a
universal stage, on slides and then illuminated with the 488 nm line from an argon laser.
Reflection light from sample surfaces was collected (detecting spectral range = 480-
500 nm) with a 63x Plan-Apochromat-Lambda Blue oil objective (numerical
aperture = 1.4) in a single 8-bit channel and Airy 0.75 pinhole diameter; begin and end
limits of the vertical series were set visually in the Z-wide scan control. Gain and black
levels for the photomultiplier were adjusted through digital control in the
glow/over/under look-up-table and two-dimensional pseudo color images (255 color
levels) were gathered with a size of 119 x 119 pm (Zoom = 2) and 1024 x 1024 pixels.
Image stacks with the optimal number of sections for maximal z-resolution (for the lens)
were transformed into topographical images for measurements in the Leica LCS Materials

software package and converted to 3-D images.
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2.3.5. Light transmission and color properties

The light transmission test performed in the visible light region (400-700 nm) and
film color properties were evaluated by using the CIELAB color space by means a KONICA
CM-3600d COLORFLEX-DIFF2, HunterLab, Hunter Associates Laboratory, Inc, (Reston,
Virginia, USA). Color coordinates, L (lightness), a*(red-green) and b* (yellow-blue), and
yellowness index (YI) were measured. The instrument was calibrated with a white
standard tile. Measurements were carried out in quintuplicate at random positions over
the film surface. Average values for these five tests were calculated. Total color difference

(AE) was calculated with respect to the control neat PLA film or PLA-PHB film as follow:

AE = y/Aa2 + Ab*2 + AL? Equation I11.3. 3
2.3.6. Oxygen permeability

The oxygen transition rate (OTR) was measured with an oxygen permeation
analyzer from Systech Instruments-Model 8500 (Metrotec S.A, Spain) at a pressure of
2.5 atm at room temperature. Films (14 cm diameter circle) were compressed between
the upper and lower diffusion chamber. Pure oxygen (99.9% purity) was introduced into
the upper half of the sample chamber while nitrogen was injected into the lower half
where there was an oxygen sensor. The oxygen volumetric flow rate per unit area of the
film and per time (OTR, cm3 m2 day!) was continuously monitored until a steady state was
reached. Measurements were done in triplicate and were expressed as oxygen

transmission rate per film thickness (OTR-e).
2.3.7. Wettability

The surface hydrophobicity of films was studied by measuring the water contact
angle by means an Easy-Drop Standard goniometer FM140 (KRUSS GmbH, Hamburg,
Germany) equipped with a camera and analysis software (Drop Shape Analysis SW21;
DSA1). The contact angle was measured by randomly adding six drops of distilled water
(2 pL) with a syringe to the film’s surfaces at room temperature [10]. Ten contact angle

measurements were carried out for each drop and the average values were reported.
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2.3.8. Disintegration under composting conditions

The disintegrability under composting conditions was studied according to 1SO
22000 [28]. All formulations cut in 3 x 3 cm? were buried inside an iron mesh (to allow the
removal of the disintegrated samples but also allowing the access of microorganisms and
moisture) [29] at 4-6 cm depth [9] in plastic reactors containing solid biodegradable
synthetic wet waste and subjected to disintegration under aerobic conditions at 58 °C in
an air circulation DO/200 draping oven (Carbolite, UK) during a period of 35 days. For the
preparation of solid synthetic waste, 10% of compost (containing of total organic matter,
40% vegetal matter, 30% of humidity and pH 6.5) supplied by Mantillo, Spain, it was
mixed with 30% rabbit food, 10% starch, 5% sugar, 1% urea, 10% corn oil and 40%
sawdust. Finally, the solid synthetic waste was mixed with water in 45:55 proportions and
water was added periodically to maintain the humidity. Each film formulation was
recovered at 7, 14, 21 and 28 days cleaned with distilled water, dry at 40 * 2 °C for 24 h
and weighed. The disintegration degree was calculated by normalizing the sample weight,

at different days of incubation, to the initial weight [9].

2.3.9. Statistical analysis

Significance in the mechanical data differences were statistically analyzed by one-
way analysis of variance (ANOVA) using OriginPro 8 software. To identify which groups
were significantly different from other groups means comparison were done employing a

Tukey’s test with a 95% confidence level.

3. RESULTS AND DISCUSSION

3.1. Light transmission and colorimetric properties

Figure I11.1-B shows the visual appearance of developed films. As it was expected, neat
PLA results colorless and transparent while neat PHB presents amber color with slightly
transparency. After PHB addition, light yellow films were obtained. No apparent
differences in transparency and color can be reported for samples added with D-limonene
(LIM). Since high transparency in food packaging is required because of the aspect of

packaging could influence the decision of consumers [10] the light transmission analysis
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in the visible light region and colorimetric analysis were performed and results are shown
in Figure I11.3.1 and Table I11.3.1

, respectively. The light transmission showed that no significance differences were
observed between PLA and PLA-LIM (Figure I11.3.1-A). This result is in agreement with a
previous work where we reported that D-limonene did not influence the characteristic
high brightness of PLA [10]. Meanwhile, neat PHB showed the minimum transparency in
the visible light region (Figure II1.3.1-A) with the highest L value (Table II1.3.1). Small but
positive values in a* coordinate showed a slight trend to red in neat PHB. Neat PLA and
neat PHB showed a big total color difference. PHB presents a clear visual amber tonality

which was less pronounced in PLA-PHB blends (Figure I11.3.1-B).
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Figure II1.3.1. (A) Light transmission of films at the range of 400-700 nm.
(B) Visual aspect of films.

Positive values of coordinate b* indicate the trend to yellow. All samples containing
PHB presented positive values of b*. Y was also used to judge the yellowness and neat
PHB was the sample with the highest Y/ value. In PLA-PHB blends, L value significant
decreased with respect to the neat PLA (p <0.05) but it was still showing a high
brightness. However, PHB presence produced a stronger tendency towards yellow
showing an increment in b* coordinate and in YI value. Meanwhile, a* coordinate showed a

trivial tendency to green. Comparing the total color difference between PLA-PHB and PLA-
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PHB-LIM films they resulted not significant different from each other (p > 0.05), but they
showed a significant difference with respect to neat PLA. Moreover, PLA-PHB-LIM
formulation showed a decrease in Yl and b* coordinate indicating a somewhat limonene

improvement in color properties compared with PLA-PHB blend (p < 0.05).

Table II1.3.1. Colour parameters from CIELab space and YI.

Formulation L a* b* AE YI
PLA 94.08 +0.072  -1.03 £0.01a 1.33 £ 0.052 - 3.47 £ 0.072
PLA-LIM 93.86+0.102 -0.81+0.172 1.58 + 0.042 0.24 + 0.04" 3.49 +0.102
PHB 83.30 + 2.16P 1.49 + 0.87P 22.48 + 3.34b 23.87 £ 3.99" 45.12 + 3.15b
PLA-PHB 10.84 + 2.29"
89.09 + 1.0¢ -1.29 +0.122 10.95 +2.13¢ 21.74 £ 3.10¢
13.20 + 3.854
PLA-PHB-LIM 8.05+0.19"
90.98 + 0.25¢ -1.73 £ 0.02¢ 8.73+0.11¢ 17.04 +0.024
295 +2.174

*Calculated by using PLA colour coordinates as reference.
A Calculated by using PHB colour coordinates as reference.
ad Different superscripts within the same column indicate significant differences between

formulations (p < 0.05).

3.2. Fourier transformed infrared spectroscopy analysis (FTIR)

The chemical structure of the obtained films was investigated by means FTIR
analysis and the obtained spectra are showed in Figure I11.3.2-a, being arbitrarily offset for
comparison. The spectrum region between 3000 cm-! and 2860 cm-! was characterized by
-CH stretching bands showed the characteristic broad absorption of PLA (not shown)[30].
At 1760 cm-! the typical asymmetric stretching of carbonyl group (C=0) in PLA and PLA-
LIM films is attributed to lactide [10], while a broad absorption band was observed in neat
PHB film attributed to the crystalline carbonyl stretching of PHB [17] and [18]. However,
in PLA-PHB binary and ternary films this peak result was narrow and showed the
interaction between both polymers. This behavior has been related with the miscibility
between PLA and PHB at the selected proportion (75:25) where a transesterification
reaction occurred during processing [18]. The -C-0- bond stretching of -CH-0- group of
PLA appeared at 1182 cm-1[9] and its intensity almost vanished in PLA-PHB blends
spectrum. Similar situation was observed in the 1450 cm-! peak, assigned to the lactides -

CH3 group [2]. These two peaks intensity decreased with the presence of LIM or PHB, as
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expected due to the lesser proportion of PLA in the final formulation showing the lowest

intensity in the PLA-PHB-LIM film.
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Figure II1.3.2. (a) FTIR spectra of films.

Pyrogram obtained for: (b) PLA-LIM film and (c) PLA-PHB-LIM film.

3.3. Py-GC/MS characterization and D-limonene amount after processing

Py-GC/MS analysis showed the thermal degradation products of PLA and PHB and

also D-limonene presence. Each product was detected and identified by getting the mass

173



Results and Discussion

spectra of each main chromatographic peak. Figure 111.3.2-b and c show some distinctive
peaks of PLA where the peak at 7.5 min in the pyrogram corresponds to D-limonene [10].
Meanwhile the peaks at 9.7 min and the smaller peak at around 9.1 min have been
assigned to mesolactide and (L) or (D)-lactide respectively with highly similar mass
spectra (with m/z = 32, 43, 45 and 56) [7] and [31]. Furthermore, some more small peaks
were present at higher retention time showing the characteristic series of signals
attributed to the PLA degradation products with m/z =56 + (n x 72) [7], in which n = 1 for
mesolactide and (L) or (D)-lactide. The obtained pyrogram of PLA-PHB-LIM (Figure I11.3.2
-c) shows the characteristic PHB pyrolysis degradation pattern with a broad peak
corresponding to crotonic acid at 4.3 min revealing the characteristic signals m/z = 39, 41,
68, 69, and 86. The peak at 12.6 min as well as the group of smaller peaks appearing
between 10.5 min and 12 min could be assigned to the dimmers and trimers of crotonic
acid [32] with very similar spectra where their main fragments were those with m/z = 39,
41, 68, 69, 86, 103, 113 and 154, in accordance with previous published works [32] and
[33]. The amount of D-limonene after processing was also calculated by Py-GC/MS using
our previous developed method to quantify the remaining amount of D-limonene after
processing which resulted in 8.90 + 0.05 wt% for PLA-LIM film [10] and it was higher in
the case of PLA-PHB-LIM, 10.45 + 0.05 wt%. This result confirms that D-limonene was
more efficiently retained in PHB incorporated samples (PLA-PHB-LIM) than in PLA-LIM

counterpart.

3.4. Differential Scanning Calorimetry (DSC)

DSC thermal properties are summarized in Table II1.3.2. PHB slightly
increased T temperature respect to the neat PLA. Materials seem to be compatible since
only one Tywas observed in all formulations. In previous work we showed that D-
limonene presence induced the depression in Ty of PLA [10]. The plasticization effect of D-
limonene was also observed in PLA-PHB-LIM blend where the T, value decreases about
20 °C.

A reduction in the cold crystallization temperature (7.) was observed for PLA-
PHB. This result underlined the compatibility between polymer matrices, where as a result
of the decrease in Ty a consequently lowering in the transport barrier for crystallization
occurred, which results in a lower crystallization temperature [16]. This behavior was
more evident in the case of D-limonene presence with a shift to even lower temperatures.

This is in good agreement with Abdelwahab et al. (2012) who studied PLA-PHB blends
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plasticized with Lapol 108 and find a reduction in T of PLA with an increase in plasticizer

content [15].

Table II1.3.2. Thermal parameters of film samples obtained from TGA and from DSC at the

first heating scan

Formulation PLA PLA-LIM PHB PLA-PHB  PLA-PHB-LIM
To (°C) 332 145 268 282 154
Stage I - 140 - 140
Tmax(°C)  Stage Il 366 355 - 286 278
Stage III - - 285 349 345
T, (°C) 59.51 30.23 - 57.97 38.81
Tec (°C) 123,2 75.1 - 96.9 77.4
Tm (°C) 164.2 164.2 167.7 166.7 164.9
AHcc (J/8) 23.3 19.7 - 31.4 10.7
AHn (J/2) 40.0 34.2 65.9 39.9 37.6
Xc (%) 15.7 18.3 45.1* 20.7 45.3

*Xc (%), calculated using AHm¢ of PHB

While T, values did not change significantly respect to the neat PLA or PLA-PHB
blend, the melting behavior showed somewhat differences. Melting consists of two
overlapped peaks (Figure 111.3.3-a). The temperature of the lower melting peak related to
the melting and recrystallization of original crystals into more stable form and the second
melting peak a higher temperature is related to melting of more stable crystals [16]. For D-
limonene incorporated samples the melting peak became broader. The reason of such
behave could be provable due to D-limonene favors the compatibility between PLA and
PHB crystallizing simultaneously both type of crystals. During the cooling scan (Figure
[11.3.3-b) all samples containing PLA presented a jump in the heat flow at around 59 °C
which was attributed to the PLA glass transition. PHB and PLA-PHB blends showed an
exothermic event corresponding to the cold crystallization with a maximum at 104 °C.
Meanwhile, no signals of crystallization process were observed for PLA and PLA-LIM.
Moreover, neat PHB film showed its high crystallinity with a high y. (Table I11.3.2). The
degree of crystallinity augmented from 15.7% to 20.7% when PHB is incorporated into
PLA matrix. This behavior is due to PHB can enhance the recrystallization of
PLA [18] owing to its ability to act as a nucleating agent [17]. It is known that the presence
of plasticizers alters the crystalline structure of PLA [34]. In this study, PLA-PHB-LIM
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system reached the highest crystallinity (45.3%). It has been reported that the increase in
crystallinity in plasticized PLA-PHB systems could be attributable to the interface
interaction between PLA and PHB with the plasticizer, which influences the nucleation and

generates a better packaging of segments [15].
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Figure II1.3.3. DSC thermograms during the (a) cooling scan and (b) second heating scan

at 10 °C min-1 for all formulations.

3.5. Thermogravimetric analysis (TGA)

The thermal decomposition was studied by TGA and DTG, as shown in Figure
[11.3.4. One step process was observed for neat PLA and neat PHB. PLA showed the typical
decomposition with a maximum degradation rate centered at 366 °C (Figure II1.3.4-a).
Meanwhile, PHB was less thermal stable with a smaller To and Tmax (Figure 111.3.4). PHB
decomposes firstly, so when PHB was incorporated into PLA matrix; it decreases the
thermal stability of the final film. However, films incorporated with D-limonene showed a
first degradation step at about 140 °C and then the thermal degradation of the polymer
matrix. There is a loss of D-limonene during the blend procedure which could be estimated
from TGA and it is approximately 9% and 8.5% for PLA-LIM and PLA-PHB-LIM,
respectively. This result confirms that in ternary systems D-limonene is slightly more
efficiently retained. Isothermal experiments were also carried out at 40 °C (not shown) in
order to corroborate films stability at eventual working conditions (storage, handling and
transport). Moreover, Tois shifted from 145 °C in PLA-LIM and to 154 °C in ternary
systems (PLA-PHB-LIM). D-limonene presences also shift the Tmax to lower temperatures
Figure II1.3.4-b) decreasing the thermal stability of the final film. This behavior confirms
the interface interactions between both polymer matrices with D-limonene. Moreover, it

could be related with some loss of remaining amount of D-limonene. All formulations
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showed low pyrolyzate residual wastes at 800 °C, showing a complete degradation and

their inherent low environmental impact.
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Figure I11.3.4. a) TGA and b) DTG curves of film samples at 10°C min-1

3.6. Mechanical and nanomechanical characterization

The films intended for food packaging applications are subjected to elongation
during the packaging procedure, being important their elastic modulus and elongation
characteristics. Furthermore, the stressed films require a minimum of hardness to avoid
perforations during their transport and exposition lifecycle. In order to study the final
mechanical features after the addition of PHB and plasticizers into PLA matrix, mechanical

tests were performed and tensile test results are summarized in Table II1.3.3.

Table I11.3.3. Tensile properties of films (n=5) and oxygen permeation rate of films (n=3).

Formulation EB% TS E OTR.e

(%) (MPa) (MPa) (cm3mm / m2day)
PLA 1.5+0.32 38.5+2.3a 1150 + 1002 44.4 +0.9a
PLA-LIM 151.7 £ 0.6b 24.6 + 2.0v 840 + 300 84.0 + 4.9b
PHB 2.0 +0.42 48.8 £ 5.32 1670 £ 50¢ 11.5 £ 4.7¢
PLA-PHB 2.1+0.42 21.3+6.90 1390 £ 1004 24.9 + 3.84
PLA-PHB-LIM 8.0 + 0.2¢ 20.7 £ 1.4b 630 % 20¢ 539+ 2.3

aeDifferent superscripts within the same column indicate significant differences between

formulations (p < 0.05).

PLA-PHB films showed Young modulus significant higher than neat PHB and neat
PLA (p > 0.05). This result highlights the effect of PHB as nucleating agent for PLA. On the
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other hand, the introduction of D-limonene into the system provoked a significant
reduction in Young modulus and tensile strength. Systems without D-limonene presented
low elongation; meanwhile films containing limonene significant increased
their gy, values showing its efficiency as plasticizer. This result is in a good accordance
with DSC results. Elongation was greatly increased for PLA-LIM sample resulting in
superior flexibility than PLA-PHB-LIM (p > 0.05), in accordance with T, tendency.

The indentation elastic modulus (E;) was also obtained by nanoindentation
technique. This technique obtains the elastic and hardness features of small volumes of
material of thin films performing indentations at very low loads [35]. The E, values

obtained for each film are shown in Figure II1.3.5-a.
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Figure II1.3.5. Nanoindentation modulus (a) and hardness (b) results averaged between
the 100nm and 200nm in depth.
ab Different letters on the bars within the same image indicate significant differences

between formulations (p < 0.05).

The significant higher values obtained by nanoindentation compared with those
obtained by tensile test is probably due to the creep character of polymers [36] and
because while the entire film is deformed under a tensile stress test, only a very small
volume of material is assayed by nanoindentation. These results corroborate that the
addition of D-limonene reduces the elastic modulus, showing its plasticizer role. The
highest modulus was found for the PHB film (p > 0.05) due to its greater crystallinity,
indicating that the reinforcement effect of the PHB in PLA matrix plays an important role
in the tensile deformation. Nanoindentation results for PLA-PHB blend show the influence
of PLA concentration. The nanoindentation hardness results (Figure II.3.5-b) revealed
similar average results with slightly or unappreciable differences (p <0.05) between

samples which values are in the range of 275-350 MPa.
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3.7. Morphological characterization

Films surfaces were observed by Optical Microscopy and micrograph observations
are shown in Figure I11.3.6-A. All films formulations showed mostly homogeneous surfaces
with no apparent phase separation as evidenced from optical (Figure 111.3.6-A) and SEM

(Figure I11.3.6-B) observations.

A

Figure II1.3.6. (A) Optical microscope 3D surface images of films (20 x): a) PLA, b) PLA-
LIM, c) PHB, d) PLA-PHB, e) PLA-PHB-LIM.
(B) SEM images of the tensile fracture surfaces of a) PLA, b) PLA-LIM, c) PHB, d) PLA-PHB
and e) PLA-PHB-LIM films.
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SEM images were taken on the fracture surfaces of films after the tensile tests
(Figure 111.3.6-B). Neat PLA, neat PHB and PLA-PHB films (Figure 111.3.6-B.a, ¢ and d)
showed a smooth fracture where no plastic region could be observed. Meanwhile, the
expected plastic fracture was observed in PLA-LIM film (Figure II1.3.6-B.b) since D-
limonene significantly influences PLA morphological structure [10]. A similar plastic
behavior was observed in PLA-PHB-LIM sample (Figure II1.3.6-B.e) showing the
effectiveness of D-limonene to plasticize the PLA-PHB blend.

Films surfaces were also studied by means confocal microscopy (Figure I11.3.9-A)
While smooth surfaces were showed by PLA and PLA-LIM films, neat PHB (Figure II1.3.9-
A.c) was characterized by the presence of small particles that could be associated with the
crystals owing to the highly crystalline matrix of PHB. In PLA-PHB blend (Figure I11.3.9-
A.d) it could be notice that small crystal phases of PHB were well dispersed in the
continuous amorphous PLA phase. Figure 1I1.3.9-A.e shows the ternary PLA-PHB-LIM
system and reveals homogeneous distribution of D-limonene within both PLA and PHB

matrices among reduced PHB crystals.

3.8. Oxygen permeability

The oxygen transmission rate was studied and the obtained results are shown in
Table 3. It is well known that plasticizers addition increases the free volume in PLA matrix
[37] and as a result a reduction in the oxygen barrier properties is produced. In a previous
work we reported an enhance in PLA chains mobility caused by D-limonene presence and
consequently an augment in OTR.e values with increasing amount of D-limonene [10]. In
the present work, while D-limonene increased the oxygen permeation, it was considerably
reduced with the addition of PHB (Table I11.3.3). This improvement in the resistance to
oxygen transmission is due to the small dispersed phases of PHB in PLA matrix reduces
the solubility of gases in film, resulting in a more tortuous path for oxygen molecules to
transport through the film [11] and [38]. The OTR-e value of PLA-PHB was in the same
order of magnitude as the values found in the literature for nanoreinforced PLA films
[39] and [40]. The combination of the improvement in oxygen barrier properties
generated by PHB presence owing the development of crystalline order with the contrary
effect produced by limonene leads to a good result for the final ternary system (PLA-PHB-
LIM) showing comparable values as the neat PLA and besides acceptable values for film

food packaging applications.
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3.9. Wettability

It was already discussed that water resistant is an important issue in materials
intended for food contact. Thus, water contact angle measurements were conducted to
study the water absorption of film surfaces. Smaller water contact angle values than 65°
obtained for neat PLA film (6Op.a = 58 + 3) implies a hydrophilic surface [41], while the
addition of D-Limonene with hydrophobic nature caused an increase in the water contact
angle (Opra-uim = 75 * 1)[10] showing an hydrophobic surface character of film. As well, D-
limonene caused an increase in the surface hydrophobicity of ternary systems being the
PLA-PHB-LIM films slightly (p <0.05) more hydrophobic (Opra-pus-um =74+ 1) with
respect to that of PLA-PHB blend (Opra-pug = 70 + 1).

3.10. Disintegration under composting conditions

Disintegration under composting conditions of all film samples was also studied.
Visual appearance of the recovered films at different disintegration days of exposure to
composting conditions are shown in Figure I11.3.7-a. It was observed that PLA films
samples changed their color and became more opaque after 7 days in accordance with
Fortunati and colleagues [9]. Figure I11.3.7-b shows the degree of disintegration as a
function of time in which the line at 90% of disintegrations represents the goal of
disintegrability test [9]. Neat PHB reached only to 1.5% after 35 days under composting. It
has been reported that neat PHB needs approximately six weeks to be disintegrated in
compost [42]. The rate of disintegration under composting conditions was longer for PLA-
PHB with respect to PLA counterparts. In this sense, while formulations without PHB
addition were disintegrated in 28 days, PLA-PHB needed 35 days to overcome the 90% of
disintegrability. This is because of the crystalline phase of PHB presents a slower
degradation rate compared with PLA amorphous phase. The kinetic of disintegration is
mainly ruled by the amorphous phase [43], thus the more amorphous PLA-PHB blend was
easily disintegrated in 35 days while no significant weight loss was observed in PHB film.
Regarding D-limonene added samples, it was observed that disintegration got higher in D-
limonene incorporated films, particularly noticeable for PLA-PHB-LIM ternary system.
While PLA-PHB reached 12% of disintegration in 21 days PLA-PHB-LIM showed two times
higher rate of disintegration and it reached the goal of disintegration in 28 days whereas

PLA-PHB still was in 50% of disintegration.
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Figure II1.3.7. a) Visual appearance of film samples before and after different recovered

days of disintegration under composting conditions.

b) Degree of disintegration of films under composting conditions as a function of time.

This was confirmed by TG and DTG results before and after different exposed
times to composting conditions as shown Table II1.3.4. The D-limonene amount was
reduced from 6%, 3.5%, 2.5% to 2% in PLA-LIM binary systems (PLA-LIM) at 0, 7, 14 and

21 days under composting, correspondingly. Meanwhile, D-limonene amount is reduced
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from 6.5%, 2%, 1.5% to 1% in ternary systems (PLA-PHB-LIM) at 0, 7, 14 and 21 days

under composting, respectively.

Table I11.3.4. TGA and DTG results for films at different time of disintegration

Time To Tmax LIM Tmax PHB Tmax PLA
Formulation
(Day) (°0) (°0) °Q) °Q)

0 332 - - 366

7 331 - - 363
PLA

14 261 - - 346

21 240 - - 341

0 145 140 - 355

7 240 138 - 360
PLA-LIM

14 247 138 - 353

21 237 136 - 341

0 268 - 285 -

7 273 - 288 -
PHB

14 273 - 287 -

21 272 - 286 -

0 282 - 286 349

7 268 - 283 353
PLA-PHB

14 229 - 265 304

21 230 - 256 298

0 154 140 278 345

7 250 139 276 345
PLA-PHB-LIM

14 238 138 275 325

21 241 138 260 323

At 7 days of incubation, the Ty of D-limonene incorporated samples greatly
increased with respect to their initial values as a consequence of a high loss of D-limonene.
In addition, To and Tmax decreased to lower temperatures with the degradation time
increased for all formulations, with the exception of neat PHB. During the initial phases of
disintegration, as a result of water absorption [8] the high molecular polyester chains
hydrolyzed to smaller molecules [8], [9] and [44] which are more susceptible for
microorganisms to enzymatic reactions [8] and [45] and also presented less thermal

stability. This result is in agreement with degree of disintegration test results (Figure
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[11.3.7-b) in which it is noticeable that samples with D-limonene (PLA-LIM and PLA-PHB-
LIM) were disintegrated previously than their counterparts without D-limonene (PLA and
PLA-PHB). This behavior was more evident in the ternary system, where the D-limonene’s
losses produced some weakness in the packaging of segments among PLA and PHB
matrices.

The recovered samples were also pyrolyzed at 1000°C for 0.5s and the
pyrolyzates were identified by means GC/MS. The Py-GC/MS chromatogram of PLA, PLA-
LIM, PLA-PHB and PLA-PHB-LIM samples (not shown) revealed the presence of the two
characteristic peaks of pyrolysis of PLA assigned to mesolactide and (L) or (D)-lactide
already commented [7]. The relationship between meso-lactide and lactide peaks was
reported as a semi-quantitative sign of the degradation mechanism of PLA in biotic media
[24], [31], and [46]. In the present work, before the composting all PLA based composites
showed that lactide was the dominant oligomer. Whereas, the ratio of meso-lactide to
lactide decrease during composting time (Table I11.3.5) suggesting that meso-lactide form
increased in the polymer matrix during the compost incubation. This result is because of
microorganisms prefer de L-lactide than D-lactide form, thus the decrease in L-lactide in
the polymer matrix influences the formation of meso-lactide during high pyrolysis
temperatures [24].

