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Resumen

Se prevé que la poblacion mundial aumente en un 12,5% en los préximos 30 afos,
propiciando un consumo sin precedentes que generara un cambio climético irreversible. Por todo

ello, en el afio 2021, la Comision Europea inicio el Pacto Verde Europeo.

Segun la Organizacién de las Naciones Unidas, los Objetivos de Desarrollo Sostenible
constituyen un Ilamamiento universal a la accion para poner fin a la pobreza, proteger el planeta
y mejorar las vidas y las perspectivas de las personas en todo el mundo. Fueron aprobados por
todos los Estados Miembros de las Naciones Unidas como parte de la Agenda 2030 para el

Desarrollo Sostenible.

Actualmente el modelo econdmico dominante conocido como “Economia Linear”, basado
en la extraccion, produccion, consumo y desecho, es incompatible con la limitacion de recursos
y la capacidad de adaptacion al impacto ambiental. De la insostenibilidad del modelo lineal surge
un modelo de enfoque integrativo y regenerativo conocido como “Economia Circular”. Con este
modelo se busca la preservacion del capital natural mediante la seleccién de recursos naturales y

su uso optimizado, para disminuir asi los dafios en el medio ambiente y ecosistemas.

La elevada produccidn agricola en Espafia conlleva la generacion de una gran cantidad de
residuos agricolas que deben ser gestionados. Estas aplicaciones podrian mejorarse mediante una
valorizacion del producto y un uso mas eficiente de los residuos agricolas generados. Con la
valorizacion se podria extraer de los residuos mas energia y subproductos, disminuyendo asi tanto
el coste de la produccidn agricola como la propagacién de plagas y las emisiones de gases de

efecto invernadero, potenciando el sistema de economia circular.

La biomasa lignoceluldsica la constituyen principalmente plantas o materiales de origen
vegetal, suponiendo una fuente de carbono sostenible para la produccién, mediante procesos de
biorrefineria, de bioguimicos, bioetanol y biocombustibles, pudiendo sustituir a los polimeros
derivados del petroleo. En este sentido, los residuos agricolas lignocelul6sicos suponen una fuente
abundante y barata de fibras de celulosa, cuya composicion principal (celulosa, hemicelulosa y

lignina), estructura y propiedades las hacen aptas para su utilizacion.

Para la obtencion de las fibras celulésicas y posterior obtencidn de nanocelulosa, la biomasa
es sometida a un pretratamiento, eliminando los demas componentes no celulésicos. En los
Gltimos afios ha aumentado la produccién de nanocelulosa para su aplicacién en el sector
industrial (dispositivos electrénicos, cosméticos, dispositivos biomédicos y envases alimentarios)

debido a sus excelentes propiedades mecanicas y fisicas.

En la presente Tesis Doctoral, en primer lugar, se identificaron los residuos de plantas

horticolas del tomate, pimiento y berenjena como nuevas fuentes de lignonanofibras de celulosa



Resumen

(LNFC). La pulpa celulésica se obtuvo mediante un proceso medioambientalmente respetuoso,
energéticamente sostenible, sencillo y con bajo consumo de reactivos. Se analizé la composicion
guimica de las pulpas para estudiar su influencia en el proceso de nanofibrilacién. Ademas, las
fibras celuldsicas fueron sometidas a pretratamiento mecénico y oxidacion mediada por TEMPO
(2,2,6,6-Tetrametil-piperidina-1-oxilo) seguido de una homogeneizacién a alta presion. Las
LNFC obtenidas se caracterizaron en términos de rendimiento de nanofibrilacion, demanda
cationica, contenido en carboxilos, morfologia, cristalinidad y estabilidad térmica. Por dltimo, las
LNFC se afiadieron como agente de refuerzo en cartdn reciclado y se realizé una comparacion de

mejora con el proceso de batido mecénico industrial.

Posteriormente, las LNFC obtenidas anteriormente se afiadieron a una matriz polimérica de
alcohol polivinilico (PVA) para la formulacion de films. El objetivo principal fue mejorar las
propiedades de los films obtenidos para el desarrollo de sistemas de envasado de alimentos méas
sostenibles y ecoldgicos. Se evaluaron las propiedades mecénicas, la cristalinidad, la resistencia
térmica, la estructura quimica, la actividad antioxidante, las propiedades de barrera al agua y las
propiedades Opticas.

Por altimo, se disefié un prototipo de envase alimentario a escala piloto, formulado a partir
de con combinaciones de acido polilactico (PLA) y polibutileno adipato-co-tereftalato (Ecoflex®),
e incorporando diferentes proporciones de nanofibras de lignocelulosa (LNFC) obtenidas a partir
de un pretratamiento enziméatico de residuos de paja de trigo. Se evaluaron las propiedades
mecanicas, la cristalinidad, la resistencia térmica, la estructura quimica, la actividad antioxidante,
las propiedades de barrera al agua y gases, y las propiedades Opticas.

Ademas, se estudid su posible aplicacién en el envasado de lechuga recién cortada simulando

condiciones reales de fabricacidn, envasado y almacenamiento a escala piloto.



Abstract

The world's population is expected to increase by 12.5% in the next 30 years, leading to
unprecedented consumption and irreversible climate change. Therefore, in 2021, the European
Commission | commencement the European Green Pact.

According to the United Nations (UN), the Sustainable Development Goals are a universal
call to action to end poverty, protect the planet and improve the lives and prospects of people
everywhere. They were adopted by all UN Member States as part of the 2030 Agenda for

Sustainable Development.

Currently the dominant economic model known as the "Linear Economy", based on
extraction, production, consumption and waste, is incompatible with resource limitation and
resilience to environmental impact. From the unsustainability of the linear model emerges a model
with an integrative and regenerative approach known as the "Circular Economy". This model
seeks to preserve natural capital by selecting natural resources and optimising their use to reduce

damage to the environment and ecosystems.

The high agricultural production in Spain leads to the generation of a large amount of
agricultural waste that needs to be managed. These applications could be improved through
product recovery and a more efficient use of the agricultural waste generated. With valorisation,
more energy and by-products could be extracted from the waste, thus reducing both the cost of
agricultural production and the spread of pests and greenhouse gas emissions, boosting the

circular economy system.

Lignocellulosic biomass is mainly made up of plants or materials of plant origin, providing
a sustainable source of carbon for the production, through biorefinery processes, of biochemicals,
bioethanol and biofuels, which can replace petroleum-derived polymers. In this sense,
lignocellulosic agricultural residues represent an abundant and cheap source of cellulose fibers,
whose main composition (cellulose, hemicellulose and lignin), structure and properties make

them suitable for use.

To obtain cellulosic fibers and subsequently obtain nanocellulose, the biomass is subjected
to pre-treatment, eliminating the remaining non-cellulosic components. In recent years, the
production of nanocellulose for its application in the industrial sector (electronic devices,
cosmetics, biomedical devices and food packaging) has increased due to its excellent mechanical

and physical properties.

In the present PhD thesis, firstly, vegetable plant residues from tomato, pepper and eggplant
were identified as new sources of lignocellulose nanofibers (LCNF). The cellulosic pulp was
obtained by an environmentally friendly, energy sustainable, simple and low reagent-consuming

process. The chemical composition of the pulps was analysed to study its influence on the

3
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nanofibrillation process. In addition, the cellulosic fibers were subjected to mechanical pre-
treatment and TEMPO (2,2,6,6-Tetramethyl-piperidine-1-oxyl) mediated oxidation followed by
high-pressure homogenisation. The obtained LCNF were characterised in terms of
nanofibrillation yield, cation demand, carboxyl content, morphology, crystallinity and thermal
stability. Finally, the LCNF were added as a reinforcing agent in recycled paperboard and an

improvement comparison with the industrial mechanical beating process was performed.

Subsequently, the previously LCNF obtained, were added to polyvinyl alcohol (PVA) for
film formulation. The main objective was to improve the properties of the obtained films for the
development of more sustainable and environmentally friendly food packaging systems.
Mechanical properties, crystallinity, thermal resistance, chemical structure, antioxidant activity,

water barrier properties and optical properties were evaluated.

Finally, a pilot-scale food packaging prototype was designed, formulated from combinations
of polylactic acid (PLA) and polybutylene adipate-co-terephthalate (Ecoflex®), and incorporating
different proportions of lignocellulose nanofibers (LCNF) obtained from an enzymatic pre-
treatment of wheat straw waste. Mechanical properties, crystallinity, thermal resistance, chemical
structure, antioxidant activity, water and gas barrier properties, and optical properties were
evaluated.

In addition, their potential application in fresh-cut lettuce packaging was studied by
simulating real manufacturing, packaging and storage conditions at pilot scale.
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1. Problematica medioambiental

Se prevé que la poblacion mundial aumente en un 12,5% en los préximos 30 afios, pasando
de 8.000 millones a 9.700 millones de personas en 2050 (1,2). En ese mismo afio se estima que
el consumo mundial de recursos (combustibles fosiles, metales, biomasa y minerales) se duplicard
(3), lo que llevara a un incremento anual en la generacién de residuos (4). Esta dinamica de
consumo sin precedentes da lugar a una explotacion masiva de los recursos naturales y pérdida
de la biodiversidad, generando un cambio climético irreversible. Dicha explotacion, extraccion y
transformacion de los recursos ocasionando el 50% de las emisiones totales de gases de efecto
invernadero (GEI) y al 90 % de la pérdida de biodiversidad (5). Por todo ello, en el afio 2021, la
Comision Europea (CE) inicid el Pacto Verde Europeo, cuyo objetivo es el uso eficiente de los
recursos, eliminando las emisiones netas de gases de efecto invernadero, y disociando el
crecimiento econdmico del uso de los recursos. Ademas, pretende proteger, mantener y mejorar
el patrimonio natural, proteger la salud y el bienestar de los ciudadanos frente a los riesgos y

efectos medioambientales y evolucionar hacia una economia circular (1).

1.1. Obijetivos de Desarrollo Sostenible

Segln la Organizacion de las Naciones Unidas (ONU), los Objetivos de Desarrollo
Sostenible (ODS) constituyen un llamamiento universal a la accion para poner fin a la pobreza,
proteger el planeta, y mejorar las vidas y las perspectivas de las personas en todo el mundo. En el
afio 2015, fueron aprobados por todos los Estados Miembros de las Naciones Unidas como parte
de la Agenda 2030 para el Desarrollo Sostenible. Dentro de la Agenda 2030 se fijaron 17 objetivos
que se relacionan entre si e incluyen los desafios globales a enfrentar (6).

TRABAID DECENTE INDUSTRIA, 10 REDUCCION DE LAS 12 PRODUCCION
Y CRECIMIENTO IIIIWAW!E nlsmwmss Y CONSUMO
CONOMICO INFRAESTRUCTUI

& EL

EDUCACION 1CUALDAD 1 cuouEY 16 s
DECALDAD 06 G{NERO Ehstcines

SOCIEDAD

vmemen 13 éﬁﬁ'?f‘cum 14 s 10 stmsrns

BT © S

Figura 1. Objetivos de Desarrollo Sostenible
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De entre los desafios globales incluidos, y en linea con la produccion, utilizacion y gestion
sostenible de los recursos disponibles, se encuentran los siguientes:

- Energia asequible y no contaminante (ODS 7): cuya mision es la descarbonizacion del
sistema energético.

En Espafa, la mayor parte de las emisiones de efecto invernadero se deben al sistema
energético por la dependencia de éste a las energias fosiles, siendo el carbon y el petroleo los
principales responsables de las emisiones de diéxido de carbono.

- Produccion y consumo responsables (ODS 12): cuya mision es promover la gestion y uso
sostenible de los recursos naturales. En este sentido, resulta fundamental la sensibilizacion de
todas las partes implicadas para generar cambios a nivel estructural tanto en los patrones de
produccion como de consumo, orientados al desarrollo de estrategias de economia circular.

- Accidn por el clima (ODS 13): cuya mision es la adopcion de medidas para combatir el
cambio climatico y sus efectos, asi como la adaptacion al mismo. Se busca el establecimiento de
unas bases para la mitigacion de los efectos del cambio climatico, asi como el desarrollo de la
resiliencia y adaptacion de la poblacion en el afrontamiento del impacto de los efectos del cambio
climético.

- Vida submarina (ODS 14): cuya mision es la conservacion y uso sostenible de los
ecosistemas y recursos marinos. En este sentido, resulta fundamental la reduccion significativa
de la contaminacion marina, asi como la restauracion de dichos ecosistemas.

- Vida de ecosistemas terrestres (ODS 15): cuya mision es la gestion y uso sostenible de
los ecosistemas terrestres, asi como el desarrollo de estrategias de prevencion de la degradacién
de la tierra y la pérdida de la biodiversidad.

- Alianzas para lograr los objetivos (ODS 17): cuya mision es reforzar la alianza para el

desarrollo sostenible, a nivel mundial, necesarios para la consecucién de los demas objetivos.

Estos objetivos se enmarcan en las estrategias establecidas en la economia circular.

1.2. Economia circular

La globalizacién de los mercados y el desarrollo tecnoldgico en las Ultimas décadas, han
impulsado numerosos cambios en los métodos de produccién y consumo, que en términos de
desarrollo econémico y bienestar social han resultado ser beneficiosos para la sociedad. Sin
embargo, este modelo econémico dominante, conocido como “Economia Lineal”, basado en la
extraccion, produccion, consumo y desecho, es incompatible con la limitacion de recursos y la
capacidad de adaptacion al impacto ambiental (7). De la insostenibilidad del modelo lineal surge
un modelo de enfoque integrador y regenerador conocido como “Economia Circular” (EC). La

EC trata de maximizar los recursos materiales y energéticos, optimizando su utilizacion y
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manteniendo su valor en el sistema, para que estos permanezcan el mayor tiempo posible en el
ciclo productivo, reduciendo al minimo la generacion de residuos (5).

La Fundacion Ellen MacArthur (2015) define la economia circular a partir de las siguientes
caracteristicas (8):

- Los residuos se eliminan del disefio.

Los materiales de origen bioldgico pueden volver al suelo mediante el compostaje o digestion
anaerdbica y los materiales artificiales pueden disefiarse para ser recuperados, renovados y
mejorados.

- Ladiversidad genera solidez siendo motor de la versatilidad y resiliencia.

La biodiversidad es fundamental para sobrevivir a los cambios medioambientales.

- Las fuentes de energias renovables impulsan la economia.

La energia deberia ser renovable, reduciendo la dependencia de los recursos e
incrementando la resiliencia de los sistemas frente a las finitud de los recursos.

- Pensar en sistemas.

Muchos elementos forman parte de sistemas complejos en los que las distintas partes estan
fuertemente vinculadas entre si, por lo que cambios en alguna de las partes se refleja en
consecuencias comunes.

- Los precios u otros mecanismo de retroalimentacion deben reflejar los costes reales.

Los precios son un mensaje y por consiguiente deben ser transparentes con respecto a los

costes totales reales.

En paralelo a lo anterior y con un objetivo en comun, la Comisién Europea define el término de
“bioeconomia” como “la produccion de recursos biologicos renovables y la conversion de estos
recursos Y flujos de deshechos en productos de valor afiadido, como alimentos, piensos, productos
bioldgicos y bioenergia”. Busca la transicion social de la economia basada en los combustibles
fosiles a una economia de base bioldgica. Dicha transicion se basa en la sustitucién de la energia,

los plésticos, los materiales y productos quimicos de base fosil por otros de base bioldgica (9).

2. Valorizacién de residuos agricolas

2.1. Produccién de biomasa vegetal

La biomasa vegetal es aquel material derivado de las plantas que se encuentra disponible de
manera abundante en el medio natural. Debido a su bajo coste, supondria una fuente econdémica
de biocombustibles y bioproductos alternativa a los combustibles fésiles (10). Ademas, existen
distintas fuentes de esta que se diferencian en funcion de su origen en: cultivos forestales, residuos

agricolas, subproductos de la actividad industrial, residuos de origen urbano y cultivos con fines
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energéticos. De éstas, la biomasa forestal y los residuos agricolas son las més producidas y por
tanto las mas interesantes a valorizar.

En 2020 Espafia fue el primer pais europeo en produccién de frutas y hortalizas (19,6
millones de toneladas) y el cuarto en produccidn de trigo (7,8 millones de toneladas). Con respecto
a la produccion horticola, Andalucia fue la regién de Espafia con mayor produccién de hortalizas,
destacando en este sentido, la produccién de tomate (1,74 millones de toneladas), pimiento (1,05
millones de toneladas) y berenjena (245 mil toneladas).

Esta elevada produccion conlleva la generacion de una gran cantidad de residuos agricolas
que deben ser gestionados. Dicha biomasa vegetal generada no se explota totalmente ni de manera
eficiente, siendo sus usos tradicionales para; la proteccion del suelo, alimentacion animal, quema,
compostaje y ensilaje. Estas aplicaciones, de bajo valor afiadido, podrian mejorarse aumentando
dicho valor y haciendo un uso mas eficiente de los mismos. Con la valorizacion se podria
conseguir/obtener/generar de los residuos mas energia y subproductos, disminuyendo tanto el
coste de la produccion agricola y reduciendo su impacto ambiental a través de una menor
propagacion de plagas y una reduccion en las emisiones de gases de efecto invernadero (GEI),

potenciando asi el sistema de economia circular.

2.2. Biorrefineria de materiales lignocelulésicos

La biomasa vegetal o lignocelulésica la constituyen plantas o materiales de origen vegetal.
Esta biomasa es una fuente de carbono sostenible, siendo prometedor su uso para la produccion
sostenible de biogquimicos, bioetanol y biocombustibles, pudiendo sustituir a los polimeros
derivados del petréleo (11).

El concepto de biorrefineria de materiales lignocelul6sicos nace a partir de su analogia con
la refineria de petréleo, que produce combustibles y subproductos a partir del petréleo. La
biorrefineria de materiales lignoceluldsicos se define como aquella industria integrada que,
mediante el uso de biomasa lignocelulésica y la aplicacion de diferentes tecnologias, produce:
energia, biocombustibles, productos quimicos, materiales, alimentos y piensos (12). Este sistema
da lugar a la generacion de productos de alto valor afiadido, sin competir con las cadenas
alimentarias humana y animal, mediante el uso eficiente de las materias primas y los procesos,
integrando la energia generada en el proceso. Dentro de las ventajas de este sistema de
valorizacion se destacan el aumento de la competitividad, la contribucién al desarrollo sostenible
y los beneficios sociales, mediante (13):

- Obtencion de productos de valor afiadido, cuyas caracteristicas y propiedades
equivaldrian a sus anélogos tradicionales, basados en la industria petroquimica.

- Obtencion de incrementos en la productividad e ingresos industriales.

- Diversificacion de las materias primas y fuentes de energia.

- El medio ambiente y la salud poblacional se benefician de este sistema.
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- Apuesta por materias primas renovables.

- Generacién residuos biodegradables, facilmente reciclables.

- Incremento del valor de las materia primas locales.

- Mejora de la calidad de vida.

- Incentivo para el mantenimiento del medio agricola y forestal.

- Incentivo para el mantenimiento de la poblacion en el medio rural.

El proceso de valorizacion de la biomasa llevado a cabo en la biorrefineria (Figura 2) varia
en funcion de la materia prima utilizada y del producto final que se desee obtener. Las etapas de
dicho proceso con las siguientes:

- Proceso primario:

Separacion de los componentes de la biomasa en productos intermedios (ej. celulosa,
almidén, azucar, lignina, biogés, etc.). Normalmente, dicha separacién incluye operaciones de
pretratamiento, acondicionamiento y/o descomposicién. Estos productos intermediarios
generados se conocen como “plataformas de biorrefineria”. Estas plataformas seguiran siendo
procesados en la siguiente etapa, siendo la materia prima del siguiente proceso, hasta obtener los
productos finales como bioenergia y bioproductos.

- Proceso secundario:

Conversion y procesado que da lugar a productos obtenidos a partir de los productos
intermediarios (plataformas).

En la primera etapa de conversion las plataformas son procesados total o parcialmente en
precursores y otros productos intermedios. Posteriormente pueden realizarse distintas

conversiones que daran lugar a productos parcial o totalmente refinados.

Procesos secundarios

Pretratamiento
Acondicionamiento
Descomposicion

Figura 2. Esquema del proceso de biorrefineria.

En el caso particular de las biorrefinerias de materiales lignocelulésicos, se parte de una
materia prima (residuos agricolas, forestales, industriales, etc.), a partir de la cual y mediante
procesos primarios fisicos (fraccionamiento, molienda, secado, etc.), quimicos (deslignificacion,
hidrolisis, etc.), termoquimicos (gasificacion, pirdlisis, etc.) y/o biotecnoldgicos (deslignificacion

bioldgica) se obtiene un co-producto y/o una plataforma lignoceluldsica. Por un lado se obtienen
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los co-productos, considerados unidades estructurales y elementos constitutivos a partir de los
cuales y mediante procesos secundarios fisicos, quimicos, termoquimicos y/o biotecnolégicos, se
producen otros productos de mayor tamafio o complejidad. Y por otro lado se obtienen las
plataformas lignocelulésicas, las cuales, mediante procesos secundarios fisicos, quimicos,
termoquimicos y/o biotecnolégicos, generan co-productos, bioproductos y/o bioenergia (Figura
3).

Residuos agricolas

Materia prima Residuos forestales
Residuos industriales
l Quimicos
Procesos primarios Fisicos — Co-producto
Termoquimicos
Biotecnologicos
| Quimicos Co-producto
. Fisicos :
Procesos secundarios — Bioproducto

Termoquimicos

Biotecnologicos Bioenergia

Figura 3. Esquema del proceso de biorrefineria de materiales lignoceluldsicos

3. Materiales lignocelulésicos

3.1 Composicién vy estructura

Los residuos agricolas lignocelulésicos suponen una fuente abundante y barata de fibras de
celulosa, cuya composicion, estructura y propiedades las hacen aptas para su aplicacion
tecnoldgica.

La célula vegetal posee una pared celular compuesta mayoritariamente por carbohidratos
(celulosa y hemicelulosa), compuestos fendlicos (contenidos en la lignina) y una pequefa
proporcion de proteinas estructurales. Por tanto, la composicion principal de los materiales
lignoceluldsicos son celulosa, hemicelulosa y lignina (14) (Figura 4). La proporcién de cada uno
de los componentes en la materia vegetal dependera de la fuente de esta.

El principal componente estructural de la pared celular de la planta es la celulosa, constituida
por una cadena de moléculas de glucosa, unidas entre si por enlaces glicosidicos. El segundo es
la hemicelulosa, polisacarido compuesto por unidades de monosacaridos de 5 y 6 carbonos. La
lignina, tercer componente mayoritario, es un polimero tridimensional de unidades
fenilpropanoides. Se considera el pegamento celular, aportando rigidez a la pared celular, ademés
de actuar como barrera frente a los insectos y patdgenos. Dichos componentes proporcionan
resistencia estructural al tejido vegetal debido a la formacion de microfibrillas (unién
hemicelulosa-celulosa) que se entrecruzan con la lignina, creando una compleja red de enlaces
(15).

10



Introduccion

Hemicelulosa

Celulosa

Figura 4. Ordenacion espacial de los principales componentes de la biomasa lignocelul6sica.

3.2, Celulosa

La celulosa es un biopolimero constituido por cadenas lineales de celobiosa (D-
glucopiranosil-f-1,4-D-glucopiranosa) unidad entre si por un enlace glucosidico p (1-4) (Figura
5). Esta linealidad aportada por este enlace da lugar a una molécula rigida. Los grupos hidroxilo
de la cadena de celulosa sobresalen de manera lateral de la molécula, facilitando su disponibilidad
para enlaces de hidroégeno intramolecular e intracadena. Estos enlaces dan lugar a agrupaciones
de cadenas que generan una estructura cristalina muy ordenada.

La celulosa presenta regiones cristalinas y regiones amorfas (16). En las regiones cristalinas,
los enlaces de hidrégeno intercadena generan fibras resistentes, insolubles en la mayoria de los
disolventes y con puntos de fusion elevados. En las regiones amorfas, las cadenas estan mas
separadas y disponibles para otras moléculas (ej. agua). Por este hecho, la celulosa es considerada
higroscépica, debido a que puede absorber grandes cantidades de agua, pero hidrofébica, porque
no se disuelve en ella (17). Esta polaridad de la celulosa limita su compatibilidad con compuestos
apolares (18).

En la celulosa proveniente de biomasa vegetal se encuentran dos formas cristalinas, celulosa
I y celulosa Il, aunque la celulosa tiene cuatro polimorfos cristalinos: I, II, I 'y IV. Al tratar la
celulosa I con una solucion acuosa de hidroxido de sodio se forma la celulosa Il. Al tratar las
celulosas | y Il con amoniaco liquido se da lugar de la celulosa Il cristalina. Por Gltimo,
sometiendo a tratamiento térmico a la celulosa 111 se obtiene la celulosa IV cristalina (17).

El contenido de celulosa influye en las propiedades y aplicaciones de esta. En el caso de la
biomasa vegetal con mayor contenido de celulosa serian preferibles para aplicaciones textiles y
papeleras. Por otro lado, las fibras con mayor contenido en hemicelulosa serian preferibles para
producir etanol y otros productos de fermentacion por su facil hidrolisis a aztcares fermentables.
A pesar de esto, el valor del subproducto obtenido depende de la calidad de las fibras y de su uso

final, no del contenido de celulosa en si mismo (15).

11
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\
Enlaces de hidrogeno /)\\”
intermoleculares .

Enlaces de hidrogeno
intramoleculares

\ Enlace glucosidico f (1-4)

OH

Figura 5. Estructura quimica de la celulosa (11)

Tradicionalmente, la celulosa se ha empleado en la fabricacion de pasta de celulosa, papel,

carton, pasta de celulosa moldeada, ésteres de celulosa, etc. En la actualidad se estan estudiando

y desarrollando numerosas aplicaciones de esta para la obtencién de productos con un mayor

valor afiadido como se observa en la Tabla 1 (13).

Tabla 1. Productos obtenidos a partir de la celulosa y su aplicacion.

Recurso

Producto

Aplicacion

Fibras celulosicas

Biofibras de celulosa

Nanofibras de celulosa

Nanocristales de celulosa

Industria papelera y
envasado (agente de refuerzo

y/o carga)

Celulosa de alto peso

molecular

Celulosa microcristalina

Industria farmacéutica
(aglutinante, diluyente,
adsorbente)

Carboximetilcelulosa

Aditivo industrial

(propiedades reoldgicas)

Oligémeros y glucosa

Etanol, acido lactico, sorbitol,
glutamato monosddico, acido

glutdmico

Biocombustibles y aditivos
industria alimentaria
(acidificador, endulzante,

potenciador del sabor)

Productos de la degradacion

de la glucosa

5-hidroximetilfurfural (HMF), &cido

levulinico

Aplicacidn industrial

12
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3.3. Hemicelulosa

La hemicelulosa es un polisacérido ramificado con grupos heterogéneos (heteropolisacarido)
de hexosas y pentosas con bajo peso molecular ((Grado de polimerizacion (DP) 50 — 500)),
sintetizadas por glicosiltransferasas localizadas en las membranas del Aparato de Golgi. Tienen
una estructura amorfa, por lo que no son quimicamente estables como la celulosa. Son
hidrofébicas, pero se disuelven en medio alcalino (13).

Se pueden clasificar en xilanos, xiloglucanos, mananos y glucomananos, en base a su cadena
principal de glucosa, xilosa y/o manosa, con enlaces 3 (1-4) en posicion C1y C4 (19,20). Cadenas
de 1 a 4 unidades en posicién ecuatorial de los oligosacaridos: D-galactosa, D-manosa, L-
arabinosa, D-xilosa, L-fucosa, L-ramnosa y/o D-acido glucurdnico), constituyen las
ramificaciones de las hemicelulosas (Figura 6).

Las unidades constituyentes, estructura y contenido total de la hemicelulosa varian en
funcidn del tipo de especie, dentro de la misma especie y segun el tejido anatdmico y la fisiologia

del vegetal.

H,CO Q
HO HsC. -0
OH
| I
ST AR~}
18] o] 0-
© OH n
O-
0 OH

Figura 6. Estructura quimica de la hemicelulosa.

