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RESUMEN

RESUMEN

El creciente reconocimiento a nivel mundial sobre el proceso de cambio climatico y la
degradacion del medio ambiente demanda la exploracion urgente de materiales
alternativos que minimicen la huella ecolégica, garanticen la sostenibilidad del consumo de
los recursos naturales y, al mismo tiempo, cumplan los requisitos industriales. Un aspecto
fundamental de esta investigacion es entender que la transicion hacia materiales mas
sostenibles implica un cambio de paradigma, no solo en la eleccién de las materias primas,
sino también en las metodologias que se utilizan para evaluar su rendimiento a lo largo de
su ciclo de vida.

La hipétesis planteada en este compendio de investigacion se enfoco hacia la exploracion
exhaustiva de los materiales compuestos de base natural y, particularmente, de los
compuestos termopldasticos que incorporan refuerzos lignocelulésicos procedentes de la
especie vegetal Arundo donaxL., conocida como cafia comun. Mediante la determinacion
de sus propiedades, comportamiento y aplicaciones practicas, esta tesis pretende abordar
las lagunas criticas de la literatura existente en relacién con la sostenibilidad de los
compuestos de fibras naturales, centrandose en el estudio de la biomasa de cafia comun
para la obtencion de recursos sostenibles de alto valor afladido. La literatura indica que, si
bien numerosos estudios alaban las ventajas de los materiales compuestos de origen
natural, avaladas por sus propiedades fisico-quimicas, su rendimiento mecanico, sus
caracteristicas de aislamiento térmico y acustico, o consideraciones econémicas, entre otras,
a menudo descuidan evaluaciones esenciales relativas a sus escenarios de fin de vida util,
en particular en lo que respecta a la reciclabilidad y la biodegradabilidad de los mismos. Esta
investigacion tiene como objetivo abordar un vacio importante proporcionando un analisis
empirico sélido que ponga de relieve no sélo las ventajas de estos materiales, sino también
los retos que plantean en un contexto de sostenibilidad.

Para comprender la relevancia de este trabajo de investigacion es fundamental situar los
compuestos biobasados dentro del panorama mas amplio de la ciencia de los materiales.
Los materiales compuestos se caracterizan por ofrecer unas propiedades mejoradas gracias
a la combinacién sinérgica de dos o mas materiales de distinta naturaleza, fisicamente
diferenciables y mecanicamente separables. Los materiales compuestos o composites
habitualmente estan constituidos por una fase continua o matriz, que actia como
aglutinante, y una fase dispersa o discontinua, que se incorpora a la misma como refuerzo
o relleno; de esta forma, cada una de las fases aporta sus propiedades para crear un material
final con caracteristicas Unicas y superiores. Sin embargo, las implicaciones
medioambientales de los materiales sintéticos tradicionales, empleados como matriz o
como refuerzo, han impulsado un cambio hacia el desarrollo de materiales compuestos
basados en recursos renovables: biopolimeros y fibras naturales, entre otros. Esta transicion
se alinea con los Objetivos de Desarrollo Sostenible en lo relativo a la conservacion de los
recursos y reduccion de los residuos.
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Desde la declaracion del 2009 como "Afio Internacional de las Fibras Naturales" por la FAQ,
ha habido un creciente interés en el uso de las fibras naturales como refuerzo de materiales
compuestos en multiples sectores, incluidas las industrias del transporte y la construccién.
Los estudios evidencian, cada vez mas, la importancia de desarrollar materiales
biodegradables y considerar la viabilidad del reciclaje como alternativas para una
produccién y consumo mas sostenibles. Ademas, la investigacion se esta dirigiendo hacia
fibras vegetales menos convencionales, que no compitan con la produccién alimentaria en
términos de consumo de recursos (agua y suelo) y que sean mas accesibles y rentables. En
este sentido, la cafia comUn (Arundo donax L.) emerge como una opcidén prometedora en
regiones como las Islas Canarias, donde esta considerada como especie vegetal invasora, no
solo por su rapido crecimiento y disponibilidad, sino también como un recurso valioso para
la biorrefineriay la remediacion de suelos, potenciando asi su uso en un contexto productivo
mas sostenible.

Teniendo en cuenta los antecedentes y la hipotesis de trabajo presentados, el objetivo
principal de esta tesis doctoral fue determinar el potencial de utilizaciéon de la biomasa de
Arundo donax L. para la obtencion de fibras naturales y su posterior incorporaciéon como
fase dispersa en la produccion de materiales compuestos de matriz polimérica. Se
emplearon procesos de compounding, mediante extrusion de doble husillo, y moldeo por
inyeccién, compresion y rotomoldeo, para la obtenciéon de muestras y piezas finales con
objeto de abordar su caracterizacion. En la investigacion se considerd la utilizacién de
diferentes matrices termoplasticas, como polietileno de alta densidad (HDPE) o acido
polilactico (PLA), para determinar sus propiedades y procesabilidad mediante la
incorporacién de diferentes proporciones de material vegetal de cafia. A continuacién, se
analizé la capacidad de reprocesado de los compuestos basados en matriz de origen fésil, y
se realizaron pruebas de biodegradabilidad para determinar su efecto sobre aquellos
producidos con termoplastico biobasado.

Para alcanzar los objetivos planteados, se planificaron varias etapas:

e Preparacion del material vegetal. Se evalu6 la necesidad de extracciéon de fibras,
procedentes de las partes aéreas de los especimenes de cafia (tallos y hojas), y la
posibilidad de utilizacién de todo el material vegetal (plantas enteras). Se realizaron
pruebas de extraccion de fibras, siguiendo procesos de degradacion natural
mediante enriado y procesamiento mecanico, y aprovechamiento integral mediante
el triturado de toda la biomasa. Se llevaron a cabo ensayos de caracterizacion de los
materiales lignoceluldsicos obtenidos, determinando sus constituyentes principales
(celulosa, hemicelulosa y lignina), su estabilidad térmica, su morfologia, resistencia
mecanica y caracteristicas fisico-quimicas.

e Obtencion de materiales compuestos utilizando matrices termoplasticas con
diferentes proporciones del material vegetal. Se produjeron composites con hasta
un 40 % (en peso) de Arundo donax, mediante procesos de extrusion, inyeccién,
moldeo por compresion y rotomoldeo. El objetivo fue determinar la procesabilidad
de los compuestos a base de cafia mediante diferentes técnicas de transformacion
y caracterizarlos con el fin de encontrar posibles aplicaciones para dichos
biocomposites.
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e Evaluacion de la biodegradacién y reciclabilidad de los materiales compuestos. Los
compuestos de cafia con matriz de polietileno fueron reprocesados varias veces con
el fin de determinar su potencial reciclabilidad, mientras que los basados en acido
polilactico fueron sometidos a ensayos de biodesintegraciéon y degradacion en agua,
con el fin de determinar el efecto de la biomasa sobre la durabilidad y rendimiento
de los materiales a lo largo de su vida util.

Ademas de varias comunicaciones en congresos internacionales de reconocido prestigio,
esta tesis doctoral ha dado lugar a dos articulos de revisién y ocho trabajos de investigacion,
publicados en revistas cientificas de alto impacto, que abordan diferentes aspectos sobre el
aprovechamiento de la cafla comun y su utilizacién para la elaboracién de materiales
compuestos.

En el primer articulo de revisién se analiza la especie vegetal Arundo donax L.y su interés
para la explotacién en biorrefinerias, mientras que el segundo se centra en el uso de la cafia
comun para la produccion de compuestos poliméricos. Los articulos de revision producidos
durante la fase inicial de la investigacién doctoral son:

1. A review on the use of giant reed (Arundo donax L.) in the biorefineries context.
Reviews in Chemical Engineering, 40(3), 2024. DOI: 10.1515/revce-2022-0069

2. Use of giant reed (Arundo donax L.) for polymer composites obtaining: a mapping
review. Cellulose, 30, 2023. DOI: 10.1007/s10570-023-05176-x

A continuacion, se analizd, en otra publicacion, la caracterizacion de la planta en términos
de su composicién y procesado para la obtencién de fibras a partir de los tallos y las hojas,
asi como su aprovechamiento integral. También se incluyé alli la caracterizacién de los
materiales lignocelulésicos obtenidos en términos de comportamiento mecanico,
estabilidad térmica, composicién, indice de cristalinidad y caracteristicas fisicas. Los datos
del citado articulo son los siguientes:

3. Giant Reed (Arundo donax L.) Fibre Extraction and Characterization for Its Use in
Polymer Composites. Journal of Natural Fibres, 20:1, 2023. DOI:
10.1080/15440478.2022.2131687

Una vez obtenidas y analizadas las fibras y materiales lignoceluldsicos de cafia comun, se
prepararon materiales compuestos con diferentes matrices poliméricas (polietileno de alta
densidad, HDPE; acido polilactico, PLA) bajo diferentes tecnologias de procesado, a saber,
extrusion, inyeccién, rotomoldeo y moldeo por compresion. Los materiales compuestos se
caracterizaron para determinar sus propiedades fisico-quimicas, reolédgicas y termo-
mecanicas. También se evalu la influencia de la longitud de la fibra durante la alimentacion,
la elaboracion del compound, el proceso de inyeccién y el reprocesado de las piezas
moldeadas, analizando el cambio en los parametros morfolégicos (diametro y longitud) de
las particulas de relleno que determinan las propiedades finales de los composites. Por
ultimo, también se evalué el comportamiento de desintegracion de los compuestos basados
en PLA, asi como el efecto de la degradacion en agua sobre el comportamiento de los
mismos. Las publicaciones derivadas de la investigacion sobre los materiales compuestos
de Arundo donax son:


https://www.degruyterbrill.com/document/doi/10.1515/revce-2022-0069/html
https://link.springer.com/article/10.1007/s10570-023-05176-x?utm_source=getftr&utm_medium=getftr&utm_campaign=getftr_pilot&getft_integrator=scopus
https://www.tandfonline.com/doi/epdf/10.1080/15440478.2022.2131687?src=getftr&utm_source=scopus&getft_integrator=scopus
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4. A New Image Analysis Assisted Semi-Automatic Geometrical Measurement of Fibres
in Thermoplastic Composites: A Case Study on Giant Reed Fibres. Journal of
Composites Science, 7(8), 2023. DOI: 10.3390/jcs7080326

5. Influence of Giant Reed (Arundo Donax L.) Culms Processing Procedure on
Physicochemical, Rheological, and Thermomechanical Properties of Polyethylene
Composites. Journal of Natural Fibres, 21(1), 2024. DOI:
10.1080/15440478.2023.2296909

6. Relationship Between the Shape of Giant Reed-Based Fillers and Thermal Properties
of Polyethylene Composites: Structural Related Thermal Expansion and Diffusivity
Studies. Waste and Biomass Valorization, 15(12), 2024. DOI:
10.1007/512649-024-02626-w

7. Recyclability Assessment of Lignocellulosic Fibre Composites: Reprocessing of Giant
Reed/HDPE Composites by Compression Molding. Lecture Notes in Mechanical
Engineering IV, 3, 2024. DOI: 10.1007/978-3-031-56474-1_15

8. Recycling of HDPE-giant reed composites: Processability and performance. Green
Processing and Synthesis, 14(1), 2025. DOI: 10.1515/gps-2024-0229

9. Influence of Giant Reed Fibres on Mechanical, Thermal, and Disintegration Behavior
of Rotomolded PLA and PE Composites. Journal of Polymers and the Environment,
30(11), 2022. DOI: 10.1007/s10924-022-02542-x

10. Giant reed (Arundo donax L.) enhanced polylactic acid composites: processing,
characterization, and performance of injection moulded and water degraded
samples. Submitted to Composites Part A: Applied Science and Manufacturing
(enviado el 08/07/2025; pendiente de revision)

Las publicaciones anteriormente enumeradas, se encuentran incluidas en este documento
de tesis, después de tres secciones (capitulos 2, 3y 4) en los que se resumen los métodos y
conclusiones de cada trabajo y se acredita la unidad tematica del trabajo de investigacién.

A continuacién, se presenta un sumario con las conclusiones finales de la tesis para,
posteriormente, concluir este resumen con una serie de potenciales lineas de investigacion
futura.

e Esta tesis presenta el primer andlisis en profundidad de materiales compuestos de
Arundo donax con matrices termoplasticas de HDPE y PLA procesados mediante
extrusion, moldeo por inyeccion, moldeo rotacional y moldeo por compresién, que
incluye no sélo su analisis mecanico, térmico o reoldgico, sino que también analiza
sus opciones de reciclabilidad y biodegradabilidad.

e Arundo donax ha demostrado ser un prometedor refuerzo sostenible para la
produccién de compuestos poliméricos. La cafia comun es una fuente de biomasa
de rapido crecimiento, renovable y ampliamente disponible, especialmente en
climas templados y regiones aridas como las Islas Canarias, debido a sus bajos
requerimientos y buena adaptabilidad. El trabajo realizado aporta nuevos datos para
apoyar el uso de biomasa de plantas invasoras en un contexto de economia circular.


https://www.mdpi.com/2504-477X/7/8/326
https://www.tandfonline.com/doi/full/10.1080/15440478.2023.2296909
https://link.springer.com/article/10.1007/s12649-024-02626-w?utm_source=getftr&utm_medium=getftr&utm_campaign=getftr_pilot&getft_integrator=scopus
https://link.springer.com/chapter/10.1007/978-3-031-56474-1_15
https://www.degruyterbrill.com/document/doi/10.1515/gps-2024-0229/html?recommended=sidebar&srsltid=AfmBOop9CYPTxYMwt9GVu7Ey9ftTrhRKGhu2AwFbXEcXr_oQaBXS6Ae5
https://link.springer.com/article/10.1007/s10924-022-02542-x?utm_source=getftr&utm_medium=getftr&utm_campaign=getftr_pilot&getft_integrator=scopus
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Se ha propuesto un procedimiento especifico para la obtencién de fibras de buena
calidad y alta relacion de aspecto a partir de los tallos y hojas de cafia comun, basado
en un procedimiento quimico-mecanico. Con este proceso se obtienen fibras
vegetales con un alto contenido en celulosa (hasta el 70 %), una estabilidad térmica
favorable (>230 °C) y propiedades mecanicas competitivas (resistencia a la traccién
~900 MPa, modulo elastico ~45 GPa), comparables a las de otras fibras naturales
comerciales como el yute o el lino.

Se ha demostrado que la morfologia y el procesamiento de las fibras desempefian
un papel fundamental en el rendimiento de los materiales compuestos. El
comportamiento reolodgico, la estabilidad térmica, la cristalinidad y la adhesién
interfacial se ven influidos por el tipo y la proporcién de la biomasa empleada como
refuerzo o relleno.

A partir del analisis de las longitudes de las fibras desde la obtencién inicial y hasta
el reprocesado, se confirmé que el procesamiento mecanico (extrusion de doble
husillo) reduce significativamente la longitud de las fibras, especialmente en las
primeras zonas de amasado en el interior del barril de extrusién. A pesar de ello, las
fibras procesadas mantienen relaciones de aspecto suficientes para actuar como
refuerzos eficaces, incluso tras varios ciclos de reprocesado mediante triturado,
extrusion y moldeo por inyeccion.

Los compuestos basados en fibras de cafia superan sistematicamente a los que
utilizan material vegetal triturado de esta especie, sobre todo en rigidez y
propiedades térmicas, debido a su mejor estabilidad térmica, por el menor
contenido de hemicelulosa, y también a su elevada relacion de aspecto
(longitud/diametro).

Los compuestos de Arundo a base de HDPE muestran mejores propiedades
mecanicas y térmicas que la matriz de polietileno puro. Por ejemplo, el médulo de
traccion aumentd hasta un 78 % con una proporcion de fibra del 20 % (en peso). Del
mismo modo, los materiales compuestos mostraron una mejor estabilidad
dimensional y térmica, evidenciada por el aumento de la temperatura de deflexion
térmica y la disminucién de los coeficientes de expansion térmica. Estas mejoras
sugieren aplicaciones en envases técnicos, interiores de automoviles y paneles
estructurales.

Los compuestos Arundo-HDPE demuestran su aptitud para el reciclaje con una
pérdida de rendimiento minima. Los compuestos fibrosos de HDPE conservaron
mas del 80 % de su resistencia original a la traccién tras multiples ciclos de reciclado.
Mostraron una mayor rigidez y mantuvieron la estabilidad térmica tras cinco ciclos
de reprocesado. El uso de Arundo puede aportar propiedades antioxidantes,
mejorando la resistencia a la oxidacion y en escenarios de reciclaje en circuito
cerrado.

Los compuestos Arundo-PLA ofrecen alternativas totalmente biodegradables y de
base bioldgica. Los materiales compuestos moldeados por inyeccién con un
contenido de fibra de entre el 10 y el 20 % mostraron un equilibrio 6ptimo entre
rigidez y tenacidad.
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La biodesintegracion de los materiales compuestos de cafia comuUn en condiciones
de compostaje fue mas rapida y eficaz que la del PLA puro, especialmente en
condiciones de compostaje doméstico, debido a la mayor absorcion de agua de los
biocomposites, que favorece la ruta de degradacién hidrolitica del biopolimero.

La absorcion de agua es mayor en los compuestos de PLA reforzados con fibras de
cafia, debido a la mayor superficie de las fibras en comparacion con las particulas de
Arundo triturado. La absorcion de agua provoca una reduccién del rendimiento
mecanico, aunque éste puede recuperarse parcialmente tras el resecado.

El rendimiento de los composites de PLA depende del tipo de relleno (fibras o
material vegetal triturado), el contenido y los parametros de procesado: los
composites con fibras superan a los rellenos de particulas debido a una mayor
relacién de aspecto y una mejor transferencia de tensiones.

Por ultimo, el potencial industrial de los compuestos producidos resulta evidente por
el comportamiento que presentan, aunque aun es necesario realizar mas estudios.
Las aplicaciones podrian incluir la produccién de diferentes productos en los
sectores del envasado, agricultura, bienes de consumo y materiales de construccion.

Como resultado del trabajo realizado hasta la fecha, surgen algunas nuevas vias de

investigacion que permitirian seguir contribuyendo a un mayor conocimiento de los

compuestos basados en cafia comun, asi como en el estudio de diferentes posibilidades de

aprovechamiento para maximizar el uso de este recurso natural, Arundo donax L., como
fuente de material sostenible.

VI

Preparacion de materiales compuestos con otras matrices de base bioldgica, como
PHA/PHB o PBS. Deberia llevarse a cabo una exploracion de estos materiales en
sistemas de extrusién-soplado y termoconformado, con el objetivo de producir
materiales para aplicaciones de envasado.

Modificacion de las fibras y de la biomasa derivada de la cafia, con el fin de mejorar
su compatibilidad con la matriz polimérica y obtener prestaciones mejoradas y
adaptadas a diferentes aplicaciones. En este punto, es interesante aclarar que en
este trabajo no se realizaron modificaciones para reducir la huella medioambiental
de los composites, debido a la enorme cantidad de agua necesaria para dichas
modificaciones. Sin embargo, deberia realizarse un analisis de ciclo de vida (ACV)
exhaustivo para establecer los beneficios reales del uso de dicha biomasa en el
sector de los composites.

Completar el analisis del rendimiento de los materiales compuestos analizando sus
propiedades acusticas y su comportamiento frente al fuego, factores cruciales para
el uso de estos materiales en el disefio de mobiliario y la ecologizacién de espacios
interiores, siguiendo los principios de la ingenieria Kansei.

Explorar otras alternativas al uso de la biomasa, como la separacion de la lignina
para producir la lamada madera transparente o aditivos retardantes del fuego.
Establecimiento de un enfoque integrado en cascada para maximizar el uso de la
biomasa derivada de la cafia, incluida la produccion potencial de bioplasticos a partir
de los carbohidratos (aztcar y almidén) presentes en la planta de forma natural.
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Ampliar el alcance de los ensayos de reciclabilidad para garantizar su viabilidad en
ciclos de larga duracion. Esto deberia incluir el estudio del comportamiento de
envejecimiento de los composites en comparacion con las matrices puras; la
incorporacién de la cafla sin procesar, con extractivos y polifenoles podria
proporcionar un efecto estabilizador en el material compuesto frente al reprocesado
y también frente a la radiacion UV.

Ensayos completos de envejecimiento de los materiales producidos, tanto con la
matriz de HDPE como con la de PLA, bajo radiacién UV y ciclos hidrotérmicos, con el
fin de definir la durabilidad de los mismos en condiciones de servicio. De particular
interés seria el analisis del comportamiento de degradacién bajo atmésfera salina,
asi como el analisis de biodegradacién de los compuestos de PLA en ambientes
marinos.

Establecer una cadena de valor a través de la valorizacion de la biomasa derivada de
Arundo, que considere los impactos ambientales, sociales y econédmicos de todo el
procesamiento, desde la cosecha hasta el final de la vida util de los productos,
estableciendo una gama de diferentes aplicaciones.

Vil
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1. INTRODUCTION

1. INTRODUCTION

This introductory chapter is the basis of this doctoral thesis, which brings together a series
of publications focused on the advancement of sustainable materials science, particularly
emphasizing natural-based composites consisting of a polymer matrix and lignocellulosic
materials derived from Arundo donax L. (giant reed). The increasing global recognition of
climate change and environmental degradation necessitates urgent explorations into
alternative materials that minimize ecological footprints while fulfilling industrial
requirements. Central to this research is the understanding that the transition to sustainable
materials involves a paradigm shift not only in material selection but also in the
methodologies employed to evaluate their performance throughout their life cycles.

The principal aim of this research compendium is to comprehensively explore the
performance, properties, and practical applications of natural-based composites. This thesis
seeks to address critical gaps in the existing literature concerning the sustainability of
composite materials, particularly in those based on giant reed. The literature indicates that
while numerous studies highlights the mechanical advantages of natural-based composites,
they often neglect essential evaluations regarding their end-of-life scenarios, particularly
concerning recyclability and biodegradability. This research, therefore, fills a significant gap
by providing robust empirical analyses that emphasize not only the benefits of such
materials but also the challenges they pose in a sustainability context.

To accurately understand the relevance of this research work, it is critical to situate bio-based
composites within the broader landscape of materials science. Composites are characterized
by providing enhanced properties through the synergistic combination of two or more
individual materials; however, the environmental implications of traditional synthetic
materials have driven a shift toward the development of composites based on renewable
resources, such as biopolymer matrices and natural fillers and reinforcing materials. This
transition aligns with the philosophy of sustainability, resource conservation and waste
reduction.

1.1. CONTEXT

The main objective of this doctoral thesis was to determine the potential for utilizing the
biomass produced by giant reed (Arundo donax L.) for the production of polymer-matrix
composite materials. The environmental impact generated by the excessive consumption of
plastic materials and their disposal, generally after a short product lifespan, makes necessary
to study alternative materials with good properties, versatility, and a lower environmental
impact. One strategy to achieve this is the use of biodegradable polymer matrices or the
incorporation of natural fibres, thereby obtaining biocomposites that reduce the
environmental footprint generated by the widespread use of plastics.
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The application of composite materials in several sectors has been growing unceasingly in
the last decades, as they offer a combination of properties impossible to obtain with
conventional metals, ceramics, and polymers. A composite material is defined as the one
obtained by combining two or more materials of different nature, physically distinguishable
and mechanically separable, with chemically distinct phases, insoluble in each other, and
separated by an interface, and whose properties are superior to the simple addition of the
properties of the individual components. Regarding materials used as fillers or
reinforcements, concerns about sustainability and climate change, combined with the
economic and environmental costs of producing synthetic fibres, have motivated the search
for alternative fibres, with plant fibres emerging as a low-cost, low-density, biodegradable
option with high specific properties [1,2].

Since the FAO declared 2009 as the "International Year of Natural Fibres", numerous studies
have focused on the use of such fibres as reinforcement in composite materials, analysing
different combinations of polymer matrices and plant-based reinforcements and finding
applications in different sectors ranging from transportation to construction. The focus is
increasingly on achieving composite materials that can be biodegraded at the end of their
useful life [3], although recycling also presents an interesting alternative for the reuse of the
material. In addition, there is a need to evaluate less common plant-based fibres that offer
a lower cost and greater availability [4] than those that have already been studied and used,
such as jute, hemp, flax, sisal, or kenaf fibres, and that, in addition, do not compete with food
production in terms of resources (water and soil). In this context, the use of the giant reed
plant as a source of reinforcement or filler material has been proposed, given the
widespread use of this plantin the Canary Islands, where it is considered as an invasive plant
species, due to its rapid growth under unfavourable conditions. This feature makes it to have
been pointed out as a promising plant species for the biorefinery sector, with the focus on
producing carbohydrate-rich products and fibres, as well as a strategy for soil remediation
and to avoid soil erosion.

Few works were found to use Arundo fibres to obtain composite material, which is the focus
of this doctoral thesis. For instance, Ghalehno [5] proposed the incorporation of 20 - 40 %
ground reed in a urea formaldehyde resin and the compression moulding process, obtaining
a composite material with improved mechanical properties compared to the neat resin.
Similarly, Baquero-Basto and collaborators [6] introduced 30-40 % of ground reed to a
vegetable polyurethane resin, increasing the rigidity and tensile strength of the resin,
although with a decrease in the flexural properties. Fernandez-Garcia [7], on the other hand,
obtained a composite material using only Arundo donax plant material and citric acid as a
natural binder, obtaining boards with mechanical and thermal properties good enough to
be used as insulating materials in construction. These same authors also obtained a
composite material using urea formaldehyde resin as a matrix and ground reed, in three
different sizes, obtaining good results for use as acoustic insulation [8]. However, these first
works are mainly working with the ground plant, without any plant processing. Fiore and
collaborators proposed the preparation of fibres from the giant reed stems, starting with a
manual procedure, consisting on peeling the stems with a blade [9]. In a subsequent study,
this same group obtained a compression-moulded composite material with a polylactic acid
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(PLA) matrix , using ground stems as a reinforcement material [10] at 10 and 20 % ratios. The
study concluded that increasing the Arundo content also increased the tensile and flexural
elastic moduli, while the tensile and flexural strength decreased. Another study by the same
authors shows similar behaviour (improved tensile elastic modulus and reduced strength)
when the composite material is obtained using an epoxy resin as a matrix; the results show
that these composites could be useful in semi-structural applications [11], when used in
proportions between 5 and 15 %.

On the other hand, several authors emphasize the complexity and cost of the recycling
processes for composite materials [12-14]. These studies, among others, conclude with the
need to study the recyclability of these materials in greater depth to address the existing lack
of knowledge in this field.

1.2. OBJECTIVES

Considering the background and working hypothesis presented above, the general objective
of this thesis is to assess the eco-sustainable use of Arundo donaxL. biomass as a reinforcing
material, with special emphasis on the recyclability of the resulting biocomposites. The
potential end of life of giant reed composites was also considered in this work, as neither the
actual recyclability nor their biodegradability has yet been studied in detail. The aim was
therefore to obtain a polymer composite material using a thermoplastic matrix (such as
polyethylene (PE) or polylactic acid (PLA)) and determine their properties and processability
with different proportions of plant fillers from giant reed. The obtained composite materials
based on conventional polyolefin were then reprocessed several times, determining the
extent to which the composite material is recyclable compared to the virgin polyethylene.
While, for the PLA-based ones, biodegradability tests were also performed, determining the
effect of the giant reed fibres in the disintegrability of the PLA matrix.

The literature review conducted did not revealed the use of this type of fibre in thermoplastic
matrices using injection moulding, nor has it revealed any studies on the recyclability and
biodegradability of these materials, which demonstrates the novelty and interest of the
proposed work. In order to achieve this main objective, several stages were planned:

»= Preparation of the plant material, assessing the need for fibre extraction and the
possibility of utilizing the entire plant material. Fibre extraction tests were
performed, following natural degradation processes (retting) and mechanical
processes. Fibres characterization tests were conducted, determining main
constituents (cellulose, hemicellulose and lignin), thermal stability, morphological
features, strength and physico-chemical characteristics.

= Obtaining the composite material using thermoplastic matrices with different
proportions of the plant material. Composites with up to 40 % biomass were
produced (by weight), using injection, rotational, compression and extrusion
processes. The aim was determining the processability of reed-based composites on
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different processing techniques and characterizing them in order to find possible
applications for such materials.

= Disintegration and recyclability assessment of lignocellulose-based composites.
Composites with a PE matrix were reprocessed several times in order to determine
their potential recyclability, while those based on PLA were subjected to
biodisintegration and water degradation assays, in order to determine the effect of
the biomass upon such process, as well as the impact on the biobased composites’
durability and lifetime performance.

1.3. PUBLICATIONS ARISING FROM THE WORK

Apart of several communications into international well-reputed conferences, this doctoral
thesis resulted in two review papers and eight research works dealing with different aspects
of giant reed composites. In the first review paper the plant species and its interest for
biorefineries are analysed while the second one focuses on the use of Arundo for the
production of composite materials. Next, the characterization of the plant in terms of
composition and its processing to obtain fibres from the stems and the leaves were analysed
in a different publication; the characterization of obtained fibres in terms of mechanical
behaviour, thermal stability, composition, crystallinity index and physical features was also
included there.

Once the fibres were obtained and analysed, composite materials were prepared with
different polymer matrices (high-density polyethylene (HDPE); polylactic acid (PLA)) under
different processing technologies, namely, twin-screw extrusion, injection, rotational, and
compression moulding. The composites were characterized to determine their mechanical
and thermal properties. The influence of fibre length at the feeding, compounding
parameters and reprocessing in the final properties were also assessed, determining the
change in the morphological parameters (diameter, length and aspect ratio) and in
properties. Finally, disintegration and water degradation behaviour were also determined
for PLA-based composites.

The publications arising from this research work can be found in this document, after three
sections, which summarize the methods and findings from each work. Each publication is
later included as a different section of the document, which finishes with a summary of the
conclusions obtained and a series of potential research lines to continue contributing to a
further understanding of the reed-based composites.



2. STATE OF THE ART

2. STATE OF THE ART

This section summarizes the state of the art about the use of natural fibres for composites
obtaining and, particularly, for giant reed. For this specific plant species, two different
approaches were followed: the entire use of the plant as a raw material for biorefinery
processes, with a later focus on the obtaining of fibres and polymer composites.

Two review papers about the use of Arundo donax have been published during this thesis
preparation (Figure 1):

P1. Areview on the use of giant reed (Arundo donaxL.) in the biorefineries context.
Reviews in Chemical Engineering, 40(3), 2024. DOI: 10.1515/revce-2022-0069

P2. Use of giant reed (Arundo donax L.) for polymer composites obtaining: a
mapping review. Cellulose, 30, 2023. DOI: 10.1007/s10570-023-05176-x
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Figure 1. Overlay visualisation of keywords from both review papers dealing with Arundo donax L. in
the context of biorefineries and polymer composites. (Obtained using the VOSviewer tool).

The first review paper focuses on the potential of this plant species as a sustainable biomass
resource for biorefineries [15]. A discussion on agronomic practices, environmental impacts,
and techno-economic considerations is performed, concluding with the need for more
research to optimize its integration into the bioeconomy. Several aspects of the giant reed,
such as its high yield, chemical composition, and viability for biofuels (bioethanol, biogas),
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thermochemical processes (pyrolysis, gasification), and for materials like paper or
composites, are included.

The massive availability of biomass generated by the giant reed (Arundo donaxL.) motivates
the search for its possible industrial use for the generation of high added-value products
through implementing a biorefinery approach. The literature demonstrates the potential of
this plant species to obtain different high-value compounds, such as levulinic acid,
oligosaccharides, fermentable sugars, highly digestible fibre for animal feed, polyphenols,
and natural fibres for composite materials, among others. The data shows the upward trend
in Europe toward the generation of new green industries, grouped under the biorefinery
concept. Arundo donaxL. is a perennial grass from the Gramineae family, with an uncertain
origin, although many authors place its origin in East Asia [16]. The rapid spread of this plant
and its poor genetic diversity is explained by its reproduction method, mainly happening
through the rhizomes or by producing roots on the nodes [17]. Figure 2 shows two
specimens of Arundo and the main parts of the plant: leaves, culm or stem, and rhizome.
Stems or culms are hollow and have diameters around 2-3 cm, reaching up to 6 m in height,
with stem-clasping leaves along the entire stem [18].

Figure 2. Different parts of giant reed plant.

The rapid growth and adaptability of Arundo donax L. to various environmental conditions,
including drought and salinity [19-21], have supported its widespread naturalization. This is
particularly evident in Mediterranean countries, where it has also become invasive [22,23],
being even classified among the world’'s most invasive species by the International Union for
the Conservation of Nature (IUCN) [24,25]. Despite this, it is not listed as an invasive alien
species of Union concern (European Union, 2017), but is instead recognized as a valuable
lignocellulosic feedstock [26]. Furthermore, in Spain it was listed as invasive plant in 2013
[27] being removed in 2019 [28], when it was included in the National bioeconomy strategy
[29], which reflects the international trend toward supporting its industrial use. However,
concerns remain regarding its environmental impact, and the need of manage the plant
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adequately to reduce the danger is highlighted; in fact, long-term studies on the
environmental impacts of the cultivation of this plant are still ongoing [30]. Apart of its high
potential as a lignocellulosic feedstock for biorefineries due to its high biomass yields, low
water and fertilizer needs, and ability to thrive in poor soils [31-33], its cultivation can also
offer some environmental benefits, such as soil remediation and erosion prevention [34,35].

Once defined the great interest of this plant species for the bioeconomy industrial sector, a
deeper analysis on the possibilities of using it for the obtaining of fibres for composites was
performed in the second review paper arising from this thesis [36]. Compared to the
extensive research on biofuels and biomolecules, little attention has been paid to obtaining
reed composites, and therefore this review has the objective of understand the potential of
using this plant species as reinforcement or filler of composites. In this work, a mapping
review on the incorporation of giant reed fibres in the production of polymer composites
was performed. The work was organized into distinct sections that address the processes
involved in fibre extraction (primarily mechanical procedures), as well as the characterization
of the fibres. Key properties discussed include the chemical composition, thermal
degradation, mechanical properties, and crystallinity of the fibres, all of which are crucial for
assessing their suitability in composite applications. The findings indicate that most research
to date has concentrated on the production of board panels featuring insulating properties,
alongside integrating reed fibres into thermoset resins. However, there exists a notable gap
in the literature regarding the exploration of thermoplastic composites created from Arundo
donax, which is the main aim of this doctoral thesis.

The different methodologies employed for obtaining fibres from Arundo donax, which can
include mechanical, chemical, or hybrid approaches, are assessed; finding that mechanical
processes such as chopping and grinding are prevalent. Fibres obtained from mechanical
procedures are mainly used for composites production, while the use of chemical methods
provide purified cellulose for diverse applications. One aspect highlighted in the review is
the variation in chemical composition and physical properties of giant reed fibres resulting
from different extraction methods. For instance, fibres obtained chemically often exhibit
lower lignin content and higher cellulose percentages [9]. Specifically, fibres derived
mechanically tend to have lignin content ranging from 17 - 25 %, whereas those extracted
via chemical methods can drop to as low as 5.3%. Degradation temperatures and
mechanical properties are also affected by the extraction method, which is mainly correlated
with the hemicellulose content. Another work derived from this thesis [37], which will be
discussed later, provides cellulose contents ranging from 43 - 68 %, with degradation
temperature around 275 °C, suitable to be used as reinforcement of polymeric matrices,
with a tensile strength of 905 + 300 MPa, an elastic modulus of 45 + 12 GPa and a crystallinity
index over 65 %. These properties are within the range of commercial lignocellulose fibres,
such as jute, flax, abaca or sisal.

In terms of applications, this review summarizes the various uses of Arundo donax-
reinforced composites in sectors like construction, packaging, and automotive,
demonstrating their versatility [10,11,38]. Not much information on the behaviour of
polymer-based composites was found in the literature; results on the composites obtained
within this thesis will be shown in the next sections of this document.
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Although the invasive potential of Arundo donax is well-documented, implementing an
effective management strategy could yield significant environmental benefits, particularly in
regions susceptible to soil erosion and drought. An effective management plan should
encompass not only methods aimed at maximizing bioproduct yields with minimal energy
input but also strategic crop management practices. This includes cultivating Arundo donax
exclusively in marginal or degraded lands, utilizing low-quality water resources, or even
treating wastewater to reduce the need of nitrogen fertilizers. Consequently, the cultivation
of giant reed can serve as a viable solution to mitigate soil erosion, particularly in areas with
high risk of desertification, such as the Mediterranean region.

Several valorisation strategies for reed can be followed, depending on the desired final
products. Among these, the sugar platform emerges as particularly promising due to the
wide range of bioproducts it can generate. These include biopolymers such as polylactic acid
(PLA), polyhydroxyalkanoates (PHA), and polybutylene succinate (PBS), as well as fats suitable
for biodiesel production, bioethanol, and other chemically significant compounds like xylose
and levulinic acid. Following the production of sugars, the remaining solid biomass can be
integrated into subsequent processes for the extraction of lignin and cellulose fibres, or
further processed to enhance sugar yield. Given the high yields achievable under relatively
mild processing conditions, direct energy conversion through combustion is pointed out as
an inefficient and undesirable option, turning biorefining into a more sustainable and
effective alternative.

On the other hand, before turning this plant species into a valuable and viable raw material,
some advancements must be made to scale up infrastructure, bridging the gap between
pilot demonstration facilities and large-scale production operations, as highlighted in the
Global Bioeconomy Summit in 2020. This presents a fertile area for research, aligned with
the European Union's Green Deal strategy and the Sustainable Development Goals, aiming
to optimize both the technical viability of biorefineries and the environmental, economic,
and social benefits of such initiatives.
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For the production of the composites, two approaches were followed: the use of the aerial
parts of the plant, with a simple grinding process, and the obtaining of fibres either from the
culms or from the leaves. The characterization and extraction trials were performed
following this classification: shredded plant, fibres from leaves, and fibres from culms. The
procedures and complete results can be found in:

P3. Giant Reed (Arundo donax L.) Fibre Extraction and Characterization for Its Use in
Polymer Composites. Journal of Natural Fibres, 20:1, 2023. DOI:
10.1080/15440478.2022.2131687

Figure 3. Fibres obtained from Arundo donaxL. culms, leaves and whole plants (from left to right).

This paper explores the extraction and characterization of giant reed fibres to assess their
potential as reinforcement materials in polymer composites [37]. Given the growing interest
in sustainable materials, the study provides insights into the mechanical properties and
chemical composition of Arundo donax fibres as a strategy for the development of green
composites.

The research incorporates both mechanical and chemical methods for extracting the reed
fibres, using separately the aerial parts of the plant, namely stems and leaves. The
mechanical extraction process involves chopping and grinding the whole reed specimens to
obtain fibres suitable for composite production. For the chemical and hybrid chemical-
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mechanical hybrid procedures, Arundoleaves and stems were retted in a sodium hydroxide
(NaOH) solution to remove lignin and hemicellulose, enhancing cellulose content. The fibres
were characterized to determine their structure, chemical properties, and thermal stability,
by means of Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), crystallinity index, from X-ray diffraction (XRD) and thermogravimetric analysis (TGA).

The mechanical extraction method yielded fibres containing approximately 35-45 %
cellulose, while the chemical treatment increased the cellulose content up to 70 %,
significantly decreasing lignin content to around 5.3 %. These results align with existing
literature, highlighting the effectiveness of chemical treatments in enhancing lignocellulosic
fibre quality. Similarly, the thermal analysis revealed a thermal degradation temperature
suitable for polymers processing, and in the range, of other commercial natural fibres, such
as flax or jute, exceeding 230 °C.

Finally, in terms of mechanical properties, the study reported that the tensile strength of
Arundo donax fibres slightly varied depending on the part of the plant from which they
originate. The fibres obtained through chemical treatment from the reed culms exhibited
tensile strength values approaching 900 MPa and an elastic modulus around 45 GPa. This
performance compares favourably to other natural fibres such as kenaf (approximately
600 MPa) and jute (around 300 MPa), establishing reed fibres as a competitive option for
composites reinforcement.

In conclusion, this research work demonstrates the viability of Arundo donax fibres as
sustainable reinforcement materials for composites. The combination of high cellulose yield,
enhanced mechanical properties, and good thermal stability makes Arundo a compelling
alternative to conventional synthetic fibres. It has been shown that fibres from leaves are
thinner (diameter around 70 pm) and show higher crystallinity than fibres from stems, which
are thicker (around 150 pm). Future research directions may include evaluating the
environmental impacts of giant reed cultivation and scaling up fibre extraction processes to
foster commercial applications.
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4. PREPARATION AND CHARACTERIZATION OF COMPOSITES

This section includes a summary of the different papers published (or under review) showing
the procedures and results from the preparation and characterization of composites using
different polymer matrices and processing techniques:

P4,

P5.

P6.

P7.

P8.

Po.

P10.

4.1.

A New Image Analysis Assisted Semi-Automatic Geometrical Measurement of
Fibres in Thermoplastic Composites: A Case Study on Giant Reed Fibres. Journal of
Composites Science, 7(8), 2023. DOI: 10.3390/jcs7080326

Influence of Giant Reed (Arundo Donax L.) Culms Processing Procedure on
Physicochemical, Rheological, and Thermomechanical Properties of Polyethylene
Composites. Journal of Natural Fibres, 21(1), 2024. DOI:
10.1080/15440478.2023.2296909

Relationship Between the Shape of Giant Reed-Based Fillers and Thermal
Properties of Polyethylene Composites: Structural Related Thermal Expansion and
Diffusivity Studies. Waste and Biomass Valorization, 15(12), 2024. DOI:
10.1007/512649-024-02626-w

Recyclability Assessment of Lignocellulosic Fibre Composites: Reprocessing of
Giant Reed/HDPE Composites by Compression Molding. Lecture Notes in
Mechanical Engineering IV, 3, 2024. DOI: 10.1007/978-3-031-56474-1 15

Recycling of HDPE-giant reed composites: Processability and performance. Green
Processing and Synthesis, 14(1), 2025. DOI: 10.1515/gps-2024-0229

Influence of Giant Reed Fibres on Mechanical, Thermal, and Disintegration
Behavior of Rotomolded PLA and PE Composites. Journal of Polymers and the
Environment, 30(11), 2022. DOI: 10.1007/s10924-022-02542-x

Giant reed (Arundo donax L.) enhanced polylactic acid composites: processing,
characterization, and performance of injection moulded and water degraded
samples. Submitted to Composites Part A: Applied Science and Manufacturing
(04/07/2025, pending review)

INFLUENCE OF THE COMPOUNDING STAGE IN FIBRE
MORPHOLOGY

The paper entitled “A New Image Analysis Assisted Semi-Automatic Geometrical
Measurement of Fibres in Thermoplastic Composites: A Case Study on Giant Reed Fibres”
[39] presents an innovative low-cost approach for evaluating the geometrical properties of
natural fibres embedded in thermoplastic composites (Figure 4).
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Figure 4. Graphical abstract showing the workflow for fibre morphometric analysis.

This work aims at enhancing the efficiency of measuring fibre characteristics, which are
crucial for optimizing the manufacturing and performance of composite materials in various
applications. The physical degradation of lignocellulosic fibres during the compounding
process is affected by parameters such as the feed and shear rate, as well as the rotation
speed and geometric configuration of the extruder screws [40]. During the compounding
process, the fibres suffer severe stresses, which cause their breakage [41]. It is well-known
that the length and diameter of the fibres (their aspect ratio) is a key parameter, together
with the fibre strength and the quality of the adhesion between the fibre and the matrix in
the final performance of the composite [39,41]. Fibres in extruded thermoplastic composites
usually exhibit lengths of a few millimetres, becoming even smaller after injection moulding
processing [42]. Diameters are also affected by attrition processes of the fibre bundles
[40,41], and therefore, the aspect ratio of the fibres is also modified during processing.

The study conducted establishes a systematic methodology integrating image analysis for
the characterization of fibrous composites, using giant reed fibres as part of the research.
The key procedures include the capture of images by affordable scanning techniques,
instead of high cost equipment (such as micro-CT) or complicated processes, involving the
use of solvents to remove the matrix. The images obtained were analysed using open-source
software, namely Image), carrying out semi-automated measurements of various
geometrical parameters: fibre length, diameter and aspect ratio. Finally, in order to validate
the reliability of the proposed method, the results obtained by this procedure were
compared against traditional measurement data (manual measurement of fibres using an
optical microscope), finding that this is a practical, efficient, reliable and affordable technique
for characterizing fibres in composite materials.

Once determined that the method proposed provides reliable results, different analyses were
performed, varying the polymer matrix, the fibre length at the feeding and the extruder
parameters, using two different twin-screw extruders to produce the compound. This was
done in order to determine the effect of this first processing stage in the length and diameter
of the reed fibres and particles in the final compound. It was found that the fibre size
12
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distributions were very similar in the compound produced, regardless of the size of the input
fibres or the type of polymer matrix. However, the processing is affected by the fibre size input,
being more complicated for longer fibres, which tend to entangle and clog the feeding zone.

An analysis of fibre lengths was performed along the extruder length, determining that the
most significant changes happen in the first kneading zone of the extrusion process, where
more than 85 % of the fibres for HDPE and 90 % for the PLA compound were reduced to less
than 1 mm in length. This high reduction during compounding results in the injection
moulding process not significantly affecting the fibres morphology.

4.2. HDPE-BASED COMPOSITES

This section summarizes the findings and conclusions of the composites prepared with
Arundo derived materials introduced into a HDPE matrix. In order to determine the
properties of injection-moulded Arundo-based composites, the compound was prepared in
a ThermoScientific Process11 twin screw-extruder, using HDPE as matrix, and 20 or 40 % (by
weight) fibres or shredded reed, as explained in section 3 of this document about Fibre
extraction and characterization. The increasing interest in natural fibres for composite
materials due to their sustainability, cost-effectiveness, and potential for reducing
environmental impact, together with the lack of information on Arundo donax composites,
justify the interest of this approach.

The composites prepared were characterized to determine the morphology of the biomass,
the thermal stability, and the rheological and physicochemical properties. Injection-moulded
samples were used to assess the mechanical performance (tensile, flexural and impact
behaviour), together with dynamic mechanical thermal analysis (DMTA) [43]. In a later work
[44] the characterization of the composites were completed by a comprehensive assessment
of the influence of filler shape derived from giant reed on the thermal properties (thermal
expansion and diffusivity) of polyethylene composites. Understanding these properties can
enhance the performance and applicability of biocomposites in thermal management
applications.
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Figure 5. Graphical abstract about the preparation and characterization of giant reed - HDPE composites.
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From the first work, it was found that injection-moulded HDPE composites reinforced with
20% and 40 % of either Arundo fibres or shredded aerial plant parts demonstrated
improvements in mechanical properties. For instance, the tensile modulus increased
significantly with fibre reinforcement: by 78 % for composites with 20 % fibres (reaching up
to 1900 MPa), and by 50 % for composites with 20 % shredded reed (up to 1560 MPa),
compared to the =1000 MPa exhibited by the neat HDPE. Flexural modulus also increased
for both filler types, though the enhancement was more pronounced in fibre-based
composites.

Fibre-reinforced composites exhibited higher heat deflection temperature (HDT) and Vicat
softening temperature (VST), with increases up to 78 % compared to neat polyethylene. This
indicates superior thermomechanical stability, attributable to the high aspect ratio and
directional alignment of the fibres within the matrix. These improvements are essential for
applications requiring dimensional and structural integrity at elevated temperatures. These
findings correlate with the results from the second paper discussed in this section, where it
was determined that the coefficient of thermal expansion (CTE) was significantly reduced in
fibre-reinforced composites: from 1.6x10# K" for neat HDPE to 6.1x10° K and 3.5%x10% K™
for composites with 20 and 40 % fibres, respectively. The lower thermal expansion
coefficients suggest an improved dimensional stability of the fibrous-composites compared
to the matrix or the composites with shredded biomass. This enhanced dimensional stability
supports potential use in automotive interior components and technical packaging.

Thermal diffusivity also increased with filler content, with the most significant rise (60 %)
found for composites with 40 % reed fibres. The orientation of fibres during injection
moulding likely improved heat transfer within the composite, compensating for the slight
decrease in thermal conductivity due to increased porosity.

These studies collectively validate the incorporation of Arundo donaxL. derived materials as
a multifunctional, sustainable reinforcement for HDPE composites. Fibre-based
reinforcements exhibit a better mechanical, thermal, and dimensional performance than
shredded filler composites, although the results for those samples also show improvements
compared to the neat HDPE matrix. Further analysis, including the study of the
environmental footprint of both options by means of life cycle assessment (LCA), would be
needed to complete the characterization of these materials. In any case, the obtained results
support the feasibility of incorporating giant reed into industrial biocomposites as a way to
align material innovation with sustainability principles. It is therefore clear that material
design can significantly impact thermal management capabilities, which might constitute a
future research path to obtain high-performance, environmentally-friendly materials in
industrial applications.
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4.3. RECYCLABILITY ASSESSMENT OF HDPE-BASED
COMPOSITES

A further step in the research about composites was the assessment of the recyclability of
lignocellulose-based composites. In line with circular economy principles, the recyclability of
such composites is crucial for reducing environmental impacts and maximizing resource
efficiency. These composites would ensure a better environmental behaviour if, apart of
consisting of a certain ratio of biobased renewable material, they could also be effectively
recycled. Therefore, these studies investigate the mechanical and thermal stability of high-
density polyethylene (HDPE) composites reinforced with Arundo donaxL. fibres or shredded
plant material, with a focus on performance retention across recycling cycles. Using
compression and injection moulding techniques, the work (Figure 6) complements previous
research on injection-moulded composites, providing new insights into the end-of-life
behaviour of these materials.

HDPE-Arundo composites
Closed-loop recycling

Injection moulding

Compression moulding

Material

characterization

Figure 6. Graphical abstract about the closed-loop recycling of compression and injection-moulded
giant reed - HDPE composites.

Composites were manufactured via compression or injection moulding using HDPE matrices
filled with 20 % or 40 % of either Arundo donax fibres or shredded biomass. After initial
processing and obtaining of the raw composite properties, samples were subjected to
mechanical grinding, drying, and reprocessing through a next compounding and processing
(compression or injection moulding) cycle to simulate recycling.

In a first step, compression moulding was performed to reduce degradative phenomena
related to shear stress in injection moulding [45]. The results revealed that all composites
experienced some mechanical degradation after recycling, though the extent varied with
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filler type and content. Fibrous composites retained over 80 % of their original tensile
strength after recycling, while shredded composites showed decreases that are more
significant; flexural properties followed the same trend, demonstrating improved structural
resilience during reprocessing for fibre-based composites. The reduction in particles size
after reprocessing explains this different behaviour, with fibres enabling a better load
transfer capacity. Thermal analysis confirmed the stability of composites, ensuring their safe
reprocessing.

Next, injection-moulded composites were also subjected to five recycling stages [46],
assessing the structural evolution and material integrity over successive processing cycles,
and concluding that the reprocessing of HDPE-Arundo composites reveals some controllable
structural and thermal changes. As also observed for compression-moulded samples, fibre-
reinforced materials provide a higher stability and performance than ground-based
composites. In any case, both families of composites can be effectively recycled on closed
loops to support the development of bio-based recyclable composites contributing that way
to circular material systems. It is important to remind that no additives, i.e. adhesion
promoters, were used in the compounding phase, which seems to improve processability
and some aspects of mechanical performance rather than degrading the materials
throughout the recycling process.

Fourier Transform Infrared (FTIR) analysis did not show significant formation of carbonyl
groups, indicating a limited oxidative degradation of the HDPE matrix. The changes observed
on FTIR spectra primarily affected the lignocellulosic phase, contributing to homogenization
and reduced filler visibility on sample surfaces.

Reprocessed composites showed an increase in melt flow index (MFI), providing improved
processability. The increase was most evident in shredded-filled composites due to filler size
reduction and increased flow homogeneity. Similarly, oscillatory rheology showed that
fibrous composites maintained or slightly increased viscosity and storage modulus after
reprocessing, while shredded composites exhibited a decrease. This suggests that fibre-filled
systems retained better structural integrity. All composites remained thermally stable in a
wide temperature range, with main degradation events found on thermogravimetric analysis
(TGA) at about 30 °C over processing temperatures.

Oxidation Induction Time (OIT) analyses showed significant stabilization in composites,
particularly for those with 40 % fibre loading, nearly doubling the induction time compared
to neat HDPE (first processing). After recycling, OIT dropped across all samples, while the
composites still showed an enhanced stability, likely due to antioxidant phenolic compounds
from lignin in the biomass.

Finally, regarding mechanical behaviour, recycled composites showed increased stiffness
under tensile and flexural testing, with the PE.S40-r series reaching up to 50 % and 200 %
increases, respectively. Recycled composites with 40 % fibre exhibited the highest modulus
values. In the same line, DMTA results revealed higher storage moduli in recycled
composites, increasing up to 64 % at -60 °C. Fibrous materials had better modulus retention
and stress transfer post-reprocessing. Loss moduli also increased, reflecting a more viscous
material response.
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In conclusion, the possibility of recycling HDPE-Arundo donax composites without drastic
loss of performance supports their application in industrial sectors prioritizing sustainability,
such as automotive interiors, construction panels, and consumer goods. The higher
performance retention of fibre-based composites highlights the importance of filler
processing and morphology in designing recyclable bio-based materials. Nonetheless,
further investigation into long-term durability and full life cycle assessment (LCA) remains
essential to validate these environmental benefits. The reprocessing performed within this
research work is done in a closed loop, and their effective recyclability is still constrained by
the lack of standardized recycling pathways, particularly in post-consumer waste streams.
The absence of efficient sorting systems and separated recycling pathways result in cross-
contamination, diminishing the recyclate quality and limiting high-value reuse [47]. Future
development of infrared or chemical marker-based sorting technologies could help address
this limitation and enable industrial-scale recyclability of such composite materials.

4.4. PLA-BASED COMPOSITES

The giant reed fillers were combined with a PLA matrix in order to get a fully biobased
composite. A first work to this approach was performed by rotational moulding (Figure 7),
which focused on understanding how the introduction of these fibres affects not only the
mechanical and thermal properties of these materials but also their behaviour during
biodegradation [48]. A second work (under review) produced PLA-composites with up to
40 % giant reed derived materials by injection moulding, deeply assessing their structure and
properties, and assessing their performance after their saturation with water.

ROTOMOLDED COMPOSITES AND BIODEGRADATION ASSAYS

Due to the particularities of the rotomoulding process, low ratios of fibres were used (10 %),
by dry-blending the fibres with the PLA in powder form before their introduction into the
cube-shaped mould for its processing. During the rotomoulding cycle the maximum internal
air temperature was controlled to ensure an adequate melting and densification and to
avoid any over-cooking, which would result in the polymer degradation.

After obtaining the cube-shaped test items, these were cut and machined to produce the
test samples, which were analysed to elucidate the mechanical performance, thermal
characteristics and morphological details in addition to disintegration behaviour of the
resulting composites. Mechanical properties are greatly influenced by the incorporation of
the reed fibres, as otherwise expected due to the sensitiveness of this process to the
incorporation of foreign materials; particularly, impact strength drastically dropped for the
composites, while flexural and tensile properties were reduced in a lower extent. This
reduced strength is related to the higher porosity of the composites, as a consequence of
the hindered movement of the polymer particles inside the mould and the difficulties for the
sintering among them to happen by the incorporation of a non-molten material. Glass
transition and melting temperatures increased with the incorporation of Arundo fibres due
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to hindering PLA chains' mobility, with composites exhibiting a lower crystallinity than neat
PLA, reflecting the complex interaction between the fibres and the matrix.

The most significant contribution of this work relies in the biodisintegration assays
conducted over these composites in order to assess the environmental sustainability of the
PLA composites. PE-based composites were produced and analysed following the same
procedure as a way to ensure the validity of the experiment. These assays are critical in
evaluating how these materials break down in natural conditions, thereby providing insights
into their lifecycle impacts.

The biodisintegration tests performed were designed to simulate composting conditions, a
common environment for the degradation of biodegradable polymers. In these assays,
samples of the developed composites were subjected to controlled compost environments,
allowing for a structured assessment of microbial action on the materials. Different time
intervals were monitored to evaluate the rate and extent of disintegration.

The samples were assessed after the disintegration process by differential scanning
calorimetry (DSC) in order to determine the extent of the degradation, finding a significant
reduction in glass transition and melting temperatures. Besides, FTIR analysis also confirmed
the degradation of the matrix, visible at naked eye, with an increase of the intensity of the
bands associated to carbonyl and ester groups. Mechanical testing was not performed due
to the fragility of the specimens after such procedure. In conclusion, these assays indicate
the higher extent of the biodegradation of the composite samples, demonstrating that the
composites could effectively disintegrate under composting conditions in a more effective
and fast way than neat PLA, particularly when home composting conditions are used (at low
temperatures).

The key conclusions from these biodisintegration assays support the viability of giant reed
fibres as reinforcements in eco-friendly composite materials. The effective disintegration
under composting conditions effectively places these composites as viable alternative to
synthetic composites, confirming their role in reducing environmental impact through
sustainable design practices. This research contributed significantly to the literature on
biodegradable composites, not so developed by that time, showing that the incorporation of
natural fibres can lead to enhancements in both performance and environmental safety.

INJECTION-MOLDED COMPOSITES AND WATER AGEING ASSAYS

Another part of the study comprised the processing of the reed materials into a PLA matrix
through conventional twin-screw extrusion and injection moulding processes. The results of
this part of the work have been submitted to a JCR-indexed journal for publication
(Composites Part A: Applied Science and Manufacturing, on July 8" 2025) and are still under
review at the moment of preparation of this document. Therefore, the main procedures,
results and conclusions are summarized below in order to complete the results of this
doctoral thesis, although also including the manuscript as annex to this document, together
with the published works.
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Figure 7. Injection-moulded and water-degraded PLA - based giant reed composites.

In this study, the two types of Arundo-derived fillers used for HDPE composites, namely
fibres and shredded reed, were introduced in different ratios, from 5 to 40 % into the PLA
matrix (Luminy L105® from TotalEnergies Corbion), via twin-screw compounding, obtaining
injection-moulded samples for later characterization. A comprehensive analysis of the
properties of the composites was performed, including FTIR, TGA, DSC, WAXS, DMTA,
hydrophilicity, roughness and rheological analysis, therefore assessing their structure and
performance. A set of samples for each composition were water soaked until saturation,
determining their water uptake parameters. Besides, the saturated samples were subjected
to further characterization, namely DMTA, mechanical testing (tensile and flexural) and
rheology, in order to determine the effect of the water ageing in the samples performance,
investigating the durability and usability of such composites in moisture-prone
environments, such as those related to food contact applications or agricultural products.

The results indicate that the incorporation of Arundo donax fillers has minimal impact on
the chemical structure of the PLA matrix, evidencing no specific interactions between the
filler and the matrix, or these being overlapped on the fingerprint of both constituents.
However, it significantly influences the rheological behaviour, with different performances
observed as a consequence of the filler type (shredded particles vs. fibres) and loading ratio.
Both types of fillers promote shear-thinning characteristics typical of non-Newtonian
polymer melts. Given the uneven viscous behaviour, several measurements were made in
order to determine if this was an unexpected trend or measurement artifacts, however, the
trend followed in all cases was similar in all tests. Fibre morphology played a key role in
determining flow behaviour, with fibrous fillers enhancing alignment and network formation
under shear, while shredded particles showed less predictable responses. Conducted MFI
analysis confirms that 40 % filler content drastically reduces flowability, impacting
processing conditions.

Thermal analyses revealed that while the addition of lignocellulosic materials reduced the
degradation onset temperature compared to neat PLA, as expected considering the lower
thermal stability of the biomass compared to the biopolymer; in any case, all composites
exhibited thermal stability suitable for injection moulding processes. Wide-angle X-ray
scattering (WAXS) patterns allowed concluding that the PLA and its composites exhibit a
mostly amorphous structure, resulting from rapid cooling during moulding. Overall, filler
ratios play a more influential role than the specific type of filler, fibres or shredded biomass,
on the thermal properties of composites. From DSC analysis, it was found that the
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incorporation of the reed fractions has no influence on either Tr, or T values, with these
parameters barely varying from 173 °C and 66 °C for all formulations, respectively. This
behaviour is similar to that obtained in PLA composites where other plant or animal fibres
have been used [49-51]. Comparison of thermograms from the first and second heating
shows that during the second heating, the endothermic glass transition peak and the
exothermic cold crystallisation peak are significantly reduced; this results from the material's
relaxation following the injection moulding process and the removal of its thermal history.
The decrease in crystallization temperature for all composite materials evidenced that the
plant fillers act as nucleating agent for the Poly-L-lactide (PLLA) matrix, altering the mobility
of the polymer chains and improving the crystallization behaviour [52,53]. Finally, it was also
observed that neat PLA exhibits cold crystallization at 97.4 °C, which disappears for the
second heating in all composite samples. Other authors have reported a similar behaviour,
with a decrease in crystallization temperature for composites, with the filler increasing the
ratio of disordered alpha phase in PLA, more related to the amount of the filler than to its
size [53]. This lack of cold crystallization in the second heating explains the high levels of
crystallinity index calculated from melting enthalpies, while the first heating cycle refers to
the injection-moulded material, which shows that it is mostly amorphous, as also found from
WAXD analysis. The fibres seem to hinder the crystallization of the matrix during processing,
as also do the shredded filler, although to a lower extent; for both cases, an increase in the
ratio of the biomass result in higher crystallinity indexes.

Regarding the mechanical efficiency of the different series of composites prepared, it was
determined that composites containing 10 % and 20 % fibres provided optimal performance,
combining enhanced stiffness with good strength and impact resistance. These formulations
exhibited improved stress transfer between the matrix and the filler, indicating good
interfacial adhesion [54-56]. At higher filler loadings (40 %), stiffness increased further, but
at the cost of reduced elongation at break and overall brittleness, suggesting a trade-off
between reinforcement and ductility. Shredded particle composites showed less
pronounced improvements, likely due to lower aspect ratios and a greater tendency for
agglomeration [39,57,58]. To finish, interfacial adhesion, determined from the adhesion
factor, which considers the relationship between the damping factor of the neat polymer
and the composite, and the volume fraction of the biofiller, increased significantly at 40 %
filler content (meaning a lower adhesion occurs), consistent with the reduced tensile
strength in this series. These findings suggest that intermediate filler loadings (i.e. 10 and
20 %) provide the best balance between mechanical performance and structural cohesion.