It seems that during the disintegration under composting conditions the
biodegradable polymers degradation is caused by surface hydrolysis [47]. Therefore, in
order to clarify the possible disintegration in the aspect of films surfaces, they were
observed by optical and scanning electron microscopy. Micrographs observations after
21 days in composting are shown in Figure 111.3.8. No evident signs of disintegration after
21 days of incubation were observed for net PHB (Figure 111.3.8-A.c) in well accordance
with the measured disintegration (Figure II1.3.7-b). The rest of films showed a
homogeneous surface aspect before exposed to composting (Figure II1.3.6-A).
Nevertheless, it was observed that after 21 days in composting the surfaces became
breakable. This behavior was strong noticeable for neat PLA and PLA-PHB blends which
displayed evident surface signs of disintegration by means of deeper fractures, Figure
[11.3.8.A.a and Figure II1.3.8-A.d, respectively. SEM observations (Figure II1.3.8-B) showed
that after 21 days in composting PLA-LIM Figure I11.3.8-B.b shows deep fractures on the
surface more evident than in the other films, followed by neat PLA Figure I11.3.8-B.a and
then by ternary PLA-PHB-LIM (Figure I11.3.8-B.d) in agreement with degree of

disintegration test results (Figure 111.3.7-b).
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Table II1.3. 6. Roughness parameters registered by the confocal microscope on films’ surfaces and meso-lactide : lactide ratio obtained by Py-GC/MS

before and after 21 days in composting conditions.

Reduction in

P. P4y RMS
meso-lactide : lactide meso-lactide : lactide
(um) (um)

(%)
Exposed time (days) 0 21 0 21 0 21 21
PLA 0.31 1.51 0.38 1.93 1:3.1 1:1.7 46.2
PLA-LIM 0.85 2.72 1.22 3.32 1:11.3 1:6.8 40
PHB 2.62 2.77 3.41 3.69 - - -
PLA-PHB 2.03 1.89 2.89 2.58 1:79 1:2.6 66.7
PLA-PHB-LIM 1.38 4.19 2.15 5.26 1:5.0 1:2.8 443
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Figure II1.3.8. Surface of films after 21 days under composting exposure

(A) Optical microscope images of the (20 x). a) PLA t21, b) PLA-LIM tz1, ¢) PHB t21, d) PLA-
PHB tz1 and e) PLA-PHB-LIM t;1.The 3D surface Images were acquired by extended depth
field method.

(B) SEM observations (2000 x) of a) PLA tz1, b) PLA-LIM t21, ¢) PHB t;1, d) PLA-PHB t;1 and
e) PLA-PHB-LIM t;;

In order to resolve with more details the different states of the films surfaces it

were studied by means confocal microscopy (Figure 111-3.9).
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Figure III-3.9. Confocal images of films before (to) and after 21 days (t21) under
composting exposure. The bar scale corresponds to 50 pm.
I) PLA to, IT) PLA tz1, III) PLA-LIM to, IV) PLA-LIM t21, V) PHB to, VI) PHB t21, VII) PLA-PHB
to, VIITI) PLA-PHB t21, IX) PLA-PHB-LIM to and X) PLA-PHB-LIM tz:.

Inset figures are details of surfaces at a higher magnification.
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This technique confirmed that films with D-limonene, PLA-LIM (Figure 111-3.9-1V)
and PLA-PHB-LIM (Figure I11-3.9-X), after 21 days in composting presented large fissures.
This could be explained due to the loss of D-limonene which accelerated the hydrolysis
process of the ester linkage. It was also established that PHB delayed the PLA
disintegration because of while larger differences were observed between PLA before
(Figure I1I-3.9-1) and after 21 days in compost (Figure 111-3.9-1I), no big differences were
observer in neat PHB film were the structure is characterized by the presence of small
spherulites related with the highly crystalline matrix of PHB (Figure III-3.9-V and VI).
Additionally, PLA-PHB film presented somewhat differences before (Figure III-3.9-VII)
and after (Figure III-3.9-VIII) exposition to compost stating that the amorphous phase of
PLA ruled the disintegration of the blend.

The visual aspect quality of films is also governed by their smoothness. The surface

profiles from confocal examination were studied and recorded (Figure I1I-3.10).
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Figure I11.3.10. Confocal profiles of films before and after 21 days under composting.

Firstly, it is noticeable the difference in roughness profile measured on
undisintegrated films. While the neat PLA film shows the smoothest surface and neat PHB
the roughest, the addition of D-limonene to PLA seems to have a low effect on this
parameter. For an easier comparison, Table III.3.5 resumes the roughness parameters

recorded by the confocal microscope for each analyzed surface, being P, the arithmetic
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average of the profile (average height) and P,the quadratic average of the profile,
following 1SO 4287 definitions [48]. These curves reveal that films after 21 days under
composting exposure have much higher roughness with great ridges and valleys,

indicating preferential localized zones disintegration.

4. CONCLUSIONS

PLA and PHB were successfully melt blended and incorporated with D-limonene to
obtain transparent films. While structural characterization indicate that there is a
molecular interaction between PLA and PHB blends, DSC analysis revealed that blends
were miscible showing only one T, which decreased with D-limonene addition and also the
reinforcing effect of PHB. The ability of PHB to act as a nucleating agent made evident an
improvement in PLA oxygen barrier properties where the addition of D-limonene resulted
in an increase of oxygen permeation. Moreover, the surface wettability was also increased
in PLA-PHB-LIM due to the combination of the increase in the crystallinity and the
hydrophobic character provided by PHB and D-limonene, respectively. Morphological
studies showed a well dispersion of PHB crystals in the amorphous PLA matrix and also
that D-limonene generates a better packaging. D-limonene is more efficient retained after
processing in ternary PLA-PHB-LIM than in binary PLA-LIM. Tensile tests underlined that
the addition of D-limonene produced plasticization because of D-limonene incorporated
films presented some characteristic of flexible materials, whereas nanoindentation
showed that hardness did not present big differentiation between film formulations. The
disintegrability under composting conditions revealed that while D-limonene facilitated
the hydrolysis process, PHB delays the disintegration of PLA matrix. The rate of
disintegration was longer for PLA-PHB blends with respect to PLA counterparts due to the
increased crystal phase and the surface water resistant. However, all formulations
resulted fully disintegrated under composting in times compatible with the regular
composting time. According to all these results, it can be said that the combination of PLA-
PHB blend (75:25) with the addition of D-limonene may offer good perspective for
transparent flexible films, with enhanced oxygen barrier and water resistant properties,
biodegradable in compost, and therefore suitable for biodegradable food packaging

applications.
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Abstract

Poly (lactic acid), PLA, and poly(hydroxybutyrate), PHB, blends were processed as
films and characterized for their use in food packaging. PLA was blended with PHB to
enhance the crystallinity. Therefore, PHB addition strongly increased oxygen barrier while
decreased the wettability. Two different environmentally-friendly plasticizers,
poly(ethylene glycol) (PEG) and acetyl(tributyl citrate) (ATBC), were added to these
blends to increase their processing performance, while improving their ductile properties.
ATBC showed higher plasticizer efficiency than PEG directly related to the similarity
solubility parameters between ATBC and both biopolymers. Moreover, ATBC was more
efficiently retained to the polymer matrix during processing than PEG. PLA-PHB-ATBC
blends were homogeneous and transparent blends that showed promising performance
for the preparation of films by a ready industrial process technology for food packaging
applications, showing slightly amber colour, improved elongation at break, enhanced

oxygen barrier and decreased wettability.

Keywords: Poly(lactic acid); poly(hydroxybutyrate); blend; barrier properties; ductility.
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1. INTRODUCTION

The concerns on the environmental impact of food packaging materials after use
are currently increasing by their high consumption and short shelf-life [1]. Some fractions
of the plastic waste generated from food packaging materials may be recycled, but most of
these residues are disposed in landfills by technical and/or economical reasons [2].
Therefore, the use of non-renewable and non-biodegradable plastics for short shelf-life
applications should be considered as potentially hazardous to the environment [3, 4].
Consequently, the development of new bio-based and biodegradable packaging materials
is currently growing. In this sense, poly(lactic acid) (PLA) and poly(hydroxybutyrate)
(PHB) are thermoplastic bio-based polyesters with highly promising perspectives for
short-life applications [5-8]. PLA is currently the most used biobased materials by the food
packaging industry in disposable cutlery, plates, lids [9], cups [5], postharvest packaging of
fresh vegetables [10] and fast-food containers [11]. It is obtained by fermentation of
renewable agricultural sources, such as corn [12, 13], cellulose [14] and other
polysaccharides [12, 15]. However, the use of PLA in flexible films is restricted by its poor
ductility, thermal and barrier properties [13].

Considerable academic and industrial efforts have been focused on PLA
modification for extending PLA applications in food packaging industry, such as the
addition of modifiers, nanotechnology, copolymerization or blending. It is known that the
increase of crystallinity level could improve the use of PLA as food packaging material, due
to its direct impact on gas permeation [8]. Melt blending PLA with other polymers can lead
to significant improvement of the final properties through a cost-effective, easy and
readily available processing technology. PHB is a highly crystalline bio-polyester produced
by controlled bacterial fermentation [7] with relatively high melting point (173-180 °C) [3,
7] similar to that of PLA allowing physically blending both polymers in the melt state. After
processing it yields stiff and brittle materials with poor mechanical properties [1, 16] and
thermal degradation close to its melting point, limiting its processability [17]. These
limitations have hampered the use of both bio-polymers in the preparation of flexible films
for food packaging.

It has been reported that the addition of PHB to PLA matrices could enhance its
crystallinity [18], while PHB mechanical properties could be improved [19]. PLA-PHB
blends have been widely studied during the last years [7, 8, 18-20]. For instance, Ni and
colleagues (2009) blended oligomers of 3-hydroxybutyrate (OHB) and PLA to enhance the
PLA crystallization when OHB was introduced in amounts lower than 40 wt%, with phase

separation at higher loadings [18]. Besides, Zhang and Thomas studied PLA-PHB blends at
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different mass ratios (100:0, 75:25, 50:50, 25:75, 0:100) and reported that PLA-PHB
(75:25) blends showed higher mechanical properties than neat PLA [7].

The inherent brittleness of PLA and PHB makes necessary the addition of
plasticizers to improve their ductile properties and to get the flexibility required for films
manufacturing. It is known that compatibility between plasticizers and polymers is a
major issue for effective plasticization [21]. In a previous work it was observed that the
addition of D-limonene improved the interaction between PLA and PHB due to a
plasticization effect [8]. In this sense, some works were reported where PHB was blended
with poly(ethylene glycol) (PEG) [22] and citrate esters, such as acetyl tributyl citrate
(ATBC) [1, 3] and both are considered as efficient plasticizers for PLA [3, 23, 24].
Moreover, the European Food Safety Authority (EFSA) reported that the use of PEG [25]
and ATBC [26] do not raise a safety concern for food contact materials. It was reported
that ATBC was more effective in enhancing the PLA flexibility at concentrations higher
than 10 wt% [27, 28]. However, Coltelli and colleagues (2008) reported enhanced
crystallinity in PLA plasticized with ATBC at concentrations lower than 20 wt% [29].
Courgneau and colleagues (2011) studied PLA plasticized with PEG and ATBC. They
reported that the addition of ATBC at concentrations higher than 13 wt% resulted in a
significant decrease in Tg and the corresponding increase in elongation at break with no
phase separation up to 17 wt%, while PEG-300 showed phase separation at contents
higher than 9 wt% [23]. Kulinski and Piorkowska (2005) observed phase separation in
PLA-PEG blends at 20 wt% of PEG-200 and 30 wt% of PEG-400 [30]. Martin and Avérous
(2001) reported that PEGs with low molar masses showed good miscibility with PLA
matrices [31].

The aim of this work was to prepare PLA-PHB blends (75:25) for food packaging
applications. These developments were focused on the reinforcement of PLA by blending
with PHB to increase crystallinity and to improve barrier properties, while the addition of
plasticizer aimed to increase the blend’s ductility. Two different plasticizers, PEG and
ATBC, were tested to produce flexible films. Structural, thermal, mechanical and oxygen
barrier properties of these films were evaluated to assess the most adequate formulation

for the intended application.
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2, MATERIALS AND METHODS

2.1. Materials

PLA pellets (Ingeo™ 4032D, Mn = 217000 Da, 2 wt% D-isomer, Mw/ Mn = 2) was
supplied by NatureWorks LLC (Minnetonka, MIN, USA), PHB (PHB P226, Mw = 426,000
Da) was provided by Biomer (Krailling, Germany). ATBC (M = 402 g mol-1, 98% purity)
and PEG (Mn= 300 g mol-!) were purchased from Sigma-Aldrich (Méstoles, Madrid, Spain).

2.2. Films preparation and processing

PLA pellets and plasticizers were dried overnight at 80 °C in a vacuum oven to
prevent PLA hydrolysis during processing [32]. Meanwhile, PHB pellets were dried at 40
°C for 4 hours. Blends were prepared by mixing PLA and PHB pellets (75:25 wt% ratio) in
a Haake PolyLab QC mixer (Thermo Fischer Scientific Inc.,, Waltham, MA, USA), equipped
with a pair of high-shear rolls, at 180 °C and rotation speed 50 rpm for 4 min. ATBC and
PEG were added at 15 wt% after 3 minutes when PLA or PLA-PHB blends had achieved
the melt state. Each blend was then processed into films by compression molding at 180 °C
in a hot press (Mini C 3850, Caver, Inc.,, Wabash, IN, USA) by using a film mold (15 x 15
cm?2). 8g of each blend were kept between the plates at atmospheric pressure for 2 min
until melting and they were further submitted to the following pressure cycle, 3 MPa for 1
min, 5 MPa for 1 min and finally 10 MPa for 2 min with the aim to eliminate the trapped air
bubbles [33]. Films were then quenched to room temperature at atmospheric pressure.
Their average thickness was measured with a Digimatic Micrometer Series 293 MDC-Lite
(Mitutoyo, Japan) + 0.001 mm at ten random positions over the film surface for barrier
properties testing and at five positions along the strips surface for the mechanical

properties determination. The films average thickness was 200 + 50 pm.

2.3. Characterization

2.3.1.Thermal characterization

Thermogravimetric analysis (TGA) tests were carried out by using a TGA/SDTA
851e Mettler Toledo thermal analyzer (Schwarzenbach, Switzerland). Raw materials were
heated (isothermal mode) at 180 °C for 25 minutes under air (flow rate 50 mL min-1) to

evaluate the thermal stability of raw materials at the processing conditions. Films were
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heated at 10 °C min! from 30 to 600 °C under nitrogen atmosphere (flow rate 50 mL min-
1). In both cases samples masses were between 5-7 g.

Differential scanning calorimetry (DSC) tests were carried out in a DSC Q-2000 (TA
Instruments, New Castle, DE, USA) under nitrogen (flow rate 50 mL min-1). Samples
(around 4 mg) were introduced in aluminum pans, which were sealed with a Tzero press
(TA Instruments). All tests consisted of a first heating stage from -90 °C to 180 °C at 10 °C
min-, followed by a cooling process up to -90 °C at the maximum rate given by the
instrument and subsequent heating up to 200 °C at 10 °C min-1. Glass transition (Tg), cold-
crystallization (T.) and melting temperatures (Tm) were determined during the second
heating scan. The degree of crystallinity (x.) was calculated by using Equation 111.4. 1,
where AHy, is the melting enthalpy, AHc. is the cold crystallization enthalpy, AHp. is the
melting heat associated to pure crystalline PLA, reported to be 93 | g1 [34] and WPLA the
proportion of PLA in the blend.

Equation I11.4. 1

— 100% X [AH’”_AHC] w
Xe = 2000 AHE, W

For the neat PHB film the y.was calculated by following the Equation I11.4. 2, were AHn¢is
the melting heat associated to pure crystalline PHB, reported to be 146 ] g-1[35].

AH,,
z ] Equation I11.4. 2

=100% X
Xc =100% [AHm

2.3.2.Scanning Electron Microscopy (SEM)

SEM micrographs of both, surface and cross-section areas after tensile tests, were
obtained with a Phenom SEM (FEI Company, Eindhoven, The Netherlands), operated at 10
kV. Samples were coated with a gold layer (10-25 nm thickness) in vacuum conditions
prior to their analysis to increase their electrical conductivity. Micrographs were

registered at 1000x magnification.
2.3.3.Mechanical characterization

Tensile tests were carried out at room temperature with a IBERTEST ELIB 30 (S.A.E.
Ibertest, Madrid, Spain) machine by following the ASTM D882-01 Standard [36].Tests
were performed in rectangular strips (dimensions: 100 x 10 mm?2), initial grip separation

50 mm, crosshead speed 25 mm min-! and load cell 5 kN. The average percentage
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deformation at break (egy), elastic modulus (E) and tensile strength (TS) were calculated
from the resulting stress-strain curves as the average of five measurements from three

films of each composition.
2.3.4.0xygen Transmission Rate (OTR)

OTR measurements were carried out with an 8500 oxygen permeation analyzer
(Systech Instruments, Metrotec, SA. Spain). Circular films (140 mm diameter) were
conditioned at 50 * 2 % relative humidity and 25.0 = 0.1 °C prior to testing. Pure oxygen
(99.9%) was introduced into the upper half of the chamber while pure nitrogen was
injected into the lower half where one oxygen sensor is placed. Values were expressed as

OTR-e where e is the film thickness (mm).
2.3.5.Total soluble matter (TSM)

TSM was determined as the percentage in dry basis of every sample solubilized in
distilled water after 24 h [37] and it was calculated by using Equation 111.4.3:

my— m .
TSM =100 x —— 71 Equation I11.4. 3
my

where my is the initial dry weight of a square sample (20 x 20 mm?) calculated after drying
in an air-circulating oven at 105 °C for 24 h. Samples were then immersed in 30 mL of a
0.02 % (w/w) aqueous sodium azide solution at room temperature for 24 h. Samples were
further rinsed with distilled water, dried at 105 °C and re-weighed until constant weight
(x 0.0001 g) to determine the final weight (ms). Three films of each composition were
tested and the average value was determined as the TSM. Sample weights were

determined with an AG-245 Mettler Toledo analytical balance.
2.3.6.Water contact angle

A standard goniometer (EasyDrop-FM140, KRUSS GmbH, Hamburg, Germany)
equipped with a camera and Drop Shape Analysis SW21; DSA1 software was used to test
the water contact angle (69) at room temperature. The contact angle was determined by
randomly putting 6 drops of distiller water (= 2 pL) onto the films surface with a syringe

and the average values of ten measurements for each drop were calculated [4].
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2.3.7.Film transparency and color

These properties were evaluated by using a COLORFLEX-DIFF2 452/02 HunterLab
colorimeter, (Hunter Associates Laboratory Inc., Reston, VI, USA). The instrument was
calibrated with a white standard tile and the average value of five measurements at
random positions over the samples surface (20 x 20 mmz2) was calculated. Transparency

was calculated by following Equation I11.4. 4:

Agoo Equation II1.4. 4
Transparency = o

where Agoo is the absorbance at 600 nm and e the film thickness (mm) [38].
The color coordinates, L (lightness), a* (red-green) and b* (yellow-blue) were used
to determine the total color differences (AE) induced by the presence of plasticizer in films

when compared to the control PLA or PLA-PHB formulations by following Equation I11.4.5:

MBSy = \/(AL)Z + (Aa")? + (Ab")? Equation II1.4. 5

Yellowness index (YI) was used to evaluate the color change from clear to yellow.

2.3.8.Statistical analysis
Significance in the data differences were statistically analyzed by one-way variance

analysis (ANOVA) by using Origin-Pro 8 software. Tukey’s test with a 95% confidence
level was used to identify which data groups were significantly different from others.
3. RESULTS AND DISCUSSION
3.1. Blends preparation and homogeneity

It is known that the effective blending of two polymers requires high affinity
between them. Two substances with similar solubility parameters (6) should be mutually

soluble [39]. This effect can be predicted by calculating their respective 6 values [5],
calculated by following Equation II1.4. 6.

6= — Equation I11.4. 6
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where § ((cal cm3)1/2) is the solubility parameter for each component, D (g cm3) is the
density, G ((cal cm3)/2mol1) is the group molar cohesive energy and M (g mol-1) is the
molar mass per repetitive unit. The PLA solubility parameter has been reported to range
between 19.5 and 20.5 MPat/2[5], while the solubility parameter for PHB ranges between
18.5 and 20.1 MPal/2[16]. Differences are relatively low and consequently good miscibility
between both polymers should be expected.

In the case of plasticizers, they should be compatible with the polymer matrix [40,
41], and the relative affinity of the polymer and plasticizer can be assessed by calculating
their 6 values [39]. The solubility parameters for PEG and ATBC were calculated as 16.7
MPal/zand 20.2 MPal/z respectively. Therefore, since ATBC shows solubility parameter
close to PLA and PHB values, good miscibility should be expected. The addition of PEG to
the PLA-PHB matrix was also checked, since their § values are in the same order of
magnitude. Seven different plasticized and unplasticized PLA and PLA-PHB films were
prepared as summarized in Table I11.4.1 and their aspect is shown in Figure 111.4.1. All
films were mostly transparent and colorless except those with high amounts of PHB in

their formulations. These differences in color will be further discussed.

-
Figure II1.4.1. Visual appearance of: a) PLA, b) PLA-PEG, c) PLA-ATBC, d) PHB, e) PLA-
PHB, f) PLA-PHB-PEG and g) PLA-PHB-ATBC.

PLASTICIZED FILMS
PLA-PLASTICIZER PLA-PHB-PLASTICIZER
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Table I11.4.1. Film formulations prepared in this study

Film designation PLA PHB PEG ATBC
(Wt%) (Wt%) (Wt%) (Wt%)
PLA 100 - - -
PLA-PEG 85 - 15 -
PLA-ATBC 85 - 15
PHB 100 - - -
PLA-PHB 75 25 - -
PLA-PHB-PEG 63.75 21.25 15 -
PLA-PHB-ATBC 63.75 21.25 - 15

3.2. Thermal characterization

3.2.1.Thermogravimetric analysis (TGA)

The thermal stability of raw materials at the blends processing temperature (180
°C) is shown in Figure 111.4.2-a. As expected, while both polymers did not show significant
weight losses at this temperature, some plasticizer evaporation was observed, suggesting
possibilities of plasticizer losses during processing. ATBC showed higher thermal stability
at the processing temperature than PEG. However, the actual weight loss was low in both
cases, since their losses were lower than 0.5% after one minute at 180 °C. Figure I11.4.2-b
shows the TGA curves of all blends at 180 °C. It was observed that both plasticizers
improved the thermal stability of the PLA-PHB blend for times lower than 9 minutes. All
samples showed a weight loss lower than 1% after 6 minutes, which is the actual time that
blends were processed into films. Plasticized PLA and plasticized PLA-PHB formulations

with ATBC were slightly more thermally stable than those with PEG.
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Figure I11.4.2. a) TGA isothermal curves of raw materials at 180 °C, b) TGA isothermal
curves of blends at 180 °C, ¢) TGA and DTG dynamic curves of plasticized PLA and d) TGA
and DTG dynamic curves of plasticized PLA-PHB.

TGA curves representing the thermal behavior of plasticized PLA and PLA-PHB
blends are plotted in Figure II1.4.2-c and d, respectively. The main thermal parameters
obtained from these curves are summarized in Table I11.4.2. As expected, plasticized PLA
films degraded in a single step, while plasticized PLA-PHB blends degradation was a two-
step process. In both cases a peak corresponding to the plasticizer vaporization was
observed prior to the main degradation peak(s), as indicated for other plasticized
polymers [42]. The first degradation process of the PLA-PHB blend was assigned to the
PHB decomposition with onset temperature (To) 272 °C and maximum degradation rate
(Tmax) 291 °C (Table I11.4.2). PLA decomposition took place in the second stage at higher
temperatures (onset 315 °C, maximum 360 °C). In this work, the values of T, for the
second degradation stage in PLA-PHB blends were estimated since this process was
overlapped with the end of the first stage, characteristic of the PHB degradation. The
addition of PHB resulted in the decrease of the PLA T, value (Table 111.4.2). It was also
observed that plasticized PLA-PHB showed higher T, value than plasticized PLA films
suggesting some stabilization of the PLA continuous phase caused by blending with PHB. It
should be noted that the lowest value obtained for Ty was 239 °C for the PLA-PEG blend,
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temperature which is higher than those used in food processing or distribution, ensuring
their thermal stability with no apparent degradation after processing.

PLA-PHB blends showed some increase in the Tmax value corresponding to the PHB
degradation, while Tmax for the second stage was slightly lower than the value obtained for
the neat PLA. It could be concluded that blending of PLA with PHB resulted in small
modifications in their individual thermal stability, but not significant changes at
processing and use temperatures were observed, ensuring the good thermal stability of
these bio-films. In the case of the plasticized PLA-PHB blends, the addition of ATBC had no
significant influence (p < 0.05) on the thermal stability of the final formulation while the
PLA-PHB-PEG film showed some decrease in the Tmax value in the second degradation

stage.

Table II1.4.2 . TGA and DSC results

TGA and DTG parameters DSC parameters
Formulation
Stage To(°C) Tmx(°C)  Tg(°Q) Tee(°C) Twm (°C) e (%)
PLA - 315 366 60.4 103.0 167.3 5.1
PLA-PEG - 239 366 26.8 70.0 160.0 18.4
PLA-ATBC - 245 365 34.6 74.1 161.3 8.1
PHB - 261 285 - - 174.2 40.7*
PLA-PHB | 272 291
58.1 105.2 167.4 16.4
I 315 360
PLA-PHB-PEG | 250 285
25.1 64.2 160.2 36.5
I1 300 324
PLA-PHB-ATBC I 247 290
31.8 76.4 160.4 27.0
11 313 361

To, calculated at 1% mass loss (10 °C min-1).