La funcion principal de la hemicelulosa es su interaccién mediante enlaces covalentes y no
covalentes con la celulosa, incluyendo puentes de hidrégeno, y lignina, para proporcionar rigidez
a la pared celular.

En funcidn de la finalidad y uso que quiera darse a las hemicelulosas, su tratamiento sera
distinto. En la fabricacién de papel resultan fundamentales por su capacidad de enlace y naturaleza
viscoelastica, ya que le aportan al papel propiedades como plasticidad, flexibilidad, rigidez y
dureza, entre otras. En cambio, en los procesos de biorrefineria se trata de hidrolizar estas
hemicelulosas con enzimas especificas (16).

Al igual que con la celulosa, actualmente se estan estudiando y desarrollando diversas

aplicaciones para la obtencion de productos con un mayor valor afiadido (Tabla 2) (13).

Tabla 2. Productos obtenidos a partir de la hemicelulosa y su aplicacion.

13
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Recurso Producto Aplicacién
Hemicelulosas de alto peso . o Industria envasado
Film polimérico
molecular
Etanol Biocombustible
- Industria alimentaria y cosmética
Xilitol
(edulcorante y retenedor de humedad)
Oligémeros y xilosa Biocombustible, solvente,
Butanol »
plastificantes, etc.
) Biocombustible, precursor de
2,3-Butanodiol i ) o
polimeros y resinas sintéticas
Productos de la degradacion de la Furfural Aplicacion industrial
xilosa Acido levulinico (metal, insecticidas)
3.4.  Lignina

La lignina es un polimero complejo, amorfo y tridimensional conformado por alcoholes
aromaticos (monolignoles). EI monolignol presenta tres tipos de monémeros en funcion del grado
de metoxilacion: alcohol p-cumarilico, alcohol coniferilico y alcohol sinapilico. Estos lignoles se
incorporan a la lignina en forma de los fenilpropanoides: p-hidroxifenilo (H), guayacol (G) y
siringilo (S) (21) (Figura 7).

0N ENChe

p-coumaryl alcohol Coniferyl alcohol

MeO A ol 5{ o

HO

OMe OH OH
Sinapyl alcohol
‘vIeO
OH
MeO
¢ 0
HO MeO

OH \ OH

OH
MeO

Figura 7. Estructura quimica de la lignina (alcohol p-cumarilico, alcohol coniferilico y alcohol

sinapilico) (11)

Es el polimero aromatico mas abundante en el planeta y el segundo polimero organico

después de la celulosa. Ademas, constituye el 15-40% del peso seco de las plantas lefiosas (22).
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Se localiza en la pared celular secundaria, ejerciendo de nexo de union entre las fibras celuldsicas.
En este sentido, aporta rigidez a la planta, resistencia a la degradacion e impermeabilidad a los
materiales lignoceluldsicos. Ademas, ejerce un papel protector de los polisacaridos de la pared
celular frente al ataque microbiano, confiriéndole resistencia a la descomposicion (23).

El estudio de este polimero, asi como la mejora del proceso de obtencion en biorrefinerias,
han contribuido al avance en nuevas aplicaciones de la lignina, cuyo producto supondria

materiales de mayor valor afiadido (24)(13) (Tabla 3).

Tabla 3. Productos obtenidos a partir de la lignina y su aplicacion.

Recurso Producto Aplicacién

Licor residual ) ) )
) ) Combustible Biocombustible
(industria papelera)

) Industria cerdmica, pigmentos,
Dispersantes ]
tratamiento de aguas, etc.

- Suelo, asfalto, cera, goma, jabdn, latex,
Emulsificantes

etc.

Metales en aguas industriales,

i o Secuestrantes ] . ]
Polimeros de lignina micronutrientes y agricultura.

i Cemento, limpiadores industriales,

Aditivos . o

gomas, plasticos vinilicos, etc.
Adhesivos Paneles de madera

Co-reactivo de ) ) )
. . Adhesivos en la industria maderera
polimeros y resinas

Monémeros de lignina Vainillina Industria alimentaria (saborizante)
Dimetilsulfuro (DMS) Aplicacion industrial
Productos de degradacion Dimetilsulfoxido Aplicacion medicinal e industria
(DMSO) farmacéutica.
Gas, aceite y carbén Energética

3.5. Componentes minoritarios

Ademas de los componentes estructurales que conforman la pared celular de la planta,
existen otros compuestos no estructurales que representan un porcentaje reducido con respecto al
peso del material lignocelulésico (1-12%). Aunque su concentracion sea baja y no influyan en la
estructura y morfologia de la pared celular, desempefian funciones fisioldgicas vitales para la

célula vegetal.

3.5.1. Compuestos extraibles
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En esta categoria se incluyen aguellos componentes extracelulares y/o que no forman parte
de la estructura tridimensional de la pared celular. Ademés, son compuestos de bajo peso
molecular y facilmente extraibles.

Estos compuestos se clasifican segun su solubilidad, en compuestos lipofilicos e hidrofilicos
(25). Los lipofilicos consisten principalmente en acidos grasos, alcoholes, hidrocarburos,
terpenoides, esteroides, glicéridos y ceras. Estos pueden determinar algunos parametros
organolépticos de las plantas como el olor, color y gusto. Ademas, aportan a la planta defensa
frente a posibles patégenos. Los hidrofilicos consisten principalmente en compuestos fenélicos

(estilbeno, lignanos, taninos, flavonoides, etc.).

3.5.2. Proteinas

En la pared celular de las plantas se encuentran proteinas cuya composicion consta de uno o
dos aminoacidos. Se clasifican segun su funcién: i) proteinas estructurales, encargadas de una
funcion estructural, ricas en extensina, prolina y/o glicina, que, interaccionan con los
carbohidratos presentes en la pared celular, y ii) proteinas activas, encargadas de llevar a cabo las

funciones enzimaticas y de reconocimiento de la pared celular.

3.5.3. Pectinas

En la pared celular se encuentran unos polisacaridos que no forman fibras y se localiza entre
los microfilamentos de celulosa, las pectinas. Su componente mayoritario es el acido D-
galacturénico. La lamela media de las células vegetales esta compuesta principalmente por
pectina, que forma una matriz porosa entre la que se colocan el resto de los componentes, y

combina con células adyacentes favoreciendo la union celular.

3.5.4. Cenizas

Ademas de los elementos mayoritarios de la célula vegetal (carbono, hidrégeno, oxigeno,
etc.), existen otros indispensables como el nitrégeno, fosforo, azufre, potasio, sodio, calcio,
magnesio, hierro, cobre, zinc, manganeso, cloro, etc., algunos de ellos metales. Su concentracion
depende en gran medida de la parte anatémica, asi como del tipo de suelo de cultivo.

Es importante determinar el contenido de metales para la evaluacion de las fibras obtenidas
para su procesado (biorrefinerias e industria papelera) como para su combustién (26). En este
sentido, cuando la fibra vegetal se somete a combustidn, los procesos de incineracion o quema,
los elementos no metalicos desaparecen, mientras que los elementos metalicos se incorporan al

suelo en forma de 6xidos.

4, Nanocelulosa

La nanocelulosa es un polimero extraido de las fibras de celulosa. Su diametro es inferior a

100 nm y su longitud oscila entre 1 y 4 micrémetros, siendo su relacién de aspecto (L/D) alta.
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Posee bajo peso y densidad (1,6 g/cm®), y unas excelentes propiedades mecanicas. De estas
Gltimas destaca principalmente su rigidez, alcanzando 220 GPa de mddulo elastico y 10 GPa de
resistencia a la traccién. Ademas, es transparente y se puede funcionalizar facilmente debido a los
grupos hidroxilo de su superficie, otorgandole asi diversas propiedades (27-29).

Conocer el tamafio de las fibras de celulosa es importante para determinar su posible
aplicacién. En la Tabla 4, se clasifican las distintas estructuras de la fibra de celulosa, asi como

su diametro, longitud y relacién de aspecto (L/D)(30).

Tabla 4. Estructuras de la celulosa y su tamafio (didmetro, longitud y relacion de aspecto).

Estructura Diametro (nm) Longitud (nm) Relacién aspecto (L/D)
Microfibra 2-10 > 10000 > 1000
Celulosa microfibrilada 10-40 > 1000 100-150
Nanocristales de celulosa 2-20 100-600 10-100
Celulosa microcristalina > 1000 > 1000 1
Nanofibras de celulosa <100 1000-4000 <40

41, Tipos de nanocelulosa

La nanocelulosa se clasifica en funcion de la morfologia, tamafio de particula, densidad,
fuente de obtencion, método de extraccion, etc., aunque los tres tipos de nanocelulosa

mayoritarios son similares en cuanto a su composicion quimica (31,32).

4.1.1. Nanocristales de celulosa

Los nanocristales de celulosa son nanocelulosas de alta resistencia que, mediante hidroélisis
acida, se extraen de las fibras de celulosa, hidrolizandose las regiones amorfas y manteniéndose
las cristalinas (27,32) (Figura 8). Tienen forma de vara, su didmetro es de 2-20 nm y su longitud
de 100-500 nm. Presentan una elevada cristalinidad (54-88%) y en estas regiones cristalinas se

encuentra la totalidad de la composicién quimica de la celulosa (31).

Region Region
cristalina amorfa
m P },\ Hidrélisis cida —
- —
NN AN —
Celulosa Cadena de celulosa Manocristales de celulosa
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Figura 8. Obtencidn de nanocristales de celulosa mediante hidrolisis &cida.

4.1.2. Nanocelulosa bacteriana

La nanocelulosa bacteriana es generada por bacterias, las mas conocida Gluconacetobacter
xylinus, aunque hay otras como Gluconacetobacter, Agrobacterium tumefaciens, Rhizobium, que
se produce por la acumulacion de azucares de bajo peso molecular, durante un periodo que puede
comprender desde dos dias a dos semanas. Tienen la misma composicion quimica que los
nanocristales y nanofibras de celulosas. Ademas, se presenta con una morfologia de cintas
retorcidas y su tamafio es de 20-100 nm de didmetro y longitudes micrométricas (33).

La diferencia con los otros tipos de nanocelulosa radica en su proceso de obtencion. Tanto
los nanocristales como las nanofibras de celulosa siguen un proceso descendente, en el que a partir
de biomasa lignocelulésica se obtienen dichos nanocompuestos impuros, debido a la presencia de
fracciones de otros componentes como la hemicelulosa, lignina, pectinas, etc. En cambio, la
nanocelulosa bacteriana se obtiene a partir de un proceso ascendente, en el que la bacteria genera
azucares, los cuales, a partir de polimerizacién, organizacion y cristalizacion de las cadenas
obtenidas, se ordenan dando lugar a este nanomaterial. Es por ello por lo que la nanocelulosa
bacteriana siempre se encuentra en su estado puro, debido a la ausencia de otros constituyentes

de los materiales lignocelulésicos (34,35).

4.1.3. Nanofibras de celulosa

La nanofibra de celulosa es larga, flexible y enredada que puede extraerse de las fibras de
celulosa por métodos mecénicos (27). Tiene la misma composicion quimica que la celulosa, con
regiones cristalinas y amorfas. Presenta un didmetro de 1-100 nm y una longitud de 1000-4000
nm (34). Posee una elevada area superficial y gran cantidad de grupos hidroxilo en la superficie
gue son accesibles, permitiendo diversas modificaciones en la nanofibras (31).

Puede someterse a procesos de purificacion, como en el caso de los nanocristales de celulosa,
con el objetivo de eliminar el resto de los componentes del material lignocelul6sico que pueden
estar presentes. En este sentido, si no se realiza un proceso de blanqueo, los restos de lignina
presentes en la fibra se mantendran, obteniéndose asi las lignonanofibras de celulosa (LNFC).
Aunque la composicion quimica de estas LNFC varie en comparacion con las nanofibras de
celulosa por la presencia de lignina, poseen similares caracteristicas.

La produccion de las nanofibras de celulosa se realiza, como se cita posteriormente por
métodos mecanicos, mediante la delaminacion de las fibras celul6sicas previamente sometidas a

distintos pretratamientos para facilitar la desintegracion.
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Figura 9. Desintegracién del material lignocelulésico en celulosa, hemicelulosa y lignina

mediante pretratamiento.

4.1.4. Otros tipos de nanocelulosas

- Nanocristales de celulosa vellosa (HCNC): se extraen de las fibras de celulosa a partir de
un tratamiento quimico, pero no siguiendo los métodos convencionales (tratamientos mecénicos
o hidrdlisis acida). Mediante este tratamiento se solubilizan las regiones amorfas, aunque las
cristalinas permanecen igual que en la extraccion de los nanocristales de celulosa. Por tanto, tiene
una elevada cristalinidad y su morfologia es similar a la de los nanocristales de celulosa, pero
conteniendo regiones amorfas, similares a la nanofibra de celulosa (36).

- Nanocristales de celulosa estabilizados estéricamente (SNCC): estos nanocristales son
derivados de la HCNC, producidos mediante una reaccion quimica con ion peryodato, con un
posterior tratamiento térmico. Este ion rompe los enlaces C»-Cs de las unidades de glucosa,
ademas de convertir los grupos hidroxilo de C,-Cs; en aldehidos. Resultado de esta reaccion, se
crean cadenas de dialdehidos en los extremos de las regiones cristalinas, haciendo a estos
nanocristales muy reactivos y facilmente funcionalizables (37).

- Nanocristales de celulosa estabilizados electrostéricamente (ENCC): estos nanocristales
son derivados de la HCNC, producidos mediante reaccion de oxidacién con ion peryodato/clorito.
Con esta reaccidn, las regiones cristalinas se extraen y sobresalen por las cadenas dicarboxiladas.
Estas dan lugar a una mayor estabilidad coloidal, en comparacién con los nanocristales de celulosa
(38).
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4.2, Obtencidn de nanofibras de celulosa a partir de biomasa lignocelulésica

La obtencién de nanocelulosa a partir de biomasa lignocelulésica consta de dos grandes
etapas. En la primera etapa, purificacion, se obtienen las fibras de celulosa, eliminando los
componentes no celulésicos de la matriz: hemicelulosa, lignina y otro compuestos minoritarios.
La segunda etapa consta de diversos métodos de extraccion (pretratamiento mecéanico, biolégico
y quimico, y tratamiento) para la obtencidén de nanocelulosa a partir de las fibras de celulosa
obtenidas (Figura 10).

TRATAMIENTO

NICO

Carboximetilacion - ; or
Refinad S L Homogenizacion Modificacion
Pasteo efinado Oxidacion catalitica Eitadiin quimica
Molienda Hidrolisis enzimatica S Fraccionamiento
Blanqueado Ultrasonicacion

Etapa 1 Etapa 2

Figura 10. Diagrama de la produccion de nanofibras de celulosa.

4.2.1. Obtencién de las fibras celulésicas

Para la obtencion de las fibras celulésicas y posterior obtencidn de nanocelulosa, la biomasa
es sometida a un pretratamiento, eliminando los demas componentes no celulésicos.

La liberacion de las fibras de celulosa de la matriz puede realizarse mediante métodos
mecanicos 0 semimecanicos, 0 quimicos o semiquimicos. Los métodos mecanicos dan lugar a un
rendimiento mayor del proceso, debido a que aprovechan la biomasa casi en su totalidad, pero
son muy costosos a nivel energético. Los métodos quimicos presentan un rendimiento menor y
son energéticamente mas eficientes, debido a que el residuo resultante del proceso de pasteo se
puede recircular y/o quemar para obtener energia del mismo (39).

- Método mecénico: la pasta de celulosa se obtiene mediante el refinado de la biomasa
vegetal en agua mediante la accion mecéanica llevada a cabo en el centro de discos giratorios
ranurados. Este método no permite eliminar por completo la cantidad de lignina.

- Método quimico: el objetivo principal de este método de obtencion de las fibras de
celulosa es la eliminacion de la lignina. Dicha deslignificacion se lleva a cabo mediante la
degradacion de las moléculas de lignina, llevandolas a una solucion y eliminandolas por lavado.
En este proceso también se pierde celulosa y hemicelulosa debido a que no existen reactivos que
sean totalmente selectivos con la lignina. Ademas, la eliminacion completa de la lignina no se

puede conseguir sin dafiar gravemente a estos carbohidratos, por lo que después de este proceso
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queda una cantidad de lignina en la pasta celulésica, determinada por el nimero Kappa. Existen
varios métodos quimicos para la obtencion de las fibras celulésicas, entre los que se encuentran:

el proceso Kraft, el proceso de sulfitacion, el proceso alcalino, etc.

4.2.2. Obtencién de nanofibras de celulosa

Los tratamientos de desintegracion de las fibras de celulosa requieren un elevado consumo
energético debido a los numerosos ciclos de tratamiento necesarios para dar lugar a una
separacion optima de las nanofibras. Se han estudiado y desarrollado diversos pretratamientos
para facilitar el tratamiento de nanofibrilacion, asi como para reducir el consumo energético del

mismo.

4.2.2.1. Pretratamientos para la obtencion de nanofibras de celulosa

El objetivo del pretratamiento es facilitar el tratamiento mecanico posterior para la obtencién
de nanofibras de celulosa, asi como reducir el consumo energético derivado del tratamiento
mecanico necesario para la obtencion de esta. El tipo y propiedades de las nanofibras de celulosa
obtenidas dependera en gran medida, ademas de la materia prima, de la técnica de extraccion
utilizada. Se puede destacar:

422.1.1. Carboximetilacion

La carboximetilacién es un proceso que, mediante un reaccion quimica entre la celulosa y el
acido monocloroacético, y en presencia de hidréxido sodico, se sustituyen los grupos hidroxilo
de la cadena de celulosa por grupos carboximetilos (CH,COOH). La presencia de hidréxido
sodico da lugar a condiciones alcalinas que favorecen la hinchazén de la fibra y aumentan la
reactividad de los grupos hidroxilos de la celulosa. Este proceso ocurre en dos etapas consecutivas
de basificacion y eterificacion, utilizando isopropanol como solvente (40,41).

Este pretratamiento facilita la liberacién de las fibrillas durante el tratamiento de
desintegracion y da lugar a fibrillas muy cargadas superficialmente (0,5 meq-g?). En el
tratamiento posterior de desintegracion se pueden lograr nanofibras con un diametro de 5-15 nm

de didmetro y una longitud mayor a 1 pum.

4221.2. Oxidacién catalitica TEMPO

En la oxidacién catalitica mediada por el radical 2,2,6,6-Tetrametilpiperidina-1-oxilo, junto
con el oxidante, hipoclorito sddico (NaClO), se oxida a carboxilatos el grupo hidroxilo de la
celulosa. La oxidacion se lleva a cabo en medio acuoso con un elevado valor de pH, donde el
reactivo TEMPO y el bromuro de sodio (NaBr) se disuelven, afiadiendo posteriormente NaClO

para que comience la oxidacion.
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Es el pretratamiento mas efectivo y utilizado para la produccion de nanofibras de celulosa,
obteniéndose con un diametro de 3-4 nm, longitud de 1-4 um y elevada relacién de aspecto
(42,43).

42.2.1.3. Hidrolisis enzimatica

La hidrdlisis enzimatica es el proceso de tratamiento bioldgico mediante el cual se utilizan
enzimas para digerir o modificar las fibras de celulosa (44). Supone una alternativa
ambientalmente favorable en comparacion con el uso de pretratamiento quimicos. Las celulasas
son las enzimas encargadas de hidrolizar las fibras de celulosa y se clasifican en funcién de su
actividad (45).

- Endoglucanasas o [-1,4-endoglucanasas: hidrolizan los enlaces [-1,4-glucosidicos
accesibles de las regiones amorfas de la celulosa, generando fibras acortadas con nuevos extremos
de cadena.

- Exoglucanasas o celobiohidrolasa: liberan celobiosa como producto mediante su
actuacion en los extremos de la cadena de celulosa.

- B-glucosidasas: hidrolizan la celobiosa en glucosa.

Este pretratamiento aumenta la hinchazén de la fibra de celulosa en agua, facilitando su
desintegracion y tratamiento posterior. Las nanofibras de celulosa obtenidas tienen un diametro
de 10-20 nm y son mas homogéneas que las obtenidas mediante pretratamiento mecanico.

42.2.1.4. Refinado mecanico

Este proceso consiste en someter a las fibras de celulosa a fuerzas cizalla (refinado PFI,
molino, etc.) para producir una separacion mecanica de las mismas. Puede ser un pretratamiento
en si mismo o parte de alguno de los pretratamiento anteriormente descritos. El refinado mecanico
incrementa los potenciales de unién de las fibras y favorece la capacidad de hinchazén debido a
la exposicion de las fibrillas de celulosa, facilitando su posterior desintegracion (46).

El refinado PFI es un tipo de pretratamiento mecanico conformado por un molén cilindrico
y un sistema de carcasa que giran en el mismo sentido, pero con velocidades tangenciales
diferentes. La diferencia de velocidades hace que las fibras se expongan a friccion, rozamiento y
comprension. Tras un refinado mecanico severo (20.000-30.000 revoluciones) las fibras alcanzan

un nivel de refinado suficiente (80-90 °SR) para someterlas a la desintegracion (47).

4.2.2.2. Tratamientos para la obtencién de nanofibras de celulosa

Con el objetivo de desintegrar y degradar la estructura de la fibra de celulosa y asi
convertirlas en nanofibras de celulosa, estas se someten a una desintegracion mecanica.
Existen diversos tratamientos mecanicos para dar lugar dicha desintegracion, entre los que

Se encuentran:
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- Homogeneizacién a alta presion: se fuerza el paso de la suspensidon de fibras de celulosa
a través de una ranura a una presién elevada (100-2.000 bares), utilizando un pistén y un conjunto
de vélvulas. Con la apertura y cierre de las mismas, las fibras se someten a una gran caida de
presion con elevadas fuerzas de cizallamiento e impacto. Estas fuerzas dan lugar a una elevada
desintegracion de fibras, produciéndose asi las nanofibras de celulosa. Se hace pasar a la
suspensién de fibras de celulosa, con una consistencia del 1% aproximadamente, durante 5-10
pases a través del homogeneizador a una presion entre 600-1.000 bares. Después dichos pases, la
suspensidn de nanofibras de celulosa da lugar a un gel viscoso y estable (48).

- Microfluidizacién: la suspensién de fibras de celulosa, con una consistencia del 1%, se
bombea a través de un microfluidizador con camaras de interaccion donde son sometidas a
elevadas fuerzas cizalla. Para una desintegracion de las fibras completas, se estiman necesarios
entre 10 y 20 pases a través del equipo, alcanzando hasta 2.760 bares, obteniendo unas fibras de
un didmetro entre 5-20 nm (49).

- Extrusion: el proceso de desintegracion de las fibras de celulosa puede llevarse a cabo en
una extrusora de doble tornillo que genera fuerzas de friccion (50). A diferencia de los
tratamientos anteriores, donde las suspensiones de las nanofibras de celulosa tienen una
consistencia del 1-2%, la extrusion permite obtener consistencias del 20-40%, aumentando la
eficacia y rapidez, suponiendo una bajada de costes del proceso.

- Ultrasonicacion de alta intensidad: se genera un proceso de cavitacion de gran poder
mecanico-oscilante, que consiste en la formacion, expansion e implosién de burbujas de gas
microscopicas cuando las moléculas absorben energia ultrasonica. El resultado de este tratamiento
es un producto heterogéneo, con mezcla de micro y nanofibras (51). Requiere un elevado

consumo energético, disminuyen el rendimiento y acortan la longitud de la fibra.

5. Aplicacion de lignonanofibras de celulosa

En los ultimos afios se ha mostrado un creciente interés en la produccion de nanocelulosa
debido a que juega un papel importante en el sector industrial, acompafiado de un crecimiento
econdémico. Dadas sus excelentes propiedades mecanicas y fisicas, alta resistencia, elevado
Modulo de Young, propiedades Opticas, propiedades reoldgicas, atraccion electrostatica,
autoensamblaje ajustable, biocompatibilidad, entre otras (34), su uso puede abarcar diversas
aplicaciones, como dispositivos electronicos, cosméticos, dispositivos biomédicos y envases
alimentarios (52) (Figura 11).

Como se ha detallado en la seccion 4.1., la nanocelulosa se puede presentar en diferentes
formas, siendo las mayoritarias: nanocristales de celulosa, nanofibras de celulosa y nanocelulosa
bacteriana. Este hecho, unido a las distintas metodologias de obtencién de la misma, da lugar a
materiales con distintas estructuras y funciones, a partir de los cuales se podrian desarrollar

diversas aplicaciones que generen productos de gran valor afiadido (53,54).
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Basandose en estas propiedades, la nanocelulosa se ha aplicado directamente para reforzar
distintas matrices poliméricas y desarrollar nuevos materiales con propiedades funcionales

mejoradas y/o novedosas.
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00000006 J i

| Nanocristales de celulosa

(
r’ A -
* / ¢ Nanocelulosa Bacteriana

Celulosa

APLICACIONES

o e m mm e mm M M mm mm mm m mm M m mm M mm mm m mm mm mm m mm e mm mm o

I Ingenieria civil Biomedicina Industria alimentaria Cosmética \
1 Hidrogeles (soporte Aditivos alimentarios :
! Material de de medicamentos) I
: aislamiento Envases activos Cosméticos activos |
I Modelos 3-D cultivos :
! Refuerzo de celulares humanos Coatings Cosmeceutica |
: cemento 1
l\ Membranas activas Envoltorios /l
~ e

Figura 11. Aplicaciones de nanocelulosa.

5.1. Refuerzo de papel

En los ultimos afios, debido al aumento de las politicas destinadas al reciclaje, la industria
papelera ha incrementado la produccion de papel a partir de fibras de celulosa reciclada para
producir envases de cartdn. Estas fibras recicladas tienen peores propiedades fisicoquimicas que
las fibras de celulosa original debido un efecto conocido como “hornificacion” de la fibra. La
hornificacién es una alteracion de las capas externas de la celulosa que se produce en el proceso
de secado del papel y durante su exposicion a condiciones ambientales, afectando a las
propiedades de resistencia del papel. Para mejorarlas, la tecnologia mas usada por su facilidad de
operacion y bajo coste es el batido mecénico. Sin embargo, aunque el batido mecanico aumenta
la superficie especifica, la capacidad de hinchamiento y las propiedades mecanicas de las fibras,
también genera un dafio estructural a largo plazo, asi como la creacion de finos. Estos empeoran
las propiedades de drenaje y disminuye la vida Gtil de estos productos (55).

Debido a estos inconvenientes, existe la posibilidad de usar otras tecnologias para disminuir
la pérdida de propiedades mecénicas de los productos reciclados, como la adicion de fibra virgen,
la adicion de productos quimicos, o algunas mas innovadoras, como el refinado enzimatico o la
adicion de nanofibras de celulosa (56). Las nanofibras de celulosa presentan una elevada

superficie especifica, en comparacion con la fibra original, lo que permite una alta capacidad de
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adhesion con las fibras adyacentes, actuando como enlace entre las fibras y favoreciendo un

aumento de sus propiedades mecanicas (57).

5.2. Desarrollo de envases alimentarios

Los envases alimentarios desempefian un papel fundamental en la proteccion, mantenimiento
y mejora de la calidad y la seguridad de los alimentos durante su transporte, distribucién y
almacenamiento (58). Tradicionalmente, los materiales utilizados para producir envases
alimentarios han sido polimeros plasticos de origen petroquimico, siendo los mas comunes:
tereftalato de polietileno (PET), cloruro de polivinilo (PVC), poliamida (PA), poliestireno (PS),
polipropileno (PP), polietileno (PE), etc., ademas de papel, metal y vidrio. El uso generalizado de
estos envases de plastico se debe a una serie de ventajas tecnoldgicas (propiedades mecénicas,
rigidez y flexibilidad, propiedades barrera al oxigeno y la humedad), econdmicas (bajo coste) y
operativas (facilidad de produccién) (59,60).

La produccion de plasticos se ha multiplicado por 20 en los Gltimos 50 afios y se espera que
se duplique en los préximos 20. En 2019, la produccién mundial de plastico alcanzé los 380
millones de toneladas. Los envases plasticos alimentarios suponen la principal aplicacién de estos
materiales, con el 39,7% del volumen total producido (61).