MicroCT imaging confirmed the obtaining of a homogeneous distribution of filler particles in
the matrix, achieving acceptable porosity levels in the composites, under 1 % in all cases. On
the other hand, the present work highlights the critical impact of filler type on moisture
absorption, where higher lignocellulosic loading, especially fibres (needle-like and higher
aspect ratio), leads to higher water absorption, reaching up to 14 % uptake for composites
with 40 % fibres, and about 10 % moisture weight increase for 40 % shredded composites.
The influence of surface morphology on water uptake was also evident, as increased surface
roughness associated with higher filler content resulted in reduced wettability. Contact angle
measurements showed a slight increase in surface hydrophobicity with higher filler contents,
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due to increased surface roughness, as also found previously [59], as these parameters
increasing with increased filler content. These findings underscore the complex interplay
between filler characteristics, composite structure, and their effects on mechanical
properties and durability, which are crucial for evaluating the suitability of PLA composites
in various applications.

The water uptake led to significant reductions in mechanical performance, as found from
DMTA analysis conducted over saturated samples. However, partial recovery of properties
was observed after re-drying, indicating some resilience of the PLA-Arundo composites to
cyclic wet-dry exposure; in some cases, though, some samples resulted in lowered
mechanical properties, evidencing the hydrolytic degradation of the PLA matrix. As a
conclusion, PLA-Arundo composites show their potential applicability across various
industries, suggesting their resilience under moderate loads after water-saturation. Future
studies should explore long-term aging and cyclic wetting and drying effects for a
comprehensive understanding of material performance.

Finally, surface analysis confirmed that the increase in roughness and filler content resulted
in increased opacity and reduced gloss. Composites with fibrous fillers exhibited lighter
colours, while those with shredded biomass showed darker, less translucent finishes.
Additionally, water degradation leads to lighter coloured materials with increased opacity,
attributed to structural changes in the polymer matrix and bonding interface. These changes
in surface and aesthetic properties may influence the suitability of the composites for
specific applications, particularly where visual appearance and tactile qualities are
important.

In conclusion, the incorporation of giant reed derived materials into PLA matrices offers a
promising pathway to enhance the mechanical and thermal properties of biodegradable
composites while making use of an abundant, renewable, fast growing natural resource.
Composites containing 10 to 20 % fibres yield optimal results, demonstrating improved
stiffness, acceptable durability, and manageable moisture sensitivity. These findings
highlight the potential of PLA-Arundo composites for use in moderately demanding
applications, such as packaging, agriculture, and consumer goods, where ecological
sustainability must align with material performance.

The comprehensive analysis of giant reed fibre effects provides a critical perspective on their
reinforcing efficiency and ecological benefits, emphasizing the need to balance material
properties, processing techniques, and biodegradation behaviour. The study also
underscores the complex interplay between filler morphology, dispersion, interfacial
bonding, and environmental durability, offering valuable insights for the future design of
biocomposites and promoting more sustainable practices in materials engineering within a
circular economy.
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Abstract: The massive availability of biomass generated
by the common giant reed (Arundo donax L.) motivates
the search for its possible industrial use for the generation
of high added-value products through implementing a
biorefinery approach. The literature demonstrates the
potential of common cane to obtain different high-value com-
pounds, such as levulinic acid, oligosaccharides, fermentable
sugars, highly digestible fiber for animal feed, polyphenols, and
natural fibers for composite materials, among others. The data
shows the upward trend in Europe toward the generation of
new green industries, grouped under the biorefinery concept.
Therefore, this review summarizes the current knowledge on
the use of Arundo to produce materials, fibers, and chemicals.
Major environmental concerns related to this plant are also
reviewed. Special attention has been paid to the potential use of
Arundo to produce chemicals using green chemistry ap-
proaches, as a way to contribute to and advance the achieve-
ment of Sustainable Development Goals. Recommendations for
future research are also outlined.

Keywords: Arundo donax; biomass; biorefinery; giant reed;
green chemistry.

1 Introduction

Biorefineries are facilities aimed at transforming biomass
into biobased products (Ministerio de Economia Industria y

*Corresponding author: Zaida Ortega, Departamento de Ingenieria de
Procesos, Universidad de Las Palmas de Gran Canaria, Campus
Universitario de Tafira Baja, 35017, Las Palmas de Gran Canaria, Spain,
E-mail: zaida.ortega@ulpgc.es. https://orcid.org/0000-0002-7112-1067

Ife Bolaji and Eoin Cunningham, School of Mechanical and Aerospace
Engineering, Queen’s University Belfast, Stranmillis Road, BT9 5AH Belfast,
UK. https://orcid.org/0000-0003-4322-6002 (I. Bolaji). https://orcid.org/
0000-0003-2555-7705 (E. Cunningham)

Luis Sudrez, Departamento de Ingenieria Mecénica, Universidad de Las
Palmas de Gran Canaria, Campus Universitario de Tafira Baja, 35017, Las
Palmas de Gran Canaria, Spain. https://orcid.org/0000-0002-6709-1555

Competitividad 2017). A biorefinery integrates different
processes, which can be chemical, physical, thermal, or
biological, and allows the production of various high-value
products. The variety of products is extensive, depending
on the raw material used and the processes employed.
These can range from energy products (biofuels such as
biodiesel, bioethanol, or biogas) to fertilizers, animal feed, or
bioplastics.

Certain plant species, such as Arundo donax L., also
known as common cane, giant reed, or reed, have an
impressive growth rate, are abundant around the globe
during all year, and can be cultivated on marginal lands
using low-quality waters (Licursi et al. 2018; Scordia and
Cosentino 2019). These characteristics make these plants of
high interest in the biorefineries sector, especially for
producing ethanol and bioenergy products (Accardi et al.
2015; Jensen et al. 2018).

Reed has also gained attention in the production of some
biomolecules, such as furfural or levulinic acid, among
others (Antonetti et al. 2015; Di Fidio et al. 2020; Raspolli
Galletti et al. 2013). Other uses of Arundo have been
investigated, such as paper and pulp (Raposo Oliveira Garcez
et al. 2022; Shatalov and Pereira 2006), biochar production
(Ahmed 2016), or oil spill recovery (Fiore et al. 2019;
Piperopoulos et al. 2021). Some other uses proposed for
Arundo are found in the restoration of traditional architec-
ture (Malheiro et al. 2021), also serving as insulation material
(Barreca et al. 2019). Its cultivation is also a strategy for soil
bioremediation (Alshaal et al. 2015; Fernando et al. 2016),
with biomass’s ulterior valorization for methane or biochar
production.

The use of ground material or fibers from Arundo as
filler or reinforcement in different matrices has also been
studied in the literature, as these have similar properties to
other widely studied vegetal fibers (Fiore et al. 2014b; Sudrez
et al. 2023). Most studies focus on particleboard production,
using natural-derived binders or no binders (Andreu-
Rodriguez et al. 2013; Barreca et al. 2019; Ferrdndez-Garcia
et al. 2012, 2019, 2020; Ferrandez Villena et al. 2020; Garcia-
Ortufio et al. 2011). Other polymer composites studied consist
of urea-formaldehyde, epoxy, or polyester (Dahmardeh

8 Open Access. © 2023 the author(s), published by De Gruyter. [[(c<) 2| This work is licensed under the Creative Commons Attribution 4.0 International License.
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Ghalehno et al. 2011), as well as polyethylene, polypropylene
(Ortega et al. 2021; Suarez et al. 2021, 2022) or polylactic acid
(Fiore et al. 2014a). Other authors also have proposed the
production of composites for building applications, using
concrete and plaster (Badagliacco et al. 2020; Manniello et al.
2022a,b; Martinez Gabarron et al. 2014) or asphalt (Sargin
Karahancer et al. 2016) as matrixes.

This paper aims to comprehensively review Arundo’s
potential for its exploitation as biomass feedstock in a
biorefinery context, including the potential benefits of its
cultivation on the conservation and restoration of harmed
riparian ecosystems. Special attention is paid to cascade
processes to maximize the use of this lignocellulosic
material.

Sustainable Development Goals (SDGs) are a set of 17
objectives, settled by the United Nations and adopted
by most countries, to commit to the advancement of
sustainable development, the reduction of inequalities, and
the construction and consolidation of peaceful and fair
societies. Some of these objectives relate to the sustainable
production and consumption of goods, access to quality
education, or the protection of earth and water ecosystems.
There is a clear relationship between the bioeconomy,
developed through the biorefineries, and SDGs, especially
when it comes to the use (or reuse) of wastes or side-products
form other processes. It is a clear way to make more efficient
use of resources, reduce the amount of waste going to
landfill, and produce valuable compounds under the
principles of Green Chemistry (Leong et al. 2021; Solarte-Toro
and Cardona Alzate 2021).

2 Methods

The literature review has assessed several papers related to Arundo
and sustainable development. Although this paper focuses on evalu-
ating the potential of this species for a biorefinery approach, different
terms were used in the bibliographic search to have an idea of the
potential applications of these plants in several contexts. The biblio-
graphic search was performed in several databases (Scopus, Science
Direct, Taylor & Francis, and Google Scholar), using the combination of
the following keywords, plus the term “Arundo”: biorefinery, fiber,
composite, ethanol, energy, invasive, environment, LCA (life cycle
assessment), sustainable, renewable, value chain, green chemistry,
fermentation, hydrolysis, valorization, polymer, profit, feed, soil, pres-
ervation, remediation.

A remarkable number of papers have been published in the last
decade (Figure 1); there has been an evident rise until 2019, with a
decrease in the current year in the total number of published papers.
Regarding the different topics, composites and invasive species are the
least frequent. The trend in publications during this decade for the
keywords used in the search is relatively stable.

DE GRUYTER

From Scopus, the search performed using only “Arundo” led to 1475
publications, while 442 documents were downloaded using the list
of keywords above. All papers were organized and compiled in the
Mendeley software, classifying them by relevance for this paper and
specific topic. To the authors’ knowledge, only one review on A. donax L.
and its potential in biorefinery has been found in the literature, dating
back to 2014 (Corno et al. 2014).

From these 442 documents, considering the last 10 years and
removing conference papers or sources not included in JCR, the list of
documents decreased to 217. The next step was to analyze the authors’
keywords from the retrieved articles, finding around 50 keywords
repeated more than 5 times in the different works. These were reduced
to 18 categories by grouping them by similarity; i.e., “toxic metals”
includes “heavy metals” or “cadmium,” “saccharification” includes
“sugars,” “oligosaccharides,” “glucose,” or “farming” also contains
“crop” and “harvest”; the levels of appearance of these concepts are
shown in Figure 2: (note that “Arundo,” “A. donax,” “reed,” “giant reed,”
and “lignocellulosic biomass” were excluded from the list, as they
appear in most documents).

Biorefinery, bioenergy, and chemical synthesis account for over a
third of the total author keywords. In contrast, the remaining keywords
appeared less frequently, with a slight prevalence of “composites” and
“thermal processing”. These five keywords appear in half of the studied
papers, so this review focuses on these terms. The first section of this
document focuses on plant characteristics, abundance, cultivation,
invasive character, and environmental applications, such as soil reme-
diation. The paper then reviews Arundo’s use for obtaining chemicals in
a biorefinery context, including thermal and biobased processes for
producing chemicals (sugars, levulinic, succinic acid, etc.), bioenergy,
and biobased composites, thus covering most of the categories
mentioned above.

The online tool Inciteful XYZ (Literature connector) has been used
to refine the search and reduce the number of papers from the over 400
retrieved. This open-source tool produces graphs with connections
among different papers related to a specific field. A chart showing
the relationships between various studies on the use of Arundo in
biorefineries is obtained (Figure 3). The tool also provides the most
important papers in the field, refining the search by the number of
citations and closeness to the papers used as seeds, which in this case
were the ones listed in Figure 3a. The interconnections in Figure 3b were
obtained by refining the search to show papers on Arundo. With all this,
50 papers were selected as the most relevant to the topic. The list of
references contains more bibliography apart from these 50 studies, as
Inciteful has only been applied to the use of Arundo and not its culti-
vation or environmental behavior.

3 Giant reed (A. donax L.)

A. donax L. is a perennial grass from the Gramineae family,
with an uncertain origin due to its small size and the high
number of chromosomes, although many authors place its
origin in East Asia (Jensen et al. 2018). Giant reed produces
flowers, although its seeds are not usually viable, at least out
of Asia (Jiménez-Ruiz et al. 2021); this plant reproduces
through the rhizome or by producing roots on the nodes
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(Corno et al. 2014), which explains its rapid spread and poor
genetic diversity (Pilu et al. 2014; Sicilia et al. 2020). When
intended to be used as an energy crop, the clonal selection is
needed to increase the characteristics of the plant, namely
the number of culms and culm diameter and height
(Amaducci and Perego 2015; Danelli et al. 2019, 2020; Fabbrini
et al. 2019). Figure 4 shows two specimens of Arundo and the
main parts of the plant: leaves, culm or stem, and rhizome.

Stems or culms are hollow and have diameters around
2-3 cm, reaching up to 6 m in height, with stem-clasping
leaves along the entire stem (Csurhes 2016). Giant reed is
generally recognized as an interesting source of biomass due
to its high productivity and low requirements (Jensen et al.
2018), as it can be grown on almost any type of soil and with a
minimal amount of water (Ahmed 2016), with high thermal
and pathogens resistance (Accardi et al. 2015; Amaducci and
Perego 2015; Lewandowski et al. 2003).

The rapid growth of this species and its quick adaption
to a wide range of environmental conditions, even drought
or high salinity (Romero-Munar et al. 2018a,b; Sdnchez et al.
2015), which point them as a promising source of
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Figure 2: Frequencies of appearance of authors’
keywords.

8%
lignocellulosic feedstock, have contributed to its great
spread and naturalization, especially in Mediterranean
countries, where it has also become invasive (Lambertini
2019; Shtein et al. 2021). Arundo is considered one of the
worst invasive plants in the world (Jiménez-Ruiz et al. 2021),
and several actions take place periodically to try to control
their spread in many parts of the world. Of particular
concern is the distribution of Arundo in the Mediterranean
or subtropical climate areas, such as Algeria, Morocco,
Brazil, France, Portugal, Spain, Italy, and Australia, among
others (Ministerio de Agricultura Alimentacién y Medi-
oambiente 2013). This is due to the rapid growth of this
specie, of up to 10 cm per day (You et al. 2013), its pyrophyte
nature, and its contribution to the spread of fires.
However, this species is not included in Europe’s list of
invasive alien species of Union concern (European Union
2017), but instead has been pointed out as a promising source
of lignocellulose materials and has been included as an
energy crop in the European Union (EU) (Eurostat 2020).
For example, in 2013, Italy accounted for around 4000 ha of
Arundo cultivation lands (Mantziaris et al. 2017), being the
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Figure 3: (a) Seed papers used at Inciteful XYZ and (b) graph showing the connections between the most important papers in the literature search.

most extensive area in Europe (no further data are
published to date). Another example is found in Spain,
where Arundo was considered an invasive plant in the
2013 catalogue (Ministerio de Agricultura Alimentacién y
Medioambiente 2013; Jiménez-Ruiz et al. 2021), being
removed in a later revision of the document in 2019
(Ministerio para la Transicién Ecoldgica 2019), after being
included in a governmental document about biorefineries
in Spain and interest crops (Ministerio de Economia
Industria y Competitividad 2017), launched in 2017.

This change allows for the industrial use of Arundo in
Spain, aligned with most countries worldwide. It then

seems there is still a controversy between those authors
considering Arundo as a resource to exploit and those
concerned by the invasive character of the plant. In
any case, most studies agree in stating that the invasive
character of this plant should not be neglected, even if it is
considered naturalized. It should not be forgotten that
an uncontrolled spread can lead to biodiversity loss
and increase fire events’ periodicity and susceptibility
(Jiménez-Ruiz et al. 2021). Issues associated with the end of
the crop cycle should also be considered, as plants and
rhizomes need to be removed (Corno et al. 2014). Corno
et al. (2014) and Jiménez-Ruiz et al. (2021) suggest using
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Figure 4: Different parts of Arundo donax L. plants.

glyphosate solution to damage new canes and inhibit the
germination of new plants; this is apparently the most
cost-effective solution for Arundo control.

Figure 5 summarizes the main environmental draw-
backs and potential benefits of Arundo as raw material for
industrial purposes, as discussed in Sections 3.1 and 3.2.
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3.1 Cultivation

The cultivation of Arundo has been proven attractive as a
lignocellulosic feedstock material (Amaducci and Perego
2015; Bonfante et al. 2017; D’Imporzano et al. 2018;
Lewandowski et al. 2003). It is considered a promising crop
for the biorefineries sector, with good environmental
behavior (due to the low need for water and fertilizer) and
resistance to salinity and polluted soils. It is generally
recognized that this crop is highly water-demanding,
although some authors point out that low-quality water
can be used (Amaducci and Perego 2015). Other authors also
state that other energy crops, such as Miscanthus giganteus
or Cynara cardunculus provide lower yields in dry mass with
higher water requirements, which also gives a positive point
to Arundo (Fazio and Barbanti 2014; Ge et al. 2016; Monti et al.
2009; Singh et al. 2018). In this sense, Angelini et al. (2009)
compared Arundo and Miscanthus over a 10-year period and
found a higher yield in dry biomass for Arundo as well as a
higher calorific value and energy yields. On the other hand,
the work by Kricka et al. (2017) reveals that, due to its higher
lignin and ash content, Arundo has better performance
than Miscanthus as solid fuel, while Miscanthus can also be
used for obtaining liquid fuel. Other studies have also shown
that Arundo is less affected by harvesting time or weather
conditions compared to Miscanthus or switchgrass, which is
a further advantage for reed cultivation (Alexopoulou et al.
2015; Monti et al. 2015; Nassi o Di Nasso et al. 2011).

Despite its invasive potential, several papers dealing
with its cultivation and crop optimization can be found in
the literature (Cosentino et al. 2006; Dragoni et al. 2015a).
Some studies have assessed the storage of Arundo to avoid
energy losses or material degradation prior to its use
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(Pari et al. 2015, 2021). Besides, some authors consider its
cultivation of interest in the Mediterranean basin and
other arid regions with possible soil losses due to its growth
potential in unfavorable conditions (Forte et al. 2015).

Regarding cultivation, the crucial step is the first year,
the planting (Corno et al. 2014; Romero-Munar et al. 2018a,b).
Corno et al. (2014) indicate that 5000 to 10,000 plants/ha, or
10,000-20,000 in warm climates, are required to obtain
good production in years 1-2, and the overall duration of
the plantation is around 15 years. Once the plants are settled,
they usually don’t require watering, fertilization, or herbi-
cide treatment, as Arundo suppresses weeds (Curt et al. 2017;
Gazoulis et al. 2021). However, using fertilizers generally
results in higher biomass yields; especially when using
nitrogen, better development of rhizomes and new sprouts
are obtained, thus increasing the yields. Biomass yields
are highly variable and dependent on climate, year of
cultivation, and crop management and vary from 1.3to 45.2 t/
ha (Corno et al. 2014), with a more common yield of 30 t/ha
(Corno et al. 2014; Dragoni et al. 2015b; Siri-Prieto et al. 2021).
Some studies have also indicated that lower plantation
densities could lead to higher biomass yields due to lower
resource competition (Corno et al. 2014; Lewandowski et al.
2003). The studies performed by Christou in the framework
of the EuroBioRef project (from the 7th EU framework)
arrived at similar conclusions, that is, similar dry mass
yields for Arundo cultivation versus Miscanthus (15-35 t/ha
vs. 10-30, respectively), with similar needs of nitrogen
fertilization, although reed cultivation was limited to the
Mediterranean area (Christou 2011). The potential economic
benefits for these cultivations were also assessed in such
project, concluding that Miscanthus cultivation could
produce around 250 €/ha, while Arundo could reach up to
400 €/ha, considering a plantation for 20-year period in both
cases.

Although most studies on the crop optimization
are performed in the Mediterranean basin, the Giant
Reed Network project (FAIR-CT-96-2028) performed in the
European Union (Bacher et al. 2001) studied the cultivation
of giant reed in Germany, finding that it is possible to
produce giant reed in cold climatic conditions, although
at lower yields, with a maximum of 25 t/ha, which was, in
any case, a similar yield to Miscanthus grown in similar
conditions.

The excessive pressure on soils and the lack of regula-
tion on their recovery and preservation have brought about
huge areas of degraded or polluted soils, where cultivation
of food or plant species sensitive to metals or high salinity
levels is not possible. The lack of vegetation contributes to
further erosion and soil loss, with negative consequences for
the environment. In Europe, over 400,000 km? are in high
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risk of desertification and soil lose, especially in the Medi-
terranean basin (Ferreira et al. 2022). The cultivation of plant
species, such as Arundo, might help reduce the effects of the
unsustainable management practices performed decades
ago. The soils restoring would reduce the negative impacts
associated with such degradation, which lead to the loss of
ecosystems service and affects biodiversity. Besides, the
cultivation of such species, with high biomass rate produc-
tion, would provide a second benefit: the stable availability
of biomass useful as raw material for green chemical
industries, which is one of the main factors affecting
the biorefinery growth, without any displacement in food
production.

3.2 Potential environmental benefits of
Arundo cultivation

The invasive potential of this species and the controversy
about its cultivation and use have already been mentioned.
However, there are also some studies on the potential
environmental benefits of giant reed cultivation, which goes
beyond its use to produce bio-chemicals or bio-energy
products. Several studies have shown the potential of energy
crops for the remediation of polluted soils. For example,
Bernal et al. (2021) reported soil phytostabilization as a result
of cultivating Arundo and other perennial grass on soils with
mining trace elements (Cd, Cu, Zn, As, etc.). Similarly, Garau
et al. (2021) achieved soil stabilization and increased metals
uptake with municipal solid waste compost. Zeng et al. (2022)
also achieved high levels of Cu removal (over 75%) in
Arundo plantations, with higher efficiencies when alter-
nated with other species cultivated together. Furthermore,
Cristaldi et al. (2020) found a high bioaccumulation ratio of
several metals in the giant reed, especially for Ad, Hg, and As,
apart from Cu.

Besides soil remediation, reed can also be used to treat
industrial wastes, such as red mud from alumina production
(Zhang et al. 2021). According to Buss and collaborators, the
biomass obtained from plants growing in polluted soils
cannot be used as raw material for any application. They
found that biochar produced in heavily polluted soils led to
high concentrations of such metals, which exceed the
permitted values (Buss et al. 2016). However, a good yield in
methane production could still be obtained from such
biomass (Bernal et al. 2021). Giant reed can also be used to set
up wetlands for wastewater purification in isolated regions
with good performance (Liu et al. 2019, 2021a; Otter et al.
2020). Other authors highlight the benefits of this plant for
the soil, as organic carbon content in the soil is increased
while total nitrogen is kept stable (Fagnano et al. 2015; Siri-
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Prieto et al. 2021). These authors also emphasize the potential
of Arundo to reduce soil erosion; Hong and Lee (2016)
reached a similar conclusion regarding soil erosion in
coastal environments.

Several authors have studied the sustainability of
growing cane as a resource for the implementation of
biorefineries, concluding that the fertilization stages are
essential to the life cycle and the impact generated by this
crop (Bosco et al. 2016; Fagnano et al. 2015; Forte et al. 2015).
Some authors point out that the use of wild plants supports a
better state of conservation of natural spaces due to the
control of its excessive growth; this, together with the
non-fertilization or irrigation of the plants, also results in
better environmental performance. Most of the studies on
the environmental performance of Arundo crops found in
the literature do not provide, clear results. For example,
Forte et al. (2015) concluded that the ecological load related
to nitrogen fertilization and the harvesting operations
provide the highest environmental impacts. Despite pointing
out that further studies are required, the study seems to
arrive at a positive environmental behavior of such crops, as
also found by Zucaro et al. (2018), stating that giant reed
crops can act as greenhouse gases sink.

Monti et al. (2009) performed a life cycle assessment
(LCA) to compare the environmental and yield performance
of reed cultivation versus rotation of maize-wheat, finding
reductions over 50 % in environmental impact for reed, as
also concluded by Dragoni et al. (2015b). However, Schmidt
et al. (2015) indicate that giant reed cultivation should only
occur in marginal lands, avoiding watering and fertilization
and adapting the processing chain to the plant properties.
Abreu et al. (2022) make the same recommendation and
signal the potential benefits of Arundo and other perennial
grasses cultivations on marginal lands, especially for biofuel
production. These authors highlight the low research
performed to date in transforming reed biomass into
biofuels, anticipating a high rise in the interest of this plant
for this purpose.

Furthermore, Solinas et al. (2019) have calculated that
reed cultivation provides a 20 % reduction of the environ-
mental impact caused by sorghum, as water and nitrogen
inputs are the factors with the highest weights, and these
could have been optimized. In this sense, sludge from
wastewaters can be used as fertilizer, achieving similar
yields to N-fertilized crops (Cano-Ruiz et al. 2021). Other
authors proposed the irrigation of these crops with waste-
waters; for example, Costa et al. (2016) have determined no
changes in the dry mass production when using piggery
wastewaters, while Shilpi et al. have obtained higher yields
in dry biomass and methane production when the crop is
irrigated with municipal or abattoir wastewaters (Shilpi
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et al. 2019). Besides, Arundo crops have been proposed to
treat wastewaters (Zhang et al. 2021), reducing the risk of
nitrate pollution, thus increasing the options to use cattle
slurry as fertilizer (Ceotto et al. 2018).

Other authors propose using indigenous plants as an
alternative to these invasive species. For example, Arundo
micrantha, native to the Mediterranean region, has been
compared in terms of yield to A. donax, leading to the
obtaining of dry matter in high proportions, while also be-
ing able to grow on marginal lands with wastewater use
(Tomas et al. 2020).

All studies on LCA of giant reed crops agree on the lack
of a tool measuring environmental impacts capable of
considering the case and site-specific analysis and the
difficulty in considering watering needs in that tool, and that
further efforts are needed to get a more realistic and defined
picture. In any case, Arundo has been considered to meet
the sustainability criteria to produce biomass suitable for
biofuels or other compounds production (Cappelli et al. 2015;
Gazoulis et al. 2021). Furthermore, some studies highlight
the potential of Arundo as an industrial crop in polluted soils
as a strategy to increase the sustainability of the industry
by increasing the amount of soil cultivated without any
displacement in food production (Nsanganwimana et al.
2014).

Even if there is no absolute consensus on the use of
Arundo as feedstock and its environmental benefits, most
authors agree on the benefits of using this species, based on
its rapid growth, good yields on dry matter, and low-quality
water use, although measures should be taken to avoid its
dispersion in the natural environment, especially in riparian
habitats.

The availability of marginal and degraded soils, espe-
cially with high salinity in the Mediterranean area, and
the ability of Arundo to grow in such conditions make it
interesting to conduct long-term studies on the production of
biomass and evolution of soils quality using no fertilizers
and low-quality waters, as this is also a scarce resource in
this area. The studies performed to date do not take place
over a long period, enough to assess the associated changes
that occur in the ground (organic matter, nitrogen content,
permeability, etc.). Even if the production of biomass is not
maximized by optimized cultivation conditions (watering
and fertilization), the potential benefits on soil remediation
and preservation with low inputs, together with the
production of bioproducts of high-added value through a
biorefinery scheme, would favorably tip the balance through
the exploitation of such degraded soils, both at economic and
environmental levels.

The LCA tools and the biorefineries are relatively recent,
and there are not still appropriate methods to consider the
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huge number of factors involved in determining the
environmental impact of such industries, especially when the
raw material is not obtained from conventional agricultural
processes. Even if the need of inorganic fertilizers, which
pose adverse impacts, was demonstrated as necessary, the
influence on the potential soil recovery would need to also be
introduced in the analysis. Soils are still rather unknown
and there is a lack of accurate systematic and comparable
data about their environmental, societal, and economic
implications, especially when they are degraded (Ferreira
et al. 2022). Hence, there is still massive work to undertake
before such data can be accurately introduced into
environmental assessments to determine the potential effects
of Arundo (or any other species) cultivation for biorefinery
use.

4 Use of giant reed as raw material
in biorefineries

Giant reed has been investigated for producing different bio-
based products: chemicals, fibers for composite materials,
polymers, or bioenergy products. This section is divided into
three, discussing the application of A. donax L. in chemicals
and bioenergy production. The first section gives an over-
view of the major components of giant reed. The production
of chemicals such as bioethanol, levulinic, lactic, or succinic
acid is covered in the second section, while the production of
biogas and hydrogen as well as direct pyrolysis of the
lignocellulosic material is discussed in the third section.

4.1 Composition of giant reed

Table 1 summarizes the composition of different parts of
Arundo obtained from various references. Ash content is
higher in the leaves than in the stems: 12 % versus about 3 %,
respectively; the value for the entire plant is around 4 %,
closer to the ash content in the culms, as most of the weight
of the plant is due to the stem. As observed, the three major
constituents of plant species (lignin, hemicellulose, and
cellulose) are in similar proportions, with slightly higher
values for hemicellulose (up to 42 %).

The chemical composition of this plant would allow a
cascade approach for the solubilization and valorization of
these three fractions. Other crops or residues widely studied
in the biorefineries sector have similar compositional
values to giant reed. For example, sugarcane bagasse has
about 40 % cellulose, 24 % hemicellulose, and 24 % lignin
(Chen et al. 2021; Jeon et al. 2010), wheat straw about 24 %
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cellulose and 25% hemicellulose (Jeon et al. 2010), giant
miscanthus about 35% cellulose and 28 % hemicellulose
(Baldini et al. 2017; Ge et al. 2011). These are widely studied
raw materials for sugars or energy production, which shows
the potential of Arundo to become raw materials for such
products.

The higher lignin content of reed compared to other
materials such as maize or Miscanthus might imply a higher
recalcitrance of the material, and so that pre-treatment is
probably needed to allow its further processing. However, as
discussed later, these are performed in order to obtain a
more selective fractioning of its components. The relatively
mild conditions used for Arundo hydrolysis are indicative
of the low recalcitrance of this biomass, which eases its
processing. Such pre-treatments have been explored in
literature and allow the release of sugars, mainly xylans,
coming from the degradation of hemicellulose, but also the
production of phenolic compounds with antioxidant activity,
as discussed later in this paper.

On the other hand, the rhizome has the lowest content of
structural carbohydrates due to its high concentration
of free sugars and starch, around 30 % (Proietti et al. 2017).
The variation in lignin has been attributed to the age of the
plant, with more mature plants having a higher lignin
content (Neto et al. 1997); Klason lignin contents reported for
stems vary from 18 to 26 %, with lower values (10-15 %) for
leaves. In any case, it is worth noting that the characteriza-
tion method used can influence the results obtained and
may lead to the over-quantification of some components.
The use of wild or cultivated biomass, the climate, or the soil
conditions, do not seem to provide any significant trend
regarding the composition. As observed in Table 1, the plant
composition data reported by the different papers are not
always fully comparable, although the values provided
might indicate that the vegetal material is quite stable, in
terms of composition, which poses an indubitable advantage
for its exploitation, as the processes followed wouldn’t need
to be adapted for different origins or growth conditions on
the plant, or season of harvesting.

4.2 Giant reed for chemical synthesis

Levulinic acid, succinic acid, furfural, or xylitol are essential
precursors in chemical synthesis and are considered some of
the most important renewable molecules today, among
others. These molecules, known as building blocks, are
widely used in various industries to produce bioplastics,
biofuels, phytosanitary products, or fertilizers (Antonetti
et al. 2016). These are some of the main compounds obtained
in biorefineries, and hence, the focus of this review.
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Table 1: Composition (in % of dry mass) of different fractions of Arundo donax L.

Material Origin Lignin (%)

Holocellulose (%)

Extractives Ashes References

Acid
soluble (%)

Cellulose
(%)

Total
(%)

Klason
(%)

(%)

Hemicellulose Water Ethanol Total

(%)

Spain; wild 21.1+£0.9 - 38.0+46

China; crop 18.4 422

Portugal; wild 24.3

China; crop  20.2 +0.8 35.6+1.6

Leaves  Spain; wild 15.5+ 2.0 27.7+35

China; crop 10.1 12.5 24.4

Spain; wild 249+0.3 324+27 380+37

Italy; crop 243 26.1 39.5

Italy; crop 22.0+£0.0 229+1.0 363+04

Italy; crop 29.9

Rhizome  Spain; wild 19.1 + 2.1 21.0+1.0

Italy; crop 19.1+0.3 203+0.3 28.0+0.7

Italy; crop 17.8+0.3 19.2+03 235+03

Italy; crop 17.1+0.7 187+0.7 224+03

34.0+15 (Suérez

et al. 2021)
(You

et al. 2013)
(Pinto

et al. 2015)
(You

et al. 2018)
(Sudrez

et al. 2021)
(You

et al. 2013)
(Suérez

et al. 2022)
(Licursi

et al. 2015)
(Di Fidio

et al. 2019)
(Barana

et al. 2016)
(Suarez

et al. 2021)
(Proietti

et al. 2017)
(Proietti

et al. 2017)
(Proietti

et al. 2017)

30.5

240+1.4

341+33

20.4

424+13

25.8

296 +2.9

139+02 290+18 3.6+0.2 326+20

11.9+03 335+1.8 32+03 36.6+1.7

11.1+£04 316+06 3.0+02 346+04

Different parts of the plant have been used as raw
material in hydrolysis reactions to break down the lignocel-
lulosic material into fractions of interest. Table 2 summarizes
the main pre-treatments applied to Arundo to increase
digestibility and to obtain valuable products directly from
this first step.

4.2.1 Pre-treatments: hemicellulose solubilization

As summarized in Table 1, hemicellulose accounts for
20-40 % of the aerial part of the reed. So, most studies focus
on the solubilization of this fraction to produce xylose,
xylo-oligomers, furfural, and levulinic acid. Besides, hemi-
cellulose is the most accessible compound to break. In
addition, the digestibility and accessibility of cellulose for
enzymatic digestion are increased during pre-treatment and
consequently higher product yields.

In this sense, Shatalov and Pereira (2012) recovered 94 %
of the xylose present in Arundo through acid hydrolysis,

using a low concentration of sulfuric acid (1.27 %) and tem-
peratures of 140 °C; the liquor obtained had a low content of
glucose and degradation products, and the digestibility of the
material increased from 9 to 70 % due to the treatment. This
conversion means that 22 g of xylose/100 g of dry biomass
was obtained and transformed to 0.54 g of xylitol/g of xylose
(Shatalov et al. 2013). Other studies agree that the acid hy-
drolysis of common cane, under mild conditions, allows se-
lective hydrolysis of hemicellulose, so liquors with more
than 90 % xylose content are obtained (Torrado et al. 2014).

The particle size does not seem to significantly affect the
yields obtained nor the selectivity of the hydrolysis reaction,
which is an advantage when processing the material (Tor-
rado et al. 2014). Di Fidio et al. (2019) conducted a similar
study, using ferric chloride instead of acid and heating by
microwaves. They achieved a xylose production yield of
98.2 % in the first stage. These authors proposed a cascade
process so that the resulting solid after the first hydrolysis
stage was used in a second hydrolysis stage (under similar
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Table 2: Most common pre-treatments applied to giant reed.
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Material Pre-treatment

Conditions

Results

Objective

References

Plant

Autohydrolysis

Autohydrolysis

Autohydrolysis

Catalyzed hydrolysis

Catalyst hydrolysis

Acid hydrolysis

Acid hydrolysis

Acid hydrolysis

Acid hydrolysis

Acid hydrolysis

Acid hydrolysis

Acid + alkaline hydroly-
sis (plus precipitation)

200 °C

20 min

SLR: 50 g/l water
Semi-continuous
system

185 °C
Non-isothermal
SLR: 1/8

150 °C; 10 min
SLR: 1/5

Amberlyst70 20 %

100 g biomass/500 g
solution

160 °C, 20 min

HCl 0.4 M

100°C,2 h

5 % Ru/C

70°C; 2 h

5 % H,S0,4

SLR: 1/10

121 °C, 20 min

Autoclave 150-190 °C
15 min

1.68 % wt HCI

0.35 g biomass/5 g
solution

HCl 0.4 M

100°C,2h
9 % biomass
1.27 % H,S0,

5 g biomass/75 ml
solution

141.6 °C, 36.4 min
40.7 g biomass/605 ml
solution

1.7 % HC

190°C, 1 h

1 kg biomass/30 |
solution

H,S04 1.4 % wt
200 °C, 5 min

HCI 0.1 M, 2 h, 100 °C

NaOH 0.1 M, 2 h,
100 °C
Acidification and
precipitation

Complete hemicellulose degradation:
4.6 % xylose + 24 % xylo-oligomers

Partial degradation of hemicellulose:
2.4-3.0 % xylo-oligomers, 0.6-0.7 %
xylose, 0.9-1.1 % glucose
Organosolv process to the solid
Increased solid digestibility: CH, yield
10 % higher than for untreated
material (300 ml/g VS)

Hemicellulose hydrolysis: 18.9 g
xylose/100 g biomass + 4.1 g glucose/
100 g biomass

Solid further enzymatic hydrolyzation:
18.9 g/glucose/100 g

biomass + lignin-rich solid

Direct obtaining of valerolactone:
16.3 9/100 g biomass

Hemicellulose and cellulose
degradation: 80 g/I sugars
Hydrolysate fermentations: up to

180 g lipids/I

Low temperature: highyield in furfural
and moderate in levulinic acid:

8-9 % wt each

High temperature: only traces of
furfural and up to 22 % levulinic acid
Complete conversion of hemicellulose
and cellulose: 23.3 g levulinic acid/
100 g biomass

Partial depolymerization of lignin

Complete hemicellulose conversion:
94 % xylose recovery

Increased solid digestibility (70 %):
fermentation for sugars production

Hemicellulose fractionation

Solid liquified with glycerol and PEG:
50 °C for 2 min and used as polyol for
PU obtaining

Liquid fraction: converted to fur-
aldehyde with Amberlyst 15: 33.5 %
furfural (10 min, 157 °C)

Solid fraction suitable for enzymatic
hydrolysis and fermentation: 43-51 g
ethanol/I

48 % Lignin recovery, with high
purity (98 %)

A further step of bleaching with H,0,
and acid hydrolysis allows obtaining
cellulose nanocrystals

Sugars

Cellulose pulp

Methane

Sugars

Chemicals:
y-valerolactone

Lipids (biofuel)

Chemicals: levulinic
acid, furfural

Chemicals: levulinic
acid

Chemicals: xylose,
sugars

Chemicals: levulinic
acid, polyol for PU

Lignin

(Galia et al. 2015)

(Caparrds et al. 2006; Lopez
et al. 2010)

(di Girolamo et al. 2013)

(Di Fidio et al. 2020)

(Raspolli Galletti et al. 2013)

(Pirozzi et al. 2015)

(Antonetti et al. 2015)

(Raspolli Galletti et al. 2013)

(Shatalov and Pereira 2012)

(Bernardini et al. 2017)

(De Bari et al. 2020)

(Barana et al. 2016)
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Material Pre-treatment

Conditions

Results

Objective

References

Plant

Alkaline pulping (plus
precipitation)

Autohydrolysis assisted

with microwaves

Alkaline assisted with
microwaves

Acid assisted with
microwaves

Acid assisted with
microwaves

Catalyzed hydrolysis
assisted with
microwaves

Acid+catalyst hydrolysis

assisted with
microwaves

Catalyzed hydrolysis
assisted with
microwaves

Two steps assisted with

microwaves: alka-
line + acid hydrolysis

Ionic liquid

Ionic liquid

Ionic liquid

Ionic liquid

Switchable ionic liquid

18 % alkali

SLR: 1:4

160 °C, 210 min
200 °C

20 min

SLR: 50 g/I water
0.5 % w/v NaOH
Liquid to solid ratio:
15:1 (ml/g biomass)
120 °C, 5 min
Autoclave 190 °C
1h

0.1 % Hcl

41 g biomass/580 g
solution

1.66 % HCI

LSR: 15 g/g

190 °C, 20 min

1.6 wt % FeCl;

9 % biomass

150 °C, 2.5 min

2.8 wt% FeCls

9 % biomass
150 °C, 2.5 min

2.4 wt % FeCls

9 % biomass

190 °C, 30 min

0.5 % NaOH + 0.5 %
w/v H,SO,

Liquid to solid ratio:
15:1 (ml/g biomass)
180 °C, 30 min
[C4mim]Cl + Amber-
lystT™M 35DRY

5 g biomass/95 g
solvent

160°C,1.5h
[C2C1im][OAC]
160°C,3 h

[Bmim]HSO, 16 g/l
SLR: 20 g biomass/
200 ml

80°C,3h
[C2C1im][OAc]

160°C,3 h

DBU/MEA/SO,

0.5 kg pulp/kg biomass + 128 lignin/

kg biomass

55 % hemicellulose + 16 % cellulose

Cellulose pulp
Chemicals: poly-
phenols from lignin
Chemicals: xylose

degradation: 9.8 % xylose + 4.5 %

xylo-oligomers + 1.8 % glucose

Maximum sugars yield: 4.5 g sugars/

100 g biomass

20-23 % levulinic acid
30 % lignin: reactive hydrochar

21.3 % levulinic acid
28.9 % hydrochar

Hemicellulose solubilization: 98.2 %

xylose obtained
14.1 % glucose also obtained

Hemicellulose solubilization: 19.4 g

xylose/l, 5.6 g glucose/I

Sugars

Chemicals: levulinic
acid

Chemicals: levulinic
acid

Chemicals: xylose

Lipids (biofuel)

Enzymatic digestion of the solid: 12.6 g

glucose/I

Glucose fermentation: 7.8 g single cell

oil/l (15-25 % lipids)
Levulinic acid yield: 57.6 %

Formic acid: 65 %
Final sugars yield: 31.9 g/100 g
biomass

Hemicellulose content reduction

Chemicals: levulinic
acid, formic acid

Sugars

Sugars

Higher digestibility of the solid: higher
glucose yields (10.4 g vs. 1.2 glucose/l)

Solids with increased digestibility:

glucan conversion to glucose:
40.8-76.2 %

Higher digestibility of solids: 7.9 g

glucose/L
Photofermentation of liquors:

Sugars

Hydrogen

101.6 ml H,/g TS (35 % higher than for

untreated biomass)

Increased solids digestibility: 71 %

cellulose converted to glucose
Dark fermentation: 70.5 N ml/g

Chemicals: ethanol,
PHA

biomass + 100 mg/I organic acids
Fermentation of OA: 100g PHA/kg

biomass
67 % lignin extraction

(Pinto et al. 2015)

(Galia et al. 2015)

(Komolwanich et al. 2014)

(Licursi et al. 2015)

(Licursi et al. 2018)

(Di Fidio et al. 2019)

(Di Fidio et al. 2021)

(Di Fidio et al. 2019)

(Komolwanich et al. 2014)

(You et al. 2016)

(Corno et al. 2016)

(Chen et al. 2022)

(Villegas Calvo et al. 2018)

(Gavila et al. 2018)



Luis
Rectángulo


316 —— Z Ortega et al.: Giant reed for biorefineries

Table 2: (continued)

DE GRUYTER

Material Pre-treatment Conditions Results

Objective References

2 g biomass/10 g

SIL + 6 ml water
fermentation

120°C, 2 h

Pleurotus ostreatus

30 % solid loading in

water

26 °C, 30 days

Hammer + pin mill

Plant White rot fungi

Plant Mechanical

Digestible solid: 5.7 g glucose/I, fully
transformed in 5.6 g lactic acid/l by

Reduction in lignin content: 137 %

Chemicals: lactic
acid

High p-lactic acid purity (>97 %)
30 % lignin degradation: increased
anaerobic digestion: 130.9 N mL/g VS

Methane (Piccitto et al. 2022)

Methane (Del’Omo and Spena 2020)

increase in CH, production versus
untreated biomass (212 N ml/g VS)

conditions). In addition to the lignin-rich solid obtained after
the second hydrolysis stage, levulinic acid (with a yield of
57.6 %) and formic acid (up to 65% yields) were also
produced.

The milder conditions favored furfural production,
while more severe conditions generated levulinic acid
(Antonetti et al. 2015). These authors also used an acid
catalyzer (Amberlyst-70), obtaining similar xylose yields
(about 96 %) with high selectivity. The cellulose-rich solid
was further hydrolyzed using the same catalyzer, resulting
in glucose yields of over 30 %, although enzymatic hydrolysis
provided higher conversion values, higher than 55 %. In this
study, Di Fidio et al. (2020) successfully recovered xylose and
glucose without the pre-treatment of the Arundo. Komol-
wanich et al. (2014) hydrolyzed Arundo with microwave
heating in an alkali solution followed by dilute acid hydro-
lysis; this two-step process increased the sugar release,
reaching up to 31.9 g glucose/100 g.

Likewise, Galia et al. (2015) performed the hydrolysis of
reed biomass (stalks and leaves) in pure water under
microwave irradiation in batches and compared it with
continuous processing by hot water. The work proposed this
strategy to ease the scaling-up of the autohydrolysis process
and also as an approach to Green Chemistry principles,
as no reagents were used. Authors found that, although
hemicellulose degradation was similar, microwaves are
most effective in depolymerizing cellulose, which increases
the possibilities for the later use of the solid fraction. Given
the high amount of biochar produced, its exploitation must
be considered,; this by-product is a valuable source of simple
phenolic compounds with good antioxidant properties
(Licursi et al. 2015, 2018).

Raspolli-Galleti et al. (2013) reported for the first time the
production of levulinic acid with yields above 23 %, which
corresponds to almost 83 % of the theoretical yield, using HCI

as a catalyzer and working at 190 °C. These authors also
used a ruthenium-based catalyst to directly obtain y-valer-
olactone, a compound of great interest for biofuel produc-
tion, at 70°C, getting yields close to 17 %, with almost
complete conversion of the levulinic acid. Under similar
conditions to those used for xylose production, Licursi et al.
(2018) proposed using microwaves and very diluted hydro-
chloric acid (1.66 %), reaching temperatures of 190 °C, and
the use of an autoclave (under the same conditions) as
possible treatments for plant material. They reported
similar yields of levulinic acid and carbon, 22 % and 30 %
respectively (Licursi et al. 2015, 2018).

In a different work, Licursi et al. (2015) obtained yields of
around 8-10 % furfural and 23-25 % levulinic acid under
these mild conditions and low concentrations of HCl; these
conditions also allow for the recycling of most water and
acid. In a one-step process, levulinic acid is the only product
obtained, with similar yields. It then appears that a two-step
mild process could be more advantageous than a single step,
in terms of yields, although a lifecycle assessment would be
needed to balance obtained yields, with regard to the inputs
and their respective impacts. The solid fraction obtained in
both cases is rich in lignin and shows higher thermal
stability than commercial lignin, with some reactivity due to
the presence of free carbonyl and hydroxyl groups, which
makes them classified as reactive hydrochar, with low
solubility, similar to Brown coal.

Most studies emphasize the need for pre-treatment for
producing sugars (or directly to obtain interesting final
products) and for improving the digestibility of the solid
material under mild conditions (low acid concentration,
low temperatures, and low processing time). This allows
the operation with low or moderate severity factors
(temperatures under 150°C), consequently resulting in
energy savings, of great importance under real industrial
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processing (Shatalov et al. 2017). In this sense, You et al. (2016,
2018) have proposed the use of ionic liquids to pretreat the
reed biomass, obtaining up to 50 % hemicellulose removal
and increased digestibility of the resulting material
(5 g glucose/kg h for untreated material, increasing to 93 g
glucose/kgh of initial enzymatic hydrolysis rate, also
increasing the total digestibility by twofold). These studies
generated glucose concentrations over 10 g/l in 34 min for
the pre-treated material and less than 1 g/l for the untreated
raw material.

Gavila et al. (2018) have also proposed using ionic liquids
for sugar production, in this case for lactic acid production.
This research has found that the use of a switching ionic
liquid heated with microwaves can hydrolyze over 60 % of
giant reed lignin within 1h, with minimal amounts of
degradation products. More importantly, the solvent can be
recovered by precipitation of the remaining pulp. Despite
the higher costs of the ionic liquid used in this study, the
authors highlight its potential, due to the excellent results
obtained and the possibility of reusing the solvent.

4.2.2 Further processing: sugars, cellulose, bioplastics,
and lignin production

The products obtained after the fractionation treatment of
the reed can also be used to obtain other compounds through
biological processes. This cascade approach allows for
maximizing the yield and potential of the lignocellulosic
biomass.

For example, Ventorino et al. (2017) obtained succinic
acid, with a yield of 0.69 g acid/g hydrolyzed material (9.4 g/l
succinic acid), through bacterial fermentation using the
hydrolysate obtained from the steam explosion of reed and
bacteria from the rumen of cows and steers. When reed
biomass was supplemented with nitrogen, the same authors
found a significant increase in acids recovery, getting up
to 12.1, 1.7, and 5.2 g/l of lactate, succinate, and acetate,
respectively, using Cosenzaea myxofaciens bacterial strain
(Ventorino et al. 2016).

For their part, Shatalov et al. (2013) have proposed using
the solid residue from acid hydrolysis in an enzymatic
hydrolysis process. They obtained a cellulose conversion of
75% to glucose (26.4g/100 g dry biomass). Some studies
performed by Scordia et al. (2011) used oxalic acid as
pre-treatment for ethanol production; 5% of oxalic acid
solution at 180 °C produced maximum glucan conversion,
close to 70%, and enough for ulterior fermentation.
Giacobbe et al. (2016) proposed a different approach for
biomass pre-treatment, performing an ammonia expansion
pre-treatment before enzymatic saccharification using
various enzyme cocktails. However, these authors did not
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run a control saccharification test without pre-treatment, so
it is impossible to know the benefits of such a process in
terms of enzymatic yields. The production of sugars for
bioethanol production is discussed in more detail in the next
section, as it is mainly used for energy purposes.

Reed can also be used to obtain cellulosic fibers, for use
in different applications. Shatalov and Pereira (2013) suggest
conducting an initial hydrolysis step, to remove hemicellu-
lose and lignin, to produce high-purity cellulosic fibers; this
method resulted in pulps with around 94 % a-cellulose.
Barana et al. (2016) proposed a sequential approach for
obtaining lignin, hemicellulose, and cellulose nanocrystals,
following a chemical procedure consisting of an alkaline
treatment followed by bleaching and acid hydrolysis.
These authors recovered around 50% of the cellulose,
hemicellulose, and lignin. Martinez-Sanz et al. (2018)
prepared lignocellulosic films by selective removal of lignin
and hemicellulose by chemical methods. The films, espe-
cially those obtained after hemicellulose removal, showed
good mechanical and water barrier properties and high
transparency, comparable to thermoplastic starch films,
making them interesting for the packaging industry.

Some studies have also used giant reed in biopolymer
development, following a multistage approach (Corneli et al.
2016; Calvo et al. 2018). After a chemical pre-treatment and
enzymatic hydrolysis, Villegas Calvo et al. (2018) proposed
conducting a first fermentation step in dark conditions to
produce hydrogen. After this first step, the resulting
liquid fraction is transferred into a reactor with the inoculum
(solids from the secondary treatment of a Wastewater
Treatment Plant) for the production of PHA (poly-
hydroxyalkanoate). They obtained similar results to those
given by other lignocellulosic materials, around 100 g PHA/kg
volatile suspended solids (biomass + polymer).

On the other hand, the study by Corneli et al. (2016)
proposed using different lignocellulosic materials, including
reed, to obtain the biopolymer through a silage pre-
treatment. Polylactic acid (PLA) can also be obtained from
reed hydrolysis and fermentation to yield lactic acid (Gavila
et al. 2018). Finally, the char recovered from acid hydrolysis
for levulinic acid production has been used to synthesize
flexible polyurethane (Bernardini et al. 2017). To obtain this,
the solid was liquefied by microwaves at low temperatures,
using glycerol and PEG as solvents, and water as a foaming
agent. The obtained polyol was used at a concentration of
7wt % of the final foam, which showed properties suitable
for packaging applications.

Sterols, lipids, and fatty acids have been produced
from the rhizome, along with other compounds such as
terpenoids, alkaloids, xanthones, xanthene, and phenolic
compounds (Liu et al. 2021b; Pansuksan et al. 2020).
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As summarized in Figure 6, the reed is an excellent
source of lignin (contains about 20-25% Klason lignin),
made up of p-hydroxyphenyl, guaiacyl, and syringyl
phenylpropanoid units linked predominantly by B-0-4" aryl
ether linkages (~70-80 %), with the remainder being B-f,
B-5, B-1, y a,B-diaryl ether bonds (You et al. 2013). Different
authors have investigated composites based on this complex
compound (Thakur et al. 2014; Vaidya et al. 2019) due to its
excellent mechanical, antioxidant, and biodegradable
properties. Besides, lignin can be used to produce polymers,
carbon fibers, or phenolic compounds (Savy and Piccolo
2014; Licursi et al. 2015) with antioxidant properties,
such as vanillin or syringaldehyde (Pinto et al. 2015).
Other authors highlight the importance of lignin valoriza-
tion for improving biorefineries’ economic and ecological
performance; the final aim is the production of green
molecules and biofuels (Cotana et al. 2014; Molino et al. 2018).

For example, Cotana et al. (2014) have proposed three
routes for getting lignin from the residues of bioethanol
production from giant reed. They found that a rich-lignin
material (around 73 %) with high thermal stability, suitable
for composites manufacturing, can be obtained with a
simple NaOH treatment, followed by an acid step to precip-
itate the lignin.

Savy and Piccolo (2014) characterized lignin fractions
from Arundo stem obtained by acid hydrolysis and alkaline
oxidization. These authors obtained higher lignin recovery
from sulfuric acid hydrolysis, although the lignin obtained
from the alkaline process showed higher oxidized lignin,
which is also water-soluble.

Also, Pinto et al. (2015) proposed pulping Arundo stalks
in an alkali solution at a moderate temperature (160 °C) to
obtain cellulose pulp and being able to recover lignin from
the black liquor, thus allowing for its further valorization.
Around 100 g lignin/kg of dry matter was obtained by this
method. These authors consider giant reed a good option
for producing low molecular weight phenolics, favorable for
aldehydes production, as the ones already mentioned.

4.3 Bioenergy production from giant reed

Regarding energy production from the lignocellulosic ma-
terials derived from giant reed, Kricka et al. (2017) obtained
the heat value from direct burning of the dry plant, obtaining
higher and lower heating values (17.5 and 16.1 M]/kg, respec-
tively) similar to those obtained for other widely used crops
for energy production, such as Miscanthus (18.2 and 16.8 M]J/
kg). These authors state that the high lignin content of this
plant makes them more suitable for direct burning instead of
transformation into other energy products. However, this

DE GRUYTER

option should be discouraged, due to the low recalcitrance of
this biomass and the good yields obtained for biochemicals
and bioenergy production, as demonstrated by other authors
and discussed below. Biomass direct burning should only
be contemplated in those cases where the obtaining of
bioderived products would need energy consumption higher
than the value to be obtained from such bioproducts.

Several authors have evaluated the potential of reed for
ethanol production. The process proposed begins with acid
hydrolysis, as mentioned in the previous section, followed by
alkaline treatment. Lemons e Silva et al. (2015) performed
simultaneous saccharification with cellulase and fermenta-
tion with Saccharomyces cerevisiae, obtaining 42 g glucose/l
in 30 h which was thereafter transformed into 39 g ethanol/l
in 70 h. These authors worked with relatively high enzyme
loadings (25 FPU g/solids) and supplemented the medium
with urea, potassium dihydrogen phosphate, yeast extract,
and a salt solution. The biomass was added in five batches
every 12 h.

Loaces et al. (2017) followed a similar approach and
compared the sugars and ethanol yields obtained in simul-
taneous and separate saccharification and fermentation.
These authors used liquid hot water treatment (or autohy-
drolysis) and dilute acid as pre-treatment and obtained up to
33 g glucose/l and 24 g ethanol/l in the separate process and
a similar value (35g/l) for the simultaneous process. This
research used Escherichia coli in the fermentation process,
and the ethanol yields were higher than those obtained for
other strains, such as S. cerevisiae, Scheffersomyces stipites,
or Saccharomyces carlsbergensis, which led to 19.0, 18.0, and
16 g ethanol/l, respectively (Ask et al. 2012; Scordia et al. 2011,
2012, 2013).

A different study (Sidana et al. 2022) that used Meyer-
ozyma guilliermondii yeast on reed hydrolysates following a
two-step acid/alkali hydrolysis process, obtained ethanol
yields of 33 g/l in 72 h. The Arundo biomass has been signaled
as a valuable source of pentosans as its xylose content is
similar, or even higher, than glucose. Moreover, it has higher
xylose content than other biomasses, such as sugar cane
bagasse (Neto et al. 1997). Both E. coli and M. guilliermondii
can metabolize pentoses during fermentation. Viola et al.
(Viola et al. 2015) reported higher ethanol yields, using
S. cerevisiae, on hydrolysates obtained by autohydrolysis of
fresh ripe reed (no prior drying step). Other authors have
also studied the rhizome as a raw material for potentially
obtaining green energy, in the form of ethanol, as this part of
the plant contains over 30 % sugar (Proietti et al. 2017). The
use of reed provides higher bioethanol yields than those
obtained from other energy crops, such as cassava, Mis-
canthus, sugar cane, or beet, with the additional advantage
of not being a food crop (Corno et al. 2014).
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The pyrolysis of reed to obtain biogas and phenol-rich
chars has also been assessed in the literature. Bartoli et al.
(Bartoli et al. 2016) produced biochar and bio-oil by
microwave-assisted pyrolysis. They found that rhizomes and
leaves provided large bio-char quantities (up to 60 %), due to
the different ash contents in the three fractions, which
would catalyze the biochar formation. In comparison, stems
produced a larger amount of bio-oil (around 40 %). The
pyrolysis reactions are quick for the three materials (about
20 min for 100 g of biomass). The bio-chars showed a calorific
value of about 31 M]J/kg, similar to other solid fuels. The
obtained bio-chars showed a very low hydrogen content,
demonstrating the extent of the thermal process; they also
had an important amount of volatile organic compounds
(around 25 %), attributed by authors to the batch processing
and the low temperatures reached in the pyrolysis process
(lower than 700 °C). Moreover, the bio-oils consisted signif-
icant amount of aromatic compounds (over 200 g/l) and
acetic acid (around 120g/l). Slow pyrolysis at lower
temperatures (300-400 °C for 60-90 min) of Arundo stems
revealed carbon contents over 80 %, with a similar compo-
sition to the biochar obtained by Bartoli and collaborators
(2016), although with higher content in volatiles (over 50 %)
(Carnevale et al. 2022). Zheng et al. (2018) obtained biochar as
by-product of pyrolysis vinegar (mainly acetic acid and
phenol-derived compounds) production by Arundo stems at
different temperatures, finding that higher temperatures let
to lower biochar and similar vinegar yields. These authors
did not further characterize the char. Ribechini et al. (2012)
have found that pyrolysis at 150 and 190 °C results in the total
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Figure 6: Different biorefinery processes
combined to produce several compounds
of interest, starting from Arundo donax

L. PHA, polyhydroxyalkanoate;

PHB, polyhydroxybutirate;

PBS, polybutylene succinate.

Biochar

Lignin
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conversion of hemicellulose and cellulose, with partial
depolymerization of lignin The result of their solid analysis
suggests the potential of the char as an antioxidant source
instead of fuel, as it is mainly derived from the lignin
fraction, thus getting a high-added value product. As
mentioned in Section 4.2.1, the solubilization of hemicellu-
lose produces an important amount of biochar, rich in
phenolic compounds and with antioxidant properties, which
can be further valorized (Licursi et al. 2015, 2018).

A different approach consists of the anaerobic digestion
of giant reed biomass. For example, Amaducci and Perego
(2015) obtained a biochemical biogas potential ranging from
345 to 506 ml/g volatile solids (VS), with a methane content of
about 50 %, highly influenced by the lignin and ash content
of the raw material. Yang and Li (2014) obtained similar
methane production values with fresh Arundo (150.8 ml/g
VS); methane production yields were lower with dried
Arundo, particularly with solid contents by 20 %. However,
other authors have reported the need for pre-treatment to
get acceptable yields of methane production; for example,
Baldini et al. (2017) applied ensilage as pre-treatment, before
the anaerobic digestion, with biochemical biogas potential
similar to the results of Amaducci and Perego (Amaducci and
Perego 2015), which equates to approximately 50 % of the
theoretical biomethane production.

Di Girolamo et al. (2014) reported an increase in
methane production yield (up to 30%) when reed was
treated with a low concentration NaOH solution (0.15N);
these same authors also used maleic anhydride as pre-
treatment, which led to higher methane yields (Di Girolamo
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et al. 2016). Methane production values were similar
between the silage and the NaOH pre-treatments, while
maleic anhydride ones reached higher values, comparable
to those of sorghum or barley straw. Liu et al. (2015, 2016a,h)
performed similar studies, comparing methane production
yields for giant reed pre-treated by ensilage, fungus, and
urea application. Urea pre-treatment yielded 173 ml/g VS
in 30 days (production took place in the first 5 days),
which indicates an increase of 18 % when compared to the
untreated raw material (Liu et al. 2015).

The effect of fungus was opposite to that expected due to
the degradation of cellulose and solid contents reduction
(Liu et al. 2016b); the ensilage pre-treatment resulted in
a 15% increase in the methane yield, while fungal
pre-treatment resulted in a 30 % decrease. In addition to the
effect of pre-treatment on the methane yields, these authors
also found some differences with regard to the harvest time.
Arundo harvested in December contained higher water
cellulose carbohydrates while the ones harvested in August
had a higher lignin content, which resulted in lower biomass
digestibility (Liu et al. 2016b; Ragaglini et al. 2014). The
results from these authors suggest that urea pre-treatment
provided higher yields than the ensilage pre-treatment
(173 ml/g vs. 165 ml/g, respectively).

Lignin from giant reed stems, separated after the steam
explosion and alkaline hydrolysis, has been used to obtain
syngas via supercritical water gasification (Molino et al.
2018). Operating at 550 °C and 250 bar, Molino et al. (2018)
generated a gas rich in syngas (90 %) with no carbon
dioxide, a hydrogen content of 65 %, and a higher heating
value of 43 MJ/kg, similar to conventional methane. Besides,
an organicrich liquor with valuable chemicals, such as
glucose, xylose, formic acid, acetic acid, and syringaldehyde,
was also obtained.