*Xc (%), calculated using AHme of PHB

3.2.2.Differential Scanning Calorimetry (DSC)

Figure [11.4.3 and Figure 111.4.4 show the DSC thermograms for all samples, while
Table 111.4.2 reports the numerical values of the main thermal events. Only one T, value
was observed for all formulations, suggesting the good miscibility between the different
components in the amorphous region. A relevant shift to lower values in the T; was
observed for the PLA-PHB blend, giving another indication of the good interaction
between both polymers after processing. A clear effect of the addition of ATBC or PEG to
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the polymer matrices was observed, since they induced the T, depression in all plasticized
films. This effect was due to their ability to increase the free volume between the polymer
chains [23] and consequently their mobility. This reduction in Ty was higher in films
plasticized with PEG, as expected, since plasticizers with low molecular weight are usually

more efficient in lowering Ty values [28].
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Figure I11.4.3. DSC thermograms during the first heating scan at 10 °C min-! for all

formulations
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Figure I11.4.4. DSC thermograms during the second heating scan at 10 °C min-! for all

formulations

The endothermic peak corresponding to the enthalpic relaxation right after T, was
observed during the PLA and PLA-PHB first heating (Figure 111.4.3.). This peak can be
related to the physical aging of polymers, probably PLA, before testing [43]. In these
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formulations the cold crystallization exotherm and two melting endothermic peaks were
also observed. Double melting peaks in PLA films were related to the formation of
crystalline structures with different perfection and thermodynamic stability [44, 45]. This
behavior was previously observed in plasticized PLA formulations, since disordered o’-
crystals were formed when T.. was around 100 °C [32, 46].

Recently Bartczak and colleagues (2013) reported a decrease in a cold
crystallization of PLA in with different proportions of PHB and ascribed this behavior to a
partial miscibility between both polymers [47]. In this work, it was observed that T
shifted from 103 °C to 105 °C during the second heating scan, suggesting that PHB could
promote the cold crystallization of the PLA matrix. As expected in plasticized materials,
the incorporation of ATBC or PEG induced a higher decrease in T.. due to the important
increase in the polymers chain mobility. One of the goals of blending PLA with PHB is to
increase the blends crystallinity to further control their properties. The crystallinity
degree for all materials was calculated from DSC tests and results are reported in Table
[11.4.2. As expected, the PHB film showed the highest x, while PLA-PHB blends increased
their crystallinity in comparison to neat PLA, since PHB acted as nucleating agent of the
PLA matrix [7]. In plasticized samples, PLA-ATBC films showed lower x. evidencing the
formation of amorphous materials in agreement with the visual aspect of highly
transparent films (Figure 111.4.1). Meanwhile, PLA-PEG films showed high x.values and
this could be related to the fact that PEG can interact with PLA resulting in higher chain
mobility. Moreover, the macroscopic observation of PLA-PEG films showed that they were
brittle, due to some phase separation in these blends [23] induced by the increase in the
crystalline phase [42]. This observation is in agreement with the higher differences

observed between PEG and PLA solubility parameters.

3.3. Mechanical Properties

The influence of the addition of PHB and plasticizers in the tensile properties of PLA

was evaluated. Results of the tensile properties for all formulations are shown in Figure

[11.4.5.
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Figure I11.4.5. Modulus (E), tensile strength (TS) and elongation at break (ez) of films
(n=5).
acDifferent letters on the bars indicate significant differences between formulations (p <

0.05)

Neat PLA and PHB showed similar elastic modulus (E) values (p < 0.05) while it
slightly increased for the PLA-PHB blend due to the reinforcement effect of PHB,
enhancing toughness (Figure I11.4.5-a). Moreover, the PLA-PHB blend showed comparable
tensile strength (TS) values to the PLA film (p = 0.05) (Figure I11.4.5-b). As expected, all
blends with ATBC or PEG showed E and TS values lower than those for their unplasticized
counterparts, since plasticizers induced ductile fracture, particularly in plasticized PLA-

PHB films. These results are in good agreement with DSC tests where PLA-PHB-PEG and
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PLA-PHB-ATBC films showed lower T, values than the plasticized PLA counterparts. These
reductions of these mechanical properties for the PLA-PHB-ATBC formulation were
significant (p > 0.05), since these films showed a reduction in 70% in E and 65% in TS
when compared with pure PLA.

A noticeable improvement in elongation at break (eg) was observed for plasticized
PLA films (Figure Il1.4.5-c), in full agreement with the decrease in their Ty values. This
improvement was less pronounced for PLA-PHB films because of the reinforcement effect
caused by the addition of PHB, while PLA, PHB and PLA-PHB films did not show
stretchable behavior. It was also observed that ATBC produced much higher increase in &3
than PEG in all blends (p > 0.05). In fact the addition of PEG did not show any clear
improvement in ductile properties of PLA and/or PLA-PHB blends. A similar behavior was
reported by Courgneau et al. (2011) who observed that the addition of PEG resulted in the
decrease in the PLA eg due to the drop in PLA molar mass induced by PEG [23]. These
results are in agreement with the clear increase in blends crystallinity already discussed
by the addition of PEG to PLA-based formulations.

The higher plasticization effectiveness of ATBC for PLA and PLA-PHB matrices was
in agreement with their high similarity in solubility parameters. These interactions
resulted in a two-order of magnitude increase in g for the plasticized blends (from 1.5%
for PLA to 238% for the PLA-ATBC film and from 2.0% for the PLA-PHB blend to 182% for
the PLA-PHB-ATBC formulation). It should be noted that these values for ez are similar to
those of commercial plasticized PVC stretching films. Therefore, it could be concluded that
PLA-ATBC and PLA-PHB-ATBC blends could be considered a sustainable alternative to
current non-natural and non-biodegradable materials for food packaging films in terms of

flexibility and possibilities for processing at the industrial level.

3.4. Scanning electron microscopy (SEM)

SEM images of films surfaces (not shown) showed smooth surfaces for PLA and PHB
films with no relevant heterogeneities. The PLA-PHB blend also showed homogeneous
surface, with no apparent phase separation, suggesting the good interaction between both
polymers in agreement with DSC results. As well, no apparent differences in surface
homogeneity were observed in plasticized films surfaces, suggesting the good dispersion
of plasticizers in both, PLA and PLA-PHB matrices.

SEM micrographs of fractured surfaces after tensile tests are shown in Figure I11.4.6.
Neat rigid fracture surfaces were clearly noticed for PLA, PHB and PLA-PHB films (Figure

[11.4.6 a-c), while plasticized samples showed ductile fracture patterns where plastic
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deformations were present, particularly in films plasticized with ATBC (Figure I11.4.6 d-g).
It is known that the introduction of relatively low-size molecules, such as those in ATBC,
reduces molecular interactions between atoms in polymer chains [48], making easier the
solubilization of the plasticizer into the polymer matrix resulting in a ductile behavior

[40].

MW PLA-PEG PLA-PHB-PEG

Figure I11.4.6. Fractured SEM micrographs of: a) PLA, b) PHB, c) PLA-PHB, d) PLA-PEG, e)
PLA-ATBC, f) PLA-PHB-PEG and g) PLA-PHB-ATBC.

3.5. Oxygen Transmission rate (OTR)

Oxygen barrier is one of the most important issues to be considered in materials
intended to be used in food packaging, since the presence of oxygen in some cases and
mainly for respiring foods (e.g. fruits and vegetables), it may lead to detrimental changes
in quality and inducing a depression of food shelf-life [49]. OTR at the steady-state can be
related to the oxygen permeation through the polymer structure and it is dependent on
the film thickness. Thus, OTR-e values were obtained and results are shown in Table

[11.4.3.
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Table I11.4.3. Yellow Index (YI), CIELAB color parameters, transparency, OTR:-e, TSM and water contact angle measurements (62) for all film

formulations
Formulation L a* b* YI AE* Asoo/mm OTRee TSM 6°
(cm3mm m-2day1)
PLA 94.1 £0.12 -1.1 £ 0.1ad 1.3+0.12 3.5+0.12 - 2799 +2.82 441 +0.52 0.08 £ 0.012 58.4 + 3.7ac
PLA-PEG 91.1+0.1b -0.8+£0.22 1.6 £ 0.1 42+0.22 3.1+0,24 264.5 £ 0.6b 61.2 +£1.4b 8.57 £ 0.14b 53.2+ 34
PLA-ATBC 93.5+0.12 -0.8+0.12 1.4 0.1 3.8+0.12 0.7+£0,14 263.7 £ 0.1P 51.8+1.2¢c 0.92 £ 0.02¢ 70.7 + 1.3b
PHB 83.3+2.2¢ 1.0 £1.0" 22.5+3.3b 45.1 +3.1b - 237.7 £0.8¢ 249 +1.3d 0.09 £ 0.042 61.3 + 2.5¢
PLA-PHB 89.1+1.0d -1.3+0.1ac 10.9 £ 2.1¢ 21.7 £3.1¢c 10.8 £ 2.04 259.3 +0.14 11.0 £ 0.7¢ 0.08 £ 0.062 70.0 + 0.64
PLA-PHB-PEG 89.5+(0.5bd -1.6 £0.2¢d 9.4 +0.7¢ 18.5 + 1.2¢ 1.7 £ 0,58 240.4 £ 0.1¢ 62.9 +1.3b 7.41+0.084 57.2 + 2.0ac
PLA-PHB-ATBC 89.8 + 0.5bd -1.2 £0.32d 9.5+0.8¢ 19.1 £ 1.4¢ 1.6 £ 0,58 236.8x0.7¢ 22.8+2.8d 0.50 + 0.05¢ 66.9 £ 3.1b

a-e Different superscripts within the same column indicate significant differences between formulations (p < 0.05).

ACalculated by using PLA film color coordinates as control reference.

B Calculated by using PLA-PHB film color coordinates as control reference.
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In general, PHB showed significant (p > 0.05) higher barrier to oxygen than neat
PLA, as expected from its higher intrinsic crystallinity and more efficient molecules
distribution in the polymer structure. Therefore, the PLA-PHB blend resulted in improved
barrier properties compared to neat PLA films. This effect could be caused by the increase
in the PLA crystallinity by the addition of PHB.

It is well known that the addition of plasticizers to polymer matrices increases
their oxygen transmission rate [4, 23, 32, 50]. In this case, films plasticized with PEG
showed the highest OTR.e values. Courgenau et al. already reported this effect and they
concluded that PLA crystallization caused by physical aging might induce plasticizer
segregation towards the amorphous phase and free volume around macromolecular
chains in the polymer structure would increase [51].

The addition of PHB to the plasticized PLA matrix induced a general reduction in
oxygen permeability, in particular for PLA-PHB-ATBC films, showing the good interaction
between components in this ternary blend. However, no significant improvement in
oxygen barrier was observed for the PLA-PHB-PEG film when compared to the PLA-PEG
formulation (p < 0.05). It should be noted that the OTR.e results for these blends,
particularly for those with PHB, suggested that these films could be used as sustainable
materials for food packaging with values clearly lower than those calculated for low
density polyethylene (LDPE), 160 cm3mm m2day! [50]. Even plasticized formulations
showed OTR.e results lower than those obtained for LDPE and plasticized PVC films

(around 80 cm3mm m2day-1).

3.6. Total soluble matter

The weight difference between the initial dry matter and the material remaining
after treatment in aqueous environments was determined by calculating the total soluble
matter (TSM). Results are summarized in Table I11.4.3. PLA, PHB and PLA-PHB blends
remained almost unaltered after treatment. Plasticized films showed a significant increase
in water solubility that could be related to the plasticizer loss, which was clearly higher for
PEG than for ATBC. It was also observed that the PLA-PHB blend was more effective
preventing the plasticizer loss in aqueous environments than PLA due to the stabilization

of the PLA continuous phase by blending with PHB, as it was previously discussed.
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3.7. Water contact angle

Water contact angle measurements were used to evaluate the
hydrophilic/hydrophobic behavior of these materials. Results are shown in Table I11.4.3. It
is known that the water contact angle increases with the surface hydrophobic character
[40]. Thus, a water contact angle higher than 652 is typical in hydrophobic surfaces, while
62 values lower than 652 are obtained in hydrophilic materials [52]. Neat PLA and PHB
showed hydrophilic surfaces, while PLA-PHB blends showed a significant improvement in
their hydrophobic character with reduced water adsorption (p > 0.05). In plasticized
samples, the incorporation of PEG resulted in a slight decrease in the PLA contact angle
suggesting some increase in the hydrophilic character, as it has been previously reported
[53]. On the other hand, the contact angle for the PLA-ATBC film was around 122 higher,
suggesting that the addition of ATBC produced some significant increase in the
hydrophobic character of the PLA matrix (p > 0.05). Similar results were observed in PLA
and PLA-PHB incorporated with D-limonene, and this behavior was attributed to the
hydrophobic character of this additive [4, 8]. The significant difference in the effect of
plasticizers in PLA and PLA-PHB contact angles could be caused by their differences in
water solubility. PEG is soluble in water while this is not the case for ATBC. Films
plasticized with ATBC could be used in packaging formulations with reduced water
absorption requirements since they showed higher hydrophobic character.

Transparency and colorimetric properties

It was noticed that the addition of PHB to the transparent and colorless PLA films
resulted in changes in color getting some yellowish tone (Figure II1.4.1). The
determination of transparency and color parameters in the CIELab space would permit to
quantify these changes. Results are shown in Table 111.4.3. Neat PLA showed the highest
transparency and L value, characteristic of the high brightness of PLA films. The addition
of plasticizers significantly affected transparency (p < 0.05) of polymer films, but no
significant differences between PEG and ATBC were observed, either in PLA or PLA-PHB
blends. Furthermore, the plasticizer addition resulted in a* values close to zero, while YI
and b* sligthly increased and some decrease in L was also observed (p < 0.05).

PHB films showed the lowest transparency and L values and the highest b* and YI
values. In consequence, PLA-PHB blends showed some color differences with neat PLA,
but some improvement in transparency and lightness when compared to neat PHB. No
significant differences in L between the PLA-PHB blends and their plasticized counterparts
were observed. In addition, PLA-PHB films showed some increase in the yellow color, with

intermediate b* values between neat PLA and neat PHB. In general, the addition of
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plasticizers contributed to improve the colored aspect of blends, decreasing their
yellowness index and slighty increasing their transparency, which is a important

consumer’s requirement in food packaging applications.

4. CONCLUSIONS

PLA was melt blended with PHB to increase crystallinity and further plasticized
with PEG and ATBC to evaluate the possibility to obtain bio-based and biodegradable
flexible films with improved properties for food packaging. Transparent and homogeneous
films were obtained by melt-blending followed by compression molding processes. The
addition of PHB increased the PLA crystallinity and the obtained PLA-PHB blends showed
improved oxygen barrier properties and lowered water incorporation. Moreover, PHB
improved the interface interaction between PLA and plasticizers. Those blends plasticized
with ATBC showed higher flexibility and thermal stability than those with PEG. The best
properties for the intended use in films manufacturing were found for the PLA-PHB-ATBC
formulation, with moderate elongation at break, slightly amber color but still mostly
transparent, reduced surface water absorption and a considerable improvement in oxygen
barrier. In order to assess the use of these formulations in films manufacturing for
biodegradable food packaging, migration studies in different environments as well as

disintegrability under composting conditions are currently on-going.
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Abstract

The disintegration under composting conditions of films based on poly(lactic acid)-
poly(hydroxybutyrate) (PLA-PHB) blends and intended for food packaging was studied.
Two different plasticizers, poly(ethylene glycol) (PEG) and acetyl-tri-n-butyl citrate
(ATBC), were used to limit the inherent brittleness of both biopolymers. Neat PLA,
plasticized PLA and PLA-PHB films were processed by melt-blending and compression
moulding and they were further treated under composting conditions in a laboratory-
scale test at 58 + 2 °C. Disintegration levels were evaluated by monitoring their weight loss
at different times: 0, 7, 14, 21 and 28 days. Morphological changes in all formulations were
followed by optical and scanning electron microscopy (SEM). The influence of plasticizers
on the disintegration of PLA and PLA-PHB blends was studied by evaluating their thermal
and nanomechanical properties by thermogravimetric analysis (TGA) and the
nanoindentation technique, respectively. Meanwhile, structural changes were followed by
Fourier transformed infrared spectroscopy (FTIR). The ability of PHB to act as nucleating
agent in PLA-PHB blends slowed down the PLA disintegration, while plasticizers speeded
it up. The relationship between the mesolactide to lactide forms of PLA was calculated
with a Pyrolysis-Gas Chromatography-Mass Spectrometry device (Py-GC/MS), revealing

that the mesolactide form increased during composting.

Keywords: Poly(lactic acid); Poly(hydroxybutyrate); blend; biodegradable; plasticizers.
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1- Introduction

Poly(lactic acid), PLA, and poly-hydroxybutyrate (PHB) are two of the bio-based and
biodegradable polymers which have focused some attention by their possibilities as
environmentally-friendly food packaging materials. In this sense, PLA is currently the
most used biopolymer in the food packaging sector for short shelf-life products [1], [2], [3]
and [4], owing to its high mechanical strength, easy processability, superior transparency,
availability and low cost. Poly(hydroxybutyrate) (PHB) is the most common
representative of poly(hydroxyalkanoates) (PHA) [5], and it has been also proposed for
short-term food packaging applications [6]. Conversely, there are not many commercial
products of PHB by its narrow processing window, high brittleness, [5] and price [7].

A considerable number of research work has been reported on the misicibility
between PLA and PHB and possible applications in food packaging [8], [9], [10] and [11]. It
is known that PLA shows limited or partial miscibility with low molar mass PHB [10] and
[12]. The temperature used during the blend preparation has also significant influence in
the miscibility between both polymers. In this sense Zhang et al. (1996) reported that PLA-
PHB blends prepared at high temperature exhibited greater miscibility than those
prepared by solvent casting at room temperature [13] since PLA-PHB systems are fully
miscible in the melt state [11] and [14]. This effect could be due to the transesterification
reaction between PLA and PHB chains [13]. In addition, the miscibility between PLA and
PHB is strongly dependent on their ratio in the blend. For instance, Furukawa et al. (2005)
studied PLA/PHB films prepared by solvent casting in chloroform with blending ratios
(w/w) 20/80, 40/60, 60/40, and 80/20 (PLA/PHB). They reported that PHB crystallized
as very small spherulites that may act as nucleation sites of PLA in the 20/80 blend [8].
Similarly, Zhang and Thomas (2011) studied PLA/PHB blends in different proportions
(100/0, 75/25, 50/50, 25/75 and 0/100, w/w) prepared by melt blending followed by
compression moulding [9]. They found that PLA/PHB 75/25 films showed interesting
properties for specific applications, with increased crystallinity and optimal miscibility
between both polymers, resulting in improved tensile properties compared with neat PLA.
More recently, Bartczak et al. (2013) proposed the modification of PLA by the addition of
PHB up to 20 wt% for food packaging applications and they concluded that PHB can be
considered as an effective impact modifier for PLA, increasing its impact resistance [10].
PLA-PHB blends (75:25, w/w) prepared by melt-blending and compression moulding
have been proposed for films intended for food packaging [3] and [5] and it was observed
that the addition of 25 wt% of PHB improved PLA mechanical and barrier properties due
to the ability of PHB to act as a nucleating agent at this PLA/PHB ratio [5].
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Films processed from PLA/PHB blends are still rigid and brittle, while their
processing for films manufacturing remains an issue to avoid fractures [5]. This drawback
can be overcome by plasticization to improve processability and ductility of these films
[3] and [5]. But not all plasticizers could be adequate for such application. It should be
taken into account that plasticizers should satisfy the strict requirements applied to
materials intended to be in contact with food. They should be also miscible with the
polymer matrix [1], [15] and [16] and stable at the high temperatures used during
processing [16], providing suitable mechanical and barrier properties [15]. In this sense,
poly(ethylene glycol) (PEG) and citrate esters have been proposed as efficient plasticizers
for PLA[16] and [17], while PHB has been successfully plasticized with PEG [18] and
acetyl-tri-n-butyl citrate (ATBC) [19]. PEG is water-soluble [20] and ATBC is obtained
from naturally occurring citric acid. Both are non-toxic plasticizers [21].

These blends are promising candidates for sustainable post-use waste treatments,
such as composting [22]. Disintegration in compost is governed by aerobic fermentation
that mostly results in humus-rich soil, while landfill disposal is mediated by anaerobic
fermentation producing hazardous methane. Even if methane produced in landfills could
be used as an energy source [22], it is known that the huge amount of plastic waste
disposal in landfills must be reduced [23] and [24]. Thus, composting would be adequate
for short-term food packaging plastics as end-life option.

Biodegradation in composting conditions of PLA [25], [26] and [27] and PHB [5] and
[6] has been already reported. It is known that PLA degradation in compost takes place in
two main and consecutive stages, i.e. the hydrolytic and enzymatic degradation [23]. PLA
disintegration starts by surface hydrolysis [28] leading to polymer random decomposition
[4], while PHB disintegration is firstly caused by microorganisms that erode the polymer
surface and gradually spreading to the bulk [29]. Lemmouchi et al. (2009) reported that
the disintegration of PLA in composting conditions was enhanced by the presence of
plasticizers [5].

The influence of PHB and plasticizers on the PLA disintegrability in composting
conditions was evaluated in this work. Plasticized PLA/PHB films were prepared by melt-
blending followed by compression moulding. The disintegration patterns during
composting of plasticized PLA/PHB films were investigated and compared with their
plasticized PLA counterparts. Disintegrability was followed by morphological, structural,
nanomechanical and thermal analysis, with the main objective to obtain information on
the compostability of plasticized PLA-PHB blends as end-life option for food packaging

applications.

229



Results and Discussion

2, MATERIALS AND METHODS

2.1. Materials

Poly(lactic acid) (PLA Ingeo™ 4032D, M,= 217 kDa, 2 wt% D-isomer, My/ M, = 2)
was supplied in pellets by NatureWorks LLC (Minnetonka, MIN, USA),
Poly(hydroxybutyrate) pellets (PHB, P226, M,, = 426 kDa) was purchased from Biomer
(Krailling, Germany). Poly(ethylene glycol) (PEG, M,= 300 g mol!) and acetyl-tri-n-butyl
citrate (ATBC, M = 402 g mol-, 98% purity) were purchased from Sigma-Aldrich (Madrid,
Spain).

2.2. Films preparation

PLA-PHB blends were processed by mixing PLA (previously dried overnight at 80
°C in a vacuum oven) and PHB pellets (treated for 4 hours at 40 °C), in 75:25 wt% ratio in
a Haake PolyLab QC mixer (Thermo Fischer Scientific Inc., Waltham, MA, USA) at 180 °C
and a rotation speed of 50 rpm for 4 min. ATBC and PEG were further added (15 wt%)
after 3 min once PLA or PLA-PHB blends had achieved the melt state. Each blend was then
processed into films by compression moulding at 180 °C in a hot press (Mini C 3850,
Carver, Inc.,, Wabash, IN, USA). Blends were kept between the plates at atmospheric
pressure for 2 min until melting and they were further submitted to a pressure cycle of 3
MPa for 1 min, 5 MPa for 1 min and finally 10 MPa for 2 min, with the aim to eliminate the
trapped air bubbles [30]. These films were then quenched to room temperature. Five
formulations were obtained: control neat PLA film, PLA plasticized with PEG or ATBC
(PLA-PEG and PLA-ATBC), and plasticized PLA-PHB blends (PLA/PHB-PEG and PLA/PHB-
ATBC). The films average thickness, measured with a Digimatic Micrometer Series 293
MDC-Lite (Mitutoyo, Japan) * 0.001 mm, was 200 * 50 pm. Control films were stored at 25

°C and 30% relative humidity (RH) in an acrylic desiccator cabinet before testing.

2.3. Disintegration under composting conditions

Disintegration under composting conditions was performed by following the ISO-
20200 standard [31]. Solid synthetic waste was prepared by mixing 10% of compost at pH
6.5 (supplied by Mantillo, Spain), 30% rabbit food, 10% starch, 5% sugar, 1% urea, 4%
corn oil and 40% sawdust and it was mixed with water in 45:55 ratio. Water was added

periodically to the reaction container to maintain the relative humidity in the compost
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medium. Films were prepared (30 x 30 x 0.2 mm3) and they were buried 6 cm depth in
plastic reactors containing the solid synthetic wet waste. Each sample was contained in an
iron mesh to allow their easy removal after treatment, but allowing the access of
microorganisms and moisture [32]. Reactors were introduced in an air circulation oven
(DO/200 Carbolite, Hope Valley, UK) at 58 °C for 35 days. The aerobic conditions were
guaranteed by periodical gentle mixing of the solid synthetic wet waste [18] and [25].
Films were recovered from the disintegration container at different times (7, 14, 21 and
28 days), washed with distilled water, dried in an oven at 37 °C for 24 h, and weighed.
Disintegrability was calculated by normalizing the sample weight at each time to the initial
value [33], while photographs were taken to all samples once extracted from the

composting medium.

2.4. Characterization techniques

2.4.1. Color properties

Color properties of plasticized PLA and plasticized PLA/PHB films before and after
7 days of incubation were studied by measuring CIELab colour coordinates L (lightness),
a* (red-green) and b* (yellow-blue), with a KONICA CM-3600d COLORFLEX-DIFF2,
HunterLab (Hunter Associates Laboratory, Inc, Reston, VA, USA) colorimeter. The
yellowness index (YI) was also determined. The instrument was calibrated with a white
standard tile. Measurements were carried out in quintuplicate at random positions over
the films surface and average values were calculated. Total color differences (AE) induced
by disintegration in samples after 7 days in composting conditions with the control films

were calculated by using Equation IIL.5. 1:

AEL; = \/Aa*2+ AD*2 + ALZ Equation IIL.5. 1

2.4.2. Surface microstructure

Differences in surface microstructures of plasticized PLA and plasticized PLA/PHB
films before and after 21 days of treatment were evaluated by using a LV-100 Nikon Eclips
optical microscope equipped with a Nikon sight camera at 20X magnification (Tokyo,
Japan). The extended depth of field (EDF-z) imaging technique was used to improve

resolution. Furthermore, surface microstructure of films before and after 14 and 21 days
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of disintegration was studied by Scanning Electron Microscopy (SEM) with a Phenom (FEI
Company, Eindhoven, The Netherlands) operated at 10 kV.

2.4.3. Fourier transformed infrared spectroscopy (FTIR)

FTIR analysis of films was carried out in the 600-4000 cm-! range in attenuated
total reflection (ATR) mode with a Perkin-Elmer BX IR spectrometer (Perkin Elmer Spain,
S.L., Madrid Spain). Tests were performed at room temperature using 128 scans and 4 cm-
Lresolution. A background spectrum was obtained before each test to compensate by

spectra subtraction the humidity effect and the presence of carbon dioxide.

2.4.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed with a thermogravimetric analyzer
TGA/SDTA-851e Mettler Toledo (Schwarzenbach, Switzerland). Tests were run under
dynamic mode from 30 to 600 °C at 10 °C min-tin nitrogen flow (50 mL min-1) to avoid
thermo-oxidative degradation. The initial degradation temperatures (To) were determined
at 5% mass loss while temperatures at the maximum degradation rate (Tmax) were

calculated from the first derivative of the TG curves (DTG).