A pesar de los beneficios que los envases plasticos aportan a la industria alimentaria, el uso
de estos materiales, no renovables y no biodegradables, plantea serias preocupaciones sobre su
impacto medioambiental. Su produccion representa alrededor del 6% del consumo mundial de
petroleo. Si el crecimiento exponencial actual del uso de plasticos continGa al mismo ritmo, los
recursos petroliferos se agotaran considerablemente (62-65). Ademas, la salud humana pueden
verse afectada negativamente debido a la posibilidad de migracién de sustancias quimicas de los
envases plasticos a los alimentos (59). Por este motivo, se ha desarrollado un interés creciente en
la blasqueda de sustitutos adecuados a dichos polimeros (66). El desarrollo y la utilizacién de
recursos biolégicos, abundantes y sostenibles, se propone como una de las alternativas a los
materiales convencionales (67).

La industria de los biopolimeros representa sélo el 1% de todos los plasticos procesados a
nivel mundial, aunque esta experimentando un rapido crecimiento, con un aumento del 700%
entre 2009 y 2018 (68). El uso de estas fuentes de materiales para la formulacién de envases
alimentarios estd aln en desarrollo. La dificultad consiste en encontrar biopolimeros que
presenten propiedades similares o comparables a las utilizadas comercialmente.

El origen de los biopolimeros puede ser natural como el almiddn, quitosano, celulosa, etc., y
sintético como el acido polilactico (PLA), &cido poliglicélico (PGA), alcohol polivinilico (PVA),
etc. (69). Los biopolimeros sintéticos tienen un potencial para mejorar las propiedades de los
envases, como la durabilidad, biodegradabilidad, flexibilidad y alto brillo (70). A pesar de estas

ventajas, estos materiales tienen peores propiedades mecénicas, térmicas y barrera, en
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comparacion con los materiales plésticos convencionales. Con el desarrollo de la nanotecnologia,
han surgido materiales alternativos para su aplicacion en materiales de envasado de alimentos.

El alcohol polivinilico (PVA) es un polimero sintético obtenido mediante la hidrolisis del
acetato de polivinilo. Es biodegradable, biocompatible, semicristalino, no téxico y soluble en
agua. Debido a su gran capacidad de establecer puentes de hidrégeno con las superficies
hidrofilicas de distintos biomateriales, sus propiedades fisicas y dpticas, y su resistencia quimica,
presenta un gran potencial tecnol6gico. Ademas, su combinacidn con otros componentes mejora
su rendimiento y propiedades de barrera (71,72).

El &cido polilactico (PLA) ha cobrado especial interés en los ultimos afios en su uso como
material de envasado de alimentos (73-75). Es un poliéster alifatico formado por unidades
monomeéricas de acido lactico, derivado de fuentes renovables, biodegradable y biocompatible
(76). Debido a sus propiedades mecénicas, térmicas y Opticas, podria sustituir a los polimeros
plasticos comerciales como el polipropileno (PP), el poli(tereftalato de etileno) (PET) y el
poliestireno (PS) (77,78). Este polimero proporciona rigidez y transparencia cuando se formula
en materiales de envasado, aunque su aplicabilidad como material de envasado de alimentos se
ve dificultada por su baja barrera al vapor de agua y moderada barrera a los gases (79,80). En este
sentido, la adicion de LNFC podria mejorar sus propiedades barrera aumentando la cristalinidad
y actuando como regiones impermeables (81,82).

El Ecoflex® es un copoliéster alifatico-aromatico formado por monémeros 1,4-butanediol,
acido adipico y acido tereftalico obtenido a partir de productos petroquimicos. Este material puede
biodegradarse a los mondmeros béasicos 1,4-butanediol, &cido adipico y acido tereftalico v,
finalmente, a dioxido de carbono, agua y biomasa cuando se metaboliza en el suelo o en el
compost, con un afio de ciclo de vida, aproximadamente (83). Posee un comportamiento
hidrofébico, con gran capacidad de formacion de peliculas, pero su baja estabilidad térmica y
escasa resistencia mecanica lo hacen inadecuado para muchas aplicaciones. Por ello, debe
combinarse con otros materiales como celulosa, almidén, PLA, etc. Su combinacién con materias
primas renovables como el PLA puede mejorar sus propiedades como material de envasado de
alimentos (84), otorgandole estabilidad térmica, resistencia mecanica, flexibilidad y opacidad

Ademas, el uso de biomasa procedente de actividades agroalimentarias se propone como una
fuente prometedora y sostenible para extraer biopolimeros. Las (ligno)nanofibras de celulosa
desempefian un papel eficaz en el refuerzo de polimeros (85). Este refuerzo se debe a la presencia
de grupos hidroxilos aromaticos, que a través de los enlaces de hidrégeno, conducen a una buena
interaccion entre las matrices poliméricas (52,86,87). Ademas, se consideran una buena
alternativa para desarrollar materiales de envasado de alimentos debido a su abundancia,
propiedades mecanicas y barrera (88,89), biocompatibilidad y biodegradabilidad (90) y la
posibilidad de modificar sus caracteristicas quimicas (91).

Una de las herramientas utilizadas para el disefio de nuevos envases son los modelos
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predictivos. Estos modelos matematicos permiten detectar posibles situaciones futuras a través de
técnicas computacionales. En el caso particular de los modelos cinéticos de crecimiento aplicados
en la presente tesis, estudian la evolucidn de los microorganismos en un medio determinado en
funcidn de los factores que los afectan y a partir de los datos obtenidos, predecir lo que sucedera
durante el almacenamiento. Los parametros que controlan el crecimiento microbiano son: la
densidad maxima de poblacion, la tasa maxima de crecimiento, la fase de latencia y la
concentracién de in6culo inicial. Actualmente, el modelo de Baranyi y Roberts es uno de los méas
utilizados en la microbiologia predictiva, que describe el crecimiento como una cinética de primer
orden que varia en funcion de las condiciones ambientales y segun la fase en gque se encuentre la

poblacién microbiana (92,93).
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1. Materiales

1.1. Materiales lignocelulésicos

En la presente Tesis Doctoral se han utilizado como materiales lignocelulésicos los residuos
lefiosos agricolas originados en la produccion del tomate (Solanum lycopersicum), pimiento
(Capsicum annuum) y berenjena (Solanum melongena), asi como los residuos generados (paja)
de la produccion del trigo (Triticum spp.).

Los materiales se limpian y secan a temperatura ambiente, previo a su corte (0,1-1 cm) y
almacenado en bolsas de plastico.

1.2. Reactivos

Las matrices poliméricas, polivinil alcohol (PVA) (P.M.: 146,000-186,000 y grado de
hidrdlisis +99%), acido polilactico (PLA) y Ecoflex® (F Blend A1200) fueron suministradas por
Sigma Aldrich (Espafia) y BASF (Alemania).

El papel y los films fueron formulados y caracterizados usando los siguientes reactivos:
hidroxido de sodio (Panreac, EEUU), Quimizime B (Quimipel, Chile), bromuro de sodio
(Honeywell, EEUU), TEMPO (2,2,6,6-Tetrametil-piperidina-1-oxilo) (Sigma Aldrich, Espafia),
hipoclorito sédico (Panreac, EEUU), ABTS (Sal de diamonio del acido 2,2'-azino-bis(3-
etilbenzotiazolina-6-sulfénico) (Sigma Aldrich, Espafa), cloruro de calcio anhidro (Scharlab,

Espafia).
2. Caracterizacion quimica de las materias primas y pastas celulésicas

Para la determinacion de los tratamientos a los que se someteran las materias primas y los
efectos de dichos tratamientos en las mismas, asi como sus posibles aplicaciones, se debe realizar
una caracterizacion de estas para conocer su composicion quimica.

En primer lugar, las muestras se muelen en frio utilizando un molino SM 200 de Retsch y
posteriormente, se tamizan para clasificar la fraccion comprendida entre 0,25 y 0,40 mm, acorde
al estandar TAPPI T 264 cm-07. Por Gltimo, se secan a temperatura ambiente y se almacenan en
bolsas de plastico.

La caracterizacion se realiz6 por triplicado siguiendo las normas estandarizadas y los

resultados se expresaron en porcentaje sobre base seca.

2.1. Determinacidn del contenido en extraibles en sosa

Esta determinacion ayuda a conocer el rendimiento del proceso de pasteado, debido a su
relacion inversamente proporcional con el mismo.
Siguiendo la norma estandarizada TAPPI T 4 wd-75 para la realizacion de este anélisis, en un

vaso de precipitado se pesan 2 g secos de la muestra seca y se afiaden 100 mL de una solucion de
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hidroxido sodico (NaOH) al 1%. La suspension se calienta en un bafio termostatico a 100°C
durante una hora con agitacion manual. Posteriormente, la muestra se filtra en una placa del
namero 2, y se lava con 5 mL de una disolucion de acido acético 2N seguido de 200 mL de agua
destilada. La placa gue contiene la muestra se seca a 105°C durante 24 h.

El calculo del contenido total de extraibles se realiza por diferencia de pesada.

2.2. Determinacidn del contenido en extraibles en agua

Esta extraccién permite eliminar sales minerales, almidon, proteinas, gomas, taninos, etc.,
ademas de hidrolizar polisacaridos para facilitar su solubilizacién.

Siguiendo la norma estandarizada TAPPI T1 wd-75 para la realizacion de este analisis, en un
vaso de precipitado se pesan 2 g de muestra seca y se afiaden 100 mL de agua destilada. La
suspension se calienta en un bafio termostético a 100°C durante 3 horas con agitacion manual.
Posteriormente, la muestra se filtra en una placa del nimero 2 y lava con 200 mL de agua caliente.
La placa que contiene la muestra se seca a 105°C durante 24 h.

El célculo del contenido total de extraibles se realiza por diferencia de pesada.

2.3. Determinacion del contenido en extraibles en etanol

Esta extraccion permite determinar sustancias no solubles en agua (grasas, aceites, resinas,
ceras, etc.), cuyo contenido elevado en la muestra podria provocar precipitaciones de estos
durante el proceso de pasteado y blanqueado.

Siguiendo la norma estandarizada TAPPI T 6 wd-73 para la realizacién de este analisis, se
pesan 20 g de muestra seca en un cartucho cilindrico de papel de filtro. El cartucho con la muestra
se introduce en un extractor Soxhlet acoplado a un matraz erlenmeyer con 150 mL de etanol, y
refrigeracién con agua fria para evitar las pérdidas de solvente. El solvente se lleva hasta su punto
de ebullicidn, el cual se condensa sobre el cartucho para dar lugar a la extraccion. El proceso
continia hasta un maximo de 6 horas, 0 hasta que aparezca coloracion del solvente. ElI matraz
erlenmeyer gque contiene el extracto se seca a 105°C durante 24 h.

El célculo del contenido total de extraibles se realiza por diferencia de pesada.

2.4. Determinacidn del contenido en lignina

Esta extraccion permite disefiar un tratamiento adecuado de blanqueo/deslignificacion para
cada materia prima. La hidrolisis acida que se produce durante el tratamiento permite solubilizar
los carbohidratos de la muestra, sin alterar la lignina.

Siguiendo la norma estandarizada TAPPI T 222 om-15 para la realizacion de este analisis, se
pesan 0,5 g de muestra seca en un tubo de ensayo y se afiaden 5 mL de H,SO. al 72%. La
suspension se calienta en un bafio termostatico a 30°C durante una hora con agitacion manual.

Posteriormente, el contenido del tubo de ensayo se transfiere a un bote ISO, afiadiendo agua
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destilada hasta llegar a un peso de 148,67 g y se autoclava a 121°C durante una hora. A
continuacion, el contenido del bote ISO se filtra en una placa del nimero 3, que se seca a 105°C
durante 24 h.

El calculo del contenido de lignina se realiza por diferencia de pesada.

2.5. Determinacidn del contenido en holocelulosa

Esta extraccidon permite conocer la aptitud de una materia prima en la produccion de pastas
celulosicas y extraccion de hemicelulosas. La reaccion del dioxido de cloro generado in situ
permite disolver la lignina, sin alterar los carbohidratos.

Siguiendo la norma estandarizada TAPPI T 9 wd-75 para la realizacion de este anélisis, se
pesan 5 g de muestra seca en un erlenmeyer y se afiaden 160 mL de agua destilada. La suspension
se calienta en un bafio termostatico a 80°C y se afiade 1,5 g de clorito sédico (NaClO;) y 1 mL de
acido acético glacial concentrado (C2H.0>). Esta operacion se repite cada hora hasta observar el
blanqueamiento completo de la muestra. A continuacion, se filtra el contenido del erlenmeyer en
una placa del nimero 2 y se lava con 50 mL de acetona'y 200 mL de agua destilada. La placa con
la muestra se seca a 105°C durante 24 h.

El célculo del contenido de holocelulosa se realiza por diferencia de pesada.

2.6. Determinacion del contenido en a-celulosa

Esta extraccion permite conocer la aptitud de una materia prima para la produccion de pastas
celulésicas y nanocelulosas. En esta determinacion, la a-celulosa no se degrada en presencia de
una solucién de hidréxido sédico, mientras que la B-celulosa, y-celulosa, y las hemicelulosas si
lo hacen.

Siguiendo la norma estandarizada TAPPI T 203 cm-09 para la realizacion de este analisis, se
pesan 3 g de muestra seca, se introducen en un bafio termostatico a 20°C y se sigue una secuencia
de adicion de una disolucion de hidréxido sodico al 17,5%:

- 15 mL y agitar 1 minuto

- 10 mL y agitar 45 segundos

- 10 mL y agitar 15 segundos, se deja reposar 1 minuto

- 10 mL y agitar durante 2,5 minutos

- 10 mL y agitar 2,5 minutos

- 10 mL y agitar 2,5 minutos

- 10 mL y agitar 2,5 minutos y se deja reposar 30 minutos.

- Adicién de 100 mL de agua fria, se agita y se deja reposar 30 minutos.

Posteriormente el contenido se filtra en una placa del nimero 2 y se lava con 50 mL de acido
acético 2N y agua destilada. La placa con la muestra se seca a 105°C durante 24 h.

El calculo del contenido de a-celulosa total se realiza por diferencia de pesada.
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2.7. Determinacion del contenido en cenizas

El contenido en cenizas es la medida de la composicion mineral y de otros compuestos
inorganicos de la materia.
Siguiendo la norma estandarizada TAPPI T 211 om-16 para la realizacion de este analisis, se
pesan 2 g de muestra seca en un crisol ceramico y se introducen en un horno de mufla a 575°C
durante 3 horas, produciéndose la calcinacion del material.

El calculo del contenido total de cenizas se realiza por diferencia de pesada.

3. Produccion de la pasta celulésica

El pasteado “a la sosa” se lleva a cabo para hacer méas accesibles las fibras a los posteriores
pretratamientos y mejorar por tanto el proceso de nanofibrilacion. Se considera un proceso
medioambientalmente favorable, debido a que se usa NaOH como reactivo, ademas de las bajas
condiciones energéticas. Los materiales lignocelul6sicos se pastean bajo las condiciones del
proceso Specel®, en un reactor batch de 15 L (Metrotec S.A., Lezo, Espafia) con una disolucion
de NaOH al 7% sobre peso seco de materia prima, a 100 °C durante 150 min y con un ratio
liquido/sélido de 10/1.

Posteriormente, se procede a una desfibracion del material cocido a 1.200 rpm durante 30 min.
Una vez desfibrada la pasta, se desintegra pasandola por un Refinador-Desintegrador Sprout-
Bauer (Combustion Engineering, Viena, Austria).

El material resultante de la desintegracion se vierte sobre el recipiente del tamiz Sommerville,
con una luz de malla de 0,4 mm de espesor, y mediante agitacion por vibracion y un flujo continuo
de agua, se consigue separar los materiales incocidos de los desfibrados.

Las fibras procedentes del tamiz contienen una gran cantidad de agua. Por tanto, esta
suspension de fibras se vierte sobre un separador de fibras y agua con una luz de malla de 0,16
mm, donde se retienen las fibras celul6sicas y el agua se conduce hacia el desague.

Para la eliminacién del exceso de agua, la pasta celul6sica se introduce en una malla textil con

una luz de malla de 0,16 mm, que deja escapar el agua retenida, y se centrifuga durante 5 minutos.

4. Produccion de lignonanofibras de celulosa

La finalidad de los pretratamientos es facilitar la desintegracion de las fibras, asi como reducir
el consumo energético requerido para la misma. En esta Tesis Doctoral se produjeron
lignonanofibras de celulosa a partir de la pasta celulésica obtenida mediante pretratamientos
diferentes: mecanica, oxidacion mediada por TEMPO y enzimatica; seguido de un tratamiento de

homogeneizacion a alta presion.

4.1. Pretratamiento mecénico

La pasta celulésica (10% p/v) se refina en un PFI (Metrotec S.A., Lezo, Espafia), segun la
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norma 1SO 5264-2:2002, hasta obtener el grado de drenaje (°SR) cercano al 90°.

4.2. Pretratamiento de oxidacién mediado por TEMPO

Este pretratamiento se lleva a cabo siguiendo la metodologia descrita por Besbes et al. (1). Se
suspenden 10 g de pasta celulésica en 500 mL de agua destilada que contiene disuelto 0,16 g del
catalizador TEMPO y 1 g de bromuro de sodio (NaBr). A continuacidn, se afiade una cantidad de
suspensién de NaClO (equivalente a 5 mmols/g de celulosa) con agitacidn continua a temperatura
ambiente. Se mantiene el valor del pH a 10,2 con la adicion de NaOH 0,5 M hasta que el pH se
mantiene estable a dicho valor. Para finalizar la reaccion de oxidacion, se afiaden 100 mL de

etanol, y posteriormente se filtran y lavan las fibras varias veces con agua destilada.

4.3. Pretratamiento enzimético

La pasta de celulosa se someti6 a un pretratamiento enzimatico con el sistema Quimizime B,
preparado de enzimas celuliticas modificadas genéticamente, cuyo principal agente activo es la
endo-1,4-B-D glucanasa, mostrando una actividad minima de 84.000 CMU/g. La endoglucanasa
hidroliza aleatoriamente los enlacesl,4-glucosidicos accesibles en las regiones no cristalinas de
la celulosa, generando fibras dafiadas con nuevos extremos de cadena. En primer lugar, la
suspensién de pasta celuldsica (5% p/p) se batié previamente a 4.000 revoluciones en un refino
PFI. La reaccién enzimatica se llevo a cabo afiadiendo 0,075% de la enzima a la pasta pretratada
mecanicamente, a 45°C durante 70 min con agitacion constante. Para detener la reaccién

enzimatica, la suspension se calienta a 90°C durante 15 min para desnaturalizar las enzimas.

4.4, Tratamiento a altas presiones

Las suspensiones de fibras pretratadas, a una concentracion del 1%, se pasaron por un
homogeneizador de alta presion Panda GEA 2K (GEA Niro, Parma, Italia) como tratamiento de
nanofibrilacion. La homogeneizacién a alta presion se realiza a través de 10 ciclos (cuatro ciclos
a 300 bares, tres ciclos a 600 bares y tres ciclos a 900 bares) (2). La presion creciente en cada

ciclo evita los problemas de obstruccidon en el equipo debido al tamafio inicial de las fibras.

5. Caracterizacion de las lignonanofibras de celulosa

5.1. Rendimiento de nanofibrilacion

Para determinar el rendimiento de la nanofibrilacion, se centrifuga la suspension de
lignonanofibras de celulosa (LNFC) al 0,1% a 10.000 rpm durante 12 minutos. La fraccién
precipitada, o material no nanofibrilado, se separa del material nanofibrilado y se seca a 100°C
durante 24 h.

El rendimiento se calcula siguiendo la siguiente ecuacion:
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Peso del sedimiento seco

Rendimiento (%) = (1- ) - 100

Peso de la muestra diluida - Consistencia (%)

5.2. Demanda catidnica

La demanda cationica (DC) se determina a partir de una adaptacion de la metodologia de
Carrasco et al. (3). En primer lugar, se diluyen 0,20 g secos de LNFC en agua destilada hasta
alcanzar 200 g de peso. Una vez homogeneizada las suspension, se mezclan 10 mL de esta con
25 mL del polimero cationico poly-DADMAC. Esta mezcla se centrifuga a 4.000 rpm durante 90
min. Una vez centrifugada, se introducen 10 mL del sobrenadante en un detector de cargas de
particulas Miitek PCD-05 (BTG). Para la valoracion, se afiaden volimenes controlados del
polimero anidnico Pes-Na (0,001N) hasta obtener un valor de potencial de 0 mV.

La demanda catidnica se determina de acuerdo con la siguiente ecuacion:

DC = (CpolyDVpolyD)-(CpesNaVpesna)
m

donde Cpoiyp Y Vpolyp corresponden a la concentracion y el volumen del polimero catiénico
Poly-DADMAC (1 meq-L™), respectivamente; Cresna Y Vpesna COrresponden a la concentracion y
el volumen del polimero aniénico PesNa (1 meq-L?), respectivamente; m corresponde al peso
seco de LNFC (g).

5.3. Contenido de carboxilos

El contenido de carboxilos (CC) se determina siguiendo la metodologia descrita por Besbes et
al. (4), mediante titulacion conductimétrica. Se suspenden 50-100 mg de LNFC en peso seco en
15 mL de HCI (0,01 M) con el objetivo de intercambiar los cationes Na* unidos a los grupos
COOH por iones H*. A continuacidn, se valoran las suspensiones con NaOH (0,01 M), afiadiendo
0,1 mL de NaOH a las suspensiones de la muestra. Se registra la conductividad, observando una
reduccion, estabilizacion y aumento de esta.

El contenido en carboxilos se determina segun la siguiente ecuacion:

(V2—V,)-[NaOH]
m

CC =

donde V2 y Vi son los volimenes equivalentes afiadidos de la solucién de NaOH; [NaOH]

corresponde a la concentracion de la solucion de NaOH; m corresponde al peso seco de muestra

(9).
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5.4. Estimacion superficie especifica y diametro

Considerando las asunciones y la metodologia descrita por Carrasco et al. (5), los valores
obtenidos de demanda cationica y contenido de carboxilos se utilizan para realizar una estimacion
tedrica de la superficie especifica (oLnrc) Y didmetro de las lignonanofibras de celulosa (Dinec).
El polimero cationico Poly-DADMAC utilizado para la determinacion de la demanda catidnica,
interactla con las fibras de celulosa mediante mecanismos de adsorcidn superficial. Este polimero
tiene un area especifica de 4,87-10'" nm?/peq-g, sirviendo este para calcular la superficie

especifica de las LNFC obtenidas (6) segun la siguiente ecuacién:

oLneec = (DC — CC) - opoly-paDMAC

donde onrc corresponde a la superficie especifica de las LNFC (nm?/g); DC corresponde a la
demanda cationica (peq/g); CC corresponde al contenido en carboxilos (umols/g); oPoly-

DADMALC corresponde a la superficie especifica del polimero catidnico (nm?/peq-g).

5.5. Grado de polimerizacién

Para el célculo del grado de polimerizacion (GP) se utiliza el valor de la viscosidad intrinseca
(n) obtenido segln la norma UNE-57-039-92.
El grado de polimerizacion (DP) se calcula de acuerdo con las ecuaciones:

Mg
GP (< 950):GP = 5=
ns
.op0.76 —
GP(> 950): GP 223

5.6. Longitud

La longitud de las LNFC se calcula a partir del grado de polimerizacion (GP) utilizando la

ecuacion propuesta por Shinoda et al. (7):

Longitud (nm) = 4,286 - GP — 757

6. Otras técnicas analiticas

6.1. Espectroscopia de infrarrojos en la transformada de Fourier (FTIR)

Es una técnica analitica que permite la identificacion de los grupos funcionales que componen

la molécula mediante la absorcion especifica de la radiacion infrarroja por parte de esta.
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Este andlisis se realiza para determinar los posibles cambios en la estructura, la composicion
quimica, y los grupos funcionales, durante los procesos de aislamiento de las LNFC. Para ello se
utilizé un espectrémetro FT-IR Spectrum Two (Perkin-Elmer, Massachusetts, USA) en el rango
de 450-4000 cm™* con una resolucién de 4 cm™, recogiendo un total de 40 mediciones (escaneos)

por muestra.

6.2. Difraccion de Rayos X (DRX)

Es una técnica analitica que permite la identificacion de fases de un material cristalino y
proporciona informacidn sobre las dimensiones de las celdas unitarias del material.

Este andlisis se realizo utilizando un Bruker D8 Discover (Bruker Corporation, Massachusetts,
USA) con una fuente monocromatica CuKal en un rango angular de 5-50° a una velocidad de
barrido de 1,56°/min. Para calcular el indice de cristalinidad (Cl), se utiliza el método de Segal et
al. (8), siguiendo la siguiente ecuacion:

lyoo — 1
Cl(%) = (%Ooam) -100
2

donde I corresponde a la intensidad del pico de difraccion a 26 = 22.5° de las regiones
cristalinas de la celulosa; l.m, corresponde la intensidad minima del valle entre los picos de los
planos 200 y 110 (26 = 16.5° and 22.5°) de la region amorfa de la celulosa.

6.3. Analisis termogravimétrico (TGA)

Es una técnica analitica mediante la cual se miden los cambios de masa de una muestra en
funcidn de la temperatura.

Es una analisis con especial interés en las aplicaciones de la presenta Tesis Doctoral, debido a
gue el material serd sometido a elevadas temperaturas. En este sentido, la temperatura de
degradacion de los materiales estudiados debe ser mayor a la temperatura de proceso para evitar
la degradacion de estos, que daria lugar a la pérdida de las propiedades del material.

La descomposicion térmica de la biomasa vegetal ocurre generalmente en tres rangos de
temperatura: i) Zona 1 (T#<200°C), se observa una pequefia disminucion del peso de las muestras
relacionada con la evaporacion y eliminacién del agua absorbida y ligada a la fibra (9-11), ii)
Zona 2 (T# 200-400°C) es donde ocurre la mayor degradacién del material correspondiendo a la
pirdlisis activa de los componentes; iii) Zona 3 (T2 > 400°C) tiene lugar la pir6lisis pasiva de los
componentes lignocelulésicos, este punto corresponde con la degradacion de la lignina y
cualquier descomposicién de la materia carbonosa (11,12).

El analisis se llevé a cabo utilizando un equipo Mettler Toledo TGA/DSC 1 (Mettler Toledo,

Ohio, USA). Las muestras se llevaron desde la temperatura ambiente hasta los 800°C con una
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velocidad de calentamiento de 10 °C/min y un flujo de gas nitrogeno de 50 mL/min. Ademas, se
realizé la derivada termogravimétrica (DTG) para analizar la tasa de degradacién maxima (Tmax)

de los materiales.

7. Aplicacion en refuerzo de papel

En la presente Tesis Doctoral, una de las aplicaciones de las LNFC estudiadas fue su uso como
agente de refuerzo en suspensiones papeleras. Se utiliz6 LNFC obtenida a partir del residuo lefioso
generado de la poda del tomate, pimiento y berenjena mediante pretratamientos mecanicos y
TEMPO.

En este caso, se aplicaron sobre papel virgen, utilizdndose como sustrato estandar una pasta
de papel suministrada por laempresa Smurfit Kappa localizada en Cérdoba, Espafia, y se compard

su efecto con el producido por el batido mecanico.

7.1. Refinado PFI mecénico

En primer lugar, el sustrato estandar utilizado fue dispersado en agua a una consistencia del
1,5% en peso por medio de un desintegrador de pasta, sometiéndolo a 3.000 rpm durante 20 min.
Las fibras obtenidas fueron filtradas y ajustadas a una consistencia del 10% en peso para su
posterior refinado mecénico. Las fibras se refinaron mecéanicamente utilizando un refinador PFI
(Metrotec S.A., Lezo, Espafia), siendo sometidas a 1.000, 2.000 y 3.000 rpm para estudiar el
efecto refuerzo producido mediante el refinado mecénico respecto el refuerzo producido por la
adicion de las LNFC.