Yang et al. (2020) also evaluated the pyrolysis of residual
lignin from Arundo hydrolysis and fermentation for ethanol
production, obtaining biochar and biogas. They obtained
7.5 % of biogas and 16.7 % of ethanol for the fermentation
plus pyrolysis route versus 26.6 % of biogas production
for direct pyrolysis. This approach increases the overall
process yield and provides a more valuable utilization of the
lignocellulosic materials compared to direct pyrolysis.

Reed hydrolysates rich in xylose and glucose can also
serve as a substrate for the growth of oily yeasts (Lipomyces
starkeyi) to obtain fats at a concentration of 30 %, with a good
yield of transformation of sugars to lipids (15-24 %) (Di Fidio
et al. 2021). In this approach, the hydrolysates are first
obtained using microwaves or acid/enzymatic hydrolysis
processes; afterward, a yeast strain capable of transforming
the obtained xylose into fats is used. These authors follow a
cascade approach, using both the hydrolysate and solid
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residue. For the solid, enzymatic hydrolysis is proposed,
followed by a process where the same yeast strain is used
to transform glucose into single-cell oils. Other authors
followed a similar strategy, starting from acid hydrolysis
of the reed to obtain the hydrolysate (Pirozzi et al. 2014)
and getting yields that are comparable to those obtained in
biodiesel production plants. Also, Pirozzi et al. (2013) per-
formed different studies using the hydrolysates from Arundo
to grow oil yeasts. They obtained 110 g lipids/l, with oleic acid
as the major component. However, if a two-step process
was applied to the biomass (steam explosion followed by
enzymatic hydrolysis), the oil yield could increase up to
150 g/1 (Pirozzi et al. 2014).

4.4 Arundo donax biorefinery: current
limitations and future opportunities

From the literature review performed, it can be concluded
that A. donax L. has great potential as biorefinery feedstock,
due to its composition, year-round availability, and fast
growth rate. As summarized in Figure 6, there are several
paths for the transformation of reed biomass into building
blocks, energy products or cellulose fibers. The relatively
high content in hemicellulose, around 25-30 % for the aerial
parts of the plant (stems and leaves), suggests performing a
first hydrolysis step, under mild conditions (140°C and
low acid concentration) for the recovery of xylans, also
degrading the amorphous part of cellulose into glucose.
More severe conditions are not recommended, due to the
degradation of these monomers into furfural or HMF, which
means the hydrolysates would need of further purification
stages. The obtained solid, with improved digestibility, could
be later processed by enzymatic means to increase the
glucose yields. This is a procedure commonly followed in
literature, although assays are usually performed at small
scale. The cost of enzymes on a large scale would reduce the
economic profitability of such installations, so other options,
such as further chemical treatments or pyrolysis, should
be considered. Something similar happens for the thermo-
chemical treatments; it is generally considered that moder-
ate temperatures are required for biomass fractionation,
although there are several paths to achieve so, from pres-
surized reactors, conventional heating, or microwaves.
Again, assays are mainly performed at lab-scale, and some of
these procedures might not be fully scalable. On the other
hand, the use of ultrasounds and cavitation has not been
fully explored and might also provide good yields. Energy
efficiency should be considered, and cavitation is one of
the techniques with higher energy efficiency and shorter
processing times (Poddar et al. 2022).
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Despite the wide availability of studies on the potential
use of giant reed, scalability assays have not been found. The
cultivation of fungi that produce enzymes for the ulterior
processing of the reed biomass would be an exciting option
although, again, this needs to be further assessed. So, the
alternative is the use of chemicals, in the lower proportion
possible, to allow the separation of the original biomass into
profitable products. This is, in the authors’ opinion, the next
steps to undertake: shifting from the grams scale used in the
lab to a pilot-scale plant, working with at least kilograms,
and optimizing the procedures to maximize yields. The
comparison between lab and pilot-scale plant conditions
and yields would allow for a later design of appropriate
industrial facilities for the processing of such biomass.

On the other hand, only 7 % of the arable land in the EU
is devoted to industrial crops (Eurostat 2019), most of it being
occupied with cereals. It is important to note that, despite the
interest of the scientific community and the strategies settled
by different organisms to increase the availability of raw
materials for biorefinery development and reduce the oil
dependence, food production is prioritized, and energy or
industrial crops cannot displace it. The use of by-products or
residues from food production are undeniably a valuable
resource and they should be reintroduced into the industrial
value chain to maximize the use of resources.

Based on Arundo’s specific resistance to salinity,
droughts, pathogens, etc. a strategy to increase the cultivated
lands for industrial purposes could be the use of marginal or
degraded soils, using low-quality waters. This would allow
for reducing soil loss and restoring their quality while, at the
same time, getting valuable lignocellulose material for
further industrial use. It is estimated that about 60-70 % of
European soils are degraded, while over 25 % are identified
as with a high or very high risk of desertification, especially
in southern Europe. The Mediterranean basin is particularly
sensitive to soil loss, also having low levels of organic matter
and high salinization (Ferreira et al. 2022). Even if the yields
obtained in such conditions are not optimal, the low
requirements of such plant species could provide additional
environmental benefits, regarding soil restoration and
preservation. Besides, not only degraded soils could be used;
a recent study has estimated that over 8 million hectares
of EU agricultural soil are not used due to non-optimized
conditions and is considered marginal agricultural land
(Reinhardt et al. 2022), while about 40 % of such surface can
be considered as profitable land (Sallustio et al. 2022). An
assessment performed in China for a plant processing 2000 t/
day would lead to 28 MW power, plus over 50 t/day of bio-oil,
555 t/day of vinegar and similar values of biochar (Abreu
et al. 2022), showing the potential of Arundo for producing
several fractions at high-scale. Considering the use of only
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1% of such area, and the estimated yields for this plant of
30 t/ha, about 2.4 million tons of Arundo biomass could be
obtained yearly, which can be translated into over 70 MW
energy, over 125 t of bio-oil and almost 1500 t of biochar and
pyrolysis vinegar. The use of unused soil for the obtaining of
biomass feedstock would also help reduce the dependence
on external sources to produce chemicals or energy,
advancing the SDGs objectives on sustainable and respon-
sible consumption, green energy, soils preservation, etc.
while, at the same time, would not have any impact on food
production, as no crop substitution would be required.

The European Strategy for Bioeconomy has as its main
aim the production and commercialization of food, forestry
products, bio-products and bioenergy obtained from envi-
ronmentally friendly competitive processes. The commit-
ment to the achievement of SDGs and the advancement
toward more sustainable and efficient processes and prod-
ucts can be reflected in the growing number of biorefineries
installed, among other factors. In Europe alone, over 2300
installations are identified, mainly located in central Europe
(Germany, France, Sweden, and Italy) (Parisi 2022). Most of
them are devoted to bioenergy products (biomethane in
particular), although chemical production has gained
importance in the last years. Most of these installations in
Europe is one platform biorefinery, focusing on oil products,
while the non-EU ones (led by China and the USA) are mostly
devoted to sugars platform, starting from sugar and starch
crops (Baldoni et al. 2021). Most of these plants operate with a
commercial purpose, although at different scales (Parisi
2022), from a few to hundreds of thousands of tons of input
raw material. The casuistic is so wide (type of raw materials,
main product, type of process) that there is no guide on the
potential scale to reach a certain level of profitability, and
this is particularly one of the exciting challenges to still
undertake, the demonstration of the profitability, at
different levels, of such installations.

Finally, the potential selection and modification of the
plant species to improve this adaption to the aforementioned
degraded soil conditions and poor-quality waters would also
pose significant improvements on the dry matter yields
obtained, although this path is still in the very early stages of
development (Danelli et al. 2020).

The last Global biorefinery status report points out the
use of marginal land and the cultivation of resilient species
as a solution to overcome the current limitations of ligno-
cellulose material availability and foster the growth of the
bioeconomy (Annevelink et al. 2022). In this sense, consid-
ering the inputs required for the cultivation, the plant
species’ resilience, the availability of marginal and degraded
soils, and the potential ability to remove pollutants from soil
and waters, A. donax L. can be considered as a convenient
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species and its cultivation should be promoted, even over
other species more commonly cultivated such as Miscanthus
or switchgrass. A recent study has proven that Arundo
provides higher efficiency for syngas production than
Miscanthus, from exergy analysis (Mani¢ et al. 2023),
although bhoth species are more favorable than corn stalk
or municipal wastes, which are more commonly used as
feedstock for methane or syngas production. The potential
invasive character of this plant species is certainly a
thread to consider, although the potential benefits from the
cultivation, also from an environmental point of view,
should not be disregarded.

5 Conclusions and outlook

5.1 Conclusions

The extensive literature published on this topic shows the
interest in the use of giant reed for several purposes in a
bioeconomy scenario. The abundant biomass generated by
this plant, its fast-growing rate, and the low inputs needed
for its cultivation has made several authors propose Arundo
as a promising source of lignocellulosic biomass. The
extensive range of applications for products obtained from
its cultivation, from sugars to a wide range of chemicals,
besides the traditional hand-craft products, have made
policymakers refer to this plant as a high-interest crop. This
non-food crop is considered to have great potential as an
energy crop, especially in the Mediterranean basin, although
it can also adapt to colder and wetter climatic conditions.
The biorefineries’ growth potential is linked to their
sustainability, considering its three aspects (environmental,
social, and economic). The cascade approach is seen as the
most interesting to maximize the potential of the biomass
and, thus, its profitability, showing giant reed a suitable
composition to follow such an approach and exploit the
different fractions. Hemicellulose-derived products are
usually the first compounds obtained, as it is a relatively easy
compound to degrade, and it accounts for a major fraction of
the raw biomass. need of a pre-treatment stage to ease the
separation of the different fractions, thus maximizing the
range of products to obtain and yields, has been demon-
strated. These pre-treatments also induce an increase in
the material’s digestibility. The low recalcitrance of Arundo
biomass allows for conducting such pretreatments with
low-concentration solutions, especially acids, and mild
conditions. These are suitable for the solubilization of
hemicellulose and partial depolymerization of lignin and
cellulose. Acids are used to catalyze such reactions in
concentrations below 2%. Other options include using
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ionic liquids, which can be reused several times. Microwave
pre-treatment has also been proposed to pretreat the
biomass rapidly while releasing sugars simultaneously,
although heating in semicontinuous or continuous mode
should be further explored in order to increase process
scalability and profitability.

5.2 Outlook

Even if the invasive potential of A. donax is clear, an
adequate management strategy would bring significant
environmental improvements, especially in areas with soil
erosion risk and affected by droughts, due to the resistance
of this plant to saline or low-quality waters and soils. This
strategy should not only include the adoption of the
processes for maximizing the yields of bioproducts obtained
at lower energy requirements but also crop management,
only using marginal or degraded soils, low-quality waters, or
even wastewaters to reduce the need for nitrogen fertiliza-
tion. The cultivation of giant reed appears then as a potential
strategy to reduce the risk of soil loss and desertification risk,
especially in the Mediterranean area.

Different strategies can be employed for reed valoriza-
tion depending on the intended end. However, the sugars
platform seems to be one of the most promising ones,
considering the wide range of bio-products that can be
obtained: polymers, such as PLA, PHA, or PBS, fats for
biodiesel production, bioethanol, and other chemicals used
in synthesis, especially xylose and levulinic acid. After sugar
production, the residual solid biomass can be fed into
further processes to obtain lignin and cellulose fibers or
further processed to maximize sugar production. Antioxi-
dant compounds, biochar, bio-oils, and energy products can
be obtained at the later steps of the value-chain. The high
yields obtained under relatively mild conditions and the
wide range of products potentially produced from Arundo
materials make direct energy valorization (burning) a
non-desirable strategy, making the refining a more efficient
and sustainable approach.

Even though some authors have performed environ-
mental analysis on the crop, the inputs required, and the
performance of bioproducts obtained (mainly related to
bioethanol), more studies on the environmental and
economic impact of Arundo cultivation and its processing
are still required.

The scaling-up of such infrastructures to cover the gap
between demonstration plants and large-scale production
ones still needs to be undertaken, as recognized in the Global
Bioeconomy Summit in 2020. Thus, there is a promising
field of study, framed on the green deal strategy of the EU
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and the sustainable development goals, to optimize not
only the technical feasibility of biorefineries but also the
environmental, economic, and social performance of such
installations.
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Abstract The massive biomass availability gener-
ated by the common giant reed (Arundo donax L.)
motivates the research for its possible industrial use
for high-added-value products through a biorefinery
approach. The literature demonstrates the potential
of common cane to obtain different high-value com-
pounds, such as levulinic acid, oligosaccharides, fer-
mentable sugars, highly digestible fiber for animal
feed, polyphenols, and natural fibers for composite
materials, among others. Arundo can also provide
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valuable lignocellulosic fibers with an application
as composite reinforcement, which is the aim of this
review. The work is split into different sections: fiber
obtaining, mainly done by mechanical procedures,
fiber characterization (composition, thermal degra-
dation, "mechanical properties”, and crystallinity),
and properties of composites with reed fiber. Most
authors refer to producing board panels with insulat-
ing properties, followed by introducing reed fibers
or ground materials in thermoset resins. Few papers
focus on the production of thermoplastic composites
with Arundo, which shows the opportunity for deep-
ening research in this area. PRISMA flowchart has
been followed to perform the literature review. Differ-
ent sources have been used, and retrieved results have
been combined to obtain the core studies assessed in
this review, evaluating the options of using Arundo
fibers to obtain polymer composites.

Keywords Arundo donax - Giant reed - Biomass -
Fibers - Composites

Introduction

Certain plant species, such as Arundo donax L.,
also known as common cane, giant reed, or reed,
have spread without control in many areas of the
globe. Specifically, the giant reed is among the
top 100 most dangerous invasive species in the
world, according to the International Union for the
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Conservation of Nature (Lowe et al. 2000), due to
its rapid growth, pyrophyte nature, and contribution
to the spread of fires. Of particular concern is the
distribution of Arundo in the Mediterranean or sub-
tropical climate areas, such as Algeria, Morocco,
Brazil, France, Portugal, Spain, Italy, and Australia,
among others (Jiménez-Ruiz et al. 2021). Despite
its rapid growth and potential invasive charac-
ter, this species is not included in Europe’s list of
invasive alien species of Union concern (European
Union 2017).

Arundo donax L. is a perennial Grass from the
Gramineae family. Despite its uncertain origin, due
to the small size and the high number of chromo-
somes, many authors place it in East Asia (Jensen
et al. 2018). Giant reed produces flowers, although
its seeds are not usually viable, at least out of Asia
(Jiménez-Ruiz et al. 2021). This plant reproduces
through the rhizome or by producing roots on the
nodes (Corno et al. 2014), which explains its rapid
spread and poor genetic diversity (Pilu et al. 2014;
Sicilia et al. 2020). Figurel shows some specimens
of Arundo and the main parts of the plant: leaves
and culms or stems.

Culms are hollow and have 2-3 cm diameters,
reaching up to 6 m in height, with stem-clasping
leaves along the entire stem (Csurhes 2016). The
rapid growth of this species and its quick adaption
to a wide range of environmental conditions have
contributed to its great spread and naturalization,
especially in Mediterranean countries (Lambertini
2019; Shtein et al. 2021). This plant species pro-
vides good yields (Scordia and Cosentino 2019)
even under drought or high salinity (Sanchez et al.

Fig.1 a Arundo donax L. aboveground parts of the plants. b
culms and leaves separated

@ Springer

2015; Licursi et al. 2018; Romero-Munar et al.
2018), pointing it as a promising source of lignocel-
lulosic feedstock.

Several studies deal with using such plants from
established crops, and the EU includes the reed as a
relevant energy crop (Eurostat 2020). Its high biomass
production explains the vast literature about optimiz-
ing the crop for its use in biorefineries (Copani et al.
2013; Cosentino et al. 2014, 2016), especially for
bioethanol production and bioenergy (Accardi et al.
2015; Jensen et al. 2018). Reed has also gained atten-
tion for obtaining some biomolecules, such as fur-
fural or levulinic acid, among others (Raspolli Gal-
letti et al. 2013; Antonetti et al. 2015; Di Fidio et al.
2020). Other uses of Arundo have been investigated,
such as paper and pulp (Shatalov and Pereira 2006;
Raposo Oliveira Garcez et al. 2022) or biochar pro-
duction (Ahmed 2016), or an absorbent material for
oil spill recovery (Fiore et al. 2019; Piperopoulos
et al. 2021). Some other uses for Arundo are found
in the restoration of traditional architecture (Malheiro
et al. 2021) and as an insulation material (Barreca
et al. 2019). Its cultivation is also a strategy for soil
bioremediation (Alshaal et al. 2015; Fernando et al.
2016), with the additional benefit of the biomass’s
ulterior valorization for obtaining methane or biochar.

Compared to the extensive research on biofuels
and biomolecules, little attention has been paid to
obtaining reed composites. This paper aims to com-
prehensively review Arundo’s potential for its exploi-
tation as reinforcement or filler of polymer compos-
ites, including fiber extraction procedures and fiber
and derived materials characterization.

Materials and methods

This literature review has assessed several papers
related to Arundo and sustainable materials, with
particular attention to polymer composites. Those
studies related to the biorefinery processes for the
production of green molecules have not been con-
sidered in the preparation of this manuscript. A first
bibliographic search was performed using the Scopus
search engine, combining the "keywords" in Table 1
plus the term "Arundo". The search performed using
"Arundo OR (giant reed)" led to 1584 publications
in Scopus and 1551 in Web of Science (WoS) in
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Table 1 Number of papers retrieved from Scopus and WoS
search

Keywords Scopus WoS

Composite + fiber 92 46
Polymer + composite 85 20
Composite + characterization 99 24
Polymer + characterization 17
Fiber + characterization 32
Fiber + polymer 21
Composite + fiber + characterization 21

November 2022, while combining it with the differ-
ent "keywords" listed below, reduced the results, as
shown below:

The data from Scopus for the above "keywords"
were downloaded and combined in an Excel file.
After removing duplicates (same studies appear-
ing in the different searches), a total of 292 studies
result (Excel file attached as an online resource; tab
"final studies"). The next step consisted of analyz-
ing authors’ "keywords" to remove those papers
that, even appearing in the literature search, were not
directly related to the work topic, that is, composites
production with Arundo. The database created is also
found in the already mentioned Excel file (tabs named
"author keywords" and "author keywords refined", as
obtained and after the refining). Some of the studies
removed from the initial list are related to soil biore-
mediation, genomics, biosorption processes, cultiva-
tion, and energy production, among others. Some of
these are still mentioned in this manuscript to settle
the framework but are not studied in detail. From
the authors’ "keywords" refining, a final number
of 48 papers remain, with 287 "keywords". A simi-
lar process was followed with the index "keywords"
(those standardized by the search engine), retrieving
851 "keywords". These last "keywords" analysis was
finally discarded because most of them are very vague
and include terms such as "nonhuman", "plant", or
"standard", among others (tab "index keywords"). So,
the retrieved documents are finally those coming from
the authors’ "keywords" assessment (tab "final studies
refined 2" in the excel file; the blank rows from the
"final studies refined" tab have been removed in this
sheet to make all studies more easily accessible).

A similar process was followed with the searches
in WoS. In the end, after removing the duplicates, 67

studies arose from the total 182 retrieved, which, after
refining, led to 25 documents. It is interesting to note
the significant differences in the documents retrieval
from both sources; apparently, Scopus provides a
higher number of results, and both sources need a
later step of refining to remove all those studies not
directly related to the scope of the literature review.
After the refining processes, the results of both
searches were combined, leading to the same studies
already selected from Scopus.

Figure 2 shows the number of publications in the
last years, with different keyword combinations (plus
the term "Arundo", not shown in the legend for clar-
ity). The number of yearly publications (dash-line)
shows a positive trend; these series refer only to the
studies finally selected for the review. The continuous
line provides a clearer picture of the publications per
year, as it results from all the publications retrieved
from the seven categories, excluding duplicates from
the different searches. The figure also shows a dis-
tribution of the main author’s "keywords" in the 48
papers, finally constituting the core of this research
studies. When grouping all of them by similarity, it
appears evident that Arundo is the most repeated
word, with 16%. If this term is removed, as all papers
contain it either in the "keywords" or in the "title"
or "abstract", and following: "mechanical proper-
ties" is the most important term, followed by fibers,
composite, and characterization, with 11% each one.
It should be highlighted that in the graph, mechani-
cal characterization includes mechanical, mechanics,
tensile, flexural, stiffness, etc. Similarly, "composites"
includes "composite", "polymer composite”, or "natu-
ral fiber composite".

It is then clear that most retrieved papers focus
on composites and particleboard obtaining and their
mechanical characterization. At the same time, other
terms such as treatments, sustainability, or curing
behavior appear only residually.

Finally, as literature searches are highly depend-
ent on the "keywords" used in the search itself and
on authors’ ones, as seen in Table 1, the online
tool Inciteful XYZ (Literature connector) has been
used to perform a final bibliographic search. This
open-source tool produces graphs with connections
among different papers related to a specific field,
showing the relationships between various research
studies dealing with Arundo’s use for composites.
The tool also provides the most relevant papers in

@ Springer
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Fig. 2 a Evolution in the publication of papers using the words in Table 1 in the last 10 years. b Distribution of authors’ "keywords"
in the core papers of this review

e Valorization of Invasive Plants from Macaronesia
as Filler Materials in the Production of Natural
Fiber Composites by Rotational Molding:https://
doi.org/10.3390/polym13132220
Effect of plasma treatment on the properties of
Arundo donax L. leaf fibres and its bio-based

the area, refining the search by the number of cita-
tions and closeness to the papers used as seeds
(minimum of 5 to ensure the obtaining of relevant
results), which in this case were the ones listed
below:

Characterization of a new natural fiber from
Arundo donax L. as potential reinforcement of
polymer composites:https://doi.org/10.1016/j.
carbpol.2014.02.016

@ Springer

epoxy composites: A preliminary study: https://
doi.org/10.1016/J.COMPOSITESB.2016.03.053

Characterization of raw and treated Arundo donax
L. cellulosic fibers and their effect on the cur-
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ing kinetics of bisphenol A-based benzoxazine:
https://doi.org/10.1016/j.ijbiomac.2020.08.179
Environmental Hazards of Giant Reed (Arundo
donax L.) in the Macaronesia Region and Its
Characterisation as a Potential Source for the Pro-
duction of Natural Fibre Composites:https://doi.
org/10.3390/polym13132101

The manufacture of particleboards using mixture
of reed (surface layer) and commercial species
(middle layer):https://doi.org/10.1007/s00107-
010-0437-7

Characterization of Fibers from Culms and Leaves
of Arundo donax L. (Poaceae) for Handmade
Paper  Production:https://doi.org/10.1080/15440
478.2022.2076005

The software also provides a list of the most rel-
evant papers in the field, ranging by PageRank (num-
ber of citations), similar papers (biased by publication
data), and most important recent papers, combining
the number of citations, field relevance, and publi-
cation date. This list was compared to that obtained
from the Scopus and WoS searches. Again, not all ref-
erences retrieved directly relate to the topic assessed
but focus instead on other types of fibers. In any case,
this is an interesting tool for the very first stages of
research. After comparing the documents from this
search with the ones obtained from WoS and Scopus,
any new references were included. Finally, a total
of 83 studies were referenced during the prepara-
tion of this manuscript. Figure 3 summarizes all the
processes, following the flow chart established by
PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses).

Fibers obtained from giant reed

The methods for obtaining giant reed fibers are
mechanical, chemical, or a combination of both.
Mechanical procedures are the most extended ones
in the literature. Most authors process the lignocellu-
losic material by chopping and grinding it, using the
resulting material for obtaining the composites (Fiore
et al. 2014c, a; Bessa et al. 2020, 2021b). Several
authors also used this approach for particleboard pro-
duction (Garcia-Ortufio et al. 2011; Ferrandez-Garcia
et al. 2012; Andreu-Rodriguez et al. 2013; Ramos
et al. 2018; Barreca et al. 2019; Ferrandez-Garcia

et al. 2019; Ferrandez Villena et al. 2020b, a; Fer-
randez-Garcia et al. 2020). Other authors focused on
using bast fibers obtained with a scalpel and a brush
(Fiore et al. 2014a; Scalici et al. 2016). Other authors
proposed using chemical methods to get cellulosic
fibers with different applications. For example,
Shatalov and Pereira (2013) conducted a first hydrol-
ysis to remove hemicellulose and lignin, producing a
cellulose pulp with around 94% a-cellulose. Tarchoun
et al. (2019) followed a completely chlorine-free
approach to get microcrystalline cellulose with up to
80% crystallinity. Barana et al. (2016) have proposed
a sequential method for obtaining lignin, hemicellu-
lose, and cellulose nanocrystals, using a chemical pro-
cedure consisting of an alkaline treatment followed
by bleaching and acid hydrolysis. These authors
recovered around 50% of the cellulose, hemicellulose,
and lignin. Martinez-Sanz et al. (2018) have prepared
lignocellulosic films by selective removal of lignin
and hemicellulose by a similar chemical method. The
films, especially those obtained after hemicellulose
removal, showed good mechanical and water barrier
properties and high transparency, comparable to those
for thermoplastic starch, making them interesting for
the packaging industry.

Similarly, Pinto and collaborators (2015) have pro-
posed pulping Arundo stalks in an alkali solution at
a moderate temperature (160 °C) to obtain cellulose
pulp. The lignin from the black liquor (about 100 g
lignin/kg of dry matter) was also recovered, allowing
further valorization.

Finally, Suérez et al. have developed a lab-scale
procedure based on a series of rolling mills to open
the reed culms and separate the fibrous material from
the softer one (Suarez et al. 2021, 2022b; Ortega
et al. 2021). Finer fibers with higher cellulose con-
tent (about 67%) and good "mechanical properties"
(Suérez et al. 2022a) can be obtained by combining
chemical soaking in a NaOH solution and mechanical
processing.

Fiber characterization

Table 2 summarizes the main composition and prop-
erties of Arundo fibers reported in the literature for
composite applications. There is a considerable dis-
persion of data for the chemical composition from the
different published studies, which can be attributed

@ Springer
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Identification of studies via databases and registers

Records identified:
Databases (n = 3: Scopus,
WoS, Inciteful)
Registers (n = 910 from
Scopus; n = 181 from WoS;
n=50 from Inciteful)

Identification

A\ 4

Records screened

(n = 369 from the 3 databases: n
= 292 from Scopus; n = 67 from
WoS; n=10 from Inciteful)

\4

Reports sought for retrieval
(n=48)

Screening

v

Reports assessed for eligibility
(n=48)

[

]

Studies included in review
(n=83)*

Included

Records removed before screening:
Duplicate records removed (n = 618
from Scopus; n = 114 from WoS)
Records marked as ineligible by
automation tools (n = 0)

Records excluded*
(n=321)

Reports not retrieved
(n=0)

Reports excluded:
(n=0)

Fig. 3 Flowchart following PRISMA guidelines followed for the literature review

to the reed processing for fiber obtaining. Most stud-
ies have been performed with a mechanical proce-
dure and show higher lignin content (17-24%) than
those fibers obtained by combining a chemical and
mechanical process (5.3%). Only some authors have
calculated the density of the fibers, obtaining higher
values for those fibers with higher cellulose content;
other authors have also found a positive correlation

@ Springer

between the cellulose content of a fiber and its den-
sity (Charca et al. 2021; Suarez et al. 2022a). Reed
fibers obtained by simple mechanical procedures
show about 35-45% cellulose, while those obtained
by combining chemical and mechanical operations
have an increased cellulose content, almost reaching
70%. Fibers commonly used in composites show a
wide range of compositions, with cellulose contents
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from =~ 40% for the wheat straw to 85% for ramie or
over 70% for kenaf, flax, or hemp (Henrique et al.
2015). The literature shows a clear linear relationship
between cellulose content and crystallinity index for
cotton (Oh et al. 2005; Kim et al. 2018; Abidi and
Manike 2018), as also happening in the few papers
providing these values for Arundo fibers.

Thermal degradation temperatures of fibers
obtained from giant reed are in the same range in the
different studies, with temperatures above 230 °C,
which confirms their suitability for polymer com-
posites production, including thermoplastic and ther-
moset matrices. These are also in the same range as
other commonly used vegetal fibers, such as flax or
jute (Fiore et al. 2014b), banana, abaca (Ortega et al.
2013), or hemp (Kabir et al. 2012). The dominant
mechanism occurring during the thermal degradation
of biomass is diffusion-based phenomena (Ornaghi
et al. 2020), mainly attributed in the first stages to cel-
lulose and hemicellulose degradation. Their mutual
ratio in the total share of the cellulose fraction, the
extractive low molecular weight compounds, and the
moisture in the fibers directly affect the material deg-
radation onset temperatures. It is observed in the table
that some authors reported lower degradation temper-
atures due to humidity evaporation, which increased
if considered 10% weight loss instead of 5%.

The highest differences among the various studies
are observed for the "mechanical properties" of the
fibers; this is attributed, again, to the different pro-
cessing of the biomass. The thick bast fibers have a
less homogenous surface than the thinner ones, which
can significantly influence the final values obtained
(as cross-sections can also have considerable vari-
ations). From Table 2, it is observed that those fib-
ers with higher cellulose content also provide better
"mechanical properties". In particular, culm reed fib-
ers obtained by combining chemical and mechanical
procedures offered a tensile strength of 900 MPa, with
an elastic modulus of 45 GPa, in the range of other
lignocellulose fibers commonly used in the compos-
ites sector. For instance, kenaf fibers provided tensile
strength close to 600 MPa (Wang et al. 2016), jute of
about 300 MPa and 13 GPa of elastic modulus (Bar-
reto et al. 2010), flax of about 1400 MPa and 58 GPa
(Zhu et al. 2013), and bamboo 140-230 MPa and
11-17 GPa (Yu et al. 2022). Values reported in the
literature for the mechanical behavior of other fibers
are also highly variable (Table 3) due to the assay’s

@ Springer

sensitivity to the geometry of the single fiber (a cir-
cular section is usually assumed, although it is not
always accurate) and the different testing conditions.

Table 3 summarizes some of the properties for dif-
ferent lignocellulose fibers to provide a clear com-
parison of properties. As observed, cellulose content
varies from around 30% for bamboo and jute to 80%
for agave americana, flax or sisal. Arundo fibers pro-
vide a cellulose content close to 70%, when extracted
by the combined chemical and mechanical procedure,
thus in the range of other fibers commonly used for
composites obtaining, which is also observed for
"mechanical properties". From this summary, the
relationship between cellulose content and crystal-
linity index is patent. As already mentioned, there
is a wide variation in such properties, which is due
not only to the natural origin of the fibers, but also to
their irregularities in shape and diameter. Fibers from
giant reed exhibit a mechanical behavior also compa-
rable to other lignocellulose fibers, such as jute, flax,
abaca or sisal. Crystallinity index for Arundo fibers is
close to sisal and abaca, higher than jute, banana or
kenaf, although lower than flax.

The potential of Arundo for composite reinforce-
ment is clear, as reported by several authors, but also
when comparing the results with other widely used
vegetal fibers. Lignocellulose fibers are considered,
in general terms, as a sustainable alternative for com-
posites production. However, the need of resources
for their cultivation needs also to be considered;
water, fertilizers and soil use together with extraction
and treatment processes should be taken into account
when analyzing the impact of such materials in the
environment and their economic profitability. An
alternative to reduce costs and environment impact
is the use of vegetal residues or by-products. In this
sense, various materials have been proposed in the
literature, from wood dust, spent buckwheat, rice and
wheat straw, or banana fibers. A different option is the
use of biomass with a rapid growth and low require-
ments, which is the case of Arundo donax (Licursi
et al. 2018; Scordia and Cosentino 2019). The rapid
growth of this plant and its ability to proliferate even
under severe droughts makes its use particularly inter-
esting for the production of green compounds and
products in the context of a biorefinery.

Arundo donax is not, for the moment, a commer-
cial crop, although some experimental plantations
have been studied, mainly in Italy. However, there is
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Table 3 Summary of properties for different lignocellulose fibers

Fiber Cellulose (%) Density (g/  Degradation Tensile Elastic Diameter Crystallinity ~ References
cm’) temperature  strength modulus (pm) (%)
(§©)] (MPa) (GPa)

Agave ameri- 61-80 1.3-14 210-290 640-1200 2-9 100-150 Charca et al.
cana (2021),
Ortega
et al.
(2019),
Hulle et al.
(2015)

Arundo 273-2175 248-905 . Fiore et al.
donax (2014b)
Suarez
et al.
(2022a)

218-330 300-860 Barreto et al.
(2010),
Fiore et al.
(2014b),
Henrique
et al.
(2015),
Yu et al.
(2022);
Zhu et al.
(2013)

210-282 345-1454 . Fiore et al.
(2014b),
Henrique
et al.
(2015),
Ortega
etal.
(2013),
Wang et al.
(2016),
Zhu et al.
(2013)

511-635 Barreto et al.
(2010),
Fiore et al.
(2014b,
Henrique
et al.
(2015),
Ortega
et al.
(2013)

230-1032 Barreto et al.

(2010,
Henrique
et al.
(2015),
Ortega

et al.
(2013)

@ Springer
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Table 3 (continued)

Fiber Cellulose (%) Density (g/  Degradation Tensile Elastic Diameter Crystallinity ~ References
cm”) temperature  strength modulus (pm) (%)
(°C) (MPa) (GPa)

Abaca 1.5 273 400-700 12-24 381 69 Henrique

Kenaf . 240-627

et al.
(2015),
Ortega
et al.
(2013),
Yu et al.
(2022)

Barreto et al.
(2010),
Wang et al.
(2016),
Zhu et al.
(2013)

extensive literature focusing on its use as raw mate-
rial due to the high biomass production rates exhib-
ited by this plant, even when grown on exhausted or
polluted soils with low quality waters. Some studies
signal this plant as with great potential to reduce the
soil degradation and loss, especially in the Mediter-
ranean basin, where an extreme danger of soil lose
exists (Ferreira et al. 2022). Some authors have per-
formed a life cycle assessment to compare the envi-
ronmental performance of Arundo, determining a
better environmental behavior than other crops such
as maize-wheat or sorghum (Dragoni et al. 2015;
Sallustio et al. 2022). However, no studies on the
environmental performance of giant reed for fiber
obtained have been found during the literature review
performed. In any case, the studies analysing the
potential impacts of Arundo cultivation conclude that
positive environmental and economic results can be
obtained, especially when using low-quality waters
and marginal soils. Considering a biorefinery scheme
for the production of valuable chemical compounds
(such as levulinic or lactic acid, furfural, or polyphe-
nols), the obtaining of fibers (with high cellulose con-
tent) would be a further step in the valorization of this
lignocellulose material, which would not only come
from a residue, but also from a low-impact crop.

In summary, Arundo fibers can be used in com-
posites production, as their performance is similar to
other conventionally and commercial used fibers, with
the advantage of having a potential lower impact, if
a good cultivation and planning is performed. Good

@ Springer

management practices need to be ensured in order to
contribute to the achievement of sustainable develop-
ment goals (SDG) and reduce the risks associated to
its potential invasive character. Arundo has the advan-
tage of being highly resistant to pathogens and chang-
ing weather conditions, and is of perennial nature and
distributed worlwide, which means that its production
can take place through the year and is not accumu-
lated in a particular season.

Giant reed as filler/reinforcement of composite
materials

The studies about obtaining composites with giant
reed are limited and mainly focus on particleboard
production (Garcia-Ortuiio et al. 2011; Ferrandez-
Garcia et al. 2012; Andreu-Rodriguez et al. 2013;
Barreca et al. 2019; Ferrandez-Garcia et al. 2019;
Ferrandez Villena et al. 2020b; Ferrandez-Garcia
et al. 2020). Those studies on composites produc-
tion use shredded vegetal material (Fiore et al. 2014c,
a; Bessa et al. 2020, 2021b), bast fibers obtained by
combing with a teeth brush (Fiore et al. 2014b; Scal-
ici et al. 2016), or rudimentary mechanical proce-
dures (Sudrez et al. 2021, 2022b; Ortega et al. 2021),
as summarized in Table 2. This section shows the
conditions and properties found in the literature for
composites with Arundo-derived materials for par-
ticleboard production, thermoset, and thermoplastic
composites.
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Other authors have focused on using these fibers
for building materials. These are not within the scope
of this paper and so are only referenced here very
briefly to show the potential of Arundo fibers for vari-
ous applications. For example, Maniello et al. (2022a,
2022b) studied the influence of Arundo fibers aspect
ratio in the mechanical behavior of concrete blocks,
finding improvements in tensile strength and Young’s
modulus for 1% loaded blocks and a high positive
correlation between fiber length and tensile modu-
lus. Using reed in a plaster matrix also improved over
100% of the flexural strength of bricks (Martinez
Gabarrén et al. 2014); flexural toughness can also be
doubled with such fibers (Badagliacco et al. 2020).
Similarly, Ismail and Jaeel (2014) proposed using up
to 12.5% ash and giant reed fibers to replace sand in
concrete mixes partially. The compressive strength
increased by nearly 8% when adding 7.5% giant
reed ashes and 2.5% for the same load of reed fibers.
Finally, using Arundo fibers at 0.75% decreased the
moisture susceptibility of asphalts while increasing
the tensile strength ratio, obtaining an asphalt pave-
ment that accomplishes with standards (Sargin Kara-
hancer et al. 2016).

Particleboards obtaining

Regarding boards’ production, Ghalehno et al.
(2010) used ground material at 20-40% by weight
in a urea—formaldehyde resin, obtaining a compos-
ite material, by compression molding, with better
"mechanical properties" than the resin, although
using wood fibers as core material (Table 4). Baquero
Basto et al. (2018) incorporated 30—40% of ground
reed fiber into a vegetable polyurethane resin,
improving the rigidity and tensile strength of the
resin, although with a decrease in flexural proper-
ties. Ferrandez-Garcia and collaborators (2019), on
the other hand, obtained a composite material using
only cane plant material and citric acid as a natural
binder. The stems were ground to 2 mm, and 5-10%
citric acid was added along with another 10% water;
the boards were obtained by compressing the mix-
ture at 150 °C and 1.7 to 2.5 MPa for 7 min. The
boards obtained have mechanical and thermal proper-
ties good enough to be used as insulating materials
in construction. These same authors also produced a
composite material using urea—formaldehyde resin
as a matrix and ground reed in three different sizes,

Table 4 Particleboards produced with Arundo and properties (MOR: modulus of rupture; MOE: modulus of elasticity)

Material Binder* Conditions  Properties References

Density (kg/m3) Mechanical (N/mmz)

110 °C 700-900 MOR: 5-15

2.5 MPa MOE: 700-2000
7-15 min

110 °C 800-900 MOR: 7-16 Ferrandez-Garcia et al.
2.6 MPa MOE: 600-2500 (2012)

15 min

Citric acid (5 and 10%) 110 °C 600-850 MOR: 2-12 Ferrandez-Garcia et al.
2.6 MPa MOE: 260-2440 (2019)
7 min
Urea—formaldehyde 180 °C 460-600 MOR: 3.7-10
(20%) 3.3 MPa MOE: 970-1360
15 min

Urea—formaldehyde 120 °C 628-820 MOR: 10.0-17.7
8%) 2.6-3.5 MPa MOE: 1190-3025
4—6 min Garcia et al. 2020)
Cellulose microfib-  Urea—formaldehyde 190 °C 642-680 MOR: 14-21 Ait Benhamou et al.
ers from milled (90-95%) 23 MPa MOE: 2846-3246 (2022)
culms 7 min
Milled culms 3; 25 MPa MOE: 1200-2000;
1900-3400

Ferrandez Villena et al.
(2020b)

Ground rhizomes None (water, 15%)

Milled culms Starch (5 and 10%)
Milled culms
Milled culms

Flores et al. (2011)

Garcia-Ortuio et al.
(2011; Ferrandez-

Milled culms

Phenol formaldehyde Flores-Yepes et al. (2012)

(8-20%)

*Percentages of the binder relate to the Arundo material

@ Springer
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obtaining good acoustic insulation results (Ferrandez-
Garcia et al. 2020). These studies have found that
lignocellulosic material from Arundo is suitable for
producing medium-density boards with applications
in indoor furniture and acoustic or insulating panels.

Composites with thermoset materials

Table 5 summarizes different combinations used
in the literature with Arundo fibers. To get a clearer
idea of the results obtained, the "mechanical proper-
ties" for the best formulations prepared in each work
are given as the percentage of increase (or decrease)
regarding the neat matrix.

Scalici and collaborators (2016) obtained com-
posites using a biobased epoxy resin, using fibers
from leaves at 2.5 and 5% with 1 and 3 cm length,
by manual lay-up and compression molding at
1 kPa and 25°C for 7 days. These authors found
that plasma treatment of fibers provided a better

adhesion between the fibers and the resin, due to
the appearance of functional groups (C-O-C and
C-OH) which, together with the changes in mor-
phology, provided a higher anchorage between both
materials.

The obtained composites showed improved flex-
ural modulus, regardless of the fiber size, ratio, and
treatment, while strength was only enhanced for
samples with treated fibers. The best properties are
obtained for treated 3 cm-length fibers at 5%, with
an increase of 80% in flexural modulus and 38% in
flexural strength. Similar results are obtained for
the composites with 2.5% fiber. It then appears that
plasma treatment is more significant than the ratio of
fiber used. The damping factor (tan ) decreased for
plasma-treated fiber composites, and the glass transi-
tion temperature also shifted to higher values, show-
ing improved bending between both materials. This
effect was also confirmed by SEM observation of
breakage sections, where no pull-out was observed.

Table 5 Composites providing the best results when using Arundo and thermoset and thermoplastic resins from different studies (E:

elastic modulus, o: strength)

Matrix Fiber Processing

Fiber length

Ratio (w/w %)  Variation (%) References

Tensile Flexural

Plasma treated 3 cm
(150 W, 120 s)

Untreated

Epoxy Leaves fibers

Epoxy Ground stems

Polyester ~ Ground stems NaOH 6% w/w,

(thermo- room T, 24 h,

set) solution/fiber:
1:25 wiw

Injection molding;
untreated fibers

PLA Ground stems

PE Fiber bundles; roll-
ing mill ing; untreated

fibers

Fiber bundles; roll-
ing mill ing; untreated

fibers

Fiber bundles; roll-
ing mill untreated ground

fibers

Rotational molding;
untreated ground
fibers

Rotational molding;

untreated ground
fibers

Fiber bundles; roll-
ing mill

Fiber bundles; roll-
ing mill

150-300 pm

18-25 mm

300-500 pm*

Compression mold-  75-500 pm*

Compression mold-  75-500 pm®  40%

Rotational molding;  >250 pm*

5% - E:+80

- c:+38
10% E:+40 E:+15
c:-38 c:-35
~10% (40%v/v) E:+22 E:+36  Chikouche et al.
6:+57 o:+45 (2015)

Scalici et al. (2016)

Fiore et al. (2014c¢)

Fiore et al. (2014a)

Sudrez et al. (2021)

Suarez et al. (2021)

20% : : Ortega et al. (2021)

Sudrez et al. (2022b)

Suarez et al. (2022b)

AMesh size

@ Springer
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Fiore and collaborators (2014c) also prepared
epoxy-based composites with ground Arundo stems
at 5, 10, and 15%, separating the fractions by size:
lower than 150 pm, 150-300 pm, 300-500 pm, and
0.5 to 2 mm. The bigger particles were not used for
high loadings (over 10%) due to the high viscosity
of the mix with the resin, making it impossible to
cast. These authors found an increase in voids con-
tent when increasing the amount of lignocellulosic
material; particle size also seems to have this effect,
although to a lower extent (an increase in length leads
to a slight rise in voids content). Tensile or flexural
elastic modules are unaffected by the particle size.
The tensile modulus is increased significantly for
composites, with a higher rise for 10% composites,
while flexural modules are similar regardless of the
amount of fiber used. Similarly, tensile and flexural
strength is reduced when Arundo particles are intro-
duced within the epoxy resin due to the lack of com-
patibility between both materials; the higher the filler
size, the more drastic reductions. Using over 10% of
fibers leads to more significant reductions in strength,
related to the appearance of voids and poor interac-
tion between the resin and the fibers. In particular,
the use of 15% filler led to porosity values close to
5% (almost double than for 10%-loaded composites),
which results in a reduction of tensile modulus from
the 2.95 GPa for the 10% composite to 2.82 GPa,
which can be considered as no significant, although
also reducing the tensile strength in more than a
30% (from the 41 MPa for 10% Arundo composite
to 30 MPa for the 15% one). Glass transition tem-
perature or dynamic "mechanical properties" were
not observed for composites compared to the neat
matrix. However, the incorporation of the reed results
in a slithgly improved storage modulus in the rubbery
state (over glass transition temperature, placed around
70 °C).

Chikouche et al. (2015) proposed using a sim-
ple NaOH treatment before introducing the fibers
into a polyester matrix, varying the NaOH solution
concentration from 2 to 8%. They prepared com-
posites with 40% (in volume) of filler (about 10%
in weight), finding improvements in tensile and
flexural properties for all formulations. The treat-
ment increases the mechanical behavior of the com-
posites with increasing concentration of the soda
solution, with a maximum at 6%; further increases

result in lowering of the tensile and flexural strength
of the composite, while mantaining the elastic mod-
ulus. An excess of alkali result in fiber weakening,
which affects the final performance of the compos-
ite. Besides, it is important to emphasize the need
of residual alkali neutralization to avoid fiber or
matrix degradation.

Finally, Bessa and collaborators (2020, 2021a,
2021b) studied the influence of giant reed fib-
ers on the properties of bisphenol A aniline-based
polybenzoxazine composites, including not only
composites’ properties but also curing kinetics.
First, different pretreatments were applied to the
fibers (NaOH 5%, aminopropyl-trimethoxysilane
5%, or a combination of both, for 3 h at room tem-
perature) and then introduced in a 25% w/w in the
matrix (Bessa et al. 2020). They found a maximum
decrease of 10% in activation energy for the resin
curing for silane-treated fibers. In later research,
these authors processed the Arundo ground culms to
isolate the microcrystalline cellulose and also intro-
duced it in the same matrix at different ratios: 5, 10,
15, and 20% in weight. They found that introduc-
ing such fibers increased the polymer glass transi-
tion temperature. The optimum loading was 15%,
which resulted in a reduction of 10% in the activa-
tion energy for the resin curing (Bessa et al. 2021a).
So, introducing lignocellulosic fibers from Arundo
seems to positively influence the cross-linking of
this bisphenol A-based resin.

Regarding the mechanical behavior of such com-
posites, these authors also studied the influence
of introducing 5, 10, and 15% fibers treated with
NaOH, silane, or their combination, as in their pre-
vious work (Bessa et al. 2020). They found signifi-
cant increases in glass transition temperature with
increased fiber content and reduced damping factor
values, especially for silanized fibers (Bessa et al.
2021b). Storage modulus increased for all compos-
ites, higher for higher loadings, and more signifi-
cantly for alkali-silane-treated fibers, thus demon-
strating a higher compatibility between fiber and
matrix. For this treatment, glass transition tempera-
ture increased in almost 30 °C (from 188 °C for the
neat resin to 217 °C), while storage modulus was
increased in over 100% in the glass region, increas-
ing from the about 2 GPa for the bisphenol-A resin
to almost 3.5 GPa for the 25% silane treated fiber.

@ Springer
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Composites with thermoplastic materials

Fiore et al. (2014a) obtained a composite material
with a PLA matrix, using the ground stems as rein-
forcement material, at a 10 and 20% ratio, by injec-
tion molding. These authors concluded that as the
reed content increased, the tensile and flexural elastic
modules also increased, while the tensile and flexural
strength decreased. This study found that the fiber
content is more significant than the fiber length in the
final properties of the composite, at least for the two
fractions of ground material used (150-300 pm and
300-500 pm). Reed fibers have also been introduced
in polyethylene (PE) and polypropylene (PP) matrices
under compression molding (Suérez et al. 2021) in
ratios of up to 40% by weight. These authors found
a drastic decrease in impact properties, especially for
all PP composites and for PE for 30 and 40% load-
ings. As observed in other studies, elastic modulus
rises, and tensile strength decreases when increasing
the filler ratio, although without significantly affect-
ing flexural strength for PE. The improvements for
the PP matrix are more discrete, probably due to the
low processing temperature used.

Finally, the literature has also explored the rota-
tional molding of PE and PLA with Arundo-derived
materials. Up to 20% of fibers were introduced in
PE at different particle sizes: lower than 75, 75-125,
125-250, and higher than 250 pm (Ortega et al.
2021), finding decreases in tensile strength and elas-
tic modulus for the smaller particles. Impact strength
is reduced for all composites, as otherwise expected
from rotomolded samples. Only the composites with
larger particle size provide a similar modulus to the
used PE. The specificities of this processing method,
where no pressure is applied, and the lack of compat-
ibility between the fibers and the matrix explain the
poor results obtained.

Longer fibers (3—4 mm length) at 5 and 10% load-
ings provided no significant differences in rotomolded
PE parts (except for impact strength). In contrast,
impact and flexural properties are reduced for PLA-
based composites (Suérez et al. 2022b). These authors
have treated the fibers with a NaOH solution 1 N
(40 g/1), getting fibers with increased thermal stability
without any change in the "mechanical properties" of
the composites. Despite the relatively poor mechani-
cal behavior obtained for PLA composites, incorpo-
rating Arundo fibers results in a higher degradation

@ Springer

in a biodisintegration assay, observed the reduction
in melting and glass transition temperature after the
assay. The fibers’ hydrophilic character increases the
composite’s moisture uptake and accelerates the PLA
chains’ hydrolysis.

An analysis on the properties of Arundo-PE based
composites show that tensile strength is reduced with
the increase ratio of fiber, regardless the process used
(compression or rotational molding). In contrast,
elastic modulus tend to increase with the amount
of lignocellulose fiber (Table 6). All these studies
were performed by dry blending the materials in the
composite before its processing (PE powder and the
Arundo materials). That is, no melt-blending was
performed, as commonly performed for injection-
molded samples, for the production of compression
or rotationally molded composites. Flexural proper-
ties respond more favorably to the introduction of the
fibers, with lighter or no reductions in strength and
higher increases in flexural modulus, reaching more
than double of the value for the neat polymer. The
behavior shown by giant reed composites is similar
to those obtained with other lignocellulose materi-
als. For example, rotomolded composites with 10% of
agave (Lopez-Bainuelos et al. 2012) or 10% of abaca
or banana fibers (Ortega et al. 2013) shown a flex-
ural elastic modulus of around 600 MPa (about two
times higher than for neat PE). These composites also
exhibited reductions of 30-50% in tensile strength,
while elastic modulus was almost folded by two.
Finally, regarding impact behavior, it is well-accepted
that this propertie is greatly affected by the incorpora-
tion of any foreign material, due to the particularities
of rotomolding, where no pressure is applied.

The research performed to date on giant reed have
not incorporated any compatibilizer for the compos-
ites preparation, and only NaOH-treatments were
applied, although not particular differences were
found in the behavior of the composites, despite
the increase in the thermal stability of the fibers. A
deeper study on the surface modification of Arundo
fibers, the changes in the topography of fibers, and its
influence in the final behavior of the composite is an
interesting path to explore in future research. Arundo
fibers provide good features, comparable to other
commercial fibers, and are obtained from a plant with
a promising future due to its high growth rates, low
requirements and potential as biorefinery’s feedstock.
The lifecycle assessment (LCA) of Arundo crops for
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Table 6 "mechanical properties” of Arundo-PE composites

Processing Fiber length  Ratio (w/w %) Tensile

strength

Tensile
modulus
(MPa) (MPa)

Flexural Flexural Impact References
strength modulus strength (kJ/

(MPa) (MPa) m?)

Rotational 16 380

molding;
untreated
fibers

Rotational 3—4 mm
molding; IN
NaOH treated

fibers

Rotational
molding;
untreated
fibers

Compression
molding;
untreated
fibers

Compression
molding;
1IN NaOH-
treated fibers

19 620 19 Suarez et al.

(2022b)

Ortega et al.
(2021)

Suérez et al.
(2021)

AMesh size

bioenergy production have shown a positive behavior,
while the LCA of reed-composite materials have not
yet been investigated, which gives further options for
further investigation.

Potential new functionalities of giant reed as active
composite fillers

Several research papers describe the possibility of
valorization of the giant reed as a valuable source of
biomass and fibers and underline the possibility of
obtaining extracts and valuable chemical products.

The contained extracts and low-molecular-weight
volatile compounds may be a source of compounds
with additional impact on the polymeric matrix when
using lignocellulosic products with low process-
ing levels, resulting in new functional properties of
composites manufactured with their use. To date, the
possibility of getting additional functional features of
composites produced with Arundo donax has not yet
been investigated in the literature; however, the prom-
ising results of research already carried out for the
plant raw material require consideration. Wang et al.
(2011) demonstrated the possibility of extracting
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volatile oils with allelopathic activity. The extracted
allelochemicals revealed an inhibitory effect on M.
aeruginosa, the most common toxic cyanobacterial
bloom in eutrophic freshwater sources. In the case of
the production of thermoplastic composites intended
for outdoor exposure, the desired feature is not only
the improvement of their performance but also
increased resistance to weathering conditions (water
absorption and resistance to UV radiation). Girotto
et al. (2021) demonstrated that the leaves of Arundo
donax contain compounds with antioxidant proper-
ties, including phenolic compounds and terpenes.
Moreover, the rhizome also includes phytochemi-
cals with antimicrobial activity (Pansuksan et al.
2020). Considering the possibility of migration of
low-molecular compounds from extracts or oils
reported for other plant-based residues used as poly-
meric composite fillers (Barczewski et al. 2018; Van
Schoors et al. 2018), one can assume that Arundo
donax fibers could also provide antioxidant or stabi-
lization features to the polymer matrices, increasing
processing range and improving aging behavior. This
is an exciting path to explore in future research on
lignocellulosic-derived composites.

Conclusions

The extensive literature published on this topic shows
a high interest in using giant reed for several purposes
in the industrial environment. The abundant biomass
generated by this plant, its fast-growing rate, and the
low inputs needed for its cultivation have made sev-
eral authors signal Arundo as a promising source of
lignocellulosic biomass. Most research focuses on
using this plant for a biorefinery context and produc-
ing energy or chemical products, although obtaining
fibers for several uses is also proposed.

An exciting strategy to maximize the environmen-
tal and economic benefits of lignocellulosic materi-
als used within industrial applications is the cascade
process, where the different fractions of the material
(simplified to cellulose, hemicellulose, and lignin)
could be separated and used. One such approach
involves obtaining natural fibers with high cellu-
lose content and valorizing the remaining fractions
for other purposes. Further studies are required to
determine the environmental, economic, and social
impacts of Arundo cultivation and use, as for most

@ Springer

natural fibers. Such studies should assess the crop
performance and obtain the lignocellulosic biomass
from residual materials. The lifecycle analysis of
such materials should include the processing for fib-
ers production (including their treatment) and the
later composite performance (durability, recyclability,
or biodegradability). In this sense, it should be high-
lighted that Arundo donax L. shows high resistance to
salinity, droughts, and pathogens, which makes it pos-
sible to grow it in marginal or degraded soils and with
low-quality waters. The cultivation of reed in such
conditions for producing fibers (and additional prod-
ucts derived from a biorefinery) would imply an addi-
tional environmental benefit compared to other com-
mon plants grown for fiber-obtaining purposes, where
cultivable land, fertilizers, and good-quality waters
are used. However, the invasive potential character of
this plant species should not be disregarded, despite
the potential benefits of its cultivation. Finally, this
review has shown the relevance of the extraction
procedure in the cellulose content and properties of
the fibers and, consequently, in composites. Arundo-
derived materials, especially fibers, have increased
tensile and flexural modules, both in thermoset and
thermoplastic matrixes. Several authors have identi-
fied the need to treat the fibers, either with plasma or
with chemicals, to improve the adhesion between the
fiber and the matrix, reduce the number of voids and
increase the "mechanical properties”" (or at least not
to reduce them). This work has allowed identifying
the gap existing for Arundo fibers use in composites
in the literature compared to other lignocellulosic fib-
ers. Ground reed has been successfully used to obtain
panels by compression molding and thermoset resins,
while its use in thermoplastic matrices is still pretty
unexplored in the literature. Besides, the antioxidant
features provided by such natural materials should
also be assessed in the future to improve plastic prod-
ucts’ behavior under atmospheric conditions (UV
light and humidity). Thus, there is a promising field
of study framed on the green deal strategy of the EU
and sustainable development goals to optimize not
only the technical performance of the composites
but also their environmental, economic, and social
performances.
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ABSTRACT KEYWORDS

This work describes an extraction method for giant reed fibers from stems Giant reed; Arundo donax;
and leaves based on chemical soaking and crushing through a rolling mill. ~ natural fibers;
Obtained fibers, together with the shredded plant (stems + leaves), are char- characterization
acterized in terms of chemical composition, thermal stability, morphology, 344

and crystallinity. Mechanical properties of fibers have also been assessed Ei KR 2E; Arundo donax:
(single fiber tensile tests). The results show that the proposed method allows FARETYE: i
obtaining fibers with higher cellulose content (near 70%), good thermal

stability (10% weight loss over 270°C), higher density, and better mechanical

properties than other Arundo fibers previously reported in the literature.

Fibers from leaves are thinner and show higher crystallinity than those

from stems (72 um vs. 157 um, 73% vs. 67% crystallinity, respectively),

although mechanical properties are similar for both (around 900 MPa for

tensile strength and over 45 GPa for elastic modulus). Analysis of the micro-

structure shows that fibers consist of microfiber bundles, and the removal of

a thin layer of non-cellulosic nature is clear; fibers provide a rougher, cleaner

surface than shredded raw material.

BE

A TAERGIR T —Fh LR sp SR S AL 2 25 2R 4k (19 77k, %7 T
WRIRDE L FLAURE . RIS R LT 4E DR DIRERIAE Y ( 25+ Bk
Ipy PR, ARG L. BV T AR 4ERRUMTE RS ( BT 4k
PARRES) . g5 HR W, 5 SR e RS 1 H b Arundo T 4EAH L, TR H
M5 LSRG AT 4 R S B o v ((BRE70%) MRS Mg ( 270°CLL k=
RIE10%) 5B AHUE: RE JE AT 2T 4k, m 1 4k L 2S£ i v i, &5 5
FEE L (405072 umAN157 pm, 73%M67%55 5D, E P HIHLE I B8
AL ( Fzfd s 2] 5900 MPa, #EREFE 45 GPa) . Tl 454 - Hr R W,
Lo AN AT 4E SR AL G, B R T — E R AR g R AR 4R AL T b
W SR SRS L B Vi I 2 .

Introduction

Arundo donax L. is a perennial grass from the Gramineae family, with an uncertain origin due to its
small size and the high number of chromosomes found in this species, although many authors place
itin East Asia (Jensen et al. 2018). Although giant reed produces flowers, seeds are not usually viable,
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and reproduction takes place through the rhizome or shoot fragmentations. Stems are hollow and
have diameters around 2-3 cm, reaching up to 6 m in height, with stem-clasping leaves along the
entire stem (Csurhes 2016). Giant reed is generally recognized as an interesting source of biomass
due to its high productivity and low requirements (Jensen et al. 2018), as it can be grown in almost
any type of soil and with a minimal amount of water (Ahmed 2016), with high thermal and pathogen
resistance (Accardi et al. 2015).

This species is mainly studied as a feedstock for biorefineries, especially for ethanol and
bioenergy products (Accardi et al. 2015; Jensen et al. 2018). Reed has also gained attention for
obtaining other biomolecules, such as furfural or levulinic acid, among others (Antonetti et al.
2015; Di Fidio et al. 2020; Raspolli Galletti et al. 2013). Other uses of Arundo have been
investigated, such as paper and pulp (Shatalov and Pereira 2013), biochar production (Ahmed
2016), as filler in concrete (Ismail and Jaeel 2014), or for oil spill recovery (Piperopoulos et al.
2021). Its cultivation is also proposed as a strategy for soil bioremediation (Fernando et al. 2016;
Tarek et al. 2015).

Compared to the extensive research performed on biofuels and biomolecules, only a little attention
has been paid to the obtaining of reed composites, mainly related to particle board production
(Barreca et al. 2019; Garcia-Ortufio et al. 2011; C. E. Ferrdndez-Garcia et al. 2012; Andreu-
Rodriguez et al. 2013; M. T. Ferrandez-Garcia et al. 2020; Ferrandez-Garcia et al. 2019; Ferrandez
Villena et al. 2020). Those studies on composite production use shredded vegetal material (Bessa et al.
2020, 2021; Fiore et al. 2014; Fiore, Scalici, and Valenza 2014) or bast fibers obtained by combining
with a teeth brush (Fiore, Scalici, and Valenza 2014; Scalici, Fiore, and Valenza 2016) or rudimentary
mechanical procedures (Ortega et al. 2021; Sudrez et al. 2021). From the limited papers found in the
literature in this field, these mainly focus on thermoset resins (Bessa et al. 2021; Chikouche et al. 2015;
Fiore, Scalici, and Valenza 2014), being polylactic acid (PLA) (Fiore et al. 2014) and polyethylene (PE)
used as thermoplastic matrixes (Ortega et al. 2021; Sudrez et al. 2021). This paper focuses on the
characterization of Arundo fibers, obtained from the stems and the leaves, using a combination of
chemical and mechanical procedures that provide finer fibers.

Arundo is still considered one of the worst invasive plants in the world (Jiménez-Ruiz et al.
2021), and several actions take place periodically to try to control their spread in many parts of the
world. This invasive character is due to its rapid and easy propagation but also to the difficulties in
removing its rhizomatous root system. To achieve successful eradication, the continuous applica-
tion of herbicides, such as glyphosate (Jiménez Auzmendi 2014; Martin, Carolina, and Barroso
2019), or biological/mechanical treatments (Jiménez-Ruiz et al. 2021) are needed, not even
arriving to a complete eradication of the plant (Jensen et al. 2018). For example, control cam-
paigns have been performed in Murcia (Aymerich et al. 2012) or Canary Islands (Jiménez
Auzmendi 2014) in Spain, Oregon in USA (Martin, Carolina, and Barroso 2019), and
Queensland in Australia (Csurhes 2016).

Consequently, a large amount of residual biomass is available in different areas with potential
interest as reinforcement of composites, among other possible uses, to advance toward more efficient
use of resources and a zero waste strategy.