2.4.5. Pyrolysis/ Gas Chromatography- Mass Spectrometry (Py/ GC-MS)

The relationship between mesolactide and (D, L)-lactide forms in the PLA structure
before and after 21 days under composting conditions was evaluated with a Pyrolysis-Gas
Chromatography-Mass Spectrometry device (Py-GC/MS). Film samples were pyrolyzed at
1000 °C for 0.5 s with a Pyroprobe 1000 (CDS Analytical, Oxford, PA, USA), coupled to a
gas chromatograph (6890N, Agilent Technologies, Spain S.L., Madrid, Spain) equipped
with a 30 m long HP-5 (0.25 mm thickness) column and using helium as carrier gas with a
50:1 split ratio. The GC oven was programmed as previously reported [34], the column
program started at 40 °C for 2 min, followed by a stepped increase of 5 °C min-! to 200 °C
(15 min hold), and further increase at 20 °C min-! to 300 °C (5 min hold). Detection was
carried out with an Agilent 5973N mass selective instrument. The transfer temperature
from the GC to the MS was set at 180 °C. The mass selective detector was programmed to
detect masses between 30 and 650 amu. The identification of PLA and PHB degradation
products was carried out by the characteristic fragmentation patterns observed in Py-

GC/MS spectra.
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2.4.6. Nanomechanical properties

Nanomechanical properties were measured with a nanoindenter machine G-200
(Agilent Technologies, Santa Clara, CA, USA) with a previously calibrated Berkovich
diamond tip. Experiments were carried out by Continuous Stiffness Measurement (CSM)
[35] and [36] under a 70 Hz harmonic oscillation frequency and 2 nm of harmonic
amplitude [36] maintaining a constant 0.05 s!indentation rate. An array of 5 x 5
indentations distanced 50 pm were programmed at a constant 2000 nm depth, calculating
the average values between the 400 nm and 600 nm depth to avoid the roughness effect at
the initial penetration depth. The reduced elastic modulus (E;) was calculated instead of
the Young’s Modulus since the Poisson’s coefficient is unknown for these blends and

plasticized polymers.

3. RESULTS AND DISCUSSION

Figure I11.5.1 shows the visual appearance of samples recovered at different testing
times. In general terms, all materials increased their opacity during composting even at
the first tested time (7 days). It is noticeable that PHB slowed down the PLA disintegration
rate, since formulations with PHB were still visible after 28 days, while those with no PHB
were completely disintegrated at that time. It was observed that disintegrability under
composting started in the polymers amorphous phase and this was mostly attacked by
microorganisms at the initial stage of this process. This effect was apparent by the loss of
transparency in films after treatment.

The increase in crystallinity in all these materials decreased their degradation rate
since the ordered structure in the crystalline fractions could retain the action of
microorganisms. Thus, the addition of mostly crystalline PHB slowed down the
disintegration of the PLA matrix. In fact, in a previous work we studied the disintegrability
of neat PHB films in composting conditions and it was observed that it only reached 1.5%
after 35 days [5]. On the other hand, the addition of plasticizers resulted in a clear increase

in the disintegration phenomenon.
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PLA-PEG PLA-ATBC PLA-PHB-PEG PLA-PHB-ATBC

Figure II1.5.1. Visual aspect of plasticized PLA and PLA-PHB films at different

disintegration times.

Figure II1.5.2 shows the colorimetric results obtained after 7 days of exposition to
composting conditions. The characteristic high brightness of neat PLA decreased after 7
days in composting as evidenced by the decrease in the lightness value (L) (Figure I11.5.2-
a). A similar trend was observed for PLA and PLA-PHB blends plasticized with ATBC.
However, a different behaviour was observed for films plasticized with PEG. These
samples showed some increase in lightness with testing time. This effect could be due to
some plasticizer losses and the consequent compression of macromolecular chains. The
addition of PHB to the PLA matrix produced the increase in clear amber tone in PLA-PHB
blends.
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Figure II1.5.2. Colorimetric parameters of plasticized PLA and PLA-PHB films before and
after 7 days (7d) under composting conditions from the CIELab space: a) Lightness (L)

values, b) yellowness index (Y1) and c¢) a* and b* coordinates.

The yellowness index (YI) was measured and results are shown in Figure I11.5.2-b.
No significant differences in YI were observed between neat and plasticized PLA films
before and after 7 testing days. Plasticized PLA/PHB blends showed a clear decrease
in YI values, being this effect more evident in the PLA/PHB-PEG film. In addition, positive
values of b*, indicative of a deviation towards yellow, as well as negative values of a*,
indicative of a deviation towards green, corroborated this tendency to color change in
PLA/PHB-PEG films (Figure I11.5.2-c).

As can be seen in Figure II1.5.1 some differences in visual appearance after 7 days
of composting with respect to the corresponding formulation before the test start were
observed. Total color difference (AE) values indicated that neat PLA was the only sample
with no apparent visual changes (AE = 1.7), since AE values higher than 2.0 represent the
threshold of the perceptible color difference for the human eye [37]. The AE values for
PLA-PEG and PLA-ATBC films were 2.9 and 2.5, respectively, while they were 5.3 and 2.1
for PLA/PHB-PEG and PLA/PHB-ATBC, correspondingly. In summary, all plasticized
materials showed perceptible color changes after only 7 days of composting treatment.
Changes in films color at the first stages of the composting test were related to the

beginning of the hydrolytic degradation process, inducing some changes in the films
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refraction index as a consequence of water absorption and/or the presence of hydrolysis
products [33]. At higher testing times, films color could not be determined in the same
way due to the samples rupture into small pieces and their irregular surfaces.
Nevertheless, some qualitative observations could be drawn, since it was clearly
noticeable that apparent color changes were related to the degradation stage. PLA/PHB
blends tended to yellow at high testing times (Figure I11.5.1), due to the PLA disintegration
and the consequent increase in the PHB proportion in these formulations. Finally, at 28
days, samples showed a clear yellowness pattern due to the total disintegration of the PLA
matrix (Figure I11.5.1).

Visual observations were confirmed by calculating the disintegration degree
(weight loss) as a function of time (Figure I11.5.3) where 90% of disintegration was
considered as the goal of samples disintegrability [33], as indicated in the current
legislation for biodegradable materials [31]. No significant differences in weight loss were
observed between samples after 7 days, but after 14 days the disintegration rate clearly

increased for all formulations.
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Figure II1.5.3. Degree of disintegration of: control PLA film, plasticized PLA and

plasticized PLA-PHB films under composting conditions as a function of time.

SEM micrographs (Figure 111.5.4) showed deep fractures on the films surfaces after
7 testing days, and they were particularly notorious in plasticized materials. No significant
differences were observed in plasticized PLA/PHB blends, but PLA-PEG showed higher
disintegration rate than PLA-ATBC. This significant difference in plasticized PLA films
could be explained by the hydrophilic nature of PEG, in contrast with the hydrophobic
character of ATBC. Water absorption and diffusion through the polymer bulk in the initial
phase of disintegration in PLA-PEG films was faster than in PLA-ATBC, resulting in higher
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hydrolysis in the polymer chain leading to small molecules (monomers and short-chain

oligomers) that are available for the microorganisms’ attack [26].

0 Day 14 Days 21 Days

PLA

PLA-PEG

PLA-PHB-PEG PLA-ATBC

PLA-PHB-ATBC

Figure II1.5.4. SEM observations of neat PLA, plasticized PLA and plasticized PLA-PHB

films at different degradation time under composting conditions.

However, PLA/PHB-ATBC blends showed higher disintegration rate (up to 65%)
after 21 days of composting than PLA/PHB-PEG (below 50%). This different behaviour
could be explained by the formation of acid groups during the plasticizer release in

PLA/PHB-ATBC films, which are able to promote the hydrolysis of polymer chains
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[33] and consequently accelerating the disintegration process. This result was confirmed
by FTIR analysis where the formation of hydroxyl groups (3200-3600 cm!) in plasticized
PLA-PHB blends showed higher intensity for the PLA/PHB-ATBC blend, as discussed
below. Moreover, SEM micrographs of the PLA/PHB-ATBC blend after 21 days in
composting conditions also showed evident signs of surface erosion with deep fractures,
while the PLA/PHB-PEG blend showed a more regular surface. As observed in Figure
[11.5.3, plasticized PLA films achieved more than 85% of disintegration after 21 days and
all materials showed weight losses higher than 90% after 28 days, indicating the
compostable nature of all these blends.

The film surfaces were also investigated by optical microscopy and their roughness
profiles were determined with the EDF-z technique (Figure I11.5.5). In a previous work we
observed that neat PLA films showed smooth surfaces which were rough in neat PHB films
[5]. When applying this technique to PLA and plasticized PLA films, smooth surfaces were
obtained (Figure 111.5.5) in both cases, although plasticized PLA/PHB films showed some
roughness. The more irregular surface profiles showed by films with PHB could be
attributed to its higher crystallinity. After 21 days under composting conditions, all
samples showed some increase in roughness when compared to the same formulation
before the beginning of the test.
As prepalred
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Figure II1.5.5. EDF-z profiles of films before and after 21 days under composting.

Figure I11.5.6 shows the FTIR spectra of each film at different testing times. All PLA

based samples revealed the typical band at 1750cm-! assigned to the asymmetric
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stretching of the carbonyl group (-C=0) by lactide [1] and [25]. At 1180 cm'! the -C-O-
bond stretching in the -CH-O- group of PLA was also observed [25]. The 1450 cm-! band
was assigned to the -CH3 group [1] and [38]. It was reported that the intensity of the -C=0
band increased with the composting time due to the hydrolytic degradation, resulting in
some increase in the number of carboxylic end groups in the polymer chains [25]. In these
materials, the -C=0 band intensity increased with the composting time in both, PLA and
plasticized PLA samples, while it showed broader absorption in films containing PHB. This
result was related to the crystalline carbonyl group stretching in PHB at 1735 cm-1[29].
The good miscibility between PLA and PHB was related to the observation of a unique
narrow band corresponding to the carbonyl group [9]. Two bands were clearly observed
in the PLA/PHB-ATBC film at this wavenumber range at early disintegration stages
(Figure I11.5.6-€). This observation could be related to some loss of interaction between
both polymers with the increase in disintegration time. Another important band was
observed around 1600 cm, corresponding to the formation of carboxylate ions by the
action of microorganisms, able to consume lactic acid and PLA oligomers on the film
surface leaving carboxylate ions at the chain ends [33]. This behaviour was particularly
noticeable in PLA-ATBC films after 21 days under composting (Figure I11.5.6-c). It should
be also highlighted that this band appeared after 7 days in PLA and plasticized PLA
samples and after 14 days in plasticized PLA/PHB films, confirming that PHB helps to slow
down the PLA disintegration rate under composting conditions.

Two more bands corresponding to the amorphous and crystalline phases of PLA
were observed at 866 cm! and 756 cm, respectively [38]. These bands seemed to be
unmodified in all samples during the whole composting test with the exception of the PLA-
ATBC film, in which the band at 866 cm clearly increased in intensity after 21 days
(Figure I11.5.6-c).
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and 21.

TG and DTG curves (not shown) revealed the complete weight loss of PLA and

plasticized PLA films in a single degradation step, while plasticized PLA/PHB blends were

degraded in two steps, where the first one was assigned to the PHB decomposition and the
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second one, at higher temperatures, was related to the PLA thermal degradation. The
initial degradation temperature (To) was calculated for decomposition degree (o) 0.05 and
the maximum degradation temperatures (Tmax) were calculated from TG and DTG curves.

The main results are summarized in Table II1.5.1.

Table II1.5.1. TG and DTG parameters for films at different disintegration times

Disintegration time To Tmax PHB Tmax PLA
Formulation
(days) Y QA QY

0 332 - 366

7 331 - 363
PLA

14 261 - 346

21 240 - 341

0 271 - 366

7 240 - 350
PLA-PEG

14 233 - 325

21 218 - 298

0 280 - 364

7 253 - 278
PLA-ATBC

14 228 - 291

21 224 - 278

0 269 285 324

7 255 280 314
PLA-PHB-PEG

14 224 282 337

21 221 262 -

0 272 290 361

7 269 290 346
PLA-PHB-ATBC

14 220 271 332

21 220 268 285

It was observed that both degradation temperatures decreased significantly with
the disintegration time. While a slight decrease (around 0.3%) was observed for Ty of neat
PLA after 7 days, plasticized PLA films showed higher reductions (around 11% in PLA-PEG
and 10% in PLA-ATBC). Lower reductions were observed for PLA/PHB-PEG and
PLA/PHB-ATBC blends (5% and 1% in To, respectively). The decrease in Ty after 7 testing
days could be related with the high plasticizer loss caused by hydrolysis during the initial
disintegration stages. It was also observed that plasticizers were more efficiently retained

by PLA/PHB blends than by neat PLA. After 7 days the reduction of Tmax in PLA did not
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show large differences between PLA, PLA-PEG and plasticized PLA/PHB blends (around 3-
5%) but PLA-ATBC showed a considerable reduction in this value, close to 20%. The
Tmax of PLA reached the maximum reduction (18-23%) after 21 days in plasticized PLA
films. The corresponding peak of DTG associated with the PLA thermal degradation almost
disappeared in the PLA/PHB-PEG film after 21 days, suggesting the gradual disappearance
of PLA in the blend by being preferentially attacked by microorganisms during
composting. Conversely, the reductions of Tma corresponding to the PHB thermal
degradation only reached 8% after 21 days of disintegration.

Figure 111.5.7-a shows the chromatogram obtained after pyrolysis of the PLA/PHB-
PEG film before composting. Py-GC/MS analysis of all films showed the typical thermal
degradation products of PLA with the characteristic series of signals at m/z = 56 + (n x 72)
attributed to the PLA degradation products [34]. Peaks at retention times 17.5 min and
18.5 min showed highly similar mass spectra for m/z = 56 + 72 (n=1) where the main
fragments were those with m/z = 32, 43, 45 and 56 being assigned to mesolactide and
(L,D)-lactide [34]. For PLA/PHB blends, the broad peak of crotonic acid showing the main
fragmentation at m/z = 39, 41, 68, 69, and 86, was observed [5]. The peak at 23 min
retention time was only observed in films plasticized with PEG with m/z = 32, 41, 68, 87,
103, 154, corresponding to the thermal degradation products of PEG. On the other hand,
blends plasticized with ATBC showed two main peaks corresponding to tributyl propene-
1,2,3-tricarboxylate (m/z = 41, 57, 112, 139, 156, 157, 168, 213 and 269) at 40.5 min and
the characteristic peak of tributyl acetylcitrate (m/z = 29, 41, 57, 129, 139, 157, 185 and
259) at 42.5 min (Figure II1.5.7-b and 7-c). It was observed that PLA/PHB-ATBC samples
before and after 21 days under composting conditions showed the same ratio for these
two peaks, while the PLA-ATBC film showed some decrease in the intensity of the tributyl
propene-1,2,3-tricarboxylate peak after 21 days, suggesting that ATBC was easily released
from the PLA matrix. This result is in agreement with the higher degradation rate in PLA-
ATBC samples (Figure III.5.3). This behaviour could be explained by the preferential
microorganisms attack to low molar mass fragments, which are more easily consumed
when ATBC is available while these molecules are more difficult to reach in the non-
plasticized PLA/PHB blend. Furthermore, smaller peaks at higher retention times also
showed the characteristic series of signals of PLA (m/z =56 + nx 72) with n = 2 and 3.

Table I11.5.2 also shows the mesolactide to (D,L)-lactide ratio obtained from the Py-
GC/MS chromatograms. These results showed the increase in the meso-lactide fraction of
all materials during composting and they could be related to the preferential selection of

microorganisms to attack the L-lactide fraction of the polymer structure [39].
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Figure II1.5.7. a) Chromatogram obtained after pyrolysis of PLA-PHB-PEG.
ATBC degradation products obtained after pyrolysis of: b) PLA-ATBC and c) PLA-PHB-
ATBC before and after 21 days composting test.

Table II1.5.2. Ratio between mesolactide and D,L-Lactide Py-GC/MS areas

Formulation Disintegrability day meso-lactide : D,L-Lactide

0 1:3.08
PLA

21 1:1.66

0 1:7.15
PLA-PEG

21 1:5.61

0 1:6.33
PLA-ATBC

21 1:2.47

0 1:7.86
PLA-PHB

21 1:2.62

0 1:7.36
PLA-PHB-PEG

21 1:5.43

0 1:4.43
PLA-PHB-ATBC

21 1:3.39

243



Results and Discussion

Nanomechanical properties were investigated with the nanoindentation technique.
Only fresh samples (stored at 25°C and 30% RH) and those after 7 disintegration days
could be tested, since those after 14 and 21 days were too fragile. The calculated hardness

(H) and reduced modulus (E;) in depth profiles are shown in Figure II1.5.8.
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Figure II1.5.8. a) Hardness and b) modulus curves obtained by nanoindentation of fresh

films and those after 7 days in composting conditions.
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Neat PLA showed the highest H and E; values (around 200 MPa and 3500 MPa,
respectively). The presence of either plasticizers or PHB in PLA formulations clearly
reduced these parameters, even before the disintegration test, due to the plasticizer effect
which reduced the inherent brittleness of both biopolymers [5]. All films after 7 testing
days showed lower values than the fresh materials. These results demonstrated that
nanoindentation is a powerful tool to evaluate the loss in mechanical properties of
biopolymers submitted to composting [40] and [41]. The lowest values corresponded to
plasticized films after 7 days, corroborating the observation of the higher degradation rate
in plasticized materials. Although the reduction on mechanical properties is one of the
main consequences of the degradation process occurring during composting, this process
also favoured the microorganism’s action. This effect could be explained since the loss in
mechanical properties after 7 composting days produced a brittle material consisting in
broken pieces with a high defects density, such as cracks and porous structure, permitting
the easy access of microorganisms to the polymer bulk. The optical inspection of
nanoindented samples (Figure I11.5.9) revealed these defects.

Figure II1.5.10 shows the H and E,values averaged between 400 and 600 nm depth
for plasticized and unplasticized materials. The reduction in both parameters after 7
composting days was more evident in films plasticized with PEG. While neat PLA lost
around 20% in H and E,, all other materials lost approximately 50%, with the exception of
the PLA/PHB-ATBC film that showed a similar behaviour than neat PLA. This result
confirmed that ATBC increased the interaction between PLA and PHB and this blend

showed higher mechanical resistance.

245



Results and Discussion

0 Day 7 Days

PLA-PEG PLA

PLA+ATBC

PLA+PHB+ATBC PLA+PHB+PEG

Figure II1.5.9. Optical micrographs of the films surface of fresh films and after 7

composting days. Fresh PLA film shows the imprints of the Berckovich indenter.
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5. CONCLUSIONS

Formulations

depth

based on plasticized PLA/PHB blends were successfully

disintegrated under composting conditions in less than one month, stating their

biodegradable character. The ability of PHB to act as nucleating agent in PLA/PHB blends

slowed down the PLA disintegration, while plasticizers speeded it up. TGA analysis
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revealed that plasticizers were mainly lost during the initial disintegration stages, while
substantial losses in mechanical properties for all blends were also observed. The
presence of plasticizers favoured the surface hydrolysis leading to the loss in mechanical
properties, which also made disintegration easier. Py-GC/MS studies demonstrated the
increase in the meso-lactide form for all blends due to the high microorganism’s activity
during composting. In summary, plasticized PLA/PHB blends may offer good perspective
for biodegradable food packaging industry by improving the polymer performance in films

manufacturing and use.
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Abstract

Cellulose nanocrystals (CNC) synthesized from microcrystalline cellulose by acid
hydrolysis were added into poly(lactic acid)-poly(hydroxybutyrate) (PLA-PHB) blends to
improve the final properties of the multifunctional systems. CNC were also modified with a
surfactant (CNCs) to increase the interfacial adhesion in the systems maintaining the
thermal stability. Firstly, masterbatch pellets were obtained for each formulation to
improve the dispersion of the cellulose structures in the PLA-PHB and then
nanocomposite films were processed. The thermal stability as well as the morphological
and structural properties of nanocomposites were investigated. While PHB increased the
PLA crystallinity due to its nucleation effect, well dispersed CNC and CNCs not only
increased the crystallinity but also improved the processability, the thermal stability and
the interaction between both polymers especially in the case of the modified CNCs based
PLA-PHB formulation. Likewise, CNCs were better dispersed in PLA-CNCs and PLA-PHB-
CNCs, than CNC.

Keywords: Poly(lactic acid); Poly(hydroxybutyrate); Cellulose nanocrystals, Blends,

Nanocomposites, Film processing; Thermal properties.
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1. INTRODUCTION

Several biodegradable polymers have been investigated during the last few
decades as alternatives to non-degradable polymers currently used in film production
with particular attention to the food packaging sector [1, 2]. In this sense, poly(lactic acid)
(PLA) is one of the most attractive biodegradable polymers used in short-term food
commodities [3]. PLA can be processed by usual thermoplastic technologies such as
extrusion, injection molding, sheet extrusion, blow molding, thermoforming and film
forming) [4]. PLA is a semicrystalline polymer with low softening temperature and
therefore it shows glasslike appearance at room temperature. Is being used in the food
industry since seeing through the packaging is one of the most important requirements for
consumers [5] and PLA shows high transparency. Unfortunately, so far the use of PLA as
film for food packaging is limited because PLA shows high brittleness [4], low heat
resistance [6] and poor barrier properties [7]. Interest in reducing PLA inherent
brittleness and improving gas barrier properties, has led researchers and industries to
develop new PLA matrices with increased crystallinity.

Poly(hydroxybutyrate) (PHB) is the best known poly(hydroxyalcanoate) (PHA)
synthesized by controlled bacterial fermentation [8]. It presents high crystallinity [9];
nevertheless, the main drawback of PHB is that it has the melting temperature at about
170-180 °C [10, 11], close to the degradation temperature (typically around 270 °C) [12],
showing a small processing window for melt extrusion [11, 12]. Thus, PHB processing
temperature should be at least 180-190 °C but its thermal degradation proceeds very
quickly at these temperatures [13]. Nevertheless, the melting temperature of PHB can be
lowered far below the thermal decomposition temperature to make this material much
easier to process [14] through chemical or physical modifications: introducing other
structural units into the PHB backbone or blending with another polymer, respectively
[11].

Many modifications have been proposed for extending biopolymers applications
such as the addition of modifiers, copolymerization or blending. In this sense, blend
process is a common and relatively simple approach to tuning the physical and mechanical
properties of biopolymers [15]. The modification of biopolymers by blending with other
bio-based and/or biodegradable polymer has many advantages, because it offers the
opportunity to improve properties in a wide range, while legislation also favors
completely compostable materials with minimal carbon-footprint [16].

PLA and PHB present similar melting temperatures, thus they can be blended in

the melt state leading to a new biodegradable material that combine the advantages of

258



Results and Discussion

both polymers. It is expected that PHB crystals increase the crystallinity of PLA [8, 17], as
well as PLA can significantly improve the stiffness of PHB [18]. It has been reported that
the best synergic effect is achieved blending PLA and PHB in 75wt% and 25wt% ratio,
respectively [8, 10, 19].

Alternatively, the use of natural reinforcements to improve the mechanical
properties of biopolymers for food packaging applications represents a promising method
without influencing the transparency [1, 20]. For millennia, natural lignocellulosic basic
materials, referring to its main constituent cellulose, hemicelluloses and lignin have been
used in the form of wood and plant fibers by number of industries in forest products,
paper, textiles, etc [21]. It is known that the high mechanical and nanomechanical
performance of natural materials extracted from the agriculture is conferred by cellulosic
hieralchical structures [22]. The second generation of cellulosic based materials, focused
in the nanometer scale, are represented by cellulose nanocrystals (CNC), which offer new
properties including high biodegradability, better uniformity and durability [21]. Cellulose
nanocrystals (CNC) have been successfully incorporated into the PLA matrix by Fortunati
and colleagues [20, 23-25] and also into the PHB matrix [26] showing an improvement in
the mechanical properties better than other reinforcing materials. The incorporation of
CNC into the PLA matrix has shown to improve oxygen barrier properties of PLA [27].
Therefore they are suitable for food packaging applications. Moreover, the incorporation
of CNC allows reducing the amount of biopolymer in the final formulation offering
additional advantages such as they are fully renewable and biodegradable, and possess
high stiffness and low density. CNC is commonly synthesized from the acid hydrolysis of
microcrystalline cellulose (MCC) [28, 29]. However, the homogeneous dispersion of CNC in
PLA matrix is not easy to achieve [6] due to its hydrophilic character [30]. One strategy to
favor the CNC dispersion and therefore the final properties of the final formulation is using
a surfactant for the CNC surface modification [29].

In this work the innovative combination of PLA-PHB blends reinforced with
cellulose nanocrystals were prepared by melt compounding extrusion followed by film
forming with the main purpose to produce new biodegradable ternary systems with
increased interaction, crystallinity and thermal properties. The main objective is to
evaluate the effect of synthesized cellulose nanocrystals (CNC) and surfactant modified
cellulose nanocrystals (CNCs) in PLA-PHB blends with the aim of improving PLA-PHB
processability and obtaining a fully biodegradable film based on PLA matrix with
increased crystallinity intended for food packaging. With this propose, PLA-PHB
masterbatchs were prepared by melt blending and then CNC and CNCs were added prior

to film processing to improve the dispersion of the cellulose nanocrystals in the PLA and
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PLA-PHB matrices. So, cellulose nanocrystals dispersion during processing and in the
obtained nanocomposite films was specifically addressed and discussed. Another issue
concerning the development of such systems is the thermal stability due to the cellulose
nanocrystals introduction and their modification and/ or degradation during processing.
Thus isothermal and dynamic thermal studies were also conducted. Moreover, fully
morphological and structural characterizations of the obtained nanocomposite films were

carried out.
2. MATERIALS AND METHODS
2.1. Materials

Poly(lactic acid) (PLA 2002D, M, = 98,000 g-mol-, 4 wt% D-isomer) was supplied
by NatureWorks (USA), Poly(hydroxybutyrate) (PHB, under the trade name PHI002) was
acquired by NaturePlast (France) and microcrystalline cellulose (MCC, dimensions of 10-

15 um) was purchased from Sigma-Aldrich.
2.2. Nanocrystal synthesis and modification

Cellulose nanocrystal suspension was prepared from 20g of MCC by acid
hydrolysis following the recipe used by Fortunati et al, 2012 [29]. Sulphuric acid
hydrolysis was carried out with 64% (w/w) at 45 °C for 30min with continuous stirring.
The solution obtained was diluted in ultrapure water (1:200) and the acid was eliminated
by centrifugation; the sediment deposits were then dialyzed until neutral pH. An ion
exchange resin was added to the cellulose suspension for 24h and then was removed by
filtration in order to ensure that all ionic materials were removed except the H* counter
ions associated with the sulfate groups on the CNC surfaces. Ultrasonic treatment was also
carried out in a Vibracell 75043, 750 W, Bioblock Scien-tific during 2 minutes in an ice
bath. Cellulose nanocrystals were also modified by adding STEFAC TM 8170 (Stepan
Company Norhfield) surfactant, an acid phosphate ester of ethoxylated nonylphenol, in
1/1 (w/w), and designed as CNCs. The dry content yield was calculated by the
determination of dry matter content (Wyn) (Equation III.6. 1) following the oven drying

method [171].

m .
Wim = — % 100 Equation II1.6. 1

260



Results and Discussion

where my is the mass content before drying and ms is the mass content after drying.
Nanocrystal solutions were neutralized by the addition of 1.0% (w/w) of 0.25 mol 11

NaOH and freeze-drying to obtain a power.