7.2. Dispersion de las lignonanofibras de celulosa en la suspension papelera

Se afladieron distintas proporciones de las LNFC (1,5%, 3% y 4,5% p/p) al sustrato estandar.
Para ello, el sustrato estandar y las LNFC fueron dispersadas en una suspension de 1,5% en peso
total del sustrato y las LNFC, usando agua de grifo y un desintegrador de pasta a 3.000 rpm
durante 60 minutos. Posteriormente se adiciond 0,5% y 0,8% de almiddn catidnico y silice
coloidal, respectivamente, calculado sobre el peso seco del total de fibra y se agité mecanicamente
durante 20 minutos.

Resulta necesaria la adicion de almidon cationico debido a que el tamafio de poro de la malla
de formacién de las hojas de papel no permite retener el material nanométrico (LNFC) durante el
proceso de drenaje de la suspensién papelera. En este sentido, el almidon cationico es un agente
de retencion que permite fijar las LNFC en la suspension papelera sin comprometer el valor del
grado de drenaje de la suspension. Ademas, también es necesario afiadir silice coloidal como

defloculante para prevenir la floculacion y evitar problemas durante la formacion de las hojas.
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7.3. Grado Schopper—Rieqler (°SR)

Mide la capacidad de drenaje de una suspension de fibra celuldsica sobre una malla estandar.
Este valor estd directamente relacionado con la capacidad de drenaje de las suspensiones
papeleras, y se ve afectado por las caracteristicas superficiales y de hinchazén de las fibras. El
andlisis se realiz6 acorde a la norma 1SO 5267/1 con un equipo Schopper—Riegler de Metrotec,

para determinar el nivel de refinado de las suspensiones de la fibra.

7.4, Formacion de las hojas de papel

Se forman de acuerdo con el estandar 1SO 5269-2 en un formador de hojas isotropico (ENJO

F-39.71) con un gramaje de 60 g/m?.

7.5. Caracterizacion fisica de las hojas de papel

7.5.1. Preparacion y acondicionamiento de las hojas de papel

Antes de proceder a su caracterizacién y siguiendo la norma TAPPI T402, las hojas de papel
obtenidas se acondicionan en una sala a una temperatura (25°C) y humedad relativa (50%)

controladas durante 48 horas.

7.5.2. Gramaje

Corresponde a la cantidad de masa por unidad de superficie en el plano. Se puede calcular

siguiendo la siguiente ecuacion:

Gramaje (m2/g) = _Pesohoja (g)

Area del equipo

donde, Peso hoja (g) corresponde al peso de la hoja constante secada a 100°C; y el area del
equipo corresponde al area del formador de hojas (0,0346 m?).

7.5.3. Espesor

La medicién del espesor se realizo utilizando un micrometro digital 1P65 0-1”, Digimatic,
(Mitutoyo, Neuss, Alemania) con una precision de £ 0,001 mm. Se calcula el valor medio y la
desviacion estandar de las 5 medidas aleatorias tomadas que representan la totalidad del area de

la hoja.

7.5.4. Porosidad

Corresponde al porcentaje de espacio vacio que hay entre las fibras que forman la hoja de

papel. Se puede calcular utilizando la siguiente ecuacion:
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Porosidad (%) = 100 - (1 — M)

Pcelulosa

donde phoja de papel COrresponde a la densidad de la hoja de papel, ¥ pceiuiosa COrresponde a la
densidad de la celulosa, que se asume como 1,5 g/cm?,

7.6. Caracterizacion mecanica de las hojas de papel

7.6.1. Preparacion hojas de papel

Siguiendo el estandar TAPPI T220, las hojas de papel acondicionadas se cortan para obtener

las probetas necesarias para los ensayos de propiedades mecénicas.

7.6.2. Longitud de ruptura

Es la longitud limite calculada de una probeta de papel de anchura uniforme, en la que, si dicha
probeta estuviera suspendida por un extremo, se romperia por su propio peso.

Siguiendo el estandar 1SO 1924-2, el ensayo se realizd con el equipo LF Plus (Lloyd
Instruments) equipado con una célula de carga de 1 kN. Se mantuvieron constantes las
dimensiones de la probeta (150 mm largo x 15 mm ancho) y el espesor fue variable en funcién de
la muestra. Para calcular la fuerza de traccion (kN/m), se divide la fuerza de rotura entre la anchura
de la probeta. Los valores fueron calculados por el NexyGen Plus 3® del equipo LF Plus teniendo
en cuenta la traccion y el area especifica.

7.6.3. Mdbdulo de Young

Es un pardmetro caracteristico de cada material. Determina la relacion existente, en la zona de
comportamiento elastico del material, entre los incrementos de tension aplicados en el ensayo de
traccion, y los incrementos de deformacion longitudinal unitaria en la regién plastica de la curva
esfuerzo-deformacion. Los valores fueron calculados por el software NexyGen Plus 3® del equipo

LF Plus teniendo en cuenta la traccion soportada y el area especifica del ensayo.

7.6.4. indice de estallido

Este ensayo determina la resistencia maxima (kPa) que ejerce una probeta de papel ante una
presion creciente. El ensayo se realizé en el analizador de estallido modelo EM-50 (IDMTest) de

acuerdo con el estandar 1SO 2758.

7.6.5. Indice de desgarro

La resistencia al desgarro es la fuerza necesaria para continuar el desgarro de una grieta
iniciada por un corte a través del papel, fundamentandose en el diferencial de energia antes y
después del andlisis. El ensayo se realiz6 con el instrumento de medicién Elmendorf (modelo
F53.98401 Frank PTI) de acuerdo con el estandar ISO 1974.
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8. Aplicacion en formacién de films alimentarios

Otra de las aplicaciones de las LNFC fue su uso en la formulacién de envases alimentarios.
En este caso, se aplico sobre una matriz polimérica de polivinil alcohol (PVA), y en una matriz
polimérica constituida por acido polilactico (PLA) y Ecoflex® (polimero biodegradable obtenido
a partir de productos petroquimicos).

8.1. Técnicas analiticas comunes en la formacion de films y envases alimentarios.

8.1.1. Propiedades mecanicas

El andlisis de las propiedades mecénicas de los films y envases es muy relevante para
determinar su resistencia y durabilidad (13).
En primer lugar, las muestras con un tamafio de 65 x 15 mm, se acondicionaron a 25°C y 50% de
humedad relativa durante 48 horas. El espesor de las muestras se midié con un micrémetro digital
IP65 0-1", Digimatic, Mitutoyo (Neuss, Alemania).

Para determinar las propiedades mecanicas en términos de la resistencia a la traccion, el
modulo de Young y la elongacidn, se sigui6 el método ASTM D638 utilizando el equipo Lloyd
Instrument LF Plus (AMETEK Measurement & Calibration Technologies Division, Largo, FL,

USA) equipado con una célula de carga de 1 kKN y aplicando una velocidad de 100 mm/min.

8.1.2. Actividad antioxidante

Para determinar la capacidad antioxidante de las muestras se llevé a cabo el anlisis ABTS (2,
2’-Azinobis-3-etil-benzotiazolina-6-acido sulfonico). Para la preparacion de la solucién ABTS
(7TmM), se diluyeron 38 mg del reactivo ABTS en 10 mL de persulfato potasico (2,45 mM),
manteniéndose en oscuridad durante 16 horas. Posteriormente, se prepar6 una solucion de ABTS
y etanol:agua (50:50 v/v) hasta obtener una absorbancia de 0,70+0,02 nm a 734 nm.

El andlisis se llevo a cabo mezclando 1 cm? del film/envase con 2 mL de la solucion ABTS-
etanol en una cubeta dptica. Posteriormente se mezcld y dej6 en reposo durante 6 minutos, antes
de la medicién a 734 nm en el espectrofotometro Lambda 25 UV (PerkinElmer, US) (14,15).

Se usa la siguiente ecuacion para determinar la actividad antioxidante (AOP %):

AOP = [A, hro6 Asime ) A aprso ] - 100

donde Aagrse corresponde a la absorbancia de la solucion ABTS-etanol transcurridos los 6
minutos de reaccion a 734 nm; Arime corresponde a la absorbancia de la solucion ABTS-etanol
en presencia del film/envase transcurridos los 6 minutos de reaccion a 734 nm; Apsrso

corresponde a la absorbancia inicial de la solucion ABTS-etanol a 734 nm.
8.1.3. Permeabilidad al agua
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En el desarrollo de films y envases alimentarios, resulta fundamental que estos provean al
alimento de una barrera frente el entorno externo. Estos films y envases deben proteger el
alimento, y en este sentido, la permeabilidad al vapor de agua es muy relevante debido al papel
gue juega la humedad en la vida dtil de los alimentos (16,17).

La tasa de transmisidn de vapor de agua (WVTR) se determind gravimétricamente por el
método del desecante, siguiendo la norma ASTM E96/E96M-10. El anélisis se desarrolla en
condiciones controladas de temperatura (25°C) y humedad relativa (50%). Se realiza un pesaje
periédico del recipiente que incluye la sal desecante (cloruro de calcio anhidro) y la muestra de
film o envase analizada. Dicho pesaje se realiza para controlar el aumento de peso de la muestra
producido por la transferencia de vapor de agua hacia la sal desecante a travées del film/envase.

Se utiliza la siguiente ecuacion para calcular la permeabilidad al vapor de agua (WVP):

WVP = WVTR - x/Psyt - (HReye — HRipt )

donde WVTR corresponde al ratio de transmision del vapor de agua; x corresponde al espesor
del film/envase; HRex: corresponde a la humedad relativa exterior (50%); HRin corresponde a la
humedad relativa del interior del recipiente (0%); Psa corresponde a la presion del vapor saturado

a la temperatura del analisis.

8.1.4. Propiedades Opticas

Las propiedades dpticas de los films y envases se caracterizaron determinando los espectros
de absorcidn de luz y de transparencia en el rango de 200 a 800 nm, utilizando el espectrometro
Lambda 25 UV. La transparencia y las propiedades de barrera UV se cuantificaron mediante las
siguientes ecuaciones (18):

Transparencia = log Ty (%)/X

donde Teso (%) corresponde al porcentaje de la transmitancia a 660 nm; x corresponde al

espesor del film/envase (mm).

Barrera UV = 100 — (T,g0 (%)/Tee0 (%)) - 100

donde Tas0 (%) Y Teso (%) corresponden a los porcentajes de transmitancia a 280 nm y 660 nm,

respectivamente.

49



Materiales y métodos

8.2. Formacion de films con PVA

El PVA es un polimero biodegradable con muy buena resistencia quimica, alta cristalinidad,
capacidad para la formacion de films, propiedades hidrofilicas y nula toxicidad (19). Este
biopolimero tiene un gran potencial como envase alimentario dada su excelente resistencia a la
traccion, flexibilidad y propiedades de barrera al oxigeno (20). Sin embargo, debido a la presencia
de gran cantidad de grupos hidroxilos, tienen una naturaleza hidrofilica, que en ambientes
humedos provoca la penetracién de moléculas de agua a través del film, lo que conlleva un
deterioro de las propiedades mecéanicas y de las propiedades de barrera al oxigeno (21). Por lo
tanto, el uso del PVA como envase alimentario estaria restringido a productos alimentarios
asociados a una baja humedad relativa.

Para la aplicacion en films alimentarios estudiada en la presente Tesis Doctoral, se utiliz6
LNFC obtenida a partir del residuo lefioso generado de la poda del tomate, pimiento y berenjena

mediante pretratamientos mecéanicos y TEMPO.

8.2.1. Formulacion del film

Se prepar6 una solucion de PVA al 3% con agua destilada, calentandose a 90°C durante 4
horas con agitacion mecénica constante. A esta suspension de polimero PVA se afiadieron
distintas concentraciones (2, 5y 7% p/p) de las diferentes LNFC obtenidas. Con el objetivo de
conseguir la homogeneidad en las mezclas de polimero y LNFC, se sometieron a agitacion
mecénica constante durante 4 horas a temperatura ambiente. La formacion del film se llevé a cabo
siguiendo la metodologia solvent casting, en la que las suspensiones resultantes se vertieron en
placas Petri de polipropileno (g = 9 cm) secandose a temperatura ambiente. El peso seco total de

la mezcla fue de 0,35 g.

8.3. Produccion de envases de &cido polilactico (PLA), Ecoflex® vy lignonanofibras de
celulosa.

El PLA es un polimero biodegradable que, ain presentado buenas propiedades mecénicas,
térmicas y dpticas, su aplicacion como material de envasado de alimentos es baja debido a su
baja barrera al vapor de agua y gases (28,29). Por otro lado, el Ecoflex® es un polimero
biodegradable que tiene gran capacidad para la formacion de films, pero presenta peores
propiedades mecanicas y baja estabilidad térmica. La adicion de LNFC podria mejorar las
propiedades de estos materiales para la formulacion de films alimentarios (30,31).

Para su aplicacion en envases alimentarios estudiada en la presente Tesis Doctoral, se empled
LNFC obtenida a partir de paja de trigo mediante pretratamiento enzimatico, que se integro en la

matriz polimérica de PLA y Ecoflex®.

8.3.1. Formulacion y produccion del envase
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Se realizo a escala piloto utilizando diferentes proporciones de PLA (densidad 4032D),
Ecoflex® (C1200, punto de fusién 170°C) y LNFC. En primer lugar, se sustituyo el agua presente
en la suspension de LNFC por el plastificante polietilenglicol (PEG) 1.500 g/mol (Millipore
Corporation, Alemania). Para ello, el PEG se llevd a fusion (60°C) antes de afiadir las LNFC. Una
vez afiadidas, se aument6 la temperatura con agitacién constante hasta conseguir la condensacion
del agua en las paredes del vaso. Cuando la mayor parte del agua se evaporo, la mezcla se vertié
en una placa Petri de vidrio y se secd a 40°C toda la noche.

Previamente, el PLA se modificé haciendo que las cadenas lineales del polimero fueran mas
ramificadas para obtener un material mas amorfo, moldeable y flexible. Esto se consiguio
calentando el pellet comercial de PLA hasta el punto de fusién, lo que se llevé a cabo controlando
la disminucion de la resistencia al flujo del material hasta su estabilizacion (165°C) mediante el
redmetro Pair 0,2 — 150 U/min (Brabender GmbH & Co, Alemania). A continuacion, las LNFC,
el PEG, el PLA y e— Ecoflex® (pellet comercial) se mezclaron en una extrusora de pelicula
multicapa (LabTech Engineering Co. LF-400) utilizando diferentes proporciones de los

componentes para obtener distintas formulaciones.

8.3.2. Permeabilidad a los gases

La permeabilidad a los gases se determind en funcién de la tasa de transmisién de oxigeno
(OTR) y didxido de carbono (CO,TR). Previo al analisis, las formulaciones se acondicionaron en
un desecador durante 48 horas. El analisis se realiz6 a 23°C con una humedad relativa del 75%.
La OTR se determind con el analizador de OTR para peliculas de envase EQ195/ITN: Mocon
Ox-tran 2/22L meter (Ametek Mocon, Espafia) segun el protocolo ASTM F1927-14; y la CO,TR
se midi6 con el analizador de CO,TR para peliculas de envase CO,TR EQ22/ITN: Mocon
Permatran-C 4/41 MC (Ametek Mocon, Espafia) segun el protocolo ASTM F2476-20.

8.3.3. Aplicacién de los envases en lechuga fresca cortada

Se evaluaron los distintos envases formulados mediante su aplicacion en envasado de lechuga
recién cortada simulando condiciones reales de envasado.

El analisis se realiza con lechuga iceberg fresca cortada comercial (Lactuca sativa var.
capitata) almacenada a 4°C hasta el comienzo del analisis. Los envases comerciales de lechuga
fresca cortada se abrieron en condiciones asépticas en una cabina de bioseguridad, y el contenido
se recogio en un recipiente de plastico previamente desinfectado.

Se envasaron 50 g de lechuga en los envases formulados (12 x 12 cm), utilizando una
termoselladora MSLL 400 (Retractil y Embalaje Pablo S. L., Espafia). La relacion peso/volumen
resultante fue de 1/3 p/v, siendo equivalente a la relacion comercial utilizada para estos productos
(250 g en bolsas de 23x30 cm). El nimero total de muestras por formulacion de envase fue de

n=50. Las muestras se almacenaron en refrigeracion (4°C) durante 10 dias, simulando las
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condiciones tipicas de almacenamiento durante la vida util de la lechuga fresca cortada.
Los resultados obtenidos de los envases formulados se compararon con el envase comercial

de este tipo de producto.

8.3.3.1. Andlisis de gases en el espacio de cabeza del envase

Se midieron las concentraciones de oxigeno (%) y dioxido de carbono (%) en el interior del
envase durante el almacenamiento del producto a 4°C en diferentes momentos de muestreo (0, 2,
4,6y 10 dias) utilizando el equipo analizador de gases Dansensor CheckMate 3 (Ametek Mocon,
USA). Las mediciones se realizaron a 25°C introduciendo la sonda de medicion a través de un

septum previamente colocado en la cara externa de la bolsa.

8.3.3.2. Andlisis sensorial

La calidad sensorial de la lechuga fresca cortada envasada fue evaluada durante su
almacenamiento por un panel sensorial formado por 10 panelistas entrenados del Departamento
de Ciencia y Tecnologia de los Alimentos de la Universidad de Cérdoba (Espafia). Los atributos
sensoriales evaluados correspondieron a frescura visual, pardeamiento superficial,
deshidratacion, presencia de liquido en el interior del envase, y mal olor. Previo al anélisis, los
panelistas fueron entrenados para permitir una evaluacion estandarizada de los atributos
sensoriales propuestos, que se basé en definiciones de cada atributo acordadas por los
panelistas(34-36).

Los atributos sensoriales se puntuaron con una escala heddnica de 5 puntos, representando el
5 el valor maximo de calidad en cada uno de los atributos y el 1 el valor de peor calidad asociada

a dichos atributos.

8.3.3.3. Andlisis microbiolégico

Para el analisis microbioldgico se toman asépticamente 25 g le lechuga del interior de los
envases, en diferentes momentos de muestreo (0, 2, 4, 6 y 10 dias). La muestra se introduce en
una bolsa de stomacher con 225 mL de agua de peptona al 0,1% (Oxoid, Reino Unido) ,
procediéndose posteriormente a la homogenizacion en stomacher (IUL Instruments, Espafia) a
1.500 rpm durante 60 segundos. Se realizaron diluciones decimales con solucién salina al 0,85%
a las muestras homogeneizadas y se analizaron para determinar diferentes parametros
microbioldgicos. Los parametros microbiologicos se enumeran siguiendo los métodos
estandarizados: bacterias aerobias mesofilas (ISO 4833-1:2013), bacterias &cido-lacticas (ISO
15214 1998), enterobacterias (1SO 21528-2:2017) y Pseudomonas spp. (UNE EN ISO 13720-
2008).
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8.4. Analisis estadistico

Se realiz6 un andlisis de comparacién de medias (prueba t), un modelo lineal general
multivariante y un andlisis de la varianza (ANOVA) para determinar el efecto de la composicion
de los diferentes films y envases, tanto en las propiedades de los films y envases, como en su
aplicacion en el envasado del producto alimentario. El analisis estadistico se desarroll6 con el
software SPSS® version 25 (IBM Corporation, Nueva York, NY, USA).
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Obijetivos

El objetivo general de la presente Tesis Doctoral es la valorizacion de diversos residuos
agroindustriales mediante la obtencidn y caracterizacion de lignonanofibras de celulosa (LNFC)

y su aplicacion en suspensiones papeleras y desarrollo de envases alimentarios.
Los objetivos especificos de esta Tesis Doctoral se detallan a continuacion:

1) Estudio de la idoneidad los residuos lignoceluldsicos de tomate, pimiento y berenjena,
como nuevas fuentes para la produccion de lignonanofibras de celulosa (LCNF) y su aplicacion
como agente de refuerzo del cartdn. Este objetivo se desarrolla mediante procesos respetuosos
con el medio ambiente, energéticamente sostenibles y con bajo consumo de reactivos quimicos,
tanto para la obtencion de las pastas celulésicas como posteriormente las lignonanofibras de
celulosa. Las pastas celuldsicas obtenidas se caracterizaron y se utilizaron para la produccion de
LCNF. Las LCNF se caracterizaron y se aplicaron para la mejora de las propiedades mecénicas

durante la formacion del cartdn, comparandose con el batido mecénico industrial (Publicacion

).

2) Estudio del efecto del pretratamiento y la concentracion de LCNF procedentes de la
residuos lefiosos de la poda de tomate, pimiento y berenjena en una matriz polimérica (PVA).
Para la consecucion de este objetivo se estudié el efecto sobre las propiedades mecénicas, la
cristalinidad, la resistencia térmica, la estructura quimica, la actividad antioxidante, las
propiedades de barrera y las propiedades Opticas en los films desarrollados con potencial

aplicacién en el envasado de alimentos (Publicacion 11).

3) Disefio de un prototipo de envase alimentario novedoso y ecolégico, combinando acido
polilactico (PLA), Ecoflex® y LNFC procedentes de la paja de trigo. Para la consecucion de este
objetivo se estudid el efecto sobre las propiedades mecanicas, la cristalinidad, la resistencia
térmica, la estructura quimica, la actividad antioxidante, las propiedades de barrera al vapor de
agua y gases, y las propiedades Opticas. Ademas, para la validacion del prototipo en un entorno
alimentario, se realizé un estudio de la idoneidad de éste mediante el envasado de un producto

vegetal (Publicacian I11).
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Chapter 1

1. Abstract

Horticultural plant residues (tomato, pepper, and eggplant) were identified as new sources for
lignocellulose nanofibers (LCNF). Cellulosic pulp was obtained from the different plant residues
using an environmentally friendly process, energy-sustainable, simple, and with low-chemical
reagent consumption. The chemical composition of the obtained pulps was analyzed in order to
study its influence in the nanofibrillation process. Cellulosic fibers were subjected to two different
pretreatments, mechanical and TEMPO (2,2,6,6-Tetramethyl-piperidin-1-oxyl)-mediated
oxidation, followed by high-pressure homogenization to produce different lignocellulose
nanofibers. Then, LCNF were deeply characterized in terms of nanofibrillation yield, cationic
demand, carboxyl content, morphology, crystallinity, and thermal stability. The suitability of each
raw material to produce lignocellulose nanofibers was analyzed from the point of view of each
pretreatment. TEMPO-mediated oxidation was identified as a more effective pretreatment to
produce LCNF, however, it produces a decrease in the thermal stability of the LCNF. The
different LCNF were added as reinforcing agent on recycled paperboard and compared with the
improving produced by the industrial mechanical beating. The analysis of the papersheets’
mechanical properties shows that the addition of LCNF as a reinforcing agent in the paperboard
recycling process is a viable alternative to mechanical beating, achieving greater reinforcing effect

and increasing the products’ life cycles.
Keywords: lignocellulose nanofibers; horticultural residues; paperboard; recycling.
2. Introduction

The 21st century industrial revolution boosted changes in methods of production and consumption
thanks to several factors, such as technological development, globalization of markets and
resources, availability of energy, etc. In terms of development and welfare, the linear economic
system had been beneficial. However, this model, based on taking, making, and discarding [1], is
not compatible with the limited resources and capacity to adapt to environmental impact [2]. As
a consequence, nowadays, modern societies are affected by an alarming resource depletion and
overproduction of materials which are very difficult to manage. As an alternative, it is proposed
that the system takes a regenerative approach, using “the circular economy” concept, with the aim
of keeping the resource value, and restricting the raw materials and energy inputs. This is
generally known as the “bioeconomy”.

The bioeconomy is an economic system in which biomass is converted into value-added materials
[3], such as chemicals [4], food and feed, and fuels and energy [5,6], among others. It is based on
two assumptions: i) The biomass is not being totally exploited, its main destination being soil

protection, animal feed, burning, composting and silage; and ii) the use of the biomass could be
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improved. This can be attained by a product valorization and a more efficient use of the
agricultural residues mentioned, extracting more energy and byproducts from them, and
decreasing both the cost of agricultural production and the spread of pests and greenhouse gas
(GHG) emissions. In addition, the biomass application could be improved, increasing the process
yields through innovative technological solutions [7].

The lignocellulosic biomass from agro-industrial activity provides cheap raw materials for the
extraction of biopolymers, such as cellulose, hemicellulose, and lignin. Some advantages of these
vegetal fibers are their natural abundance, low density, high specific stiffness, and
biodegradability [8].

In recent years, with the rise of recycling policies, the paper industry has increased the production
of paper from recycled cellulose fiber to produce cardboard packaging. These fibers have poorer
physicochemical properties than the original cellulose fiber due to the hornification effect of the
fiber. This effect is an alteration of the external layers of the cellulose that occurs in the drying
process of paper and during its exposure to the environment, affecting the resistance properties of
the paper. Mechanical beating is the most widely used technology at the industrial level, due to
its cost and simplicity, to improve the properties of the recycled products that require it. However,
even though the mechanical beating increases the specific surface area, swelling capacity, and
mechanical properties of the fibers, there is also long-term structural damage and the creation of
fines, thus reducing the drainage properties and life span of these products [9]. There are other
technologies for dealing with the loss of mechanical properties of recycled products, such as the
addition of virgin fiber, the addition of chemical products, or some more innovative ones, such as
enzymatic refining or the addition of cellulose nanofibers [10]. Cellulose nanofibers present a
high specific surface, compared to the original fiber, which allows a high adhesion capacity with
adjacent fibers, acting as a link between fibers and favoring an increase in their mechanical
properties [11].

Spain is the largest producer of vegetables in Europe, with a total of 12,629,447 tonnes in 2018,
representing over 14% of total European production. In Spain, three of the most representative
products are tomatoes, peppers, and eggplants which constitute 37.73%, 10.15%, and 1.89% of
the vegetable production, respectively [12]. This production involves the generation of a high
amount of waste that needs to be managed properly for its use in the production of high value-
added products. The valorization of the lignocellulosic residues from these crops has been studied
by several authors as a raw material to produce compost [13], biogas [14], particleboards [15],
and cellulosic pulp for paperboard [16].

The aim of this work was to study the suitability of biomass residues from tomato, pepper, and
eggplant as new sources for lignocellulosic nanofibers (LCNF) production and their application
as a paperboard reinforcing agent. Cellulose pulps were obtained using an environmentally

friendly process, energy-sustainable, simple, and with low-chemical reagent consumption. The
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obtained pulps were physicochemical characterized and used for LCNF production by mechanical
and TEMPO-mediated oxidation pretreatment followed by high-pressure homogenization
treatment. The LCNF obtained was submitted to a physical-chemical characterization and used to
improve the mechanical properties during the paperboard formation and compared with industrial

mechanical beating.

3. Materials and Methods

3.1. Materials

The greenhouse residues of tomato (Solanum lycopersicum), pepper (Capsicum annuum), and
eggplant (Solanum melongena) were used in this work, which corresponded to the entire plants
being completely uprooted from the ground (this allows for planting seeds for a new crop), after
harvesting the fruits. These greenhouse residues were provided by Aguadulce Cooperative from
Aguadulce, Almeria (Spain). First, vegetable materials were cleaned and dried at room
temperature. Then, they were cut into pieces of 0.1-1 cm and stored in plastic bags for
preservation until use. As the paperboard substrate, a suspension of cellulose fiber from recycled
paper and cardboard was used. This was not subjected to any mechanical refining, or the addition
of chemicals or virgin fiber cellulose. This suspension was kindly supplied by the firm Smurfit

Kappa Container 100 S.L. (Mengibar, Jaén, Spain).

3.2. Soda Pulping

The soda pulping process is carried out to make the cellulose fiber more accessible for the
pretreatments performed, also to improve the efficiency of the nanofibrillation process. The raw
materials were pulped, according to proper conditions of Specel® process, in a 15 L batch reactor
(Metrotec S.A., Lezo, Spain) with 7% NaOH over dried material (0.d.m) at 100 °C for 150 min
and a liquid/solid ratio 10/1. The cellulosic pulp was dispersed in a pulp disintegrator (Metrotec
S.A., Lezo, Spain) at 1200 rpm for 30 min, and this disintegrated pulp was passed through a
Sprout-Bauer beater (Combustion Engineering, Vienna, Austria). The pulp suspension was

separated by sieving through a 0.14 mm mesh to retain uncooked material [17,41].