Materials and methods
Materials preparation

Specimens of Arundo donax L. plants have been collected in Gran Canaria (28.081344-15.473501)
and show 2-3 cm diameter and around 4-5m height. The rhizomes were removed, and three
different materials were prepared: leaves, stems, and raw material. Leaves and stems were used
separately for fiber obtaining. For characterization purposes, all samples were milled in a Retsch ZM
200 mill to a particle size lower than 0.5 mm. All reagents were purchased in analytical grade from
Sigma Aldrich and were used without further modification.
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Fiber obtaining

Fibers from the stems were obtained after 7-10 days of soaking them in a 1 N NaOH solution and
subsequent crushing of the resulting material in a lab-made mechanical device, as described in Sudrez
et al. (2021). Once obtained, fibers were washed in water until neutral pH and dried under room
conditions for 3-4 days. Fibers were then cut to 3-5 mm length, washed again to remove fine dust,
dried at 60°C in a forced air dryer device TG 200 from Retsch, and then sieved in an AS200 Control
device from Retsch, using 75 and 800 um sieves to remove fines and clustered particles.

Fibers from the leaves were also obtained after immersing the green leaves in a 1 N NaOH solution
for 3 weeks, and then just by shaking them in water. Once washed, they were cut, washed again, dried,
and sieved, as explained for fibers obtained from stems.

Finally, the raw material was chopped, dried at room conditions, and then processed twice in an SM
300 cutting mill from Retsch, using a 10 mm screen. The last step to prepare the shredded material was
washing with water, drying with forced air and sieving.

For stems, a fiber extraction yield of around 34% is obtained (on a dry basis), while it is quite lower for
leaves (8%). Figure 1 shows the aspect of the obtained materials; fibers are thinner than those obtained in
other published works (Fiore, Scalici, and Valenza 2014; Ortega et al. 2021; Sudrez et al. 2021).

Chemical characterization

Humidity, ash content, extractives, cellulose, hemicellulose, and lignin were determined. The lignin content
was determined using the Klason method according to the ANSI/ASTM 1997a standard (American
National Standard Institute 1977), which consists of hydrolysis with H,SO,. Acid-soluble lignin (ASL)
was determined from the resulting liquor, measuring absorbance at 205 nm, using an extinction coefficient
of 1101/g-cm (Proietti et al. 2017) in a Cary 60 UV-VIS spectrophotometer from Agilent Technologies.
Holocellulose content was also determined following a gravimetric method (Browning 1967), in which
acetic acid and sodium chlorite were used for the sample delignification. Once this sample was obtained,
the total cellulose content was obtained following ANSI/ASTM 1977b standard (American National
Standard Institute 1977). Hemicellulose is calculated as holocellulose minus cellulose contents.

Extractive content was determined following NREL/TP-510-42619 (Sluiter et al. 2008), consisting
of two subsequent extraction processes, with water and ethanol, respectively.

Three replicas from three different batches were used for all these tests. The results are expressed as
average values * standard deviations.

Density determination

The real density of the samples was measured in an Ultrapyc 5000 Foam gas pycnometer from Anton
Paar, using nitrogen as flow gas, at a target pressure of 68.9 kPa (10.0 psi), with temperature control
targeted at 20.0°C. A small cell (10 cm®) was used, running 15 scans per sample under the flow mode
and setting the apparatus for fine powder.

Figure 1. Pictures of materials obtained (from left to right): (a) fibers from stems, (b) fibers from leaves, and (c) shredded material.
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Fourier Transformed Infrared (FTIR) spectroscopy

FTIR spectra were obtained in a Perkin Elmer spectrum Two spectrophotometer from Perkin Elmer,

under the attenuated total reflectance (ATR) mode, from 4000 to 500 cm ™, at a resolution of 4 cm™,

obtaining each spectrum as the average of 64 scans. Intensities in absorbance of peaks at 2900 cm™,
1420 cm ™, 1375 cm™, and 893 cm ™" have been calculated in Perkin Elmer software to calculate the

crystallinity of the samples.

Thermal characterization

Thermogravimetric tests (TGA) were conducted to determine the thermal stability of the samples. TGA
was performed in a Netzsch TG 2091F1 Libra apparatus, from 20°C to 900°C at a heating rate of 10°C/
min under a nitrogen atmosphere (20 ml/min), using alumina crucibles. The first derivative (DTG)
curve was calculated, and values of temperature for 5%, 10%, 20%, and 50% mass loss were determined.

Morphology

Sample dimensions were obtained from optical microscopy observations performed in an Olympus
Bx51 microscope at 5x and reflected light. A minimum of 50 particles were measured for each sample,
with at least 3 measurements per particle.

The sample’s morphology was assessed using a Hitachi TM3030 Scanning Electron Microscopy
(SEM). Samples were placed in copper tape and coated via electrical glow discharge of Au/Pd target in
an SC7620 Mini Sputter Coater from Quorum Technologies. “Fibers” surface and section were
observed at different magnifications, at 15 kV.

X-ray diffraction (XRD)

The crystallinity of the samples was obtained from diffraction patterns with Cu Ka radiation (1=
1.5406 A) in a Seifert URD6 apparatus, using 30 kV and 40 mA. Diffractograms were recorded from
20=10° to 26 =40° in 0.05 steps. The presented data were smoothed using the Savitzky—-Golay
function (polynomial order 2, points of window 15). Crystallinity was determined according to the
following equation (Wang et al. 2016):

(Iooz — Iam)
002

Crystallinity = x100% (1)
where Iy, is the diffraction intensity of the cellulose I crystalline region (maximum intensity in the 26
angle range between 20° and 23°), and 1,,,, is the diffraction intensity of the amorphous cellulose region
(minimum intensity in the 26 angle range between 18° and 19°).

Mechanical properties

Single fiber tests were performed on leaves and stem fibers to determine their tensile strength and
elastic modulus. Thirty fibers were tested per sample in a Dongguan Liyi Test Equipment LY-1065
tester at 1 mm/min rate and a gauge length of 30 mm, following ASTM D3379-75. “Fibers” diameter
was determined as the average value of 8 measurements, performed in a micrometer, considering
a circular section of the fibers.

Results and discussion
Chemical characterization

Table 1 shows the average values for the obtained fibers and shredded material composition. The
composition of the shredded material is similar to Arundo stems found in other studies. In particular,
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ashes have been found in higher content in leaves than in stems (Jensen et al. 2018; Martinez-Sanz
et al. 2018), as also found for fibers obtained in this study, being the average content of ashes in stems
between 1.9% and 5.5% in most studies (Chikouche et al. 2015; Davide et al. 2016; Shatalov and Pereira
2005). As expected, lignin content for raw shredded material is much higher than for processed fibers,
accounting for around 35%; other authors have reported similar values for total lignin, approximately
30% (Davide et al. 2016) and Klason lignin, about 20% for the stems without leaves (Bessa et al. 2021;
Sudérez et al. 2021).

Total extractives for these materials are below 3.0% due to the fiber extraction or the washing of the
shredded material (data not shown). As expected, the process followed for fiber obtaining removes
hemicellulose in the plant and leads to a fiber with relatively high cellulose content, in the range of jute
or sisal fibers, and, in any case, higher than for fibers obtained in previous works (around 45% (Fiore,
Scalici, and Valenza 2014; Sudrez et al. 2021)). Lignin content is higher in fibers from stems than in
fibers from leaves and within the ranges found in the literature. As stems show a woody rigid structure
and contain a higher amount of lignin than leaves, fibers from stems also show higher lignin content
than fibers from the leaves. No significant differences in cellulose and hemicellulose content are found
for both types of fibers.

Density determination

Table 1 shows the density values for the three materials studied; fibers from leaves show higher density
than fibers from stems, which is also higher than from shredded material. For the same species, density
measurements can be correlated to the plant’s chemical composition (Charca, Tenazoa, and Junior
2021); the material with higher density has higher cellulose content and lower lignin amount. It then
appears that Arundo fibers obtained in this research show higher density than shredded material and
higher cellulose content, as seen in Table 1, due to the procedure followed for fiber extraction.
Removing hemicellulose and lignin allows for a higher proportion of cellulose, resulting in a higher
density of the fibers. Fiore, Scalici, and Valenza (2014) determined a density for Arundo fibers
obtained by the mechanical procedure of 1.168 g/cm” and cellulose content of 43.59%; fibers obtained
here show around 50% more cellulose and densities around 40% higher, while shredded material
shows similar composition and density than fibers obtained in that research.

FTIR spectroscopy

Figure 2 shows the average recorded spectra for the samples of shredded material, fibers from leaves,
and fibers from stems. Typical bands for lignocellulosic materials can be observed, namely:

e Broad band at 3000-3700 cm™', assigned to O-H stretching.

e The double peak at 2918 and 2850 cm™ ', attributed mainly C-H aliphatic groups in hemicellulose
(Chikouche et al. 2015), which decreases in intensity due to the fiber extraction process, is also
confirmed in chemical composition assays.

e The sharp peak at 1733 cm™, related to C=0 stretching in lignin and hemicellulose (Bessa et al.
2020; Scalici, Fiore, and Valenza 2016), is found for shredded material but not for fibers. This is

Table 1. Composition (in %) and density of shredded material and fiber samples (average values + standard deviation).

Lignin

Cellulose Hemicellulose Klason ASL Total Ashes Real density (g/cm3)
Shredded material 38.0+3.7 424+1.3 249+03 82+1.0 324+27 49+1.1 1.1727 £ 0.0882

Fibers from stems 67.5+1.9 153+4.6 204+15 53+0.1 257+06 0402 1.5456 + 0.0506
Fibers from leaves ~ 68.8+4.3 20.0+3.8 105+20 08+0.1 11.2+22 1.8+05 1.6290 + 0.0538
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Figure 2. FTIR spectrum for different samples.

correlated with the intensity reduction at 1240 cm™!, also found for fibers, attributed to

C-O stretching in lignin (Fiore, Scalici, and Valenza 2014).

The peak at 1640 cm™! is reduced for fibers, as the removal of hemicellulose and lignin leads to
less absorbed water (Martinez-Sanz et al. 2018).

High-intensity peaks at 1022 cm™' (C=0 stretching ring vibration in cellulose) are observed for
the three samples, although the relative intensity is higher for fibers than for raw material. This
may suggest higher cellulose content for fibers, as observed in the quantification analysis.
C-O-C asymmetric stretching at 1160 cm™' also appears clearly for fibers, while it is only
a light shoulder for shredded material. The precise definition of a peak at 1100 cm™" may also
indicate the higher presence of cellulose I crystals (Martinez-Sanz et al. 2018).

Therefore, in summary, it appears that the procedure proposed for Arundo fiber extraction allows
obtaining a fiber of good quality to be used in composites, according to the literature, where several
treatments (soda, plasma, silanization, etc.) are applied to materials from Arundo to improve their
surface, in terms of chemical bonding. Fibers obtained only by crushing or peeling show the peak at
1740 cm™ ", which can be removed by performing an alkaline treatment (Sudrez et al. 2021); this is also
in agreement with results obtained from chemical composition tests, which show lower lignin and
hemicellulose contents in samples obtained with the procedure described in this paper than for those
obtained using only mechanical means.

The Total Crystallinity Index (TCI) and the Lateral Order Index (LOI) can be calculated from FTIR
spectra after baseline correction and normalizing (El Oudiani, Msahli, and Sakli 2017), thus giving an
approximate idea of the crystallinity of samples. The first one, TCI, is obtained by dividing the
absorbance of peaks at 1375 cm ™" and 2900 cm ™", being the value obtained proportional to the degree
of crystallinity of the cellulose. The second one, LOI, is obtained by dividing absorbance at 1420 cm™"
by that at 893 cm ™', considering this last an empirical crystallinity index and also attributed to the
proportion of cellulose I (Sang Youn et al. 2005). As observed in Table 2, TCI and LOI values are
higher for fiber samples than for shredded materials, thus indicating that fibers show higher crystal-
linity, a fact that was otherwise expected, as seen in the chemical composition of the three materials.
Apparently, fibers from leaves have a higher amount of crystalline cellulose, while fibers from stems
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Table 2. Approximation of crystallinity of samples by FTIR spectrum.
TC LOI A1620

Shredded material 0.279 0.503 74.817
Fibers from stems 0.515 1.026 28.483
Fibers from leaves 0.664 0.666 31.560

have a higher-order degree in the entire structure. Similar conclusions arise if areas of the bands at
1640, 897, and 667 cm ™" are considered (Abidi and Manike 2018). A higher area at 1640 cm ™! is related
to higher water absorption, directly related to higher amorphous content, while more significant areas
in the other two peaks are linked to higher cellulose crystallinity.

Thermal characterization

TGA curves for all considered materials show a similar course (Figure 3). However, leaf fibers seem to
have higher degradation temperatures than fibers from stems, which are also more stable than
shredded material. Residual biomass also has similar values for the three materials.

The most important peak found in the derivative curves is related to cellulose degradation, arising
between 338°C and 350°C for these samples (pure cellulose has a maximum pyrolysis rate at 355°C
(Yang et al. 2007)); fibers show a higher degradation rate at this peak than shredded material (Table 3).
Besides, DTG curves also show some differences in their shape. Only for shredded material samples,
the main peak has a shoulder at around 290.8°C due to the hemicellulose degradation (hemicellulose
pyrolysis takes place before cellulose degradation, starting at about 220°C (Bessa et al. 2020)) (Table 3).
When considering hemicellulose and cellulose pyrolysis ranges (210-315°C and 315-400°C, respec-
tively), shredded material shows a weight loss of 27.9% in the first step and 37.1% in the second one,
being the first decrease considerably lower for fiber samples (23.1% and 16.8% for stems and leaves
fibers, respectively), while the a-cellulose-related step shows higher values (39.6% and 48.5%). These
values are in the range of those found by other authors for Arundo-treated fibers, although with lower

—— Shredded material
—— Fibers from stems
—— Fibers from leaves

DTG [%/min]

—— Shredded material
—— Fibers from stems
—— Fibers from leaves

— -— 77—
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature [°C] Temperature [°C]

Figure 3. TGA (left) and DTG (right) for stem and leaves fibers and shredded plant.

Table 3. Temperatures for 5%, 10%, 20%, and 50% weight loss, residual mass DTG peak values.
DTG peak
Ts Q) T (°Q) Ty (°C)  Tso (°C)  Residual mass (%) T (°C) Degradation rate (%/min) T4 (°C)

Shredded material ~ 226.9 263.9 289.2 343.2 21.64 343.4 793 212
Fibers from stems  237.8 273.1 3013 341.7 23.19 338.5 10.00 233
Fibers from leaves ~ 175.9 280.3 311.0 350.6 20.58 349.9 11.24 237
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peak temperatures (up to 340°C as the maximum value) (Bessa et al. 2020). Scalici and collaborators
also obtained the first shoulder on the DTG curve at 285°C and maximum weight loss (30%) at around
340 °C for fibers obtained from leaves (Scalici, Fiore, and Valenza 2016).

Arundo materials obtained and characterized in this work show similar or even higher temperature
stability than other fibers from the same species (due to the proposed extraction process) or other
vegetal fibers. The onset degradation temperature is found to be around 300°C, thus confirming that it
can be considered an excellent candidate to be used in composite production; weight loss starts over
270°C, in the range (or even higher) than other commonly used vegetal fibers, such as flax or jute
(Fiore, Scalici, and Valenza 2014). Considering the analyzed fibers as potential reinforcement of
thermoplastic composites, it is essential to define the temperature range that will allow their melt
processing with polymer without degradation of the lignocellulosic structure. According to the
methodology described by Bledzki et al. (Bledzki, Mamun, and Volk 2010), the starting decomposition
temperature (T4) of natural fibers is assumed to be the temperature value associated with a 1% mass
loss above 150°C. This approach is due to completely removing free and bonded moisture contents in
lignocellulosic fibers below the selected temperature. T4 values are additionally presented in Table 3.
The reported test results agree with the spectroscopic analysis results, namely the estimated water

absorption determined as the increase in absorbance intensity at 1620 cm™".

Morphology

Optical microscopy has been used to determine diameters’ distribution for the three different samples;
fibers obtained from the leaves are thinner (71.6 + 35.1 um) than those obtained from the stems (156.5
+73.5 um). Shredded particles show the biggest size (370.3 + 133.0 um). As observed in Figure 4, the
shredded sample shows some thin fibers (lower than 50 um in diameter), which were released during
the mechanical shredding procedure, although these are merely testimonials. Most fibers have
diameters between 50 and 150 microns, while the leaf fibers show an important percentage of fibers
under 50 microns and stem fibers between 150 and 250 microns. Shredded material has a uniform
distribution at bigger particle sizes (250-350 um).

On the other hand, SEM micrographs (Figure 5) show clear differences between shredded and fiber
samples. Fiber bundles of aligned microfibrils can be observed for all samples, usually happening for
cellulosic fibers. These bundles are covered with a layer probably made of lignin or hemicellulose for
shredded material (Khan et al. 2020). In contrast, this layer is reduced and appears broken for fiber
samples (both from leaves and stems), giving a rougher aspect. This is in agreement with assays
performed, which show lower hemicellulose content for fibers than for shredded material. Thinner
fibers can be observed for fibers from leaves, as also determined in optical microscopy; this may be due
to the higher lignin content, which bonds fibers together, as observed in SEM pictures. Fiber cell wall
(Figure Sl.c) has the same geometrical structure and different sizes of wall and lumen as already
mentioned (Fiore, Scalici, and Valenza 2014). Cellulose is arranged in a spiral shape through the
cellular wall; in some samples, elongated vascular cells and pit membranes (Lian et al. 2019) for water
and nutrient exchange can also be observed (see Figure S1).

X-ray diffraction (XRD)

The XRD plots presenting X-ray diffraction patterns made for three types of fibers are shown in
Figure 6. For all curves, a dominant peak at 20 in the range of 22-23° can be noted, referred to as the
crystallographic plane (002) characteristic for crystalline forms of cellulose I (Wang et al. 2016). The
curves differ in peak intensities, taking the higher values for fibers and the lowest for shredded
material. Additionally, the peak in the (101) crystallographic plane, also attributed to the crystalline
cellulose phase (Barreto et al. 2010), is more distinct for fibers from stems. In the result of the
calculations made for X-ray data according to Equation (1), the samples of natural fibers showed
degrees of crystallinity at the level of 59.1%, 66.7%, and 73.1% for shredded material, fibers from stems,
and leaves, respectively. Despite the changeable values concerning TCI resulting from a different
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Figure 4. Particle size distribution (frequency vs. particle size, in microns) (above). Pictures from optical microscope and measure-
ments for (a) shredded material, (b) stem fiber, and (c) leaves fiber (below).

methodology (Liu et al. 2012), the trend is comparable; the highest crystallinity characterizes fibers
obtained from leaves.

Generally, the higher the cellulose content, the higher the CI. Some authors have even reported
a linear correlation between these two parameters (Abidi and Manike 2018). The cellulose in the fibers
obtained in this work account for over 65% of the total biomass, and CI is over 60%, while other
authors report cellulose contents of 35% and 43% have revealed CI of 50% and 66%, respectively (Bessa
et al. 2020; Chikouche et al. 2015). Alkali-treated fibers show higher crystallinity values, increasing up
to 58.2% and 75.4%.

Mechanical properties

Single fiber tests have allowed obtaining tensile strength and elastic modulus for the two types of fibers
obtained in this work; fibers from stems show an average strength of around 905 MPa, varying from
600 to 1200 MPa, and an elastic modulus close to 42 GPa (31-56 GPa). Fiore and collaborators (Fiore,
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Figure 5. SEM pictures for (a) shredded material, (b) stem fiber, and (c) leaves fiber, at 500x and 1000 x magnifications.

Scalici, and Valenza 2014) reported 248 MPa and 9.4 GPa for fibers obtained from stems, which are
quite lower than those shown here and those reported for other natural fibers, such as abaca (400-980
MPa; 8-20 GPa), jute (393-773 MPa; 27 GPa), flax (345-1035MPa; 28 GPa) or bamboo (140-1000
MPa, 11-89 GPa) (Odesanya et al. 2021).

Fibers from leaves provide similar values, around 1000 MPa for tensile strength and 39 GPa for
elastic modulus, although with higher dispersion of results, especially for modules. Tensile strength
varied from 400 to 1500 MPa (a standard deviation of 300 MPa), while elastic modulus values from 12
to nearly 74 GPa were obtained (19 GPa deviation). This behavior for leaf fibers was also reported in
(Scalici, Fiore, and Valenza 2016), although they also received lower values (173.90 + 146.09 MPa for
strength and 15.96 + 12.17 GPa for modulus). The higher dispersion of results may be related to the
increased distribution of diameters found for this material. On the other hand, as observed in SEM
pictures, leaf fibers show detached microfibrils, which could explain the variability of results.
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Figure 6. X-ray diffractograms for shredded material, stem fibers, and leaf fibers.

Table 4. Statistical parameters for tensile strength (in MPa) and modulus (in GPa) for Arundo fibers.

Tensile strength

Average SD Median IQR Shape parameter Scale parameter

Stems 906 323 970 371 237 156.92
Leaves 961 258 962 411 4.10 1058.83

Modulus
Stems 42 12 40 13 3.72 46.55
Leaves 39 19 35 28 1.99 43.89

Fiber’s tensile strength and elastic modulus have been analyzed following a two-parameter Weibull
distribution, as found in other works in the literature (Andersons et al. 2005; Fiore, Scalici, and
Valenza 2014; Fiore, Valenza, and Di Bella 2011). The probability plots for these two properties can be
found in the supplementary material (Figure S2). These graphs show that the data obtained fit
a Weibull distribution quite well, as demonstrated by the correlation parameter in Table 4. Table 4
summarizes the statistical parameters obtained in such analysis. For a Weibull distribution, the shape
parameter is related to the data variability, while the scale parameter corresponds to the 63.2%ile of the
data. In this case, the results obtained are pretty close to normality, as the shape factor is in, or close to,
the 2-4 range (Fiore, Valenza, and Di Bella 2011).

Conclusions

This study confirms that Arundo donax can be used as a source for high cellulose fibers with interesting
mechanical properties and good thermal stability, suitable for thermoplastic composite production. It has
been determined that fibers from leaves are thinner (diameter around 70 um) and show higher crystallinity
values (from FTIR and XRD analysis) than fibers from stems, which are thicker (around 150 pm). Thermal
stability is similar for both, with an onset temperature of over 300°C. SEM pictures show the different
morphology between shredded material and fibers and not much difference between fibers from stems and
leaves, apart from fibrillation and lower fiber diameters. Fibers are formed by microfiber bundles and
provide a rough surface due to the removal of binding agents, which may lead to a higher surface and, thus,
better attachment to the polymeric matrix.
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Highlights

Arundo donax can be used as a source for high cellulose fibers with good mechanical properties
Leaves fibers are thinner and more crystalline than stem fibers

Arundo fibers show good thermal stability, with an onset temperature of over 300 °C

The proposed method allows for the obtaining of fibers with good mechanical properties

Fibers are formed by microfiber bundles and provide a rough surface
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Abstract: This work describes a systematic method for the analysis of the attrition and residual
morphology of natural fibers during the compounding process by twin-screw extrusion. There are
several methods for the assessment of fiber lengths and morphology, although they are usually based
on the use of non-affordable apparatus or time-consuming methods. In this research, the variation of
morphological features such as the length, diameter and aspect ratio of natural fibers were analyzed
by affordable optical scanning methods and open-source software. This article presents the different
steps to perform image acquisition, refining and measurement in an automated way, achieving
statistically representative results, with thousands of fibers analyzed per scanned sample. The use of
this technique for the measurement of giant reed fibers in polyethylene (PE) and polylactide (PLA)-
based composite materials has proved that there are no significant differences in the output fiber
morphology of the compound, regardless of the fiber feed sizes, extruder scale, or the polymer used
as matrix. The ratio of fiber introduced for the production of composites also did not significantly
affect the final fiber size. The greatest reduction in size was obtained in the first kneading zone during
compounding. Pelletizing or injection molding did not significantly modify the fiber size distribution.

Keywords: aspect ratio; composites; fibers; measurement; morphology; open source; low-cost
technique

1. Introduction

When natural fibers are used to produce biocomposites, they can be present in different
formats, such as: particles, short or long fibers, continuous or discontinuous, aligned (uni-,
bi- or multi-directionally) or randomly distributed, as well as forming woven fabrics or non-
woven mats [1]. The morphology, orientation and distribution of the fibers are key issues
that determine the processability and performance of the composites. The processability
of composites based on short fibers and particles is usually easier and cheaper, while
composites based on long fibers and fabrics are often more challenging to process, although
they can also achieve better mechanical performance [2]. Therefore, fiber morphology,
as well as distribution and integration within the matrix, has a decisive influence on the
processability, mechanical properties, tribological behavior and general performance of the
composites [3-5].

Compounding extrusion is a common process for the preparation of thermoplastic-
based composites with random-oriented chopped fiber reinforcement and particles. This is
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a pre-process for the preparation of materials for ulterior processing (injection, compression
or rotational molding). During the compounding process, one or more polymers are
intimately blended with additives and fillers, such as short fibers, by using twin-screw
extruders. Some of the key properties in the performance of extruded fiber compounds, in
addition to the inherent fiber strength and the quality of the bonding interface within the
matrix, are the length, diameter and aspect ratio of the fibers [4]. Fiber lengths in extruded
thermoplastic compounds are usually in the order of a few millimeters, becoming even less
than 1 mm after injection molding processes [6]. In terms of diameters, most lignocellulosic
fibers for biocomposite production have diameters lower than a few hundred microns [7],
dimensions which are reduced by attrition of the bundles during processing [5].

The physical degradation of lignocellulosic fibers during the compounding process is
affected by parameters such as the feed and shear rate, as well as the rotation speed and
geometric configuration of the screws [8]. The residual fiber morphology (length, diameter
and aspect ratio) in molded parts is affected by several factors during compounding process,
from the polymer matrix selection and the type of filler—which affect the processing
temperature, viscosity and shear rate of the compound—to the fiber content or the screw
profile, among others. Along the entire process, the fibers are subjected to severe stresses,
which cause the breakage of fibers [4,5]; these stresses are due to hydrodynamic effects,
fiber-fiber interactions and fiber-equipment interaction [9].

This work describes a systematic method for the analysis of the residual morphology
of short fibers during and after compounding processes (molding stage). A wide variety
of measurement approaches have been documented in the literature for the dimensional
analysis of fibers in composite processing, but no standard has been accepted [10]. The
methods found in bibliography range from time-consuming manual techniques [11], where
fiber detection is done manually by clicking on the endpoints of the fibers; to fully auto-
mated systems, usually not affordable in terms of economic costs, incorporating automation
in sample preparation and object detection, as well as analysis tools based on artificial
intelligence (AI) and deep learning algorithms [12]. According to some authors, there are
no “absolute” length values from one system to another, and a 20% variance is typically
accepted as valid [12].

Most methods are based on the removal of the polymer matrix (destructive methods)
and consist of four main steps:

Separation of the fibers from the matrix by pyrolysis [9] or chemical dilution [8,13]
Dispersion of the fibers on a surface (2D) or in a liquid or gaseous medium (3D) [14]
Image acquisition by microscopy, laser diffraction or high-resolution scanning [14]
Fiber detection: manually [15] or with the support of automated systems [10]

Non-destructive methods are mainly based on micro-CT [16] and advanced automated
software for fiber identification, such as MorFi [12,17] or Ellix [18]. However, this method re-
mains challenging [10,19] due to the variation in fiber widths and their intersections [15,20].

As an alternative to the rough hand-measuring methods and expensive automated
equipment, this article presents a new approach based on affordable optical scanning meth-
ods (as also proposed in other works [21,22]), and the open-source software Image]2 [23].
This measurement method provides a statistically significant number of measurements at
each sampling (thousands of data points per sample) and has been tested for the study of
giant reed (Arundo donax L.) fibers during processing. From raw materials (fibers of two
different lengths) to injection-molded samples (using two different extruders for compound-
ing preparation), the method also assesses the variations found during the compounding
stage throughout the twin-screw extruders. Some authors indicate that the viscosity of the
polymer melt can affect the fiber’s attrition [5], and so two different matrices (PLA and
HDPE), and four different fiber loadings (from 5 to 40%), have been analyzed. The proposed
method combines elements from other techniques and aims to minimize the manual input
to achieve highly reproducible measurements in a cost-effective way, in contrast with other
research, which focus on expensive equipment, time consuming methods or measurement
of a low number of objects, usually not exceeding 300 values [9,24,25].
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2. Materials and Methods

Fibers from a giant reed were extracted from Arundo donax L. culms, as described
elsewhere [26], and cut to nominally 1.5 and 3 mm average length, to assess the influence
of fiber length in the feeding.

Two different polymer matrices were used in the research: high density polyethylene
(HDPE, grade HD6081, from Total (Feluy, Belgium)) and polylactide (PLA, grade Luminy
L105, from Corbion Polymers (Gorinchem, The Netherlands)). HDPE has a melt flow index
(MFI) of 8 g/10 min (190 °C/2.16 kg) and a density of 960 kg/m3, while PLA has an MFI of
30 g/10 min (190 °C/2.16 kg) and a density of 1240 kg/m?, according to the manufacturers’
datasheets. These two matrices were selected to determine if their different properties
influenced the fiber performance during the different steps of processing.

The compounding was prepared using two different extruders, to assess the effect of
two similar configurations of the screw—although at different barrel size and L/D ratio—in
the fibers” shortening (ThermoScientific Process11 (Karlsruhe, Germany) and Collin ZK25
(Maitenbeth, Germany), with the screw configurations shown in Table 1). In addition,
samples from various locations throughout the first extruder were taken to analyze the
evolution of fiber morphology and dimensions along the compounding process (Figure 1).

Table 1. Configuration of the twin-screw extruders used in the research.
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Figure 1. Samples taken along the Process11 extruder.

Finally, the influence of the ratio of fiber used was also determined, by preparing
compounds at 5, 10, 20 and 40% fiber loadings (in weight). The compound was injection
molded in an Arburg 320S injection molding machine. The following temperature profile,
from back to nozzle, was used: 175-180-185-185-190 °C, for HDPE; for PLA, the temperature
profile was 190-195-200-205-210 °C, keeping a back pressure of 100 bar, a flow rate of
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70 cm®/s and a holding pressure of 250 bar. The mold temperature was kept at 30 °C in
both cases.

The procedure for the measurement of the fibers is summarized in the following steps,
detailed in Section 2.1 below:

Sample preparation

Image acquisition

Pre-processing and segmentation
Object detection and measurement
Statistical analysis

2.1. Description of the Developed Methodology
2.1.1. Sample Preparation

After the preparation of the compound, thin films of approximately 200 microns thick
were prepared by compressing the samples (approximately 1 g) in a hot press at 200 °C
in between anti-adherent foils. The film specimen was obtained from pellets, extruded
filaments and injection-molded parts fragments, depending on the processing step under
study. In order to spread the fibers and obtain more accurate readings, the prepared
films are folded together with a neat polymer film, melted and pressed again, in that way
dispersing the fibers (Figure 2). A specimen prepared in this way is big enough to be
statistically significant, as it contains several thousand fibers [22]. Compression of the
composite materials is conducted by gradually applying pressure (increasing the pressure
by 5 bar every 10 s up to 30 bar, obtaining a sample film thickness of about 200 microns)
once the matrix is completely melted, to avoid or reduce the shear effects that can influence
the shortening or separation of the fibers. Rheological and thermal analysis of the materials
were considered to set temperature processing.

Figure 2. Sample preparation: from (a) extruded filament, (b) pellets or (c) molded part. (d,e) Sample
film folded together with polymer film to enhance fiber dispersion. (f) Specimens ready for image
analysis.

2.1.2. Image Acquisition

An image with thousands of fibers is captured using a flatbed document scanner
(Canon CanoScan LiDE 400 (Tokyo, Japan)) at a high-resolution of 4800 dpi (dots per
inch) [27]. This optical resolution corresponds to 5.29 microns per pixel, which is 2 to
10 times smaller than the diameter of commonly used natural fibers such as cotton, flax
or hemp; that is, approximately less than half the fibers” diameter. A blue piece of paper
was used as a background to enhance the contrast with the fibers (yellowish) and facilitate
identification (Figure 3a).
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Figure 3. Image processing for fiber measurement: (a) scanned image; (b) image after binary
segmentation; (c) image after shape filtering.

2.1.3. Pre-Processing and Segmentation

The objective of this stage is to convert the scanned color bitmap image into a binary
(black and white) image. This consists of dividing the digital image into several segments
where the objects of interest, namely the fibers, are separated from the background by
a process of thresholding or binarization (Figure 3b). This task is performed using the
photo-editing software Adobe Photoshop 24.7. For this purpose, an action script has
been recorded with the necessary instructions to automate the processing (Figure 4). The
binarization process is conducted through a selection based on the color range, the creation
of a uniform color fill layer, the refinement of the mask edges and the conversion of the
image to indexed color mode. Before running the binary segmentation, a selection is made
on the working area of the image to avoid any possible shadows captured during the
scanning process along the edge of the sample.

Refine edge
= Contrast: 50%
*Smooth 1
= Shiftedge: 10%

Selection Save

* Pick and delete +* PNGiile
external area + Input folder

\ 4

Convert mode

B «Indexed color
. Ur(\)lfgongo colour background « Black & white
[IX ) * Transparent

New fill layer Hide

Figure 4. Photoshop action script for image segmentation.

Adobe Photoshop is used not only for its potential and versatility in image editing,
but also for its ability to manage massive files. In this way, the original file (JPG), with a
size of about 200 or 300 MB, is transformed into a black and white picture with a reduced
size of only 1 or 2 MB, which is much faster and easier to process in Image] (analysis
program). Alternatively, it would be possible to run the proposed method using exclusively
open-source software if smaller images are processed, consequently with a lower number
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of fibers per sample. In that case the segmentation could be done directly by the Image]
program used for the dimensional analysis, but several samples should be processed to
reach a statistically significant data set.

Although the steps included in the action script for masking and selection can be
adjusted and customized for each image, when working with batches of samples with
the same background color and the same thermoplastic matrix, it is not necessary to
modify these settings for each image, as the process is fully automated by executing the
pre-programmed script.

2.1.4. Object Detection and Measurement

After image segmentation, Image] (FIJI) is used for morphological analysis and
fiber measurement. Image] (Bethesda, Maryland, WA, USA) [23] is a Java-based image-
processing program widely used in several areas of scientific research.

A procedure has been developed for fully-automatic fiber recognition based on some
shape filtering criteria (Figure 5). After filtering, the selected objects are added to the ROI
manager to later obtain a table with measurement results. Every binary object found in
the picture is morphologically analyzed in terms of its feret diameters (maximum and
minimum), aspect ratio, convexity and solidity [28]. The maximum feret diameter (L)
determines the length of the fiber, while the minimum feret diameter (D) determines the
thickness of the fiber. Aspect ratio is calculated as the length divided by the thickness.
Other methods, based on “geodesic diameter” and “geodesic radius”, were also evaluated
for fiber length and diameter calculations [10], but these were rejected as the dimensions
were often overestimated.

Perimeter (P)

Binary object - ROI amd

Area (A)

Max.Feret(t) |
Convexhull ™ .7

perimeter (H)

******

Min. Feret (D)

Aspect Ratio
(L/D)

Convexity=H/P ‘ Solidity=A/C

Figure 5. Shape filtering criteria.

The aim of the shape filtering is to identify individual fibers by avoiding or rejecting
objects found on the binary image, such as bubbles, clusters, intersecting fibers and fine
particles. By convention, particles with a length smaller than 200 um are considered as
‘fine” elements and not fibers [29]. After this step, a new picture of isolated fibers with no or
little curvature is obtained (Figure 3c).

The admissible ranges for all morphological parameters are set in the “Shape filter”
plugin for individual fiber recognition. Similar to the segmentation stage, all instructions
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are recorded in an ImageJ] macro for automatic image processing. In this way, the file with
the binary image (after segmentation) is read from an input folder and the filtered image is
saved into an output folder (Figure S1). The measurement data results are saved in a CSV
file for further analysis.

The adjustment of the morphological filtering parameters is performed by an itera-
tive process and direct visualization of the results until the desired screening threshold
is reached; that is, eliminating possible bubbles, clusters or intersecting fibers and fine
particles. This is done by overlaying the filtered binary images on the scanned bitmap
image, varying the selection ranges at each step until an image containing only individ-
ualized fibers is obtained. Although this task is initially tedious in the definition of the
methodology, once the filter ranges are delimited, these settings can be applied for all
fiber-reinforced composites of similar characteristics. However, it is also possible to vary
the values of the ranges if, for example, the diameters or lengths of the analyzed fibers are
larger or smaller.

2.1.5. Statistical Analysis

The statistical analysis is done using Jamovi 2.3.26, a free and open-source statistical
platform. Measurement data are analyzed to obtain average and deviation values, as well
as frequency distribution (tables and graphs) of the length, diameter and aspect ratio of the
fibers at each stage of processing. The capability of importing a large amount of data into
the statistical analysis software is useful to compare variations from one stage to another;
i.e., from fed fibers to extruded compound, granulation or injection molding.

3. Results and Discussion

This section shows the results obtained from the above-described methodology for the
case study selected; that is, the processing of giant reed fibers with two different matrices,
in two different kinds of processing equipment, with two different starting fiber lengths
and in different weight loadings.

3.1. Fibers Shortening along the Extruder

Samples at different zones of the Process 11 extruder, from hopper to die, were collected
during the compounding process. The compounded material was taken out by opening
the barrel of the twin-extruder after reaching a stable production rate.

After sample film preparation by platen press and measurement of the fibers according
to the described method, it was found that:

e  The greatest reduction in fiber length and diameter occurs from the first zone of the
extrusion process, where more than 85% of the fibers for HDPE and 90% for the PLA
compound become shortened to less than 1 mm in length (Figure 6).

There is not much variation along the rest of the screw, either in length or diameter.

The processing leads to a narrower size distribution, that is, despite the most important

reduction in length occurring in zone 1, fibers continue suffering further attrition,

obtaining at the end of the process a composite with similar fiber length to those from
zone one, but with lower variability. This effect was also observed by Hubbe and

Grigsby [4].

At this point it is worth noting that although mean values and variance are widely
used in the literature for the morphological characterization of fibers, as they allow a
quick nominal size classification, they can be influenced and biased by a non-symmetrical
distribution of the data [18]. For a more accurate analysis, distribution charts allow the
reduction of the estimation error throughout the process. This explains the apparent
increase in fiber diameter and length from zone 1 to zone 2; if fiber distribution is compared,
and not only average values, it was found that the size reduction is obtained mainly in
Section 1, remaining mostly unchanged along the remaining zones in the extruder.
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Figure 6. Fiber length and diameter evolution in HDPE-based composites produced in Process
11 twin-screw extruder (20% and 40% filler ratio).

3.2. Influence of Extruder Size

When comparing the production of identical compounding formulations produced by
the two different extruders used in the study;, it was found that:

e  Fiber attrition is slightly higher in the larger extruder (ZK25), which has a more ag-
gressive screw configuration (Figure 7). For PLA composites with 20% lignocellulosic
filler, the average fiber length is reduced by more than a quarter after extrusion, while
for the smaller extruder the fiber shortening is only about a third.

The injection molding process seems not to significantly affect the residual fiber
morphology. That is, both composites provided the same fiber length and diameter in
the final part, regardless of the extruder in which the compound was prepared.

Ul + - -l_

Diameter (mm)

| Process 11
| |zx2s

Aspect ratio

0.0- =

Figure 7. Variation in length, diameter and aspect ratio of fibers for the same composite formulation
(PLA + 20% fibers), produced on Process 11 and ZK25 extruders.

3.3. Influence of Fiber Length in the Feeding

Despite using fibers that were twice as long for the extruder feed, the average fiber
dimensions in the manufactured compound remains the same. The fiber size distribution
(lengths and diameters) is practically identical at the end of the compounding process
(Figure 8), regardless of the size of the input fibers. Only a small, non-significant difference
is observed in the aspect ratio. The average value obtained for this morphological charac-
teristic is slightly higher for composites produced from shorter fibers after extrusion and
pelletizing.
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Figure 8. Variation of fiber dimensions for the same composite formulation (HDPE + 20% fibers),
produced by ZK25 extruder, when fed fibers of different initial nominal sizes.

3.4. Influence of Polymer Matrix

Regarding the effect of the thermoplastic resin on fiber attrition, only a slightly lower
incidence of processing on the diameter or thickness of the fiber bundles is observed when
PLA is used as the matrix (Figure 9). This might be due to the lower viscosity of the polymer
(with an MFI about three times that for HDPE); the higher flow of material might then

reduce the fiber attrition.
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Figure 9. Fiber size changes for HDPE and PLA composites reinforced with 20% fiber. Compounding
produced by ZK25 extruder.

3.5. Influence of Filler Ratio

Having used fiber contents of 5, 10, 20 and 40% by weight, no significant differences
were found when varying the filler ratio on the residual size of the fibers present in the
composite material. Figure 10 shows the results obtained for the composites at 5 and 20%.
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II II 520% fibers
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Figure 10. Fiber size changes in the HDPE composites reinforced with 5 and 20% fiber. Compounding
produced by ZK25 extruder.
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3.6. Method Validation

In order to validate the proposed methodology, the results obtained have been com-
pared against those obtained by manual measurement. For this purpose, a scanned sam-
ple has been divided into sectors in order to have a manageable image for the hand-
measurement procedure, thus containing only a few hundred fibers instead of thousands.
The same sub-sample was analysed using the semi-automatic method and by hand, using
the manual measurement tools provided by Image]. In the first instance, it was found
that the number of objects (fibres) detected by the automatic procedure is four times the
number of fibres that were identified manually. This difference is mainly due to the ability
of automatic filtering to detect small particles that are difficult to pick out when fibres are
selected by hand. By setting a shape criterion that fixes the minimum length for filtering at
the smallest of the manually detected fibre lengths, the results obtained by both procedures
are quite similar, as shown in Table 2.

Table 2. Comparative results between semi-automatic and manual measuring methods.

95% Confidence

Interval
Measurement Method N Mean Lower Upper Median SD Variance Minimum Maximum

Leneth manual 105  0.781 0.725 0.837 0.672 0.288 0.083 0.353 1.858
& semi-automatic 239 0.621 0.589 0.652 0.547 0.245 0.06 0.35 1.878
Diamet manual 105  0.161 0.15 0.171 0.15 0.053 0.003 0.068 0.373
tameter semi-automatic 239 0.174 0.161 0.188 0137 0107 0011 0.035 0.634
Aspect manual 105 5.022 4.726 5.318 4.864 1.529 2.338 2414 10.12
ratio semi-automatic 239 4.161 3.945 4.377 3.845 1.692 2.863 2.01 12.491

Note: The CI of the mean assumes sample means follow a t-distribution with N — 1 degrees of freedom.

The subsample analysed shows the residual fibre morphology in the extruded PLA
compound with 5% fibre by weight. It was found that length and aspect ratio of the fibers,
when the mean values are taken into account, shows a variation of 20% from one method
to the other, which is within the typical variance [12]; the differences in mean diameter are
only about 10%.

However, more representative than these mean values are the data distributions.
As shown in Figure 11, the frequencies and distribution plots obtained by the proposed
method correlate consistently with the manual measurement, both for the length and
diameter or aspect ratio of the fibers. It is patent from this figure that the distribution of
length and diameter (and therefore, aspect ratio) are very similar between both methods.
As already mentioned, the semi-automatic procedure measures smaller particles that are
discarded during the manual procedure, explaining the lower mean and median values
found, particularly for lengths. On the other hand, the time needed for the processing of
samples should be highlighted; the semi-automatic procedure only took less than 1 min to
provide the results on 239 measurements, while the manual operation needed over 1 h to
obtain only half of the results. When considering the time needed to obtain a significant
number of measured elements, as shown for the entire sample (some thousands), versus
the ones measured in this sub-sample (only about 100), it is clear that manual measurement
might not provide optimal results. That is, the proposed method seems to slighly bias
the fiber length to shorter lengths compared to the manual procedure, but nonetheless
this method is considered as providing more significant results, due to the bigger size of
the sample and the consideration of most elements in the image, not only those easier to
measure by hand.
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Figure 11. Frequency distribution plots for length, diameter and aspect ratio of fibers by manual vs.

semi-automatic method.

4. Conclusions

From the presented methodology, the following conclusions can be highlighted:

An alternative and affordable method for morphometric analysis of fibers during
compounding processes, based on conventional optical scanner and open-source
software, has been developed and validated. The present methodology, based on film
pressing and optical scanning image analysis, is valid for thermoplastic composites
using uncolored or natural matrices that allow visual identification of the dispersed
phase of the composite.

The use of Adobe Photoshop for image segmentation allows handling of large samples
to speed up the analysis process in Image]J, obtaining good measurement reliability
and a statistically significant number of measurements per sample. However, this
software could be avoided if analyzing smaller images or if intending to obtain a lower
number of measurements.

The “Shape filter” plugin has been proved for individual fiber recognition by using
Image].

After the application of the proposed methodology to the case study of giant reed

fibers in different scenarios (starting fiber length, two different matrices, four different fiber
loadings, two different twin-screw compounders) it can be concluded that:

The greatest reduction in fiber length occurs from the first kneading zone of the
extrusion process, where more than 85% of the fibers for HDPE and 90% for the PLA
compound result shortened to less than 1 mm in length.

The fiber size distributions are remarkably similar at the end of the compounding
process, regardless of the size of the input fibers or the type of polymer matrix.

The average aspect ratio is reduced to less than 10 for all the compound formulations
that were produced.

The injection molding process does not significantly affect the morphology of the
fibers; that is, neither their length nor their diameter is affected during the process.
Results obtained agree with the observations made in other research. Further, the
results obtained with the proposed methodology have been compared against those
obtained by hand to validate the measurements, finding that the proposed method
yields slightly lower fiber lengths than the manual procedure, although still under the
accepted 20% variance, while diameters are within the same range.

The semi-automatic method proposed allows for the measurement of a high number
of fibers, yielding more representative results, as smaller particles are not disregarded,
and due to the higher number of samples analyzed in just a fraction of the time
consumed during the manual process.
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/ /www.mdpi.com/article/10.3390/jcs7080326/s1, Figure S1: Image] macro for automated fiber
recognition and measurement.
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Introduction

Arundo donax L. is a perennial Grass from the Gramineae family, probably with East Asia origin
(Jensen et al. 2018). This plant shows a high growth rate and produces an impressive amount of
biomass, which currently has very limited use. Several works have demonstrated the potential of this
plant for the biorefinery industry (Copani et al. 2013; Cosentino et al. 2014, 2016; Jensen et al. 2018;
Licursi et al. 2015, 2018; Ortega et al. 2023) and it is considered as an energy crop because of its
potential to produce bioethanol, bioenergy, or green products following a biorefineries scheme. The
use of a cascade biorefinery process is an exciting strategy to maximize the environmental and
economic benefits of lignocellulosic materials used within industrial applications; in this approach,
the different fractions of the material could be separated for their further use. One interesting product
that can be obtained from such industries are cellulose fibers for composites obtaining, while also
exploiting the remaining fractions for the obtaining of other products, such as sugars for a later
fermentation, antioxidants or bio-char (Ortega et al. 2023).

Some authors have proposed using giant reed as a raw material to obtain natural fibers, although
not many publications study the manufacturing of composites using fibers. Most literature related to
composites production from Arundo focuses on particleboard production (Andreu-Rodriguez et al.
2013; Barreca et al. 2019; Ferrdndez Villena et al. 2020; Ferrandez-Garcia et al. 2019; Ferrandez-Garcia
et al. 2020; Ferrandez-Garcia et al. 2012; Garcia-Ortuiio et al. 2011). In such works, the lignocellulosic
material is ground and blended in up to 40% by weight with a thermoset resin or natural binders, such
as citric acid (Baquero Basto, Monsalve Alarcén, and Sanchez Cruz 2018; Dahmardeh Ghalehno et al.
2010; Ferrandez-Garcia et al. 2019; Ferrandez-Garcia et al. 2020); the medium-density boards obtained
show properties within the range of other materials used as insulating material in the construction or
furniture sector.

As explained in a previous review paper from authors (Sudrez et al. 2023,) three methods are mainly
used for reed processing: grinding (Bessa et al. 2020, 2021; Fiore et al. 2014, 2014) rudimentary


Luis
Rectángulo


JOURNAL OF NATURAL FIBERS (&) 3

scraping to obtain bast fibers (Fiore et al. 2014; Ortega et al. 2021; Scalici, Fiore, and Valenza 2016;
Sudrez et al. 2021, 2022) or the combination of a chemical soaking and mechanical scraping to get
thinner and stiffer fibers (Sudrez et al. 2023). Purely chemical methods have also been explored in the
literature for the separation of microcrystalline cellulose (Shatalov and Pereira 2013)(p) (Barana et al.
2016; Tarchoun et al. 2019). From the studies reported in the literature, it can be concluded that the
initial preparation of the filler derived from this plant and the applied mechanical and chemical
modification procedure significantly affect the properties of composites produced. For example, acid
hydrolysis allows for the removal of hemicellulose and the obtaining of a pulp with high cellulose
content (Shatalov and Pereira 2013; Tarchoun et al. 2019) while the use of alkali results in the removal
of lignin and the obtaining of a material with about 50% cellulose (Barana et al. 2016; Martinez-Sanz
et al. 2018). The procedure applied for obtaining the fibers in this research work combines a chemical
and a mechanical approach (Sudrez et al. 2023) for the obtaining of fibers with high aspect ratio and
high cellulose content, close to 70%.

Epoxy-based composites have been studied at different fiber loadings; for example, the addition of
10% in weight of bast fibers showed improved tensile modulus of the epoxy matrix, while tensile and
flexural strength were reduced due to a low compatibility between the lignocellulosic material and the
resin. To overcome this, plasma treatment has been applied to the fibers (Scalici, Fiore, and Valenza
2016) and it has been found that 5% loading increased the flexural modulus by up to 80% and flexural
strength by almost 40%. The lack of compatibility between both materials not only prevents the
transmission of the applied force between both materials but also results in voids formation, which
reduce the effective area of the test part. Apart from plasma, an alkaline treatment based on NaOH or
the silanization (Bessa et al. 2020) of fibers has been proposed for their use in unsaturated polyester or
bisphenol-based matrices. For polyester, composites at 40% loading (in volume) were prepared,
resulting in an improvement of tensile and flexural properties (Chikouche et al. 2015).

Some studies have also been performed using thermoplastic materials as a matrix. For example,
PLA-composites with up to 20% of Arundo ground culms were prepared by injection molding, with
tensile and flexural elastic moduli rising with the increased content of lignocellulosic material, while
the strength was reduced in both tests. Further studies using Arundo to produce polymer composites
by injection molding have not been found in the literature, therefore demonstrating the novelty of this
work. The present paper shows the results obtained for composites with 20% and 40% Arundo fibers,
which have only been obtained with this plant by compression molding (Sudrez et al. 2021). In this
work, polyethylene (PE) and polypropylene (PP) were used as matrices, resulting in an increase in
elastic modulus and a decrease in tensile and flexural strength. Rotationally-molded composites with
Arundo resulted in similar behavior, although a lower rate of filler was used due to the process
sensitivity to the introduction of non-polymeric materials (Sudrez et al. 2022). In addition, the
literature reviewed typically used ground material or bast fibers obtained from rudimentary proce-
dures, with lower cellulose content and mechanical properties than the fibers used in this research.

In this paper, the properties of composites obtained with shredded culms and fibers obtained by
combined chemical and mechanical methods are assessed. Giant reed fibers used in this research show
a high cellulose content (around 68%, in the range of flax or hemp (Henrique et al. 2015) with
a crystallinity index over 65%, and thermal degradation temperature above 230°C, similar to other
commonly used fibers in the composites sector, such as jute, abaca, or hemp (Fiore, Scalici, and
Valenza 2014; Kabir et al. 2012; Ortega et al. 2013). The shredded material also shows good thermal
stability for its processing into a HDPE matrix (Suarez et al. 2023). From the energy point of view, it is
beneficial to produce composites based on the less processed plant raw materials. Therefore, this
research work aims at contributing to the achievement of the EU-green deal strategy objectives and the
sustainable development goals, by the obtaining of composites with good performance and an
expected improved environmental character due to the partial substitution of a polymer matrix with
a renewable material of lignocellulose origin. Other authors have reported some few results on the use
of giant reed materials in thermoplastic processes, although with a different starting material. To the
best of authors knowledge, no references in literature have used the two lignocellulose materials
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reported in this work: fibers obtained from a chemo-mechanical procedure of giant reed culms, with
high cellulose content, and shredded material from the entire aerial parts of the reed, with lower
cellulose and higher hemicellulose contents. A comprehensive correlation assessment between the
method of obtaining the giant reed-based fillers and the processing, physicochemical, thermal, and
thermomechanical properties of injection-molded thermoplastic composites manufactured with their
use was presented.

Materials and methods
Materials

High-density polyethylene (HDPE), grade HD6081 from Total was used. This polymer exhibits a melt
flow index (MFI) of 8 g/10 min (190°C/2.16 kg) and a density of 960 kg/m>, according to the manu-
facturer’s datasheet.

Fibers and shredded material from Arundo culms were prepared as explained in previous work
(Sudrez et al. 2023). In short, shredded material was prepared by grinding the aerial parts of the plant
(culms and leaves) and washing them with water. Fibers were obtained after soaking culms in a 1N
NaOH solution for around 1 week (31 of solution per kg of biomass), with further processing by
a series of rolling mills to separate the fibers from the softer material. Finally, fibers were cut to
approximately 3 mm in length.

The composites are named after the type of lignocellulosic material used and its content (in weight
%); for example, PE.F20 stands for composites with 20% of fibers, while PE.S20 refers to composites
with 20% of shredded material. Table 1 lists the samples’ full names and information about their
composition.

Composites preparation

The materials used were dried overnight before compounding: lignocellulosic fibers at 105°C and
HDPE at 60°C. Composites were prepared in a ThermoScientific Processll twin screw-extruder
(configuration shown in Figure 1), with the following temperature profile: 170-175-175-185-185-
175-165-165°C (from hopper to die). The screw speed at 100 rpm.

Before injection molding, the materials were dried at 60°C overnight with dry air (dewpoint of
—40°C). ISO mechanical test specimens were manufactured using an Arburg 3208 injection molding
machine. The following temperature profile, from back to nozzle, was used: 175-180-185-185-190°C,
while mold temperature was 30°C, and cooling time was 15 s. The back pressure was 5 MPa, the
holding pressure was 50 MPa and the dosage volume of 50 cm”. Switchover pressure was recorded for
every molding and averaged for the various composites.

Characterization

Different characterization tests were performed on the pellets and the injection-molded parts. For the
pellets, chemical structure, melt flow index, and thermal analysis (thermogravimetry and differential
scanning calorimetry) were assessed. For molded parts, density, water absorption, mechanical testing,

Table 1. Materials prepared and their markings.

Short name Formulation

PE HDPE

PE.S20 HDPE +20% shredded Arundo
PE.S40 HDPE +40% shredded Arundo
PE.F20 HDPE +20% Arundo fiber

PE.F40 HDPE +40% Arundo fiber
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Figure 1. Extruder screw configuration with three different mixing and kneading zones.

dynamic mechanical analysis, rheological behavior, heat deflection and Vicat softening temperatures
(HDT and VST), and microscopic structure were analyzed.

Fourier Transform Infrared (FTIR) spectra were obtained in a Spectrum 100 spectrophotometer
from Perkin Elmer, under Attenuated Total Reflectance (ATR) mode with a zinc selenide single
bounce crystal, recording 64 scans per spectra at a resolution of 4 cm™, in the wavelengths between
4000 and 600 cm ™.

The Melt Flow Index (MFI) of composite materials was obtained following ISO 1133, in a 7053
apparatus from Kayeness Inc (Dynisco Company), using a load of 2.16 kg and a temperature of 190°C.

Thermogravimetric analysis (TGA) was performed in a Netzsch TG 209F1 Libra device, using
alumina crucibles and samples nominally of 10 + 0.2 mg, under nitrogen atmosphere. The tests were
conducted at a heating rate of 10°C/min, from 30°C to 900°C.

Heat deflection temperature (HDT) was obtained for injection-molded samples according to ISO
75 standard (heating rate of 120°C/h and 1.8 MPa load). Vicat softening temperature (VST) was
measured following ISO 306 B50 standard, at a heating rate of 50°C/h and a loading of 50 N. For both
tests TPC/3 TOP VST/HDT apparatus was used. For each series, at least three measurements were
made to average the results.

The thermal behavior of materials was determined by differential scanning calorimetry (DSC). The
analyses were conducted in a Perkin Elmer DSC 6 device under nitrogen atmosphere and aluminum
sealed crucibles. Samples nominally of 10 + 0.2 mg were prepared for these tests. The measurements
were performed from 30°C to 200°C at 10°C/min, with two heating cycles. The temperatures for
melting at both heating cycles (Tm; and Tm,, respectively) and crystallization (T.) from the cooling
step were determined. Three replicas were performed for each material sample, and results are
expressed as average values, also providing standard deviations. Finally, the melting and crystallization
enthalpies (AHm;, AHm,, and AHc) were also calculated and employed to obtain the degree of
crystallinity (x):

1 AH,
~ 1—my AH,

X -100 (1)
where AHj is the enthalpy for a HDPE crystalline sample (293 J/g) (Balasuriya, Ye, and Mai 2003,)
and my is the mass rate of the lignocellulose (20% and 40% for composites).

The density of the prepared materials was measured following the Archimedes principle, as
specified in ISO 1183 standard, using methanol medium at room temperature, in a LA620P precision
balance from Sartorius AG Germany. Five measurements were performed per sample, giving the
results as average value and standard deviation. The theoretical density of each formulation was
calculated following the rule of mixtures (equation 2):

pc=pr Vit pu (1-Vf) )
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Where V¢ is the mass ratio of the lignocellulosic material, and p., ps and p,,, the density of the
composite (theoretical), fiber and matrix. These values were further used to calculate the
composite porosity (P) (equation 3), by comparing the theoretical and experimental values
obtained:
Ptheo — P
P(%) _ theo exp 100 (3)
Ptheo
Water absorption was carried out according to ISO 62:2008, immersing the specimens in deionized
water and weighing them periodically until achieving a constant mass. The water absorption (W) was
calculated using the following equation:
Wi — W,
W(%) = ———2.100 (4)
Wo
where W) is the initial mass of the sample, W, the mass of the sample at t time. Three replicates per
sample were assessed.
The kinetics of water uptake can be obtained using Fick’s law:

k-h\°
D=n. ( ) %)
4-W,
Where D is the diffusion coefficient (m (Copani et al. 2013)/s), h is the thickness of the original

sample, W, is the maximum moisture absorbed by the sample and k is the initial slope of the curve of
water uptake versus t'/%, as described by equation 6 (Bazan et al. 2020):

W, - W

Ve -
If the moisture uptake for each measurement taken is compared with the maximum water uptake of
each sample, the parameters n, associated with the diffusion mode, and k, related to the interaction
between the material and the water, can be calculated as (George, Bhagawan, and Thomas 1998):

Wi
W

A (7)

The mechanical properties of composites (tensile, flexural, impact, and hardness) were determined as
follows: i) tensile properties: ISO 527-2:2012, at a rate of 10 mm/min for ultimate tensile strength and
2 mm/min for elastic modulus, ii) flexural properties: ISO 178:2019, with 64 mm between cantilevers,
determining the elastic modulus and flexural strength, at the same rates defined for tensile tests. These
tests were made in a LS5 universal testing machine (Lloyd), with a cell load of 500 N for modulus and
of 5 kN for strength, with 5 replicates per test. iii) Charpy impact tests: UNE-EN ISO 179-1/1eA:2019,
with a 7.5 ] pendulum and an impact rate of 3.7 m/s in a Ceast Resil impactor P/N 6958.000, using
notched samples. Ten replicates were used for this assay. iv) Hardness: ISO 2039 standard, conducting
the tests in a KB Priiftechnik device (ball indentation hardness test), with a minimum of 7 measure-
ments per each material series. Results for all properties are given as average values and standard
deviation (SD).

Thermomechanical properties of the different materials were evaluated by Dynamic Mechanical
Thermal Analysis (DMTA) in a Tritec 2000 device, from Triton Technology, under single cantilever
bending method. A strain of 10 um was applied at 1 Hz frequency, in the temperature range between
-100°C and 100°C, at a heating of 2°C/min.

Rheological behavior was assessed using an AR G2 oscillatory rheometer from TA instruments,
using 25 mm diameter parallel plates. The experiments were performed at 190°C, with 2.5 mm gap and
in a nitrogen atmosphere. Preliminary tests were performed using the strain sweep mode, in order to
ensure later experiments are performed in the linear viscoelastic (LVE) region. In these tests, strain
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was varied between 0.1% and 5%. Angular frequency sweeps were performed at 0.5% strain, in the LVE
region, in the range of 0.01 to 100 rad/s.

The analysis of rheological evaluation was supplemented with experiments conducted using
a capillary rheometer Dynisco LCR 7000, at 190°C, as for oscillatory measurements. This test,
performed with a capillary die with a diameter of D =2 mm and L/D = 20, allowed determining the
effect of the lignocellulosic materials on the rheological properties of the HDPE matrix. The high value
of L/D made the Bagley correction to be. T changes in the rheological behavior were analyzed by
means of the apparent shear stress; the dependence between the apparent melt viscosity () and the
apparent shear rate () (in double logarithmic scale) allow to describe the viscosity curves in the non-
Newtonian range a the power-law (Gai and Cao 2013) (equation 8):

n=K@G"" (8)

Where K is the consistency coefficient, and n is the power law index (Djellali et al. 2015).

Scanning electron microscopy (SEM) observations were performed over the samples surface and
fractured sections of tensile specimens, with the aim of determining the distribution of the filler in the
matrix and describe an interaction between filler and matrix. SEM observations were performed in
a Hitachi FlexSEM 1000, at different magnifications and an accelerating voltage of 5 kV, over
previously gold-sputtered samples.