2.3. PLA-PHB blending and nanocomposite preparation

PLA-PHB were blended in 75:25 proportion, according to the literature [8, 10, 19].
Meanwhile, a cellulose nanocrystal content of 5% was selected according with previous
results [29]. PLA matrix nanocomposites with CNC and CNCs were also produced for
comparison. Sample blend formulations and their concentrations are summarized in Table

[11.6.1.

Table I11.6.1. PLA and PLA-PHB nanocomposite film formulations

Materials PLA PHB CNC CNCs
(wt%) (wt%) (wt%) (wt%)

PLA 100

PLA-CNC 95 5

PLA-CNCs 95 5

PLA-PHB 75 25

PLA-PHB-CNC 71.25 23.75 5

PLA-PHB-CNCs 71.25 23.75 5

Nanocomposites were manufactured by using a twin-screw microextruder (DSM

explorer 5&15 CC Micro Compounder). It is known that to prevent thermomechanical
degradation during the extrusion process, screw speed, mixing time and temperature
profile must be carefully selected [1]. Therefore, a screw speed of 150 rpm and mixing
time of 3 minutes were used to optimize the material final properties [20, 29].
In the case of binary PLA and cellulose nanocrystal based systems, PLA pellets, previously
dried, were put in the microextruder manually to reach a head force of 1200N while a
temperature profile of mixing process with a maximum temperature of 200°C with three
steps: 180-190-200°C, was selected. After 2 minutes, CNC or CNCs were added into the
microextruder for 1 additional minute.

In the case of PLA-PHB blends a masterbatch was previously prepared (mixing
time of 2 minutes). PLA-PHB masterbatch was granulated into pellets and then melted in
the microextruder (1 minute) while CNC or CNCs were subsequently added and mixed

during 1 supplementary minute.
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Directly after the mixing process, a film forming process with a head force of

3000N was carried out to obtain PLA and PLA-PHB based nanocomposite films.

2.4. Characterization techniques

2.4.1. Transmission electron microscopy (TEM)

TEM images of cellulose nanocrystals and their nanocomposite films were
obtained by Transmission Electron Microscopy (TEM, JEOL JEM-1010) operating at 100kV.
One droplet of CNC or CNCs suspension were deposited on carbon-coated copper grids
and dried at room temperature during 20 minutes before observations.

For the film characterization, they were embedded in epoxy resin and cured during
3 days at room temperature. To observe the cross section, the films were cut with an ultra-
microtome (Leica CM1950, SCSIE Universitat de Valéncia) and were stained with a uranyl-

acetate solution (2wt%) for about 5min.

2.4.2. Field emission scanning electron microscope (FESEM)

For the microstructural analysis of the nanocomposite films, the samples were
previously frozen in liquid Ny, cryofractured and sputtered with a gold layer. The obtained

cross-sections were investigated by FESEM, Supra 25-Zeiss.

2.4.3. Atomic Force Microscopy (AFM)

AFM analysis was performed to analyze the surface filler dispersion into the
polymer matrices. The investigations were carried out by means a Multimode/NanoScope
[II (Veeco Metrology, Santa Barbara, CA) operating in the tapping mode under air
conditions with drive amplitude of 200mV and an amplitude set point of 1.4 V. Surface
roughness was calculated from the AFM topographical images by a Nanoscope Analysis 1.4

software using the root mean square (RMS) parameter.

2.4.4. Thermogravimetric analysis (TGA)

Thermogravimetric measurements were performed in a Seiko Exstar 6300 thermal
analyzer. Masterbatch blends were heated under isothermic mode while processed film

samples were heated under dynamic mode, both weighing around 5-10 mg. Isothermal
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tests were carried out at a 200°C during 40min under air conditions while dynamic

measurements were run from 30 to 900°C at 10°C min-! under nitrogen atmosphere.

2.4.5. Differential Scanning Calorimetry (DSC)

DSC experiments were carried out in a TA Instrument Q200 calorimeter (New
Castle, DE, USA). The heating and cooling rate for the scans was 2°C/min under nitrogen
atmosphere with sample weight about 4 mg in hermetic aluminum pans. Calibration was
performed using an indium sample. The cycle program consisted in a first heating stage
from -25 to 210°C at a heating rate of 2°C min-1, followed by a cooling process up to -25°C
and subsequent heating up to 210°C.

The glass transition temperature (T,;) was taken at the mid-point of heat capacity
changes. The melting temperature (Tm) and cold crystallization temperature (T..) were
obtained from the first heating and the degree of crystallinity (x.) was calculated through
Equation I11.6.2:

Equation IIL.6. 2

= 100% x [AH’”_AHC] w
Xe = 2007 AHE, Wi

where AH,, is the melting enthalpy, AH, is the cold crystallization enthalpy, AHnc is the
melting heat associated to pure crystalline PLA (93] g-1) [32] and Wprra the weightfraction
of PLA in the blend.

2.4.6. X-ray diffraction

The crystalline phases of the nanocomposite films were examined by X-ray
diffraction (XRD) equipment (BRUKER AXS D5005, SCSIE Universitat de Valéncia).
Scanning was performed on square nanocomposite film surfaces (15mm x 15mm)
mounted in an appropriate sample holder. The patterns for profile fitting were obtained
from a diffractometer using Cu K, radiation with a scanning step of 0.022 between 2.52 and

402 in 20 with a collection time of 10s per step, while the voltage was held at 40kV.
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2.4.7. Fourier transformed infrared spectroscopy (FTIR)

FTIR measurements of the nanocomposite films were carried out at room
temperature in transmission mode by a Jasco FTIR spectrometer. Spectra were obtained in

the 4000-600 cm-! region.

3. RESULTS AND DISCUSSION

3.1. Cellulose nanocrystal dispersion

CNC and CNCs yield reactions resulted in ca. 20.6 + 5.3 %, in good accordance with
previous reported works [20, 23, 33]. While pristine CNC suspension reached a constant
pH between 8.5 and 9, the pH of CNCs solution after the modification procedure was
around 3. Therefore, CNCs solutions were neutralized with NaOH and raised to pH 9 in
order to improve the thermal stability of the final nanocrystals.

TEM images of the cellulose nanocrystals obtained (Figure 111.6.1.A) show that
synthesized CNC (Figure IIl.6.1.A-a) and CNCs (Figure I11.6.1.A-b) exhibit dimensions
ranging from 100 to 300 nm in length and between 5 and 10 nm in width confirming

previous results [23, 29].
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Figure I11.6.1. A) TEM analysis of (a) CNC and (b) CNCs suspensions.
B) Visual appearance of PLA and PLA-PHB nanocomposite films.
C) Microstructure of fracture surface of (a) PLA, (b) PLA-CNC, (c) PLA-CNCs, (d) PLA-PHB,
(e) PLA-PHB-CNC and (f) PLA-PHB-CNCs.
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3.2. PLA-PHB-nanocomposite masterbatchs and film processing

The use of preformed masterbatches represents a useful technique for industrial
end-applications. Therefore, masterbach processing parameters were studied. During
masterbatch processing some changes in the force applied in the system were observed.
Neat PLA process started with a 1000N, but after 1min the force decreased to around
600N showing that the material was completely in the melt state. In the case of PLA-PHB
masterbatch melting, 30s after the process, the force notably increased from 1000N to
1200N owing to an increase in the viscosity of the system. This behaviour was more
noticeable in the case of CNC and CNCs based formulations. After the addition of
nanoreinforcements the force increased from 1000N to around 1200N after CNC
incorporation while it increased drastically from 1000N to around 1400N with the
addition of modified CNCs. This increment in the force was due to the viscosity change that
increases with cellulose introduction, showing the effect of nanocrystals on the processing
conditions and, consequently, on the final properties of both polymer matrixes.

A similar situation was observed during filming in which the force started at
1200N, then it reached a constant value of 400N and increased to around 600N in binary
PLA-CNC and PLA-CNCs nanocomposite films. While for ternary PLA-PHB formulations the
force decreased from 1200N to around 200N followed by an increase to around 400N with

CNC and CNCs incorporation during film forming.

3.3. Morphological characterization of the nanocomposite films

PLA and PLA-PHB nanocomposite films with a thickness ranging between 10-30pum
are shown in Figure I11.6.1-B. It can be noticed when rolling the films that PHB presence
produced a tendency to yellow, while CNC or CNCs slightly reduce this trend in PLA-PHB
blends. However, all the formulations showed an evident transparency also in the case of
PHB based systems, underlining that the presence of 25wt% of PHB does not affect the
PLA original transparency.

Morphological aspects of the cross cryo-fractured sections of pure PLA, PLA-PHB
blend, binary and ternary nanocomposite films were investigated by FESEM and the
images are shown in Figure I11.6.1-C. The pure PLA film (Figure I11.6.1-C.a) shows a typical
smooth and uniform surface of an amorphous polymer, while PLA-PHB blend (Figure
[11.6.1-C.d) shows a more toughness surface due of the increased crystallinity. At higher
magnification (Figure II1.6.1-C.d, insert) PHB particles appear dispersed as crystalline

aggregates showing that no phase separation had taken place during the extrusion
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process. In the case of nanocomposites, CNC based films (Figure 111.6.1-C b and e) show
some compact structures (arrows), suggesting that CNC are present in flakes with poor
interfacial adhesion [33]. However, this structure is less pronounced in the PLA-PHB-CNC
ternary film (Figure I11.6.1-C.e), suggesting that nanocrystals are able to enhance the
interfacial adhesion and influence the compatibility between PLA and PHB matrices.
Moreover, surfactant modified nanocrystals seem to be better dispersed in both binary
PLA-CNCs (Figure 1I1.6.1-C.c) and ternary PLA-PHB-CNCs, (Figure II1.6.1-C.f)
nanocomposite films, highlighting the positive effect of cellulose modification.

The cellulose structures in the polymer matrices were also studied by transmission
electron microscopy (TEM). Individual CNC and CNCs with dimensions ranging from 100
to 300 nm were actually identified in the cross section of the nanocomposite films,
confirming the effective incorporation of the synthesized nanocrystals into the polymer
matrices (Figure III.6.2-A). It was found that the size of the CNC and CNCs are in
agreement with the TEM observations of the cellulose nanocrystal solutions conducted
after the hydrolysis procedure (Figure II1.6.2-A). Regardless the nanocrystals
identification no information on their distribution could be observed by TEM analysis as a

result of the low contrast between PLA, PHB and cellulose structures.

2000 nm 1000 nm

1000 nm

PLA-CNCs PLA-PHB-CNC PLA-PHB-CNCs

| R |

PLAACNC  PLA-CNGs " PLA-PHB-CNC~ " PLA-PHB-CNCs

T

10

Figure I11.6.2. A) TEM analysis of nanocomposite films with cellulose nanocrystals: a)
PLA-CNC, b) PLA-CNCs, ¢) PLA-PHB-CNC and d) PLA-PHB-CNCs.
B) AFM images of nanocomposite films with cellulose nanocrystals incorporated films: a)

PLA-CNC, b) PLA-CNCs, ¢) PLA-PHB-CNC and d) PLA-PHB-CNCs.
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Therefore, nanocrystals dispersion was studied by means of AFM analysis on film
surfaces in view of the fact that it represents a more sensitive technique without any
limitations concerning contrast and resolution. The phase channel images of the cellulose
nanocrystal based films are displayed in Figure 111.6.2-B. The unmodified CNC based films
showed that the nanocrystals appear somewhat agglomerated (Figure I11.6.2-B a and c),
while more individualized structures were detected for CNCs based systems (Figure
[11.6.2-B b and d) underlining that the surfactant presence allows the polymer chain
penetration between the cellulose structures and confirming SEM and TEM results.
Moreover, a topographical analysis was also carried out and it revealed that the RMS value
increased from 10.2 nm for PLA-CNC to 49.7 nm for PLA-CNCs. Meanwhile, no significant
differences were observed between ternary nanocomposite blend films, which showed
RMS values of 14.0 nm for PLA-PHB-CNC and 14.8 nm for PLA-PHB-CNCs. Nevertheless,

these differences in roughness surfaces are framed in the nanometer scale.

3.4. Thermal properties of nanocomposite films

The thermal stability of the masterbatches was studied by means of
thermogravimetric analysis conducted under isothermal mode at the highest extrusion
temperature of 200°C (Figure II1.6.3-a). It was observed that CNC and CNCs slightly
improved the thermal stability of pure PLA, PLA-CNC and PLA-CNCs losing less than 1% of
the initial weight at the processing temperature. Whereas, nanocrystals based PLA-PHB
blends showed lesser thermal stability than the neat PLA-PHB blend. It must be noticed
that each masterbatch is melt blended using 180-190-200°C steps as temperature profile
during 2 min and subsequently it is inmediately processed into film at 200°C during no
more than 5 minutes. Thus, after the actual processing time of 7 minutes at 200°C, the
PLA-PHB-CNC nanocomposite was the lesser thermally stable sample, losing aproximately
5% of the initial mass (Figure I11.6.3-a). Meanwhile, sligthly better thermal stability was
shown for PLA-PHB-CNCs and PLA-PHB, which presented a mass loss lower than 3%.

The effect of CNC and CNCs on the thermal properties of the PLA-PHB blends was
also investigated by dynamic measurements. A one-step degradation process was
observed for PLA and PLA-CNC, while PLA-CNCs degraded in two steps (Figure I11.6.3-b).
In PLA-CNCs the first degradation process, occurring at lower temperatures than the main
degradation process, may be related with the loss of the surfactant. PLA-PHB blends and
PLA-PHB nanocomposites (PLA-PHB, PLA-PHB-CNC and PLA-PHB-CNCs) degraded in two-
steps (Figure I11.6.3-c) with the first peak related to the PHB decomposition, and the
second peak due to the PLA degradation.
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Figure IIL.6. 3. (a) Isothermal thermogravimetric analysis at 200°C of binary and ternary

masterbatchs.

(b) Dynamic TGA and DTGA curves of binary PLA nanocomposite films.

(c) Dynamic TGA and DTGA curves of ternary PLA-PHB nanocomposite films.

In the binary systems the addition of cellulose fillers shifted the onset of the PLA

degradation process towards lower temperatures (Figure I11.6.3-b and Table I11.6.2). The

PLA maximum degradation rate (Tmax) Was also shifted to lower temperatures and with
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the most evident decrease observed in PLA-CNCs (Table 111.6.2). But it must be underlined
that there was no degradation at temperatures below 200°C. As a consequence, PLA
integrated with CNC or CNCs were thermally stable at the selected process conditions

without risking thermal degradation.

Table I11.6.2. TGA and DSC thermal properties of PLA and PLA-PHB nanocomposite films

TGA parameters DSC parameters

Formulations To Tmax Tg Tec AHcc Tm AHn xc*
Stage (°C) (°0) O (9 0UgY QY Jgh (%)
PLA - 320 357 588 825 12.6 149.0 17.7 5.6
PLA-CNC I 293 343 56.3 74.1 9.7 150.2 20.1 11.7
PLA-CNCs I 261 267 55.3 78.4 18.9 148.6 28.6 11.0

11 310

PLA-PHB I 266 278
53.5 66.4 19.4 149.6/172.7 28.8 11.9

I1 356

PLA-PHB-CNC I 278 280
60.1 70.9 12.8 150.2 25.0 18.5

11 332

PLA-PHB-CNCs I 278 280
62.5 72.1 131 148.8 27.2 21.3

11 333

To, calculated at 5% mass loss (10°C min-1).
DSC parameters calculated at the first heating scan (2°C min-1).

*Xc (%), calculated using AHme of PLA

On the other hand, the addition of CNC and CNCs shifted the onset of the PLA-PHB
blend degradation process from 266°C to around 278°C and led to an improvement in the
thermal stability of the ternary nanocomposites. No important changes in the temperature
corresponding to the maximum degradation rate of the first stage process (Tmax1) were
observed (Table I11.6.2). However, while the temperature at the maximum degradation
rate corresponding to the PLA degradation process was unaffected in the PLA-PHB blend,
Tmax-t was shifted to lower temperatures (Table I11.6.2) in ternary nanocomposites. The
changes in the thermal stability due to cellulose nanocrystals introduction lead to enhance
the interface interaction between PLA and PHB.

DSC thermal properties obtained for the first heating scan are summarized in
Table II1.6.2 while DSC thermograms for first and second heating scans are reported in
Figure I11.6.4. No significant changes were observed in the glass transition temperature
(T¢) between neat PLA and PLA-CNC or PLA-CNCs in good accordance with a previous
published work [29]. However, a slightly shift to lower T, values was observed in the PLA-
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PHB blend while ternary systems showed higher Ty values without significant differences
respect to neat PLA. A reduction of PLA cold crystallization temperature was observed in
all formulations. The shift of the cold crystallization to lower temperatures in binary PLA-
CNC and PLA-CNCs indicates that the addition of cellulose nanocrystals favours PLA
recrystallization [29]. This behaviour was more marked in the case of PHB addition, with a
reduction of about 16°C, showing that PHB crystals act as nucleating agents of the PLA
matrix [8]. However, a slight shift to higher temperature was observed in the case of
ternary PLA-PHB-CNC and PLA-PHB-CNCs with respect to PLA-PHB blend. This increase of
almost 5°C in the cold crystallization could be related to the difference in the flexibility of

the chains and their ability to form different crystalline structures [11].
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Figure I11.6.4. DSC curves of nanocomposite films during first (a and c) and second (d and

e) heating scans.

Moreover, the degree of crystallinity increased almost 5% in PLA-CNC, PLA-CNCs
and PLA-PHB with respect to pure PLA, while in reinforced PLA-PHB it raised up 18.5%
for PLA-PHB-CNC and 21.3% for PLA-PHB-CNCs. The higher crystallinity reached by PLA-
PHB-CNCs than PLA-PHB-CNC is due to the presence of the surfactant on the nanocrystal

surfaces leading to a better dispersion and thus a higher nucleation effect [29]. The
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melting temperatures of the binary and ternary systems do not change significantly
respect to the neat PLA, while the PLA-PHB film shows two peaks in the melting process
(Figure I11.6.4-c); the first one is due to the PLA component and the second corresponds to
the melting of PHB component, suggesting no complete miscibility between the polymers.
Conversely, for ternary PLA-PHB-CNC and PLA-PHB-CNCs only one melting peak was
observed. This result evidences that well dispersed nanocrystals lead to a clear
improvement in the interaction between PLA and PHB.

During the cooling (not shown), no crystallization phenomena were observed for
the different formulations and only one deflection due to the glass transition temperature,
was observed.

During the second heating scan a double melting behaviour, with one peak at
around 145°C and the second one at 151°C, was observed for PLA, PLA-CNC and PLA-CNCs
as it is shown in Figure II1.6.4-b ascribed to the formation of small and imperfect crystals
that change into more stable crystals through melting and recrystallization at low heating
rates or to lamellar populations with two different crystalline phases [34]. In PLA-PHB
blend after the PLA melting peak at around 150°C two more small melting peaks were
present at around 160°C and 170°C corresponding to the as-formed PHB crystals during
blending process and re-crystallized PHB crystals formed from the re-crystallization
during DSC heating, respectively [8]. Whereas, PLA-PHB-CNC and PLA-PHB-CNCs films
(Figure 111.6.4-d) showed a similar behaviour to that of the first heating (Figure I11.6.4-c).
This result is related with the fact that cellulose nanocrystals are small and well dispersed
phases able to enhance the interfacial adhesion and consequently improve the
compatibility between PLA and PHB matrices. Thus, the melting and re-crystallization of
PHB becomes faster than that of PLA-PHB blend in the subsequent heating processes due
to CNC and CNCs presence.

3.5. Structural characterization of nanocomposite films

X-ray diffraction analysis was used to determine the crystalline structure of the
nanocomposite films and the results are shown in Figure I11.6.5-a. All films exhibited the
characteristic peak of PLA at 20=16.52. An increase in the intensity at around 26=22.52 is
expected for PLA based systems with the CNC [27, 35] or CNCs [27] introduction.
However, in this case, this peak was replaced by a broad shoulder in PLA-CNC and PLA-
CNCs due to the low cellulose content. PLA-PHB blend exhibited the characteristic peak of
PHB at 26=13.5 and the peak at 20=172 [8, 19] was overlapped by the peak at 26=16.5°
attributed to PLA. PLA-PHB-CNC and PLA-PHB-CNCs ternary systems showed a clearly
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different XRD pattern respect to the PLA-PHB blend behaviour, where the peaks in the
260=10-232 range have merged into a single broad peak. The broad X-ray diffraction peaks
are indicative of small crystallites size and semi-crystalline character [32]. In this case,
while the broad peak could be influenced by the small cellulose crystal size, the increased
intensity at 26=16.52 shows that in ternary systems, PLA is re-crystallising confirming, as
previous discussed, that the presence of CNC or CNCs is able to positively affect the

interaction between PLA and PHB.
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Figure II1.6.5. a) X-ray diffraction patterns of PLA and PLA-PHB nanocomposite films
b) Infrared spectra of PLA and PLA-PHB nanocomposite films
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Figure I11.6.5-b shows the FTIR spectra in the 1900-700 cm-! region. At 1750 cm'!
the typical stretching of amorphous carbonyl group (C=0) assigned to lactides was present
in all PLA [4] based formulations showing a particularly broad absorption in PLA-PHB
blends attributed to the crystalline carbonyl stretching of PHB [8, 10, 36]. This broadening
evidences the molecular interaction between both polymers at the selected proportion
which has been ascribed to a transesterification reaction between PLA and PHB during
melt processing [8]. Moreover, PLA-PHB blend shows a shoulder at 1720 cm-! that is
replaced by broader bands in PLA-PHB-CNC and PLA-PHB-CNCs. This behaviour has been
related to the hydrogen interactions between the C=0 groups in PHB and -OH groups in
CNC [26]. The CH deformation and asymmetric bands appear at 1382 cm-! and 1365 cm-,
respectively [4]. The intensity of the peak at 1382 cm! increased in PLA-PHB blends
spectra due to the CHz symmetric deformation of PHB [17]. Moreover, the band at 980 cm-
1 assigned to the coupling of C-C backbone stretching with the CH; stretching vibration
band decreases due to CNC and CNCs presence. FTIR spectra showed the miscibility
between PLA, PHB and CNC or CNCs, particularly in the ternary systems confirming that

CNC and CNCs improve the molecular interaction between PLA-PHB.

4. CONCLUSION

The study of the blend processing and characterization of the innovative
combination of PLA, PHB and cellulose nanocrystals showed the potential of these
nanocomposite films for the food packaging industry. Cellulose nanocrystals (CNC) and
surfactant modified cellulose nanocrystals (CNCs) were synthesized from microcrystalline
cellulose by acid hydrolysis. Synthesized nanocrystals were successfully incorporated in
PLA and PLA-PHB blends by preparing a masterbatch prior to the film forming process.
The use of a masterbatch improved the dispersion of CNC and CNCs in the final
nanocomposite films and made easier the processability between PLA and PHB. CNC and
CNCs improved the interfacial adhesion between PLA and PHB and consequently an
enhancement of the thermal stability was achieved by shifting the initial degradation
temperature of the ternary systems around 10°C to higher temperatures. This result
indicates an improvement of the usually small processing window of the PHB. Thus, PLA,
PHB and cellulose nanocrystals can be processed in the region from at least 160°C and
below 200°C. Moreover, PHB increased the crystallinity of PLA due to its nucleation effect.
However, the overall crystallinity was further increased in the PLA-PHB blend by the
addition of CNC and this effect was more evident with the addition of modified CNCs,

highlighting the positive effect of surfactant modification on the final nucleation process.
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The incorporation of surfactant modified cellulose nanocrystals into PLA-PHB blends
represents an effective procedure to improve the compatibility between both polymers
processed by means of a simple melt-blending process. Moreover, synergic effects in the
final properties of ternary nanocomposites are present such as enhanced crystallinity,
improved thermal stability and better interfacial adhesion among PLA, PHB and cellulose

nanocrystals; showing their suitability for film food packaging industry.
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Abstract

Nanocomposite films based on poly(lactic acid)-poly(hydroxybutyrate) (PLA-PHB)
blends and synthesized cellulose nanocrystals (CNC) or surfactant modified cellulose
nanocrystals (CNC-s), as bio-based reinforcement, were prepared by melt extrusion
followed by film forming. The obtained nanocomposites are intended for short-term food
packaging. Thus, the mechanical, optical, barrier and wettability properties were studied.
Functionalized CNC-s contributes to enhance the interfacial adhesion between PLA and
PHB, leading to improved mechanical stiffness and increased film stretchability. The
synergic effects of the PHB and CNC-s on the PLA barrier properties were confirmed by
increases in oxygen barrier properties and reductions in surface wettability of the
nanocomposites. The disintegration process in composting conditions of PLA was delayed
by the addition of PHB, while CNC speeded it up. PLA-PHB-CNC-s formulations showed
enhanced mechanical performance, improved water resistance, reduced oxygen and UV-
light transmission, as well as appropriate disintegration in compost suggesting possible

applications as packaging material.

Keywords: poly(lactic acid); poly(hydroxybutyrate); modified cellulose nanocrystals;

nanocomposites; biodegradation; barrier properties.
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1. INTRODUCTION

Many positive characteristics of PLA have situated it as the most used biopolyester
for biodegradable food packaging industry. Among other properties, PLA compared to
other biopolymers shows easy processability [1], superior transparency, availability in the
market [2], excellent printability [3], high rate of disintegration in compost [4].
Conversely, the use of PLA films for food packaging has been strongly limited because of
their poor mechanical and barrier properties [5]. Moreover, for large-scale industrial
production PLA must guarantee adequate thermal stability or low thermal degradation
during processing and use [6].