3.3. Pulp Characterization

The chemical characterization of raw materials and cellulosic pulps was done in terms of their
content in ethanol extractables, ash, holocellulose, lignin, and a-cellulose, according to TAPPI
standards T-204, T-211, T-222, T-2030s61, and T-9m54, respectively. In addition, the pulping

yield was calculated according to Equation (1):

Yield (%) = % - 100 (1)
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where W, corresponds to the dry weight of the samples after removing the uncooked material

and Wy corresponds to the initial dry weight of raw materials.

3.4. Lignocellulose Nanofibers (LCNF) Production

Lignocellulose nanofibers were produced from the obtained cellulosic pulp by using two
different pretreatments: mechanical and TEMPO-mediated oxidation, followed by high-pressure

homogenization treatment.
3.4.1. Mechanical Pretreatment

The cellulosic pulp was refined in PFI beater (Metrotec S.A., Lezo, Spain), according to I1ISO
5264-2:2002, until obtaining the drainage degree (°SR) closest to 90°. For all samples, 30,000

revolutions were required to obtain the above °SR value.
3.4.2. TEMPO-Mediated Oxidation Pretreatment

The cellulosic fibers were subjected to TEMPO-mediated oxidation pretreatment following the
methodology described by Besbes et al. [42]. An amount of NaClO suspension (equivalent at 5
mmols/g cellulose) was added with continuous stirring at room temperature. Then, the pH value
was maintained at 10.2 with the addition of 0.5 M NaOH until no pH decrease was observed.
Finally, the fibers were filtered and washed several times with distilled water.

3.4.3. High-Pressure Homogenization

Both pretreated fibers suspensions (1% concentration) were passed through a high-pressure
homogenizer Panda GEA 2K (GEA Niro, Parma, Italy) as nanofibrillation treatment. The high-
pressure homogenization was made through 10 cycles (four cycles at 300 bar, three cycles at
600 bar, and three cycles at 900 bar) [24]. This increasing pressure avoids problems of clogging
in the equipment because of the initial fiber size. Table 1 shows the codification used for the

different samples.

Table 1. Codification of the different lignocellulose nanofibers.

Raw Material Pretreatment Treatment Codification
Mechanical TM-LCNF
Tomato _ o
TEMPO-mediated oxidation TT-LCNF
Mechanical . L PM-LCNF
Pepper ] o High-pressure homogenization
TEMPO-mediated oxidation PT-LCNF
Mechanical EM-LCNF
Eggplant . .
TEMPO-mediated oxidation ET-LCNF
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3.5. LCNF Characterization

To determine the nanofibrillation yield, a 0.1% LCNF suspension was centrifuged at 10,000 rpm
for 12 min. The precipitated fraction or non-nanofibrillar material was separated from the
nanofibrillar material, and it was dried at 100 °C for 24 h [42].

The cationic demand (CD) was determined through the adaptation of the methodology followed
by Carrasco et al. [43]. First, 0.20 dried grams of LCNF were diluted in distilled water until 200
g. When the suspension was homogenized, 10 mL of this solution was mixed with 25 mL of a
cationic polymer (poly-DADMAC). The suspension was centrifuged at 4000 rpm for 90 min.
Then, 10 mL of supernatant was introduced to a Mitek PCD 05 particle charge detector and back-
titrated with the anionic polymer (PesNa) until the detector indicated zero conductivity. The CD

was determinate according to Equation (2):

cD = Cpolyppolyp)Cpesna’pesna )
m

where Cuoyp and Vpayo correspond to Poly-DADMAC concentration and volume, respectively;
Cresna and Vpesna CoOrrespond to PesNa concentration and volume, respectively; and m is the weight
of the dried product (g).

According to the methodology of Besbes et al. [42], the carboxyl content (CC) was determined
by conductometric titration. First, 50-100 mg of dry fiber was suspended in 15 mL of HCI (0.01
M) to exchange the Na* cations attached to COOH groups by H* ions. Then, the suspensions were
titrated with NaOH (0.01 M), adding 0.1 mL of NaOH to the sample suspensions and recording
the conductivity, observing a reduction, stabilization and increase in the conductivity. The CC

was determined according to the Equation (3):

CcC = (V,—V1)-[NaOH] (3)

m

where V; and V; are the equivalent volumes of added NaOH solution; [NaOH] corresponds to
NaOH solution concentration and m stands for the weight of the dried product (g).

Considering the assumptions and methodology described by Carrasco et al. [44], the obtained
values of the cationic demand and carboxyl content were used for the theoretical estimation of
the specific surface (oLcnr) and diameter of the LCNF.

The cationic polymer (Poly-DADMAC) used for the cationic demand determination interacts
with cellulose fibers through surface adsorption mechanisms. The Poly-DADMAC has a
specific area of 4.87 x 10! nm?/ueq-g; based on this value, the specific surfaces of the LCNF

obtained were calculated according to Equation (4) [39]:

o,ene = (CD = CC) - Opoly—-DADMAC (4)
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where oLcnr is the specific surface of LCNF (nm?/g); CD is the cationic demand (peq/g); CC is
the carboxyl rate (umols/g); and croly-nabmac COrresponds to the specific surface of this cationic
polymer (nm?/peq).

Assuming the cylindrical geometry of the LCNF, the value of the specific surface was used to
determine its diameter.

All measurements were made in triplicate and mean, and standard deviations were calculated.

3.6. Polymerization Degree and Length

The intrinsic viscosity () was obtained according to UNE-57-039-92 and used for the
calculation of the degree of polymerization. The degree of polymerization (DP) was calculated

using Equations (5) and Equation (6) [45]:

DP (< 950): DP = = (5)
DP(> 950): DP%76 = ;578 (6)

The length of the nanofibers was calculated from the polymerization degree (DP) using the
Equation (7) proposed by Shinoda et al. [46]:

Length (nm) = 4.286 - DP — 757 (7

3.7. Spectroscopy Analysis

Fourier transform infrared spectroscopy (FTIR) analysis was applied to determine possible
changes in the structure, chemical composition, and functional groups during LCNF isolation
processes. A Spectrum Two FT-IR Spectrometer (Perkin-Elmer, Massachusetts, USA) was used
in the range of 450-4000 cm™' with a resolution of 4 cm™', collecting a total of 40 scans per

sample.

3.8. X-ray Diffraction (XRD) Analysis

XRD was used to study the crystal structures of the cellulosic pulps and LCNF. This analysis
was performed using a Bruker D8 Discover (Bruker Corporation, Massachusetts, USA) with a
monochromatic source CuKal over an angular range of 5-50° at a scan speed of 1.56°/min. The

Segal method was used to calculate the crystallinity index (Cl)(Equation (8)) [47]:

Lyoo — I
CI(%) = (M) 100 ®)
200
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where Iz is the diffraction peak intensity at 26 = 22.5° of the crystalline cellulose regions, and
lam, 1s the intensity minimum between two diffraction peaks (20 = 16.5° and 22.5°) of the

amorphous cellulose region.

3.9. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of the LCNF.
The derivate thermogravimetric (DTG) was used to analyze the maximum degradation rate (T max).
The analysis was carried out using a Mettler Toledo TGA/DSC 1 (Mettler Toledo, Ohio, USA).
The samples were taken from room temperature to 800 °C with a heating rate of 10 °C/min and a

50 mL/min nitrogen gas flow rate.

3.10. Reinforcement of Industrial Pulp

LCNF was used as a reinforcing agent on a paperboard industrial pulp (Smurfit Kappa) and
compared its effect with that produced by mechanical beating. The industrial cellulose pulp was
submitted at different mechanical refining intensities (1000 rev, 2000 rev, and 3000 rev).
Lignocellulose nanofibers (mechanical and TEMPO) of tomato, pepper, and eggplant were added
at 1.5%, 3%, and 4.5% (o0.d.m.) to the industrial cellulose suspension. The process started
disintegrating 30 g dry weight pulp for 30 min. Then, LCNF was added in the established
proportion and disintegrated for 1 h. After that, 0.5% (w/w) cationic starch (Vector SC 20157)
and 0.8% (w/w) colloidal silica (LUDOX® HS-40) were added to improve the retention of LCNF
by improving the bonding of the fibers, based on the dry weight of the pulp and LCNF and kept
in constant mechanical agitation. The papersheet formation was carried out in a sheet former
ENJO-F-39.71 (Metrotec S.A., Lezo, Spain) according to TAPPI T205ps-95. Before the
mechanical testing, the papersheets were conditioned at 25 °C and 50% relative humidity for 48
h. The mechanical characterization was performed using an Instron universal testing machine
(Lloyd Instruments, Bognor Regis, United Kingdom) provided with 1 kN load cell, in terms of
breaking length and tensile index, elongation, Burst index, and tear index, according to TAPPI
standard (T-494-om96, T-494, T-403-om97 and T-414-om98, respectively). The physical
properties of the papersheets were analyzed for their thickness, density, and porosity. The
thickness was determined according to the standard 1SO 534. The density was calculated from
the weight of the sheets and their dimensions. The porosity of the sheets was calculated using
Equation (9):

Porosity (%) = 100 - (1 - M) 9

Pcellulose

where psample IS the density of the sheet, and peeiuiose is the density of cellulose, assumed as

1.5 g/em?®.
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4. Results and Discussion

4.1, Chemical Composition of Raw Materials and Obtained Cellulosic Pulps

The first objective of this study is the production of cellulose pulps from horticultural plant
residues (tomatoes, peppers, eggplants), which was accomplished by subjecting the raw materials
to a soft conditions’ soda pulping process. This treatment has previously been successfully applied
to produce cellulosic pulps with optimal characteristics for the isolation of lignocellulose
nanofibers from herbaceous biomass [17]. The yields from the pulping process were 25.73%,
24.76%, and 20.50% for eggplant, pepper, and tomato plants, respectively.

Figure 1 shows the differences in the chemical composition of the raw materials and that presented
by the cellulosic pulps obtained. How the non-structural components (extractables and ashes) are
reduced almost entirely after treatment is observed. The cellulose fraction was purified, especially
in cellulosic pulps from tomatoes and pepper plants, increasing from 20.9% and 27.91% to 66.4%
and 56.77%, respectively. In the case of eggplant, this important purification does not take place,
however, and unlike the rest, an increase in the content of hemicellulose up to 30.35% was
produced. The hemicellulose content is of special interest in the production of cellulose nanofibers
through mechanical treatments acting as a barrier against the aggregation of the fibrillated
microfibers. Chaker et al. determined that a hemicellulose content 25% produces a yield twice as
high as that presented by fibers with 12% hemicellulose content [18]. The lignin content in the
cellulosic pulp is high in comparison with other agri-residues used for lignocellulose nanofiber
production [17,19-21]. Lignin acts as binding agent in the lignocellulosic matrix, promoting
integrity and impeding its deconstruction. Despite its high lignin content, the pulping process may
break ether and ester linkages between lignin and carbohydrates (cellulose and hemicellulose),
allowing fiber defibrillation [22]. In addition, the presence of lignin in the fiber can exert an
antioxidation action during nanofibrillation, preventing the union of links already broken during
nanofibrillation treatment [23].

The crystallinity structure of the different cellulose pulps was analyzed by the X-ray diffraction
technique (Figure 2). It is possible to observe two major reflection peaks at 20 = 16.1° and 22.5°,
corresponding to 110 and 200 typical reflection planes of cellulose 1. The crystallinity index
shows values of 31.24%, 44.16%, and 53.21% for eggplant, pepper, and tomato plants,
respectively. The crystallinity index (CI) values shown by the cellulosic pulps are low compared
to those shown by purified cellulose [20]. This is due to the presence of amorphous components,
mainly lignin and hemicellulose, in fiber. These values coincided with the lower values of
cellulose in fiber for eggplant and pepper pulp and, therefore, higher contents of hemicellulose

and lignin.
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Figure 1. Chemical composition of horticultural plant residues and cellulosic pulps.

Figure 2. XRD patterns of horticultural residues pulps.

4.2, Lignocellulose Nanofiber Characterization

In order to investigate the effect of the chemical composition of cellulosic pulps and of the
different pretreatments on the production of lignocellulose nanofibers, the LCNF obtained were
characterized in terms of nanofibrillation vyield, cationic demand, carboxyl content, and
morphology (Table 2). In general, it is observed that LCNF obtained by TEMPO-mediated
oxidation presents a higher nanofibrillation yield (49-70%) compared to those obtained by
mechanical pretreatment (18-33%). The nanofibrillation yields of LCNF obtained by mechanical
pretreatment are similar to those presented by other cellulose nanofibers produced by the same
process [24-28], however, those obtained by TEMPO-mediated oxidation show a slightly lower
yield than those shown by other authors, which usually exceed 90% [29-31]. This behavior is
also observed in the cationic demand where the TEMPO-oxidized LCNF present considerably

higher values of cationic demand. This is mainly due to the greater specific surface (cLcnr) that
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these nanofibers present in comparison with those obtained by means of mechanical pretreatment.
This greater specific surface results in a greater exposure of the -OH and -COOH groups of the
surface of the nanofibers, resulting in higher cationic demand. Regarding the carboxyl content, a
slight increase is observed after catalytic oxidation. These values are very low in comparison with
other nanofibers obtained by TEMPO-mediated oxidation that present carboxyl content values of
600-1000 pmols/g [26,29-31] This is due to the conversion of primary C6 alcohol groups from
the surface of the crystalline regions of the cellulose into carboxyl groups produced during
pretreatment. In this case, the low crystallinity, and the high presence of lignin (which may
partially or totally consume the NaClO used as a catalytic reaction activator), means that this

conversion is not as effective as for bleached pulps.

Regarding the morphology, some differences are observed between the different pretreatments.
The diameters obtained vary significantly between the TEMPO-oxidized LCNF and those
obtained by mechanical pretreatment. On the one hand, the nanofibers obtained by TEMPO-
mediated oxidation show very similar diameter values (12—17 nm) despite the differences shown
in the chemical composition. However, in LCNF obtained by mechanical pretreatment, large
differences were observed between the different raw materials. It is observed that for LCNF
obtained mechanically from eggplant residues, show much smaller diameter than the rest. This is
due to their high hemicellulose content, which acts as a key component in the nanofibrillation
process [18]. The namometric size of the LCNF was confirmed by direct observation by SEM
(Figure 3). It is observed how significant differences exist between the different pretreatments,
observing in the case of those obtained mechanically a large proportion of non-nanofibrillated
macro/microfibers, as indicated by their low nanofibrillation yield compared to TEMPO-oxidized
LCNF. Regarding the length of the lignocellulose nanofibers, a generalized decreased is observed
after catalytic oxidation, showing a decrease of 60.07%, 55.94%, and 53.60% for the LCNF
obtained from eggplant, pepper, and tomato plants. It is produced by the depolymerization and j-
elimination of the cellulose amorphous regions into gluconic acid or cellulose-derived small

fragments [32].

Table 2. Characterization of the different lignocellulose nanofibers.

LCNF n CD cC OLCNF Diameter  Length

Sample (%) (req/g) (nmols/g) (m?g) (nm) (nm)
TM-LCNF 17.81+2.59 298.39 + 48.30 247.35+6.14 24.86 112 5440
PM-LCNF 18.34 £ 3.37 166.46 + 0.00 148.71 + 1.66 8.64 278 4317
EM-LCNF  32.61+3.48 248.30+ 10.89 127.25 + 3.99 58.95 42 5132
TT-LCNF 48.77 £1.30 707.86 + 18.54 299.96 +48.76  198.65 12 2524
PT-LCNF 69.66 + 6.11 513.37 £37.23 205.81 +£5.86 148.78 17 1902
ET-LCNF 66.39 + 1.52 563.38 + 37.06 186.61 +63.78  183.48 14 2049
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n: nanofibrillation yield; CD: Cationic demand; CC: Carboxyl content; cicne: Specific surface

area of LCNF.

EM-LCNF

TM-LCNE

SEM WD 10.3mm 10:24:32

ET-LCNF

100nm SCAI-UCO 7/8/2020

SEM WD 10.4mm 11:09:27

PT-LCNF

100nm SCAI-UCO 7/8/2020
24:3

TT-LCNF

Figure 3. SEM microphotography of the different LCNF.

Figure 4 shows the effect of the different pretreatments on the crystallinity of the lignocellulose

nanofibers. In the different patterns crystalline reflection peaks are observed in the planes (110)

and (200) as in the case of the cellulose pulps, indicating that LCNF also presents a crystalline

structure typical of cellulose I. These observations suggest that the crystalline structure of the

fiber is maintained after the different pretreatments and the nanofibrillation treatment. Both

pretreatments present similar values for the different lignocellulose nanofibers (56%-60%), all

higher than the initial values shown in the cellulose pulps. This may be due to the degradation of

the amorphous regions by the action of both pretreatments, maintaining the crystalline regions of

cellulose and increasing the crystallinity index of the samples [32].
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Figure 4. XRD patterns of LCNF obtained by mechanical (a) and TEMPO-oxidation (b)

pretreatments.

The thermal stability of the cellulose nanofibers is also an important parameter to study their
suitability in their final application. Figure. 5 shows the thermal behavior of the different cellulose
nanofibers. The analysis of the different curves, identifies that the thermal decomposition is
carried out in three zones, indicating the presence of distinct components decomposing at different
temperatures. The first zone (up to 200 °C), shows a small decrease in the weight of samples
related to the evaporation and removal of absorbed and bounded water in fiber [33-35]. The
second zone (200400 °C) corresponds to the active pyrolysis of the lignocellulosic components
and is where the main degradation of the samples, including the maximum degradation
temperature (Tmax) Shown by the DTG curve. In the third zone (temperature above 400 °C) the
passive pyrolysis of the lignocellulosic components takes places, where the low degradation ratio
stands out and is identified with the lignin degradation and any carbonaceous matter
decomposition [35,36].

The main peak observed in the DTG analysis (Figure 5b,d) shows the temperature where the
thermal degradation is maximum, known as Tmax. The analysis shows that the cellulose nanofibers
obtained by mechanical pretreatment show very similar values, being these 356.2 °C, 355.5 °C,
and 357.5 °C for eggplant, pepper, and tomato plants. A similar behavior is observed for the
lignocellulose nanofibers obtained by TEMPO-mediated oxidation, where the show a very similar
value, being 308.8 °C, 317.8 °C, and 306.5 °C for eggplant, pepper and tomato, respectively. The
lower stability shown by TEMPO-oxidized nanofibers is due to two main factors: i) The higher
specific surface that results in a larger surface area exposed to heat; and ii) the introduction of

carboxyl groups on the surface that produces a high number of free ends [24].

71



Chapter 1

Figure 5. TGA and DTG curves of mechanical (a,b) and TEMPO-oxidation (c,d)
LCNF.

43. Lignocellulose Reinforcement on Recycled Paperboard

The recycling process subjects the fibers to dispersion-drying cycles that reduce the binding
capacity of the fibers, hornification process and, therefore, the mechanical properties shown by
the final products. To correct this decrease, the industry uses different processes in order to
increase the union between fibers, such as mechanical beating and the addition of chemical or
virgin fiber [9]. The reinforcement effect on the recycled paperboard suspension of the
lignocellulose nanofibers obtained in this work was compared with the effect produced by
mechanical beating in order to analyze the suitability of the addition of LCNF as an alternative to
mechanical beating. Figure 6 shows the evolution of the mechanical properties (breaking length,
Young’s modulus, tear index, and burst index) of recycled paperboard after the different
treatments. In a generalized way, it is observed how both treatments, mechanical beating and
LCNF addition, produce an increase in the mechanical properties compared to the values obtained
from the original recycled fiber (baseline). The mechanical properties shown by the original
recycled fiber were 2726 m for breaking length, 0.73 GPa for the Young’s modulus, 26.71 Nm/g
for the tear index, and 1.42 KN/g for the burst index. A linear increase is observed as the intensity

of the mechanical refining of the amount of LCNF added increases, obtaining the highest values
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at the most severe conditions (3000 rev and 4.5% LCNF). The addition of LCNF produces a
similar increase to the mechanical beating in breaking length and tear index parameters, however,
it produces a more pronounced reinforcing effect on the Young’s modulus and burst index. The
differences in the reinforcing effect were analyzed depending on the raw material used to produce
lignocellulose nanofibers. In general terms, it is observed that the addition of LCNF produces a
similar effect regardless of the raw material used. Regarding the pretreatment, it is observed that
there are no major differences in the reinforcing effect between LCNF obtained by mechanical or
TEMPO-mediated oxidation pretreatment. Although all LCNF produce a similar effect, the
reinforcement produced by TEMPO-oxidized nanofibers from eggplant residue (ET) stands out.
The addition of 4.5% ET produces an increase of 30.63%, 53.42% 19.88%, and 62.68%,
compared to 16.18%, 11.00%, 16.21%, and 36.62% produced by mechanical beating for the

breaking length, Young’s modulus, tear index, and burst index, respectively.

4000

3500 L 14
E ! = IR
— 3000 I —
'?':'o -l N g-pTE s L :I:
§ 2500 [}
2 5 1 =
£ 2000 5 =
© 3 =
o 2 o8 I H B & I T
1500 - =H=0 N N W= =
@ o EE =g= =j=
an H B H B
1000 5 06 == ==
3 H B H B
> == = =
500 0,4 H B H B
o H B H B
2 == = =
3 £ SssE6EG o 5 B ==
1 By 22 2 N8R H = H B
8 ) E8 e == H B
g 4 LRI N B 0
> > > I~ TR
Mechanical Tomato Pepper Eggplant g g 2 E E E E FEE E E E - E E E L ow =
beating BRI EREEEEEE R EE E R
S R 8|4 g - Sl B <3 q - <
Mechanical Tomato Pepper Eggplant
35 beating
30 I I I I 3
. I = — = == =
L 35 2,5
£ " &
—
> &8 = B I
3 20 = 2 I T I =1= T IE
3 HH
c x H = -
£ = H H
- x e Y =
3 15 35 (oo HEHSL e ee o
" £ 5 B
+ H =
10 £ 1 =1=
3 R
L] H H
. 05 5 B
. 0 HH
3 EEE|EEEEEE EEEFEELFELIZEZEEREIZZEELEE
3 PRI ) R EEREIEE R EREIEE E R
S - <3 2 - < SRS < = EA <A < ~
Mechanical Tomato Pepper Eggplant Mechanical Tomato Pepper Eggplant
beating beating

Figure 6. Evolution of the mechanical properties of recycled paperboard after different

treatments.
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The increase in Elongation at break was also analyzed (Figure 7). For this parameter, as with the
other mechanical properties, a linear increase is observed as the treatment becomes more severe,

and the reinforcement effect is more effective with the addition of LCNF than with mechanical

beating.
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Figure 7. Evolution of the elongation at break of recycled paperboard after different

treatments.

The increase in the mechanical properties due to the different treatments is given by: i) the
increase in the specific surface area of fibers which facilitate the bonding with adjacent fibers
produced by the mechanical beating, or ii) the generation of a network embedded between the
paperboard substrate fibers and the LCNF added, increasing the bonding capacity and facilitating
the interfiber bonding [37].

The industrial paperboard presents a breaking length value of 5656 m. Considering that in the
industrial papermaking process formation is produced in an isotropic way, it is necessary to
perform a conversion of the isotropic-anisotropic values to compare them with those obtained in
an anisotropic laboratory papersheet former. For this, the anisotropic ratio of 1.65 is considered,
obtaining that the industrial cardboard shows a breaking length value of 3443 m [38]. According
to the data obtained, under the conditions studied in this work, only the addition of 4.5% ET would
reach this value (3561 m), fully correcting the loss of the mechanical properties during the
recycling process. The use of LCNF, in addition to producing a greater reinforcing effect, would
make it possible to increase the recycling cycles of the same fibers from three to 10 or more [37].
The low number of recycling cycles limit when using mechanical beating is due to the structural

damages caused by the effect of shearing during the beating. Previous studies have confirmed that
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the use of this technology can be energy-efficient depending on the nanofibrillation treatment
[38]. This phenomenon also explains the increase in density compared to untreated recycled
paperboard, as well as the decrease in the porosity.

The influence of the different treatments on the evolution of the physical properties was also
analyzed, as shown in Table 3. A decrease in thickness is observed as the severity of the different
treatments increases. This is due to the greater bonding strength between the adjacent fibers,
resulting in greater compaction of the fibrillar network [39]. These observations are more intense
in the addition of LCNF compared to those shown by the mechanical beating treatment. This is
due to the fact that in addition to the higher bonding strength, the nanometric size of the LCNF
allowing them to fill the gaps between the fiber matrix, increasing the density and decreasing the
porosity [39].

Table 3. Evolution of the physical properties of recycled paperboard after different

treatments.

Treatment Sample Thickness (um)  Density (g/cm®)  Porosity (%)
Recycled paperboard 150.3+2.9 0.36 + 0.01 75.55+0.79
1000 rev 147.8+6.5 0.37+£0.01 75.10+1.01
Mechanical beating 2000 rev 147.2+8.0 0.38 £0.02 74.93+1.49
3000 rev 146.8 £ 6.6 0.38+0.01 74.75+£0.91
1.5% T™M 139.9+4.2 0.39+£0.01 73.72+0.93
3% TM 136.6 £ 3.8 0.40+0.02 73.06 £ 1.61
Tomato LCNF 45% T™M 1349+27 0.41+£0.02 72.72+1.38
15%TT 142.4+54 0.39+£0.01 7453 £ 0.57
3%TT 1426+1.9 0.39+£0.03 74.23+0.74
45%TT 138.4+4.3 0.40+0.02 73.38 £ 1.63
1.5% PM 136.0+4.9 0.40+0.01 7294+ 134
3% PM 134.2+7.6 0.41+0.02 72.82 £ 0.69
Pepper LCNF 4.5% PM 133.1+£5.6 0.41+0.02 72.78 £0.72
1.5% PT 147.5+3.0 0.38£0.02 75.08 £ 1.42
3% PT 1478+2.1 0.38+£0.03 74.86 = 1.06
4.5% PT 147.4+£53 0.39+£0.01 74.04 £ 0.36
1.5% EM 146.0 £ 3.9 0.38+0.01 7491 +0.78
3% EM 1453+45 0.39+£0.02 74.00+1.83
4.5% EM 138.7+£9.2 0.40+£0.02 7343+ 154

Eggplant LCNF
1.5%ET 143.7+£8.1 0.38+£0.01 74.94 +0.83
3% ET 146.7+£ 4.4 0.38£0.02 7451+ 123
45%ET 1445+6.1 0.39+0.01 74.37 £ 0.66
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Figure 8 Shows the evolution of the drainage properties of the paperboard slurries after the
addition of the different LCNF. As expected, the addition of lignocellulose nanofibers, due to
their specific surface area and their hydrophilic nature, results in a high water-holding capacity,
thus increasing the viscosity of the suspension and decreasing the drainage capacity of the slurries.
The mechanical beating treatment, due to the large generation of fines during the process, also
produces a decrease in the drainage capacity showing a drainage degree of 47°SR, 49°SR, and
54°SR for 1000 rev, 2000 rev, and 3000 rev, respectively. These values are lower compared to
those obtained by the addition of LCNF; however, this property is not a key parameter when
evaluating the suitability of this technology for use in the recycling paperboard industry since this

property can be corrected by the combination of nanofibers and electrolytes [40].
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Figure 8. Evolution of drainability properties of cardboard suspension with different
LCNF amount.