The color of the samples was assessed by optical spectroscopy, using a HunterLab Miniscan MS/
S-4000S spectrophotometer, following the procedure specified by the International Commission on
[Mumination (CIE) L*a*b* coordinates. According to this system, L* is related to the color lightness
(black: L* = 0, white: L* = 100), a* refers to green(-) and red(+), and, finally, b* measures blue(-) and
yellow(+) The measurements were done by placing the samples in a specially designed light trap
chamber. The total color difference parameter (AE*) is defined as (Chorobinski, Skowronski, and
Bielinski 2019):

AE* = [(AL*)? + (Aa*)? + (ab")?]" )

Finally, the measurement of the gloss of the surface of samples was performed using the TestAn DT
268 glossmeter, according to ISO 2813: 2001 at an angle of 20, 60, and 85° of the apertures of the image
of the light source and the receiver. The presented results are mean values taken from 20
measurements.

Results
Chemical structure - FTIR

Figure 2a, b shows the FTIR spectra for the different materials used in this work: i) Arundo fibers and
shredded Arundo plants (Figure 2a), IT) PE, iii) 20% composites, and iv) 40% composites (Figure 2b).
As already analyzed in previous work (Sudrez et al. 2023,) the shredded material shows peaks
associated to hemicellulose and lignin, which disappear or are reduced for fiber samples, due to the
extraction procedure which was followed. Composites for both types of materials show almost over-
lapped spectra, closer to PE for the lower loadings. Composites with 40% of lignocellulosic material
start showing some of the characteristic bands of such materials, namely around 3600-3000 cm™,
related to O-H stretching, and 1200-850 cm ™", characteristic of C=0 bonds in cellulosic compounds.

The double peak at 2916 and 2848 cm™" are related to C-H bonds (symmetric and asymmetric
vibrations) from the polyethylene chain, although is also present in the lignocellulosic materials (with
less intensity) and attributed to hemicellulose so more intense for shredded material than for the fiber.
The peaks at 1472 and 729 cm ™" are related to C-H stretching in HDPE, and so are also found for the
composites. It can be observed that the introduction of the lignocellulosic materials modifies the signal
of neat HDPE, with the appearance of bands due to the giant reed materials. Other authors have
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Figure 3. The porosity of PE-arundo composites based on measured and theoretical density.

reported similar modifications, especially for high filler loadings (Hejna et al. 2020; Mendes et al.
2021).

Density and porosity assessment

Figure 3 shows the values for theoretical and experimental densities of the composites and the porosity
calculated by comparing them. Density values increase with the increasing content of lignocellulosic
material in the composite. If comparing the density values obtained in the methanol assay and the
theoretical ones (Equation 2), the porosity values could be obtained (Equation 3). It can be seen that
the values for theoretical and experimental density for composites with shredded materials are pretty
similar, so the porosity values can be considered zero. The values obtained were —0.5 and —2.5% for
20% and 40% composites, possibly due to some overpacking during injection molding or the standard
deviation of the measurements taken. Porosity values for composites with fibers are 5.8 and 8.7%, for
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20% and 40% fiber content, respectively, which can still be considered acceptable, especially for such
high lignocellulosic contents.

Thermal behavior

Thermogravimetry

Figure 4 shows the thermogravimetric (TG) and derivative (DTG) curves obtained for the polyethy-
lene and its composites. The thermal stability for 20% and 40% composites is similar, regardless of the
type of lignocellulose material used. The residual mass at the end of the assay is also found in similar
proportions for both sets of composites and are due to the inorganic compounds in the biomass, i.e.,
about 20% (Sudrez et al. 2023). From DTG, the most significant peak is related to the PE decomposi-
tion, taking place at about 460°C, while for composites, there is also a smaller one, between 220°C and
360°C, due to the cellulose degradation. For composite materials with shredded Arundo, as also
observed for the material itself, a small shoulder at about 290°C is found due to hemicellulose
pyrolysis. A similar behavior is described in the literature for composites with lignocellulose-derived
fillers. All composites are thermally stable until reaching about 240°C, 50°C above the processing
temperature, which indicates a temperature-wide processability window for such materials (Mazzanti,
Mollica, and El Kissi 2016). For instance, 5% weight loss happens at about 420°C for neat PE, about
290°C for 20% composites, and 270°C for 40% ones. Similar results are found in literature, with
degradation starting at 214°C for hemp fibers at 40% in a polypropylene matrix or 262°C for 30 wt.%
wood fibers-filled HDPE composites (Monteiro et al. 2012). There is a direct correlation between the
amount of lignocellulosic material introduced and the weight loss, as also observed in Figure 4a. Some
authors have proposed using TG and DTG curves to calculate the proportion of filler in the composite
experimentally; following the procedure set by Nabinejad et al (Nabinejad et al. 2023) less than 10%
difference between the theoretical and the experimental ratios are found: 21.7% and 20.9% for 20%
composites (fiber and shredded, respectively), and 42.8% and 39.1% for 40%.

Differential scanning calorimetry

For polyethylene samples, the melting temperature is around 133°C, finding a slight increase for 20%
composites. Melting and crystallization peaks are not altered because of the lignocellulose materials
introduction, and no differences between the first and second heating cycles could be observed, neither
in temperatures of the phase transitions nor in crystallinity values (Table 2). Other authors have
reported similar behavior for HDPE-based composites: negligible difference in melting temperatures,
although with reductions in enthalpies (Andrzejewski et al. 2020; Dolca et al. 2022).
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Figure 4. a) TG curve for the different materials and b) DTG curve.
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Table 2. Thermal parameters for HDPE and its composites from DSC tests.

Material Tm, [°C] Tm, [°C] Tc [°A AHq,q D/9] AHm, [/9] AHc /gl X1 [%] X2 [%]
HDPE 1327+03 1353+09 1129+0.0 1754+135 1726+8.2 1933 +21.2 59.9+46 58.9+28
PE.F20 136.9+04 134710 1115£00 1187+129 1258+11.2 1358+93 50.6 £5.5 53.7+48
PE.F40 1327+04 1339+0.7 113.1+£0.7 1086+228 1095+184 1084+1212 61.8+13.0 623+10.5
PE.S20 1372+£06 136214 111107 1194+04 1284 +3.1 140.8 +4.0 50.9+0.2 54813
PE.S40 133.0+09 135019 1121+£14 764+17.1 79.8+15.7 825+153 435+97  455+89

The crystallinity seems to decrease with the incorporation of the lignocellulosic material, except for
40% fiber composites, which shows a value close to that of neat PE (although it also gives a higher
deviation). The high content of such fibers could counteract the reduction of crystallinity due to the
incorporation of the lignocellulosic material, with relatively high crystallinity (close to 70% (Suérez
et al. 2023). Besides, cellulose can act as an active nucleation center (Dolga et al. 2022) and fibers
contain over 65% of cellulose, according to previous research conducted. The geometry of the fillers
can also influence their effect on crystallization; usually, smaller particles lead to higher crystallinity
(Dolza et al. 2021).

On the contrary, incorporating lignocellulosic materials into the HDPE matrix can hinder the
crystallization process, especially at lower loadings, due to the restrained mobility of the polymer
chains (Fendler et al. 2007). An increase in melting temperature for 20% composites has been observed
for bamboo-HDPE composites at the same loadings, with a reduction in melting enthalpy also and,
thus, in crystallinity (Mohanty and Nayak 2010; Wang et al. 2014). There is no clear trend in the
literature about the effect of lignocellulosic fillers in HDPE: some authors found reductions in
crystallinity (Fendler et al. 2007,) while others have found increases (Jaramillo et al. 2021). No
significant changes have been also reported (Mendes et al. 2021,) usually getting crystallinity values
typically close to 50% for composites with natural fillers (Andrzejewski et al. 2020) (see supplementary
figure S1).

Thermomechanical behavior

The introduction of lignocellulosic materials can effectively increase the range of application of the
neat HDPE, as both parameters measured, heat deflection temperature (HDT) and Vicat softening
temperature (VST), increased (Table 3). It was found that higher ratios of biomass led to higher
thermomechanical stability of composites. The filler type showed a lower influence on the HDT or the
VST than the percentage of filler used. Despite slight differences higher statically assessed thermo-
mechanical stability values were noted for Arundo fibers composites compared to Arundo shredded
filler. This effect was noticeable in the samples subjected to point loading and three-point bending.
The values of HDT and VST correlate with the changes of mechanical properties (hardness and
flexural elasticity modulus described later in Section 3.5), and described in the literature for poly-
ethylene-based composites (Schellenberg 1997). It results from better dispersion of fibers in the
polymer matrix and higher reinforcing efficiency associated with the increased shape factor of fibrous
filler (aspect ratio about 4 for fibers, with fiber lengths about 0.8 mm; particle size for shredded filler is
around 0.45 mm). Based on the DSC analysis, the increase in resistance to static load in the high-
temperature range should not be associated to the change in the crystallinity. The HDPE composites

Table 3. Heat deflection (HDT) and Vicat softening tempera-

tures (VST).
Material HDT [°C] VST [°C]
HDPE 41.00 £1.03 7232+134
PE.F20 57.27 £1.03 81.30 £ 0.80
PE.F40 72.88 £1.31 85.75+1.64
PE.S20 55.31+1.60 78.93+0.22

PE.S40 67.51+3.80 83.40+0.93
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produced exhibit a HDT close to PP or PET, with increases of about 50% regarding the neat HDPE.
The dynamic mechanical analysis also observes this improved thermal resistance (section 3.6).

Water absorption tests

Figure 5a clearly shows that higher lignocellulosic loadings result in higher water absorption. In
contrast, HDPE water absorption is almost negligible. Each point is the average value of three
measurements. Moisture uptake equilibrates at a maximum of 2% for 20% composites but is increased
by over 400% for 40% loadings, reaching up to 9% after the 28 days of the assay. As the materials used
in this work are hydrophilic, an increase in water uptake for the composites was expected. The parts’
thickness was measured at the beginning and the end of the assay to determine their swelling. This
parameter follows a similar trend to water uptake, i.e., higher loadings increased swelling. Composites
with fibers show higher swelling values than composites with shredded Arundo, following the same
trend as water uptake. This increased water uptake by fibers is surprising, as a lesser hydrophilic
character was expected due to the higher cellulose and lower hemicellulose contents of fibers
compared to shredded material [22]. However, the morphology of the materials also plays an
important role; fibers are thinner and have a higher aspect ratio than shredded material, and so
have a higher area exposed, which might explain this behavior. This observation correlates with the
porosity values obtained by comparing theoretical and experimental densities, the composites with
higher porosity exhibited higher water uptake due to a larger number of entry points where water
molecules could ingress, as well as having a higher internal free volume in which the hydrophilic
cellulosic content could swell. The aspect of the formation of the polymeric skin layer on injection
molded samples, depending on the nature of the flow of filled molten composite during forming,
cannot also be omitted (Najafi, Tajvidi, and Chaharmahli 2006; Salasinska et al. 2016).

Mechanical properties could be modified by the hydration of the fibers and their swelling, which
could partially debond the fiber from the matrix, thus reducing the stress transfer between both
phases. However, Bazan et al (Bazan et al. 2020). performed these studies with coconut and flax fibers,
and despite the increase in water uptake and the swelling observed, no change in the mechanical
properties of the composite was found, probably because of the high stability of the HDPE matrix.

From the data obtained, Fick’s diffusion coefficient can be calculated using Equations (5-7).
Figure 5b shows the representation of W/W,, versus time on a logarithmic scale, from which the
parameter n is calculated. It can be seen that the data are linear in nature, except for neat PE, where the
absorption values are so low that some data points were removed to get approximate values for such
parameters (Table 4). The parameter n indicates the type of diffusion behavior that is taking place;
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Figure 5. Results of moisture absorption. a) water uptake vs. time, b) calculation of Fick's law parameters (log W,/W,, versus log
time).
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Table 4. Water uptake parameters of PE and its composites.

Material D (m%/s) k (9%/°) n Swelling (%) Sorption (g/g) Permeability (m?/s)
PE 3.62:107"° 3.53-107° 0.11 1.1 0.001 4523-10-18
PE.F20 322107 1611073 0.36 33 0.024 7.75810 - 15
PE.F40 2321071 498107 0.41 83 0.089 2.064-10 — 14
PE.S20 3.56:107"° 1.10-1073 0.30 23 0.018 6.548-10 — 15
PE.S40 346107 4881072 0.39 6.6 0.083 2.855-10 — 14

a value equal to 0.5 means a Fickian diffusion, while a value of 0.5-1.0 indicates an anomalous
diffusion. In this case, it is observed that diffusion approaches the behavior predicted by Fick’s law,
with values ranging from 0.30 to 0.41, except for the neat HDPE. Other authors have found a similar
behavior for pineapple leaf fibers (George, Bhagawan, and Thomas 1998) or wood flour (Bazan et al.
2020). Diffusion coefficients found for Arundo composites are higher than for neat PE and are of the
same order for all composites. They are also in a similar range to other values found in the literature:
410" m (Copani et al. 2013)/s for composites containing 40% rice hulls (Wang, Sain, and Cooper
2006,) or 3.6:10"'* m (Copani et al. 2013)/s for composites with 30% pineapple fiber (George,
Bhagawan, and Thomas 1998,) both in a PE matrix. Lower lignocellulose loadings lead to lower
diffusion coefficients; for example, diffusion coefficients around 31072 m (Copani et al. 2013)/s are
obtained for 12% wood, flax, or coconut fibers in HDPE-based composites, increased up to 6-107*2
m (Copani et al. 2013)/s for the same percentage of basalt fibers (Bazan et al. 2020).

Some authors point out that moisture absorption in natural fiber composites is affected both by
diffusion and percolation and so propose other parameters for the study of water uptake. George et al
(George, Bhagawan, and Thomas 1998). calculated the sorption of water as the relationship between
the mass of water absorbed by the sample and the weight of the sample itself and then introduced the
permeability, obtained by the combination of sorption and diffusion (P=DxS).

Sorption and permeability coefficients increased with the content of lignocellulose in the compo-
site, as also observed in the literature (George, Bhagawan, and Thomas 1998,) with values in the same
range as those obtained by George et al. for pineapple fibers. Permeability for HDPE is about 1000
times lower than for composites due to the excellent barrier properties and hydrophobic character of
this polymer.

Mechanical properties: tensile, flexural, impact, and hardness tests

As summarized in Table 5, 20% composites had the same tensile strength as neat HDPE, while 40%
loadings led to a decrease of 8% and 14% for fiber and shredded material, respectively. This decrease
could be related to the increased porosity of the composite, in the case of fiber material, and the
reduced stress transfer between the matrix and the Arundo-derived materials. This may be due to
a reduced compatibility between the fibers and the matrix or the formation of agglomerates.
Therefore, for 20% composites, where tensile strength is not reduced, this suggests a sign of good
adhesion between fiber and matrix and evidence of a good stress transfer between them (Fendler et al.
2007; Qiu, Endo, and Hirotsu 2004).

On the contrary, flexural strength increased for all composite samples, with no significant differ-
ence for the composites containing 20% of either fibers or shredded materials, where an increase in
strength of about 15% was observed compared to neat HDPE. The most significant improvements are
found for tensile and flexural modulus. The composites with fibers provided the highest module,
almost a twofold increase regarding the modulus of HDPE. This property appears to be more affected
by the type of filler used than for the filler ratio, as no significant difference was found between 20%
and 40% fiber or between 20% and 40% shredded material. However, the flexural modulus shows
a different trend. In this case, the amount of filler is more significant than its type, finding similar
values for 20% composites (again, with an improvement of 100% regarding the HDPE values). Finally,
only composites with shredded materials do not show increased impact resistance, with 20% providing
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similar behavior to PE, while 40% loadings reduce the impact strength. Composites with fibers
exhibited an increase in impact strength of 17 and 11% for 20% and 40% fibers.

Other authors have reported that the incorporation of 12% of flax fiber has produced no changes in
the tensile strength of a PE matrix and an increase of about 100% in elastic modulus; for flexural
properties, this same composite provided an increase of about 75% flexural strength and almost
doubled the flexural modulus and also led to a moderate increase, of about 10%, in impact strength
(Bazan et al. 2020). Several works report a decrease in the mechanical performance of natural fiber
composites and propose using compatibilizers, such as maleated polyethylene (MAPE), to increase the
tensile strength of the resulting material (Jaramillo et al. 2021). For example, introducing MAPE in
composites with 20% of hemp, jute, or flax provided similar or slightly higher tensile strength values
than neat HDPE, 2-folding the elastic modulus (Dolza et al. 2021). The composites obtained with
Arundo-derived materials have provided, in general terms, an improved mechanical behavior com-
pared to the neat PE, already folding by two the elastic modulus of the polymer, thus demonstrating
the good potential of these materials, particularly fibers, for composites obtaining; a similar trend was
observed for bamboo fibers, which had a reinforcing effect for 20% loadings, increasing flexural
strength and tensile and flexural modulus with increasing loadings of fibers, up to 30% (Mohanty and
Nayak 2010). Mohanty and Nayak have also found a decrease in properties with further increases in
the fiber content, which they relate to the incompatibility of fibers with the matrix; the incorporation
of a 2% MAPE led to more significant improvements in mechanical properties, especially in modulus
and flexural strength, which were improved by 100% in comparison to the composites at the same
loading without the compatibilizer. In contrast, Lei et al. did not find any improvement by using
MAPE or carboxylated polyethylene for 30% wood flour HDPE composites, which reduced tensile
strength by over 30% and impact strength by more than 50% (Lei et al. 2007).

Table 5 also summarizes the results of ball indentation hardness of injection-molded polyethylene
and its composites. The addition of both types of filler improved the hardness of the composites
compared to neat HDPE. Taking into account the low tendency of HDPE to heterogeneous nucleation
and the presented DSC results, it can be said that the effect of increasing the hardness results from the
distribution of rigid filler structures in the boundary layer and not from a change in the degree of
crystallinity of the polymer. Considering the changes in the chemical structure of Arundo fibers
compared to shredded plant parts, the higher values of the series containing fibers are understandable.

A slight increase in hardness was found for composites. Neat HDPE exhibited a hardness of 60.0
Shore D, which increased to 62.5 for 20% composites and 65.0 for 40% composites. For this property,
the ratio of filler is more significant than its type, as for the flexural testing. Similar values were
obtained for 20% coir, flax, or coffee husks HDPE composites (Ayyanar et al. 2022; Chimeni-Yomeni
et al. 0000; Jaramillo et al. 2021); lignocellulosic materials show a higher hardness than PE, which
explains this trend.

Thermomechanical performance - DMA

The analysis of storage modulus (E'), loss modulus (E”), and damping factor (tand) with temperature
allows evaluating the changes in the mechanical properties due to the addition of fibers and shredded
material to the HDPE matrix (Figure 6). DMA is an essential test for the evaluation of the mechanical
properties of materials due to its sensitiveness to to structural changes, including the interfacial bond
between the fibers or fillers and the matrix (Correa-Aguirre et al. 2020).

The DMA storage moduli (Figure 6a) is indicative of the elastic behavior of the materials. All
composites provide higher storage modulus than neat HDPE, meaning that the lignocellulosic
material stiffens the matrix along the temperature range studied. The materials containing fibers
show higher values of storage modulus than those made with shredded material, which means that
these composites are stiffer, as also found in tensile and flexural tests. The starting value of the storage
modulus is similar for all samples and tends to increase for composites while remaining constant for
PE in the rubbery plateau area. The storage modulus decreases in an expected constant way, as also
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Figure 6. Variation of a) storage modulus, b) loss modulus and c) tan § with temperature from DMA.

found in other works (Andrzejewski et al. 2020; Zhang et al. 2002). This decrease takes place at higher
temperatures with the increase in lignocellulosic content.

The storage modulus for the HDPE decreased with temperature, while for composites there was
a slight increase up to about 0°C, and then it started to decrease abruptly. HDPE composites with 20%
microcellulose fibers, using 2% of MAPE as compatibilizer, led to an increase of 45% storage elastic
modulus at —20°C (Fendler et al. 2007,) while for 20% hemp the increase reached 30% and 100%, again
using MAPE as compatibilizer (Dolza et al. 2021,) at 0°C and 75°C. These authors have not provided
results without the use of MAPE, so results are not directly comparable. Correo-Aguirre et al (Correa-
Aguirre et al. 2020). observed an increase of 18% in storage modulus when using 20% of bagasse fibers
in a PP matrix. The increased stiffness can be related to hindering HDPE polymer chain movements
due to the introduction of fibers and shows that the composites have an increased capacity to store
energy compared to the matrix. These results agree with the data obtained from impact tests, where
higher values were also obtained for composites and are also observed in the reduced values of tan 6.
For 20% Arundo fibers composite, the storage modulus increased by 11%, 16%, and 19% at —20°C, 0°C,
and 75°C, and 21%, 25%, and 36% for 40% fibers. As observed in the graph, the shredded material also
increases the storage modulus, although to lower values, namely 6, 9, and 17% for 20%, and 13, 17 and
29% for 40%, at the same temperatures.

For loss modulus, the PE maximum value is found at 57°C, corresponding to the a-transition,
generally observed in the range from 20°C to 70°C (Molefi, Luyt, and Krupa 2010) or even 100°C
(Hejna et al. 2020); this transition is related to chain movements in the crystalline region of the
polymer. For the composites, this transition is slightly shifted to higher temperature values,
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approaching 70°C for composites with 40% fibers. Composites with fibers show higher peak tempera-
tures than shredded material. The shift of this transition toward higher temperatures and its increase
indicates a more resistant structure in the composites and it is also related to the reduction in the
polymer chain mobility. The B-transition for HDPE, usually related to segmental motions in the
amorphous region, takes place at about 0°C; however, some authors have reported that this transition
is usually absent (Mohanty and Nayak 2010,) as is also happening in this study.

Bhattacharjee and Bajwa (Bhattacharjee and Bajwa 2018) observed a 40% increase in storage
modulus for HDPE loaded with wood flour, as well as an increase in tensile and flexural properties.
The use of seaweed in a HDPE leads to an increase of the storage modulus of about 10%, which
increases with the seaweeds content, up to 30% (Ferrero et al. 2015). The introduction of 30% of
banana fiber in HDPE, with a 3% of MAPE as compatibilizer, leads to similar results: around 30%
increase in storage modulus, maximum temperature from E” plot shift from 57°C to 63°C and a slight
decrease in tan § (0.18 to 0.16) (Satapathy and Kothapalli 2018). Lei et al. found an increase in both
storage and loss modulus when using bagasse or pine flour in a recycled HDPE matrix, for a 30%
loading (Lei et al. 2007). At 23°C, storage modulus increased from 1.55 GPa for HDPE to 2.29 GPa and
2.23 GPa for bagasse and pine, respectively, while loss modulus varied from the initial 0.15 GPa to 0.19
and 0.18 GPa, respectively. These authors did not get further improvements by using compatibilizers
such as MAPE or carboxylated polyethylene. All Arundo composites show lower loss modulus than
pure PE, which means that the incorporation of the lignocellulosic materials provides higher elastic
recovery. y-transitions occur for HDPE at temperatures lower than the ones used in the study, and so
are not visible, although they might correspond to the small peak seen around —70°C (Molefi, Luyt,
and Krupa 2010,) also visible in storage modulus as a short descending step for PE.

The glass transition temperature (T,) in highly crystalline polymers, as it is the case of HDPE, is
difficult to identify; this is in line with the results obtained in this research. The glass transition occurs
when the chains in the amorphous regions begin a coordinated large-scale motion. Therefore, this
transition is not observable in the highly crystalline HDPE, although an intense peak for a-transition is
usually observed. DSC has provided crystallinity values over 45% for all samples, reaching up to 60%,
which may explain that T, is not visible in these assays, so the plots do not show this characteristic
peak. The tan § plot shows an inflection in the curves at 50-60°C, corresponding to a-transition, also
observed in E” plots as a maximum.

The tan 9§ is the ratio of the loss to the storage modules; therefore, the damping factor is useful to
assess the relative contributions of the viscous and elastic components in viscoelastic materials. Again
this curve does not show the p-transition, although a slight inflexion in the curves is seen at about
10°C; this could be attributed to the glass-rubber transition of the amorphous phase (Barczewski et al.
2018). The increased stiffness found for composites implies a reduction in damping properties,
compared to the neat PE, as seen from the tan § plot. The composites with higher stiffness revealed
lower values of damping factor, as also observed by other authors (Barczewski et al. 2018). The
thermomechanical behavior of the materials is apparently more influenced by the amount of ligno-
cellulosic material than by its type. Good fiber-matrix adhesion limits the mobility of polymer chains
and thus reduce the damping factor, with a simultaneous increase of T, (Scalici, Fiore, and Valenza
2016); obtained results would then suggest that fibers are well bonded to the matrix.

From the DMA results the brittleness (B) of the different materials can be calculated, using
equation 8, proposed by Brostow et al (Brostow, Hagg Lobland, and Khoja 2015):

B 1
_8b-E/

(10)

Where E’ is the storage modulus from DMA at 1.0 Hz and ¢, the elongation at break, both at room
temperature.

The brittleness values obtained at 25°C for the different formulations are found in Table 5.
According to these authors, lower brittleness values imply higher dimensional stability of the
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material under repetitive loading. So, 20% composites would be more stable than 40% ones,
and fibers are more stable than shredded material. Another factor that can be calculated from
DMA analysis is the adhesion factor (A in equation 9), as described by Kubat et al (Kubat,
Rigdahl, and Welander 1990,) and considering that the behavior of the composite is due to the
properties of the matrix, the filler and the interphase, and resulting in (Hejna et al. 2020):

1 tandc

A= :
1-— XF tal’l(SpE

-1 (11)

Where xg is the ratio of the filler in the composite (in volume).

Lower values of A indicate higher interfacial adhesion (Jyoti et al. 2016); an increase in A is
associated with higher damping and a higher loss of energy or viscoelastic behavior, and
higher energy dissipation due to chain movements inside the composite (Karaduman et al.
2014). Hejna et al (Hejna et al. 2020). explain that a high porosity or insufficient interfacial
adhesion favors these movements. As this factor depends on the damping factor, it also varies
with temperature. It can be seen that at higher loadings, higher values of the adhesion factor
are observed, and therefore there is lower adherence between the lignocellulosic material and
the matrix. The values for this parameter are similar regardless of the type of lignocellulosic
material introduced. The negative values of the adhesion factor obtained are due to the
simplification of the calculations and the removal of the interphase region (Hejna et al.
2020; Mysiukiewicz et al. 2020). The lower and more stable values are obtained at tempera-
tures over 15°C, meaning that the lignocellulosic materials do not provide as much positive
effect below room temperature.

Several authors propose using the entanglement factor as an approximation to the intensity of
the interaction between matrix and filler/reinforcement, together with the efficiency factor
(Andrzejewski et al. 2020; Jyoti et al. 2016; Pandey et al. 2016; Panwar and Pal 2017). The
entanglement factor is usually calculated at several temperatures to evaluate the potential differ-
ences in such interactions due to different service conditions. The entanglement factor (N) is
calculated as:

E/

N=_—_
RT

(12)

Where E’ is the storage modulus at a certain temperature (T, in K) and R is the universal gas
constant.
The reinforcement efficiency (r) also gives an idea of the filler/matrix interaction:

E.=E, - (1+r-Vy) (13)

Where E’. and E’,,, are the storage modulus of the composite and the matrix, respectively, and V¢ the
percentage of the filler (by volume).

It is interesting to note that lower values of the entanglement factor are found for 20% composites up
to approximately —70°C, possibly corresponding to the end of y-transition of the HDPE (Khanna et al.
1985) (Figure 7b). From that moment, the difference in storage modulus is increasing with the
temperature, getting the lowest value for the neat HDPE. A clear difference between the composites
with fibers and with shredded material is observed for this factor, as also found in tensile and flexural
tests. The efficiency factor increases abruptly after approximately 15°C. This was also observed in the
storage modulus versus temperature plot, where the composites provided higher values of E’ than the
neat HDPE. These findings are in good agreement with the static mechanical results, where higher
mechanical performance was obtained for fibers, particularly at 20%.
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Figure 7. a) adhesion factor calculated for the composites, b) entanglement factor (left axis) and reinforcement efficiency (right axis).
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Figure 8. Results of strain-sweep rheological experiments: a) storage modulus, b) loss modulus.

Rheological behavior

Oscillatory rheometry
Figure 8 shows the storage and loss modulus (G” and G”) versus strain (y), obtained during strain
sweep assays. It can be observed that the introduction of 20% lignocellulosic filler of both types to
HDPE does not cause significant modifications of the storage and loss moduli, while both increase for
40% composites. HDPE and composites at 20% exhibit a similar trend, with a linear viscoelastic (LVE)
region in the studied range (0.1-5% strain), while 40% loadings show a shorter LVE area, with a short
step around 1% strain, although this is not considered particularly significant. The frequency sweep
tests were performed at 0.5% strain, thus in the LVE for all materials. It is well known that
incorporating fillers into polymer matrices usually produces a shortening of this LVE region; this is
connected with the creation of the spatial structure of restricted rigid filler domains (Adebayo et al.
2021; Berzin et al. 2019). 0.5% strain is a commonly used value for PE-based materials and oscillation
mode assays. For this strain, the value of G* for HDPE is 1.7 kPa, similar to 20% composites as
observed in the graph (1.4 and 1.8 kPa for fibers and shredded material, respectively), while this
increased significantly for 40% composites, increasing by almost 300% for shredded material (reaching
up to 4.5 kPa) and by 800% for fibers (arriving almost to 11 kPa).

Figure 9 shows, in logarithmic scale, the results of frequency sweep tests, in the oscillation mode,
versus angular frequency (w). At lower w all composites provide higher values of both moduli than the
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Figure 9. Results of frequency-sweep rheological experiments: a) storage and loss modulus, b) complex viscosity, c) Cole-Cole plot.

neat polyethylene, although at higher frequencies, the trend changes, and only 40% loadings show
higher moduli than PE, as observed by Patti et al. for PP composites (Patti et al. 2021). The values of G”
are higher than those of G’ for all composites, which means the viscous part is dominant over all of the
studied range; both curves follow a linear trend in a similar pattern for each material. The increase in
moduli is evident in the low-frequency range (0.1-10 rad/s), as the curves tend to overlap at high
frequencies, likely due to the fibers aligning at higher frequencies.

No flow point is obtained for any of the composite materials with 40% loadings, that is, the storage and
loss modulus do not cross-over each other in the studied region. The increase of both modules shows the
reinforcing effect of the lignocellulosic materials, with a predominant viscous character of the rheological
behavior. This effect suggests that the obtained composites materials, despite the higher resistance to flow of
the filled bulk, will not be characterized with limited processability.

Figure 9b shows the complex viscosity (|n*|) for the materials tested. A Newtonian plateau is
observed for neat HDPE at frequencies under 10 rad/s, which does not occur for composites, which are
more shear thinning in nature, as observed in other works also (Hejna et al. 2020). Complex viscosity
is higher for the 40% composites, but is reduced for 20% fiber composites, especially for shear rates
over 1 rad/s. The use of shredded material at this loading only increases the viscosity at low w values,
which would again suggest fiber alignment and overlapping at high w. The lack of plateau observed for
composites could indicate the formation of agglomerates of the lignocellulosic materials in the samples
(Barczewski et al. 2022; Berzin et al. 2019). The greater viscosity increase in low w range results from
increased physical impact of the fibrous Arundo filler characterized with higher aspect ratio. Other
works have shown a moderate increase of viscosity for up to 30% loadings of wood-derived materials,
with abrupt increases for 40% composites, which result in a more difficult processing of such


Luis
Rectángulo


20 L. SUAREZ ET AL.

composites (Adebayo et al. 2021; Koohestani et al. 2019). The viscosity curves for all materials show
shear thinning behavior or pseudoplasticity, meaning they become less viscous at increasing angular
frequencies. As also found in the literature, at high frequencies the effect of the interaction between
particles becomes less prominent than the matrix contributions and thus the viscosity values for
composites tend to approach that of the matrix (Adebayo et al. 2021; Ogah, Afiukwa, and Nduji 2014).

The real and imaginary parts of the complex viscosity allow the evaluation of the compatibility of
polymer blends or composite materials (Aid et al. 2019; Mysiukiewicz et al. 2020). This method, known
as Cole-Cole plot (Figure 8c), states that miscible homogeneous blends provide semi-circle-shaped
smooth curves, while deviations from this Maxwellian fluid ideality reflect a poor distribution or
miscibility of the phases studied. For this study, it is seen that PE has a relatively smooth course, close
to a semicircle, as also do 20% composites, at least to a certain value. Forty percent composites show
a higher deviation from the ideal plot, especially at higher viscosity values, where the curves tend to form
a straight line, thus indicating agglomerations of the filler, as found in other works (Mysiukiewicz et al.
2020; Stanciu et al. 2020).

Finally, the flow tests were performed to determine the zero-shear viscosity (no), using the Carreau-
Yasuda regression. As for all the parameters studied, the values for ng increase with the biomass loading, i.e.
1579 Pa-s (PE), 2529 Pa-s (PE.F20), 37970 Pa-s (PE.F40), 5156 Pa-s (PE.S20), 13250 Pa-s (PE.S40). Those
results are in agreement with the MFI values and with data reported in the literature (Adebayo et al. 2021;
Berzin et al. 2019; Mohanty and Nayak 2010) and with the increases recorded in switchover pressure during
injection molding: the higher lignocellulose content resulted in lower MFI, or higher viscosity of the
material (Figure 9). The composites with shredded material have a higher viscosity and lower density than
those with fibers. Figure 10 shows the mean MFI values obtained for the different materials, and the
modification of zero-shear stress and switch pressure during processing compared to the values obtained
for neat HDPE.

Capillary rheometry

The effect of two different lignocellulosic fillers incorporated with 20% and 40% on rheological behavior
during capillary flow was additionally investigated. The results are presented as changes of shear viscosity
(n) in the function of apparent shear rate (y,) in Figure 11. The addition of the filler increased the shear
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Figure 10. MFI and variation of zero-shear stress and switchover pressure for the different materials.
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Figure 11. Shear viscosity vs. shear rate curves obtained by capillary rheology.

viscosity compared to unmodified polyethylene. This phenomenon is characteristic of polymer composites
and was also noted for other materials modified with lignocellulosic fillers (Kuan et al. 2003; Lewandowski
et al. 2016). Arundo fiber composites were characterized by slightly lower viscosities compared to shredded-
filled series, as was also observed in oscillatory tests. The slight differences most likely resulted from the
tendency of the fibrous material to orient in the flow direction during capillary flow, which resulted in
a lower flow resistance than for composites filled with irregularly particle-shaped filler with a low aspect
ratio.

The determination of the power law index (n) according to Equation (8), allows to describe the nature of
fluid as Newtonian (n=1), non-Newtonian shear-thinning (0<1), or shear thickening (n > 1)
(Smitthipong, Tantatherdtam, and Chollakup 2015). The analyzed composites show, similarly to the
unmodified polymer, shear-thinning behavior. The decrease in the value of the power law index noted
for series with the highest share of filler in polymeric bulk is typical to the behavior of polymer composites
(Ares etal. 2010,) as described in the literature. In the case of the unmodified high-density polyethylene, the
n value is lower than for composites containing 20 wt% of the filler. This effect is rather not due to a change
in the non-Newtonian nature of the flow but to the higher likeness of non-filled high-density polyethylene
to the stick-slip phenomenon (Barczewski et al. 2017,) which results in a lower degree of fitting of the model
curve to experimental data, as shown in Table 6. The consistency factor K increased with the filler content,
resulting from increased resistance to the flow of polymeric melts with dispersed rigid lignocellulosic
structures (Sewda and Maiti 2010). Moreover, this parameter is higher for composites containing shredded

Table 6. Power law model parameters for PE and PE composites.

K n R?
Material [Pa-s"] [-] [-]
PE 4,654 0.502 0.981
PE.F20 5,420 0.557 0.989
PE.F40 15,035 0.449 0.996
PE.S20 6,328 0.543 0.997

PE.S40 17,867 0.431 0.994
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Arundo than for those with the fibrous filler; the explanation for this phenomenon may be the increased
interaction between the irregularly shaped filler particles during the capillary flow and the increased
interaction behavior of its constituents.

Structure evaluation

Figure 12 shows a representative image from SEM observation of the test samples surface for each
formulation. The surface for neat HDPE is smooth and without marks, while the composites show
a rougher surface, with some lignocellulosic material close to the surface, leading to flow marks and
shrinks. As explained in section 3.9, this different roughness explains the changes in gloss observed for
composites versus the pure matrix.

From the fracture section of the samples after the tensile tests, it can be observed (Figure 13) that
fibers are not aligned in a particular direction but are rather found well dispersed in the matrix,
without any preferent orientation. On the other hand, some pull-out can be seen, more relevant for the
composites at higher loadings. For the same ratio of filler, more pull-out was found for materials with
shredded reed. This is in agreement with the observation on the adhesion factor and the reinforcing
efficiency; fibrous composites show better adhesion and higher efficiency than those with shredded
lignocellulose materials, also explaining the better mechanical performance of such series of materials.

In Figure 13a SEM images, the cross-sections of samples with 20% and 40% fiber can be observed.
In the 20% one, no signs of evident pull-out are observed, while this is evident for the 40% composite,
where some voids appear as a consequence of insufficient adhesion between fiber and matrix. The
slight reduction in tensile strength found for this series of composites (regarding neat HDPE) might be
explained by the debonding of part of the fibers. On the other hand, Figure 13c shows a section of a PE.
F20 sample at a higher magnification, where it is patterning that all fibers are not strongly bonded to
the matrix. Although an increase in elastic modulus is found for composites, the good stress transfer
between fiber and matrix (requiring a good adhesion between phases) is evidenced by the increase in
tensile strength, which wasn’t obtained for these composites and is also happening in the literature.
Some compatibilizers would be needed to increase the compatibility between both phases; however,
special attention should be paid to the selection and application of such treatment. Most of them focus
on the use of coupling agents, such as maleated polyethylene; not all authors have found

Figure 12. SEM images of the surface of the different parts, obtained at 50x magnification: a) PE, b) PE.F20, c) PE.F40, d) PE.R20,
e) PE.R40.
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300um

Figure 13. Cross-section micrographies for the different parts, obtained at different magnifications: a) PE.F20 and b) PE.F40 at 50X,
¢) PE.F20 at 250x; d) PE.R20 and e) PE.R40 at 50x, f) PE.R20 at 150x).

improvements in mechanical performance, despite the expected better adhesion, as explained in
sections 3.5 and 3.6. Similar observations are made for silanized fillers, this last releasing an important
amount of volatile compounds. A balance between technical performance of the composite and
environmental behavior should be reached. Similar observations can be made regarding the compo-
sites with shredded materials, although finding, in this case, a higher number of voids (Figure 13d,e);
that is, the adhesion between the HDPE matrix and the filler is lower than for the case of fibers, which
is in line with the observations made from static and dynamic mechanical testing. Finally, it is also
evidenced for these composites that the filler consists of less homogeneous materials, with fibers and
fiber bundles (Figure 13f).

Color and gloss evaluation

The results from color and gloss evaluation are summarized in Table 7. The decrease in the L*
parameter is related to the darkening of the samples. From these values, and as observed in
Figure 14, composites with fiber are lighter and tend more yellow than those with shredded material,
which are darker and greener. Despite the different values for the L*, a*, and b* parameters obtained
for all composites, the color changes in the neat PE are similar for all samples. Regarding gloss, it can
be observed that fiber composites at both loadings provide a matted surface with lower gloss than
composites with shredded materials. At the same time, the gloss of composite shredded materials
decreased with the increased content of filler. The lower gloss is due to the rougher surface obtained
for composites.

Table 7. Parameters for color and gloss evaluation.

Color Gloss
Material L* a* b* AE 200 60° 85°
PE 7247 £0.13 —0.91+£0.03 -0.31+£0.12 - 27.38 +3.46 69.03 = 5.06 84.72+2.17
PE.F20 56.26 + 0.86 12.37 £0.45 23.67 £0.91 31.845 0.98 +0.17 7.83+£1.12 8.46+2.74
PE.F40 5837+ 134 12.00+0.69 26.16 +1.37 32.651 1.06 +0.54 7.63+293 1742+ 551
PE.S20 41.61+1.24 5.32+0.30 18.77 £ 0.62 36.810 7.13+£0.99 3239+3.15 53.89+291

PE.S40 49.33+1.48 444+0.24 15.61+1.00 28.593 3.01+0.95 18.16 +4.21 35.51+7.33
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Figure 14. Photography of injection-molded samples of the various formulations.

Conclusions

The obtaining of composite materials containing giant reed is still rather incipient in the literature,
contrary to other lignocellulose fibers, or to other uses given to this plant species. Most literature about
Arundo donax L. is related to the obtaining of green products, such as ethanol or levulinic acid. In this
work, two different Arundo donax L. derived materials have been used for obtaining composites at
20% and 40% weight loadings, obtaining a material with a good processability window (higher
degradation temperature than the processing one required: degradation starts at 240°C, which is
50°C above the processing temperature).

The viscosity of the composites increases with the amount of filler used, finding a more viscous
material for the composites with the fibrous material in contrast to the shredded material, due to the
higher aspect ratio of the filler. The increased viscosity is well correlated with the reductions in MFI
and the higher values of switch over pressure during the injection molding of the composites.

The FTIR analysis does not evidence any particular chemical interaction between filler and matrix;
the formation of chemical bonds between both phases would require a compatibilizer and might
reduce the pull-out of fibers in the mechanical testing, thus, to higher mechanical properties.

In any case, a good stress transfer is observed for the composites, particularly for those
containing reed in the form of fibers, even though any compatibilizer was introduced in the
process. The tensile and flexural strength was not reduced, and elastic modules in both assays
were increased significantly. So, composites with 20% fiber exhibit a tensile strength of about 19
MPa and an elastic modulus of 1.9 GPa, which is almost twice that of the neat matrix, while
flexural strength of this series is increased by a 15% (reaching 30 MPa) and elastic modulus is
also increase by over 100%, getting over 1500 MPa. The increased porosity found for composites
has not reduced the mechanical properties of the composite, which is a further indicator of the
good behavior of the Arundo-derived materials in the HDPE matrix. In any case, porosity values
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are considered low, finding the maximum value of 8.7% for 40% fiber composites; this can be
related to a good processing of the materials and also to the good thermal stability of the
material: as it is not degraded during processing, no decomposition products, in the form of
vapor or gases, are generated. Finally, only those composites with fiber increased the impact
resistance of the matrix, which might be related to better adhesion of the fiber to the matrix, as
also found in SEM observations and DMA assays. Impact strength is increased by 20% for
fibrous composites, while the composites with 20% shredded material provided comparable
values to the HDPE; only the series with 40% shredded material shows a slight decrease of
about 10% for this property.

The TGA assays have allowed confirming that the ratio of each filler used corresponds to
the blend prepared at the compounding stage, apart from confirming that the material is
thermally stable for about 50°C above the required processing temperature. Neither the
melting point nor the crystallinity of the matrix is affected by incorporating the lignocellulose
materials, as commonly accepted in literature for HDPE-based composites; melting takes place
at about 135°C. However, the heat deflection and Vicat softening temperatures are signifi-
cantly increased as a consequence of biomass incorporation; in particular, HDT is almost
increased by 100% for the 40% fiber composites (41°C for neat HDPE vs. 73°C for this
composite), while VST rises from 72°C for the matrix to 86°C for this same material. This
increase might be an indicator of the good stability of injection-molded composites for their
use under temperature-changing conditions, such as outdoor applications. In any case, the
aging performance and stability of such materials under UV and humidity cycles should be
assessed prior to anticipating a good behavior under such circumstances. The content of
polyphenols and other antioxidant compounds in biomass would provide additional benefits
to consider. These tests, together with the analysis of recyclability and the study of lifecycle of
composites would allow establishing the techno-environmental benefits of using such materials
in contrast to the neat matrix or to other composites obtained with natural fibers. The use of
a lignocellulosic filler coming from a residue would a priori result in an improved environ-
mental behavior, although this point is being confirmed in the near future by conducting
a proper LCA.

Despite their different composition, a significant increase in water uptake for the compo-
sites was observed, without significant differences due to the type of filler. Swelling is more
significant for the composites with higher loading, reaching values up to 8% for PE.F40
samples. The values obtained for diffusion coefficients are similar to those obtained in
literature for other composites with lignocellulose fibers, in the range of 2.3-3.6.107"°
m (Copani et al. 2013)/s, in the range of 100 times higher than for neat HDPE polymer, of
hydrophobic nature.

Finally, introducing the biomass in the HDPE matrix results in changes in the aesthetics of the part;
while composites with fibers tend to get a yellowish color, those with shredded reeds show a greener
aspect. The different flow behavior of both composites explains the higher surface roughness observed
in SEM for the fiber composites, which results in a matte appearance, regardless of the fiber ratio used.
For the composites with 20% of the shredded material, a thin layer of PE is likely to be formed on the
outer surface of the part, producing a smoother surface with higher gloss, which is also reduced for the
higher-loaded samples.

Therefore, the potential of giant reed as raw material to produce fibers and fillers has been
demonstrated, allowing to obtain a composite with good aesthetics, thermal stability, and
mechanical performance. Further experiments are being conducted to determine other properties
of the composites and finish their characterization; in particular, the resistance to oxidation/aging
under humid environment and UV light, the thermal and acoustic insulating character, and the
environmental behavior, including an analysis of the recyclability of the material, are being
undertaken.
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Highlights

HDPE-based composites with up to 40% biomass from Arundo donax were produced.
Addition of 20 wt% Arundo improve elastic and flexural modulus.

Thermal stability is increased due to the incorporation of Arundo biomass.

Fibrous filler provided better adhesion and properties than particle-shaped one.
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Abstract

This paper describes the effect of two different fillers derived from giant reed (4rundo donax L.), namely fibers and shred-
ded aerial parts of the plant, on the thermal properties of polyethylene-based composites, as the analysis of dimensional
stability of lignocellulose-based composites, and its relationship with their thermal diffusivity, has not yet been assessed in
the literature. It has been found that the introduction of such materials resulted in a significant reduction of the coefficient
of thermal expansion, particularly more important in the case of fibers, due to their higher aspect ratio; in particular, this
coefficient is reduced to less than half for fibrous composites (from 1.6-107* K~! to 6.1-1075 K~ ! or 3.5-107° K~! for 20
and 40% loadings). This parameter also influences the thermal diffusivity of the final parts; the diffusivity of composites
increases with the ratio of lignocellulosic filler used, particularly when using fibers, due to a better orientation of these
fibers than the shredded material, which does not exhibit a fibrous shape. Composites with 20% share of the filler exhibited
a thermal diffusivity increased by about 15% compared to neat polyethylene, while 40% loadings resulted in a 25% and
60% increase for ground and fibrous materials, respectively. These results provide additional features to lignocellulose-
composites characterization, providing properties not usually mentioned in the literature to expand the knowledge about
such composite materials beyond mechanical properties, providing a broader range of properties to offer a wider applica-
tion area of such composites.

Statement of Novelty

Arundo donax L. is of great interest to biorefineries due to its fast growth and resistance to adverse environmental condi-
tions. Most research on this plant species focuses on obtaining energy products or valuable chemicals, while very few
are related to composite production, particularly on thermoplastic materials. The work found in the literature so far does
not provide insights into the relationships between the types of filler (and their aspect ratio) and their thermal properties.
Therefore, this work expands the knowledge on the thermal behavior of lignocellulose-polymer composites, supplement-
ing the research, usually focused only on mechanical properties, in their characterization by correlative analysis of thermal
influenced dimensional change with structure and thermal diffusivity. Determining the coefficient of thermal expansion
(CTE) is a relevant parameter to assess the possibilities of using a material at high or low temperatures and evaluate the
dimensional stability of a product during its service lifetime. On the other hand, thermal diffusivity brings together the
capacity of a material to store thermal energy and distribute it throughout the material; that is, it relates heat capacity
and thermal conductivity, which are also essential in using materials in market applications. Therefore, the work not only
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provides the results of thermal diffusivity and CTE of thermoplastic-reed composites but also correlates both parameters as
a way to widen the range of application of plant-based composites in areas where dimensional stability (i.e., low thermal

expansion) is required.

Graphical Abstract
HDPE

Shredded ' (&

parts G

Keywords Giant reed - Natural filler - Thermal diffusivity

Introduction

A pivotal focus on environmental responsibility and recy-
cling principles has gained prominence in the quest for
sustainable composite materials. Initiatives driven by a
shared commitment to environmental stewardship have
marked notable progress in utilizing plant-based fillers and
the development of composites with reduced polymer con-
tent [1]. As researchers worldwide intensify efforts towards
innovative solutions for the introduction of waste streams,
this paper contributes to the scientific discourse by explor-
ing the thermal behavior of polymer composites containing
lignocellulose fibers as a way to widen the knowledge about
such materials and increase their uptake in commercial
applications. Such composites are commonly referred to as
natural fiber composites (NFC) or wood polymer compos-
ites (WPC) [2—4]. Besides the often used long natural fibers,
mainly in the implementation with thermoset polymers [5,
6], many studies focused on composites reinforced with
plant particle-shaped fillers or short fibers [1, 7, 8]. Current
research activities increasingly focus on attempts to com-
pletely valorize plant parts and give each waste-based filler

@ Springer
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a dedicated function depending on its specific physicochem-
ical, mechanical, or chemical characteristics [4, 9].

Apart from the understanding of the effect of lignocel-
lulose fibers within polymer matrices in the mechanical
behavior or durability of materials, the determination of the
coefficient of thermal expansion (CTE) is a relevant param-
eter to determine the possibilities of using a material at high
or low temperatures, as the dimensional change resulting
from the thermal expansion phenomenon can be undesir-
able. On the other hand, thermal diffusivity is related to the
capacity of a material to store thermal energy and distribute
it throughout the material; that is, it relates heat capacity
and thermal conductivity. It is then advisable to correlate
thermal expansion in detail with the ability to accumulate
and distribute heat due to the high requirements for poly-
meric and composite products regarding dimensional stabil-
ity during exploitation. In most cases of injection-molded
products, minimizing the thermal expansivity of final prod-
ucts is crucial [10]. This phenomenon is related to the poly-
mer structure’s heterogeneity and phase transitions [11]. As
shown in previous studies, the crystallinity and the intro-
duction of fillers result in significant changes in the ther-
mal expansion of products made of thermoplastic polymers
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[11-13]. The most effective and straightforward method for
obtaining good dimensional stability in a polymeric com-
posite is introducing a filler with high-temperature conduc-
tivity [14]. While the relationships between the role of the
filler orientation in the polymer matrix and the interfacial
bonding have been described for inorganic fillers [15, 16],
these studies are strongly limited in the case of composites
with plant-based fillers. The influence of the shape factor of
natural plant fillers on the mechanical properties and struc-
ture of composites based on thermoplastic polymers has
been studied previously [17, 18]; however, the correlations
between their thermal properties and temperature-assessed
dimensional stability should still be explained, considering
broad aspects of natural fillers’ structure.

Biodiversification and the diversity of plant structure,
influenced by species characteristics and environmental
conditions accompanying growth, is often a significant
objection to using plant-derived fillers [19-21]. It is advis-
able to correlate the chemical composition of plant-based
fillers with the final properties of their composites and con-
sider the impact of grinding processes and their shape [22].
Therefore, it becomes purposeful and justified to conduct
research in the field of pre-testing the broadest possible
range of composites reinforced with natural-based fillers to
define the crucial aspects determining their role in modify-
ing polymeric composites’ thermal behavior.

Giant reed (Arundo donax L.) is considered a promising
crop for obtaining bioenergy and bioproducts, including
natural fibers for composites production [23-27], follow-
ing a biorefinery scheme. The interest in using this plant
relies on its fast growth and resistance to adverse environ-
mental conditions, such as water scarcity or poor quality.
Most research on this plant species focuses on the obtaining
of energy products (ethanol or biogas) or valuable chemi-
cals (levulinic acid or oligosaccharides), while very few
are related to the obtaining of composites, particularly on
thermoplastic materials [27-32]. This plant can be grown
in marginal or polluted lands, with low-quality waters and
low fertilizers or pesticides use, which could imply a vital
step within the establishment of an industrial crop to pro-
duce valuable products without replacing food crops or
using valuable inputs (water, land) for their growing, thus
contributing to the achievement of the sustainable develop-
ment goals (SDG). This research work compares the behav-
ior of the neat matrix (high-density polyethylene, HDPE)
with composites loaded at 20 and 40% in weight of two
different fillers: fibers obtained from the culms of the giant
reed through a chemo-mechanical process and ground stems
and leaves, as a more inexpensive material with almost no
processing, as described in our previous works [32, 33].
This work allows expanding the knowledge on the thermal
behavior of polymer composites containing lignocellulose

fibers, and particularly, it constitutes a supplement realized
research in the manufacturing and characterizing Arundo
donax-based composites by correlative analysis of thermal
influenced dimensional change with structure and thermal
diffusivity.

Materials and Methods
Materials and Sample Preparation

A high-density polyethylene (HDPE) purchased from Total
(Antwerpen, Belgium) with the trade name HD6081 was
used as a polymeric matrix. This HDPE is characterized by
2 0.960 g/cm? density and 8 g/10 min (190 °C/2.16 kg) melt
flow index (MFI).

Natural fillers used for manufacturing the composites
were produced from the same plant part, i.e., Arundo donax
L. culms (from Gran Canaria island, Spain). The fillers
used are fibers and shredded material. Shredded filler was
obtained by grinding aerial plant parts (leaves, culms) and
washing them with water. Fibers were obtained after soak-
ing culms in a NaOH (from Sigma Aldrich, Missouri, USA)
solution for around one week, with further processing by a
series of rolling mills to separate the fibers from the softer
material. A full description of the manufacturing procedure
was previously given [33].

The samples were named appropriately in the work
regarding their material composition and filler concentra-
tion, as follows: PE for unmodified polyethylene, PE.F20
and PE.F40 for composites with 20 and 40 wt% fibers, and
PE.S20 and PE.S40 for composites with shredded Arundo.

Lignocellulosic fibers were dried overnight at 105 °C
before compounding, while HDPE was dried overnight at
60 °C before melt processing. Composites were melt-mixed
in a ThermoScientific Process11 (Massachusetts, USA) co-
rotating twin-screw extruder with a temperature profile set
up 170-175-175-185-185-175-165-165 °C and screw rota-
tion speed of 100 rpm, cooled in a water bath and pellet-
ized. Samples were formed by injection molding through an
Arburg 320 S hydraulic injection molding machine (Loss-
burg, Germany). Prior to processing, pellets were dried at
60 °C overnight with dry air (dewpoint of -40 °C). From the
back to the nozzle, the following temperature profile was
used: 175-180-185-185-190 °C, while the mold temperature
was 30 °C, and the cooling time was 15 s. The back pres-
sure was 5 MPa, and the holding pressure was 50 MPa. The
aspect ratio of both fillers was determined by optical means
[34] for the injection molded composites; it was found to
be about 1 for composites with shredded material and over
4 for those with fibers, with sizes of 0.65 mm length for the
fibers and 0.23 mm for the shredded material [35].
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Methods

The composite samples’ structure was examined using a
measuring X-ray tomography, model v|tome[x s240 (Way-
gate Technologies / GE Sensing & Inspection Technologies
GmbH, Pennsylvania, USA). Micro-computed tomogra-
phy (LCT) was used to evaluate the filler distribution in
injection-molded samples and their porosity. The following
parameters were used during the measurements: X microfo-
cus x-ray tube (voltage 150 kV/current 200 pA), exposure
time of 150 ms per picture, and voxel size of 123 um.

The thermal diffusivity analysis was performed using
a modified Angstrdém method with a Maximus (Poznan,
Poland) apparatus. Previous works by Prociak, Jakubowska,
and collaborators [36, 37] described the experimental setup
in detail. In short, this method is characterized by a conve-
nient preparation of samples and short analysis time; one
end of the sample is heated, and the temperature of the sam-
ple at two points is measured using resistance temperature
detectors [36], as shown in Fig. 1.

During investigations, the micro heater was charged with
23V to heat the samples for 400 s. Thermal diffusivity (D) is

Fig. 1 Experimental setup for the measurement of thermal diffusivity

@ Springer

dependent on thermal conductivity (L), specific heat capac-
ity at constant pressure (c,), and density (p) [37], defined by
the following formula:

A

Cp p

D =

(1

The specific heat capacity determination was realized
according to the DIN 51,007 standard with differential scan-
ning calorimetry (DSC) measurements, conducted using a
Netzsch DSC 214 Nevio apparatus (Selb, Germany) with
aluminum crucibles and 20 + 0.1 mg samples under nitrogen
flow. All samples were heated with a constant heating rate
of 10 °C/min from — 50 to 200 °C and held molten for five
minutes. For the test, sapphire references have been used.

Thermal expansion analyses were performed on the
Netzsch TMA 402 F1 Hyperion apparatus (Selb, Germany).
The measurements were carried out in a heating cycle with
a 2 °C/min heating rate with a flow of 100 ml/min protec-
tive argon atmosphere. The measurements were conducted
in the temperature range of -100 to 100 °C, with an applied
force of 0.01 N. The test results were analyzed using the
Netzsch Proteus software. Due to changes in the linear coef-
ficient of thermal expansion (CTE) in the tested temperature
range, this coefficient was determined for the entire range
and sub-ranges, respectively — 100-25 °C and 25-100 °C.
These ranges were selected considering the potential appli-
cability of composites in different service conditions, i.e.,
under room temperature or frozen environments and over
room temperature, considering sectors such as packaging or
urban furniture.

Results and Discussion

Figures 2 and 3 show the structural analysis results of 3D
computed tomography of tested materials. Figure 2a shows
the distribution of fibers in the volume of the injection
molded samples, while Fig. 2b presents a void distribution.
In the case of both fillers used, for 20 wt%, uneven filling
of the volume of the composite product with a visible skin
layer is visible. A more heterogeneous structure was noted
for the fibrous filler (PE.F), which may be related to the
more directional arrangement of the filler particles in the
core of the sample. This effect is also observable in Fig. 3f.
Complete measurement data associated with the presence
of pores in the structure of the samples are presented in
Fig. 3a-e. The observed points allowed for determining the
size and volume of pores observed for a selected sample
from each series. The calculated porosity in the samples was
as follows: PE 0.09%; PE.F20 0.29%; PE.F40 40 0.86%;
PE.S20 0.36%; PE.S40 1.26%. Composite series containing
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a)
PE PE.F20 PE.F40 PE.S20 PE.S40

b)
PE PE.F20 PE.F40 PE.S20 PE.S40

Fig.2 3D computed tomography images presenting filler arrangement (a); porosity (b)
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Fig. 3 Characterization of injection molded samples porosity distribution

shredded irregular particles are more porous than fiber-filled
composites because of the fillers’ larger specific surface area
[38].

The results of TMA measurements in the form of
changes in length (dL/L;) and average values of the coef-
ficient of thermal expansion determined in three tempera-
ture ranges (-100-25; 25-100; -100-100 °C) are shown
in Fig. 4. The courses of changes in the elongation of the
samples unambiguously indicate a much more favorable
effect of fibrous fillers on the dimensional stability of the

T
10° 10'

Diameter [mm]

specimens subjected to temperature changes. For 20 wt%
R-filled composites, the shape of the dL/L(T) curve is sim-
ilar to that of unmodified PE, and the average values for
these materials series in all three ranges are comparable. In
the case of composites filled with fibers, a change in the
course of the curve and a significant limitation of a can be
noted, which is probably related to the formation of a net-
work of physical interactions between the fibers dispersed
in the matrix, which significantly restricts their mobil-
ity caused by changes of polymer thermal expansion. The
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sample containing 40 wt% shredded reed shows comparable
average o values to PE.F20 in the 25 to 100 °C range. In
the range most important from the perspective of using PE
composites (-100 to 25 °C), the most beneficial results were
obtained for the sample containing 40 wt% Arundo fibers.
The obtained research results are related to the partial orien-
tation of the fillers with an increased shape coefficient and
greater consistency for creating 3D steric hindrances in the
sample volume, as found in previous work of authors [32],
where the materials containing fibers showed higher values
of storage modulus than those made with shredded material
in the whole range of temperature studied (-100 to 100 °C).
This increased stiffness is related to the hindering of poly-
mer chain movements due to the introduction of fibers, as
also shown here for CTE. Besides, the orientation of fibers
was demonstrated in capillary rheometry testing.

In addition to the arrangement of the fillers and their
mutual interactions, the interphase volume surrounding the
filler dispersed in the polymeric matrix plays a vital role, as

@ Springer

demonstrated in the work of Tripathi and Dey [39]. A reduc-
tion of CTE is expected with increased interfacial adhesion
between filler and matrix. A lower porosity in the injection
molded samples was obtained for fibrous composites, and
higher interfacial interactions also occur in such compos-
ites, demonstrated by higher mechanical properties [32].
Yang et al. [ 12] confirmed an additional reduction of thermal
expansion of PP-wood flour composite by increasing inter-
facial interactions with the introduction of maleic anhydride
grafted polypropylene (MAPP). Increased adhesion at the
interface of PE-fiber composites, resulting from an increase
in the shape factor of fillers, causes a more prominent limi-
tation of the mobility of macromolecules and, consequently,
a decrease in the coefficient of thermal expansion. These
results are in agreement with our earlier work [32], in which
the calculated values of adhesion factor based on DMA indi-
cated a reduction in interactions in the temperature range of
HDPE f-relaxation [40] above 0 °C for composites contain-
ing shredded part plants and better interfacial adhesion in
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composites with fibrous fillers. For the automotive industry,
the coefficient of thermal expansion should be lower than
5 - 1073 K~!; composites at 40% loading accomplish this
limit, and it is almost reached for 20% fibrous composites,
meaning these composites might find an application in the
manufacturing of internal door panels [10], at least for inter-
nal covering.