It is known that the crystalline phase has an important impact on mechanical and
permeation properties; as a result, considerable academic and industrial research efforts
have been focused to increase PLA crystallinity. In this sense, the addition of
poly(hydroxybutirate) (PHB), a highly crystalline biopolymer, to the PLA matrix by melt
blending has been considered as an easy way to increase PLA crystallinity and regulate its
properties [7]. PHB, the most common representative of poly(hydroxyalkanoates) (PHA),
with a high degree of crystallinity, has been also proposed for short-term food packaging
applications [8]. PHB has a similar melting temperature to PLA, allowing blending both
polymers in the melt state through a readily available processing technology. In a previous
work, PLA was melt blended with 25wt% of PHB showing an improvement in oxygen
barrier and water resistant, whilst reducing the inherent high transparency of PLA [9].
Transparency is an essential issue to be considered in the development of materials
intended for food packaging since seeing through the packaging is one of the most
important requirements for the consumers [2]. Moreover, to preserve food products until
they reach the consumer, packagings sometimes require protecting food products from
ultraviolet light [10]. It has been reported that PHB acts as better light barrier in the
visible [8,9] and ultraviolet light regions [8] than PLA.

The use of nanocomposites to improve the inherent shortcomings of PLA based
packaging materials has proven to be a promising technology. The ideal nanoparticle
should be biobased and biodegradable. In this sense, bioresources obtained from
agricultural-related industries have received significant attention, particularly focused on
cellulosic materials and especially to its specific form of cellulose nanocrystals (CNC),
which have been revealed to be an interesting model filler [11] for various biopolymer
matrices including PLA [3, 12,13] and PHB [14], beside others biopolymers such as
poly(vinyl alcohol) (PVA) [11] and poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV)

[15]. Cellulose nanocrystals have shown better mechanical properties than a majority of
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the commonly used reinforcing materials and offer additional exceptional advantages such
as biodegradability, high stiffness and low density [12] abundance in nature and low cost
[16].

Although nanocelluloses have a great potential as mentioned above, the high
amount of -OH on the surface of the crystals induces high attraction between them [17].
Thus, the high polarity of cellulose surface and the resultant low interfacial compatibility
with hydrophobic polymer matrices make difficult the homogenous dispersion of
nanocellulose in polymers [18]. For that reason, a surface modification of CNC by a
surfactant (CNC-s) has been proposed and successful dispersion of CNC-s in the PLA
matrix was achieved [3, 12]. This specific type of modification enhances the interfacial
adhesion polymer/nanofiller and thus improves some final properties of the final
nanocomposites such as mechanical performance [12], oxygen barrier and water
resistance [19], which are particularly interesting for materials intended for food
packaging.

In a previous work, the processing performance of PLA-PHB with CNC or CNC-s was
optimized and it was verified that the functionalization of CNC-s favour+rs the dispersion
into PLA-PHB blend matrix enhancing the interfacial adhesion by means increasing the
thermal stability [20]. The main objective of this research is to propose this high
performance nanocomposite films for biodegradable food packaging industry. For this
purpose, the combination of ternary system based in PLA, PHB and cellulose nanocrystals
blend was developed to enhanced PLA barrier and mechanical properties. Cellulose
nanocrystals (CNC) were synthesized from microcrystalline cellulose (MCC) as well as
further modified using a surfactant (CNC-s) to improve the dispersion in the biopolymer
matrix. Then nanocrystals were melt-blended with a previous prepared PLA-PHB
masterbatch and finally processed into films. The processing of these systems and their
crystalline and thermal stability properties were reported previously [20]. The
mechanical, optical and barrier properties were tested with the aim to evaluate their
suitability for the food packaging sector are reported here. Additionally, the
disintegrability under composting of the multifunctional materials was evaluated to get

information about their post-use.
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2, MATERIALS AND METHODS

2.1. Materials

Poly(lactic acid) (PLA 2002D, M, = 98,000 g-mol-, 4 wt% D-isomer) was supplied
by NatureWorks (USA), Poly(hydroxybutyrate) (PHB, under the trade name PHI002) was
acquired from NaturePlast (France) and microcrystalline cellulose (MCC, dimensions of

10-15 pm) was purchased from Sigma-Aldrich.

2.2. Nanocrystals synthesis and modification

Acid hydrolysis of micro crystalline cellulose (MCC) was carried out by using
sulphuric acid 64% (w/w) at 45 °C for 30 min with continuous stirring [12]. The obtained
cellulose nanocrystals (CNC) in an acid solution were washed with ultrapure water
(1:200), centrifugated and dialyzed until neutral pH. An ion exchange resin was added to
the cellulose suspension for 24 h and then was removed by filtration in order to ensure
that all ionic materials were removed except the H* counter ions associated with the
sulfate groups on the CNC surfaces. After that, nanocrystals suspensions were
ultrasonicated (Vibracell 75043, 750 W, Bioblock Scien-tific) for 2 minutes in an ice bath.
Surface modified cellulose nanocrystals (CNC-s) were also prepared by adding a surfactant
(STEFAC TM 8170, Stepan Company Northfield) in 1/1 (w/w). Finally, cellulose
nanocrystals in powder were obtained by a freeze-drying process of previously

neutralized solutions (1.0% (w/w) of 0.25 mol I'* NaOH).

2.3. PLA-PHB-nanocomposites preparation

75 wt% of PLA was blended with 25wt% of PHB and reinforced with 5wt% of
pristine (CNC) or surfactant modified (CNC-s) cellulose nanocrystals. Masterbatches were
prepared by using a twin-screw microextruder (DSM explorer 5&15 CC Micro
Compounder) by following the same processing conditions as described in a previous
work [20]. Briefly, using a temperature profile of mixing process with a maximum
temperature of 200°C with three-step temperature procedure of 180-190-200°C and a
screw speed of 150 rpm for 2 minutes. Masterbatches were pelletized and mixed for one
minute and directly processed in films with a head force of 3000N. Then, a film procedure

was conducted to obtain six formulations, including the neat PLA and PLA-PHB blend. The
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obtained formulations with a thickness ranged from 10 to 30pum were named as PLA, PLA-

CNC, PLA-CNCs, PLA-PHB, PLA-PHB-CNC and PLA-PHB-CNCs.

2.4. Characterization techniques

The mechanical behaviour was investigated by tensile test in a digital Lloyd
instrument LR 30K, performed on rectangular probes (100 mm x 10 mm) at room
temperature by following the UNE-EN ISO 527-3 standard [21] with a crosshead speed of
5 mm/min, a load cell of 500N and an initial gauge length of 50 mm. Average tensile
strength (TS), percentage elongation at break (e %) and Young's modulus (E) were
calculated from the resulting stress-strain curves as the average of five measurements of
each composition.

The absorption spectra of nanocomposites, obtained in the 700-250 nm region,
were investigated by a Perkin-Elmer (Lambda 35, USA) UV-VIS spectrophotometer.
Nanocomposite film colour properties were evaluated in the CIELAB colour space by using
a KONICA CM-3600d COLORFLEX-DIFF2, HunterLab, Hunter Associates Laboratory, Inc,
(Reston, Virginia, USA). The instrument was calibrated with a white standard tile.
Yellowness index (Y1) and colour coordinates, L (lightness), a* (red-green) and b* (yellow-
blue) were measured at random positions over the film surface. Average values of five
measurements were calculated. Total color difference (AE) was calculated with respect to

the control pure PLA film or PLA-PHB film as:

AE = \/Aa*? + Ab*2 + AL*? Equation IIL.7. 1

The oxygen transmission rate (OTR) was measured to study the oxygen
permeability of the nanocomposites by using a Systech Instruments 8500 oxygen
permeation analyzer (Metrotec S.A, Spain) at room temperature and 2.5 atm. 14 cm
diameter circle films were compressed between the upper and lower diffusion chamber.
Pure oxygen (99.9% purity) was introduced into the upper half of the sample chamber
while nitrogen was injected into the lower half. To prepare the appropriate samples for
OTR measurements , masterbatch pellets were set in discs by using a DSM Xplore 10-ml
injection molding machine at 175, 180 and 190 °C with a pressure profile in three steps: 6
bar for 4 min, 8 bar for 5 min and 8 bar for 3 min. Discs were then processed into films by
compression moulding process at 180°C in a hot press (Mini C 3850, Caver, Inc., Wabash,

IN, USA) with a pressure cycle of 3 MPa for 1 min, 5 MPa for 1 min, and 10 MPa for 2 min.
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Nanocomposite films were then quenched to room temperature at atmospheric pressure.
Their average thickness was between 180 and 250um.

Surface wettability of films was studied through water contact angle
measurements with a standard goniometer (EasyDrop-FM140, KRUSS GmbH, Hamburg,
Germany) equipped with a camera and Drop Shape Analysis SW21; DSA1 software was
used to test the water contact angle (6%) at room temperature. The contact angle was
determined by randomly putting 5 drops of distilled water (= 2 puL) with a syringe onto the

film surfaces and the average values of ten measurements for each drop were used.

2.5. Disintegrability under composting conditions

The disintegration under composting conditions of PLA and PLA-PHB
nanocomposites was investigated on the basis of the ISO 20200 standard [22]. A solid
synthetic waste was prepared by mixing 10% of compost supplied by Gesenu S.p.a.
(Perugia, Italy), with 30% rabbit food, 10% starch, 5% sugar, 1% urea, 4% corn oil and
40% sawdust. The water content of the substrate was around 50 wt% and the aerobic
conditions were guaranteed by mixing it softly [4]. Nanocomposite films (cut in 15 x 15
mm?2) were weighed and buried at 4-6 cm depth in perforated plastic boxes, containing the
prepared mix, and incubated at 58°C. Each nanocomposite film was recovered at 1, 2, 3, 7,
10, 14 and 21 days of disintegration, cleaned with distilled water, dried in an oven at 37°C
during 24 h and reweighed. The disintegration degree was calculated by normalizing the
sample weight, at different days of incubation, to the initial weight. In order to determine
the time at which 50% of each film was degraded, disintegrability degree values were then

fitted using the Boltzmann equation (OriginPro 8.1.software) as follows:

(mi - moo)

m= 1+ e(—tso/de)

Equation II1.7. 2

where m; and m« are the initial and final mass values measured respectively at the
beginning of the exposition to compost and after the final asymptotes of the
disintegrability test, and tso is the time at which materials disintegrability reaches the
average value between m; and mw, known as the half-maximal degradation, d; is a
parameter that describes the shape of the curve between the upper and lower asymptotes
[23].

Photographs of recovered samples were taken for visual comparison. Surface

microstructure of PLA and PLA-PHB nanocomposites before and after 3 days of incubation
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in composting were studied by optical microscopy using a LV-100 Nikon Eclipse equipped
with a Nikon sight camera at 20x magnifications using the extended depth of field (EDF-z)
imaging technique.

The relationship between meso-lactide and L,D-lactide form in the polymer after
compost incubation was also studied by Pyrolysis-Gas Chromatography/ Mass
Spectrometry (Py-GC/MS) by means of a Pyroprobe 1000 pyrolyzer (CDS Analytical,
Oxford, Pennsylvania, USA) at 1000°C for 0.5s, coupled with a gas chromatograph (6890N,
Agilent Technologies) and a mass selective detector (Agilent 5973N) on the basis of a
previous developed method [23].

Fourier infrared spectra of the samples in the 400-4000 cm-! range were recorded

by a Jasco FTIR 615 spectrometer, in transmission mode.

2.6. Statistical analysis

Significance in the mechanical, wettability and colour parameters differences were
statistically by one-way analysis of variance (ANOVA) using OriginPro 8 software. To
identify which groups were significantly different from other groups, means comparison

were done employing a Tukey’s test with a 95% confidence level.

3. RESULTS AND DISCUSSION

3.1. Mechanical properties

As it can be seen from tensile curves (Figure 111.7.1-a), the neat PLA film showed a
characteristic plastic deformation that it was reduced with both, PHB and CNC
incorporation. CNC and PHB proved to be effective to increase PLA modulus (Figure
[11.7.1-b), but no significant differences were observed between the Young’s modulus of
PLA-CNCs and PLA films. While CNCs or PHB produced a decrease on the tensile strength
(TS) of PLA, the combination of PHB and CNC-s produce a nanocomposite (PLA-PHB-
CNCs) with comparable TS with respect to PLA. This behaviour can be related with the
more efficient dispersion of functionalized cellulose nanocrystals (CNC-s) [3] resulting in
an enhancement in the interfacial adhesion and therefore in a better interaction between
PLA and PHB [20]. Moreover, the PLA-PHB-CNC-s film revealed the highest deformation at
break, showing an increase of 175% with respect to the neat PLA film, while significant
lower elongations at break respect to the PLA film were measured for the other

nanocomposite formulations. Films for food packaging are required to maintain their
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integrity in order to withstand the stress that occurs during shipping, handling and
storage [24] andPLA-PHB-CNC-s is therefore far stretchable and stiff with comparable
strength than PLA and could be defined as the best formulation for food packaging

applications.
a) 70 b)
A 2000 -
FI -
sof /L L. c7PLACNC 1500
0l 7 - A PLAPHBCNCs 1500 ]
E N 1400
404 ~ . ]
= y S 1200
0 1000
g a0 =
= 500
n
20 600
PLA-PHB-CNCs 400
104
200 4
0 LA L I S IR SN BN IR ) I A I | 04
i} A 10 15 20 25 30 35 70 75 a0 B85 PLA PLA-CNC FLA-CNCE FLA-FHE FLAFHB-CHCFPLA-PHE-CHCs
5. (%)
c) ; d) sy
60 a0 4
55 ] 75 ]
J 70
50_, 55
454 50 J
40__ 66 o
—_ 1 50
g ¥ < 45
= 30+ <40 4
g ] w
w25 et 35 4
[ ] 30
207 25 ]
15 20 J
10 4 15 1
4 1[]_
54 5
04 04

PLL FLA-CNC FLA4-CNCS FLL-FHE  FLA-FHE-CNCFLA-PHE-CHNCE PLA PLA4-CNC FLL-CNCE FLLFPHE FLAFHE-CNCFLA-PHE-CNCs

Figure II1.7.1. Tensile test results of PLA, PLA-PHB and nanocomposite films: a) Stress-
strain curves, b) Young’'s Modulus (E), c) Tensile strength (7S) and d) Elongation and
break (e5). >dDifferent letters on the bars within the same image indicate significant

differences between formulations (p < 0.05).

3.2. Optical and colourimetric properties

The absorption spectra of PLA, PLA-PHB and nanocomposites are shown in Figure
[11.7.2-a while the visual appearances of the films are displayed in Figure III.7.2-b. Neat
PLA film proved to be the most transparent showing the highest transmission in the
visible region of the spectra (400-700 nm). No significant changes were observed due to
the presence of CNC or CNC-s in the visible region of the spectra, thus PLA-CNC and PLA-
CNC-s resulted in highly transparent films, referred to the light transmission in the range

of 540-560 nm [10, 25], as it can be observed in Figure II1.7.2-b. The good transparency of
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PLA-CNC films has been related with the good dispersion of cellulose nanocrystals into
PLA matrix [12, 25]. On the other hand, a 25wt% of PHB, provokes a reduction of the light
transmission of the films. Both, PHB and cellulose nanocrystals show a blocking effect on
the virtually transparent PLA matrix at the UV spectra region (250-400 nm). Cellulose
nanocrystals reduced the UV light transmission with a maximum centered at 275 nm
which corresponds to the UV-C region (280-100nm), generally created from artificial light
sources [10]. This behaviour was more evident with surface modified nanocrystals (CNC-
s). The PLA-PHB-CNCs film showed a blocking effect in the UV light spectra region with the

lowest UV-C light transmission, while maintaining the high transparency in the visible

spectra region.

a)

Transmittance (%)

—*—PLA-CNCs
—— PLA-PHB

—+— PLA-PHB-CNC
—+—PLA-PHB-CNCs
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Wavelength (nm)

Watter contact angle { 0F)

Figure II1.7.2. PLA, PLA-PHB and nanocomposite films: a) UV-Vis spectra, b) Visual
appearance, ¢) contact angle measurements.
a-dDifferent letters on the bars within the same image indicate significant differences

between formulations (p < 0.05).
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Table III.7.1 summarizes the colour parameters obtained for PLA, PLA-PHB and
cellulose nanocrystal based nanocomposites. PLA showed the highest L value confirming it
characteristic high brightness. L is significantly affected by CNC, CNC-s and PHB presence,
although all film samples present still higher L values than commercial low density
polyethylene (LDPE) and poly(ethylene terephthalate) (PET) films [10]. Negative values of
the a* coordinate reveal a deviation towards green, while positive values for b* are
indicative of a deviation towards yellow. As a consequence of the PHB presence, the
highest deviations towards green and yellow colours were observed in the PLA-PHB
blend, in accordance to previous studies [26]. As a result, the yellowness index (YI)
showed the maximum value for the PLA-PHB film, followed by PLA-PHB-CNCs and PLA-
PHB-CNC. The YI is used to describe the change in colour of a sample from clear toward
yellow. It must be noticed, that the obtained YI values are significant lower than those
previously reported for PLA [9, 10] and PLA-PHB (75:25) blends [9, 26]. The main reason
for this important reduction in YI is due to the lower films thickness obtained by the
processing film methodology used in the present work. Despite the total color differences
obtained with respect to the neat PLA film were significant different in all cases, the total
colour differences were in general smaller than 2.0, being this value the threshold of
perceptible colour difference for the human eye [27], with the exception of the PLA-PHB

film as can be confirmed in Figure I11.7.2-b.

Table II1.7.1. Colour parameters from CIELab space and YI of PLA, PLA-PHB and

nanocomposite films.

Samples L a* b* AE YI

PLA 94.64 + 0.012 -0.98 £ 0.01a 0.76 £ 0.022 - 0.70 £ 0.03a
PLA-CNC 93.57 £ 0.01P -1.08 £ 0.02b 0.62 + 0.02P 1.08 £ 0.01 0.52 +0.02b
PLA-CNCs 94.28 + 0.01¢ -1.01 £0.01¢ 0.83 £0.01¢ 0.37£0.01 0.82 £ 0.02¢
PLA-PHB 93.79 £ 0.014 -1.07 £ 0.01b 1.54 £ 0.014 1.15+0.01 2.14 +0.024
PLA-PHB-CNC 93.55+0.01¢ -0.91+0.014 1.03 £0.01¢ 1.12 +0.01 1.29 + 0.01¢
PLA-PHB-CNCs  93.69 £ 0.01f -1.04 £ 0.01¢ 1.48 £ 0.01f 1.19 £ 0.01 2.07 £0.03f

AE Calculated by using PLA film colour coordinates as reference.

afDifferent superscripts within the same column indicate significant differences between

formulations (p < 0.05).
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3.3. Oxygen transmission rate and wettability

In a previous reported work the incorporation of CNC and functionalized CNC-s
had shown reductions in OTR values of neat PLA film (30.5 cm3 * mm * m-2 * day-!) of
about 43% and 48%, respectively [19]. In this case, the addition of PHB reduced the
oxygen permeation of PLA to 13.3 cm3 * mm * m2 * day! (reduction of 56%) due to the
increased crystallinity in the system [9, 20]. Nevertheless, from the OTR values obtained in
ternary systems (15.3 cm3 * mm * m-2 * day! for PLA-PHB-CNC and 13 cm3 * mm * m2 *
day-! for PLA-PHB-CNC-s), it can be noticed that the incorporation of CNC or CNC-s to PLA-
PHB blend did not provoke major changes in OTR values. The low OTR values obtained for
the PLA-PHB blend and ternary nanocomposites highlight the advantage of blending PLA
with crystalline PHB. These films are therefore attractive for food packaging applications
were barrier to oxygen is critical to avoid or reduce oxidative processes.

Additionally, films for food packaging are required to protect foodstuff from
humidity during transport, handling and storage. Thus, water contact angle measurements
were carried out to evaluate the hydrophilic/hydrophobic character of films and the
results are shown in Figure I11.7.2-c [27]. It should be noticed that all formulations showed
values higher than 652, being materials acceptable for the intended end-use applications.
PHB has a hydrophobic character due to the poor affinity of the water to the non-polar
polymer surface [28]. In this way, the PLA-PHB blend showed significant increased water
resistance in comparison with neat PLA, in good accordance with a previous reported
work [9]. The presence of CNC in PLA and PLA-PHB caused an increase in wettability,
while functionalized CNC-s did not significantly change PLA or PLA-PHB wettability. The
positive effect of cellulose nonocrystal chemical modification in the wettability of PLA and
PLA-PHB films is mainly due to the presence of sulfate groups with low polarity on the

surface that increase the surface hydrophobicity of the final material.

3.4. Disintegration under composting

Figure III.7.3-a shows the visual appearance of PLA, PLA-PHB and cellulose
nanocrystal based nanocomposites after different time of disintegration in composting
conditions where it is possible to confirm the biodegradable character of all the
formulations studied. After only 1 day of incubation, films become smaller, with the
exception of PLA-PHB blend, which started the film size reduction on the second day of
incubation. After 7 days of incubation binary and ternary formulation films became

breakable and small pieces of films were recovered. It also could be noticed that they
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changed their color and became more opaque after 7 days. When the degradation process
of the polymer matrices started, a change in the refraction index of the materials was
observed as a result of water absorption and/or presence of products formed by the

hydrolytic process [29].

a) PLA PLA-CNC PLA-sCNC PLA-PHB  PLA-PHB-CNC PLA-PHB-sCNC COMPOST

0DAY

1DAY

2DAY

7DAY

10DAY

14 DAY

b) 100 - ¥ » S

ses Meve PLA

- +- PLA-CNC

- 4- PLA-CNCs
—+e— PLA-PHB

—»— PLA-PHB-CNC
—*— PLA-PHB-CNCs

14 16 18 20 22

Disintegrability (%)

odop g S
2

0

8 10 12
Time (Days)

Figure II1.7.3. a) Visual appearance of film samples before and after different incubation

days under composting conditions. b) Degree of disintegration of films under composting

conditions as a function of time.

Additionally, the films disintegrability was evaluated in terms of mass loss as a
function of incubation time (Figure II1.7.3-b), in which the line at 90% of disintegration
represents the goal of disintegrability test [4]. Unmodified cellulose nanocrystals (CNC)
speed up the disintegration of PLA and PLA-PHB blend from 14 days and 21 days,
respectively, to 10 days. Comparable findings were previously reported for PLA nano-
biocomposite films with functionalized cellulose nanocrystals and silver nanoparticles
[30]. Accordingly, after 10 days CNC incorporated films were visibly disintegrated (Figure
I11.7.2-a), while CNC-s incorporated counterparts reached between 50-60% of
disintegrability and need 14 days to reach the goal of the disintegrability test (Figure
[11.7.3-b). It is known that the PLA disintegration in compost starts by a hydrolysis process
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[31], thus this different behaviour observed between the pristine and modified cellulose
nanocrystals could be ascribed to the more hydrophobic character of functionalized
cellulose nanocrystals that protect the polymer matrix from the water attack. In brief, PLA-
CNC and PLA-PHB-CNC lost more than 90% of the initial matter in 10 days; PLA, PLA-PHB-
CNC and PLA-PHB-CNC in 14 days and PLA-PHB in 21 days. These short degradation times
have been related to the low thickness of tested samples [4]. Some changes in compost
colour were observed (Figure I11.7.3-a) due to the aerobic fermentation that results in
dark humus soil.

However, all formulations showed different rate of disintegration and thus the
Boltzmann function was used to correlate the sigmoidal behavior of the mass loss during
the disintegrability in the composting process (Figure I11.7.4). The estimated regression
parameters of the fitted results of the non-linear model and tso were calculated, while m;
and me values were assigned as 0% and 100% of disintegrability, respectively. The
correlation coefficients between theoretical and experimental data (R?) were higher than
0.990 in all cases, indicating that only minor differences were observed in the fitting of the
model to experimental values. The rate of disintegration under composting conditions was
longer for PLA-PHB with a half-maximal degradation (tso) at about 14 days, with respect to
neat PLA that showed tso at about 10 days, due to the fact that the polymer disintegrability
in composting starts in the amorphous phase of the polymers [32] and the increasing
crystallinity in PLA-PHB blend due to the PHB presence delays the PLA degradation rate
[9, 26].

Both cellulose nanocrystals speed up the rate of disintegration of PLA and PLA-
PHB shifting half-maximal degradation to lower values. The tso of PLA was shifted from 10
days to 7 days in PLA-CNC and remains practically constant in PLA-CNCs, while the tso of
PLA-PHB was shifted from 14 days to 7 days and to 10 days in PLA-PHB-CNC and PLA-
PHB-CNC-s, respectively. As a result, PLA-PHB-CNC showed higher rate of disintegration
than PLA-CNC-s, even when PLA-PHB-CNC (x.= 18.5 %) is more crystalline than PLA-CNC-
S (Xc= 11.0 %)[20]. This unexpected result could be explained with the fact that during
disintegration in compost, PLA surface is firstly attacked by water where polymer chain
are hydrolyzed [4] and as a result the smaller molecules become susceptible for enzymatic
degradation mediated by microorganisms [31]. Meanwhile, PHB disintegration is firstly
caused by polymer surface erosion mediated by microorganisms which then are able to
spread gradually inside the polymer matrix [33]. PLA-PHB-CNC showed higher surface
polarity than PLA-CNC-s. Thus, the water attack starts on the more susceptible component,
CNC, with hydroxyl groups available on the surface, allowing the hydrolysis in PLA-PHB-

CNC, which is followed by the microorganisms attack, while CNC-s is protecting PLA in
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PLA-CNCs. In the meantime, available -OH are now able to attack he carbon of the ester
group and produce intramolecular degradation, followed by the hydrolysis of the ester
link [34]. As a consequence, the higher surface polarity of PLA-PHB-CNC and the -OH

presence that catalyze the hydrolysis process, leading to a higher disintegration rate for
PLA-PHB-CNC than PLA-CNC-s.
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Figure II1.7.4. Disintegrability of PLA, PLA-PHB and nanocomposite films as a function of

time.
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Micrograph observations of film surfaces before and after 3 days in composting,
and their profiles measured by the EDF-z technique, are shown in Figure 111.7.5 PLA and
PLA nanocomposite films before composting showed smoother profile than PLA-PHB
counterparts. Similar behaviour was observed in a previous work where neat PLA, neat
PHB films roughness were investigated by means of confocal microscopy. The PLA film
showed a smoother roughness profile than PHB [9]. In general, after 3 days in composting
all formulations showed a more irregular EDF-z profile with respect to the same

formulation before composting.
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Figure II1.7.5. Optical micrographs (20 X) of PLA, PLA-PHB and nanocomposite films and
their EDF-z profiles.