5. Conclusions

Horticultural plant residues, as lignocellulosic source for the isolation of lignocellulose
nanofibers, were analyzed. The cellulosic pulps obtained were subjected to two different
pretreatments, mechanical and TEMPO-mediated oxidation, and a subsequent high-pressure
homogenization process for lignocellulose nanofiber isolation. The different LCNF were added
as a reinforcing agent on recycled paperboard and compared with the improvement produced by
industrial mechanical beating. The addition of 4.5% TEMPO-oxidized LCNF from eggplant
residues produces the greater increase in comparison with the other LCNF. It produces an increase
of 30.63%, 53.42%, 19.88%, and 62.68%, compared to 16.18%, 11.00%, 16.21%, and 36.62%
produced by mechanical beating for breaking length, Young’s modulus, tear index, and burst

index, respectively. The use of LCNF produces a decrease in the papersheet thickness and
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porosity, and an increase in the density. This is due to the greater bonding strength between the
adjacent fibers and the gap filling resulting in greater compaction of the fiber matrix. The use of
LCNF in the paperboard recycling process as an alternative to mechanical beating produces a
greater reinforcing effect and would make it possible to increase the recycling cycles of same

fibers from three to 10 or more.
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1. Abstract

Films formulated with polyvinyl alcohol (PVA) (synthetic biopolymer) were reinforced with
lignocellulose nanofibers (LCNF) from residues of vegetable production (natural biopolymer).
The LCNF were obtained by mechanical and chemical pretreatment by 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO) and added to the polyvinyl alcohol (polymer
matrix) with the aim of improving the properties of the film for use in food packaging. The
mechanical properties, crystallinity, thermal resistance, chemical structure, antioxidant activity,
water barrier properties and optical properties (transparency and UV-barrier), were evaluated.

In general, with the addition of LCNF, an improvement of the studied properties of the films was
observed. In terms of mechanical properties, in general, the films reinforced with 7% LCNF
TEMPO showed the best results in terms of tensile strength, Young's modulus and elongation at
break. At the same LCNF proportion, the thermal stability (Tmax) increased in the range of 5.5%
and 10.8%, and the antioxidant activity increased between 90.9% and 191.8%, depending on the
raw material and the pre-treatment used to obtain the different LCNF. Finally, a large increase in
UV blocking was also observed with the addition of 7% LCNF. In particular, the films with 7%
of eggplant-LCNF showed better results in terms of Young’s modulus, elongation at break,
thermal stability, and UV-barrier. Overall, results demonstrated that the use of LCNF generated
from agricultural residues represents for a suitable bioeconomy approach able to enhance film
prop-erties for its application in the development of more sustainable and eco-friendly food
packaging systems.

Keywords
Plastic package; biorefinery; agri-food by-products; valorisation; films

2. Introduction

Food packaging plays a major role in protecting, maintaining and improving the quality and safety
of food during transport, distribution and storage [1]. Conventionally, the materials used to
produce food packaging have been plastic polymers of petrochemical origin, (polyethylene
terephthalate (PET), polyvinyl chloride (PVC), polyamide (PA), polystyrene (PS), polypropylene
(PP), polyethylene (PE), etc.), paper, metal, and glass. The widespread use of such plastic
packaging is due to their mechanical properties, rigidity and flexibility, barrier properties against
oxygen and moisture, low cost, and ease of production [2,3]. In 2018, plastics production reached
51.2 million tonnes, accounting for 39.9% of food packaging production [4].

Despite the technological advantages of using plastic packaging, environmental and human health
can be negatively affected due to its non-biodegradable nature and the possibility of migration of

chemicals from plastic packaging into food [2]. For this reason, there is an increasing interest in
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searching for a suitable substitute of such synthetic polymers [5]. The development and use of
bio-based, abundant and sustainable resources is proposed as one of the alternatives to
conventional materials [6].

The origin of biopolymers can be natural (starch, chitosan, cellulose, etc.), and synthetic
(polylactic acid (PLA), polyglycolic acid (PGA), polyvinyl alcohol (PVA), etc.) [7]. Synthetic
biopolymers present potential to improve packaging properties such as durability,
biodegradability, flexibility and high brightness [8]. Despite these advantages, these materials
have poorer mechanical, thermal and barrier properties compared to conventional plastic
materials. With the development of nanotechnologyi, it has arisen several nanofiller for application
in food packaging materials. Among them, nanocellulose have shown excellent performance, so
when added into the polymer can improve the mechanical and barrier properties of the synthetic
biopolymer [9].

PVA is a biodegradable polymer with very good chemical resistance, high crystallinity, good film
formation, hydrophilic properties and no toxicity [10]. This biopolymer has great potential as food
packaging due to its excellent tensile strength, flexibility, and oxygen barrier properties [11].
However, due to the presence of large amount of hydroxyl groups, they have a hydrophilic nature,
which in wet environments cause penetration of water molecules through the film, leading to a
deterioration in mechanical properties and oxygen barrier properties [12]. Therefore, the use of
PVA as food packaging would be restricted to food products associated with low relative
humidity. Nonetheless, the addition of cross-linkers compounds (dialdehydes, dicarboxylic acids,
dianhydrides) may decrease the hydrophilic behaviour of the material, making it more suitable
for high water content environments [13-15].

Cellulose nanofibers (CNF) play an effective role in polymer reinforcement [16]. This
reinforcement is due to the presence of aromatic hydroxyl groups, which through hydrogen
bonding, lead to a good interaction between the polymeric matrices [17-19]. These CNF could
be obtained from plant biomass proceeding from agricultural by-products, making it a highly
available and very low-cost resource. The CNFs could be used for the manufacture of food
packaging, resulting in value-added materials produced in a sustainable and environmentally
friendly way [20]. In 2020, vegetable pro-duction in Spain reached almost 16 million tonnes, with
Andalusia being the region with the highest vegetable production (33% of the total) [21]. This
high production leads to the generation of a large amount of agricultural waste that needs to be
managed. An alternative way of managing agricultural waste would be its use in the production
of value-added materials, avoiding its traditional applications (burning, composting, animal feed,
etc.), thus enhancing the circular economy system [22]. In a previous study of our laboratory, the
production of lignocellulose nanofibers (LCNF) from woody residues from tomato, pepper and

eggplant were optimised and characterised [23].
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The aim of this study was the development of films with potential food application, studying the
effect of pre-treatment and concentration of lignocellulose nanofibers (LCNF) from woody
residues from tomato, pepper and eggplant plants in a polymeric matrix (PVA). The effect on the
mechanical properties (Tensile strength, Young's modulus and elongation at break), crystallinity
(XRD), thermal resistance (TGA), chemical structure (FT-IR), antioxidant activity (ABTS assay),
barrier properties (WVP) and optical properties (transparency and UV-barrier) were studied in

the developed films.
3. Materials and Methods

3.1 Reagents

The woody by-products used for this study, tomato (Solanum lycopersicum), pepper (Capsicum
annuum) and eggplant (Solanum melongena) crops were provided by Cooperativa Aguadulce
(Almeria, Spain). The material was cleaned and dried at room temperature prior to cutting (0.1-1
cm) and storage in plastic bags.

The polymeric matrix, polyvinyl alcohol (P.M.: 146,000 - 186,000, and hydrolysis degree +99%)
was supplied by Sigma Aldrich, Spain. Films were generated and characterized using different
methods with the use of Sodium hydroxide (Panreac, Germany), sodium bromide (Honeywell,
US), TEMPO (2,2,6,6-Tetramethyl-piperidin-1-oxyle) (Sigma Aldrich, US), sodium hypochlorite
(Panreac, US), ABTS (2,2'-Azinobis-(3-ethylbenzthiazoline-6-sulphonate acid) (Sigma Aldrich,

Germany), calcium chloride anhydrous (Scharlab, Spain).

3.2. Cellulose pulp obtention

The raw materials were subjected to an environmentally friendly soda pulping process, ina 15 L
batch reactor with a liquid: solid ratio of 10:1, 7% NaOH on dry mate-rial (0.d.m) at 100°C for
150 min. The cellulosic pulp was disintegrated at 1,200 rpm for 30 min and passed through a
Sprout-Bauer refiner. The resulting pulp was sieved through a 0.14 mm mesh to retain uncooked
material [23]. To remove excess water from the pulp, it was centrifuged and allowed to dry at

room temperature.

3.3. Lignocellulose nanofibers production

Cellulose pulp was submitted to mechanical and TEMPO-mediated pre-treatments, followed by

a high-pressure homogenisation treatment to obtain lignocellulose nanofibers [24].

3.3.1. Mechanical pre-treatment
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The cellulose pulp obtained was beaten with a PFI beater until the degree of drainage (°SR) closest
to 90° was obtained. All samples required 30,000 revolutions to obtain the highest SR value,
according to 1SO 5264-2:2002.

3.3.2. TEMPO-mediated oxidation pre-treatment

The cellulose pulp was subjected to mechanical beating in a PFI beater (4,000 rev-olutions), prior
to chemical treatment. To the pulp obtained, a suspension of NaClO (12%) (5 mmol sodium
hypochlorite) was added at room temperature with continuous stirring. To stabilise and maintain
the pH of 10.2, NaOH (0.5 M) was added. Finally, the fibers were filtered and washed several

times with distilled water [25].

3.3.3. High-pressure homogenization

The pre-treated fiber suspensions (1% w/v) were homogenised at high pressure with a Panda GEA
2 K NIRO homogeniser (GEA, Germany). This process was carried out in 10 cycles (4 cycles at
300 bar, 3 cycles at 600 bar and 3 cycles at 900 bar) [26].

3.4, Film formulation and production

The PVA solution (3 wt.%) was prepared in distilled water at 90°C for 4 hours with constant
mechanical stirring. To this polymer suspension, the different LCNF obtained at various
concentrations of 2, 5 and 7% (w/w) were added. The mixtures were stirred at room temperature
for 4 h. The resulting suspensions were poured into polypropylene Petri dishes (g = 9 cm) and

allowed to dry at room temperature. The total dry weight of the mixture was 0.35 g per slide.

Table 1. Composition, pre-treatment, and codification of the different film formulations.

Raw material Pre-treatment Codification PVA: L.CNF Codification
concentration (%)
PVA PVA 100 PVA

98:2 2% MT-LCNF
Mechanical MT 95:5 5% MT-LCNF
Tomato plant 93:7 7% MT-LCNF
P 98:2 2% TT-LCNF
TEMPO-mediated oxidation TT 95:5 5% TT-LCNF
93:7 7% TT-LCNF
98:2 2% MP-LCNF
Mechanical MP 95:5 5% MP-LCNF
Penper plant 93:7 7% MP-LCNF
PPerp 98:2 2% TP-LCNF
TEMPO-mediated oxidation TP 95:5 5% TP-LCNF

93:7 7% TP-LCNF
. 98:2 2% ME-LCNF
Eggplant plant Mechanical ME 955 506 ME-LCNF
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93:7 7% ME-LCNF
98:2 2% TE-LCNF
TEMPO-mediated oxidation TE 95:5 5% TE-LCNF
93:7 7% TE-LCNF

3.5. Film characterization

3.5.1. Mechanical properties

The analysis of the mechanical properties of films is relevant to determine their strength and
durability [27].

Prior to the measurements, the films with size (65 x 15 mm) were conditioned for 48 hours at
25°C and 50% relative humidity. The thickness of the films was measured using a Digital
Micrometre IP65 0-1”, Digimatic, Mitutoyo (Neuss, Germany). The ASTM D638 test method
was followed to determine the tensile strength, Young's modulus and elongation at break of PVA
and LCNF-PVA films. A Lloyd Instrument LF Plus testing machine (AMETEK Measurement &
Calibration Technologies Division, Largo, FL, USA) equipped with a 1 kN load cell was used

applying a speed of 100 mm/min. Ten replicates of each sample were measured.

3.5.2. X-Ray Diffraction (XRD) analysis

XRD was used to know and characterize the crystal structure of films formulated, and the changes
observed with the addition of LCNF to the polymeric matrix. This analysis was performed using
a Bruker D8 Discover with a monochromatic source CuKal over an angular range of 5-50° at a

scan speed of 1.56°/min.

3.5.3.  Thermogravimetric analysis (TGA)

TGA was performed to evaluate the thermal stability of the different films ob-tained. In addition,
the maximum degradation rate (Tmax) was calculated from the thermogravimetric derivative
(DTG). The analysis was performed with a Mettler Toledo TGA/DSC 1 (Mettler Toledo, Spain).
The samples were brought from room temperature to 600°C with a heating rate of 10°C/min under

nitrogen atmosphere (50 mL/min gas flow).

3.5.4. Spectroscopy analysis

To compare the changes generated in the polymer matrix by the addition of dif-ferent
concentrations of LCNF, the FTIR spectra of each of the films obtained were an-alysed. The
spectra were obtained using the FTIR-ATR Perkin-Elmer Spectrum Two (Waltham, MA, US)

with a resolution of 4 cm—1 in the range 450-4000 cm—1, registering 40 scans per sample.

3.5.5. Antioxidant activity
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The evaluation of the antioxidant capacity or power of the films was performed by the ABTS
(2,2"-Azinobis-(3-ethylbenzthiazoline-6-sulphonate acid) assay.) For the preparation of the ABTS
solution (7mM), 38 mg of the ABTS reagent was diluted in 10 mL of potassium persulphate (2.45
mM) and kept in the dark for 16 hours. Then, an ABTS-ethanol solution (50% v/v) was prepared
to obtain an absorbance of 0.70+0.02 nm at 734 nm [28]. For the sample measurement, 5 mg of
sample with 2 mL of ABTS-ethanol solution was placed in the measuring cuvette, shaken, and
allowed to stand for 6 minutes before measurement at 734 nm.

The following equation was used to determine the antioxidant capacity:
AOP = (AABTS6" - AABTSfilm6"/AABTS0") -100 (2)

where AABTS6’ is the absorbance at 734 nm of the radical solution after 6 min; AABTSfilm6 is
the absorbance at 734 nm of the sample after 6 min; and AABTSO0’, the absorb-ance at 734 nm of
the radical solution before 6 min. ABTS scavenging activity was ex-pressed as %AO0P per mg of
the film. All assays were performed in triplicate.

3.5.6. Water permeability

The provision of a barrier between the external environment and the food is a fundamental
requirement in the development of films for food use. This film must protect the food, and in this
respect, water vapour permeability is very relevant due to the role moisture plays in the shelf life
of food [29,30].

The standard test method for water vapour transmission of materials (ASTM E96/E96M-10) was
used for this analysis. Periodic weighing was carried out to monitor the mass increase of the
sample, produced by the passage of water vapour through the film into the desiccant material
consisting of calcium chloride anhydrous. The test was performed at 25°C and 50% relative

humidity.
To calculate the water vapor permeability (WVP) the following formula was used:
WVP=(WVTR:-I)/(Psat- (RHout-RHin)) (3)

where WVTR is the water vapour transmission rate; | is the thickness; RHout is the external
relative humidity (50%) and RHin is the internal relative humidity (0%); and the Psat is the

saturation vapor pressure at the test temperature.

3.5.7. Optical properties

The light transmittance of the film in the UV-VIS regions (200-800 nm) was determined with a
Perkin Elmer UV/VIS Lambda 25 spectrophotometer (Waltham, Massachusetts).

The following equations were used to determine the transparency and UV barrier properties:
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Transparency = log %T660/1 (4)
where %T660 is the percent transmittance at 660 nm, and 1 is the film thickness (mm).
UV-barrier=100 - (%T2802%T660) -100 (5)

where %T280 is the percent transmittance at 280 nm, and %T660 is the percent transmittance at
660 nm.

3.6. Statistical Analysis

To evaluate the influence of raw material used, pre-treatment and LCNF concen-tration on film
formulation, Univariate Analysis of Variance (ANOVA) and t-test for independent samples were
carried out using the IBM® SPSS® version 25 statistical software (IBM Corporation, New York,
NY, USA).

4, Results

4.1, Mechanical properties

Figure 1 shows the effect of the addition of different proportions of LCNF in the polymer matrix
on the mechanical properties (tensile strength, Young's modulus, and elongation at break) of the
films. According to results, mechanical properties could be significantly improved for some of
the tested conditions. The better performance observed could be due to different mechanisms: i)
the compact structure of PVA, ii) the stiffness of the LCNF chain, iii) the homogeneous
distribution of LCNF in the polymeric matrix and, iv) the strong interaction between the OH
groups of LCNF and PVA [31].

In the tensile strength, a significant increase was reported for samples with LCNF from tomato
and pepper (p<0.05) compared to the PVA films. The TEMPO pre-treatment applied to obtain the
LCNF also showed an improvement for this property, except for the 7% TT-LCNF sample.
Moreover, the addition of LCNF to the polymer matrix had a significant impact on this LCNF
property (p<0.05) compared to PVA films. In this sense, a decrease in tensile strength was
observed for most of the samples, except for the MT-LCNF and ME-LCNF, when increasing the
LCNF concentration from 5% to 7%. This slight decrease in film tensile strength at higher LCNF
concentration may be due to the rate of LCNF agglomeration in films formulated with PVA. This
agglomeration may lead to a breakdown of the interaction of the two matrices and result in weaker
areas in the film [27,32].
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For Young’s modulus, the addition of 7% LCNF led to a remarkable rise on this parameter
although it was only apparent for tomato and eggplant(p<0.05). However, overall, raw material

and pre-treatment had no significant effect on the improvement of this property.

The elongation at break of the films was statistically higher in TEMPO-treated samples excepting
for tomato, in which at 7% LCNF, values were similar (p<0.05). The highest increase (80%) was
found in 7% TE-LCNF samples. This improvement with the addition of TEMPO LCNF could be
due to the partial loss of lignin from the fibers due to oxidation, which leads to stronger hydrogen
bonds, resulting in an improvement of this property. This partial loss of lignin can be seen in
Figure S1. According to the results obtained, the raw material used and the concentration of LCNF
added to the polymeric matrix did not have a statistically significant effect (p>0.05) on the

improvement of this property.
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Figure 1. Mechanical properties of PVA film, PVA films containing mechanical LCNF from
tomato (MT), pepper (MP), and eggplant (ME) and PVA films containing TEMPO LCNF from
tomato (TT), pepper (TP), and eggplant (TE).

4.2, X-ray diffraction analysis

Figure 2 shows the X-ray diffraction patterns of the PVA films and the PVA films with 7% of
different LCNFs. The PVA film showed the typical strong semi-crystalline structure typical of
such a polymer. The diffractogram shows the highest intensity peak at 19.7°, due to the hydrogen
bonds between the hydroxyl groups of the PVA chains [33]. The diffractograms obtained from
the films with 7% LCNF showed higher intensity signals between 19.45° and 19.71°, very similar
to the PVA films, therefore, the addition of LCNF to the polymeric matrix did not modify the
semi-crystalline structure of PVA. The typical signals associated with cellulose: 14.7° plane
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(101), 20.4° plane (102), and 22.7° plane (200) [34] were very dimly observed in the

diffractogram.

PVA (57.6% CI)

7% MT-LCNF (69.3% CI)

7% MP-LCNF (64.4% CI)

7% ME-LCNF (67.8% CI)

| 7% TT-LCNF (66.4% CI)
] 7% TP-LCNF (62.5% CI)

7% TE-LCNF (64.0% CI)
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Figure 2. X-ray diffractograms of PVA film, PVA films containing 7% mechanical LCNF from

tomato (MT), pepper (MP), and eggplant (ME) and PVA films containing 7% TEMPO LCNF
from tomato (TT), pepper (TP), and eggplant (TE).

4.3, Thermogravimetric analysis

Thermal stability is one of the most important properties because of its influence on other
properties such as mechanical strength, durability and shelf-life. Thermal degradation can lead to
these properties gradually deteriorate [35].

The thermal stability of PVA films and PVA-LCNF films was assessed by calculating degradation
onset temperature (Tonset) and the maximum degradation temperature (Tmax) Using the derivative
of the TGA (DTG). Three stages of degradation were observed as shown in Figure 3, which were
attributed to the decomposition of the PVA matrix, as it is the major component of the film. The
first stage (100°C) corresponds with the water evaporation. The most pronounced losses occurred
in the second (200-400°C) and third stages (400-500°C) due to the loss of the PVA structure [36].

Table 2 shows the Tonset and Tmax Of formulated films. The film formulated with only PVA had
the lowest Tmax (250.32 °C) of all formulated films. The highest Tmax values were found in
films formulated with 7% LCNF, with a maximum increase of 10.80% reached in 7% ME-LCNF
samples, as compared to samples with only PVA (Table 2). This fact signals that the addition of
LCNF in the polymer matrix improved its thermal resistance [37]. An effect of raw material on

Tmax could be confirmed, which was more evident in formulations with mechanical LCNF, and
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particularly, higher in samples with eggplant mechanical LCNF (Table 2). The higher thermal
stability of mechanical samples may be because of a major presence of lignin as compared to
TEMPO pre-treatment, which usually leads to a partial loss of lignin content. Lignin establishes

covalent bonds with cellulose, conferring a higher thermal stability [38,39].
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Figure 3. Thermogravimetry analysis (TGA) of PVA films, PVA films containing mechanical
and PVA films containing TEMPO LCNF from tomato (MT, TM) (A), pepper (MP, TP) (B), and
eggplant (ME, TE) (C).

Table 2. Degradation temperatures from TGA of PVA films, PVA films containing mechanical
and PVA films containing TEMPO LCNF from tomato, pepper, and eggplant.

Formulation LCNF concentration (%) Tonset (°C)2 Tmax (°C)°
PVA 210.0 250.32
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2 2135 256.14

Tomato 5 2174 262.88

7 217.6 269.55

2 209.7 261.87

Mechanical pretreatment Pepper 5 212.4 266.14
7 217.6 271.74

2 216.0 263.76

Eggplant 5 221.5 268.01

7 231.3 277.36

2 214.0 259.19

Tomato 5 218.1 262.06

7 221.2 269.14

2 208.7 256.11

Tempo pretreatment Pepper 5 211.2 264.33
7 224.1 269.73

2 218.5 258.20

Eggplant 5 220.5 261.76

7 223.6 264.14

2 Tonset (°C) is the temperature at which degradation of the material begins which is calculated as the
point of intersection of the starting-mass baseline and the tangent to the TGA curve at the point
of maximum gradient.

® Trmax (°C) is the maximum degradation rate temperature calculated as the derivative of TGA (DTG).

44, Spectroscopy analysis

Figure 4 shows the FT-IR spectra of PVA and PVA-LCNF films with different percentages of
LCNF. Both types of film showed a peak at 3259.6 cm ™ indicating free hydroxyl groups due to
the strong intermolecular and intramolecular bonds. The peak at 2930 cm™* corresponds to the C-
H stretching vibrations of methyl or methylene groups. The peak detected at 1425 cm™
corresponds with the bending mode of CH2 bonds. The C-O stretching was observed at 1330
cm™t At 920 cm™?, a peak characteristic of the structure of CH2 groups was observed. The
absorption band at 840 cm™ correspond to the stretching vibration of the C-C groups [27,40-43].
Nonetheless, the FT-IR analysis results did not indicate drastic changes in the chemical structure
of PVA with the addition of LCNF. Other authors reported that the spectra obtained did not show
any new chemical structures or chemical reactions between the components used for film
formation [44]. In our study, the similar structure observed among formulations could be due to
the low concentration of LCNF added to the PVA polymer matrix. Furthermore, no changes were

observed in the spectra as a function of the pretreatment applied to LCNF.
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Figure 4. FT-IR spectra of PVA films, PVA containing mechanical LCNF (A) from tomato (MT),
pepper (MP), and eggplant (ME) and PVA films containing TEMPO LCNF (B) from tomato
(TT), pepper (TP), and eggplant (TE).

45. Antioxidant activity

Figure 5 shows the antioxidant activity of PVA and PVA films with LCNF measured by the ABTS
assay and expressed as percentage of antioxidant power (AOP) per mg of film.

The effect of LCNF and pre-treatment on AOP was statistically significant (p<0.05). In turn, no
remarkable differences were detected for type of raw material (p>0.05).

An increase in AOP was observed when the concentration of LCNF increased, exhibiting the
greatest AOP value at 7% MP-LCNF, consisting of a rise from 1.1% AOP/mg registered in only
PVA film to 3.21% AOP/mg for this MP-LCNF formulation.

As shown in Figure 5, the films formulated with mechanical-LCNF showed higher AOP values
than those presented by TEMPO-LCNF. This was because the mechanical pre-treatment does not
affect the oxidation state of the fibers, compared to TEMPO pre-treatment, preserving more of
their antioxidant capacity [45]. The AOP of the LCNF was determined in previous research (Table
S1) and a higher antioxidant capacity of the mechanical LCNF was also observed.
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Figure 5. Antioxidant power (AOP) of PVA film, PVA films containing mechanical LCNF
from tomato (MT), pepper (MP), and eggplant (ME) and PVA films containing TEMPO
LCNF from tomato (TT), pepper (TP), and eggplant (TE).

4.6. Water permeability

The water vapour permeability of PVA and 7% PVA-LCNF films was evaluated. Films with 7%
of LCNF were selected for this test based on the good results obtained for other parameters
previously shown.

Figure 6 shows that the addition of 7% LCNF to the polymeric matrix decreased the water vapour
permeability (WVP) with respect to only-PVA films, though values were not statistically different
(p>0.05). This apparent reduction could be due to the network formed between PVA and LCNF
via hydrogen bonds, which reduces the free space in the PVA polymeric matrix, making it more
difficult for water vapour to pass through the film [46].

Pre-treatment statistically influenced the WVP of films (p<0.05). In this respect, films with
TEMPO LCNF showed a lower WVP value as compared to mechanical LCNF. This reduction
could be caused by the partial loss of lignin due the oxidation process related to TEMPO pre-
treatment. Lignin could hinder the formation of hydrogen bonds between the polymer matrix and
the LCNF, resulting in a film with lower WVP, hence the partial elimination of lignin in TEMPO

would lead to better water vapour barrier properties [47].
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Figure 6. Water vapor permeability (WVP) of PVA films, PVA films containing 7% mechanical
LCNF from tomato (MT), pepper (MP) and eggplant (ME) and PVA films containing 7 %
TEMPO LCNF from tomato (TT), pepper (TP), and eggplant (TE).

47, Optical properties

The transparency and UV barrier of only PVA and PVA-LCNF films were deter-mined by
measuring the light transmittance in the UV and Visible range (200-800 nm).

The effect of LCNF on UV barrier and transparency was statistically significant (p<0.05). This
was not the case for the type of raw material and the pre-treatment, for which the differences were
not significant (p>0.05).

The optical transmittance of the films is highly dependent on the dispersion of LCNF in the PVA
polymer matrix.

As can be seen in Figure 7, films with LCNF had lower transparency than the one shown by the
film with only PVA. Films became opaquer with increasing LCNF content, with transparency
values decreasing by 66.9% in 7% MT-LCNF films in comparison with only-PVA film. In
general, except for the 2% ME and TE samples, the LCNF oxidized by TEMPO pre-treatment
increased the transparency of films. This increase could be re-lated to a better nanofibrillation
yield of these samples, which led to a higher dispersion in the polymeric matrix, thereby

increasing light transmittance [23].
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Figure 7. Transparency of PVA film, PVA films containing mechanical LCNF from tomato (MT),
pepper (MP), and (ME) and PVA containing TEMPO LCNF from tomato (TT), pepper (TP), and
eggplant (TE).