Measuring the thermal diffusivity of the material by the
Angstrom method allows for obtaining information about
the sample’s ability to conduct heat relative to heat storage.
Figure 5 presents the mean values of thermal diffusivity
and specific heat capacity of injection molded polyethyl-
ene and composite samples. Thermal diffusivity gradually
rises for composite samples with increasing filler content,
with a more distinct effect observed for the PE.F40 series.
Increasing the share of lignocellulosic filler translated into
increased pore content, resulting in reduced thermal con-
ductivity, as also found by Prisco [41]. Thermal diffusiv-
ity was found to decrease with increased content of banana
fiber in a PP matrix, while no specific trend is seen for Cp. In
this work by Paul et al. [42], the density increases with the
fiber loading, although porosity values were not measured.
This might explain the opposite behavior found; a higher
porosity of composites would result in reduced thermal con-
ductivity and diffusivity. Considering Eq. (1), based on the
results D, it can be concluded that the probably dominant
effect was replacing a significant part of the polymer by vol-
ume with the natural filler, which decreased specific heat.
The introduction of the oriented filler with an increased
aspect ratio (fibers) probably increased the contact sur-
face of the oriented fiber fillers in the flow direction, which
resulted in a change in thermophysical parameters and a
more pronounced impact of this filler on D. The results are

contrary to those presented by Kalaprasad et al., [43] who
found that sisal fibers had a marginal effect on the change
in thermal resistance, while in the same temperature range
test used in the Angstrdm method, LDPE-sisal compos-
ites were characterized by reduced thermal diffusivity. The
difference in the conducted tests resulted mainly from the
method of sample preparation, forced significant orientation
in the case of work results, and the lack of porosity result-
ing from process features. Changes in thermal diffusivity
are related to the free path in the material; the presence of
porosity and other structural defects will change this param-
eter. The presence of pores in the considered case probably
caused a decrease in the thermal conductivity of composites,
while the orientation of natural fibers significantly influ-
ences changes in the thermal conductivity of composites
with matrixes of thermoplastic polymers. [43] In the case
of monodirectional aligned fibers, the thermal conductiv-
ity in the fiber direction is independent of the fiber content.
Randomly oriented fibers, as observed in injection-molded
specimens, will rather reveal a behavior close to the case of
discussed materials evaluated in a perpendicular direction
to natural fiber alignment. According to results presented by
Tazi et al., [44] the addition of lignocellulosic fillers leads
to a decrease in the specific heat capacity of the polymer
composites, that is, these fillers provide thermal insulating
behavior, as this property is directly related to the possibil-
ity of changing the temperature of the heated material by
the same amount of heat. Similarly, the specific heat capac-
ity values measured by differential scanning calorimetry at
25 °C, i.e., the initial temperature of the measurement D by
the Angstrdm method, for composite materials, are slightly
lower than those of unmodified PE. However, a different
tendency can be noted when analyzing the values at 100 °C,
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the maximum temperature of the range used in dilatomet-
ric measurements. ADR- and R-filled composites are char-
acterized by an increase in Cp compared to the PE series.
However, increasing the filler share resulted in an additional
increase in this value.

Conclusions

This research work has shown the effect of lignocellulose
fillers on the thermal properties of polyethylene-based
composites, finding that the aspect ratio of the filler plays
a significant role in such properties. The orientation of the
fibers during the processing by injection molding allows for
a reduced porosity of the final samples despite their higher
aspect ratio compared to the shredded material. This phe-
nomenon of preferential orientation of the fibers would also
imply a higher surface contact between the polymer and
the filler, resulting in a greater extent of modification of the
thermal properties of the composite. Therefore, the dimen-
sional stability of the composites with fiber is improved in
all the studied ranges, with this improvement being even
higher for the range from 25 to 100 °C. The higher ther-
mal diffusivity found for composites with fibers compared
to shredded particles, particularly for high loading of the
lignocellulose material, is also related to the orientation of
the fibers during the processing.
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Abstract. This study verified the possibility of recycling polyethylene-based
composites with up to 40% of lignocellulosic reinforcement after 5 cycles of
compression molding, milling and extrusion. Two forms of filler from the same
plant species, Arundo donax L., were studied, namely, fibers and shredded aerial
parts of the plant. The properties of composites were assessed at each processing
step, finding that the reprocessing affects to more extend the particulate filler than
the fibrous one; the lower particle size resulted in lowered tensile properties. How-
ever, despite the fiber size reduction, as aspect ratio is not drastically diminished,
the better dispersion of the fibers in the matrix counteracts the negative effects of
their shorter size. Impact properties are improved with the recycling, possibly due
to the increased homogeneity of the samples, which is also translated into a higher
density (and lower porosity). The thermomechanical stability of the fiber com-
posites is higher than for the shredded ones. The reduction in size of the fillers
is reflected in the lowered viscosity obtained after the reprocessing. The fibers
continue stiffening the matrix after the 5 reprocessing cycles, where the milled
material acts more as a filler, reducing tensile properties, although showing a good
flexural behavior.
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1 Introduction

It is undeniable that composite materials possess unique features and properties that are
unachievable using simple, uncombined materials. Although these composites allow for
a wider range of uses and improved lifespan of products, they can be difficult to dispose
of sustainably or recycle depending on the materials the composite is made from. In an
age where being eco-friendly is becoming more and more of a priority, materials that can
be recycled are a better option for manufacturing and construction. This has led to works
claiming increased sustainability or renewability of natural fiber composites, although
these materials’ recyclability, biodegradation, or carbon footprint determination have
not yet been fully assessed [1, 2]. Of particular concern is the breakage of the fibers
during the reprocessing, which leads to reduced aspect ratio [3—5] and a decrease in
mechanical properties, usually after 5-7 cycles [2]. Natural Fibers (NF) are one of
the most-used green fillers in polymer matrices. In general terms, using natural fibers
improves mechanical properties and reduces weight, while also providing interesting
acoustic and thermal insulation feature. Besides, vegetal fibers are a renewable material
and are considered eco-friendly materials.

Some of these fibers are cultivated for the obtaining of the fibers, as for example flax
or hemp [3], while others are obtained from side-streams or wastes from other crops, as
in the case of banana fibers [6, 7], tomato crop by-products [8], coffee wastes [9], or spent
grain from brewery [10], among many others. Another environmental favorable option
is the use of plants with a fast growth and low inputs requirements; one of such plants
is Arundo donax L., also known as giant reed. This plant grows rapidly and contains
high proportions of cellulose [11]. Because of these factors, but also due to its potential
invasive character, Arundo donax derived materials have been the subject of research as
potential fillers or functional additives in composites [11-17], but has also been proposed
as feedstock of biorefinery processes [18-20].

As found in the literature, more work is needed on the potential to recycle NF
composites [2, 21]. The aforementioned reduction in fiber length and aspect ratio has a
huge impact on the properties of the materials, usually leading to reduced mechanical
performance. Ideally, the recycled materials would maintain the properties of the original
material so they could be recycled repeatedly and still perform to the same standard as
the originals. However, because the material is being shredded and extruded several
times, it is likely that properties such as tensile strength and viscosity will decrease due
to the thermal degradation of the materials or a decrease in the aspect ratio of the fibers
as they are broken during the shredding and pelletizing processes. In applications such
as injection molding, the decrease in fiber length could be beneficial as the viscosity
should also decrease. Depending on the plant fibers, composition and plastic chosen, the
effects of recycling can vary. Besides, the consecutive thermal cycles and the shear stress
induced during compounding could also lead to a degradation of the polymer matrix to
certain extent, which would also result in a deterioration of the composite behavior. For
instance, some composites such as polypropylene with flax can go up to seven cycles
without exhibiting significant change in elastic modulus or tensile strength [3], while
HDPE/kraft pulp composites result in a drastic reduction of mechanical performance,
even with the use of additives based on maleic anhydride at high molecular weight [22]. In
the same line, although some other works have pointed out the need to using antioxidants
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and stabilizers to reduce the negative effect of reprocessing, not only in the fillers but
also in the matrix itself [23]. A further advantage of using lignocellulose wastes is the
fact that these materials can still contain some phenolic compounds with antioxidant
activity, thus being capable to reduce the negative effects of thermo-oxidation during
reprocessing [10].

1.1 Research Problem

This work assesses the possibility of recycling composites made of (HDPE) and giant
reed fibers (Arundo donax L.) in up to 40% in weight. The composites were produced by
melt-compounding in a twin-screw extruder and compression molded. Then, after test-
ing, they were ground, and reprocessed again by twin-screw and compression, repeating
this reprocessing for 5 times. Although the fibers from Arundo have been characterized
and tested as reinforcement or filler of composite matrices, there hasn’t been any signif-
icant research into the reprocessing of such composites and the impact of recycling in
the final properties of the materials. The behavior of the composites at each reprocessing
was assessed against fiber length, diameter and aspect ratio.

2 Material and Methods

2.1 Materials and Sample Preparation

High-density polyethylene (HDPE), grade HD6081 from Total was used as matrix. This
polymer is characterized by a melt flow index (MFI) of 8 g/10 min (190 °C/2.16 kg) and
a density of 960 kg/m?, according to the manufacturer’s datasheet.

Two different Arundo derived materials were used, at 20 and 40 wt% loading: shred-
ded material, obtained by grinding the aerial parts of the plant, and fibers obtained from
culms, as described in a previous work of authors [11]. The composites are named after
the type of vegetal material used and its content (in weight %); followed by a number to
indicate the reprocessing cycle; so, PE.S20-0 refers to composites with 20% shredded
material after extrusion and compression molding (original material), while PE.S20-1
stands for this same material after the first recycling step.

2.2 Methods

Processing and Reprocessing

The materials used were dried overnight before compounding: lignocellulosic fibers at
105 °C and HDPE at 60 °C. Composites were prepared in a Thermo Scientific Haake
Rheomex PTW 16 OS twin screw extruder, with a L/D relationship of 25, with screw
rotation speed of 300 rpm and the following temperature profile (from hopper to nozzle):
170-175-170-165-160-60 °C. Once the compounding was extruded, it was processed in
a Collin P 200 platen press in a square plate mold, which were later die cut to obtain the
test samples. The processing temperature was 190 °C, the material was kept at 10 bar for
2 min, and then at 25 bar for the cooling stage. Once the samples were tested, they were
ground in an Alpine Augsburg chipping device, model RO 16/8, working at 1400 rpm,
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and reprocessed by extrusion and compression molding, using the same parameters
already mentioned, repeating this procedure 5 times.

Composites Characterization

Fourier transform infrared spectroscopy (FTIR) was performed in a Perkin Elmer Spec-
trum 100, under attenuated total reflectance mode. The wavelength was set in the
4000-640 cm™! range, scanning each sample 64 times at a resolution of 4 cm’!.

Density of the composites was determined following the procedure described at
ISO1183 standard, based on the Archimedes principle, using methanol, measuring 5
replicates. Porosity was obtained comparing the theoretical density, considering the
density of the HDPE and the fillers (1.5456 g/cm? for the fibers and 1.1727 g/cm? for
the shredded material) [11] with the experimental one.

Melt flow index (MFI) was calculated for the pellets produced at each stage, under the
protocol established at ISO1133, in a Kayeness Galaxy device, model 7053, at 190 °C,
with a mass of 2.16 kg.

Mechanical testing was conducted on die cut samples from the compression molded
plates, tensile and flexural testing were performed in a Lloyd LS5 apparatus, using 5
replicas per type of material, following ISO 527 standard for tensile testing and ISO 178
for flexural assays. For tensile, the gauge length was settled at 60 mm and a strain rate
of 1 mm/min was used; for flexural, the strain rate was set at 2 mm/min, with a node
span of 64 mm, the test stopped when deformation reached 17 mm. Impact strength was
determined in a Ceast Resil impact tester, under Charpy mode on unnotched bars, as for
ISO 179 standard, using a pendulum of 7.5 J, a spam of 62 mm and an impact rate of
3.7 m/s. 10 replicas were used to determine impact resistance.

Thermomechanical properties of the different materials were evaluated by Dynamic
Mechanical Thermal Analysis in a Tritec 2000 device (Triton Technology), at single
cantilever bending method. A strain of 50 wm was applied at 1 Hz frequency, in the
temperature range from —80 to 80 °C, at a heating of 2 °C/min (ISO 6721).

Another parameter calculated from DMA analysis is the adhesion factor (A), as
described by Kubét et al. [24], and simplified according to Hejna et al. [25]:

1 tandc

A=
1 —xp tandpg

1 (1)

where X is the ratio of the filler in the composite (in volume).

Lower values of A indicate higher interfacial adhesion, while high values of this
factor are related to higher viscoelastic character and higher energy dissipation due to
chain movements inside the composite [26], or to high porosity or insufficient adhesion
between polymer and filler [25].

Finally, the entanglement factor (N) and the reinforcement efficiency (r) have also
been proposed by several authors as a way to determine the intensity of the interaction
between the matrix and the filler [26-29]. The entanglement factor is usually calculated
at several temperatures to evaluate the potential differences in such interactions due to
different service conditions, according to Eq. 2:

N=— )
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where E’ is the storage modulus at T temperature (in K), R the universal gas constant.
Finally, the reinforcement efficiency is obtained from the relationship between the
storage modulus of the composite and the matrix:

E,=E, (1+r-V) 3)

where E/ and E'}, are the storage modulus of the composite and the matrix, respectively,
and V¢ the percentage of the filler (by volume).

Rheological behavior was assessed in an AR G2 oscillatory rheometer (TA instru-
ments), using 25 mm diameter parallel plates. The experiments were performed at 190 °C
under nitrogen with 2.5 mm gap. Preliminary tests were performed in the strain sweep
mode to ensure later experiments took place in the linear viscoelastic region. In these
tests, strain was varied between 0.1 and 5%. Angular frequency sweeps were performed
at 0.5% strain, in the LVE region, in the range of 0.01 to 100 rad/s.

Finally, the fillers morphology was also assessed in the different stages, by obtaining
a thin layer of the composite, via platen press. Once the film is obtained, it is scanned
with a high-resolution optical scanner and the image is analyzed using ImageJ. This way,
thousands of elements (fibers or particles) can be measured, obtaining a representative
value for their geometrical parameters [5].

3 Results and Discussion

3.1 FTIR Analysis

Figure 1a shows the FTIR spectra for the different materials used in this work, only
for cycles 1 and 5, and 40% loadings, to have a clear image. Composites for both
type of lignocellulose filler show a similar curse, with more intense bands for 40%
loaded composites in the areas of 3600-3000 cm~ L, related to O-H stretching, and 1200-
850 cm ™!, characteristic of C = O, both associated to cellulosic compounds. These bands
are more intense for composites based on fibers, due to their higher cellulose content [11].
Apart from this, not particular bands are observed, meaning no intense bonds are formed
between matrix and filler, or these being overlapped with the HDPE typical fingerprint.
Furthermore, when zooming (Fig. 1b) into the interest area for the calculation of the
carbonyl index (i.e., between 1800 and 1450 cm™"), the appearance of bands at about
1720 cm™! is not observed for any of the materials, thus indicating that the reprocessing
is not apparently producing any oxidation in the polymer. The composites containing
the shredded plant exhibits some absorbance in this area, though, which are is attributed
to the ketone and carbonyl groups in lignin, pectins and waxes, naturally present in this
material and mostly removed by the fiber extraction process.

3.2 Mechanical Behavior

Table 1 summarizes the mechanical properties of the different series of composites and
cycle processing. As observed, and as expected, there are no differences in the behavior
of the neat HDPE as a consequence of the reprocessing (p-value > 0.1). In contrast,
for the composites two different trends are observed, depending on the type of filler
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Fig. 1. FTIR spectra for a) neat HDPE and 40% composites in cycles 0 and 5 between 4000 and
500 cm~1, and b) FTIR spectra zoomed between 1800 and 1450 em~ L,

Table 1. Different properties for the different materials and processing cycle (E: elastic modulus,
o: ultimate stress, €: deformation; MFI: melt flow index; no: zero-shear viscosity)

Impact Tensile . . MFI Mo
Material Cycle strength Den51t3y Porosity (g/10
(/) E (MPa) o (MPa) Ebreak £MAX stress (kg/m’) (%) min) (Pa-s)
PE 0 62 +£19 7479 + 829 21.0 + 1.6 2.309 + 0.243 0.073 + 0.041 0.949+0.008 1.1+0.9 8.4+0.2 1579
1 58 £20 8753 £ 39.0 20.4 + 0.1 2.167 £ 0.246 0.090 + 0.006 0.932+0.014 2.9+1.7 8.0+0.1 1372
2 54 +£23 810.1 £ 559 19.6+0.62.138 £ 0.213 0.090 + 0.003 0.946+0.004 1.5+0.5 8.5+0.1
3 58 +£22 860.0 £ 234 20.2+ 0.2 2.148 £ 0.138 0.091 + 0.004 0.942+0.006 1.9+0.7 8.3+0.1 1324
4 59 +£2.1 8328 + 26.1 19.8+0.32.131 +0.211 0.093 £ 0.007 0.946+0.006 1.4+0.7 8.4+0.1
5 5.8 +£2.0 8299 + 342 20.1 £0.22.252+0.220 0.091 + 0.002 0.949+0.009 1.2+1.1 8.5+0.1 1492
PEF20 0 73 +12 926.6 £ 72.9 16.5 £ 0.5 0.060 + 0.006 0.048 + 0.004 0.990+0.01 4.7+0.9 4.7£0.2 2529
1 86 +£22 7347 £ 355 145+ 0.4 0.092 £ 0.013 0.061 + 0.003 0.999+0.011 3.8+0.6 5.7+0.1 4370
2 94 £24 7547 £ 159 1454 0.2 0.091 £ 0.006 0.062 + 0.003 0.988+0.022 4.9+2.1 3.5+0.4
3 105+ 1.3 793.7 £ 343 148+ 0.6 0.087 £ 0.011 0.058 + 0.003 1.008+£0.017 3.0+1.4 3240 14340
4 9.8 +£19 8395 + 11.0 15.240.3 0.090 + 0.012 0.057 + 0.002 1.008+0.005 2.9+0.4 3.4+0.2
5 93 +19 8412 + 169 15.1+0.40.101 +0.020 0.058 + 0.005 1.012+0.01 2.6+0.9 3.7+0.5 11210
PEF40 0 6.0 £0.8 834.0 £ 88.2 12.1 0.8 0.037 £ 0.006 0.026 + 0.004 1.052+£0.015 7.0+1.4 0.4+0.1 37970
1 6.6 £1.11096.7+ 81.0 13.1 0.6 0.040 £ 0.011 0.026 + 0.004 1.070+£0.009 5.4+0.9 1.8+0.2 38510
2 59 +£121079.0+ 157 13.34+0.7 0.042 £ 0.010 0.026 + 0.004 1.076+0.006 4.9+0.6 1.2+0.3
3 7.3 +£1.81039.7+ 57.3 13.4+ 0.3 0.049 + 0.009 0.026 + 0.004 1.076+0.012 4.9+1.2 1.4+0.2 61400
4 6.1 £0.61121.0+ 439 13.240.0 0.044 £ 0.022 0.025 + 0.004 1.084+0.01 4.24+45.5 1.2+0.4
5 63 +£051112.6+ 62.2 13.7+ 0.5 0.046 + 0.008 0.029 + 0.003 1.080+0.006 4.5+45 1.5+0.1 55790
PES20 0 6.4 +0.8 996.8 + 46.7 15.6 + 1.0 0.040 + 0.008 0.036 = 0.006  <0.794 >30% 1.7£0.1 5156
1 82 £09 657.5 £ 37.7 12.1 £ 0.3 0.147 £ 0.231 0.037 + 0.006 1.009+£0.009 10.8+£0.8 2.4+0.0 5315
2 85 £1.1 7047 £ 255 12,54 0.6 0.049 £ 0.007 0.038 £ 0.003 0.994+0.04 12.2+3.5 2.5+0.1
3 84 +£14 668.0 £ 30.5 11.8+ 0.4 0.041 £ 0.005 0.036 + 0.006 1.009+0.008 10.8+0.7 2.7+0.2 4742
4 7.0 £2.1 671.9 £ 35.0 11.6 +0.2 0.146 + 0.236 0.033 £ 0.002 0.945+0.02 16.5+47.7 2.8+0.2
5 93 +£1.9 6575 £ 259 11.8 £ 0.3 0.045 + 0.006 0.036 + 0.002 0.957+0.025 15.5+46.5 2.9+0.1 3566
PES40 0 6.4 +0.51061.0+ 62.7 15.1 + 1.2 0.037 £ 0.009 0.033 + 0.007 0.861+£0.042 23.9+3.7 0.9+0.0 13250
1 51 £09 670.7 +145.1 10.2 + 0.8 0.029 + 0.006 0.027 + 0.005 0.946+0.045 16.4+3.9 1.3+0.1 13810
2 59 1.0 690.8 £ 543 9.7 +0.8 0.037 +0.005 0.028 £ 0.002 1.012+0.024 10.5+2.1 1.2+0.0
359 £0.9 7983 £ 96.6 10.0 £ 0.7 0.027 + 0.006 0.023 £ 0.003 1.007+0.021 11£1.9 1.3+0.0 21570
4 64 +£12 8153 £ 66.5 104+ 1.10.029 £ 0.007 0.024 + 0.003 1.003+£0.046 11.4+2 1.5+0.1
5 6.1 +1.4 7712 +104.7 10.0 £ 0.9 0.032 + 0.003 0.026 + 0.003 0.989+0.037 12.6+5.5 1.5+0.0 9894

used. For 20% fibrous composites, there are no significant differences either in tensile
modulus or maximum stress, except between cycle 0 and 1; after first reprocessing,
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the fiber length (and aspect ratio) is reduced, thus explaining the lowered mechanical
properties. On the other hand, despite this reduction in aspect ratio is also observed
for F40, it is counteracted by the higher dispersion of the fibers within the matrix;
the more homogeneous material produced after the reprocessing delivers a material
with better mechanical properties. For the shredded materials, the lower particle size
obtained after the first reprocessing is the responsible for the reduction in properties,
as also concluded from DMA analysis; in this case, as the lignocellulose is in particle
form, the possible higher uniformity of the material is not counteracting the low particle
size, this acting as points for stress concentration and reducing the modulus and the
tensile strength. Therefore, the fibrous composites at high loadings benefit from the
reprocessing, while the remaining materials show a reduction of approximately 15% for
F20 (both for modulus and ultimate stress) and 30% for materials with the shredded
Arundo. Contrarily, the increased uniformity of the material, despite the size reduction
of the fillers, might improve the impact resistance of the composites. The composites at
20% improve the impact strength, while those at 40% do not modify significantly the
behavior of the matrix (p-values for the comparisons PE vs. composites at 20% <0.02,
and >0.9 for PE vs. 40% composites). Previous research of authors with these same fillers
provided a similar behavior, although with significant improvements in elastic modulus,
both at tensile and flexural testing [30]. This difference is due to the processing; in that
case, the composites were molded by injection molding, which not only implies the
use of higher pressure but also a preferential orientation of the fibers due to the flow
occurring to fill in the cavity.

As observed in Fig. 2, the aspect ratio of the fibers is reduced after the reprocessing,
while for shredded materials it keeps relatively unchanged, at lower values. Besides, this
material is not defined by an aspect ratio itself, as it consists more in an irregular shaped
filler (aspect ratio close to 1), while fibers exhibit an aspect ratio of approximately 6 at
the feeding, which is reduced to 4 in the first reprocessing [5], arriving up to 3 in the
last cycle. The particle size for shredded material is reduced in 24% after processing,
while fiber length is reduced from 1.5 mm to 0.5 mm, with diameter reducing from 0.23
to 0.14 mm after the first extrusion cycle [5]. This difference in size and aspect ratio
explains the lower tensile properties of the shredded composites compared to the fibrous
ones. Aspect ratio for the fibers in the composite is reduced from 4.4 for cycle O to
approximately 3.5 for the remaining cycles, tending to increase in the final cycles (not
statistically significant), due to a further decrease in fibers diameter; the most significant
decrease (p-value < 0.001) is found from stage O to 1.

The stiffening character of both fillers is observed in the increased elastic modulus
and in the lower deformation at which the maximum stress takes place for cycle 0 (Fig. 3);
despite the reduction in the modulus and strength observed after the reprocessing, the
strain at break is not modified in general terms. For instance, strain at ultimate stress
(for tensile tests) is 0.070 for neat HDPE, 0.049 for PE.F20, 0.036 for PE.F40 and 0.034
for particulate composites. Similar results are obtained for flexural testing, with strain
at break not significantly modified due to reprocessing but decreased for the composites
compared to the polymer. The stress at 3.5% deformation is similar for all samples,
despite their filler content or processing cycle, approximately happening at 22 MPa.
The tensile and flexural stress is reduced for all composites compared to the matrix,
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Fig. 2. Variation of geometrical features from cycles O to 5 for fibrous composites: a) length, b)

diameter, and c¢) Aspect ratio.

due to a reduced adhesion between the lignocellulose and the polyethylene, acting the
filler as a concentrator of stress. Only the neat PE show a significant decrease in the
flexural modulus (p-value: 0.017). The remaining series show no statistical difference
due to the reprocessing (p-values: 0.854,0.995, 0.114, 0.959 for F20, F40, R20 and R40,
respectively).

Similar observations are made for ultimate flexural strength, with no differences due
to the reprocessing in any case (p-values close to 1 for all series). However, flexural
ultimate strength is reduced due to the lignocellulosic fillers, particularly in fibrous
shape.

The increased stiffness of the material is aligned with the reduced values for strain at
which ultimate stress take place, which is reduced from 0.094 to 0.07 and 0.05 for 20 and
40% composites, respectively; furthermore, the stress at which 3.5% strain takes place
is also increased for composites, increasing slightly for all composites series compared
to neat PE. The shredded material seems benefiting in more extent the elastic modulus
than the fibers.
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Fig. 3. Mechanical properties (tensile and flexural elastic modulus and ultimate stress) for the
different materials in cycles 0 and 5

3.3 Thermomechanical Behavior. Matrix — Filler Interactions

As observed in the mechanical testing, no difference is found for the polyethylene as a
consequence of reprocessing; this also is found for F20 series, while for F40 the storage
modulus (E’) shows a trend to increase slightly with the processing. An opposite trend is
found for the series with shredded Arundo: the samples with the material extruded only
once shows a significantly higher storage modulus than the remaining cycles (Fig. 4a).
What is also interesting is to note that for all composite materials the curves as smoother
with the reprocessing, due to the higher uniformity of the materials (Figs. 4b and 4c). All
composites with fibers provide higher storage modulus than neat HDPE, meaning that
the lignocellulosic material stiffens the matrix, while those with shredded reed biomass
exhibit lower E’ than PE, until room temperature. The difference is more notable for the
reprocessed materials (Fig. 4c), as also found in mechanical testing. The starting value
of the storage modulus for cycle zero is in a similar range for all materials, being con-
siderable higher for fibrous composites and lower for shredded material in cycle 5. The
storage modulus decreases in an expected constant way, as also found in other works
[31]. This decrease occurs at higher temperatures with the increase in lignocellulose
ratio. The decrease in E’ is more abrupt for neat HDPE than for composites in any pro-
cessing cycle, even arriving to obtain slightly higher values for the shredded composites
at temperatures over 20°C. This means that the biomass is providing a higher thermo-
mechanical stability to the polymer. The damping factor (tan 3) shows an inflection in
the curves at 50-60 °C, corresponding to o-transition, also observed in E” plots as a
maximum. Another slight inflexion in the curves happens at 0—10 °C, more visible for
the reprocessed material, being attributed to the glass-rubber transition of the amorphous
phase in PE [32].

The reinforcement efficiency (r) calculated shows that fibers stiffen the matrix in
more extent than shredded materials (Fig. 4d), starting this reinforcement at lower tem-
peratures. The entanglement factor (N) for PE and PE.F20 is very close; as this parameter
also gives an indication of the efficient adhesion between fiber and matrix, fibrous com-
posites seem providing better behavior than shredded samples, as also found for the
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Fig. 4. Results of DMA: a) storage modulus vs. temperature for PE.S20 reprocessing, b) com-
parison of storage modulus for cycle O for all materials, ¢) storage modulus for all materials in
cycle 5, d) entanglement factor and reinforcement efficiency for cycle 0, e) entanglement factor
and reinforcement efficiency for cycle 5, f) adhesion factor for cycles 0 and 5.

efficiency and adhesion factor (Figs. 4e and 4f). The reprocessing makes the difference
in entanglement clearer for the composites series; only F20 seems providing a positive
value of the reinforcement efficiency.

As for mechanical properties, the reprocessing affects negatively the shredded mate-
rial composites, with a reduction in tensile properties; for fibers, despite the size decrease,
aspect ratio is still relatively high (being still be considered as fibers), and the higher
homogeneity counteracts the size reduction. The beneficial effect of the reprocessing
in the homogeneity of F40 series can be clearly seen when plotting the adhesion factor
versus temperature for cycles 0 and 5 (Fig. 4f); not only the parameter A is reduced, but
also the curve is more stable along the studied temperature range.

3.4 Rheological Behavior

Rheological analysis provides information about the viscosity of a polymer (or a blend)
but can also provide indirect information about the changes occurred in the macromolec-
ular structure of the polymer [33, 34] because of the processing. In the first cycle, the
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different flow behavior due to the incorporation of the biomass is observed, particu-
larly at low angular frequencies (Fig. Sa, continuous lines). Composites at 20% loading
show a similar behavior, despite their different geometrical features, while significant
differences are observed for the composites at 40%. Fibrous composites show a higher
viscosity than the ones with shredded material, possibly due to the formation of agglom-
erates of the fibers, due to their higher aspect ratio. The viscosity curves for all materials
show shear thinning behavior or pseudoplasticity, except for PE, which shows the typical
Newtonian plateau; composites reduce their viscosity at increasing angular frequencies.
When shear stress increases, the effect of the interaction between the particles loses sig-
nificance and the viscosity values tend to approach those of the matrix [34, 35]. Figure 5a
also shows the viscosity curves obtained for parts after reprocessing them 5 times (dash
lines). The composites with shredded reed show a decrease in viscosity and, particularly,
the samples with 20% shredded material show a behavior very close to that of the neat
HDPE. The course of the curves remains unaltered for the fibrous composites. There is
no evidence of important modifications in the rheological behavior of the materials, thus
confirming the FTIR observations, that is, no oxidation or crosslinking is happening in
the matrix due to the reprocessing. The reduction of viscosity observed for composites
with shredded material is due to the reduction of the particle size resulting from the
successive grindings and melt-mixing; this phenomenon is not observed (or happens
to lower extent) for fibrous composites. This is likely to happen due to a more intimate
blend of fibers and matrix, as observed by the lower adhesion factor obtained from DMA,
which is translated into a better dispersion in the matrix, which counteracts the reduction
in length and aspect ratio, which also results in an increase in E’.

When analyzing the storage (G’) and loss modulus (G) versus angular frequency
(Fig. 5b) it is observed that loss modulus is higher than storage one, thus meaning that
all the samples have a predominant viscous character. This also happens for recycled
composites. However, the difference between these curves is reduced with the increas-
ing ratio of filler, and also being lower for composites with fiber than for those with
shredded vegetal material, related to a stiffening effect occurred because of the fibers.
As also happening for the viscosity curves, the differences between the different series
are reduced at higher angular frequencies. While fibrous composites show a tendency
to an increase in storage modulus with reprocessing, as said because of a better homo-
geneity of the composites and an increased stiffness, those containing shredded material
exhibit a lower storage modulus after the reprocessing due to the reduction of the parti-
cles size, which also leads to a lower viscosity. The viscous character of the materials is
not affected by the reprocessing, that is, the curves of loss modulus are overlapped for
the different cycles for each material.

Finally, the flow tests were performed to determine the zero-shear viscosity (no),
using the Carreau- Yasuda regression. As for all the parameters studied, the values for 1o
increase with the biomass loading are shown in Table 1. The same trend already described
for the viscosity at higher shear rates is observed here, that is, the fibrous composites
tend to increase viscosity, while the composites with shredded materials show a decrease
in that parameter. Those results are in agreement with the MFI values; the MFI for neat
HDPE varies from 8.0 to 8.5 for all the processing stages, that is, the fluidity of the
matrix is not significantly affected by the material’s reprocessing. However, when it
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Fig. 5. Results of frequency-sweep rheological experiments: a) complex viscosity for cycles 1
and 5 b) storage and loss modulus for cycle 0, c) storage modulus for fiber composites in cycles
0 and 5, d) storage modulus for shredded reed composites in cycles O and 5.

comes to composites, significant modifications are found. In first place, and as expected,
the values decrease with the increased content of filler, regardless of this geometry, that s,
the composites 40% loaded composites show a lower melt flow index than 20% ones, also
lower than HDPE. Regarding the influence of reprocessing in the fluidity of the material,
there is a general trend to an increase in the fluidity from the original prepared pellet to
the first reprocessing, followed by a later drop in the next cycle. After the second cycle,
the MFI remains unchanged. This might be explained by the lack of changes observed
for the matrix, and by the fact that the lignocellulose size is mainly reduced in the first
processing, being almost unaltered for successive reprocessing. So, the increase in the
MFI might be due to the particle size reduction, while the later drop and stability might
be related to an incipient crosslinking happening in the matrix or to a better interaction
between filler and matrix, as a consequence of the better distribution of the filler and the
intimate mix achieved by the reprocessing via twin-screw compounding. This might be
confirmed by the reduction in porosity achieved along the different processing cycles,
particularly after the second processing: a higher degree of mixing results in lower air
bubbles trapped within the blend, and thus, in an increased density (reduced porosity).

4 Conclusions

This study concludes that recycling polyethylene-based composites with lignocellulosic
reinforcement is feasible, and the choice of filler type and its processing significantly
influence the material properties, with potential trade-offs between tensile and flexural
behavior. The effect of filler type (particles vs. fibers) was observed, noting that the
reprocessing impacted particulate filler more significantly than fibrous filler.
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It was found that lower particle size resulted in decreased tensile properties and
lowered viscosity. Despite fiber size reduction, the maintained aspect ratio contributed
to better dispersion in the matrix, mitigating negative effects, as also happening by the
better homogeneity due to the reprocessing. Finally, a higher thermomechanical stability
in fiber composites compared to shredded ones has been noticed.
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Abstract: Giant reed (Arundo donax), a plant species with
potential for obtaining lignocellulosic fibres, was validated
as reinforcement in thermoplastic composites with good
processability, thermo-mechanical performance, and aes-
thetics. This study evaluates the impact of closed-loop
recycling of high-density polyethylene (HDPE)-based com-
posites with up to 40% of reed fillers: fibres and shredded
plants, on their processing and application properties.
Arundo fillers do not significantly impact the processing
stability and performance of recycled composites and can
improve some aspects. Minor chemical composition differ-
ences were observed, highlighting oxidation resistance. All
formulations keep their viscous character and reduce the
melt flow index slightly, benefiting reprocessing due to the
absence of degradation-prone coupling agents. The compo-
sites remain thermally stable up to 230°C, with only slight
weight loss at 160°C due to lignocellulosic filler degrada-
tion. Fillers lead to longer oxidation induction time com-
pared to neat HDPE. Reprocessed moulded materials show
higher stiffness and improved ultimate tensile and flexural
strength, but lower impact resistance due to shorter filler
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length. Smaller fillers and improved matrix distribution
also reduce water uptake. Fibrous fillers reduce the aspect
ratio, making composites with shredded reed more similar
to reed fibres, which are costlier to produce. Shortening of
the reprocessed fibrous filler is associated with increased
crystallinity in composite materials.

Keywords: giant reed, natural fibres, composites, recycling,
reprocessing

1 Introduction

Increased global awareness of using sustainable resources
to reduce the carbon footprint of the manufacturing
industry has driven the search for new bio-based materials.
Recycling and reuse strategies have also promoted advances
in the recovery and upcycling of these materials. In the field
of polymers and composites processing, besides the devel-
opment of novel materials formulated from renewable
sources and the move away from overexploitation of fossil
resources, the introduction of natural fibres, such as the
lignocellulosic ones, has also reduced the amount of plastic
in various applications. The use of natural fibres for composite
production not only allows a reduction in the consumption of
polymeric matrices but also promotes the development of
advanced materials with improved attributes such as better
specific properties, thermal or acoustic insulation, and low
cost [1,2]. Moreover, fillers derived from plant resources,
besides promoting the biodegradation of polymeric com-
pounds [3,4], represent a great opportunity for the develop-
ment of more sustainable recycling strategies compared to
those based on fillers of synthetic origin, such as glass or
carbon fibres [5].

Giant reed (Arundo donax L.) is a versatile plant spe-
cies that has attracted great interest due to its potential
applications in green biorefineries and sustainable mate-
rials. Its high biomass yield, adaptability to different envir-
onments and low cultivation requirements make it an
attractive candidate for the production of biofuels, bio-
chemicals, and other value-added products [6,7]. This plant
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species, native to East Asia and widespread in subtropical
and warm temperate climates around the world, can be
used to produce biofuels such as biogas and bio-ethanol
through biological fermentation, as well as bioenergy through
direct biomass combustion [8,9]. Its high biomass production
and low input requirements make it a competitive energy
crop compared to other lignocellulosic feedstock [10,11]. The
plant can be processed to obtain various high-value com-
pounds, including levulinic acid, oligosaccharides, fermen-
table sugars, and polyphenols, demonstrating its potential
for green chemistry applications [6,12]. Its biomass can also
be used for producing wooden building materials such as
bricks or particleboards, enhancing its role in sustainable
construction [7,13-15]. In addition, its role in phytoremedia-
tion and environmental management further underscores its
potential in advancing sustainable development goals. Giant
reed is capable of growing in contaminated soils and improving
soil fertility by accumulating pollutants in its biomass [16,17]
and can be used to remove pollutants from wastewater [18],
thereby improving water quality and contributing to environ-
mental sustainability.

On the other hand, polyolefins, a class of polymers
derived from olefinic hydrocarbons, or alkenes, whose dis-
covery dates back to the 1930s, have grown exponentially
since then and revolutionized the global plastics industry.
These materials have transformed modern life and are still
the subject of intense research and development because
of their diverse applications. Due to their versatility, low
cost, and mechanical properties, polyolefins have consoli-
dated their position as the most widely manufactured and
used plastic worldwide. This family of thermoplastics,
including polyethylene (PE) and polypropylene (PP),
make up the majority of the global plastics market, with
their use and production continually increasing, reaching
the global output of nearly 220 million tons/year [19]. In
fact, polyolefins accounted for almost half of the demand
from plastic converters in Europe in 2021 [20]. Its use in a
variety of applications, including food packaging, industrial
products, consumer goods, structural plastics, and medical
applications, has made its recyclability a critical issue, pri-
marily due to its extensive use in short-term applications
such as packaging [21]. PE, in particular, leads the plastics
industry with a market share of over 31% [4] and stands out
for its versatility to be used as a matrix in the production of
composites due to its excellent properties and wide range of
applications. Characteristics such as toughness, near-zero
moisture absorption, chemical inertness, low coefficient of
friction, ease of processing, and unique electrical properties
make it an ideal candidate for use in composite materials,
where it can serve as a robust matrix that enhances the
overall performance of the composite [22]. Moreover, PE is

DE GRUYTER

not only the most commonly used thermoplastic in the poly-
mers and composites industry but also offers great potential
for continuous closed-loop recycling. Research has shown that
high-density polyethylene (HDPE) can be reprocessed several
times while maintaining compatible performance character-
istics, thus mitigating the impacts of plastic waste [23,24].

The addition of a large variety of plant-based fillers
such as jute [25], hemp [26], sugarcane bagasse [27], spent
coffee grounds [28], peanut shells [29], palm [30], banana
[31], or sisal fibres [32] into an HDPE matrix has been
widely studied as a way to produce more sustainable mate-
rials. This strategy of obtaining biocomposites usually
improves the mechanical properties of HDPE, including
significant increases in stiffness and elasticity and reduces
thermal stability. Good interfacial adhesion between fibres
and the HDPE matrix is crucial for enhancing mechanical
performance. Treatments such as mercerization, chemical
functionalization, and the use of compatibilizers like maleic
anhydride grafted PE have been studied [33]. However,
there is still a gap in the study of the recyclability of these
materials, the literature found on the effects of their repro-
cessing remains limited [34,35]. Not surprisingly, the proper-
ties of recycled polyolefin-based natural fibre composites
(NECs), including their viscosity, average molecular mass,
crystallinity, and fibre dimensions, are significantly affected
by thermo-mechanical reprocessing. Minimizing thermal
degradation, oxidation, aesthetics, or mechanical perfor-
mance deterioration of such materials requires careful con-
sideration of various recycling parameters, including screw
rotational speed, throughput rate, and barrel temperature
profile among others [36].

In the previous work, giant reed has proven to be a
promising plant species for obtaining high value-added
fibres [37]. Its potential application as a reinforcing mate-
rial in PE-based composites has also been reported [38,39].
These composites have excellent thermal stability allowing
a wide processing window, interesting mechanical perfor-
mance with efficient stress transfer and good aesthetics.
The present work explores these materials in depth to
analyze the effects of thermo-mechanical closed-loop recy-
cling and to determine the changes in processability and
in-use performance parameters upon reprocessing.

2 Materials and methods

2.1 Materials

NFC, based on a HDPE matrix and lignocellulosic fillers
from giant reed (Arundo donax L.), were prepared by
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twin-screw extrusion compounding, as described in a pre-
vious work [38]. The polymer used was HDPE grade HD6081
from Total Petrochemicals, with a melt flow index (MFI) of 8 g/
10 min (190°C/2.16 kg) and a density of 960 kg'm™>, according to
the producer’s specifications. Besides, two different forms of
Arundo-derived materials were used as reinforcement phase
of the composites, namely, fibres (F), extracted from the stems
of giant reeds, and shredded material (S), obtained by grinding
aerial parts (stems and leaves) of the same plant species. Reed
fibres were obtained after 1 week of soaking in an alkaline
solution and further processing using a roller press. Once the
fibre bundles were extracted from the stems, they were
washed in water to neutral pH, dried, cut to a length of
3-5mm, and sieved to remove fines and clustered particles.
The procedure for preparing the shredded material consisted
of chopping and drying the collected plants, shredding them
with a laboratory rotary mill, washing the shredded material,
drying, and sieving [37]. The fibres were cut to approximately
3mm length, showing a diameter of 157 + 74 um, while
shredded material shows an average particle size of 370 *
133 pm [37,40,41]; fibre length is reduced to 781 + 288 um after
compounding obtaining [38,40,42].

The composite materials were named according to the
type and amount of lignocellulosic filler (in% by weight):
PE.F20 and PE.F40 correspond to composites with 20% and
40% Arundo fibres respectively, while PE.S20 and PE.S40
refer to composites produced with 20% and 40% Arundo
shredded material. Before recycling, the physicochemical,
rheological, and thermomechanical properties of the com-
pounds, produced by the ThermoScientific Process11 twin-
screw extruder with temperatures from 170°C to 185°C,
with the profile shown in the previous work [38], and the
test specimens, subsequently moulded by an Arburg 3208
injection moulding machine, were determined [38].

2.2 Recycling process

The original moulded parts (cycle 0) were ground at
1,400 rpm in an Alpine Augsburg shredder machine (model
RO 16/8) and then reprocessed up to five times (cycles 1 to 5)
using a ThermoScientific Haake Rheomex PTW 16 OS twin-

Recycling impact on HDPE-giant reed fibres composites = 3

screw extruder to evaluate the effect of mechanical recy-
cling on performance of the HDPE-Arundo composites.
Reprocessing was performed with a screw rotation speed
of 300 rpm and the following hopper-to-nozzle temperature
profile: 170-175-170-165-165-160-160°C. The used extruder has
an L/D ratio of 25 and a screw profile with three kneading
zones as shown in Figure 1.

The same process was repeated separately for the four
Arundo composite formulations (PE.F20, PE.F40, PE.S20, and
PE.S40) as well as for the neat HDPE polymer (PE). After
completing the five thermo-mechanical reprocessing cycles,
the materials were remoulded again using an Arburg 320S
injection-moulding machine (cycle 6). The nomenclature
used to designate materials after this reprocessing step
includes the suffix -r at the end of the name of each formu-
lation, thus PE-r, PE.F20-r, PE.F40-r, etc.

The manufacturing parameters used for injection
moulding were as follows: temperature profile (from hopper
to nozzle) set at 175-180-185-185-190°C, mould temperature at
30°C, cooling time of 15 s, back pressure of 5 MPa, holding pres-
sure of 50 MPa, and dosing volume of 50 cm3. Switchover pres-
sure was recorded for each moulding and averaged for the
different composites. Materials were dried at 60°C (-40°C dew
point) overnight before processing.

2.3 Characterization

The recycled materials were subjected to several charac-
terization tests, both on pellets and injection-moulded spe-
cimens. Prior to the moulding process, the compounds
were analyzed chemically, thermally, and rheologically using
Fourier transform infrared (FTIR) spectroscopy, thermogra-
vimetry (TGA), differential scanning calorimetry (DSC), MFI,
and oscillatory and capillary rheometry. In addition, the
effects of the recycling process on the morphology (length,
diameter, and aspect ratio) of the reinforcing particles as well
as on the density and porosity of the composite materials
were assessed using microcomputed tomography and optical
microscopy. The injection-moulded samples were also evalu-
ated for a number of other attributes, including hygroscopi-
city, changes in appearance (colour and gloss), wide-angle

Figure 1: Screw profile configuration.
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X-ray scattering (WAXS), mechanical behaviour (hardness,
tensile, flexural, and impact strength), dynamic mechanical
thermal analysis (DMTA), heat deflection temperature (HDT),
Vicat softening temperature (VST), thermal diffusivity, and
thermal expansion.

FTIR spectra were obtained using a Spectrum 100 spec-
trophotometer from Perkin Elmer, under attenuated total
reflectance mode with a zinc selenide single bounce crystal.
Each spectrum was recorded with 64 scans at a resolution of
4cm™, covering wavelengths between 4,000 and 600 cm™.

Rheological behaviour was assessed using both oscillatory
and capillary rheometry. For realization tests in the oscillatory
mode, the AR G2 rheometer from TA Instruments, with par-
allel plates of 25 mm diameter, was used. The oscillatory tests
were conducted in a nitrogen environment at 190°C, and with
a 25mm gap. The strain sweep mode was used for preli-
minary testing so that subsequent experiments take place in
the linear viscoelastic (LVE) region. The range of strain in
these tests was 0.1-5%. In the LVE region, angular frequency
sweeps between 0.01 and 100 rad-s* were carried out at 0.5%
strain. Dynisco LCR 7000 rheometer was used for capillary tests.
A capillary die of 2 mm diameter (D) and L/D = 20 was applied.
The presented results were subjected to the Rabinowitsch cor-
rection, while the Bagley correction was omitted due to the use
of a die with a high L/D ratio. The applied temperature for the
capillary test was 190°C. Furthermore, MFI of each material was
determined according to ISO 1133 on a Kayeness Inc. 7053 appa-
ratus (Dynisco Company) using a load of 2.16 kg and a tempera-
ture of 190°C.

The thermal properties of the materials were obtained
by DSC and thermogravimetric analysis using a Perkin
Elmer DSC 4000 apparatus and a Perkin Elmer TGA 4000
device, respectively. Nominal samples of 10 + 0.2 mg were
prepared using sealed aluminium crucibles under a
nitrogen atmosphere for DSC analysis. Thermogravimetric
experiments were performed between 30°C and 900°C by
heating the samples at 10°C-min"" in open alumina crucibles,
while DSC measurements were performed from 30°C to
200°C at the same heating rate and with two heating cycles.
Melting temperatures were determined for both cycles (T
and Ty, respectively) and crystallization temperatures (T,)
for the cooling step. Finally, the enthalpies of melting and
crystallization (Hy,;, Hy,, and H,) were also calculated and
used to obtain the degree of crystallinity (y), as from Eq. 1:

1 AHy,
= - ——-100 1
1-my AH, M

X

DSC was also applied to determine the oxidation induc-
tion time (OIT) according to the standard ISO 11357-6. For
this purpose, the samples were heated from 30°C to 220°C
(heating rate 20°C'min™") under nitrogen flow and then

DE GRUYTER

kept at 220°C for 5min in nitrogen; the gas was then
switched to oxygen, and the time required for sample oxi-
dation was measured.

WAXS tests were carried out with Pan-analytical Empyrean,
Almelo (Netherlands) equipment with the copper anode (Cu-Ka
— 154 A, 45KV, and 40 mA) in the Bragg-Brentano reflection
mode configuration. The measurement parameters were
adjusted to 3-60° 2 theta, with a 45s per step 0.05°. Applying
the deconvolution procedure using the Lorentzian function
allows the separation of the amorphous and crystalline com-
ponents from the obtained diffraction patterns. The crystal-
linity has been calculated according to Eq. 2 [43]:

A
— T .100% @)

X =
'WAXD Acr + Aam

where A, is the sum of the area of scattering from the
crystalline phase and A,y is the sum of the area of amor-
phous scattering of tested PE-based samples.

For injection-moulded specimens, HDT was determined
according to ISO 75 (heating rate of 120°Ch™ and load of
1.8 MPa). The VST was measured at a load of 50N and a
heating rate of 50°Ch™ according to ISO 306 B50. The TPC/
3 TOP VST/HDT device was used for both tests, with a
minimum of three measurements for each series to average
the results.

A modified Angstrém method was used with a Maximus
instrument (Poznan, Poland) to analyze the thermal diffu-
sivity, following a procedure outlined by [44]. The samples
were heated at 400 s using a 23 V charge on the microheater
during the experiment. Thermal diffusivity (D) is deter-
mined by Eq. 3, which involves thermal conductivity (),
density (p), and specific heat capacity at constant pressure
(cp) [45].

A

D= 3
G p

Thermal expansion tests were conducted using the
Netzsch Hyperion TMA 402 F1 device, heating at 2°C-min*
with 100 mL'min~" argon flow. Measurements covered
-100°C to 100°C, split into -100°C to 25°C and 25°C to
100°C, applying 0.01N force. Analysis was done with
Netzsch Proteus software.

The variation in filler morphology was assessed before
and after recycling of the composites using the method
described in a previous publication [40]. Images were taken
with a high-resolution flatbed scanner, Canon CanoScan
LiDE 400, at 4,800 dpi and analyzed with Image] software
to determine the length, diameter, and aspect ratio of the
lignocellulosic fibres and particles.

The impact of recycling on the filler distribution and
porosity of the injection-moulded samples were evaluated
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using X-ray tomography, model v|tome|x s240 (Waygate
Technologies/GE Sensing & Inspection Technologies GmbH),
with the following specific settings: 150 kV voltage and
200 pA current for the Microfocus X-ray tube, 150 ms expo-
sure time per image, and 123 pm voxel size.

The density of the materials was measured according
to ISO 1183 using Archimedes’ principle. This was done
using a methanol medium at room temperature on a
Sartorius AG precision balance. Each sample was subjected
to five measurements to obtain a mean value and standard
deviation.

The water absorption test, as per ISO 62, involved
soaking the samples in deionized water at 23°C and mea-
suring their weight until a stable mass was achieved. The
water absorption (W) was calculated using Eq. 4 on three
replicas of each sample.

Wo

W -
W(%) = ———

: 4
W 100 @

Fick’s law was used to determine the rate at which
water is absorbed, also calculating the diffusion coefficient:

k-h
4- Wy,

D=g- (S)

In the aforementioned formula, D represents the diffu-
sion coefficient, h is the original sample thickness, Wy, is
the maximum moisture absorbed, and k is the initial slope

of the water uptake curve versus t"%

Wi- W
k=——% 6
NN ®)

Tensile and flexural tests were carried out using a
Lloyd LS5 universal testing machine according to ISO 527
and ISO 178 standards, with five replicas for each material
and test type. In both cases, the tests were done at a strain
rate of 2mm'min* to determine the elastic moduli and
10 mm-min ™ to evaluate the ultimate strengths. Impact strength
was measured on notched specimens using a Ceast Resil impact
machine in Charpy mode per ISO 179-1/1eA:2023, with a 7.5]
pendulum, 62 mm span, and 3.7m-s™ impact speed, with 10
specimens tested. Ball indentation hardness was measured
according to the ISO 2039 standard using a KB Priiftechnik
device, with at least seven measurements per material series
and a load of 132 N. Average values and standard deviation are
provided for all properties.

DMTA was used to assess the thermo-mechanical prop-
erties of each material using a Tritec 2000 device (Triton
Technology). The evaluation was conducted under the
single cantilever bending method, applying a strain of
10 um at 1Hz frequency and a heating rate of 2°C:min"
over the temperature range of -100°C to 100°C. From the
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DMTA results, the brittleness (B) and the adhesion factor
(A) of the different materials by using Eqs. 7 and 8 as
proposed by Brostow et al. [46] and Kubat et al. [47],
respectively, were calculated.

1
B= 7
o £ )

where ¢, is the elongation at break and E' is the storage
modulus, both at room temperature.
1 tan 8¢

A= : -1 8
1-x tan &p ®

In Eq. 8, yr is the volume proportion of the filler in the
composite, and tan §¢ and tan Spg are the damping factors
of the composite and the matrix.

The entanglement factor (N) and reinforcement effi-
ciency (r) were also assessed to measure the strength of
the filler-matrix interaction. The entanglement factor (N)
is calculated as follows:

E

= 9
R T €))

N

In this case, R is the universal gas constant and E' is the
storage modulus at a specific temperature (7), in Kelvin.

Finally, the reinforcement efficiency (r) is determined
from the ratio between the storage modulus of the compo-
site (E/) and the matrix (Ep), taking into account the
volume fraction of the filler (Vy):

E/=E, 1+1 %) (10)

Changes in the aesthetic appearance of the materials
after reprocessing were evaluated by optical spectroscopy,
using a HunterLab Miniscan MS/S-4000S spectrophotometer
for colour measurement (L*a*b* coordinates), and a Test An
DT 268 glossmeter for determination of gloss according to
ISO 2813 at measuring angles of 20°, 60°, and 85°. The total
colour difference parameter (AE*) is determined as shown
in Eq. 11:

AE* = [(AL*)* + (Aa")? + (Ab")*]° 1

3 Results and discussion

3.1 Chemical structure and composition

Reprocessing of polyolefins and polyolefin-based compo-
sites is associated with the formation of various functional
groups that indicate oxidative degradation. FTIR analysis
has revealed increases in absorption bands corresponding
to carboxylic acids, ketones, aldehydes, alcohols, and
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ethers. These peaks suggest ongoing oxidation and break-
down of the polymer matrix and reinforcing fibres, parti-
cularly evident after multiple cycles [36,48]. The intensity
and presence of specific peaks in the spectra can change
substantially after several reprocessing cycles. For instance,
the increase in absorption bands associated with oxidative
degradation can show more significant oxidation levels in
composites with repeated processing. Such oxidation pro-
files can be quantified by measuring peak heights and areas
as indicators of degradation [49].

Figure 2 shows the changes observed in the FTIR spectra
for the original and recycled materials. The peak patterns
are very similar, with only minor variations among the
different formulations of composites, both before and after
recycling. Comparable results were reported by Bhatta-
charjee and Bajwa after six recycling cycles on HDPE com-
posites filled with 30% wood flour [50] and by Fonseca-
Valero et al. for five-cycle reprocessed HDPE-matrix compo-
sites with 48 wit% of cellulose fibres [49]. The broad band attrib-
uted to the O-H groups in the range of 3,600-3,000 em”?, which
was originally more intense in composite materials with 40%
lignocellulosic fillers, completely disappears in all formulations
after reprocessing. Meanwhile, the C—H peaks characteristic of
HDPE-based composites, wavenumbers around 2,920, 2,850,
1,470, and 720 cm”%, are still present even after the reprocessing
cycles. This is consistent with the literature, where several stu-
dies have demonstrated the oxidation resistance of HDPE [23].

On the other hand, the vibration band peak in the
double bond region (above 1,500 cm™) also disappears
after recycling. The same trend is observed for the peaks
in the fingerprint region from 1,400 to 750 cm ™. The high-
intensity peak at 1,016 cm ™, which shows the C-O group
of cellulose in the original composites, does not
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completely disappear, but its signal is greatly attenuated
after reprocessing.

This flattening of fingerprint characteristic absorption
bands originating from the lignocellulosic filler may be related
to a more homogeneous composite structure. Macromolecules
of polyolefins subjected to multiple processing are shortened,
which causes a decrease in the polymer viscosity [51]. The
proposed analysis method is based on measurements per-
formed for the injected surface of the samples. Due to the
shortening of the fibre length and changes in the rheological
properties, the surface of the injection moulded reprocessed
sample reveals a homogeneous polymer skin layer without
filler inclusions. It should be emphasized, however, that in
the case of none of the analyzed samples, the appearance of
additional absorption bands was noted in the range of the
formation of carbonyl groups (1,600-1,800 em™), thus
meaning that no changes related to intensive degradation
changes of PE matrix have aroused [52].

3.2 Rheological behaviour
3.21 MFI

From a rheological perspective, the processing stability of
thermoplastic compounds can be assessed by examining
changes in MFI [24] and, consequently, by observing fluc-
tuations in V/P switchover pressure (changeover from the
velocity to pressure control) during injection moulding
[53]. The MFI of polymers tends to increase with recycling,
indicating changes in molecular weight and flow beha-
viour. This increase may be attributed to chain scissions,
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Figure 2: FTIR spectra of original (cycle 0) versus recycled composite (cycle 6) with (a) fibre and (b) shredded fillers.
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in which polymer chains are broken down into shorter
lengths, which can lead to increased susceptibility to oxi-
dation. From the injection moulding side, it is worth high-
lighting that a steady feed in the plasticizing process is
necessary to ensure product quality in terms of homoge-
neity, operational stability, and production speed. While
continuous reprocessing of high- or low-density PE results
in more difficult injection moulding due to a progressive
decrease in MFI [54], the incorporation of Arundo fillers
into the thermoplastic matrix not only does not increase
the difficulty of processing but also seems to make it some-
what easier. Thus, after the reprocessing cycles, all
material series show a slightly higher MFI, which is more
noticeable in the biocomposites with shredded reed filler,
as shown in Figure 3. Similar behaviour was observed by
Fonseca-Valero et al. [49], which they attributed to the
cellulose fibre degrading as a result of shear stresses, com-
pression, and elongation on the melt during reprocessing.
The size reduction of the lignocellulosic fillers, which was
confirmed by microscopic observation and measurement,
as described later, contributed to this behaviour.

Therefore, when comparing pure HDPE with PE.F40-r
series, the required moulding pressure is only about 40%
higher after recycling due to an increase in the melt flow
rate and homogenization of the material blend. Any com-
posite formulation resembles the behaviour of the PE
matrix in this respect and shows no noticeable signs of
deterioration.

Several studies on natural fibre-reinforced polyolefin
composites have found an increase in viscosity as a result
of chemical treatments to improve the matrix-reinforce-
ment interface [55]; also lubrication effects produced by
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coupling agents have been reported [56]. However, it has
also been concluded that these effects largely disappear
with recycling cycles [57]. The lack of binding additives
or treatments in the HDPE-Arundo compounding favoured
a slight improvement rather than a worsening of proces-
sability throughout the closed-loop recycling.

3.2.2 Oscillatory and capillary rheometry

The rheological properties, which directly influence the moulding
process, are assessed by rheological curves obtained by oscilla-
tory (Figure 4) and capillary rheometry (Figure 5).

Different behaviours were observed depending on the
geometry of the measuring system, which resulted from
the characteristic flow properties of filled polymeric sys-
tems. From oscillatory rheology tests, it can be seen that
fibrous composites tend to increase viscosity, while com-
posites with shredded material show a lower impact on
complex viscosity, which can be related to the lower ability
of this filler to create a 3D physical network of hindered
particles in composite melt compared to fibres. In all sam-
ples, a predominant viscous character is evidenced by a
higher loss moduli compared to storage one. Fibrous com-
posites tend to increase the storage modulus with repro-
cessing along the angular frequency analyzed, while the
series with shredded materials show the opposite beha-
viour. In any case, the differences between the curves
before and after recycling decrease with increasing filler
and are lower for fibrous composites than shredded plant
material. Finally, no significant changes in the rheological
behaviour of the pure PE were observed, supporting the
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Figure 3: MFI and switchover pressure variation for the different materials.
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Figure 4: Oscillatory rheology results: (a) complex viscosity, (b) storage modulus, and (c) loss modulus.
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Figure 5: Capillary rheology results: Shear viscosity vs shear rate.

FTIR observations by showing that the matrix does not
undergo oxidation or cross-linking as a result of reprocessing.

In addition, from capillary rheology tests (Figure 5), it
was found that both before and after reprocessing, the
fibrous composite materials were characterized by slightly
lower viscosities compared to the shredded ones. This may
be because the fibres can align more easily in the direction
of flow [58,59]. Finally, the flow resistance of the composites

with 40% filler after recycling is almost identical regardless
of the type of filler.

3.3 Thermal behaviour
3.3.1 TGA

The thermogravimetric analysis (Figure 6) shows that all
compounds remain thermally stable, even after recycling,
up to approximately 40°C above the processing tempera-
ture, despite a small weight loss (lower than 2%) upon
reaching 160°C, which is only noticeable in the 40% loaded
composites, and probably due to an initial degradation of
the lignocellulosic fillers after multiple reprocessing. Simi-
larly to the original composites, the thermal stability of the
recycled compounds varies depending on the loading
percentage, regardless of the type of filler, with the first
degradation peak (from derivative thermogravimetry
[DTG]) occurring around 350°C. The PE.F40-r and PE.S40-r
formulations undergo a faster degradation, resulting in a
mass loss of around 25% at this initial peak, related to the
biomass degradation; however, the composites with 20%
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Figure 6: (a) TG and (b) DTG curves pre- and post-recycling processes.

lignocellulosic material degrade at a much slower rate; this
is following the same trend observed in the nonrecycled
materials. Thus, the increase in the amount of plant filler
correlates with a higher weight loss due to thermal degrada-
tion of said filler, as expected. In any case, the most signifi-
cant peak occurs when the decomposition temperature of
the HDPE matrix is reached. After the recycling cycles, this
point is delayed by about 30°C for all materials due to the
removal of volatile or labile compounds during the previous
processing [50,56,60]. Regarding the residual mass after
reaching 900°C, also the composite with 40% fibres is the
only one in which the amount of inorganic compounds pre-
sent after carbonization exceeds 5% of the initial mass.

3.3.2 DSC
Based on DSC results, it can be seen that the recycling
process minimally affects the temperatures of the phase

transitions. When analyzing the thermal behaviour before
and after reprocessing, it is noted that there are no major

Table 1: DSC test results for all materials before and after reprocessing
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variations in melting temperatures, with Ty, in the range
0f 134.6-135.6°C for all materials, and only a minimal rise in
crystallization temperatures, less than 5°C for recycled
ones, as shown in Table 1. These findings align with pre-
vious research on HDPE-based composites, indicating that
neither the presence of lignocellulosic materials nor repro-
cessing cycles significantly influence melting and crystal-
lization temperatures [61,62].