The chemical changes of nanocomposite films before and after 1, 2 and 3 days in
composting were followed by FTIR analysis. At higher time of disintegration, film samples
could not be studied in the FTIR spectrometer due the small portions of films recovered.
The main differences found were in the 2000-1200 cm-! region of the FTIR spectra as
shown in Figure II1.7.6. The typical asymmetric stretching of the carbonyl group (-C=0) of
PLA centered at 1760 cm-! become broader during composting due to an increase in the

number of carboxylic end groups in the polymer chain during the hydrolytic degradation
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[29]. Moreover, a band at 1722 cm-! was also apparent (shown by gray arrows) that has
been associated with crystalline C=0 stretching vibration of PHB [35]. In some samples,

this band appears as a shoulder due to its low intensity and the strong stretching vibration

of carbonyl group.
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Figure II1.7.6. Infrared spectra (2000-1200 cm?) of PLA, PLA-PHB and nanocomposite

films before and after different time of incubation under composting conditions.
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A small band at 1687 cm-! was apparent (shown by black arrows) in PLA-PHB and
PLA-PHB-CNC-s after three days of composting. This band has been reported to be a
crystalline band, although its spectral origin is not yet assigned [35, 36]. The clear
appearance of this band in PLA-PHB and PLA-PHB-CNC-s is supported by the early
degradation of the amorphous phase of the polymer blend while the crystalline PHB
remains in the polymer matrix. Similar results indicating that PHB slow down the
disintegration rate of PLA in PLA-PHB blends have been previously reported [26]. In the
region between 1550-1650 cm-! the appearance of a broad band was observed for all
formulations. The appearance of this band has been previously observed during the
degradation of PLA-MCC based composites and was related to the presence of carboxylate
ions in degraded PLA composites [4].

Figure II1.7.7-a. shows the typical Py-GC/MS chromatogram of PLA-PHB-CNCs
obtained by pyrolysing the film at 1000°C for 0.5s. The pyrolysis of all PLA based films is
characterized by the presence of two peaks with very similar mass spectra (m/z = 32, 43,
45 and 56) in which the peak at 17 min corresponds to meso-lactide and the peak at 18
min with the highest signal intensity in all samples to (L) and/or (D)-lactide [23]. Films
with PHB showed the broad peak of crotonic acid (6.7 min, m/z = 39, 41, 68, 69, and 86)[9,
26], while nanocomposte films showed a peak at 22.5 min assigned to thermal
degradation products of the cellulose structure (m/z = 55, 69, 87 and 103 )[37]. The
groups of small peaks appearing at retention times between 19 min and 22 min were
assigned to the thermal degradation products of PLA with the characteristic series of
signals at m/z = 56 + (n x 72) attributed to PLA degradation products such as dimers (n=2)
and trimers (n=3) [23]. In general, the intensity of peaks decreased with composting time.
However, the meso-lactide intensity showed a lower decrease with respect to the (D,L)-
lactide equivalent. The ratio meso-lactide:lactide has been used as a semi-quantitative sign
of the degradation of PLA [9, 23, 26, 38, 39]. Figure 111.7.7-b shows the reduction of (D,L)-
lactide with respect to meso-lactide after the pyrolysis of the recovered samples. No
significant differences were observed between PLA and PLA-PHB blend until 7 days in
composting, but after 10 days, the PLA relationship [lactide/meso-lactidec-10 days/
lactide/meso-lactide-o days] highly decreased. Nanocomposites showed similar reduction in
3 days of composting, but higher times revealed higher reduction for unfunctionalized
nanocomposites (PLA-CNC and PLA-PHB-CNC). The estimated reduction of the (D,L)-
lactide form with respect to the meso-lactide followed a similar tendency that the
disintegrability test. In this sense, PLA-CNC and PLA-PHB-CNC showed the highest
degradation rate suggestive of the polymer shortening by the hydrolysis resulted in a

higher amount of lactic acid. It is known that microorganisms prefer the L-lactide form of
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lactic acid rather than the D-form, thus there was a higher enzymatic degradation of L-

lactide influencing the formation of a higher amount of meso-lactide form during the

pyrolysis test [38].
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Figure II1.7.7. a) Py- GC/MS chromatogram of PLA-PHB-CNCs nanocomposite film,

b) mesolactide:lactide ratio loss of PLA, PLA-PHB and nanocomposite films.

4. CONCLUSION

PLA-PHB based nanocomposite films reinforced with synthetized CNC and
functionalized CNC-s intended for food packaging were developed and characterized. The
combination of PHB and the better dispersed CNC-s demonstrated the reinforcing effect
increasing simultaneously the Young modulus and elongation at break, with comparable
tensile strength to those of neat PLA. PHB and functionalized CNC-s showed a slight UV
blocking effect on the virtually transparent PLA matrix. Although the addition of PHB led
to a decrease in PLA high transparency, it did not compromise the ultimate optical
properties due to the low film thickness achieved. The presence of PHB increased the
cristallinity of PLA and its nucleation effect reduced the polymer chains mobility
enhancing the oxygen barrier performance of final PLA-PHB blend films while the
wettability was reduced. Moreover, functionalized CNC-s, which increases the polymer-
nanoparticle interfacial adhesion, also reduced the oxygen transmission at the same time
as it decreased the surface adhesive forces improving the water resistance. Finally, CNC
based nanocomposites showed the highest rate of disintegration in compost, while the
surface hydrolysis of functionalized CNC-s nanocomposite films started somewhat later

and the presence of crystalline PHB delayed the disintegration process.
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The results of this research suggest that the novel combination of PLA-PHB blends
and functionalized CNC-s opens a new perspective for their industrial application for short

term food packaging.
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8. PLA-PHB blends incorporated with chatechin intended for active food packaging

applications
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Abstract

Active  biobased packaging materials based on poly(lactic acid)-
poly(hydroxybutyrate) (PLA-PHB) blends were prepared by melt blending and full
characterized. The incorporation of catechin, as antioxidant compound, improved the
thermal stability, whereas its release was improved by the addition of acetyl(tributyl
citrate) (ATBC) as plasticizer. While the addition of ATBC resulted in a reduction of elastic
modulus and hardness, catechin incorporation produced more rigid materials due to
hydrogen bonding interactions between catechin hydroxyl groups and carbonyl groups of
PLA and PHB. Since the obtained blends are intended for fatty food packaging, the
quantification of catechin released into fatty food simulant and the antioxidant
effectiveness after the release process were also demonstrated. The effect of the materials
exposition to food simulant was deeply investigated. PHB added materials maintained the
structural and mechanical properties after 10 days in a test medium that represent the
worst foreseeable conditions of the intended use. Thus, the developed plasticized PLA-
PHB incorporated with catechin materials show their potential as biobased active

packaging for fatty food.

Keywords: poly(lactic acid); poly(hydroxybutyrate); catechin, antioxidant, active
packaging.
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1. Introduction

An increasing attitude towards the reduction of the environmental impact
produced for the plastic waste, in particular from the food packaging sector, has increased
the research and industry attention in the developing of new biodegradable materials. In
this sense, the most promising raw material for the production of biodegradable food
packaging is poly(lactic acid) due to its high mechanical strength, superior transparency
and easy processability [1]. However, PLA is high brittleness [2], it shows relatively high
oxygen permeation [3] and lower water vapour permeability [4] limiting PLA uses in food
packaging.

Thus, many research studies have been focused on PLA modification for extending
its industrial applications in the food packaging sector; such as the addition of modifiers,
copolymerization or blending. The modification of PLA by blending with other biobased
and/or biodegradable polymer has many advantages, because it offers the opportunity to
tuning the physical properties in a wide range through a relatively simple approach [5].
Nevertheless, only nontoxic substances approved for food contact can be considered as
modifying agents for PLA. Moreover, the modifiers should be miscible with PLA and not be
too volatile to avoid evaporation at the elevated temperatures used for PLA industrial
processing [6].

It has been reported that PLA blended with 25wt% of PHB showed optimal
miscibility between both polymers and improved mechanical properties compared with
those of pure PLA [7] by enhancing the PLA crystallinity [8, 9]. In previous works, it was
shown that PLA-PHB (75:25) blends showed improved properties of the final formulation
[5] particularly significant in the packaging field, such as oxygen barrier and surface
wettability [9, 10], while their disintegrability in composting conditions suggested a
valuable end-life option for PLA-PHB packaging materials [9, 11].

Concerning the field of application, plasticizers are frequently incorporated into
PLA matrix intended for food packaging to overcome some ductility [1, 12]. Particularly,
PLA could be melt processed with PHB due to their similar melting temperatures [5] and
their processability could be improved by the addition of plasticizers at the same time as
resulting in more flexible materials [9, 10]. Acetil(tributyl citrate) (ATBC) has been
suggested as one of the most efficient plasticizers for PLA accepted to be in contact with
food products [13]. Moreover, it has been shown that PLA-PHB plasticized with ATBC
offers good perspective for biodegradable food packaging industry by improving the

polymer performance in films manufacturing and uses, better than other plasticizers such
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as PEG [10] and D-Limonene [9], it also speeds up the disintegration under composting
conditions [11] in relation to their environmentally friendly post-use.

On the other hand, current worldwide trends to reduce the use of food additives
have given way to investigations of incorporating the additives, such as antimicrobial or
antioxidant compounds, into the food packaging. These systems are known as active food
packaging and offer the opportunity to provide continuous release of active compounds
from packaging material to the foodstuffs, having an important effect on the shelf-life
extension without the need of direct incorporation of additives onto the final food product.
However, it is expected that an active agent shows higher affinity for the polymer matrix
than the foodstuffs. Consequently, the design of active packaging system is aimed in the
strategy to obtain an effective release capacity of active agent from the polymer matrix. It
is known that the plasticizer presence increases the polymer chain mobility in PLA-PHB
blends [9, 10] and for this reason it is expected that the mass transport of the active agent
should be modified [15] resulting in an effective way to improve the release of the active
substance from the polymer matrix [16]. One of the main drawbacks of polymer modifiers
is the negative effect of the additives on the thermal stability. Thermal degradation is
responsible for serious damage to many polymeric materials during processing [1]. In this
sense, antioxidants are chosen not only as an active substance to protect food
deterioration and extend its shelf life [16, 17], but also to protect the polymers matrices
from thermo-oxidative degradation during processing [17, 18] because antioxidants are
able to act with the free radicals formed during thermo-oxidation blocking further
polymer degradation [19].

For food contact applications, synthetic additives are being replaced by natural
preservatives due to safety [15] and environmental concern. Most of the common natural
antioxidants are phenolic compounds derived from flavonoids [17, 19] which are sourced
primarily from renewable resources and they have been in use for centuries. For instance,
catechins are flavonoids with multiple biological effects [17] have gained considerable
attention due to their potential benefits on human health [20] related to anti-mutagenic,
anti-diabetic, anti-inflamatory, antibacterial and anti-viral qualities and prevention against
several kinds of cancer [21].

Catechins have been suggested as effective natural antioxidants in many
polyolefins for active food packaging applications [15, 17, 20]. Catechin is one of the major
active constituents of green tea and is well known for its healthy properties having a
positive acceptance from consumers. Moreover, concerning the polymers transformation,

PLA and PHB should be processing in the region from at least 1602C and below 200 °C [5],
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and catechin is nonvolatile compound being optimal for melt processing in order to avoid
or reduce its loss during polymer processing [17].

The main objective of this work was to develop a biodegradable active packaging
based on PLA-PHB blends added with catechin, as antioxidant agent, intended for fatty
food packaging application. These systems were plasticized with ATBC with dual objective
to overcome ductility required for film manufacturing and uses, but also to improve the
Kinetic of release of catechin from the polymer matrix to the foodstuff. The developed
materials were characterized concerning their structure, nanomechanical and thermal
properties. The release capacity of catechin into fatty food simulant after the release
process was tested, as well as its antioxidant effectiveness. While the morphological,
structural and nanomechanical properties were also followed during the material

exposition to food simulant.

2. Materials and methods

2.1. Materials

Poly(lactic acid) (PLA 2003D, M, = 98,000 g-mol-, 4 wt% D-isomer) was supplied
by NatureWorks (USA), Poly(hydroxybutyrate) (PHB, under the trade name PHI002) was
acquired by NaturePlast (France). catechin dehydrate (CAT), (-)-epicatechin (EC), Irgafos
168 [tris(2,4-di-tert-butylphenil)phosphate] (I1168), and acetyl tri-n-butyl citrate (ATBC)
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) 95% free radical, were purchased from Sigma-
Aldrich (Madrid, Spain).

Methanol (MeOH) and Ethanol (EtOH) HPLC grade were supplied by Merck (Darmstadt,
Germany). Water was purified by means a Milli-Q ultrapure water purification system

(Millipore, Bedford, MA, USA).

2.2. Samples preparation

Samples were prepared by blending the materials in a microextruder equipped
with twin conical co-rotating screws (MiniLab Haake Rheomex CTWS5, Thermo Scientific)
with a capacity of 7 cm3. A screw rotation rate of 40 rpm, temperature of 1902C and
residence time of 1 minute were used. The concentration ratios of the obtained films are

summarized in Table I11.8.1.
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Table II1.8.1. Films formulations

Formulations PLA PHB ATBC 1168 CAT
(wt%) (wt%) (wt%) (wt%) (wt%)
PLA (control) 99.8 0.2
PLA-ATBC 84.8 15 0.2
PLA-CAT 94.8 0.2 5
PLA-ATBC-CAT 79.8 15 0.2 5
PLA-PHB 74.85  24.95 0.2
PLA-PHB-ATBC 63.6 21.2 15 0.2
PLA-PHB-CAT 71.1 23.7 0.2 5
PLA-PHB-ATBC-CAT 59.85 19.95 15 0.2 5
2.3. Field emission scanning electron microscopy (FESEM)

The films cross-section performed in liquid nitrogen were coated with a thin
palladium-gold layer to be observed by field emission scanning electron microscopy

(FESEM, Supra 25-Zeiss).

2.4. Thermogravimetric analysis

Thermogravimetric analysis was performed with a thermogravimetric analyzer
TGA/SDTA-851e Mettler Toledo (Schwarzenbach, Switzerland). Tests were run under
dynamic mode from 30 to 600 2C at 10 °C min? in air (50 mL min?). The initial
degradation temperatures (To) were determined at 5% mass loss while temperatures at
the maximum degradation rate (Tmax) Were calculated from the first derivative of the TG

curves (DTG).

2.5. Differential Scanning Calorimetry (DSC)

Dynamic DSC experiments were performed in a Mettler Toledo calorimeter
(Mettler Toledo, Schwerzenbach, Switzerland) by using two different atmospheres of air
(250 ml/min) and nitrogen (50 ml/min) with sample weight about 4 mg in hermetic
aluminum pans.

Samples analyzed under air conditions were heated from 30 to 350 2C with a
heating rate of 102C/min while samples analyzed under nitrogen conditions were
subjected to a cycle program consisting in a first heating stage from 30 to 1802C at a

heating rate of 102C min-, followed by a cooling process up to 302C and subsequent
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heating up to 2502C in order to erase materials thermal history. The glass transition
temperature (T;) was taken at the mid-point of heat capacity changes. The melting
temperature (Tm) and cold crystallization temperature (7T.) were obtained from the

second heating and the degree of crystallinity (x.) was calculated through Equation II1.8. 1:

AH,,, — AH

C] X ! Equation I11.8. 1
AHE, Wpra

X, = 100% x

where AH,, is the melting enthalpy, 4H. is the cold crystallization enthalpy, AHxc is the

melting heat associated to pure crystalline PLA (93] g'1)

2.6. X-ray diffraction

The crystalline phases of the nanocomposite films were studied by X-ray
diffraction (XRD) equipment (BRUKER AXS D5005, SCSIE Universitat de Valéncia).
Scanning was performed on square film surfaces (15mm x 15mm) mounted in an
appropriate sample holder. The patterns for profile fitting were obtained from a
diffractometer using Cu K, radiation with a scanning step of 0.022 between 2.52 and 402 in

20 with a collection time of 10s per step and the voltage was held at 40kV.

2.7. Wettability

The surface wettability of films was evaluated by measuring the water contact
angle with an Easy-Drop Standard goniometer FM140 (KRUSS GmbH, Hamburg, Germany)
equipped with a camera and analysis software (Drop Shape Analysis SW21; DSA1).
Samples for wettability measurements were prepared as disc films with an average
thickness between 180 and 230 um) by compression moulding process at 180°C in a hot
press (Mini C 3850, Caver, Inc., Wabash, IN, USA). The contact angle was calculated
randomly adding five drops of distilled water (2 pL) with a syringe onto the film surfaces
at room temperature and the average values of ten measurements for each drop were

used.
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2.8. Release studies

Release studies of the antioxidant flavonoid catechin were conducted by the
determination of the specific migration into a solution of 50% ethanol as fatty food
simulant (Simulant D1) at 402C [22].

Release tests were performed by total immersion of pre-weighed rectangular
strips film pieces (80 mm x 0.40 mm x 0.12 mm) in 10 ml of food simulant contained in
glass-stoppered tubes with PTFE closures at 40 2C. For fatty food that will be stored at
ambient conditions (at temperatures between 20 and 402C) for not as much of 30 days,
legislation orders that food packaging materials should be assayed at contact temperature
in worst foreseeable use of 402C for 10 days. In this work, the migration test was
conducted during 20 days. Thus, samples were taken at 1, 5, 10 and 20 days. Working
standard catechin solution in the food simulant and pure simulant were run
simultaneously with the migration test to check for interferences and all samples were

performed in triplicate.

2.9. Measurement of released antioxidant

The released chatechin was measured after the contact period, an aliquot of each
simulant was filtered through an Acrodisc PTFE CR 13mm, 0.2um filter (Waters, Milford,
MA, USA) and quantified by HPLC-PDA-FL. Waters 2695 (Waters, Mildford, MA, USA) HPLC
system with a gradient pump and an automatic injector was used for HPLC analysis
equipped with a stainless steel column packed with SunFireTM C18 (150 mm x 3.0 mm,
3.5 um) (Waters) kept at 35 °C following the methodology described by Castro Lopez and
colleagues [15]. The method consisted of a two solvent gradient elution at a flow rate of
0.5 ml min-1. Mobile phase was composed by water (A) and methanol (B).The following
gradient elution profile was used: mobile phase composition started at 25% B and
maintained for 0.5 min. Then, it was linearly increased to 40% B in 4.5 min, 60% B in 1
min and 100% B in 2 min. Finally, it was maintained for 3 min and brought back to recover
the initial chromatographic conditions. Detection was performed on a fluorescence
detector (FL, model 2475, Waters) with an excitation wavelength of 280 nm and an
emission wavelength of 310 nm, and on a photodiode array detector (PDA, model 996 UV)
set in the range of 200 to 400 nm while 277 nm output signal was selected as a
quantification wavelength [20]. Output signals were monitored and processed with a
personal computer operated under the EmpowerTM software (Waters). Catechin and

epicatechin were identified by means of retention time and UV or FL spectrum comparison
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with corresponding peaks in the standard solution and injection volume of 3ul. Release
data was expressed as the percentage of catechin released into the food simulant after the
contact period: amount of catechin released per kilogram of film with reference to the
initial amount of catechin loaded per kilogram of film formulation.

The stability of catechin was also evaluated in the simulant under selected
exposure conditions, by storing a solution of the additive in the simulant in parallel with
the migration tests and quantified using the same procedure as for the samples [16].

The release process is normally described by the kinetics of the diffusion of the
antioxidant in the film and is expressed by the diffusion coefficient (D). D is usually
estimated using the Fickian diffusion law [15, 16]. When the release of antioxidant reached
equilibrium, a rigorous model for describing the migration controlled by Fickian diffusion

in a packaging film is used as explain Equation IIL.8. 2:

Mi _ 4 yoo -D (2n+1)*n%t Equation IIL.8. 2
Mpow 1— Xn=o @n+1)za2 EXP [ Lp? ]

where M, is the mass of the migrant in the food simulant at a particular time t (s), MF,c0 is
the mass of the migrant in the food at equilibrium, LP is the film thickness (cm), D is the
diffusion coefficient (cm2 s-1), and t (s) is time.

Nevertheless, when release is slow and equilibrium is not reached at the end of the

experiment, with the boundary condition of M; /Mp <0.6, the Equation I11.8. 3 can be used:

& = i (E) Equation I11.8. 3

Mp is the initial loading of antioxidants in the film. D is estimated from the slope of the plot

of M / Mp versus t 1/2 and the intersection with the x axis represents the time-lag.
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2.10. Antioxidant activity

Antioxidant effectiveness of development materials was measured according
DPPH-method by determining the absorbance of release medium at different times by
means UV-Vis spectrophotometer at 517 nm. The antioxidant activity was obtained

according to Equation 111.8.4:

Abscontrol - Abssample

I (%) = < ) x 100% Equation IIL.8. 4

Abs control

where I (%) is the percentage of inhibition values. The results were calculated in % of
inhibition as mean of three replicates and they were expressed as the equivalent gallic
acid concentration (ppm) by using a calibrated curve of gallic acid concentration versus I

(%).
2.11. Nanomechanical analysis

The mechanical hardness (H) and elastic modulus (E) properties of films before
migration studies and after 10 days in contact with food simulant D1 were determined by
a nanoindenter machine G-200 (Agilent Technologies, Santa Clara, CA, USA). All samples
were indented in the same experiment. Indentations were performed at maximum 2000
nm constant depth using a Berkovich diamond tip. An array of 16 indentations was
performed for each sample. The area function that is used to estimate the contact area at
low depths was previously calibrated in fused silica. The stiffness required to calculate the
contact area beyond indenter and elastic modulus was obtained by means of the
Continuous Stiffness Measurement (CSM) technique [23]. CSM technique provides in-

depth profiles of the stiffness response and subsequently, profiles of H and E in-depth.
2.12.  Statistical analysis
Experimental data were statistically analyzed with OriginPro 8 software. One-way

analysis of variance (ANOVA) was carried out and significant differences among

formulations were recorded at 95% confidence level according to Tukey’s post hoc test.
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3. Results

3.1. Morphological characterization

Figure I11.8.1 shows FESEM images of cryo-fractured surfaces of un-plasticized (left
side) and plasticized films (right side). While un-plasticized films showed a smooth
fracture, plasticized samples showed a clear plastic behaviour with no apparent phase
separation. These results show that ATBC is well incorporated into the PLA and PLA-PHB
matrix in agreement with previous observations [10]. The characteristic plastic behaviour
was more evident in PLA-ATBC (Figure I11.8.1-b) and PLA-ATBC-CAT (Figure I11.8.1-d)
than in plasticized PLA-PHB counterparts (Figure 111.8.1-f and Figure 111.8.1-h). The PLA
and PLA-PHB films incorporated with CAT appear to be more porous without a plain

smoothness (Figure I11.8.1-c and Figure I11.8.1-g).
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PLA-CAT

PLA-PHB PLA-PHB-ATBC

PLA-PHB-CAT

Figure II1.8.1. Microstructure of fracture surface of un-plasticized (left side) and

plasticized films (right side).

3.2. Thermogravimetric analysis (TGA)

The thermal decomposition was studied by TGA and DTG (Figure I11.8.2). Stabilized
with catechin and un-stabilized PLA and plasticized-PLA materials decomposed in one

step process (Figure 111.8.2-a) while PLA-PHB blends counterparts decomposition took
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place in two well separated steps. In the first degradation process the total weight loss is
close to 25% and corresponds to the degradation of PHB and the second stage is related
with the degradation of PLA. Figure II.8.2-b shows that PHB decreases the thermal
stability of the final formulation in accordance with previous results [9, 10].

Table I11.8.2 also summarizes the main thermal parameters obtained by TGA and
DTG. While ATBC shifted the To to lower degradation temperatures, catechin led to an
increment in Ty delaying the beginning of the thermal decomposition process in all cases
indicative of effective stabilizing effect. As well, catechin presence leads to a displacement
of the Tmaxof PLA towards slightly higher values in PLA and plasticized PLA samples (PLA-
CAT and PLA-ATBC-CAT). However, in PLA-PHB blends as the same time as the Tmax
corresponding to the degradation of PHB showed a considerable increment of about 102C
with catechin addition, the Twax of PLA was shifted to lower values and this behaviour was
particularly noticeable in PLA-PHB-ATBC-CAT where the reduction was about 142°C.
Antioxidant capacity of catechin protects the polymer degradation at the first stage
leading the Tmax of the blends to higher values while it could keep heat and then accelerate

the degradation at higher temperatures.
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Figure I11.8.2. TGA and DTG of PLA (a and c) and PLA-PHB (b and d) based films
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3.3. Differential Scanning Calorimetry

The oxidation onset temperature (OOT) was used to evaluate the effectiveness of
catechin to increase the polymer stability under oxidative atmosphere and results are
summarized in Table I11.8.2. OOT values clearly increased with the addition of catechin in
all cases showing its effectiveness to protect PLA, PLA-PHB, plasticized PLA and
plasticized PLA-PHB against oxidation, as it was already commented in TGA results.
However, PLA and PLA-ATBC stabilized with catechin showed higher values of OOT than
PLA-PHB counterparts. It must be noticed that while ATBC decreases the thermal stability
of PLA it slightly increases the thermal stability of PLA-PHB blend due to the fact that
ATBC improves the interaction between both polymers [10]. Consequently, catechin could

be considered as a natural stabilizer for PLA, PLA-PHB and its plasticized systems.

321



Results and Discussion

Table I11.8.2. TGA and DSC thermal parameters of PLA and PLA-PHB samples

To TmaxPHB  TmaxPLA OOT T, Tee Tm AHee  AHn Xe

QY (°C) (*C) G (A (9 (O 0/8 (/8 ()
PLA 315.7 345.5 265.7 638 1181 1534 245 279 3.6
PLA-ATBC 276.0 346.5 232.0 4581 959 153.8 223 250 35
PLA-CAT 329.3 349.6 320.2 64.7 129.6 1541 126 153 3.1
PLA-ATBC-CAT 308.8 350.1 299.3 544 115.8 145.0 245 271 34
PLA-PHB 275.0 279.3 339.7 267.7 63.2 130.0 1586 85 119 438
PLA-PHB-ATBC 268.4 279.4 323.8 2718 60.6 1063 157.0 19.0 224 5.7
PLA-PHB-CAT 279.3 289.5 337.8 280.0 621 150.0 1554 0.1 7.2 4.9
PLA-PHB-ATBC-CAT 2751 289.5 309.6 281.2 57.7 126.0 1525 53 8.1 5.1
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Figure I11.8.3-a and Figure I11.8.3-b shows the thermograms for the DSC second
heating where it is possible to observe the glass transition temperature (Tg), the cold
crystallization exotherm (T.) and the melting endotherm (Tw) of the PLA (Figure 111.8.3-a)
and PLA-PHB (Figure 111.8.3-b) based films. DSC thermal properties are also summarized
in Table II1.8.2. Polymer matrix, plasticizer and antioxidant seem to be compatible in view
of the fact only one T, was observed for all formulations. ATBC induced the depression
in T, of all samples confirming its plasticizing effect. Moreover, the lowest T, values was
presented by PLA-ATBC followed by PLA-ATBC-CAT due to their higher plastic behaviour,
in good accordance with FESEM micrographs. ATBC also shifted the Tcc to lower values,
whereas catechin shifted the T to higher temperatures probably as a result of increased
crystals nuclei density which requires more thermal energy to crystallise PLA. Catechin
presence also promoted faster crystallization of PLA and PLA-PHB and the plasticized
systems, most likely due to hydrogen bonding interactions between catechin hydroxyl
groups and carbonyl groups of PLA and PHB. Similar findings were previously reported by
Lopez de Dicastillo et al (2013) who found an induction effect of catechin on the crystal
nucleation of maleic anhydride modified poly(propylene) (MAPP) and also the formation
of intermolecular hydrogen bonds between catechin and poly(propylene) (PP).