By contrast, as shown in Figure 8, the only-PVA film exhibited lower UV barrier capacity
(9.98%) than LCNF films. The highest UV light blocking value (55.88%) was found in 7% ME-
LCNF packages, while the lowest value (22.36%), excluding only-PVA film, corresponded with
2% MT-LCNF samples. This increasing trend in the capacity of blocking UV light as LCNF
content rises can be clearly seen in Figure 8. However, the pre-treatment did not show any clear
effect on this property and some results were contradictory. As indicated above, the optical
transmittance of the films is highly de-pendent on the dispersion of nanofibers (i.e. LCNF) in the
PVA polymer matrix. The same phenomenon could explain for the increased UV light blocking
of films with LCNF.
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Figure 8. UV-barrier of PVA film, PVA containing mechanical LCNF from tomato (MT), pepper
(MP), and eggplant (T, MP, ME) and PVA containing TEMPO LCNF from tomato (TT), pepper
(TP), and eggplant (TE).
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5. Conclusions

In this study, lignocellulose nanofibers (LCNF) obtained from agricultural waste of tomato,
pepper, and eggplant crops were proved to be a suitable reinforcement of PVA films, improving
several properties of the film such as thermal resistance, water vapor permeability and mechanical
parameters, among others, in addition to conferring antioxidant capacity, which was not present
in the non-reinforced film. Particularly, films formulated with 7% of LCNF from eggplant
agricultural residues showed better results in terms of Young's modulus, elongation at break,
thermal stability, and UV-barrier. Results demonstrated that agri-food residues can be
satisfactorily valorised generating innovative nanomaterials able to enhance food packaging
systems from a more sustainable and eco-friendly perspective. Nonetheless, further research is
needed to assess and validate the performance and safety of the LCNF-reinforced PVA films on

actual foods, simulating typical distribution and storage conditions.
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1. Abstract

The present work explored the design and testing, at pilot scale, of a new food packaging
prototype, based on biodegradable polymers and eco-materials obtained from agri-food residues
using an environmentally friendly process for its application in vegetable products. For this
purpose, several film formulations were developed with combinations of polylactic acid (PLA)
and polybutylene adipate-co-terephthalate (Ecoflex®), incorporating different proportions of
lignocellulose nanofibers (LCNF) obtained from an enzymatic pre-treatment of wheat straw
waste. The production of the LCNF-reinforced packaging (i.e., bag) was carried out at pilot scale.
The assessment of its physico-chemical properties showed an improvement of the optical
properties, water vapour permeability and antioxidant capacity as compared to a fresh-cut lettuce
commercial package. The improvement was more evident in formulations of 70:30
PLA:Ecoflex® with 0.5 and 1% LCNF. The application of the new formulated packaging in a
product of fresh-cut lettuce was also tested by simulating real manufacturing, packaging and
storage conditions at pilot scale. Results demonstrated levels of microbiological and sensory
quality comparable to those observed in the commercial formulation. This work demonstrates that
the development of packaging systems obtained from biodegradable materials and valorised with
plant biomass from agri-food activity could be the basis for the creation of a more environmentally

sustainable food packaging strategy.

2. Introduction

The change in the lifestyle of the population have led to an increase in the consumption of
packaged fresh foods. As result, there is a need to develop packaging materials in line with the
current consumption trends and food safety and quality requirements. Plastic packaging
represents one of the main tools to assure food quality and safety. Their use has several advantages
such as its ease of production, affordability, their barrier properties against water vapour and
oxygen, the delay of oxidation processes and the control of microbial growth (Ferrer etal., 2017a).
These properties improve storage, handling, transport and preservation of food, as well as
providing physical protection against external contaminants (Stoica et al., 2020). In 2019, the
world production of plastic reached 380 million tons, packaging being the largest application of
these materials, with 39.7 per cent of the total volume produced (Plastics Europe, 2020). Despite
the benefits, around 97% packaging becomes waste that is not recycled. The lack of recycling
together with the final end-of-life treatment (i.e., incineration or landfilling) represent a prime
environmental problem (Nemat et al., 2022).

The modern societies are now more aware of the negative impact of plastic packaging, demanding
more sustainable and environmental friendly alternatives while maintaining the stability and

quality of food (Azeredo et al., 2017). The strategies to tackle with this problem include banning
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and/or restricting the use of single-use plastic products and/or replacing them with biodegradable
materials and biopolymers (Crane, 2019).

Biopolymer industry accounts for only 1% of all processed plastics worldwide, even though it is
undergoing a rapid growth, with a 700% increase between 2009 and 2018 (Bioplastics, 2018).
The use of these sources of materials for food packaging is still under development. The difficulty
lies in finding biopolymers having similar or comparable properties to those used commercially
(e.g., low cost, easy to combine, optical properties, gas and moisture permeability, mechanical
properties, processability, etc.).

The use of biomass from agri-food activities is proposed as a promising and sustainable source to
extract biopolymers. Lignocellulose nanofibers (LCNF) are bio-based materials obtained from
cellulose fiber by mechanical, chemical or enzymatic pre-treatments. They are

considered a good alternative for developing food packaging materials due to their abundance,
mechanical and barrier properties (Jose et al., 2020; Wang et al., 2018), biocompatibility and
biodegradability (Lin and Dufresne, 2014) as well as the possibility of modifying their chemical
characteristics (Sharip and Ariffin, 2019). In previous research of authors, cellulose nanofibers
were proved to improve film properties, using different polymeric materials. In particular, it
increased the mechanical, optical and antioxidant performance of different types of films
(Espinosa et al., 2019; Bascon-Villegas et al., 2021; Sanchez-Gutiérrez et al., 2021). Other authors
have also reported the benefits of reinforcing with cellulose nanofibers, especifically, on the
mechanical properties of the film (Avérous and Le Digabel, 2006; Spiridon et al., 2020).

The biopolymer of polylactic acid (PLA) has gained special interest in recent years as food
packaging material (Glrler et al., 2021). It is an aliphatic polyester formed by monomeric units
of lactic acid. It is a biodegradable and biocompatible polymer derived from renewable resources
(Castro-Aguirre et al., 2016; Phattarateera and Pattamaprom, 2019; Dow, 2004). Traditionally, its
use was limited to medical applications, though due to its mechanical, thermal and optical
properties, it could replace commercial plastic polymers such as polypropylene (PP), poly
(ethylene terephthalate) (PET) and polystyrene (PS) (Auras et al., 2004a; Vink and Davies, 2015).
PLA provides rigidity and transparency when formulated in packaging materials. However, the
applicability of PLA as a food packaging material is hampered due to its low water vapour barrier
and, in general, moderate gas barrier (Karkhanis et al., 2017; Xing and Matuana, 2016). However,
LCNF can be added to PLA matrices to improve its barrier properties by increasing crystallinity
and acting as impermeable regions (Stark, 2016; Yu et al., 2017).

Ecoflex® is an aliphatic-aromatic copolyester, obtained from petrochemicals, based on the
monomers 1,4-butanediol, adipic acid and terephthalic acid. This material can be biodegraded to
basic monomers of 1,4-butanediol, adipic acid and terephthalic acid and eventually to carbon
dioxide, water and biomass when metabolized in soil or compost, with 1 year of life cycle,

approximately (Savadekar et al., 2015). This is a hydrophobic polyester with high film-forming
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capacity, but its low thermal stability and poor mechanical strength make it unsuitable for many
applications. For that reason, Ecoflex® must be combined with other materials such as cellulose,
starch, lignin, PLA, etc. Its combination with renewable raw materials such as PLA can improve
its properties as food packaging material (Basf Plastics, 2013), providing thermal stability,
mechanical resistance, flexibility and opacity.

However, despite the advances in the field of sustainable food packaging materials, the number
of studies addressing a complete cycle process from agri-food residue to real food packaging
applications are still scarce. This fact motivated us to develop a proof of concept based on the
current knowledge in biopolymers and LCNF, taking these technologies to a practical dimension
and high technological readiness level. Therefore, the objective was to design a new and eco-
friendly food packaging prototype, combining PLA and Ecoflex® along with LNFC extracted
from agri-food residues and validate the prototype in a food environment, using a vegetable
product.

3. Materials and methods

3.1. Research framework

The research was developed in 4 steps, consisting of i) the generation of LCNF, ii) the formulation
and production of sustainable packaging bags, iii) the characterisation of the packaging material
and iv) its application and validation in a fresh-cut lettuce product. A schematic overview of the
4-step experimental process developed in this study is shown in Fig. 1.

First, LCNF was obtained, by enzymatic pre-treatment with endoglucanase, from cellulose pulp
generated under environmentally friendly conditions, using, as starting material, wheat straw
(Section

2.3). Next, the production of different formulations was carried out at pilot scale employing a
rheometer and multilayer film extruder with different proportions of PLA, Ecoflex®, LCNF and
polyethylene glycol as plasticiser (Section 2.4). The formulations obtained were characterised for
relevant parameters (mechanical parameters, barrier properties, thermal analysis, etc.) following
the golden standard methods described in Section 2.5.

In the last step, the produced packaging bags were applied for packaging fresh-cut lettuce. The
packaged lettuces were incubated simulating commercial shelf-life conditions in order to evaluate
the

performance of the formulated packaging bags by comparing them with control lettuce samples
employing commercial packaging bags. During product shelf-life, relevant quality parameters
were tested in the packaged product, consisting of gas composition in the headspace, organoleptic
attributes and microbial quality (Section 2.6). Results were then analysed statistically to determine

differences with respect to those based on commercial bag (control samples) (Section 2.7).
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Fig. 1. A schematic overview of the research strategy followed to develop an eco-friendly food
packaging system, from agri-food residues to final validation in fresh-cut lettuce.

3.2. Materials and reagents

Wheat straw (Triticum spp.) was provided by an independent farmer from Cérdoba (Spain). The
raw material was manually cleaned to remove unwanted items, dried at room temperature, and
stored in plastic bags until use.

The polymeric matrix, PLA and Ecoflex® F Blend A1200 were provided by BASF (Germany).
The enzyme used to cellulose pre-treatment, Quimizime B, was provided by Quimipel (Chile).
Other reagents used were: ABTS diammonium salt (2,2-azino-bis (3-ethylbenzothiazoline-6-
sulphonic acid)) (Sigma-Aldrich, Spain), sodium hydroxide (Panreac, Spain) and sodium

hypochlorite (Honeywell, US), calcium chloride anhydrous (Scharlab, Spain).

3.3. Lignocellulose nanofibers production

3.3.1. Soda pulping

Wheat straw was pulped under soda process conditions. The material was put into 15 L batch
reactor with 7% over dried material (0.d.m) NaOH at 100°C for 150 min and a liquid:solid ratio
10:1 (Vargas et al., 2012). The cellulose pulp obtained was disintegrated for 30 min at 1200 rpm
and passed through Sprout-Bauer beater. The suspension was sieved through a 0.14 mm mesh to
retain the uncooked material. The resulting pulp was centrifuged to remove excess water and

allowed to dry at room temperature (Espinosa et al., 2017D).

3.3.2. Lignocellulose nanofibers production

The cellulose pulp was subjected to enzymatic pre-treatment. The enzymatic system used was

Quimizime B (Quimipel, Chile), which is a genetically modified cellulose enzyme preparation,
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whose principal active agent is endo-1,4-B-D glucanase, showing a minimum activity of 84,000
CMU/g. The endoglucanase randomly hydrolyses accessible-1,4- glucosidic bonds in non-
crystalline regions of cellulose, generating damaged fibers with new chain ends. In a preparation
step, the pulp suspension (5% w/w) was pre-beated at 4000 revolutions in a PFI Beater (Angels
Instruments, India). The enzymatic reaction was carried out adding 0.075% of the enzyme to the
pre-treated pulp at 45 C for 70 min with constant shaking. To halt the enzymatic reaction, the
suspension was heated at 90 °C for 15 min to denature the enzymes. The pre-treated fibers were
filtered and resuspended to obtain 10% consistency. Then, the suspension was beaten at 16,000
revolutions in PFI beater.

Finally, the suspensions of pre-treated fibers (1% w/v) were homogenised at high pressures using
10 passes at 300, 600 and 900 bar, employing a Panda GEA 2 K NIRO homogeniser (GEA,
Germany), thus generating lignocellulose nanofibers (LCNF) (Espinosa et al., 2017a).

3.4, Packaging formulation and production

The production of food bio-packaging was performed at pilot scale using different proportions of
LCNF, polylactic acid (PLA, 4032D density) and Ecoflex® (C1200, 170 C melting point). First,
the water present in the LCNF suspension was replaced by the plasticiser polyethylene glycol
(PEG) 1500 g/mol (Millipore Corporation, Germany). To that end, PEG was taken to fusion (60
°C) prior to the addition of LCNF. Once added, the temperature was increased, with constant
agitation, until condensation of water on the beaker walls. When most of the water evaporated,
the mixture was poured into a glass Petri dish and placed in stove (JP Selecta, Spain) at 40 °C
overnight.

PLA was modified by rendering the linear chains of the polymer more branched to obtain a more
amorphous material, more mouldable and flexible. This was accomplished by heating PLA pellet
until the melting point, which was carried out by monitoring the decrease of the flow resistance
of the material until stabilisation (165 °C) through using the Pair rheometer 0.2-150 U/min
(Brabender GmbH & Co, Germany).

Then, LCNF, PEG, PLA and Ecoflex® (presented as a commercial pellet) were mixed in a
multilayer film extruder (LabTech Engineering Co. LF- 400) using different proportions of the
components to obtain distinct formulations, as described in Table 1. A summary of the production
process applied to generate the different packaging formulations at pilot scale is represented in
Fig. 2.

Besides, a commercial packaging solution typically employed by Spanish producers in fresh-cut
lettuce was used as control to enable to assess the performance of the new formulations with
respect to such a packaging. The materials and composition of the commercial packaging system

are also reported in Table 1.
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Table 1. Composition of the different packaging formulations.

Codification Composition
A 99.5% (80:20 PLA: Ecoflex®) + 0.5% LCNF
B 99.0% (80:20 PLA: Ecoflex®) + 1.0% LCNF
C 99.5% (70:30 PLA: Ecoflex®) + 0.5% LCNF
D 99.0% (70:30 PLA: Ecoflex®) + 1.0% LCNF
E Biaxially Oriented Polypropylene (BOPP) (Commercial formulation)

Pass rollers

D

Loading hopper Alr mjector

- Cooler band

Circular cube .

[[1[ /T[T T/ T[T

I"'l'l'l'l "" 'l ‘ PLA + Ecoflex® + LCNF
Worm screw roll
Fusion

Figure 2. Graphical scheme of the production process used to obtain different packaging

formulations based on a mixture of lignocellulose nanofiber (LCNF), polylactic acid (PLA) and
Ecoflex® depicting images of a multilayer film extruder (A), pellet of the mixture of PLA,
Ecoflex® and LCNF (B), packaging bag formation in air injector (C) and pass rollers (D).

3.5. Packaging characterisation

3.5.1. Spectroscopy analysis (FTIR)
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FTIR (Fourier-Transform Infrared) spectra were obtained by Attenuated total reflection with the
equipment Perkin-Elmer Spectrum 2 (PerkinElmer, US). The spectrum resolution was 4 cm=in
the range 450-4000 cm?, collecting 40 scans for each formulation (Espinosa et al., 2019). FTIR
spectra were analysed to compare the possible changes generated by the addition of the different

percentages of LCNF in the polymeric matrix (PLA and Ecoflex®).

3.5.2. Mechanical properties

The Young modulus, tensile strength, and elongation at break of the films were determined
following the ASTM D638 test method and using a LF Plus Lloyd Instrument testing machine
equipped with a 1 kN load cell (Lloyd Instruments Ltd, UK). Prior to measurements, the thickness
of the formulated packaging films was determined by Digital Micrometre IP65 0-1”, (Mitutoyo,
Neuss, Germany), then, cut to 65 x 15 mm size and conditioned for 48 h at 25°C and 50% relative

humidity. Ten replicates of each package were used.

3.5.3. Thermal analysis

Thermogravimetric analysis (TGA) was used to evaluate the thermal stability and degradation
profiles of the different formulations (e.g., decomposition and combustion). Besides, the
derivative of the TGA curve (DTG) was estimated to assess Tmax, standing for the temperature
causing the maximum degradation rate. The analysis was carried out using a Mettler Toledo
TGA/DSC 1 (Mettler Toledo, US), for which films were taken from room temperature to 600 °C

with a heating rate of 10 -.C/min under a nitrogen environment (50 mL/min gas flow rate).

3.5.4. Antioxidant activity

The ABTS (2,2'-Azinobis-(3-ethylbenzthiazoline-6-sulphonate acid)) assay was carried out as
described by Sanchez-Gutiérrez et al. (2021) to determine the antioxidant activity power (AOP)
of films. The analysis was achieved mixing 1 cm2 of film with 2 mL ABTS-ethanol solution in
the optical cuvette, shaken and left to stand for 6 min before measurement at 734 nm using the
spectrometer Lambda 25 UV-Spectrometer (PerkinElmer, US) (Garcia et al., 2012b; Gonc et al.,
2017). The following equation was applied to determine this parameter:

AOP = [4, brooAgime /A aprsor] - 100

where AagTse 1S the absorbance at 734 nm of the ABTS solution without film after 6 min; Afimes’
is the absorbance at 734 nm for the ABTS solution in presence of film after 6 min; and Aagrso IS
the initial absorbance at 734 nm of the ABTS solution.

3.5.5. Optical properties
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The optical properties of the films were characterized determining the spectra of light absorption
and transparency in the range from 200 to 800 nm, using the spectrometer Lambda 25 UV-
Spectrometer. Transparency and UV-barrier property were quantified using the following
equations (Han, 2014):

Transparency = log Tgeo (%)/X
where T660 (%) is the percent transmittance at 660 nm and x is the film thickness (mm).
UV — barrier = 100 — (T,g0 (%)/Ts60 (%)) - 100
where T2g0 (%) and Tego (%) are the transmittance percentages at 280 nm and 660 nm, respectively.

3.5.6. Water permeability

Water vapour transmission rate (WVTR) was measured gravimetrically by the desiccant method,
following the ASTM E96/E96M-10 standard. The analysis was developed under controlled
conditions of temperature (25°C) and relative humidity (50%). Periodic weighing of the container
with dessicant salt and each specific packaging film formulation was carried out to monitor the
weight gain of the formulation, which is caused by the transfer of water vapour towards the
desiccant salt through the film.

The following formula was used to calculate the water vapour permeability (WVP):

WVP = WVTR - x/Pga; - (RHoye — RHip )

where WVTR is water vapour transmission rate (Karkhanis et al., 2018); x is film thickness; RHout
is external relative humidity; RHi, is internal relative humidity; and Psy is saturation vapour

pressure at the test temperature.

3.5.7. Gas permeability

Gas permeability of films was determined based on the rate of transmission of oxygen (OTR) and
carbon dioxide (CO2TR). Formulations were conditioned in a desiccator for 48 h prior to analysis.
The analysis was carried out at 23 °C with 75% relative humidity. OTR was determined by the
OTR analyser for packaging films EQ195/ITN: Mocon Ox-tran 2/22 L meter (Ametek Mocon,
Spain) according to the protocol ASTM F1927-14(AENOR, s. f.), while CO2TR was measured
with the CO2TR analyser for packaging films CO2TR EQ22/ITN: Mocon Permatran-C 4/41 MC
(Ametek Mocon, Spain) according to the protocol ASTM F2476-20 (AENOR, s. f.).
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3.6. Application of the formulated bags in fresh-cut lettuce

The performance of the different formulated packaging bags was assessed under simulated real
conditions by applying them to package fresh-cut lettuce. For that, fresh-cut lettuce (Lactuca
sativa) was purchased from a local supermarket in Cordoba (Spain) and stored at 4°C until
experiments. The commercial packagings of fresh-cut lettuce were opened under aseptic
conditions in a biosafety cabinet and the contents were collected in a plastic container previously
disinfected with 70% ethanol and allowed to dry before use. The formulated and commercial
bags, with dimensions of 12 x 12 cm, were used to package 50 g of fresh-cut lettuce using MSLL
400 heat sealer (Retractil y Embalaje Pablo S. L., Spain). The resultant weight/volume ratio was
1/3, being equivalent to the commercial ratio used for these products (250 g in 23 x 30 cm bags).
The total number of samples per packaging formulation was n = 50. The samples were stored

under refrigeration (4°C) for 10 days, simulating typical storage conditions of fresh-cut lettuce.

3.6.1. Headspace gas analysis

The concentrations of oxygen and carbon dioxide (%) inside the bag were measured during
product storage at 4°C at different sampling times (0, 2, 4, 6 and 10 days) using the gas analyser
equipment Dansensor CheckMate 3 (Ametek Mocon, USA). Measurements were performed at
25°C by inserting the multi-gas measuring probe through a septum previously placed onto the

external side of the bag.

3.6.2. Sensory analysis

The sensory quality of the packaged fresh-cut lettuce was evaluated during storage by a sensory
panel formed by a minimum of 5 trained panelists of the Department of Food Science and
Technology of the University of Cérdoba (Spain). The sensory attributes evaluated corresponded
to visual freshness, surface browning, dehydration, presence of liquid inside the packaging and
off-odour. Before analyses, the panelists were trained to enable a standardized assessment of the
proposed sensory attributes, which was based on definitions of each attribute agreed by the
panelists (Koseki and Isobe, 2005; Kretzschmar, 2009; Oliveira et al., 2011) (Table 2). The

attributes were scored with a 5-point hedonic scale as shown in Table 2.

Table 2. Description of the attributes used in the sensory analysis of the fresh-cut lettuce packaged
with the formulated (A, B, C and D) and commercial (E) packaging bags.

Attribute Definition Scale

5: Intense brightness and firmness;
4: Good brightness and firmness; 3:
Slight loss of brightness and

Degree of visual freshness of the

Visual freshness . .
leaves at first sight.
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firmness; 2: Low brightness and
high loss of firmness; 1: Opaque
and total loss of firmness.

5: No browning; 4: Slight browning
(<30% surface); 3: Moderate
Extent of browning in surface of ~ Prowning (50% surface); 2: Severe
the leaves. browning (70% surface); 1: Very
severe browning (80-100%
surface).

Browning

5: No dehydration; 4: Slight
Degree of dehydration of the dehydration; 3: Moderate
Dehydration leaves, giving a sensation of dehydration; 2: Severe dehydration;

brittleness. 1: Very severe dehydration

5: No humidity; 4: Few waters drop
o in some part of the bag; 3: Water
Liquid in Degree of liquid inside the bag drops in several parts of the bag; 2:
product/bag High level of humidity in the bag;
1: Water inside the bag.

_ 5: none off-odour; 4: little off-
Off-odour Intensity of unpleasant odours,  qdour; 3: quite some off-odour; 2: a
not typical of lettuce aroma. lot off-odour; 1: severe off-odour

3.6.3. Microbiological analysis

For microbiological analysis, 25 g samples were aseptically taken from inside of the packages, at
different sampling times (0, 2, 4, 6 and 10 days), using sterile pincers and placed in stomacher
bag with 225 mL 0.1% peptone water (Oxoid, UK) and homogenised in stomacher (IUL
Instruments, Spain) at 1500 rpm for 60 s. Homogenised fresh-cut lettuce samples were serially
diluted 10-fold in saline solution (0.85%) and analysed for different microbiological parameters.
Aerobic mesophilic bacteria (ISO 4833-1:2013), lactic acid bacteria (ISO 15214 1998),
Enterobacteriaceae (ISO 21528-2:2017) and Pseudomonas spp. (UNE EN ISO 13720-2008)

were enumerated according to golden standard methods.

3.7. Statistical analysis

Mean comparison analysis (t-test), multivariate general linear model and Analysis of Variance
(ANOVA) were performed to determine the effect of the composition of films on the parameters
and properties tested in packaging films and food product. The statistical analysis was developed
with the software SPSS® version 25 (IBM Corporation, New York, NY, USA).

4, Results
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4.1, Film material characterization

4.1.1. Spectroscopic analysis

FTIR spectra from the different packaging films are shown in Fig. 3. Due to the low LCNF content
used in the formulations, no effect could be evidenced in FTIR spectra. However, results did
reflect the composition of the major polymers used in the formulations, that is, PLA and
Ecoflex®. The most characteristic peak wavelengths of PLA were observed at 2944 and 2995 cm-
! which are attributed to symmetrical and asymmetrical stretching of axial CH groups in saturated
hydrocarbons (CH3). Other relevant peaks were detected at 1359, 1380 and 1451 cm™ which also
corresponded to symmetrical and asymmetrical stretching of the CH bond in the CH3 of PLA
(Molinaro et al., 2013; Pamula et al., 2001). The peak at 1750 cm™ corresponds to carbonyl ester
C=0 stretching (Sepulveda et al., 2020). The peaks at 1042, 1082 and 1128 cm™ correspond to
C-O of polymer stretch bond. The peaks at 749 and 870 cm™ are due to the stretching of the C-C
bond of the crystalline and amorphous phases of PLA (Auras et al., 2004b; Siracusa et al., 2010).
As regards Ecoflex®, a remarkable peak was observed at 3065 cm™ corresponding to stretching
mode of = C-H that can be part of the composition of this polymer. An elevated signal was
detected at 2958 and 2875 cm related to stretching of CH3 and CH2 groups. The peak
wavelength observed at 1710 cmis due to stretching vibration of C=0. Moreover, peaks at 1578
and 1504 cm cm correspond to skeleton stretching of the benzene ring. Finally, the peak at 730
cm cm corresponds to stretching from methylene groups (Cai et al., 2013).

In addition, based on the recorded FTIR spectra, the carbonyl index (CI) and hydrogen bond
intensity (HBI) were calculated as the ratio between the absorbances at 1712 cm™ and 1456 cm™*
and the ratio between the absorbances at 3400 cm™ and 1362 cm™, respectively (Spiridon et al.,
2020) (Table 3). According to the obtained values, the highest CI was observed in formulations
with 0.5% LCNF content (A and C). Although other works reported an increase in Cl with the
addition of lignin (Spiridon et al., 2020) and cellulose nanocrystals (Frone et al., 2020) due to a
cross-linking, these studies only looked at the effect of nanocellulose, without evaluating the
influence of distinct percentages as performed in our study. In our case, the slight decrease in Cl
in formulations with higher LCNF content could be caused by a major interaction between the
nanofibers, resulting in less cross-linking with the polymer matrix. For, HBI, results did not show

any clear pattern, without any remarkable tendency for the different proportions of LCNF.

120



Chapter 3

% Transmittance

T T T T T T T T T T T T x 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3. FTIR Spectra from the different formulated packaging films (A, B, C and D).

Table 3. Carbonyl and hydrogen bond intensities calculated for the formulated packaging films
(A, B, C and D) based on the recorded FTIR spectra.

Formulation Carbonyl index (Cl) Hydrogen bond intensity (HBI)
A 2.568 0.238
B 2.348 0.375
C 2.692 0.320
D 2.682 0.321

4.1.2. Mechanical properties

Fig. 4 shows the effect of the addition of different LCNF and polymer proportions on the
mechanical properties of the different tested packages materials. The percentages of LCNF added
in this study did not exert a significant effect on the mechanical properties tested (p > 0.05).
Although it was not specifically investigated, a positive contribution of the use of LCNF to the
mechanical properties cannot be discarded as pointed out by several authors (Babaee et al., 2015;
Benito-Gonzélez et al., 2018; Jonoobi et al., 2012; Trifol et al., 2021).

The percentage of lignocellulose nanofibers (LCNF) added to the formulations was established
based on previous tests where levels above 1% LCNF resulted in breakage of the formulated
packaging film. Keeping in line with this, other works have reported similar proportions of
nanocrystals formulated in the packaging material (Andrade et al., 2022; Frone et al., 2020).

On the contrary to LCNF, the proportions of polymeric materials did exert a statistical effect on
the mechanical properties. In the case of tensile strength, a significant effect of the content of

polymer was observed, being higher in packages with higher PLA content (p < 0.05), which could
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be due to the rigid nature of this polymer. In contrast, the elongation at break was significantly
improved in formulations with higher Ecoflex® content and/or lower PLA proportion (p < 0.05).
The higher values registered for this parameter could be because Ecoflex® is a more flexible
material with better elongation properties than PLA.

The commercial packaging (E) due to its different nature showed, in general, a better performance
for all tested mechanical properties compared to the formulated packages (A-D), except for the
elongation at break, where values were similar to those obtained for formulations C and D.
Despite aforementioned, tensile strength and Young’s modulus values recorded for packages A-
D were comparable to other used packaging materials such as poly (ethylene terephthalate) (PET)
and poly (styrene) (PS) (Auras et al., 2004c).
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Figure. 4. Bar plots representing the values of tensile strength (A), elongation at break (B) and

Young’s modulus (C) obtained from the formulated (A, B, C and D) and commercial (E)
packaging films.

4.1.3. Thermal analysis

Table 4 shows the results of the TGA for the different formulated and commercial packages.

As shown by the DTG graph in Fig. 5B and Table 4, the augment of LCNF content did not cause
any remarkable rise of Tmax. Nonetheless, the best heat resistance was observed for formulation
A, with the highest percentage of PLA. In contrast, the formulation with the lowest Tmax
corresponded to those formulations with higher Ecoflex® content (C and D). This worse heat
resistance is due to this copolymer (Ecoflex®) is formed by rigid butylene terephthalate and soft
butylene adipate units presenting a common crystal structure with a combined structural
organization. The mixture of both units creates a disordered structure, resulting in a low
crystallinity (de Felix de Andrade et al., 2020) which leads to a lower heat resistance.
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Figure 5. Thermogravimetric analysis (TGA) (A) and derivative of the TGA (DTG) (B) curves
obtained from the formulated packaging films (A, B, C and D).
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Table 4. Thermogravimetric analysis (TGA) parameters from the formulated (A, B, C and D) and

commercial (E) packaging films.