On the other hand, it has been observed that neat HDPE
experiences a decrease in the enthalpies of melting and crys-
tallization after going through reprocessing cycles,
whereas the lignocellulosic-filled materials exhibit a
noticeable increase of 20-40% in energy flow compared to
the original composites. The composite materials also show
a slight increase in their degree of crystallinity, which can be
attributed to the reduction in particle size and its nucleation
effect, as described by Chen and Yan [63]. These authors
correlate the nucleation ability of lignocellulosic fibres in
HDPE-based composites (without any coupling agent) not
only with their topography, surface energy, wettability,
and chemical composition but also with the presence of

Material T (°C) Tm2 () Tc(°Q) BHmi (g BHma(lg™)  BHc(g")  x1(%)  x2(%)  OIT (min)
PE 132.7 1353 112.9 175.4 172.6 1933 59.9 58.9 36.8
PE.F20 136.9 134.7 111.5 118.7 125.8 135.8 50.6 53.7 51.3
PE.F40 132.7 133.9 1131 108.6 109.5 108.4 61.8 62.3 76.1
PE.S20 137.2 136.2 1.1 119.4 128.4 140.8 50.9 54.8 45.4
PE.S40 133.0 135.0 1121 76.4 79.8 82.5 43.5 454 271
PE-r 134.6 135.6 116.5 142.7 164.6 165.2 48.7 56.2 7.9
PE.F20-r 135.6 135.5 1141 156.5 156.4 164.1 66.8 66.7 19.3
PE.F40-r 136.8 135.6 113.5 134.2 152.5 155.2 76.3 86.8 29.4
PE.S20-r 133.9 135.0 114.5 139.3 165.2 172.5 59.4 70.5 18.1
PE.S40-r 136.4 134.6 117.0 101.9 96.6 95.7 58.0 55.0 11.8
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fibres of very short length (1.15 + 0.86 mm), in the same size
range used in the present work.

333 oIT

The reprocessing of polymer composites can have profound
effects on their oxidation stability. Thermal processing
can cause oxidation of polymers, which can be accelerated
by factors such as high processing temperatures and
extended residence times in the extruder [64]. Prolonged
exposure to high temperatures near decomposition points
can result in the formation of decomposition products that
further alter material properties. Thus, degradation
resulting from repeated exposure can lead to weaker bonds
and unsaturated structures, which negatively impact the
composites’ mechanical properties and thermal stability
[50]. During the first processing cycle, the reed fibre
increased the oxidation time of the polymeric compounds
(Table 1), even duplicating it in the case of 40% loading
with respect to neat PE. After recycling, a drastic reduction
in OIT was observed for all materials. However, the formu-
lation with a higher Arundo fibre content managed to
counteract this effect by only 20% compared to the
virgin polymer matrix. Therefore, the Arundo-derived fillers
are providing interesting stabilizing features to the PE
matrix, due to their content in phenolic groups, mainly
coming from lignin; other researchers have recently pro-
posed the use of postconsumption coffee or tea solids or
spent brewery grains as a way to valorize these residues
while becoming a source of antioxidant stabilizing the
polymer [60,65,66].

2.00E-06
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3.3.4 Thermal diffusivity

Few studies have been found in the literature on the para-
meters of thermal diffusivity and how it relates to the
dimensional stability of lignocellulosic composites [67].
For some applications, however, it may be very interesting
to analyze the heat transfer rate through the material.
Figure 7 shows the mean values and standard deviation
of the thermal diffusivity of PE and reed composites in
injection moulded parts with the original materials and
after several thermo-mechanical processing cycles. After
the first cycle, only the PE.F40 series showed a significant
increase in heat transfer rate, while after reprocessing, all
lignocellulosic composites show an increase in their
thermal diffusivity.

3.3.5 Thermal expansion

The results of the thermomechanical analysis (TMA) show
the changes in length (dL/Ly) and thermal expansion coef-
ficients (a) of the different materials before and after
reprocessing, determined in three temperature ranges
(-100°C to 25°C; 25°C to 100°C; =100°C to 100°C). Figure 8a
shows that the introduction of lignocellulosic reinforce-
ment contributes to the higher dimensional stability of
the original composites over the entire analyzed tempera-
ture range compared to the PE matrix. The decrease in
thermal expansion is more significant in fibrous compo-
sites and particularly in those reinforced with 40% Arundo
fibres. This seems to be related to the formation of a net-
work of physical interactions between the dispersed fibres

1.50E-06 4
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Figure 7: Thermal diffusivity of PE-Arundo composites.
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within the matrix that significantly restricts their mobility
and greater consistency to create 3D steric hindrances in
the sample volume, as described in the previous work [67].

Regarding the recycling effect on the variation of rela-
tive length change, reprocessing leads to a slight increase in
the dimensional variation of the composites with tempera-
ture due to the shortening of the fillers and consequently, a
lower restriction in the mobility of the polymer matrix.
However, the material with 20% shredded reed shows an
opposite behaviour above -16°C. Thus, over the entire tem-
perature range, this formulation (PE.S20-r) shows an almost
identical trend to the composites with 20% fibrous filler
after reprocessing (PE.F20-r). This is in agreement with the
results of the morphological analysis of the composites with
a lower proportion of fillers, as well as with the thermo-
mechanical performance of both formulations loaded at
20% after recycling. The higher shortening rate of fibres
after multiple extrusions leads to an equivalent perfor-
mance to that of composites made from shredded reed.
From this perspective, it can be concluded that the use of
shredded reed as reinforcement in low-load composite
materials is a more cost-effective option when reprocessing
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is considered, taking into account the more economical and
sustainable nature of its production process [37].

In terms of thermal expansion coefficients, only neat
HDPE and the 20% shredded series show a significant reduc-
tion in a over the entire temperature range. If we limit the
analysis to the most likely temperature range for conventional
use (-100°C to 25°C), PE-r shows a reduction in a of 13%, while
PE.S20-r reduces this factor by 35%, as shown in Figure 8b. The
other formulations keep similar expansion coefficients in this
interval even after recycling and expand to a greater extent
when the temperature is increased beyond 25°C.

3.4 Mechanical and thermo-mechanical
performance

3.4.1 Deflection and softening temperatures

It was found that thermo-mechanical performance evalu-
ated in static load conditions and non-isothermal condi-
tions, such as HDT and VST, were significantly affected
by successive reprocessing, as shown in Table 2. Both
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Figure 8: TMA results: (a) changes in length and average coefficients of thermal expansion within temperature intervals of (b) =100°C to 25°C,

() 25-100°C, and (d) —=100°C to 100°C.
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properties are reduced after recycling for all series,
starting to deform under load at lower temperatures
(between 4.2°C and 9.4°C below), with the effect being
more noticeable in composites with higher lignocellulosic
filler loadings. This effect is consistent with the results
reported by Bhattacharjee and Bajwa [50], where a similar
trend in the evolution of thermo-mechanical properties
after six reprocessing cycles of HDPE-based composites
was found, but contrasts with the results of the same
authors regarding the effects of continuous recycling on
the remaining stiffness properties: tensile modulus, flex-
ural modulus, and storage modulus.

3.4.2 Mechanical properties

Figure 9 shows an overview of the variation in the mechan-
ical properties of the original and reprocessed materials. If
we look at the stiffness under quasi-static tensile and
bending tests at room temperature, increases of up to
50% and 200%, respectively, are observed for the PE.S40-r
series. Similar rigidity gains, even at higher absolute values,
are achieved for composites with 40% fibres. Meanwhile,
recycled materials with lower biomass content are also
moderately stiffer (up to 30% in flexural modulus). Ultimate
tensile and flexural strength results are as well slightly
above the initial values for all series, with all variations

Ball indentation
hardness [N/mm?]

Flexural elastic
modulus [MPa]

Flexural ultimate
strength [MPa]

Impact strength
(kl/m?]
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being statistically significant as a function of both the type
and the amount of filler following analysis of variance and
Tukey’s post hoc tests (Supplementary Material). The stif-
fening in recycled composites is mainly due to the predomi-
nance of cross-linking reactions in the polymer matrix struc-
ture [68] since no improvement in phase bonding was
observed as a result of thermo-mechanical reprocessing fol-
lowing the adhesion factor (A) calculated from the DMTA
tests.

The increased cellulose filler content contributes to the
stiffening of the polymeric material in the original compo-
sites with both types of fillers as a result of the distribution
of stiff filler structures in the boundary layer [38]. The
recycling process leads to a further increase of this property
for all series due to the increase in the rigidity of the matrix.
It is observed that the elastic modulus for the original mate-
rial is more dependent on the type of filler, while this trend
changes for the recycled materials. This is presumably a
consequence of the smaller size of the rigid particles and
the lower aspect ratio of the fibres, which explains the
reduced difference in the elastic modulus between fibres
and shredded samples series. Therefore, the aspect ratio
has a more pronounced impact on stiffness than the type
of filler. Regarding the impact strength, the results of the
prior research indicating that a higher MFI lowers the
toughness of composites [69] are supported by the correla-
tion between increased flowability and lower impact

Tensile elastic PE
modulus [MPa]
PE.F20
3000
PE.F40
PE.S20
PE.S40
- == PEr
= = = PE.F20-r
Tensile ultimate = = = PE.FA0-r
strength [MPa]
) — - — PE.S20-r
— = — PE.S40-r

Figure 9: Overall results on the mechanical properties of the original and reprocessed materials.
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resistance after reprocessing. As in the first injection
moulding, composites with fibrous fillers have higher
impact strength than those with shredded material after
reprocessing.

3.4.3 DMTA

DMTA provides valuable information on the viscoelastic
behaviour of thermoplastic composites at different tem-
peratures and loading rates. By measuring dynamic para-
meters such as storage modulus (E"), loss modulus (E”), and
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damping factor (Tan 6), which are temperature dependent
and reveal insights into the interfacial bonding between
the fillers and polymer matrix, it is possible to emphasize
the rheological behaviour of NFC in terms of energy dis-
sipation under cyclic load [70].

During the first moulding (cycle 0), it was found that
all composite series produced higher storage modulus than
neat HDPE, meaning that plant fillers stiffen the matrix
over the studied temperature window [38]. After the repro-
cessing (cycle 6), the composites, as well as the PE matrix,
undergo an even greater rise in storage moduli that reach
average values 64% higher than those of the original
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Figure 10: Variation of (a) storage modulus, (b) loss modulus, (c) loss factor, (d) adhesion factor, (e) entanglement factor, and (f) reinforcement

efficiency from DMTA.
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materials at -60°C, increased by 49% at -20°C and 37%
above at 20°C (Figure 10a). It is worth noting that, com-
pared to the initial processing stage, after recycling, the
type of filler is more decisive in the evolution of storage
modulus than the loading amount for the range of tem-
peratures studied. The defibrillation and entanglement of
the reed fibres within the matrix favour stress transmis-
sion largely than the irregularly shaped particles of the
shredded filler.

Both the recycled Arundo composites and HDPE matrix
show higher loss moduli than the original materials
(Figure 10b), which means that reprocessing provides a
lower elastic recovery and a more predominantly viscous
behaviour, as observed in the rheological analysis. Max-
imum loss modulus values occur at about 60°C for all
recycled series, with the higher loading composites shifting
this value about 7°C lower compared to the first processing
cycle. This temperature represents the a-relaxation, asso-
ciated with an interlamellar shear process of HDPE, which
is usually in the range from 20°C to 70°C [71]. This peak in
E" curve corresponds to the transformation from the rigid
phase to the viscous state and represents the highest ser-
vice temperature for composite applications, which is con-
sistent with the results observed from the HDT and VST
tests.

The o-transition is also observed as an inflection in the
curves in tan § plots (Figure 10c). Loss factor curves show
another inflection point between 0°C and 10°C, which can
be attributed to the slippage or relaxation of the crystalline
regions in PE, rather than the glass transition of the amor-
phous regions [72,73]. Although no significant variation of
loss factor was observed in the temperature range from
-100°C to this inflection point, all series show an increase
in tan 6 beyond it. This trend is opposite to that found by
Ramzy [74] when recycling hemp and sisal reinforced PP
composites and indicates a deterioration in fatigue perfor-
mance of HDPE-Arundo composites after recycling.

The brittleness (B) of the different formulations at 25°C
is reduced by about 60% for all composites, except for the
PE.F40-r series, which only improves this mechanical prop-
erty by about a third as shown in Table 2. The main reason
for this different behaviour is the lower increase in ducti-
lity for materials with 40% fibre content after thermo-
mechanical processing. The elongation at break (gp,) of
the PE.F40-r series is only 15% higher than that of PE.F40,
while the other composites can achieve elongations
70-90% longer compared to the original materials. The
relative increase of the entanglement factor together
with the higher stiffness of the fibres, in a higher weight
ratio, might explain the lower change in the stretchability
of these samples despite the reduction in the fibre size.

Recycling impact on HDPE-giant reed fibres composites == 15

The adhesion of reinforcing materials in NFC depends
on the affinity between the phases. It is well known that
polyolefins have a nonpolar and hydrophobic character,
and a difference in polarity with respect to plant fibres
causes a deterioration of mechanical properties of compo-
sites [75]. Since lower values of A indicate higher interfa-
cial adhesion [76], it can be deduced from Figure 10c that
this condition is only met when reprocessing 20% fibre
material. The remaining reed composites seem to show
weaker adhesion after reprocessing. This could be due to
thermo-oxidative degradation of cellulose fillers over mul-
tiple reprocessing cycles as demonstrated by Fonseca-
Valero et al. [49].

Entanglement factor (n) and reinforcement efficiency
(r) have been also used to assess the degree of intertwining
of fibres within the matrix and how effectively the plant
fillers enhance the composite’s strength. As with the ori-
ginal material, fibre composites with lower loading have
the highest intertwining factor after the closed-loop recy-
cling process (Figure 10e), which could be related to the
more brittle character described earlier. In terms of rein-
forcement efficiency, the better mechanical performance
of the fibrous composites is once again confirmed, being
the 20% the only series providing a clear positive change
after reprocessing in reinforcement efficiency, while the
entanglement factor increases for all composites due to
the higher homogeneity achieved.

3.5 Morphological analysis
3.5.1 WAXS

Figure 11 shows X-ray diffraction patterns of the PE and its
composites obtained by injection moulding before (black
line) and after six reprocessing cycles (red line). In the case
of all WAXS patterns, characteristics for PE reflections at
21.4°, 23.8° 29.3° and 36.2° are observed, which correspond
to crystal planes (110), (200), (210), and (020) results from
the orthorhombic characteristic of crystalline structure
developed in the polymer [77,78]. In the case of pure PE,
additional diffraction reflection is observed in the plane
(010) at 19.4°, corresponding to the developed monoclinic
phase [78]. Taking into account the diffractometric charac-
teristics of the used filler described in our earlier work [37],
the change in the shape of the WAXS pattern of composite
samples is justified. In the case of shredded and fibrous
reed-based fillers, broad diffractometric peaks with a max-
imum at 2 = 22-23° are observed at (002) crystallographic
plane originated from cellulose I [79] and (101), attributed
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to crystalline cellulose phase [80]. In the case of composite
materials, the maximum intensity of the diffraction peaks
was limited; the higher the filler content, the lower it was.
This effect was more pronounced for the shredded mate-
rial. The sixfold reprocessing increased the intensity of the
observed diffractometric peaks for all the given materials.
Figure 12 presents the crystallinity values calculated
according to Eq. 2. The introduction of lignocellulose fillers
reduced the crystallinity of the original materials. These
results are in line with those reported by Sewda and Maiti
[81]. However, it should be considered that the external
layer of the materials formed was studied at very high
cooling and shear rates, which may influence the crystal-
line structure at the sample surface due to the effects of
frozen-in molecular elongation and lamellae orientation
[82]. Moreover, solidification conditions different from
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Figure 12: WAXS-based crystallinity of PE and its composites before and
after reprocessing.
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Figure 11: WAXS patterns of original (cycle 0) and recycled (cycle 6) PE and its composites.
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those in the case of samples tested by DSC may provide
differences in the values determined by those analytical
techniques. Considering the determined crystallinity based
on diffractometric analysis results (Figure 12), an opposite
trend can be observed in the case of pure PE and compo-
sites in the change of the degree of crystallinity induced by
reprocessing, which is in line with the DSC results from the
first heating. In the case of PE, reprocessing probably
caused an intensive chain scission phenomenon, leading
to the shortening of macromolecules and, due to degrada-
tive changes, an increase in the share of amorphous
domains. The phenomenon of partial shortening of main
PE chains probably also took place in the case of reed-filled
materials. However, in this case, the effect of increasing
crystallinity is observed. It suggests that macromolecules
with lower molecular weight were more susceptible to
heterogeneous nucleation caused by dispersed polymeric
matrix fillers.

3.5.2 Particle size assessment

Filler size and distribution are some of the most influential
parameters on both the mechanical performance, water
uptake and thermal behaviour of short fibre-reinforced
polymer composites. Figure 13 shows how the aspect ratio
of Arundo fibres decreases after reprocessing, while for
shredded reed it remains largely unchanged at lower
values. The variation in aspect ratio is a consequence of
shortening of the fibre length due to mechanical reproces-
sing; this is reduced, on average, by a quarter of its initial
length. A similar length variation was reported by Lila
et al. after five cycles of extrusion and injection moulding
on bagasse fibre-reinforced PP [83]. The diameter of the
fibrous filler remains practically unchanged at around
125 microns, as an average value. Benoit, in her study on
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long-term closed-loop recycling of HDPE/flax composites,
found that fibre breakage occurs primarily during the first
cycles [57]. After a few reprocessing cycles, there is no
significant variation in either length or aspect ratio,
although a decrease in standard deviation is noted, indi-
cating that the distribution tends to become smaller with
recycling.

On the other hand, the shredded filler undergoes size
changes of the same order of magnitude in both length and
diameter. For this reason, the aspect ratio of the irregularly
shaped particles remains practically unchanged. The lower
reinforcement efficiency and impact strength of the
recycled shredded composites in comparison to the fibrous
ones can be explained by this difference in fillers size and
aspect ratio, as for the first injection moulding.

3.5.3 Density and porosity

The increased fibre content in PE-based composites gener-
ally results in higher density due to the mass contribution
of the lignocellulosic fibres. However, it is reasonable to
expect that the effective density might drop in comparison
to the original composite if the plant fillers deteriorate
during reprocessing. This effect could be accentuated in
cases where the surface and interfacial areas become com-
promised, resulting in weaker bonds. Thus, according to
some studies found in the literature, reprocessing can lead
to a reduction in the overall density of HDPE-based com-
posites due to the degradation of raw materials, especially
when the reinforcing cellulose fillers lose their structural
integrity and decrease in crystallinity over successive pro-
cessing cycles [68,84].

In this case, as expected due to the density of the fillers,
the more the lignocellulosic material in the composite, the
higher the density measured. However, when comparing
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Figure 13: Variations in (a) length and diameter and (b) aspect ratio of filler particles due to reprocessing.
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Figure 14: Average density and porosity of original vs recycled materials.

the density of injection-moulded samples in cycle 0 and
cycle 6, almost identical specific weights were measured
before and after recycling each material formulation, for
both fibres and shredded reed fillers. This is consistent
with the density progression reported on long-term
closed-loop recycling of HDPE/flax composites, in which
negligible fluctuations of density were also observed [57].
It should be mentioned that, in the present work, the ori-
ginal and reprocessed materials were moulded using the
same injection process parameters. Therefore, the lower
MFI in the recycled composites might have influenced
the compactness of the samples.

An increase in porosity due to the breakdown of fibre
structures, which could create gaps in the matrix, is
another possible effect of composites reprocessing. The
presence of voids not only affects the mechanical attributes

& M
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0.00%
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but also the physical properties such as density or hygro-
scopicity. The porosity in Figure 14 is determined by X-ray
tomography on injection-moulded samples (80 mm long,
10 mm wide, and 4 mm thick). The most significant varia-
tions in the amount of trapped air voids were observed for
the 40% filler samples, with a reduction in the pore volume
of nearly 0.8% after five cycles of extrusion reprocessing
and subsequent injection moulding of the composites
(Figure 15).

3.6 Water absorption

Despite the hydrophobic nature of HDPE, which generally
saturates to less than 1% without significant swelling, NFC

PE.S20 PE.S20-r PE.S40 PE.S40-r

Figure 15: 3D computed tomography images presenting pores distribution.
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based on this type of thermoplastic matrix may present a
high level of water uptake influenced by the presence of
pores, gaps between the polymer and the reinforcing
phase, or micro-cracks affecting the water permeability
within the matrix/filler [27,62].

By adding plant fibres to the polymer matrix, the
water absorption capacity of NFC is significantly increased.
This is mainly due to the hydrophilic nature of lignocellu-
losic fibres, which makes these materials more susceptible
to swelling and dimensional instability. On the other hand,
reprocessing significantly influences the water absorption
properties of composite materials, particularly those rein-
forced with natural fibres. Some research works indicate
that with each successive reprocessing cycle, the water
absorption rate and capacity of composites tend to
decrease [85]. For instance, a study on mechanical recy-
cling of biobased PE-agave fibre composites found a reduc-
tion of approximately 11% in maximum water absorption
capacity between the first and fourth cycles [86]. The
smaller size of the fibres and their better dispersion within
the matrix as the number of cycles increases are respon-
sible for this decrease, as they improve the encapsulation
of the filler and reduce the voids between the two phases of
the composite.

Figure 16 shows the water absorption during 4 weeks
of immersion in distilled water at room temperature for
moulded parts made from the different studied materials
in cycle 0 and cycle 6. Maximum water absorption typically
occurs over long periods; Gonzalez-Aguiar reported a time
0f 1,000-1,200 h for saturation of PE biocomposites with up
to 50% agave fibres [86]. Apart from neat HDPE, which has
negligible absorption rates, the composites with the lowest

10 -

Water uptake (%)
[o.]
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amounts of filler, PE.F20-r, and PE.S20-r, were the first to
reach the equilibrium point with a saturation level of
around 1% after barely 2 weeks, which is 55% and 41%
less than before reprocessing, respectively. Meanwhile,
the PE.S40-r series is the one that shows the greatest
decrease in the water uptake, going from a maximum
absorption of over 8% after a month of soaking for the
original material to only 3.3%. The fibrous composite
with the highest loading amount, on the other hand, also
reduces its absorption capacity, but only by one-third com-
pared to the initial value.

Table 3 shows the variation of other parameters
related to the hygroscopicity and kinetics of water absorp-
tion, such as the Fick diffusion coefficient, swelling, sorption,
or permeability. Regarding the swelling of the samples at the
end of the test, the trend is similar to that found for water
uptake. The composite with 40% reed fibre shows the
greatest thickening variation before and after recycling.
Except for this sample series, the reduction in swelling is
about half compared to the original material.

All samples followed a Fickian-type behaviour with
diffusion coefficients in the recycled materials slightly
higher than those obtained in the first injection moulding.
Water sorption shows the ratio between the mass of water
absorbed by the sample and the weight of the sample itself,
considering both diffusion and percolation mechanisms. It
was found that water sorption capacity depends mainly on
the amount of Arundo filler. While there is no difference
after recycling between composites with 20% fibre or
shredded composite, in those with 40% reed, fibre compo-
sites show the highest sorption level. Regarding the perme-
ability, obtained by the combination of sorption and

Time (days)
—&—PE —&— PE.F20 - PE.F40 PE.S20 PE.S40
~=0---PE-r  --&-- PE.F20-r --&- - PEF40-r - -O- - PE.S20-r - -O- - PE.S40-r

Figure 16: Evolution of water uptake vs time for the original and the reprocessed materials.
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Table 3: Variation of water uptake parameters
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Material k (%/s°%) D (m*s™") n swelling (%) Sorption (g-g™") Permeability (m*s™)
PE 3.53x107° 262 %1073 0.12 11 0.001 3.44 x 107
PE.F20 1.61x 1073 3.56 x 1073 0.36 33 0.024 8.52 x 107"
PE.F40 4,98 x 1073 270x107" 0.40 8.3 0.089 240 x 107
PE.S20 110 x 1073 2.84 %1073 0.29 2.3 0.018 522x 107"
PE.S40 4.88 x 1073 2.90 x 107 0.38 6.6 0.083 239 x 107
PE-r 110 x 107 2.91x107 0.06 0.5 0.002 6.82 x 107
PE.F20-r 8.09 x 107 4.40x107" 0.33 1.4 0.011 476 x 107"
PE.F40-r 3.86 x 1073 350 x 107 0.42 5.5 0.058 2.02x 107
PE.S20-r 6.29 x 1074 270 x 107" 0.25 12 0.011 2.92x107"
PE.S40-r 219 x 1073 3.36 x 1073 0.41 3.0 0.034 113 x 107

diffusion attributes, it is interesting to note that despite a
worsening of this property for the HDPE matrix, all com-
posites show a reduction in permeability after the closed-
loop reprocessing. These results are comparable to those
reported by Jubinville when analyzing HDPE-based compo-
sites reinforced with hemp hurd. In this study, it was found
that beyond 15% loading, the absorption kinetics of the
cellulosic phase becomes more important than that of the
matrix. Composites with 50% hemp showed the highest
diffusion and permeability coefficients due to the incapa-
city of the matrix to efficiently encapsulate the hydrophilic
material and contain moisture penetration [62].

3.7 Colour and gloss evaluation
Reprocessing often leads to significant changes in the visual
appearance of NFC. For instance, a gradual shift from original

colours to yellowish or darker can occur due to thermal
degradation and oxidation processes during recycling.

Table 4: Colour and gloss changes

An overview of the colour and gloss assessment is
shown in Table 4. Taking as reference the colour of the
original moulded samples (cycle 0), noticeable colour changes
were appreciated for all reprocessed series, resulting in a less
vibrant and more muted colour appearance, in line with the
trend reported by other biocomposites recycling studies in
the literature [86,87]. A decrease in the parameter AL* (light-
ness) is related to the darkening of the samples, while nega-
tive values of Aa* (red/green coordinate) indicate a trend
from red to greener colours and Ab* (yellow/blue coordinate)
below zero denotes a shift from yellow to blue hues. Although
both composites and recycled HDPE show total colour differ-
ences (AE) of comparable magnitude, PEr series mainly
varies in shade, keeping hues with similar values to those
of the original material. The most significant change colour
coordinates occur in the shredded Arundo composites, which
change from a more yellowish hue in the original com-
pounding to a more bluish colour after reprocessing.

Gloss is the visual perception of direct light reflected
from a surface that is associated with perceived brightness.

Material Colour Gloss
L* a* b* ax @ pgx @ ppx® A ® 20° 60° 85°

PE 72.47 + 0.13 -0.91+0.03 -0.31+£0.12 - - - - 27.4 +35 69.0 £ 5.2 84.7+22
PE.F20 56.26 + 0.88  12.37 + 0.46 2367 +0.94  -16.21 13.28 23.98 31.845 1.0+0.2 7.8 1.1 85+28
PE.F40 58.37 + 1.42 12.00 + 0.7 26.16 + 1.40 -14.10 12.91 26.47 32.651 11+ 0.5 7.6 3.0 17.4 £ 5.6
PE.S20 41.61 £ 1.27 5.32+0.30 18.77 £ 0.64 -30.86 6.23 19.08 36.810 71+£1.0 324 +3.2 53.9+3.0
PE.S40 49.33 £ 1.52 4.44 + 0.25 15.61 £ 1.02 -23.14 5.36 15.92 28.593 3.0+£1.0 18.2+4.3 355+75
PE-r 62.32 + 0.1 -1.18 £ 0.03 -0.12 + 0.07 -10.15 -0.27 0.19 10.154 31.7+1.7 74.6 £ 2.3 89.1+2.8
PE.F20-r 45.27 + 0.61 10.08 + 0.40 20.12 £ 0.70 -11.00 -2.29 -3.55 11.778 2.6 +0.6 171 +£1.5 257 +3.9
PE.F40-r 49.92 +1.33 10.56 + 0.52 19.71 £ 1.30 -8.45 -1.44 -6.45 10.725 09+04 73134 13.5+5.9
PE.S20-r 36.24 +1.30 245 +0.42 10.04 + 0.66 -5.37 -2.87 -8.73 10.648 25+0.3 17.5+1.0 26.5+5.6
PE.S40-r 38.25 + 3.08 2.31+0.42 8.55 + 0.88 -11.08 =213 -7.06 13.308 1.9+0.7 141+1.0 244 + 8.0

™ Differences in colour calculated with respect to neat HDPE in cycle 0 and with respect to unrecycled equivalents in cycle 6.
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High reflectance surfaces are referred to as glossy; while
semi-gloss or matt surfaces are less reflective. Considering
the variety of gloss found among the different samples, the
standard measurement at 60° was complemented by mea-
surements at an angle of 20° for high gloss surfaces (values
above 70 GU) and at 85° for matt surfaces (values below 10
GU). In the first moulding, it was observed that the fibre
composites provided a matt surface with lower gloss than
the shredded reed ones. And among the latter, the gloss
decreased with the increasing filler content. The most
noticeable variation observed after recycling was in the
PE.F20-r series, with a marked increase in gloss. This is
possibly caused by the smoother surface produced by the
reduction in fibre size and a more uniform distribution of
the filler. For shredded composites, a rougher surface
finish after the final injection moulding results in a
decrease in reflectivity. Mechanical attrition of irregularly
shaped particles during reprocessing may contribute to
this change. As the particles break down, the surface tex-
ture of the composite changes, which may scatter light
more diffusely rather than reflect it in a specular manner.

4 Conclusions

Despite small losses in thermo-mechanical properties, the
study reveals that HDPE-Arundo composites exhibit a
worthy level of sustainability, with some improvements
in processability and mechanical performance after
closed-loop recycling using co-rotating twin-screw extru-
sion. These characteristics allow for reuse and reproces-
sing, prolonging the durability of such resources.

FTIR spectroscopy reveals minor variations in che-
mical composition between the original and the recycled
materials. HDPE-based composites show resistance to oxi-
dation, as seen in the persistence of C—H peaks, while some
C-0 groups in the fingerprint region, related to cellulose,
weaken after recycling.

Adding Arundo fillers to the HDPE matrix does not
hinder processing and may even improve it. After five-
cycle reprocessing, all materials tend to increase their
MFI slightly, most noticeably for biocomposites with
shredded reed fillers. After that, the most loaded fibrous
compound only need 40% higher moulding pressure than
pure HDPE. The lack of adhesion promoters in the com-
pounding phase seems to favour a trend towards
improving processability and some aspects of mechanical
performance rather than degrading the materials
throughout the recycling process. Oscillatory rheology
revealed that fibrous composites increase complex
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viscosity, while shredded ones decrease it. All formulations
keep their viscous character, with higher loss moduli than
storage moduli. Capillary rheology confirmed that the flow
resistance mainly depends on the filler amount, regardless
of type.

Thermogravimetric analysis proved thermal stability
up to 40°C above processing temperature by injection
moulding. Melting temperatures remain consistent around
135°C, while crystallization temperatures slightly increase
by less than 5°C for recycled formulations. Arundo-filled
materials show an increase in the enthalpies of fusion and
crystallization of between 20% and 40% and a small
increase in crystallinity. Despite the initial contribution
of reed fillers to the OIT, multiple reprocessing led to a
drop in OIT for all materials by more than half compared
to the PE matrix, except for the PE.F20-r series, which
manages to contain it at only 20% less.

HDT and VST decrease after recycling up to a max-
imum of 9°C, especially in composites with higher lignocel-
lulose loading. On the contrary, reprocessed materials rise
their stiffness, in both flexural and tensile elastic moduli,
because of the cross-linking reactions typical of PE, and
without any enhancements in the inter-phase adhesion
being observed. Impact strength is negatively affected by
the shortening of the filler length, which results in a one-
quarter reduction in aspect ratio after reprocessing in the
case of reed fibres. However, tensile and flexural strength
increase by up to 10% and 20%, respectively, due to
improved fibre intertwining highlighted by entanglement
factor and reinforcement efficiency. PE.S40-r was the series
that showed the greatest increase in mechanical properties
after reprocessing, approaching in performance that of the
comparatively more expensive 40% reed fibres composite.
All reprocessed materials become tougher, while neat
HDPE and 40% filled composites also significantly increase
their resilience.

DMTA study found that plant fillers stiffen the HDPE
matrix even more after reprocessing, resulting in a higher
storage modulus where the type of filler is more crucial
than the filler load. The recycled materials exhibit higher
loss moduli, suggesting a shift towards more viscous beha-
viour. An inflection point in the loss factor above 0°C points
to a worsening of fatigue performance after recycling.
Brittleness at room temperature is decreased by 60% in
most composites, extending the elongation at break up to
90% beyond the original values, with the exception of the
PE.F40-r series, which becomes slightly less ductile than
the others.

No significant changes in the density and porosity of
the recycled composites were observed. However, lower
water absorption was confirmed, possibly due to smaller
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fillers and more uniform distribution after reprocessing,
reducing interphase voids in the composite through
improved filler encapsulation. Finally, colour and gloss
assessments showed noticeable changes in visual appear-
ance for all reprocessed series, resulting in less vibrant
colours and shredded composites having lower gloss than
fibre composites.
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Abstract

This paper assesses the modifications in the properties of rotomolded polyethylene (PE) and polylactic acid (PLA) composites
obtained with 5 and 10% giant reed fibers, mainly focusing on the alterations due to a bio-disintegration process. Thermal
properties (melting temperature and crystallinity degree), morphology (via optical and scanning electron microscopy), and
chemical changes (by Fourier Transformed Infrared spectroscopy) were studied. Composites with untreated and NaOH-treated
fibers were obtained, finding that this treatment does not improve the mechanical performance of composites due to increased
porosity. The introduction of natural fibers into a PE matrix does not significantly modify the thermal and bio-disintegration
properties of the rotomolded material. Regarding mechanical properties, PE-composites show increased tensile modulus
and reduced impact and tensile strength than the matrix. On the other hand, PLA composites show lower impact and flexural
strength than neat PLA, remaining the rest of the mechanical properties unchanged regardless of the fibers' addition. The

incorporation of Arundo fibers modifies to a great extent the thermal and degradation behavior of the PLA matrix.

Keywords Rotational molding - Characterization - Bio-disintegration - PLA - PE - Giant reed

Introduction

Rotational molding is a well-established technology that pro-
duces hollow parts with good surface quality and mechani-
cal properties. The range of available materials is not as
comprehensive as for other polymer processing technolo-
gies. For this reason, several authors have focused on using
materials adapted to rotomolding specificities. Polyethylene
(PE) accounts for more than 90% of the rotomolding market
[1], while polylactic acid (PLA) is the second most used
one [2-6] due to its recyclability, biodegradability, and good
properties. Some studies with other materials, such as PE/
PLA blends [6], polycaprolactone (PCL) [7], or recycled
materials, can be found in the literature. For recycled materi-
als, the use of up to 35% of cable waste in a PE matrix has
been proposed [8]. The parts made with fully recycled plas-
tic residues have also been studied, showing low mechanical
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properties due to the difficulty of obtaining PE pure fractions
from post-consumer plastics [9]. Copper slag has been intro-
duced into a PLA matrix up to 20%, bringing a compos-
ite material stiffer and harder than the polymer itself [10].
Finally, some attempts to recycle PLA fractions have been
performed [11, 12], paying particular attention to the deg-
radation that may arise in the polymer due to reprocessing.

On the other hand, the literature shows limited rotomold-
ing studies using fillers or reinforcements from natural fib-
ers or waste materials. Regarding natural fibers, Torres and
Aragon found that the introduction of up to 10% in weight
(w/w) of cabuya and sisal fiber noticeably reduced the
impact properties of the composite without any improve-
ment in tensile properties [13], while Wang et al. reported
no modification of these properties for 10% w/w flax com-
posites [14]. Ortega et al. produced composites with 5% w/w
of banana and abaca fibers with significant improvements
in mechanical properties, except for impact strength [15].
Cisneros-Lépez et al. have also found no statistical differ-
ences in mechanical properties for composites containing up
to 10% w/w of agave fibers in a PLA matrix, while higher
loadings of fibers result in an important decrease in mechan-
ical performance [16]. Hejna et al. obtained composites with
up to 20% w/w of wheat bran, although only those with up
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to 5% content did not show significant loss of mechanical
properties [1]. Buckwheat husks have been used up to 30%
w/w for composites production, although with substantial
reductions in mechanical properties [17]. The use of com-
patibilizers, such as maleated PLA or glycidyl methacrylate
grafted PLA, increases the amount of fiber used up to 20%
(w/w) [18, 19]. However, this implies a further step of pro-
cessing and, thus, higher cost. 10% loading (in weight) is
commonly used for rotational molding [20].

Some authors have pointed out that the voids found
in rotomolded parts are responsible for the reduction in
mechanical properties of composites [16]. The lack of con-
tinuity in the matrix hinders the formation of the crystals.
The deficient contact between the fiber and the matrix avoids
a good stress transfer between both components. Particle
size distribution has also been proven to significantly affect
the properties of rotomolded parts [18-20] and the amount
of filler introduced into a PE or PLA matrix [17, 21].

This paper focuses on using fibers obtained from Arundo
donax L. stems as fillers of rotationally molded PE or PLA
matrixes. This species, also known as common reed or giant
reed, is a rhizomatous grass with a quick growth rate, which
makes it especially interesting due to the high amount of
biomass available. Different high-added value products can
be obtained from this plant in a biorefineries context: fibers
[22-24], bioethanol [25, 26], xylose [27], levulinic acid [28,
29] or bio-polymers [30, 31]. Different works in literature
propose its use as raw material for oil spill recovery [32],
soil remediation [33], or paper obtaining [34]. Rajkumar
and collaborators have proposed using PET as the matrix
of composites with peeled stems [35]. Similarly, several
authors have used the shredded plant to produce panels
using natural binders, such as citric acid, with applications
in acoustic and thermal insulation [36, 37].

Some authors have proposed obtaining fibers from reed
and using them for composites, especially by compression
molding. For example, Fiore et al. have obtained reed-PLA
composites with higher modulus than the matrix [38],
while Suérez et al. proposed using these fibers in PE and PP
matrixes [24] with significant increases in elastic modulus.
Monsalve Alarcon and collaborators [39] obtained compos-
ites with a PU-natural resin with improved stiffness. Other
authors have explored Arundo's use as epoxy fillers rein-
forcement [40, 41], providing higher tensile moduli and
lower strength. Finally, Ortega et al. have produced rota-
tionally molded PE-composites with this filler, with a drop
in mechanical properties [21].

On the other hand, the impact of polymers on the envi-
ronment is undeniable due to their abuse and long lifecy-
cle. In recent years, biodegradable plastics' presence in
consumer products, mainly in packaging, has been widely
increased to overcome this problem. It is essential to dif-
ferentiate between bio-degradation and bio-disintegration,

as these terms are often confused. Degradation refers to
the modification of macromolecules due to their release
from the primary chemical chain, and it is often associ-
ated with a decrease in performance. However, it is usu-
ally preferred to refer to it as the decrease in molecular
weight. The term biodegradation refers to the degrada-
tion process performed by living cells and not by enzymes
isolated from them. So, the degradation tests usually per-
formed in literature, especially in the bio-materials field,
which assess the modifications of a material due to enzyme
action, cannot be considered biodegradation assays.
Finally, disintegration relates to the breakage of a sample
into smaller parts than the original size [42].

Plastics biodegradation is greatly affected by the nature
of the material (chemical structure and functional groups,
crystallinity, molecular weight, additives), the type of organ-
ism involved in the process (bacteria, fungi, algae), and the
conditions (temperature, humidity, pH) in which the pro-
cess takes place [43]. PLA has often been classified as a
biodegradable material, although this process only takes
place under a compost environment, that is, in the presence
of appropriate microorganisms and elevated temperature
[44]. For these authors, the main factors affecting the PLA
biodegradation process are polymer molecular weight (the
higher the weight, the slower the degradation) and the L/D
monomer ratio (higher crystallinity leads to lower degrada-
tion). Abiotic degradation can take place if the material is
immersed in hot water and is considered crucial for biodeg-
radation of PLA, as it leads to ester links hydrolysis [44, 45].

Most literature about PLA biodegradation focuses on pro-
cesses performed at thermophilic conditions (around 58 °C)
[46—48]. However, some authors suggest using mesophilic
conditions (37 °C) [49], as most municipal waste treatment
plants operate in these conditions and also because these are
usually more stable and have lower energy requirements.

This paper deals with the assessment of the properties
of composite parts obtained by rotational molding, using
two different matrixes: PE and PLA and giant reed (Arundo
donax) fibers at 5 and 10 wt % loading. Mechanical behav-
ior, morphology, and bio-disintegration of composite materi-
als have been assessed. Bio-disintegration assays have been
performed following the procedure in UNE-EN 20200:2015,
which simulates composting processes under controlled
conditions for 12 weeks. This is an important step in the
analysis scheme to assess the compostability of plastic mate-
rials. The procedure consists, in short, of studying the differ-
ences found in plastics before and after subjecting them to
the action of natural microbes found in compost. Although
the use of natural fibers for composites obtaining has been
widely studied in the literature, not much research has been
conducted on the bio-disintegration behavior of such mate-
rials. So, the main aim of this paper is to determine if the
introduction of cellulosic fibers into the polymer matrixes
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modifies its susceptibility to the microorganisms' action and,
thus, its disintegration.

Materials and Methods
Materials

A general-purpose PE from Matrix (Revolve N-461, North-
ampton, UK), in powder form, was used as matrix. The poly-
lactic acid (PLA) matrix used was from Corbion (Luminy
L105, with 99% L-isomer), also in powder form.

The fibers were obtained at Universidad de Las Palmas
de Gran Canaria (ULPGC), following previously described
processes [24]. In short, the extraction process consisted of
a mechanical step of subsequent crushing of the stems. Once
obtained and dried, fibers were cut to 3—4 mm in length. Part
of these fibers was treated to improve thermal stability using
a 1 N NaOH solution and a solid/liquid relation of 25 g/1.
The treatment lasted 1 h at room temperature and ended
with various washings with de-ionized water until reaching
neutral pH. Untreated fibers showed an average diameter of
132 +33 pm, while for treated ones, this was 92+21 pm.

Methods
Composites Production

Arundo fibers were dried overnight in an oven at 105 °C,
while PE was dried at 40 °C overnight and PLA at 100 °C
for 4 h. Composites were prepared by dry blending of the
matrix with the fibers (at 5 and 10% weight) in a V-shape
mixer and then introduced in a lab-made rotomolding
device, as described previously [21], using a rotation rate of
2.30 rpm in the primary axis and 9.14 rpm in the secondary
axis (speed ratio of 1/4). The internal air temperature in the
mold was monitored with a thermocouple introduced via the
venting hole located in the middle of one side of the cube.
The heating stage stopped when the internal temperature
reached 180 °C for PE and 185 °C for PLA, although due
to thermal inertia, interior air temperature reached slightly
higher values. The mold was cooled by forced air while
keeping the mold rotation until reaching 50 °C. Average
heating times were 22 min for PE and 32 for PLA, regard-
less of the incorporation of fibers. Contrarily, cooling times
varied for PE samples; cooling was faster for 10% loadings
than for 5% and pure PE (process cycles are found in sup-
plementary materials (Fig. S1)). Cubic parts of 120 mm
side and 3—4 mm thickness were obtained (Fig. 1), and test
bars were machined from them, following ISO 3167:2014
standard for the dimensions of the test bars for tensile tests,
ISO 178:2019 standards for flexural tests, and ISO 180:2019
standards for Izod-impact tests.

@ Springer

The samples obtained have been named with the matrix
used (PE, PLA) followed by the type of fiber (AD: Arundo
donax, ADt: Arundo donax treated) and the ratio of fiber
(5, 10).

Fibers are well distributed in all composite parts obtained,
although some clustering can be observed for 10% treated
fibers, especially on the inner surface of the cubes (Fig. 1b,
d-f). Untreated fiber does not seem to degrade during the
processing, as the composites obtained do not show big bub-
bles, dark color, or characteristic odor. Some authors have
experienced processing issues when using other fibers in
rotomolded parts. For example, 10% hemp fiber composites
did not even show enough consolidation unless using treated
fibers [50]. However, in this research, Arundo fibers were
successfully incorporated into the matrix, not forming fiber
balls inside the part due to the mold rotation.

Bio-disintegration and thermal behavior were assessed for
neat matrix and composites with 10% fibers.

Mechanical Testing

Composite samples were tested to determine their tensile
properties according to ISO 527-2:2012, at a rate of 10 mm/
min, determining the elastic modulus and ultimate tensile
strength. Flexural properties were measured according to
ISO 178:2019 at the same rate, with a distance between
cantilevers of 64 mm, determining the elastic modulus and
flexural strength. Tensile and flexural tests were performed
in a universal testing machine from Dongguan Liyi Test
Equipment Co. Ltd. (LY-1065). A PCE-FGl1k load cell of
200 kg maximum capacity from PCE Instrument) was used
for the flexural tests, and a YZC-516 with 500 kg maximum
capacity from Guang CE for the tensile essays. Impact tests
were performed on unnotched samples, following UNE-EN
ISO 180:2019, using a 5.5 J pendulum and an impact rate of
3.5 m/s. The energy absorbed by the part on Izod configura-
tion was determined in an Izod and Charpy impact tester
model LY-XJID 50 from Dongguan Liyi Test Equipment
Co. Ltd.

Bio-disintegration Assays

Disintegrability of the materials was determined by an assay
performed in simulated composting conditions, following
the protocol established in EN 14806:2005. A synthetic
biowaste was prepared by mixing vegetal residues, rabbit
feed (commercial product based on alfalfa and vegetable
flours, with proteins and cellulose content of 15% and 20%,
respectively), mature compost, volumizing agent (wood
chips), urea and water (up to 55% of the final weight). This
biowaste was placed in boxes (45 x 62 X 18 cm) with holes
on the lower part and sides, set at 6.5 cm from the bottom.
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Fig.1 Pictures of composite
parts obtained. PE composites
with a 5% untreated fibers in
PE, b 10% untreated fibers

in PE, ¢ 5% treated fibers in
PE, and d 10% treated fibers.
PLA composites with e 10%
untreated fiber in PLA and f
10% treated fiber in PLA

¢ PE.ADt.5

€ PLA.AD.10

A 5 cm—Iayer of expanded clay is placed on the bottom of
the boxes to ensure ventilation and drainage.

The boxes are manually aerated weekly for the first four
weeks and then every two weeks. pH, weight, and humidity
levels were assessed weekly during the entire process, while
temperatures were checked daily. Once dried and weighted,
each sample was placed in the synthetic waste with enough
distance not to touch either the walls of the box or other
sample and then entirely covered with more synthetic waste.
The overall duration of the assay was 12 weeks.

At the end of the test, the samples were recovered, washed
with water, and oven-dried at 105 °C, obtaining the disinte-
gration degree as follows:

m
Disintegration degree (%) =

d PE.ADt.10

f PLA.ADt.10

where my is the dry mass of each test bar at the end of the
assay and m, is the initial mass of this same bar.

Microscopic Observations

After the tensile test, the surface of obtained parts and
cross-section of test samples were observed under an optical
microscope and SEM. An Olympus BX51 microscope was
used for optical microscopy to assess the differences found
in the parts' surfaces.

The surface microstructure of samples was also assessed
before and after the disintegration assay. A Hitachi TM3030
tabletop scanning electron microscope (SEM) under differ-
ent magnifications, working at 15 kV, was used for this pur-
pose. Test bars were sputtered with a thin Au/Pd layer in
an SC 760 apparatus from Quorum Technologies for 120 s
and 18 mA under an argon atmosphere. For the assays after
the bio-disintegration assay, PE samples were obtained by
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cutting a layer of the test bars. For PLA, this was not pos-
sible due to the material fragility. These samples were then
obtained just by pressing the samples with fingers.

Thermal Behavior

Differential scanning calorimetry (DSC) was performed on
all samples in a Perkin Elmer DSC 4000 apparatus. The
measurements were performed at 10 °C/min, from 30 to
200 °C, with two heating cycles. Melting temperature for
both heatings (T,,; and T,,,, respectively) and crystalliza-
tion temperature (T,) from the cooling step were determined,
together with melting and crystallization enthalpies (AH,,;,
AH,, and AH_). Cold crystallization temperature (T,.)
was not observed for the studied samples. For PLA sam-
ples, glass transition temperature (T,) was also calculated.
Enthalpies were used for crystallinity degree () calculation,
using the following expression:

| AH,-AH,

- 100

X

1—mf

where AH, is the enthalpy for 100% crystalline sample
(93.7 J/g for PLA and 293 J/g for PE) [17], and my is the
mass fraction of the fiber (10% for composites). Three assays
were performed for each sample, and results are given as
average values and standard deviations.

Infrared Spectroscopy (FTIR)

Fourier infrared spectra of the samples were recorded in the
range of 400-4000 cm™! in a Perkin Elmer Spectrum Two
spectrometer, in the attenuated total reflection mode (ATR),
with a resolution of 4 cm™!. Different intensity ratios were

Fig.2 Evolution of weight and
humidity in the disintegration
boxes (left axis), together with
temperature and pH (right axis)

calculated for each polymer matrix to determine the exten-
sion of the sample changes. Three spectra were obtained for
each sample, accumulating 60 scans per spectrum.

Results
Evolution of Bio-disintegration Recipients

The variation of the magnitudes measured during the entire
assay is drawn in Fig. 2: the weight of the disintegration
boxes (in %), temperature, and humidity values.

It is clearly observed that the weight is reduced gradually,
due mainly to the reduction in the humidity of the synthetic
biowaste, as also observed in the figure. Initial pH was 8.31,
which increased during the first weeks, coinciding with the
release of ammonia odor, which was later disappearing, as
expected. The maximum pH value was 9.1 in week 4. No
signs of mold or other alterations were observed during the
process.

The graph also shows that the biowaste temperature is
progressively decreasing due to the low biological activity.
In any case, the temperature inside the disintegration boxes
was higher than the room temperature, and condensation
could be observed on the recipients' walls, thus indicating
the existence of biological activity inside them. Room tem-
perature was quite variable in the period of the year where
the assay took place (March—-May). Some more mature com-
post and vegetable residues were added to the biowaste to
increase the microbial activity and overcome this instability,
although this did not have much effect (this is the reason for
the weight increase in week 4).

At the end of the assay, the biowaste did not have any
specific odor, and its color was notably darker. Photographs

Temperature (°C)

—

Week Week Week Week Week Week Week Week Week Week

1 2

mmmmm Box weight
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of the samples were taken for visual comparison and also
observed in an optical microscope. Some samples (PLA
composites) were broken when recovered.

Recovered samples were dried and weighted to determine
the extent of the disintegration as the weight loss percent-
age. Figure 3 shows that the PE samples have almost no
change, while weight loss of up to 1.4% for PLA composites
was obtained. 100% PLA samples do not show a significant
disintegration, while adding natural fibers seems to increase
this behavior slightly. It should be pointed out that, to ver-
ify that the assay was correctly prepared and that biologi-
cal activity existed, a commercial biodegradable material
(Bioplast 300, based on starch) was introduced as reference
material, and this reached almost 40% in weight reduction.
As already mentioned, PLA is considered compostable in
thermophilic conditions, which is, at around 60 °C, which
explains the low values of weight loss obtained in this study.
Other authors working in compost piles at similar tempera-
tures have also got similar weight losses [51]. The crystal-
linity of the PLA also plays a vital role in the disintegration
and degradation behavior. As shown later, the grade used in
this research showed high crystallinity (around 50%), which
could also explain the relatively low degradation. The PLA
grade used contains 99% of L-isomer, also influencing the
degradation; the higher D—enantiomer content, the higher
degradation rates, and the lower crystallinity (also increasing
degradation kinetics) [48].

The increase in the hydrophilicity of the compos-
ite is needed for PLA degradation; for that reason, the

Fig.3 Optical microscope
pictures taken after the disinte-
gration assay. Lateral view of
composites: a 10% Arundo in
PE matrix, b 10% Arundo in
PLA matrix, ¢ Surface of PLA,
d Surface of 10% Arundo PLA

introduction of vegetal fibers could help in the PLA
hydrolysis reactions [51, 52]. For this reason, the humid-
ity absorption of samples before and after the process was
measured (Table 1). As observed, humidity absorption
of samples before the process is almost null (maximum
around 1% for PLA composites), while this increased to
close to 20% for PLA-treated Arundo composites. PE
composites increase their hydrophilicity after the disin-
tegration assay, reaching around 5% of moisture absorp-
tion. Before bio-disintegration, the hydrophilicity of PE
and PLA composites is higher than for neat polymers,
regardless of whether the fiber has been or not treated;
due to the nature of the polymer, PLA materials show
higher moisture absorption than PE-based ones. How-
ever, the PLA parts with treated fibers show significantly
higher hydrophilicity than untreated ones after the essay,

Table 1 Average values (+standard deviations) for disintegration
degree and moisture absorption

Material Disintegration Moisture absorption (%)
degree (%)
Before After
PE 0.11+£0.03 0.09+0.03 0.86£0.31
PE.AD 10 —0.58+£0.07 0.90+0.10 4.66+£0.23
PE.ADt 10 —0.72+£0.04 0.90+0.06 5.88+0.30
PLA —0.30£0.10 0.68+0.03 4.03+£0.55
PLA.AD 10 —0.89+£0.07 1.27+0.04 12.63+0.45
PLA.ADt 10 - 1.40+0.28 1.32+£0.04 19.11+£0.88
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which correlates with the higher disintegration degree.
The moisture absorption of PE composites increases after
the essay and is significantly higher than for PE, but fiber
treatment does not show any statistical difference.

Regarding the extent of the disintegration, PE materials
do not show differences among the three series of materials
tested; that is, no breakdown happens for this matrix. The
increase in hydrophilicity is then only due to the presence
of fibers in the matrix. On the other hand, the introduction
of giant reed fibers within the PLA matrix increases the bio-
disintegration ability of the material, especially for NaOH-
treated fibers. Dong et al. [53] have found a similar behavior
for PLA/coir composites obtained by compression molding;
parts with treated fibers provide higher disintegration rates
in soil burial assay. These authors attribute this behavior to
the release of residual NaOH and its interaction with the
polymer chain. This paper also points out that a fiber ratio
over 10% does not lead to further increases in biodegradabil-
ity kinetics. The increase in weight loss for PLA composites
compared to neat PLA can be due to their higher hydrophi-
licity and the higher porosity obtained for these composites,
which increases the surface exposed to water and the biota
in the synthetic waste.

Mechanical Properties

Table 2 shows a summary of results obtained for the dif-
ferent properties assessed. The composite density is lower
than the density obtained for the polymer parts. The fiber
treatment does not significantly affect the density of the
composite, being more relevant the amount of fiber in the
material. Other authors have reported a higher density of
the composite for treated fiber composites than for untreated
ones [21, 54]. As fibers used in this research have similar
composition [24] to those obtained by Fiore and collabora-
tors [23], the density determined by these authors (1.168 g/
cm?) can be assumed. Comparing composites' theoretical

density (density of the polymer and density of the filler mul-
tiplied by the ratios of each component) with the actual one
(obtained by volume and weight measuring of the samples),
calculating the porosity of the different materials. Higher
fiber loadings result in higher porosity values. Besides, the
use of treated fibers also led to an increase in porosity due
to the formation of fiber agglomerations and poorer distri-
bution, although this does not seem to affect the mechani-
cal properties of the composite. This higher porosity, also
observed in microscopy, is responsible for the relatively low
mechanical properties determined.

Neither for PE nor for PLA composites did the NaOH
treatment performed on the fibers seem to affect the mechan-
ical properties of the composites, contrary to what was
expected, being more significant the amount of fiber used,
as also happened for density.

For PE, the impact strength is only significantly reduced
for composites with 10% fibers, with no significant differ-
ence due to the fiber treatment. 5% PE composites show
no statistical differences for this property for untreated and
treated fibers. Longer fibers can provide better impact prop-
erties, as the energy needed for fiber pull-out is higher due to
the longer distance required for this to happen [55] (assum-
ing fiber does not break). However, in rotational molding,
particle size distribution is a critical aspect for obtaining a
well-consolidated part [54]; besides, long fibers result in
entanglements, poor distribution, and the fibers not incorpo-
rated into the polymer matrix [50, 56]. The low impact prop-
erties found in this research have been previously reported
in the literature for rotomolded composites [15, 16, 57] and
can be explained by the low adhesion between the matrix
and the fiber. Ortega et al. have obtained composites with up
to 20% of size-classified Arundo fibers in a rotomolded PE
matrix, also finding significant drops in impact strength [21].
Some authors have proposed using compatibilizers based on
maleic anhydride to increase this adhesion and thus the com-
posite efficiency [55]. The production of parts with different

Table 2 Average values (+ standard deviations) for mechanical properties of the materials

Material Density Impact Tensile properties Flexural properties Porosity
(g/cm3) Strength (kJ/m?) Strength (MPa) Modulus (MPa) Strength (MPa) Modulus (MPa) (%)
PE 0.901 +0.023 19.0+3.8¢ 16.1+0.3 381.5+59.4 18.7+2.1! 623.7+75.2" 3.6
PE.AD 5 0.855+0.013*  154+3.4¢ 13.4+0.48 467.7+33.8 182+1.4 662.8+112.5" 6.5
PE.AD 10 0.809+0.031°  11.8+4.7° 11.4+0.8" 489.0+32.9 18.3+0.7' 791.6+1152" 12.8
PE.ADt 5 0.838+0.340°  14.7+3.4¢ 13.4+1.48 5447 +81.4 18.1+1.11 690.1+105.7" 8.3
PE.ADt 10 0.804 +0.170° 9.8+1.8° 11.8+0.8" 502.6+81.4 17.3+1.0' 737.9+1259" 133
PLA 121240.024  21.1+5.0 17.3+5.6' 865.4+161.5% 57.7+4.5 3862.1+412.1° 23
PLAAD 10 1.088+0.024¢ 40+1.4 20.1+2.7 874.0+179.0 33.7+2.6™ 3148.3+280.0°  10.1
PLA.ADt10  1.079+0.037¢ 3.7+0.7" 18.5+2.8 774.8 +108.4% 33.4+6.3™ 3007.3+£690.2°  10.6

Tukey tests for comparison of properties of the different series of materials have been used at a 95% confidence level.

Those materials with the same superscript letter show no statistical difference for the property.
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layers, at least one of them the neat polymer, has also been
proposed as a strategy to reduce the drop in impact proper-
ties [8, 15]. However, this requires higher processing times,
makes the process more complicated, and reduces the fiber
ratio in the final part.

Tensile strength is diminished for all samples, being
this loss more important for higher percentages of fibers.
Other works working with lignocellulosic materials in rota-
tional molding have also found lower tensile strength with
increased fiber content [1, 20, 21, 58]; tensile strength drops
by 50% when working with as low as 5% of hemp fibers
[50]. This reduction may be due to the increased porosity
of samples with the fiber introduction and the fiber agglom-
eration, which limits stress transfer between the fibers and
the matrix.

Tensile elastic modulus slightly increases for the PE-
composites, with no difference in this case due to the fiber
content. It is accepted that the introduction of fibers will
increase tensile modules due to their higher rigidity [55]. In
any case, the particularities of the rotational molding pro-
cess, where no pressure is applied, result in lower increases
for this property than in other procedures, such as injection
or compression molding [16]. Using compatibilizers based
on maleic anhydride results in higher tensile modulus [55].

Finally, no significant changes in flexural properties are
found among neat PE and composites, despite the ratio of
fiber used. Other studies have found no differences in these
properties when using 10% bamboo [57] or agave fibers [S5].

For PLA, the impact strength is greatly reduced due to
fibers, reaching around 20% of the values found for the poly-
mer, for composites with treated and untreated fibers. This
drop, together with the reduction to almost half in flexural
strength, can be attributed to the increased porosity of the
samples and the pull-out of the fibers from the matrix, as
already explained for PE. Incorporating Arundo fibers in the
PLA matrix has not modified the tensile properties of PLA.
Similarly, agave fibers have not significantly changed tensile
properties in PLA [16]. In contrast, using buckwheat husk
in lower proportions has led to a drastic decrease in tensile
strength [17] at comparable porosity values. This difference
in behavior may be due to the format of the material used
in both studies (fibers here and particles in that study), as it
is well known that the morphology of the filler affects the
reinforcing effect.

Microscopic Observations

Optical microscope pictures allowed observing some poros-
ity and voids in the parts, even before the disintegration pro-
cess. Good distribution of fibers is found along the surface
and through the wall thickness of the specimens (Fig. 3). The
only change observed in PE parts is the darkening of the fib-
ers, while for PLA ones, many cracks appear in the surface

and cross-section of the parts. Pure PLA parts show some
more roughness on the surface after the assay, although no
cracks are visible (pictures of the samples before the essay
are found in supplementary material (Fig. S2)). The swell-
ing of fibers during the process may have forced the cracks
to appear by size increase or by the water effect in the PLA
and the beginning of hydrolysis.

The cracks appearing in PLA composite (Fig. 3b, d) parts
were visible to the naked eye when recovering the parts from
the synthetic compost. Some of them were even broken after
the process, thus showing the extent of the degradation that
occurred, even for the low weight loss observed in the assay
and previously discussed.

SEM micrographs for PE and PLA samples (Figs. 4, 5,
respectively) show a smooth surface, almost free of poros-
ity, while some voids can be observed for composites. For
both matrixes, fibers appear randomly distributed and with
poor adhesion with the matrix, as pull-out and separation
between fiber and matrix are observed, thus explaining the
relatively poor mechanical properties of the prepared com-
posite. As already mentioned, no differences were found in
SEM observations due to the bio-disintegration assay for this
matrix. For PLA, however, the material appears fragmented,
with many cracks on all surfaces of PLA-composite parts, as
also observed in the optical microscope.

DSC

Typical DSC curves and results are obtained for all compos-
ites before and after the disintegration assay, as observed in
Table 3 for PE samples and Table 4 for PLA ones. For poly-
ethylene samples, the melting temperature is around 129 °C,
with no difference due to the fiber content. No difference in
temperatures due to the bio-disintegration assay was found,
indicating, once again, that the biological process does not
modify these materials. Melting and crystallization peaks
are not altered, and enthalpies are only slightly reduced due
to fiber introduction. Finally, no differences between the
first and second heating cycles were observed, neither in
temperatures nor in crystallinity values (values not shown
in Table 2). Crystallinity seems to decrease in the assay
because of the differences in melting enthalpies, which are
also lower. This apparent reduction in crystallinity might be
confirmed by other techniques, such as X-ray diffraction.
Other authors have reported similar behavior for PE com-
posites: no significant differences in thermal properties when
adding foreign materials and crystallinity levels of around
40% due to the rapid crystallization of PE [17].