PHB slightly increased Tm temperature respect to the neat PLA [9]. Neat PLA
showed the Tw corresponding to the melt of stable a homocrystals developed during the
heating process. Meanwhile, plasticized PLA systems (PLA-ATBC and PLA-ATBC-CAT)
showed a multimelting behaviour ascribed to the presence of different PLA crystals.
Disordered o crystals are formed when the T is below 110 °C [24]. The crystallization
rate of PLA is very high at temperatures between 100-118 2C [25] where disorder-to-
order phase transition (o’ to a) takes place [24]. Similar findings were observed in PLA
plasticized with oligomeric lactic acid (OLA) [26]. On the other hand, the presence of
multimelting temperatures in PLA-PHB blends, after the PLA melting peak, at around
1752C and 1859C corresponds to the as-formed PHB crystals during blending process and
re-crystallized PHB crystals formed during DSC heating, respectively [5, 7]. Different
behaviour was observed in plasticized PLA-PHB blends (PLA-PHB-ATBC and PLA-PHB-
ATBC-CAT). PLA-PHB-ATBC showed the T.. below 1102C and as a consequence the
multimelting PLA peak as well as the as-formed and recrystallized PHB crystals. Whereas,
the multimelting behaviour was not detected for PLA-PHB-ATBC-CAT. The CAT presence
considerably shifted the T, from 106.3 °C in PLA-PHB-ATBC to 126.0 °C in PLA-PHB-
ATBC-CAT, avoiding the formation of disordered PLA o’ crystals. The nonappearance of as-
formed and recrystallized PHB crystals could be related with an improvement in the

interfacial adhesion between PLA, PHB and ATBC due to CAT presence.
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Figure II1.8.3. DSC second heating scan of a) PLA based films and b) PLA-PHB based films.
c) X-ray diffraction patterns of PLA and PLA-PHB based films.
d) Contact angle measurements of PLA and PLA-PHB based films.
ad Different letters on the bars indicate significant differences between formulations (p <

0.05).

Figure 111.8.3-c shows a comparative plot of the crystalline profiles of films. PLA
had one broad diffraction peak centered at 26 = 152 and a smaller one centered at 20 =
319. The X-ray patterns of PLA-ATBC, PLA-CAT and PLA-ATBC-CAT are very similar to that
of neat PLA. The presence of crystalline PHB showed an increase in the crystallinity of PLA
in PLA-PHB blend, where the characteristic reflection peaks of PHB at 26 =13.52 and 26 =
16.99, as well as the weak peaks at higher 26, are observed owing to the crystal growth
rate of PHB is higher and faster than those of PLA [27].

The surface hydrophobicity is an important issue in materials intended for food
packaging applications since they are required to protect foodstuff from humidity during
transport, handling and storage. Thus, water contact angle measurements were conducted
to study the water absorption of these material surfaces (Figure I11.8.3-d). The line at 65 62

represents the limit value between hydrophilic surface (62 < 652) and hydrophobic

324



Results and Discussion

surface (62 > 652). All studied formulations showed values higher than 652 showing a poor
affinity of the water to the material surfaces highlighting their potential use for packaging
applications. The addition of 15 wt % ATBC and 25 wt % of PHB significantly increased the
water resistance of PLA (p < 0.05). Meanwhile, the wettability of PLA and PLA-PHB
remained practically unchanged (p > 0.05) with the addition of 5 wt % of catechin in PLA-
CAT and PLA-PHB-CAT. PLA-PHB-ATBC-CAT film resulted in material with a surface
increased (p < 0.05) hydrophobicity with respect to those of PLA-PHB-ATBC and PLA-
PHB-CAT. One possible explanation for this behaviour could be that a strong interaction of
catechin hydroxyl groups with PLA and PHB chains, which interaction is also improved by
the ATBC presence, did not show surface orientation affecting the surface chemical

properties leading to an increase on the surface hydrophobicity.

3.4. Catechin release

The migration of the catechin from PLA and PLA-PHB based developed materials
expressed as the percentage of catechin and epicatechin released into the food simulant
D1 per day and their diffusion kinetics obtained by HPLC-PDA are shown in Figure 111.8.4-a
and Figure I11.8.4-b, respectively.

The incorporation of ATBC showed a significant increase of the release capacity
from PLA and PLA-PHB matrices. After 10 contact days catechin released levels increased
about 3 times in both PLA and PLA-PHB with respect to the corresponding films without
plasticizer. Castro-Lopez et al (2013) also showed an improvement on the release of
antioxidants from polypropylene matrix due to the use of plasticizers in the formulations

with increased diffusion coefficients between 1 and 2 orders of magnitude [15].
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Diffusion coefficients were estimated from Figure 111.8.4-b and from the slope of
the curve obtained by Equation and they also showed the positive effect of the plasticizer
presence on the release of catechin from PLA and PLA-PHB based materials. Increased
values from 1.9 x 10-12 cm? s'1 in PLA-CAT to 8.3 x 10-11 cm? s'! in PLA-CAT-ATBC and from
2.6 x 1011 cm? s in PLA-PHB-CAT to 3.5 x 1019 cm? s1 in PLA-PHB-CAT-ATBC were
observed, due to the ability of plasticizer to increase the polymer chain mobility and thus
the release of catechin.

It is expected that the higher amount of crystalline regions of PLA-PHB blends
slowed the diffusion of catechin. However, the addition of PHB showed somewhat
increment in the release of active compound in comparison with those formulations
without PHB, particularly noticeable in PLA-PHB-ATBC-CAT film (Figure I11.8.4-a). The
incorporation of PHB only produced an induction period in the diffusion process, leading
to an increase in time-lag from 30 s in PLA-CAT to 209 s and to 252 s in PLA-PHB-CAT and
PLA-PHB-ATBC-CAT respectively, because of the limited polymer chain mobility in PLA-
PHB based blends. However, once the diffusion process started, the migration of catechin
got faster in PHB added samples as shown the increment in one order of magnitude of the
diffusion coefficient with respect of PLA based materials counterparts. This behaviour
could be ascribed to the higher affinity of the simulant D1 with less polar catechin added
PLA-PHB blends in comparison with catechin added PLA equivalents, as it was already
commented in wettability test. Thus, the higher penetration capacity of Simulant D1 in the
PLA-PHB matrix than in PLA matrix, after the required time-lag, speeded up the catechin
migration process as a function of time. Additionally, after the 10 contact days an enhance
of crystallinity of all tested materials was observed by X-ray diffraction as it can be seen in
Figure 111.8.5. The diffraction patterns clearly show an increased intensity of the peak at 26
= 16.5 2 for all formulations, attributed to the typical «a crystals form of the crystalline
phase of PLA [26], showing the highest intensity in plasticized samples. Thus, the higher
penetration capacity of Simulant D1 in PLA-PHB blends at the same time as the increase of
crystallinity of amorphous PLA based materials led to comparable catechin migration

profiles for PLA-ATBC-CAT and PLA-PHB-CAT at 5, 10 and 20 contact days in Simulant D1.
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The highest diffusion process was observed for PLA-PHB-ATBC-CAT samples
between 0 and 10 days. However, at the highest period of contact time studied here, of 20
days, a reduction of catechin concentration occurred showing the not possible lower value
than those obtained at 5 and 10 days. This unexpected result could be explained to the

feasible interaction between the free catechin molecules in the food simulant, possibly
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forming dimmers or oligomers, which cannot be quantified by the experimental
methodology used here. In fact, in a food simulant the released compound is dispersed
into the food simulant where no oxidation processes are happening as can occur in a real
packed food environment. The molecules of catechin migrated from the packaging are
expected to interact with food components jamming in oxidations processes.

It should be taken into account that the inherent biodegradability of PLA based
materials could be a drawback in food packaging, where the material structure needs to be
guaranteed at least during the food shelf life [31]. For this reason, the morphology of cross
section of the films after 10 and 20 days exposed to simulant D1 was also studied by
FESEM (Figure I11.8.6). PLA and PLA-PHB based materials preserved their structure at 10
days of the migration test. Meanwhile, PLA, PLA-ATBC (Figure 111.8.6-a) and PLA-PHB and
PLA-PHB-ATBC (Figure II1.8.6-b) showed increased plastic behaviour at 20 days caused by
the plasticization effect produced by the simulant dispersion into the polymer matrix. In
most cases, the materials become rougher with increasing migration time. As well, at 20
days some cavities were formed in PLA catechin incorporated samples (Figure 111.8.6-a),
whereas many cavities were observed in PLA-PHB catechin incorporated samples (Figure
[11.8.6-b) as a result of the higher loss of catechin in this sample. This observation
supported our conclusion that higher levels of catechin than those obtained here should
be released from PLA-PHB-ATBC-CAT sample after 20 days in contact with food simulant.

It should be noticed that all catechin incorporated materials showed an effective
release of catechin in worst foreseeable use conditions between 0 and 10 days as indicates
the current legislation for fatty food intended to be transported, handed and stored at

ambient conditions.

3.5. Antioxidant activity

The effectiveness of the developed materials as antioxidant packaging systems was
demonstrated by the reduction of stable free radical DPPH caused by catechin presence in
food simulant and the obtained results are expressed as acid galic (AG) concentration
(Figure 111.8.4-c). As expected, the antioxidant activity shows comparative tendency to the
catechin release. It is known that the solubility characteristics of the antioxidant can
determine its effectiveness [28]. Catechin shows highly solubility in ethanol (50 g L-1) [17]
and consequently catechin incorporated materials usually show high activity in ethanol
containing simulants [15, 17, 21, 29, 30]. Thus, the high affinity of catechin for fatty food
simulants and its high antioxidant activity give good reasons for its addition in plasticized

PLA and PLA-PHB materials for fatty foodstuff.
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Figure II1.8.6. FESEM images of a) PLA based materials and b) PLA-PHB based materials
after 10 and 20 days exposed to simulant D1.

3.6. Mechanical features of the films

The mechanical behaviour of all samples was assayed before and after 10 days in
contact with food simulant D1 by means of nanoindentetion test. The mean of elastic
modulus (E) and hardness (H) values for each sample was calculated in the range from
500 nm to 1000 nm and the obtained values are showed in Figure II1.8.7. As expected,
plasticized samples before release studies showed lower H and E values than unplasticized
ones showing the effectiveness of ATBC to plasticize PLA and PLA-PHB systems, in
accordance with previous results [10, 11]. On the other hand, catechin added samples
showed increased H and E values with respect to their counterparts without catechin. This
result confirms that catechin produced somewhat reinforcing effect blocking the elastic
and plastic deformation mechanisms owing to the enhancement of the materials
interfacial adhesion, in accordance with DSC experiments.

The nanomechanical results of assayed samples after release studies showed
scattered values, probably due to residues of Simulant D1 and/ or released components

from the polymer matrices on their surfaces. This activated surface is able to affect the
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short distance forces between the surface and nanoindenter tip. After 10 days in contact
with simulant D1, catechin added materials revealed in general a drastically diminution of
E and H values as a result of the release of catechin to the food simulant, with the
exception of PLA-PHB-ATBC-CAT who mainly maintained the mechanical properties
without significant changes. This result highlights an additional positive effect of catechin

incorporation to plasticized PLA-PHB systems.
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4, Conclusions

Antioxidant active films based on plasticized PLA and PLA-PHB added with
catechin were successfully prepared by melt blend process and fully characterized.
Materials showed hydrophobic nature, homogeneity and good miscibility showing only
one Tg.

Catechin presence delayed the initial degradation temperature improving the
thermal stability of all materials and making broader the usually small processing window
of PHB. Additionally, a reinforcing effect due to the positive interaction of catechin with
the plasticized PLA and PLA-PHB matrices was observed by the shift of cold crystallization
temperature to higher temperatures as well as the increment in elastic modulus values.

The addition of plasticizer increased the ductility of materials required for film
manufacture and favoured the controlled release of catechin from polymer matrices. As
well, the antioxidant activity was observed to be proportional to the antioxidant
concentration in the food simulant.

Among all the tested materials, PLA-PHB-ATBC-CAT showed the best
characteristics for its potential industrial use for fatty food preservation since this
formulation showed the best kinetics behaviour and the greatest amount of catechin
migration at 10 days in contact with fatty food simulant. As a consequence, PLA-PHB-
ATBC-CAT also showed the uppermost antioxidant activity at the same time as the

structural and mechanical properties were preserved without significant changes.
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Conclusiones

De a cuerdo con los objetivos planteados las principales conclusiones obtenidas de la

presente tesis doctoral se resumen de la siguiente manera:

e Se desarroll6 y validé un método analitico para la identificacién y cuantificacién de
los principales productos de degradacion térmica de PLA mediante pirdlisis

acoplada a cromatografia de gases y espectrometria de masas.

e La adicion de D-Limoneno a la matriz de PLA aumento la flexibilidad de los films
sin afectar la transparencia ni las propiedades colorimétricas. Sin embargo, no
mejoro6 la estabilidad térmica del PLA y se produjeron pérdidas de D-limoneno
durante el proceso de producciéon de los films. Se redujo La humectabilidad
mientras que las propiedades barrera al oxigeno se vieron afectadas

negativamente por el efecto de plastificacién.

e La incorporaciéon de PHB increment6 la cristalinidad de PLA mejorando las
propiedades de barrera al oxigeno y reduciendo la humectabilidad. Sin embargo, el

PHB redujo la transparencia dandole una coloracién ambar al material.

e La adicion de plastificantes a las mezclas de PLA-PHB mejor6 la interaccién entre
los dos polimeros y gener6é un aumento de la ductilidad y transparencia de los
films. La estabilidad térmica y las propiedades de barrera al oxigeno se vieron
afectadas. La degradacién en condiciones de compostaje fue favorecida por la
presencia de plastificante. El plastificante ATBC resulté el mas eficaz de los tres
plastificantes estudiados, dado que produjo el mayor aumento de la ductilidad sin

afectar demasiado las propiedades barreras.

e Se sintetizaron nanocristales de celulosa satisfactoriamente a partir de celulosa
microcristalina. Los nanocristales obtenidos se modificaron superficialmente con
un surfactante lo que permiti6 una mayor compatibilidad con las matrices

poliméricas de PLA y PHB.

e La preparacion de un masterbatch de PLA-PHB previo a la incorporacion de los
nanocristales optimizé la dispersiéon de los mismos en la matriz polimérica
mejorando la estabilidad térmica de los materiales debido al efecto de nucleacion.
Este efecto fue mas notorio en el caso de los nanocristales modificados

superficialmente.
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e La Optima dispersion de los nanocristales de celulosa modificados
superficialmente y su efecto reforzante sobre la matriz polimérica de PLA-PHB
generd un aumento de las propiedades barrera al oxigeno y del médulo elastico. La
funcionalizacién de los nanocristales produjo una reduccién de la transmisién de
la luz UV, un efecto de plastificacion aumentando la elongacién a la rotura de los

films favoreciendo también su degradacién en condiciones de compostaje.

e La adici6on de (+)-catequina produjo un incremento de la estabilidad térmica y un
efecto reforzante de la matriz de PLA-PHB, mostrando un aumento de la
temperatura de cristalizacion y del médulo elastico. La adicién de ATBC favorecié
la liberacion del antioxidante de la matriz polimérica hacia el simulante de
alimentos grasos en el cual demostré una elevada capacidad antioxidante. Los
films de PLA-PHB-ATBC-CAT conservaron sus propiedades estructurales y

mecanicas durante la exposicion al simulante alimentario (10 dias a 402C).

Como conclusién global del presente trabajo, se puede indicar que la modificacion
de mezclas de PLA-PHB mediante la adicién de plastificantes, nanocristales de celulosa
y/o catequina demostraron su potencial como materiales destinados al envasado de

alimentos. Siendo materiales provenientes de recursos naturales y biodegradables.
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fior thermal processes with energy recovery. [t has been reported
that PLA waste is suitable to be used in pyrolysis facilities due to the
high conversion sfficiency of the polymer [ 7]. Therefiore, pyrolysis
of PLA may offer an aternative to this polymer waste manage-
ment, while being sronomically and environmentally attractive
[2] The application of thermo-chemical operations to PLA. must
be carefully tackled, taking into acoount healthy and environmen-
tal izsues and guarantesing the right management of emitted gases
[7] Although some research work has been published on the PLA
pyrolysis [B] only semi-quantitative results of the PLA degradation
products were peported [B- 10].

The study of polyrmers thermal degradation is espedalby impaor-
tamt berawse it is relevant for their processing, characterization,
p-clzntli lications and thermal recpding [9] as well as o

aﬂlr complets ife cycle. The obtained products during
I:h:n'rl.'l] degradation depend on the selecied conditions. Far-
thermore, degradation mechanisms of a partioalar polymer are
dependent on its struchare and they can follow different paths
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Polymers derived from renewable resounces ame now
ansidered a5 promising aematives to trad bonal petro-
palymers & they mitigate current environmental @ns
a=ms (rTaw renewable maderalshiodegradability]l | &
widely arcepted that the wse of long-lasting pal ymers for
short-term and disposahle applications, such = packaging,
is not entinely satisBctory [1]. As a result, the opalymer
indusitry is g nowi ng rapidly since biodegradables polymme s
e from renewah e resounes have a less negative effect
an the environment cmpared to the conwentional petro-
leum hased maderials g dy used in ommodities [2].

Pohyl actide (PLA] is ane of the maost promi sing bio-hased
palyesters for food padaging [12] beause of its good
meeschamical, superiar ransparency smse of proessing and
avadlability in the market | 3].1n this sense, pol yladic acd )
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short-term or dispeable apphications, such as disposable
cutlery (plates, cups, bids and drinking straws ), bags and
film packaging [4.5]. PLA is also widely used in rigid and
flexible food padaging applications [6] sine= it has heen
approved by the LS Food and Dmug Administration (FDA) as
a food contact substance [ 28]. However, the uss of PLA far
food padaging is somewhat himited because of its poar
ductility, thermal and moygen harmier properties [3]
Rernt studies hawe been conduded on the use of
limonene a5 anew novel manamer to shigin pohtempenes
|9]- elimanene cm be found in a vamisty of citrus, indesd is
the main @mponent of dirus oils and one of most
impartant mmtributors to gtrus favar [10.01 ). s the most
abundant monooyclic monoberpene in natre and repres
sents more than 90 of orange peel oil, being the most
impartamt nesi dueinthe citres industry [ 12| The limonens
diffusion through packaging has been widely studied in
different food mntast maderials such as polpethylens (PE)
[13], low density polyethylene (LDPE) [14], high density
palyethylens (HDPE) pohystyrene (PS)[15] and PLA[1516]
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pahylactic acid) (PLA) is bscoming increasingly popular
as a bodegradable plastic owing to its high medhamcal
strength, supenior transparency and sy procssability
compaed o other biodegradables palymers [1] Nowa-
days, PLA & an economically feaxible material [2] derved
from renewahle resouress [3]. in partoular from sugar
and stanch 4], chemiallysynthesized, ommmerdally avail-
ahle with good performanae charadenstic as a padaging
material [5] that & curmently being used for many shart-
te=rm appli@tions, such as disposahble cuthery (plates, cups,
lids and drinking straws), hags and film packages 6l
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Dear Dr. Marina Patricia Arrieta:
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plasticizers on polylactic properties for film intended for food packaging" has been accepted for publication in
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For queries regarding your accepted paper, please contact Poongulazhali Jayaraj at poongulazhali.jayaraj@
springer.com.

If you are using the track changes feature to revise your manuscript please do disable this feature before
uploading your revised manuscript.

Please remember to always include your manuscript number, JOOE-D-13-00031R2, whenever inquiring about
your manuscript. Thank you.

Best regards,
Stephen McCarthy

Editor-in-Chief
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1. Inirosducton A oones ideralbile nomber of ressarch work has been neponed on

Podyflactic acd), PLA, and paby-hydroeybatyme | PHE) ane tao
of Sebio-based and bicdegradable polymers which have fooreed
some amtenson by their posshilities 25 enrvinonmensiiy-frend iy
fiood packaging materials In this sense, FLA s comently e most
used biopolymer in the food padkaging sacor for shont sh e dife
pedocs (14|, owing to its high machanical sength, ey pro-
cesmability, supeTior Tansparenoy, avallability and bow oost Polyi-
hydroongbaryrare) (PHE) &5 the mast oommon nepressntatve of
[ty g smocyalican cares) (PHAY | 5], and i has been also prop osed
fiar shartdemm food padkaging applicatians (6| Comeersely there
are not many cammernoal prodocs of FHE by i namow pocessing
window, high hritteness, | 5] and price |7

¥ Commprdny prvr hooem de e I e il L
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Pall-

I ke il o 1L 1T g oyl aemda T4 10T
141-T10ME 514 Dwrder Lod AL sy reweeved.

e ikl bty beteeen PLA and PHE and poesible applic aiions in
fiand packaging = 11| 11 ks bonown mhar PLA. shoves bim iesd or pantial
m ecibsiliny with ko molar mass PHE | 10 12| The tem pera ture ueed
dumng the hisnd preparason has ales sgnificant infloence in e
i iecibility betevesn bodh polymers. In this senee Dhanget al (1996)
reponed tha FLA-PHE biends pepamd ar high emperaore
exthibied greater miscihiliny than those prepaned by sobvent cassng
atroam tempeme | 2| 5inoe FLA-FHE sysems ane folly miscible
in the melt stare (1114] This efier conld be doe & the rans-
eserification reaction berwesn FLA and PHE chains | 3. In addi-
thain, e ks ihility hetwiean PLA and PHE & stomngily dependent an
ithedr ragio in the blend Forinstanos, Fonokaes et al (3006 stodied
PLA/PHE films prepared by sohent casting in chioradsrm with
bendlin g rakos (wifw ) 00, 4050 6040, and 2020 (FLAYFHEL
They reparted Sat PHE aystallized 2 wery small that
may &t 2 nodearion sies of PLA in the 2020 blend | 2] Smilarty,
Thang and Thomas (3011) smodied FLA/PHE blends in different
[propas an 5 [ 100/0, 7525, 5050, F5/75 and 0100, wiw) pepaed
Ty et ke dling fiiiovved by compression mokding 5| They fouand
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Artick Esory: Caflulose nanoorystals | ONCs) symthesized fom miomorystalime celioloss by acid hyamiysis were added
Recetved 18 Deoenbar A13 imto polyllactic acid)- poly(iredroxytutyrate) (PLA- PHE} biends to improve: the Anal propertses of the
Recetvaed in: rewiamed form B Fubwmnry 1114 molilunctional systeme. C4C wete i modified with 2 serfactant ((40s) b inoease the interfacial
Acew ptad B February 2114 adhesion in the maistaining the thermal stabty. Rrstly, masterbaich pellets were cbiained

for 2ach Tommolation o improve the disperson of e ceflulese sinuctores in the PLA-PHE and then
e manomompasite ilms were processed. The thermal stability a5 wel 25 the morphological and structural
properties of nanccomposites was imvestigabsd. Whille FHB increassd the FLA onystallinity dee oo ils

EEL"""‘""‘""; ' mmcleation effect, well dispersed (NI and D905 mot only increased the crystaliniby but al=n improved the
Hlecke prooessabilitg, the thermal stability and the inieraction both paly aally in the se of
Wat o o poizes ithe modified ON0s bassd PLA- PHE fornmulation. Likewise, ONCs wene Betier dispersed in PLA-ONCs and
Filr FLA-PHB-ONC, than ONC.

Tarrmal prpetinn 1 31014 Elsewier Lid All rights reserved.
I. Imtreduction packaging is limited because PLA shows high brittheness {Auras,

Seweral biodegradable polymers have been investigated during
the last few derades a5 dhermatives to non-degradzble polymers
currently used in film production with particular attention io
the food packaging sector {Armentano et al, 2003; Fortunati,
Armentano, lanmoni, & Kenny, 20100, Ia this sems=, poby(lactic acid)
[PLA} is one of the most attractive bicdegradable polymers used
in short-term foed commodities (Armieta, Pames, Loper, & [iménez,
21131 PLA can be processsd by usumal thermoplastic technologies
surh as extnesion, injecticn moling, shest extrusion, blow mald-
ing, thermoforming and Alm forming] (Auras, Harts, & Selke, 20041
PLA is a semicrystallime polymer with low softening temperatures
and therefiore it shows glasslike appearance at room temperature.
It is beimg wsed in the food industry since sesing throwgh the pack-
aging is cne of the most important requirements for consumers
[Arrieta, Loper, Femindir, & Peltrer, 3013) and PLA shows high
transparency. Unfortunately, wo far the us= of PLA as film for food

* Corresponding sothor. Tal: +39 07 S4803001; fxe: +30 07 SHI9E0.
- mail edderm- ahes s St st ihanipy it (E- Forbunsi]l

hitp:)dxd ooy 1001076 prarbpol 207400 D44
D1 44-BET7 b 2014 Bty Ll W rigghis rwsserwnal.

Harte, & Selke, 2004), low heat resistance [Kose & Kondo, 200 ¥and
poor barrier properties (Martino, Jiméner, Russckaite, B Avérous,
20011 Interest im reducing FLA inherent brittleness and improving
gas barrier properties bas led ressarchers and industries to develop
new PLA matrices with increased crystallimity.
Polylhydroxybwtyrate) [(PHE) &  the hest kmown
polyibwdroxyalcancate) (PHA) synthesized by controlled bac-
terial fermentation (Fhamg & Thomas, 2001010 It presents high
crystallinity [Cabedo =t al, 201 1); mevertheless, the main drawback
of PHE ks that it has the melting temperature at abowt 170-180<C
(Arrieta, Lipez, Hermindez, & Raydn, 2004; Malinovd & BroZek,
2011), dose to the degradation temperature [typically arownd
Z70=C) (Kaller, 3alerno, Dias, R=iterer, & Braunegg, 2010}, showing
a small processing window for melt extnusion (Keller, Salernc,
as, Reit=rer, & Braumegg, 2010; Malinowd & BroZek, 200010
Thus, PHE processing temperature should be at least 180-190-C
bast its thermal degradation takes place wery quickly at thess
temperatures [(Erceq, Kowafit, & Klarit, 20050 Newertheless, the
miehing temperature of PHE can be lewered Far below the thermal
decomposition temperature to make this maberial much easier to
process { Corne, Brurawnd, Audic, & Grohens, 2012) throwgh chemical
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