Formulation Tmax (°C)? Mass loss (%) Residue (%)
A 339.75 95 5
B 338.75 97 3
C 332.25 99 1
D 322.50 94 6
E® 404.67 95 -

@ Maximum degradation rate temperature (Tmax) calculated as the derivative of TGA curve.
b Total mass loss of the formulation (Mass loss).
¢ Results reported by Balkdse y Can, 2015 (94).

4.1.4. Antioxidant activity

The AOP values (%) expressed per mg of film are presented in Table 5. The statistical analysis
of results showed a significant effect of the LCNF addition (p = 0.047) showing high AOP values
in samples with the highest LCNF concentration. This improved AOP may be due to the presence
of LCNF lignin, which includes chemical structures and aromatic compounds that can act as
antioxidant agents that prevent or delay oxidation processes, usually related to the inductive effect
of oxidative species (Garcia et al., 2012a). Formulation E, the commercial film, did not show any
antioxidant activity. To the best of our knowledge, formulation E does not present any significant
compound exhibiting antioxidant activity and no data have been reported, in literature, in this
respect.

Table 5. Antioxidant power (AOP) of the formulated (A, B, C and D) and commercial (E)
packaging films measured by the ABTS (2,2’ -Azinobis-(3-ethylbenzthiazoline-6-sulphonate

acid)) assay.

Formulation AOP (%) /mg film
A 0.42+0.03
B 0.56+0.01
C 0.53+0.02
D 0.58+0.01
E 0.00+0.01

4.1.5. Optical properties

Excessive exposure to UV radiation increases biological damage and degradation of organic
compounds (Teramura, 1983; Moorhead and Callaghan, 1994). In addition, such a radiation is

responsible for yellowing of plastic materials and loss of mechanical properties which could lead
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to cracking of plastics (Sadeghifar et al., 2017). Furthermore, UV light is one of the initiators of
food degradation since it can trigger different chemical reactions (e.g., oxidative discoloration).
Therefore, this parameter should be assessed when new formulations are tested. As can be seen
in Table 6, the UV-barrier effect improved in all formulations compared to the commercial
formulation (E), exhibiting better effect in those with higher LCNF content. Keeping in line with
this, formulation D showed the highest barrier effect on UV light, achieving almost 100%. This
is bound to the lignin structure in LCNF containing aromatic rings that may incorporate functional
UV-absorbing groups such as phenolic compounds, ketones and other chromophores (Sadeghifar
etal., 2017).

All developed formulations, excepting the commercial one (E), showed low transparency levels
(<36%). These low levels were because of opaque nature of Ecoflex® polymer, which was at
higher concentrations in formulations C and D together with the reduced transparency associated
with LCNF owing to the colouring imparted by the lignin content.

Table 6. Optical properties of the formulated (A, B, C and D) and commercial (E) packaging

films.
UV-barrier Transparency (%)
A 92.87 32.35
B 96.43 31.84
C 99.65 35.60
D 99.88 30.87
E 76.78 92.05

4.1.6. Water permeability

From a chemical standpoint, water vapour permeability (WVP) can influence the integrity of film
matrix, crystallinity, thickness, polymeric chain mobility, and the interactions between the
functional groups of polymers (lahnke et al., 2016). WVP is also critical for the sensory attributes
of packaged vegetables since plant respiration and transpiration continues post-harvest. Thus,
films with high WVP values could cause important water losses in the produce if the transpiration
rate of the vegetable tissue is equally high. In these cases, water loss could result in a negative
effect on the texture, turgor and brightness of the vegetable product (i.e. dehydration), among
other attributes (Holcroft, 2015).

Similarly, packaging materials showing low WVP values alongside high transpiration rates of
plant could lead to an excess of humidity inside the package, affecting negatively the quality of
product and favouring microbial growth (Holcroft, 2015; Vermeulen and Devlieghere, 2018).
Therefore, the selection of the film and polymeric material should be done considering the type

of produce to be packaged, based on both the characteristic of the vegetable and the WVP
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exhibited by the film. In the case of fresh-cut lettuce, being a product with a high-water content,
it is important to maintain a high relative humidity (90-100%) to maintain firmness and to prevent
loss of mass and dehydration of the leaves (Oliveira et al., 2016).

As shown in Table 7, the commercial packaging showed the lowest WVP while the highest value
was measured in formulation A. WVP values increased in those formulations with higher PLA
content and decreased when increasing LCNF content from 0.5% to 1%. The values recorded for
WVP were lower for formulations B (5.70 g/Pa-m-h-10"") and D (4.48 g/Pa-m-h-10") as compared
to the values obtained for formulations A (7.08 g/Pa-m-h-107) and C (5.11 g/Pa-m-h-107), where
LCNF concentration was lower. In this sense, a small increase (0.5%) in the LCNF concentration
resulted in a 27% improvement of formulations B over formulation A, and a 13% improvement
of formulation D over formulation C. The addition of LCNF in the formulation could result in an
increase of the number of entanglements in the polymer matrix due to the formation of complex
and small pores by the LCNF. This fact could lead to a high film density as well as a more tortuous
diffusion path of the gas molecules as observed in our study (Espinosa et al., 2019; Ferrer et al.,
2017b). Other authors have also reported a decrease in water vapour permeability (WVP) at
increasing concentrations of LCNF (Karkhanis et al., 2018; Wang et al., 2021). As previously
mentioned, the impact of these WVP values on the sensory attributes of food product should be
assessed considering the type of vegetable and storage conditions (see Section 3.2).

Table 7. Mean and standard deviation of the water vapor permeability (WVP) values of the

formulated (A, B, C and D) and commercial (E) packaging films.

Formulation WVP (g/Pa-m-h-107)
A 7.08+0.77
B 5.70£0.73
C 5.11+0.48
D 4.48+0.71
E 1.16x10°3

4.1.7. Gas permeability

The oxygen transmission rate (OTR) and the carbon dioxide transmission rate (CO2TR) of the
formulated packages were very similar and comparable to the rates reported for the commercial
formulation (E) (Rezaei et al., 2016; Siracusa and Ingrao, 2017) (Table 8). The oxygen
permeability of insulated PLA and Ecoflex® was reported, in literature, to be equal to 44.4 and
1200 cm®/m?day, respectively. Considering the proportions of each polymer in the formulations,

a higher-than-expected

126



Chapter 3

OTR value was obtained. This high OTR values could be due to the mobility of the polymer
chains produced by the presence of plasticiser (PEG), thus reducing the resistance of the
formulation materials to oxygen transmission (Arrieta, 2014). In this sense, it is noteworthy that
oxygen permeability is affected by relative humidity, the type polymeric matrix and its attendant
WVP (Kunanusont et al., 2014). High WVP values can favour the penetration of water molecules
into the polymer structure affecting gas permeability. In our case, in conditions of high
environmental relative humidity, OTR could be higher in the formulations A, B, C and D because
of their increased WVP values. The effect of WVP on gas permeability is more remarkable for
hydrophilic polymers, such as PLA, in comparison to plastic polymers like BOPP, which was the
polymeric compound used in the commercial formulation (E). Nonetheless, the obtained values
for formulations A-D were similar to those reported for other commercial packaging films such
as polyurethane, Nylon-11 and laminated polyvinyl chloride (Imbernén Mora, s. f.).

Table 8. Oxygen (OTR) and Carbon dioxide (CO2TR) transmission rates of the formulated (A,
B, C and D) and commercial (E) packaging films.

Formulation OTR (cm®m?2day) CO.TR (cm®m?day)
A NA NA
B NA NA
C 604+19 2512+180
D 595+188 24924618
E 566172 3293+68 °

2 Rezaei, M., Mohseni, M., Yahyaei, H., 2016. A study on water and oxygen permeability of
BOPP coated with hybrid UV cured nanocoatings. Prog. Org. Coatings 99, 72-79.
https://doi.org/10.1016/j.porgcoat.2016.05.006 (Rezaei et al., 2016).

® Siracusa, V., Ingrao, C., 2017. Correlation amongst gas barrier behaviour, temperature and
thickness in BOPP films for food packaging usage: A lab-scale testing experience. Polym. Test.
59, 277-289. https://doi.org/10.1016/j.polymertesting.2017.02.011 (Siracusa and Ingrao, 2017).

4.2, Application and assessment in vegetables

4.2.1. Headspace gas analysis

In this assay, a passive atmosphere was applied to package fresh-cut lettuce samples; hence the
gaseous composition inside bags just after packaging corresponded to the composition of
atmospheric air (78% N, 20% O, and 0.03% CO,). Fig. 6 shows the gas composition of % O,
(Fig. 6A) and % CO, (Fig. 6B) inside the bags during storage at 4°C for the different formulations.

As can be seen in Fig. 6, a rise of % CO,, during storage, was observed (<1%). Probably, this
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augment was produced as result of the respiration of plant tissues. In contrast, % O, did not
undergo any remarkable change, showing similar levels over the whole storage period, with a
slight decrease in day 2 for formulations A, D and E.

The recommended environmental composition for packaging leafy vegetables is 1-3% O and 5-
10% CO,, which helps to maintain longer an adequate sensory quality of the product (Gross et
al., 2016). High CO; concentrations are associated with the delay of enzymatic reactions in
glycolysis and the Kerb’s cycle (Peppelenbos & Van ’t Leven, 1996).

While keeping O levels lower than those under atmospheric conditions reduces respiration rate,
thus retarding the attendant biochemical reactions which are closely related to product decay.
Although, in this study, O, and CO; concentrations inside bags were not in the recommended
concentration range, no significant differences were found between the formulated films and the

commercial film in terms of sensory quality (see Section 3.2.2).
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Figure 6. Evolution of the atmosphere composition (%0, and %CQO,) inside the formulated (A,

B, C, D) and commercial (E) packaging bags containing fresh-cut lettuce during storage at 4°C.

4.2.2. Sensory analysis

The outcomes from the sensory analysis (i.e., scores provided by panellists) were treated
statistically based on a multivariate general linear model to study the effect of the packaging film
formulation and storage time on the sensory quality of vegetable samples. Interestingly, the type
of film did not exert any significant effect (p > 0.05) on the sensory parameters studied (Table
S1). Moreover, no liquid was present inside the container and no off-odour were observed when
the bag was opened during the assay. Therefore, this similar performance among formulations
and commercial bags suggest that the formulations designed in this study (A-D) could provide
the product with an adequate sensory quality under the study conditions. As film formulation did

not have significant impact on the sensory quality of the product, the evolution of each sensory

128



Chapter 3

attribute was assessed using the mean score calculated with the values from all formulations
(Table 9). The ANOVA analysis found statistical differences (p < 0.05) between different storage
times, indicating that scores for the analysed sensory attributes changed over time. A Tukey test
was applied to determine homogenous groups of attribute scores as a function of storage time. In
such a way, those attributes less affected by time would show a lower number of homogenous
groups, indicating that the attribute scores are statistically similar over storage. On the contrary,
if the attribute scores result in several significant homogenous groups, it would signal that the
attribute is strongly affected by storage time. Results from this statistical analysis showed that
Dehydration was the attribute less affected by storage as scores were included only in two subsets
(a and b), with similar score values from day 2-4 and from day 6-10, respectively. This result
would demonstrate a suitable WVP properties of the formulations tested to avoid water loss in
this vegetable product. On the contrary, Visual freshness and Browning showed different score
values for all storage times, indicating that those attributes were most influenced by time. In the
case of presence of liquid inside the package and off-odour, no changes were detected over storage
time. As all formulations exhibited similar sensory quality, Fig. 7 only shows results for the
evolution of visual appearance of the fresh-cut lettuce packaged in formulation A at days 0, 2, 4,
6 and 10 of storage at 4°C.

Table 9. Mean and standard deviation of the scores reported by the panellists for the sensory
attributes of the fresh-cut lettuce samples packaged in the formulated (A, B, C and D) and

commercial (E) packaging bags at each analysis time during storage at 4 °C.

Attribute Day 0 Day 2 Day 4 Day 6 Day 10
Visual freshness ~ *5.00+0.0*°  4.60+0.35*  3.92+0.33°  3.20+0.28°  2.40+0.00¢
Browning 5.00+0.0°  4.96+0.09°  4.36+0.33"  3.36+0.46°  2.44+0.36¢

Dehydration 5.00+0.0°  4.84+0.00*  4.40+0.20*  3.64+0.48"  3.12+0.23°

PrOd“I‘i’guPif‘fkage 50040.0° 5.00+0.00° 5.00+0.00°  5.00+0.00°  5.00:0.00%

Off-odour 5.00+0.0*  5.00+0.00*  5.00+0.00*  5.00+0.00®  5.00+0.00%

2 Different letters in the row represent statistically homogenous groups obtained by Tukey test (P
<0.05).
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3.
-

Day 0 Day 2 Day 4 Day 6 Day 10

Figure 7. Evolution of visual appearance of the fresh-cut lettuce packaged in formulation A at
days 0, 2, 4, 6 and 10 of storage at 4°C.

4.2.3. Microbiological analysis

To evaluate the effect of the formulations on microbial quality of the product, microbial growth
of relevant microbiological groups in leafy green products were monitored during storage at 4°C
(loannidis et al., 2018; Randazzo et al., 2009; Yousuf et al., 2018). To enable a quantitative
comparison, observed microbial counts were used to fit the Barany and Roberts model (Baranyi
and Roberts, 1994) using the software DMFit (Baranyi, 2017). The results from the fitting process
are presented in Table 10 and Fig. 8. The initial mean microbial counts were 2.75, 2.59, 2.18 and
3.16 log(cfu/g) for aerobic mesophilic bacteria (AMB), lactic acid bacteria (LAB),
Enterobacteriaceae (ENT) and Pseudomonas spp., respectively. According to the
microbiological counts, Pseudomonas spp. were found in higher initial concentrations while
Enterobacteriaceae showed the lowest initial concentrations. This initial microbial profile agreed
with other previous works dealing with packaged

fresh-cut lettuce (Abadias et al., 2008; Alfonzo et al., 2018; Manhique et al., 2020). The main
kinetic parameters obtained from the fitted growth models are presented in Table 10. These
parameters were submitted to statistical analysis to evaluate the potential differences in the growth
performance due to the packaging formulation. Interestingly, the developed PLA-Ecoflex®-
LCNF formulations produced a significant delay in the start of the growth of LAB in comparison
to the commercial formulation in which this group started to grow at time 0. This delay in the
growth was also apparent in the case of Enterobacteriaceae, but only for those formulations with
higher PLA content (i.e., formulation A and C). Besides that, no significant effect of the
formulated and commercial packaging on the growth rate (uma) (p=0.985) and maximum
population density (Nmax) (p=0.997) of the studied microorganisms was observed.
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Table 10. Kinetic parameters estimated from the Baranyi and Roberts (1994) model for the counts

of aerobic mesophilic bacteria, lactic acid bacteria, Enterobacteriaceae and Pseudomonas spp.

obtained during storage at 4°C of fresh-cut lettuce samples packaged in the formulated (A, B, C

and D) and commercial (E) packaging bags.

Bacteria spp. Formulation pmax (N71)* 4 (h)® ﬂ“;ﬁ%’)%’ SEY  Adj. R?*®

A 0.017 - 5814 0.221 0.965

B 0.028 26.951 5.888 0.185 0.979

Aerobic mesophilic bacteria C 0.017 - 5859 0.189 0.973
D 0.020 - 6.178 0.055 0.998

E 0.019 - 6.187 0.234 0.971

A 0.008 76.018 3.403 0.063 0.966

B 0.004 - 3.247 0.031 0.987

Lactic acid bacteria C 0.005 - 3.592 0.048 0.984
D 0.008 - 3.604 0.038 0.994

E 0.009 - 3.329 0.034 0.989

A 0.039 31.689 5484 0.051 0.999

B 0.028 - 5377 0.066 0.997

Enterobacteriaceae C 0.036 14.167 5489 0.091 0.996
D 0.031 - 6.090 0.268 0.968

E 0.030 - 5.819 0.197 0.982

A 0.015 - 5.748 0.155 0.977

B 0.016 - 5.828 0.094 0.992

Pseudomonas spp. C 0.018 - 5.622 0.138 0.980
D 0.033 - 5.668 0.020 0.999

E 0.018 - 5397 0.130 0.979

[u
~—

a Maximum specific growth rate (
® Lag time (L. h)

¢ Maximum population density (log cfu/g)
d Standard error of fitting.

¢ Adjusted coefficient of determination of the fitted Baranyi and Roberts model (Adj. R?).

5. Conclusions

This study made an attempt to combine two biodegradable polymers namely PLA and Ecoflex®

with a biopolymer as LCNF obtained from an enzymatic pre-treatment of wheat straw waste,

demonstrating a significant improvement of the packaging properties in terms of optical

properties, water vapour permeability and antioxidant capacity, compared to a commercial

formulation typically used for packaging fresh-cut products. The formulations exhibiting better
performance corresponded to those made up of 70:30 PLA: Ecoflex® with 0.5 and 1% LCNF.

Although the mechanical properties did not improve in the new formulated packagings, compared

to the commercial type, results were analogous to other commercial materials (PET, PS). More

interestingly, the application of the developed packaging formulations in a simulated real

environment using a fresh-cut lettuce showcased a similar performance to the commercial
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formulation, resulting in comparable sensory microbiological quality over storage at 4 °C. Despite
the remarkable results obtained for fresh-cut lettuce, the developments presented in this work
were not specifically designed ad hoc for any product, hence, further research will be needed for
a more particular industrial application of the prototypes, that should consider, among other
aspects, the product characteristics, and environmental and storage conditions.

All and all, the prototypes developed in this work, grounded on principles of circular
(bio)economy, were a successful proof of concept showing that biodegradable materials (PLA,

Ecoflex®) can be combined with valorised compounds obtained from agricultural residues

(LCNF) to create more eco-friendly and sustainable food packaging systems.
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Figure 8. Observed counts and fitted growth curves for aerobic mesophilic bacteria (1), lactic
acid bacteria (I1), Enterobacteriaceae (111) and Pseudomonas spp. (IVV) monitored during
storage of fresh-cut lettuce samples packaged in the formulated and commercial packaging
bags, corresponding to A (o), B (0), C (x), D (o) and E (A).
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Supplementary material

Table S1. Mean scores reported by the panellist for the sensory attributes of fresh-cut lettuce
samples packaged in the formulated (A, B, C and D) and commercial (E) bags at each analysis

time during storage at 4°C.

Attribute Formulation Day 0 Day 2 Day 4 Day 6 Day 10
A 5.00 4.00 4.00 3.60 2.40
B 5.00 4.80 4.20 3.00 2.40
Visual freshness C 5.00 4.60 3.40 3.40 2.40
D 5.00 4.80 4.20 3.00 2.40
E 5.00 4.80 3.80 3.00 2.40
A 5.00 4.80 4.60 3.80 3.00
B 5.00 5.00 4.00 3.00 2.60
Browning C 5.00 5.00 4.00 3.80 2.20
D 5.00 5.00 4.60 2.80 2.20
E 5.00 5.00 4.60 3.40 2.20
A 5.00 4.80 4.60 4.40 3.40
B 5.00 4.80 4.60 3.80 3.20
Dehydration C 5.00 4.80 4.20 3.40 3.20
D 5.00 4.80 4.40 3.20 2.80
E 5.00 5.00 4.20 3.40 3.00
A 5.00 5.00 5.00 5.00 5.00
o B 5.00 5.00 5.00 5.00 5.00
p:'()'gjé‘t’/t')’;g C 5.00 5.00 5.00 5.00 5.00
D 5.00 5.00 5.00 5.00 5.00
E 5.00 5.00 5.00 5.00 5.00
A 5.00 5.00 5.00 5.00 5.00
B 5.00 5.00 5.00 5.00 5.00
Off-odour C 5.00 5.00 5.00 5.00 5.00
D 5.00 5.00 5.00 5.00 5.00
E 5.00 5.00 5.00 5.00 5.00
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Conclusiones

A continuacién, se exponen las conclusiones obtenidas en cada uno de los articulos que
conforman la presente Tesis Doctoral:

Publicacion I: Bascon-Villegas, Isabel, Espinosa, Eduardo, Sanchez, Rafael, Tarrés, Quim Pérez-
Rodriguez, Fernando, Rodriguez, Alejandro. Horticultural Plant Residues as New Source for
Lignocellulose Nanofibers Isolation: Application on the Recycling Paperboard Process.
Molecules 2020, 25, 3275.

1) La aplicacion de lignonanofibras de celulosa (LNFC) procedentes de residuos horticolas
produce una disminucién del grosor y la porosidad, y un aumento de la densidad de la hoja de
papel. Esto se debe a la mayor fuerza de union entre las fibras adyacentes y el relleno de los

huecos, lo que da lugar a una mayor compactacion de la matriz de fibras.

2) La adicién del 4,5% de LNFC oxidada por el reactivo TEMPO procedente de residuos de
berenjena produjo el mayor incremento en la longitud de rotura, el médulo de Young, el indice
de desgarro y el indice de ruptura en comparacion con las LNFC obtenidas de pimiento y tomate

3) El uso de LNFC en el proceso de reciclaje del carton como alternativa al batido mecénico
produce un mayor efecto de refuerzo y permitiria aumentar los ciclos de reciclaje de las mismas

fibras entre 3y 10 veces més.

Publicacion 1l: Bascon-Villegas, Isabel, Sanchez-Gutiérrez, Monica, Pérez-Rodriguez,
Fernando, Espinosa, Eduardo, Rodriguez, Alejandro. Lignocellulose nanofiber obtained from
agricultural wastes of tomato, pepper and eggplants improves the performance of films of
polyvinyl alcohol (PVA) for food packaging. Foods 2021, 10, 3043.

1) En general, las LNFC obtenidas a partir de residuos agricolas de cultivos de tomate,
pimiento y berenjena, mejoraron la resistencia térmica, la permeabilidad al vapor de agua y las

propiedades mecanicas de films formulados con PVA.

2) Las LNFC obtenidas a partir de residuos agricolas de cultivos de tomate, pimiento y
berenjena confirieron capacidad antioxidante a los films que no estaba presente en el film no

reforzado.
3) Los films formulados con un 7% de LNFC procedente de residuos de cultivos de

berenjena mostraron mejores resultados en cuanto al médulo de Young, el alargamiento a la

rotura, la estabilidad térmica y la barrera UV.
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Publicacion 111: Bascon-Villegas, Isabel, Pereira, Miguel, Espinosa, Eduardo, Sanchez-
Gutiérrez, Mdnica, Rodriguez, Alejandro, Pérez-Rodriguez, Fernando. A new eco-friendly
packaging system incorporating lignocellulose nanofibers from agri-food residues applied to
fresh-cut lettuce. Journal of Cleaner Production 2022, 372, 133597.

1) La combinacién de polimeros biodegradables, PLA y Ecoflex®, con LNFC obtenidas
mediante pretratamiento enzimatico procedentes de la paja de trigo, demostré una mejora
significativa de las propiedades épticas, permeabilidad al vapor de agua y capacidad antioxidante
de los envases formulados en comparacién con una formulacion comercial utilizada

habitualmente para el envasado de productos frescos.

2) Las formulaciones 70:30 PLA: Ecoflex® con 0,5y 1% de LNFC mostraron un mejor
rendimiento, y aunque las propiedades mecanicas no mejoraron en comparacion con el envase

comercial estudiado, estos resultados fueron andlogos a otros materiales comerciales (PET, PS).

3) La aplicacion de las formulaciones en la simulacion del envasado de lechuga recién
cortada mostré un rendimiento similar al de la formulacion comercial, resultando en una calidad

sensorial y microbiolégica comparable, alcanzandose una vida util de 10 dias.

4) Los prototipos desarrollados supusieron una prueba de concepto exitosa que demuestra
que los materiales biodegradables (PLA, Ecoflex®) pueden combinarse con compuestos
valorizados obtenidos de residuos agricolas (LNFC) para crear sistemas de envasado de alimentos

mas ecoldgicos y sostenibles.

Conclusion global

Los resultados demostraron que los residuos agroalimentarios pueden ser valorizados
satisfactoriamente, mediante la produccion de LNFC y su posterior aplicacién, tanto en el proceso
de reciclaje del carton como en la generacién sistemas de envasado de alimentos innovadores,

sostenibles y respetuosos con el medio ambiente.
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The conclusions derived from each research paper and that compose this Doctoral Thesis are

shown below:

Publication I: Bascon-Villegas, Isabel, Espinosa, Eduardo, Sdnchez, Rafael, Tarrés, Quim Pérez-
Rodriguez, Fernando, Rodriguez, Alejandro. Horticultural Plant Residues as New Source for
Lignocellulose Nanofibers Isolation: Application on the Recycling Paperboard Process.
Molecules 2020, 25, 3275.

1) The application of lignocellulose nanofiber (LCNF) resulted in a decrease in thickness and
porosity, and an increase in density, of the paper sheet. This is due to the stronger bonding

between the adjacent fibers and the gap filling yielding a better compaction of the fiber matrix.

2) The addition of 4.5% TEMPO-oxidized LCNF from agricultural residues of eggplant crop
produced the largest increase in the breaking length, Young's modulus, tear index, and burst
index compared to LNFCs from tomato and pepper.

3) The use of LCNF in the paperboard recycling process as an alternative to mechanical beating
enhanced reinforcing effect and would increase the recycling cycles of the same fibres by 3

to 10 times.

Publication 1lI: Bascén-Villegas, Isabel, Sanchez-Gutiérrez, Monica, Pérez-Rodriguez,
Fernando, Espinosa, Eduardo, Rodriguez, Alejandro. Lignocellulose nanofiber obtained from
agricultural wastes of tomato, pepper and eggplants improves the performance of films of
polyvinyl alcohol (PVA) for food packaging. Foods 2021, 10, 3043.

1) In general, LCNF obtained from agricultural residues of tomato, pepper and eggplant crops
improved the thermal resistance, water vapour permeability and mechanical properties of
films formulated with PVA.

2) LCNF obtained from agricultural residues of tomato, pepper and eggplant crops provided

antioxidant capacity to the films that was not present in the non-reinforced film.

3) Films formulated with 7% LCNF from agricultural residues of eggplant crop showed better
results in terms of Young's modulus, elongation at break, thermal stability and UV barrier.

Publication 111: Bascon-Villegas, lsabel, Pereira, Miguel, Espinosa, Eduardo, Séanchez-

Gutiérrez, Mdnica, Rodriguez, Alejandro, Pérez-Rodriguez, Fernando. A new eco-friendly
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packaging system incorporating lignocellulose nanofibers from agri food residues applied to
fresh-cut lettuce. Journal of Cleaner Production 2022, 372, 133597.

1) The combination of biodegradable polymers, PLA and Ecoflex®, with LCNF obtained by
enzymatic pre-treatment from wheat straw, showed a significant improvement in the optical
properties, water vapour permeability and antioxidant capacity of the formulated films compared

to a commercial formulation commonly used for fresh produce packaging.

2) The 70:30 PLA: Ecoflex® formulations with 0.5 and 1% LCNF showed improved
performance, and although mechanical properties were not improved compared to the commercial

packaging studied, these results were analogous to other commercial materials (PET, PS).

3) The application of the formulations in the simulation of fresh-cut lettuce packaging
showed similar performance to the commercial formulation, resulting in a comparable sensory

and microbiological quality, reaching a shelf-life of 10 days.

4) The developed prototypes were a successful proof of concept demonstrating that
biodegradable materials (PLA, Ecoflex®) can be combined with valorised compounds obtained
from agricultural waste (LCNF) to create more environmentally friendly and sustainable food

packaging systems.

General conclusion

The results demonstrated that agri-food waste can be successfully valorised through the
production of LCNF and its subsequent application, both in the cardboard recycling process and
in the generation of innovative, sustainable, and environmentally friendly food packaging

systems.
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