For PLA samples (Table 4), glass transition (58 °C) and
melting temperatures (170 °C) are placed within the ranges
indicated by the product datasheet and are also similar to
other PLA-based materials. T, increases with the introduc-
tion of Arundo fibers due to hindering PLA chains' mobility
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Fig.4 SEM micrographs for
PE samples. Left pictures
correspond to samples before
disintegration assay, right ones,
after. a, b PE, ¢, d PE+ 10%
Arundo fibers, e, f PE+ 10%
treated Arundo fibers

'-I'M3030_7190 2022/05/17

TM3030_5757 2021/06/28

TM3030_5763 2021/06/28

[16]. This is also observed here for T,,, which may indicate
that the PLA matrix did not suffer any degradation during
the processing. No cold crystallization is observed, probably
because a high crystallinity level can be obtained from the
process, due to the long cycle time, especially in the cooling
stage. Other authors [17] found lower crystallinity values
in this same process, although with a different PLA grade,
also observing increases in this parameter with the introduc-
tion of lignocellulosic materials and finding a cold crystal-
lization band. A crystallization peak in the cooling stage
is observed for all samples, contrary to what was observed
by Andrzejewski et al. in their mentioned work. However,
other authors obtaining high crystallinity levels for the neat
PLA have also observed a decrease in crystallinity when
introducing foreign materials [59], thus showing the depend-
ence of crystallinity levels with the PLA grade and the filler/
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reinforcement used. Greco et al. [4] have demonstrated that
rotomolded PLA after aging for 60 days at room temperature
does not show any cold crystallization peak, which is in line
with observations in this study, where DSC was performed
not immediately after parts obtaining. So, Arundo fibers may
act in this paper not as a nucleating agent but as hindering
the crystallization naturally occurring for this material.
Once more, PLA samples show significant changes in the
thermal behavior because of the assay. The melting and glass
transition temperature decreased in the samples after the bio-
logical assay. This may indicate a reduction of the average
molecular weight of the polymer and, thus, that the assay
affects (degrades to some extent) the matrix. The composites
show higher reductions than the neat PLA samples, which
means that the introduction of fibers positively impacts the
material's disintegration. This is probably due to the higher
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Fig.5 SEM micrographs for
PLA samples. Left pictures
correspond to samples before
disintegration assay, right ones,
after. a, b PLA, ¢, d PLA+10%
Arundo fibers, e, f PLA+10%
treated Arundo fibers

N D127 x500

'-I'M3030_7098 2022/05/17 N D92 x15k  507m '-I'M3030_7151 2022/05/17 N D11.1 x100 1mm

TM3030_7103 2022/05/17 N D92 x500 200?m TM3030_7157 2022/05/17 D10.7 x50

water absorption found for composite samples, as moisture The second heating curve for samples after the disintegra-
has been determined as a determinant factor in the biodeg-  tion assay shows a double melting peak, not appearing in
radation process. the first heating. This can be explained by the first thermal

heating, where the PLA thin crystals' are able to melt and

recrystallize at low heating rates, the existence of more than
Table 3 Thermal parameters for PE samples from DSC assays one crystal structure, or the presence of different lamella
Material Tm, (°C) Tm, (°C) Tc (°C) X1 (%) morphologies [38]. This ability to crystallize can be seen
in the second heating cycle, which continues showing high
crystallinity levels.

Before the disintegration assay
PE 129.0+0.5  127.0+0.1  1099+0.2 41.4+0.8
PE.AD 129.6+04  1284+03 1082+0.2 343+53 FTIR
PEADt  129.1+0.1  127.2+00 109.7+0.0 38.1+5.6
After the disintegration assay
PE 1293+09  1285+0.8 108.5+0.7 30.6+2.5
PE.AD 129.7+0.1  126.8+0.0 109.9+0.0 37.9+0.5
PEADt  1313+12 1283+06 108.5+0.8 31.7+3.2

FTIR spectra for PE samples show no variations among
the fingerprint of pure PE or composites (Fig. 6), thus
meaning the polymer fully covers the fibers. The main
differences are a wide band (low intensity) between 3600
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and 3000 cm~! and the appearance of small bands between
1200 and 900 cm~!, which are attributed to the presence
of fibers. For samples after the disintegration assay, these
differences are even less noticeable. If the spectra before
and after the assay are compared, no differences are found,
thus evidencing, once again, the low effect of the essay
on the properties of the composite. Some works studying
the aging of PE point out the appearance of some peaks
in the FTIR spectra related to carbonyl, peroxides, and
unsaturated groups at around 1700, 1200, and 900 cm™!
[60], while differences in the intensities at 2920, 1465 and
717 cm™! are indicative of degradation [61]. The evalua-
tions performed in this work have not found any of these

bands for PE, meaning none of these groups are present
in the samples, or at least not in a noticeable proportion.
On the other hand, for PLA samples, no difference
is observed with the introduction of fibers in the matrix
(Fig. 7). At the same time, some evident changes can be
seen when comparing the spectra before and after the disin-
tegration assay, as peaks for fiber overlap those of PLA and
because polymer mostly covers the fibers. So, no evident
interaction between the fibers and the matrix is observed,
as otherwise observed in SEM micrographs. These spectra
show the typical bands for PLA, that is, carbonyl (-C=0)
stretch in lactide (1747 cm™"), —CH; bend (1465 cm™!,
1381 cm™!, and 1127 cm™"), C=0O stretch (1180, 1078
and 1043 cm™"). Bands at 866 and 756 cm™' are related,

Table 4 Thermal parameters for

Material Tm, (°C Tm, (°C T (°C % % T, (°C
PLA samples from DSC assays aterta m, °C) m, (C) c (O X1 () X2 (%) 0O
Before the disintegration assay
PLA 1704 +1.4 167.3+3.0 109.0+0.4 61.9+5.5 52.1+10.8 58.1+£0.7
PLA.AD 174.5+2.7 172.9+4.5 108.4+1.6 45.6+3.0 41.5+8.8 67.7+1.2
PLA.ADt 175.7+£0.4 175.2+0.1 110.1+0.1 402+24 36.4+0.2 68.9+0.1
After the disintegration assay
PLA 168.5+1.8 163.1+2.5 107.2+3.6 57.7+12.3 48.0+9.0 59.1+2.8
PLA.AD 1703+1.4 164.4+0.7 109.9+0.2 48.7+2.5 489+3.0 62.9+04
PLA.ADt 168.2+0.1 159.2+4.7 107.4+2.0 59.9+69 55.7+8.6 63.6+3.0
Fig.6 FTIR spectra for PE sam- 100 100
ples before the disintegration v \ 'F R | r—'_—\ A
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respectively, to the amorphous and crystalline phases of
PLA [11, 62]. Gorrasi et al. also propose using the band at
920 cm™! as an indicator of crystallinity [48].

To determine the degradation extent, the bands related
to carbonyl groups and ester groups are of particular inter-
est because the degradation of the matrix can lead to the
formation of anhydrides, carbonyl, and carboxyl groups.
Some ratios are calculated with the absorption values for
these bands, using the band for -CHj; to normalize results
[11, 52]. Table 5 shows the absorption values for these
bands and the ratios obtained by dividing them by this at
1465 cm™!. Ratios 1-3 (related to disintegration) show a
significant increase in the comparisons before and after the
disintegration assay, showing the extent of the modifications
in the materials. For R4, related to the sample crystallin-
ity, no trend is observed, which otherwise correlates with
the DSC results on this parameter; this same observation is
made when comparing the peaks at 922 cm™!. On the other
hand, higher ratios are also observed for composites than for
neat PLA, as these refer to carboxyl and ester groups, also
present in fibers.

Conclusion

Arundo donax fibers from stems have been introduced into
rotomolded PE and PLA matrixes following a simple dry
blending method, obtaining acceptable porosity levels and
good fiber distribution. The impact properties are greatly
affected by introducing 10% of fibers for both matrixes. PE
composites show similar flexural behavior to pure PE, with
a decrease of around 15% in tensile strength and an increase
of over 20% in elastic modulus. PLA composites show simi-
lar properties to neat PLA, except for a significant decrease
(around 40%) in flexural strength. The relatively poor
mechanical behavior of the composites can be explained by
the presence of voids and the poor adhesion between fiber
and matrix, as found in SEM observations. NaOH fiber treat-
ment does not affect the composite's mechanical or thermal
properties.

Regarding the bio-disintegration assays, PE is almost
unaffected, as no changes in FTIR spectra, calorimetric
behavior, or morphology features are found. The composite
after the assay seems to be slightly more hydrophilic and has
less crystallinity. On the other hand, modifications to PLA-
based materials are visible just after recovering the samples
from the synthetic residue prepared. For these parts, many
cracks are observed, especially for composite samples. The
degradation is confirmed in DSC assays, with a reduction
in glass transition and melting temperatures. FTIR analysis
also shows the degradation of the matrix, with the increase
in the intensity of bands related to carbonyl and ester groups;
some ratios calculated for these peaks and normalized show
the extent of the modifications achieved. The treated fiber
composites show higher values for these ratios, which the
presence of residual alkali solution may explain.

The weight loss of the samples during the bio-disinte-
gration assay is almost null for the PE samples, being also
quite low for the PLA samples. This can be explained by the
low temperature used in the process and the characteristics
of the PLA grade used in this work, with high crystallinity
and L-isomer.

The greater extent of modification found for PLA com-
posites compared to neat PLA can be explained by the
higher water absorption due to the natural fibers' addition,
which is an essential step for PLA degradation. Further
assays should be performed to determine the changes in the
polymer matrix, for example, if PLA has reduced its average
molecular weight. Besides, the crystallinity of samples using
X-ray diffraction could also help understand how the incor-
poration of fibers affects the crystallinity of these composites
and if this is modified during the bio-disintegration process.
Finally, micro-CT could also be performed before and after
the assay to determine changes in porosity.

This paper shows the extent of the modifications that
occurred in lignocellulosic fibers/PLA composites in a low-
temperature disintegration process, as a first approach to
determining the biodegradability of these materials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10924-022-02542-x.

Table 5 Absorption ratios for

o . Material R1=1747/1465 R2=1183/1465 R3=1085/1465 R4=756/866

characteristic bands in PLA

degradation Before the disintegration assay
PLA 0.679 1.244 0.849 1.119
PLA.AD 1.043 1.252 0.925 0.970
PLA.ADt 2.064 2.503 2.108 1.030

After the disintegration assay

PLA 2.702 4.030 3.324 1.124
PLA.AD 1.597 2.727 1.961 1.128
PLA.ADt 1.947 3.159 2.510 1.132

@ Springer


https://doi.org/10.1007/s10924-022-02542-x
Luis
Rectángulo


4860

Journal of Polymers and the Environment (2022) 30:4848-4862

Author Contributions ZO, LS and MDM performed the study con-
ception and design. Material preparation, data collection and analysis
were performed by LS, FR, RP and ZO. ZO wrote the first draft of the
manuscript, and all authors commented on its previous versions. All
authors read and approved the final manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. European Funding for Regional
Development (FEDER) funded this research through the INTERREG
MAC 2014-2020 program, providing funds for MAC Inv2Mac project
(Grant number MAC2/4.6d/229). Luis Suarez also acknowledges the
funding through the Ph.D. grant program cofinanced by the Canar-
ian Agency for Research, Innovation and Information Society of the
Canary Islands Regional Council for Employment, Industry, Commerce
and Knowledge (ACIISI) and by the European Social Fund (ESF)
(Grant number TESIS2021010008).

Data Availability The datasets generated or analyzed during the current
study are available from the corresponding author upon reasonable
request.

Declarations

Conflict of interest The authors report there are no competing interests
to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hejna A, Barczewski M, Andrzejewski J et al (2020) Rotational
molding of linear low-density polyethylene composites filled with
wheat bran. Polymers (Basel) 12:1004. https://doi.org/10.3390/
POLYM12051004

2. Greco A, Maffezzoli A (2016) Rotational moulding of poly-lac-
tic acid. AIP Conf Proc 1779:060007. https://doi.org/10.1063/1.
4965528

3. Greco A, Maffezzoli A (2017) Rotational molding of poly(lactic
acid): effect of polymer grade and granulometry. Adv Polym Tech-
nol 36:477-482. https://doi.org/10.1002/ADV.21630

4. Greco A, Ferrari F, Maffezzoli A (2019) Processing of super
tough plasticized PLA by rotational molding. Adv Polym Technol
2019:1-8. https://doi.org/10.1155/2019/3835829

5. Gonzélez-Lopez ME, Pérez-Fonseca AA, Manriquez-Gonzalez
R et al (2019) Effect of surface treatment on the physical and
mechanical properties of injection molded poly(lactic acid)-coir
fiber biocomposites. Polym Compos 40:2132-2141. https://doi.
org/10.1002/pc.24997

6. Ruiz-Silva E, Rodriguez-Ortega M, Rosales-Rivera LC et al
(2021) Rotational molding of poly(Lactic Acid)/polyethylene

@ Springer

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

blends: effects of the mixing strategy on the physical and mechani-
cal properties. Polymers 13:217. https://doi.org/10.3390/POLYM
13020217

Vignali A, lannace S, Falcone G (2019) Lightweight poly(e-
Caprolactone) composites with surface modified hollow glass
microspheres for use in rotational molding: thermal, rheological
and mechanical properties. Polymers 11:624. https://doi.org/10.
3390/POLYM11040624

Diaz S, Ortega Z, McCourt M et al (2018) Recycling of polymeric
fraction of cable waste by rotational moulding. Waste Manag
76:199-206. https://doi.org/10.1016/]. WASMAN.2018.03.020
Pick L, Hanna PR, Gorman L (2022) Assessment of processi-
bility and properties of raw post-consumer waste polyethylene
in the rotational moulding process. J Polym Eng 42:374-383.
https://doi.org/10.1515/POLYENG-2021-0212/MACHINEREA
DABLECITATION/RIS

Barczewski M, Hejna A, Anisko J et al (2022) Rotational
molding of polylactide (PLA) composites filled with copper
slag as a waste filler from metallurgical industry. Polym Test
106:107449. https://doi.org/10.1016/J.POLYMERTESTING.
2021.107449

Anisko J, Barczewski M, Mietliriski P et al (2022) Valorization of
disposable polylactide (PLA) cups by rotational molding technol-
ogy: the influence of pre-processing grinding and thermal treat-
ment. Polym Test 107:107481. https://doi.org/10.1016/j.polym
ertesting.2022.107481

Cisneros-Lépez EO, Pal AK, Rodriguez AU et al (2020) Recycled
poly(lactic acid)-based 3D printed sustainable biocomposites: a
comparative study with injection molding. Mater Today Sustain.
https://doi.org/10.1016/j.mtsust.2019.100027

. Torres FG, Aragon CL (2006) Final product testing of rota-

tional moulded natural fibre-reinforced polyethylene. Polym Test
25:568-577. https://doi.org/10.1016/j.polymertesting.2006.03.010
Wang B, Panigrahi S, Tabil L, Crerar W (2007) Pre-treatment of
flax fibers for use in rotationally molded biocomposites. J Reinf
Plast Compos 26:447-463. https://doi.org/10.1177/0731684406
072526

Ortega Z, Monzén MD, Benitez AN et al (2013) Banana and
abaca fiber-reinforced plastic composites obtained by rotational
molding process. Mater Manuf Process 28:879-883. https://doi.
org/10.1080/10426914.2013.792431

Cisneros-Lopez EO, Pérez-Fonseca AA, Gonzélez-Garcia Y et al
(2018) Polylactic acid-agave fiber biocomposites produced by
rotational molding: a comparative study with compression mold-
ing. Adv Polym Technol 37:2528-2540. https://doi.org/10.1002/
adv.21928

Andrzejewski J, Krawczak A, Wesoty K, Szostak M (2020) Rota-
tional molding of biocomposites with addition of buckwheat husk
filler. Structure-property correlation assessment for materials
based on polyethylene (PE) and poly(lactic acid) PLA. Compos
Part B Eng 202:108410. https://doi.org/10.1016/j.compositesb.
2020.108410

Gonzalez-Lopez ME, Pérez-Fonseca AA, Cisneros-Lopez EO et al
(2019) Effect of maleated PLA on the properties of rotomolded
PLA-agave fiber biocomposites. J Polym Environ 27:61-73.
https://doi.org/10.1007/s10924-018-1308-2

Robledo-Ortiz JR, Gonzalez-Lépez ME, Martin del Campo AS
et al (2021) Fiber-matrix interface improvement via glycidyl
methacrylate compatibilization for rotomolded poly(lactic acid)/
agave fiber biocomposites. ] Compos Mater 55:201-212. https://
doi.org/10.1177/0021998320946821

Leén LDVE, Escocio VA, Visconte LLY et al (2020) Rotomold-
ing and polyethylene composites with rotomolded lignocellulosic
materials: a review. J Reinf Plast Compos 39:459-472. https://doi.
org/10.1177/0731684420916529


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/POLYM12051004
https://doi.org/10.3390/POLYM12051004
https://doi.org/10.1063/1.4965528
https://doi.org/10.1063/1.4965528
https://doi.org/10.1002/ADV.21630
https://doi.org/10.1155/2019/3835829
https://doi.org/10.1002/pc.24997
https://doi.org/10.1002/pc.24997
https://doi.org/10.3390/POLYM13020217
https://doi.org/10.3390/POLYM13020217
https://doi.org/10.3390/POLYM11040624
https://doi.org/10.3390/POLYM11040624
https://doi.org/10.1016/J.WASMAN.2018.03.020
https://doi.org/10.1515/POLYENG-2021-0212/MACHINEREADABLECITATION/RIS
https://doi.org/10.1515/POLYENG-2021-0212/MACHINEREADABLECITATION/RIS
https://doi.org/10.1016/J.POLYMERTESTING.2021.107449
https://doi.org/10.1016/J.POLYMERTESTING.2021.107449
https://doi.org/10.1016/j.polymertesting.2022.107481
https://doi.org/10.1016/j.polymertesting.2022.107481
https://doi.org/10.1016/j.mtsust.2019.100027
https://doi.org/10.1016/j.polymertesting.2006.03.010
https://doi.org/10.1177/0731684406072526
https://doi.org/10.1177/0731684406072526
https://doi.org/10.1080/10426914.2013.792431
https://doi.org/10.1080/10426914.2013.792431
https://doi.org/10.1002/adv.21928
https://doi.org/10.1002/adv.21928
https://doi.org/10.1016/j.compositesb.2020.108410
https://doi.org/10.1016/j.compositesb.2020.108410
https://doi.org/10.1007/s10924-018-1308-2
https://doi.org/10.1177/0021998320946821
https://doi.org/10.1177/0021998320946821
https://doi.org/10.1177/0731684420916529
https://doi.org/10.1177/0731684420916529
Luis
Rectángulo


Journal of Polymers and the Environment (2022) 30:4848-4862

4861

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ortega Z, Romero F, Paz R et al (2021) Valorization of invasive
plants from macaronesia as filler materials in the production of
natural fiber composites by rotational molding. Polymers (Basel)
13:2220. https://doi.org/10.3390/polym13132220

Shatalov AA, Pereira H (2013) High-grade sulfur-free cellulose
fibers by pre-hydrolysis and ethanol-alkali delignification of
giant reed (Arundo donax L.) stems. Ind Crops Prod 43:623-630.
https://doi.org/10.1016/j.indcrop.2012.08.003

Fiore V, Scalici T, Valenza A (2014) Characterization of a new
natural fiber from Arundo donax L. as potential reinforcement of
polymer composites. Carbohydr Polym 106:77-83. https://doi.org/
10.1016/j.carbpol.2014.02.016

Suarez L, Castellano J, Romero F et al (2021) Environmen-
tal hazards of giant reed (Arundo donax L) in the macaronesia
region and its characterisation as a potential source for the pro-
duction of natural fibre composites. Polymers (Basel). https://
doi.org/10.3390/polym13132101

Shatalov AA, Duarte LC, Carvalheiro F et al (2013) CROP-
BIOREF: Integrated strategy for the upgrading of giant reed
(Arundo donax L) for materials and chemicals. Proc 2nd Iber-
oam Congr Biorefineries 2013:641-648

Brusca S, Cosentino SL, Famoso F et al (2018) Second genera-
tion bioethanol production from Arundo donax biomass: an opti-
mization method. Energy Procedia. Elsevier Ltd, Amsterdam
Shatalov AA, Pereira H (2012) Xylose production from giant
reed (Arundo donax L.): modeling and optimization of dilute
acid hydrolysis. Carbohydr Polym 87:210-217. https://doi.org/
10.1016/j.carbpol.2011.07.041

Licursi D, Antonetti C, Mattonai M et al (2018) Multi-valor-
isation of giant reed (Arundo Donax L.) to give levulinic acid
and valuable phenolic antioxidants. Ind Crops Prod 112:6-17.
https://doi.org/10.1016/j.indcrop.2017.11.007

Antonetti C, Bonari E, Licursi D et al (2015) Hydrothermal con-
version of giant reed to furfural and levulinic acid: optimization
of the process under microwave irradiation and investigation of
distinctive agronomic parameters. Molecules 20:21232-21353.
https://doi.org/10.3390/molecules201219760

Calvo MV, Colombo B, Corno L et al (2018) Bioconversion of
giant cane for integrated production of biohydrogen, carbox-
ylic acids, and polyhydroxyalkanoates (PHAs) in a multistage
biorefinery approach. ACS Sustain Chem Eng 6:15361-15373.
https://doi.org/10.1021/ACSSUSCHEMENG.8B03794
Ventorino V, Robertiello A, Cimini D et al (2017) Bio-based
succinate production from Arundo donax hydrolysate with the
new natural succinic acid-producing strain Basfia succinicipro-
ducens BPP7. BioEnergy Res 10:488-498. https://doi.org/10.
1007/s12155-017-9814-y

Piperopoulos E, Khaskhoussi A, Fiore V, Calabrese L (2021)
Surface modified Arundo donax natural fibers for oil spill recov-
ery. J Nat Fibers. https://doi.org/10.1080/15440478.2021.19613
43

Cano-Ruiz J, Ruiz Galea M, Amorés MC et al (2020) Assessing
Arundo donax L in vitro-tolerance for phytoremediation purposes.
Chemosphere 252:126576. https://doi.org/10.1016/J. CHEMO
SPHERE.2020.126576

Raposo Oliveira Garcez L, Hofmann Gatti T, Carlos Gonzalez J
et al (2022) Characterization of fibers from culms and leaves of
Arundo donax L (Poaceae) for handmade paper production. J Nat
Fibers. https://doi.org/10.1080/15440478.2022.2076005
Gulihonenahali Rajkumar A, Hemath M, Kurki Nagaraja B
et al (2021) An artificial neural network prediction on physical,
mechanical, and thermal characteristics of giant reed fiber rein-
forced polyethylene terephthalate composite. J Ind Text. https://
doi.org/10.1177/15280837211064804

Dahmardeh Ghalehno M, Madhoushi M, Tabarsa T, Nazerian
M (2010) The manufacture of particleboards using mixture of

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

reed (surface layer) and commercial species (middle layer). Eur
J Wood Wood Prod 693(69):341-344. https://doi.org/10.1007/
S00107-010-0437-7

Ferrandez-Garcia MT, Ferrandez-Garcia A, Garcia-Ortuiio T et al
(2020) Assessment of the physical, mechanical and acoustic prop-
erties of Arundo donax L biomass in low pressure and tempera-
ture particleboards. Polymers 12:1361. https://doi.org/10.3390/
POLYM12061361

Fiore V, Botta L, Scaffaro R et al (2014) PLA based biocompos-
ites reinforced with Arundo donax fillers. Compos Sci Technol
105:110-117. https://doi.org/10.1016/j.compscitech.2014.10.005
Monsalve Alarcén J, Sanchez Cruz M, Baquero Bastos D (2018)
Evaluation of the physical and mechanical properties of cafa
brava (Arundo donax) reinforced panels. INGE CUC 14:66-74.
https://doi.org/10.17981/ingecuc.14.1.2018.06

Fiore V, Scalici T, Vitale G, Valenza A (2014) Static and dynamic
mechanical properties of Arundo donax fillers-epoxy composites.
Mater Des 57:456-464. https://doi.org/10.1016/j.matdes.2014.01.
025

Scalici T, Fiore V, Valenza A (2016) Effect of plasma treatment
on the properties of Arundo donax L. leaf fibres and its bio-based
epoxy composites: a preliminary study. Compos Part B Eng
94:167-175. https://doi.org/10.1016/j.compositesb.2016.03.053
Comité Técnico CTN 53 (2008) UNE-CEN/TR 15351 IN: plasti-
cos. Guia terminoldgica en el campo de los plasticos y polimeros
degradables y biodegradables

Shah AA, Hasan F, Hameed A, Ahmed S (2008) Biological deg-
radation of plastics: a comprehensive review. Biotechnol Adv
26:246-265. https://doi.org/10.1016/j.biotechadv.2007.12.005
Husarova L, Pekafova S, Stloukal P et al (2014) Identification
of important abiotic and biotic factors in the biodegradation of
poly(l-lactic acid). Int J Biol Macromol 71:155-162. https://doi.
org/10.1016/J.1JBIOMAC.2014.04.050

Agarwal M, Koelling KW, Chalmers JJ (1998) Characterization
of the degradation of polylactic acid polymer in a solid substrate
environment. Biotechnol Prog 14:517-526. https://doi.org/10.
1021/BP980015P

Ruggero F, Belardi S, Carretti E et al (2022) Rigid and film bio-
plastics degradation under suboptimal composting conditions: a
kinetic study. Waste Manag Res 40:1311-1321. https://doi.org/
10.1177/0734242X211063731

Boonmee C, Kositanont C, Leejarkpai T (2022) Degradation
behavior of biodegradable plastics in thermophilic landfill soil and
wastewater sludge conditions. Environ Res Eng Manag 78:57-69.
https://doi.org/10.5755/J01. EREM.78.1.29502

Gorrasi G, Pantani R (2013) Effect of PLA grades and morpholo-
gies on hydrolytic degradation at composting temperature: assess-
ment of structural modification and kinetic parameters. Polym
Degrad Stab 98:1006—1014. https://doi.org/10.1016/J.POLYM
DEGRADSTAB.2013.02.005

Cucina M, De Nisi P, Trombino L et al (2021) Degradation of
bioplastics in organic waste by mesophilic anaerobic digestion,
composting and soil incubation. Waste Manag 134:67-77. https://
doi.org/10.1016/J. WASMAN.2021.08.016

Oliveira MAS, Pickering KL, Sunny T, Lin RJT (2021) Treatment
of hemp fibres for use in rotational moulding. J Polym Res 28:3.
https://doi.org/10.1007/s10965-021-02414-3

Bayerl T, Geith M, Somashekar AA, Bhattacharyya D (2014)
Influence of fibre architecture on the biodegradability of FLAX/
PLA composites. Int Biodeterior Biodegrad 96:18-25. https://doi.
org/10.1016/j.ibiod.2014.08.005

Moliner C, Finocchio E, Arato E et al (2020) Influence of the
degradation medium on water uptake, morphology, and chemi-
cal structure of poly(lactic acid)-sisal bio-composites. Materials
(Basel) 13:3974. https://doi.org/10.3390/mal13183974

@ Springer


https://doi.org/10.3390/polym13132220
https://doi.org/10.1016/j.indcrop.2012.08.003
https://doi.org/10.1016/j.carbpol.2014.02.016
https://doi.org/10.1016/j.carbpol.2014.02.016
https://doi.org/10.3390/polym13132101
https://doi.org/10.3390/polym13132101
https://doi.org/10.1016/j.carbpol.2011.07.041
https://doi.org/10.1016/j.carbpol.2011.07.041
https://doi.org/10.1016/j.indcrop.2017.11.007
https://doi.org/10.3390/molecules201219760
https://doi.org/10.1021/ACSSUSCHEMENG.8B03794
https://doi.org/10.1007/s12155-017-9814-y
https://doi.org/10.1007/s12155-017-9814-y
https://doi.org/10.1080/15440478.2021.1961343
https://doi.org/10.1080/15440478.2021.1961343
https://doi.org/10.1016/J.CHEMOSPHERE.2020.126576
https://doi.org/10.1016/J.CHEMOSPHERE.2020.126576
https://doi.org/10.1080/15440478.2022.2076005
https://doi.org/10.1177/15280837211064804
https://doi.org/10.1177/15280837211064804
https://doi.org/10.1007/S00107-010-0437-7
https://doi.org/10.1007/S00107-010-0437-7
https://doi.org/10.3390/POLYM12061361
https://doi.org/10.3390/POLYM12061361
https://doi.org/10.1016/j.compscitech.2014.10.005
https://doi.org/10.17981/ingecuc.14.1.2018.06
https://doi.org/10.1016/j.matdes.2014.01.025
https://doi.org/10.1016/j.matdes.2014.01.025
https://doi.org/10.1016/j.compositesb.2016.03.053
https://doi.org/10.1016/j.biotechadv.2007.12.005
https://doi.org/10.1016/J.IJBIOMAC.2014.04.050
https://doi.org/10.1016/J.IJBIOMAC.2014.04.050
https://doi.org/10.1021/BP980015P
https://doi.org/10.1021/BP980015P
https://doi.org/10.1177/0734242X211063731
https://doi.org/10.1177/0734242X211063731
https://doi.org/10.5755/J01.EREM.78.1.29502
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2013.02.005
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2013.02.005
https://doi.org/10.1016/J.WASMAN.2021.08.016
https://doi.org/10.1016/J.WASMAN.2021.08.016
https://doi.org/10.1007/s10965-021-02414-3
https://doi.org/10.1016/j.ibiod.2014.08.005
https://doi.org/10.1016/j.ibiod.2014.08.005
https://doi.org/10.3390/ma13183974
Luis
Rectángulo


Journal of Polymers and the Environment (2022) 30:4848-4862

. Dong Y, Ghataura A, Takagi H et al (2014) Polylactic acid (PLA)
biocomposites reinforced with coir fibres: evaluation of mechani-
cal performance and multifunctional properties. Compos Part A
Appl Sci Manuf 63:76-84. https://doi.org/10.1016/j.compositesa.
2014.04.003

. Hanana FE, Rodrigue D (2021) Effect of particle size, fiber con-
tent, and surface treatment on the mechanical properties of maple-
reinforced LLDPE produced by rotational molding. Polym Polym
Compos 29:343-353. https://doi.org/10.1177/0967391120916602
. Cisneros-Lopez EO, Gonzalez-Lopez ME, Pérez-Fonseca AA
et al (2017) Effect of fiber content and surface treatment on the
mechanical properties of natural fiber composites produced by
rotomolding. Compos Interfaces 24:35-53. https://doi.org/10.
1080/09276440.2016.1184556

. Monzén MD, Ortega Z, Benitez AN et al (2012) Developments
towards a more sustainable rotational moulding process. ECCM
2012 Compos Venice Proc 15th Euro Conf Compos Mater
2012:1-8

. Abhilash SS, Singaravelu DL (2020) Effect of fiber content on
mechanical and morphological properties of bamboo fiber-rein-
forced linear low-density polyethylene processed by rotational
molding. Trans Indian Inst Met 73:1549-1554. https://doi.org/
10.1007/512666-020-01922-y

. Hofler G, Lin RJT, Jayaraman K (2018) Rotational moulding and
mechanical characterisation of halloysite reinforced polyethyl-
enes. J Polym Res. https://doi.org/10.1007/s10965-018-1525-3

@ Springer

. Huda MS, Drzal LT, Mohanty AK, Misra M (2007) The effect of

silane treated- and untreated-talc on the mechanical and physico-
mechanical properties of poly(lactic acid)/newspaper fibers/talc
hybrid composites. Compos Part B Eng 38:367-379. https://doi.
0rg/10.1016/J.COMPOSITESB.2006.06.010

. Fritz M, Lauschke T, Schlebrowski T et al (2022) Photoaging phe-

nomena of biodegradable polybutylene succinate and conventional
low density polyethylene by artificial weathering — a compara-
tive surface study. Appl Surf Sci 590:153058. https://doi.org/10.
1016/J.APSUSC.2022.153058

. Huang C, Liao Y, Zou Z et al (2022) Novel strategy to interpret the

degradation behaviors and mechanisms of bio- and non-degrada-
ble plastics. J Clean Prod 355:131757. https://doi.org/10.1016/J.
JCLEPRO.2022.131757

. Arrieta MP, Lépez J, Rayén E, Jiménez A (2014) Disintegrability

under composting conditions of plasticized PLA-PHB blends.
Polym Degrad Stab 108:307-318. https://doi.org/10.1016/J.
POLYMDEGRADSTAB.2014.01.034

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



https://doi.org/10.1016/j.compositesa.2014.04.003
https://doi.org/10.1016/j.compositesa.2014.04.003
https://doi.org/10.1177/0967391120916602
https://doi.org/10.1080/09276440.2016.1184556
https://doi.org/10.1080/09276440.2016.1184556
https://doi.org/10.1007/s12666-020-01922-y
https://doi.org/10.1007/s12666-020-01922-y
https://doi.org/10.1007/s10965-018-1525-3
https://doi.org/10.1016/J.COMPOSITESB.2006.06.010
https://doi.org/10.1016/J.COMPOSITESB.2006.06.010
https://doi.org/10.1016/J.APSUSC.2022.153058
https://doi.org/10.1016/J.APSUSC.2022.153058
https://doi.org/10.1016/J.JCLEPRO.2022.131757
https://doi.org/10.1016/J.JCLEPRO.2022.131757
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2014.01.034
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2014.01.034
Luis
Rectángulo





6. PUBLISHED WORKS

6.10.GIANT REED (ARUNDO DONAX L.) ENHANCED
POLYLACTIC ACID COMPOSITES: PROCESSING,
CHARACTERIZATION, AND PERFORMANCE OF
INJECTION MOULDED AND WATER DEGRADED SAMPLES

219



6. PUBLISHED WORKS

220



Giant reed (Arundo donax L.) enhanced polylactic acid composites: processing,

characterization, and performance of injection moulded and water degraded samples.

Luis Suérez' , Mateusz Barczewski”, Patryk Mietliiski’, Andrzej Miklaszewski’, Paul Hanna”, Zaida Ortega®

! Departamento de Ingenieria Mecdnica, Universidad de Las Palmas de Gran Canaria, Campus universitario de Tafira Baja, 35017, Las Palmas, Spain

2 Poznan University of Technology, Institute of Materials Technology, Piotrowo 3, 61-138 Poznar, Poland

3 Pognan University of Technology, Institute of Mechanical Technology, Piotrowo 3, 61-138 Poznar, Poland

# Poznan University of Technology, Institute of Materials Engineering, Jana Pawta II 24, 61-138 Poznan, Poland

> AMIC Sustainable Polymers and Composites, Queen’s University of Belfast, Ashby Building, BT9 5AH, Belfast, Northern Ireland, United Kingdom

6 Departamento de Ingenieria de Procesos, Universidad de Las Palmas de Gran Canaria, Campus universitario de Tafira Baja, 35017, Las Palmas, Spain

* Corresponding author: luis.suarez@ulpgc.es

ABSTRACT

Keywords: This study explores the incorporation of renewable resources from Arundo Donax plant into a polylactic acid (PLA) matrix
Arundo Donax to enhance mechanical properties and promote ecological sustainability. By utilizing lignocellulosic fillers obtained from
polylactic acid this fast-growing plant species, with high biomass yield and low input requirements, this approach aims to reduce plastic
water absorption waste and contribute to a circular economy. Two types of fillers, stem fibres and shredded plant particles, were introduced
mechanical performance into the biopolymer matrix, assessing their performance in water contact applications, with a focus on how increased
hydrophilicity from filler affects material properties. Characterization tests, including rheological analysis, TGA, DSC,
WAXS, and DMTA, were conducted on extruded pellets and moulded samples to evaluate their structure, properties, and
performance. Results indicate that Arundo fillers minimally alters the chemical structure of the composites, while
rheological behaviour is significantly influenced by the filler type and loading. Thermal degradation varies slightly with
filler content, maintaining stability suitable for injection moulding. Mechanical performance is optimized with 10% and
20% filler content, enhancing stiffness and impact strength, while higher fibre content (40%) leads to increased brittleness.
The study highlights the critical impact of the filler type on moisture absorption. Water saturation significantly reduces
tensile strength, while some properties partially recover upon re-drying, underscoring the resilience of PLA/Arundo
composites under moderate loads despite the challenges of wet conditions. This research emphasizes the complex interplay
between filler characteristics, composite structure, and their effects on mechanical properties, crucial for evaluating the

suitability of PLA composites in various applications.

1. Introduction

The increasing global concern regarding the environmental impact of conventional plastics has urged the shift towards biopolymers
and sustainable materials. Plastics, though versatile and essential in various industries and daily life, have raised significant
environmental issues due to their non-biodegradable nature, contributing to pollution and ecosystem disruption [1,2]. As the
accumulation of plastic waste increases, the need for biodegradable alternatives becomes urgent, together with an increase in the
recycling capabilities. Research indicates that approximately 79 % of plastic waste ends up in landfills or the ocean, posing significant
risks to both terrestrial and aquatic ecosystems [3,4]. This plastic crisis has raised awareness about the environmental repercussions of
conventional plastics, primarily their resistance to degradation and the resulting pollution, pushing researchers and policymakers to seek
sustainable alternatives [3,5-7]. The global production levels of conventional plastics continue to rise, complicating waste management
efforts and environmental sustainability [6,8]. The commitment to finding renewable biodegradable or compostable plastics, such as
polylactic acid (PLA) and polyhydroxyalkanoates (PHAs), arises from the recognition that these materials can potentially reduce the
ecological footprint of human activities [9-11]. Ongoing studies are exploring various bioplastic materials derived from renewable
resources and designed to biodegrade effectively, making it clear that the transition to bioplastics is an essential response to the
environmental crisis posed by conventional plastics for single use applications [9,12-15]. The shift to biopolymers like PLA represents a
critical step in addressing the challenges posed by plastic waste accumulation [5,16], taking advantage of their potential biodegradability
and contributing to reduce the dependence on fossil fuels, leading to a more sustainable material economy [2,17]. Furthermore,
biopolymers exhibit diverse physical and mechanical properties, opening exciting new paths for their use in applications earlier
dominated by conventional plastics.

In this context, the incorporation of natural fibres, particularly lignocellulosic fibres, into biopolymers is an area of growing interest
due to the synergistic benefits provided by such composites. Lignocellulosic fibres are abundant, renewable, and often biodegradable,
making them ideal candidates for reinforcing biopolymer matrices. By blending natural fibres with biopolymers, the resultant composites
show enhanced mechanical properties, improved thermal stability, and reduced environmental footprints compared to their synthetic
counterparts [1,18,19]. For instance, the inclusion of fibres derived from Arundo donax L., a fast-growing species, can significantly
enhance the strength and stiffness of biopolymer composites, aligning with sustainability goals without compromising performance [20-
23]. These composites have garnered attention for applications in the automotive, packaging, and construction sectors, thereby
contributing to a circular economy where materials are utilized and recycled efficiently [17,18].

Focusing specifically on Arundo donax, the giant reed shows exceptional potential as a reinforcement of polylactic acid (PLA)
composites. This species is characterized by its rapid growth rate and ability to thrive in marginal conditions and boasts a rich
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lignocellulosic composition that can be leveraged in the production of high-value biocomposites [1,23,24] Studies illustrate that
composites reinforced with reed fibres achieve considerable mechanical improvements, making them suitable for various load-bearing
applications [20,25-29]. Research by Fiore et al. indicates that reed-PLA composites exhibit enhanced tensile strength and modulus,
critical parameters for their acceptance in industrial applications [19]. Moreover, the use of giant reed in composite formulations
contributes to the valorisation of agricultural waste, effectively diverting biomass from landfills and promoting resource efficiency
[1,24,28].

In addition to mechanical properties, the ecological advantages of using Arundo donax in biocomposite formulations cannot be
disregarded. With its capacity to sequester carbon and adapt to varying soil conditions, giant reed offers an environmentally friendly
biomass solution for composite production [17,24,29]. Its ability to grow rapidly in adverse environments makes it attractive for biofuel
production, while its lignocellulosic composition lends itself well to fibre extraction. Besides, the cascade-approach biorefinery approach
can be applied to Arundo donax in order to ease the extraction of various high-value products such as sugars, fibres, and polyphenols,
enhancing its economic viability as a raw material for composite applications [1,17,22,30,31]. This multi-faceted usage thus contributes
to both biological sustainability and economic resilience within the biopolymer industry.

The growth rates and adaptability of giant reed in conditions unsuitable for food crops underscore its value as a renewable resource
in the context of climate change and resource scarcity, contributing also to the strategies against soil losses [1,22,24,32,33]. While
challenges such as invasion of natural habitats exist, due to its rapid growth, a responsible management of this species can unlock a
pathway to sustainable industrial applications that mitigate environmental impact and promote resource circularity [22,34-38]. By
harnessing the potential of Arundo donax as a reinforcing fibre within PLA composites, researchers and industries can contribute
significantly to the shift towards more sustainable materials and practices.

In this work, two different fractions from giant reed have been used: fibres extracted by chemo-mechanical means from culms and
shredded aerial parts of the plant, as explained in previous works [28,30]. Composites ranging from 5 to 40 % have been produced and
comprehensively characterized in order to determine their performance and how the incorporation of these lignocellulosic fractions
modifies those of the neat PLA matrix. An analysis of the variation of the properties of the composites as a consequence of their water
soaking and re-drying has also been performed, as a way to determine their performance in service conditions involving water contact
applications, such as in food packaging. The aim of these tests was to assess the potential degradation of the materials arising from the
increased hydrophilicity of the composites due to the addition of lignocellulose fillers.

2. Materials and methods
2.1. Materials

Natural fibre composites, based on a biobased polylactic acid (PLA) matrix and lignocellulosic fillers from giant reed (Arundo Donax
L.), were prepared by twin-screw extrusion compounding and subsequently processed by injection moulding. The polymer used was a
high flow Poly(L-lactic acid) homopolymer, Luminy L105® from TotalEnergies Corbion, in pellet form, with melt flow index (MFI) of
30 g/10 min (190°C/2.16 kg), density of 1.24 g/cm® and stereochemical purity = 99 % (L-isomer) according to the producer’s
specifications.

Fibres and shreds of Arundo Donax were prepared as described in a previous research work [30]. In brief, the aerial parts of the
plant—culms and leaves—were ground and then washed with water to create the shredded material. On the other hand, after soaking
the reed culms in a 1N NaOH solution for approximately a week (3 litres of solution per kilogram of biomass), the Arundo fibres were
extracted from the softer biomass using a series of rolling mills. The fibres were trimmed to a length of about 3 millimetres and both
types of fillers, fibres and shredded reeds, were sieved to use only the fractions retained by sieves with a mesh size between 75 pm and
1500 pm in compound preparation.

Compounds with 5, 10, 20 and 40 % by weight of filler were prepared. The different formulations are identified based on the type
of lignocellulosic material used and its weight percentage. For instance, PLA.F20 denotes composites containing 20 % reed fibres, whereas
PLA.S20 indicates composites with 20 % shredded Arundo. Samples tested after water saturation are denoted with the suffix WA,
specifying -wet for those tested under water-soaked conditions and -dry for those reconditioned following drying after water uptake.

2.2. Compounding and injection moulding processes

A twin screw-extruder, ThermoScientific Process11, with 40:1 L/D ratio, 11 mm diameter and screws configuration comprising three
different kneading zones as shown in Figure 1, was used to prepare the compounds. The temperature profile was 160-170-170-180-180-
170-165-165°C from hopper to die, and the rotation speed was set at 200 rpm. Prior to compounding, the Arundo fillers and PLA were
dried overnight at 105°C and 60°C, respectively.
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Figure 1. Twin-screw extruder configuration.
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An Arburg 320S injection-moulding machine was used to mould 76 x 76 x 1.2 mm square samples (Figure 2). Moisture was removed
from the granulated composites overnight at 70°C (- 40°C dew point), prior to injection moulding, using an air dryer. The mould
temperature was set at 30°C, and the processing temperature profile was 190-195-200-205-210°C from the hopper to the nozzle. The
switchover pressure of moulded parts was measured and the average was calculated for each moulded material. The holding pressure
was set at 35 MPa for 6 seconds and the cooling time stage was 35 seconds.

Figure 2. Extruded compound (PLA.F20 and PLA.S20) and injection moulded plates (all formulations).

2.3. Characterization

The extruded pellets and moulded composites were subjected to different characterisation tests to determine their structure and
chemical composition, injection-moulding processability, physico-chemical properties and mechanical and thermo-mechanical
performance.

Chemical composition was assessed by Fourier Transform Infrared Spectroscopy (FTIR). FTIR spectra were recorded in the
wavelength range of 4000 to 600 cm™! using a Perkin Elmer Spectrum 100 spectrophotometer in Attenuated Total Reflectance (ATR)
mode using a zinc selenide single bounce crystal. Each spectrum was obtained by 64 scans at 4 cm™ resolution.

Rheological behaviour of PLA-based composites was analysed using an Anton Paar MCR 301 oscillatory rheometer, equipped with
25 mm diameter parallel plates and a 1.5 mm gap. The measurements were conducted at 190°C. Preliminary tests were performed using
the strain sweep mode, in order to ensure later experiments are located in the linear viscoelastic (LVE) region. Angular frequency sweeps
were performed at 0.02 % strain, in the LVE region, in the 0.5 to 500 rad/s range. To supplement the rheological analysis results, a
Kayeness Inc. 7053 apparatus (Dynisco Company) was used to determine the Melt Flow Index (MFI) on composite pellets at 190°C
temperature, in accordance with ISO 1133, by applying 2.16 kg load.

The thermal behaviour was evaluated in terms of thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
TGA was carried out in a nitrogen atmosphere using alumina crucibles and samples that were nominally 10 + 0.2 mg in a Netzsch TG
209 F1 Libra device. The tests were carried out between 30°C and 900°C at a heating rate of 10°C/min. Meanwhile, DSC analyses were
carried out in a Perkin Elmer DSC 6 device under a nitrogen atmosphere and sealed aluminium crucibles. For these tests, nominally
10 + 0.2 mg samples were prepared. The measurements were taken during two heating cycles, from 30°C to 200°C, at a rate of 10°C/min.
The melting (Tm;, Tm,) and crystallization (Tc) temperatures at both heating and cooling stages were ascertained. Lastly, the degree of
crystallinity () was determined by using the melting and crystallization enthalpies (AHm;, AHm,, and AHc), according to equation 1:

@

where m; is the lignocellulosic filler mass rate, AH,, is the variation in melting enthalpies and AH, is the enthalpy for a 100 % crystalline
PLA sample (93.1 J/g) [39].

The crystalline structure was also evaluated by wide-angle X-Ray scattering (WAXS). The Pan-analytical Empyrean Almelo apparatus

was used to perform WAXS tests using the Bragg-Brentano reflection mode configuration and a copper anode (Cu-Ko—1.54 A, 45 kv,

and 40 mA). With 45 seconds for each step of 0.05°, the measurement parameters were set to 3-60° 2 theta.

The injection moulded square plates were laser cut to obtain standardised specimens for mechanical and thermo-mechanical testing.
Tensile and flexural tests were performed on a Lloyd LS5 universal testing machine, using a 500N capacity load cell. Tensile properties
were assessed following ISO 527-2 standard on ISO 20753 - Type A13 specimens, applying strain rates of 0.25 mm/min for elastic
modulus calculation and 1 mm/min for ultimate tensile strength. Bending tests were performed in accordance with ISO 178, using
60 x 25 mm rectangular specimens, 22 mm span between bearings and 1 mm/min strain rate. For the Charpy impact assays they were
used notched specimens (ISO 179-1 — Type 2), a 7.5 J pendulum and an impact speed of 3.7 m/s, on a Ceast Resil P/N 6958.000 testing
machine, in accordance with ISO 179-1/1eA. Finally, hardness was determined according to ISO 2039 using a KB Priiftechnik ball
indentation hardness tester, 132 N load, and a minimum of 7 measurements per material series. The results of all mechanical properties
are given as mean values and standard deviation (SD). Tensile and flexural testing were also performed on re-dried samples, after water
saturation (as explained later), in order to assess the variation of properties arising from water uptake.

Dynamic Mechanical Thermal Analysis (DMTA) was performed in a Tritec 2000 device from Triton Technology to assess the
thermomechanical characteristics of the different materials. These tests were performed using a single cantilever bending method in the
temperature range of - 50°C to 120°C, with a heating rate of 2°C/min, and a strain of 10 ym was applied at a frequency of 1 Hz. In
addition to the glass transition temperature (T,), storage modulus (E'), loss modulus (E"), and damping factor (tan 3), the qualitative
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indicator of brittleness (B) of the composite materials were determined from the DMTA results as suggested by Brostow [40], using the
elongation at break determined by tensile test (¢;,) and the storage modulus (E'), both at room temperature.

1

B= %)

Ep-Er

DMTA results were also used to assess the bond interface between the polymeric matrix and the filler, and to determine their
reinforcing efficiency. Analyses were performed on injection-moulded samples, on water-soaked ones (after moisture uptake
determination, as explained later) and on re-dried samples. In such an approach, the variation in thermomechanical properties due to
humidity can be determined. DMTA can reflect the potential degradation of the PLA matrix or the plastization due to water uptake on
humid samples, and, at the same time, a partially reversed adjustment in properties due to the re-establishment of the original PLA
structure for the re-dried samples, albeit possibly with some permanent changes due to degradation processes that might have occurred
during water exposure.

The C-factor, also known as the effectiveness coefficient, is a measure of how well the filler enhances the mechanical properties of
the composite compared to its pure matrix. It was calculated as proposed by Tan et al. [41], from the relation between the ratios of
storage moduli in the glassy region (40°C) and the rubbery region (75°C) of the composite to the matrix polymer (Equation 3). This
parameter reflects the efficiency of the Arundo filler in reinforcing the PLA. A lower C-factor indicates a more efficient reinforcement,
suggesting that the filler is effectively contributing to the overall strength and stiffness of the composite.

_ (E'g/E™) composite 3

(Ely/Elr)matrix
The quality of the filler distribution within the polymeric matrix is evaluated by the damping reduction (DR) value, which is
calculated as follows:

(tan §)y;—(tan 8),
(tan &)m

DR(%) = x 100 @

The adhesion factor (A4) is a measure of the strength and quality of the bond between the filler and the matrix. This parameter is
determined according to Kubat et al. [42] from the ratio of the damping factor of the composite (tan §.) to that of the pure PLA polymer
(tan §,,), as well as the corresponding filler volume fraction (V;). A lower adhesion factor value in natural fibre composites generally
indicates stronger adhesion and better compatibility between the fibres and the matrix. This translates to a higher degree of interaction
between the two phases, leading to improved mechanical properties and reduced water absorption.

1 tand.

Aol tande g )

T 1-vy tanépy

X-ray tomography, model V|tome|x s240 (Waygate Technologies / GE Sensing & Inspection Technologies GmbH), was used to
evaluate the injection-moulded samples for filler and porosity distribution. The scanning parameters were as follows: voltage 110 kV,
current 100 mA for the Microfocus X-ray tube, exposure time 350 ms per image, and voxel size 26 pum.

Archimedes' principle was used to measure the materials' density in accordance with ISO 1183. This was carried out on a Sartorius
AG precision balance with a methanol medium at room temperature. Five measurements were made of each sample in order to determine
its mean and standard deviation.

The hygroscopic behaviour was assessed according ISO 62 standard to determine the water absorption properties of the different
formulations. The samples were soaked in deionized water at 23°C and their weight was recorded until a stable mass was reached.
Equation 6 was used to determine the water absorption (W) on three replicates of each series.

We—Wo
Wo

W(%) = -100 ©)

The diffusion coefficient and the rate of water absorption were calculated using Fick's law:

Dem- (ﬂ)z )

4Wiy

In this formula, D stands for the diffusion coefficient, h is the original sample thickness, W, is the maximum amount of moisture
absorbed, and k is water uptake curve's initial slope against t'2:

_ -,
k= ®
The contact angle test was performed to assess the changes in hydrophilicity of composites by using an Ossila contact angle
goniometer (Sheffield, UK) equipped with a 25 pL glass syringe to dispense droplets of distilled water. Contact angle data are presented

as an average angle based on at least three measurements.

Surface topography was assessed by contact profilometer using a Surface Roughness Tester SJ-201P, from Mitutoyo. Ten
measurements, distributed on both sides of the moulded plates, were taken on each sample to determine the mean value and standard
deviation of the arithmetic mean roughness (Ra) and the maximum height of the profile (Ry).

Using a HunterLab Miniscan MS/ S-4000S spectrophotometer for colour measurement (L*a*b* coordinates) and a Test An DT 268
glossmeter for gloss determination in accordance with ISO 2813 at measuring angles of 20°, 60°, and 85°, the aesthetic appearance of the
various formulations was assessed. The total colour difference parameter (AE*) was determined according to equation 9:

AE* = [(AL")? + (Aa")* + (Ab*)?]%5 )
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3. Results and discussion
3.1. Chemical structure and composition
Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra shown in Figure 3 provide information on the chemical composition of the studied materials. The spectrum of pure
polylactic acid reveals a prominent peak around 1750 cm’, indicating the carbonyl (C=0) stretching vibration, which is characteristic
of the ester groups in PLA. Besides this, other bands typically observed in PLA are also present, such as those corresponding to C-O
stretching at 1083 cm, along with other peaks related to C-H bending and stretching [43]. Regarding the composites, the lignocellulosic
fillers hardly change the overall shape of the spectrum, contributing only small peaks related to hydroxyl (-OH) groups (around 3000 cm
1), C-H stretching (around 2900 cm™) and C-O stretching (around 1000-1100 cm™). As previously examined in earlier research [28], the
shredded filler displays peaks linked to hemicellulose and lignin, which diminish or vanish for reed fibres due to the extraction method
employed. In any case, the spectra of composites for both material types appear to be nearly overlapping, resembling PLA closely.

o
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Figure 3. FTIR spectra for PLA composites based on reed fibres (solid lines) and shredded Arundo plants (dashed lines).

3.2.  Rheological behaviour

The rheological behaviour of PLA and its composites has garnered extensive attention due to its critical role in processing and the
performance characteristics of the materials. Neat PLA exhibits non-Newtonian shear-thinning behaviour, where complex viscosity
decreases with increasing shear rates [44,45], as also observed in composite formulations in this study. This behaviour is indicative of

increased polymer mobility, as it is generally accepted that the interactions between the filler and the polymer influence the flow
behaviour of the polymer matrix.

All materials exhibited dominant viscous behaviour during the strain sweep test (Figure 4). At the same time, significantly higher
storage modulus values were observed for composites containing shredded Arundo than for Arundo fibres, which may result from the
larger filler fraction and their heterogeneous structure. The ability to form physically hindered 3D structures of the filler was more

pronounced for composites containing filler with only shredded origin, as confirmed by the significantly lower LVE range values observed
for these material series.
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Figure 4. Storage and loss modulus for composites series under oscillatory rheometry: a) storage modulus for fibrous composites; b) storage modulus for
shredded Arundo composites; c) loss modulus for fibrous composites; d) loss modulus for shredded Arundo composites.

The results of the frequency sweep experiment (Figure 5) show that only in the case of composites containing 40 wt.% of both fillers
within the applied strain and angular frequency ranges did the rheological percolation threshold exceed, resulting in the absence of a
plateau at low angular frequency values. All materials exhibited characteristics of non-Newtonian shear-thinning fluids. At the same
time, unusual behaviour was observed for composites containing up to 20 wt.% of filler. No gradual increase in viscosity was observed
with increasing filler content. In the case of shredded Arundo, all composites containing up to 20 wt.% of filler exhibited lower complex
viscosity values than the reference PLA. In the case of fibre-filler-containing composites, this phenomenon was observed for 5 and 20
wt.% fibrous composites. This phenomenon may result from degradation of the polymer matrix, including hydrolytic degradation caused
by residual moisture in the filler, occurring during the processing. For the highest filler concentrations (40 wt.%), the effect of lowering
the polymer matrix viscosity was compensated by the high content of dispersed bulk fillers in the molten composite.
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Figure 5. Complex viscosity curves for PLA composites: a) composites with Arundo fibres, b) composites with Arundo particles.

This non-uniform behaviour cannot be explained by a single factor but it is rather the reflection of fibres/particles interactions, their
size and shape, the formation of network structures, shear-thinning behaviour, and the viscoelastic nature of the matrix [46-48],
highlighting the complex interplay among these factors.

Seen the uneven viscous behaviour of the different composites series, several measurements were conducted, varying temperature,
strain (always in the LVE) and distance between plates, in order to determine whether it was un expected trend or measurement artifacts,
which sometimes lead to underestimate true share rate or overestimate viscosity, as this phenomenon is well-known in rheometry,
particularly for suspensions and polymer blends, and is often exacerbated by smooth geometries or edge fracture at high shear [49] (data
not shown). However, the trend followed in all cases was similar to the one shown here.

Melt flow index

Complementary to the oscillatory rheology analysis, the melt flow index of the different material formulations prepared by twin-
screw extrusion was determined. The MFI and viscosity are inversely related; a high MFI value means that the material flows easily under
the test conditions, indicating a lower resistance to flow (lower viscosity). Therefore, the material is easier to process in injection
moulding and extrusion, as it flows readily into moulds or through dies. However, a material with too high MFI might lack the desired
strength or dimensional stability in the final product. Figure 6 shows that, in line with the viscosity results explained above, formulations
with lower filler content show slightly higher MFI values or close to those found in the pure polymer, while the 40 % filler content
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drastically reduces the MFI of the composites, even more markedly for shredded biomass filler. As a consequence, for the PLA.F40 and
especially PLA.S40 series, a significant increase in the switchover pressure during the injection moulding process is required to achieve
proper mould filling, related to the higher viscosities of these series (Figure 5). The increased pressure recorded for the shredded-Arundo
filled composite series may be related to the particle shape of the filler, which cannot align with the polymer melt flow, as happening
easier for the fibrous composites.
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Figure 6. Melt flow index and relative variation in switchover pressure compared to neat PLA processing.

3.3. Thermal behaviour
Thermogravimetry (TGA)

The results of the thermogravimetric analysis, consisting of TG and DTG curves, are shown in Figure 7. The thermal degradation
profile of the Arundo composites is characterized by one sharp peak between 317°C and 365°C observed in the DTG curve, whose variation
is mainly affected by cellulose deterioration. The incorporation of plant fillers into the PLA matrix causes a shift in degradation peak
temperature, ranging from 19°C below that of neat polymer for composites with 5 % fillers up to 66°C lower for those with higher
biomass content. The key factor in the thermal deterioration is the filler ratio rather than the type of filler used in the composite. Although
an improvement in the thermal stability of the fibrous series may be expected due to the alkaline treatment used to extract the fibres and
the consequent removal of hemicellulose [30,50], no clear pattern can be discerned in this regard. Nevertheless, both fibre composites
and shredded biomass composites show thermal stability suitable for the injection moulding process, being characterised by a degradation
onset temperature above 300°C, which is far from the PLA recommended processing temperature, which is 220°C according to the
manufacturer's data sheet. Similar findings are reported in the literature, where the maximum degradation rate of PLA reinforced with
30 % coir fibres occurs at 336°C [50], or at 358°C for a biocomposite with 20 % by weight of hemp [51]. Only the series with 40%
Arundo fillers shows a small shoulder in the TG curves at 160°C, resulting in a mass loss of about 2%, which may be related to the
desorption of physisorbed water in the lignocellulose, only visible for the higher ratios of biomass. Similarly, these batches are the only
ones in which a significant residual mass close to 10 % is found at the end of the test, related to ashes (inorganic compounds) in the
biomass. From DTG curves, it can be observed that only one main degradation peak is found for composites up to 20%, meaning that the
polymer and the fillers degrade within the same temperature range. Again, for 40 % composites, a distinct behaviour is found, where a
first peak related to cellulose compounds degradation at around 330°C is observed, followed by another one at about 360-370°C. For
these series, shredded materials degrade about 10°C earlier than fibrous ones, which is related to the higher hemicellulose content of
those particles.
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Figure 7. Thermal stability of PLA and PLA/Arundo composites: a) TG curves and b) DTG curves.

Differential scanning calorimetry (DSC)

Table 1 and Figure 8 show the DSC thermal parameters and related thermograms for PLA-based biocomposites and neat PLA,
respectively. The addition of reed fillers has no significant effect on either T,, or T, values. Melting and glass transition temperatures
barely vary from 173°C and 66°C for all formulations. This behaviour is similar to that obtained in PLA composites where other plant or
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animal fibres have been used [52-54]. Comparison of thermograms from the first and second heating shows that during the second
heating, the glass transition and the exothermic cold crystallisation peak are significantly reduced; this is due to the considerably lower

cooling rate under controlled conditions during the measurement, which allows for the phenomenon of crystallization from the melt in

the composites. The double peaks in the melting endotherm, observed in the shredded reed composites and the PLA.F40 formulation
during the second heating, are attributed to the melting of crystallites with varying sizes and morphologies, and/or order quality from
the cellulosic filler, as reported by Karagoz for walnut/PLA composites [55]. The decrease in crystallization temperature for all composite
materials evidenced that the plant fillers act as nucleating agents for the poly-L-lactide (PLLA) matrix, altering the mobility of the polymer
chains and improving the crystallization behaviour [19,56]. In general terms, the incorporation of reed fibres or shredded biomass
increased the degree of crystallinity, particularly for the 20 % and 40 % filler series, where it is almost doubled with respect to the neat
PLA. It is also observed that neat PLA exhibits cold crystallization at 97.4°C, which disappears for the second heating in all composite
samples. Other authors have reported a similar behaviour, with a decrease in crystallization temperature for composites, with the filler
increasing the ratio of disordered alpha phase in PLA, more related to the amount of the filler than to its size [19]. This lack of cold
crystallization in the second heating explains the high levels of crystallinity index calculated from melting enthalpies, while the first
heating cycle refers to the injection-moulded material, which shows that it is mostly amorphous, as also found from WAXD analysis. The
fibres appear to hinder the crystallization of the matrix during processing, as also do the shredded filler, although to a lesser extent. For
both cases, an increase in the ratio of biomass results in higher crystallinity indexes.

Table 1. Thermal findings for PLA and its composites from DSC tests.

Material Tg [°C] Tee [°C] Tm, [°C] Tm, [°C] Ts ['C] AH,,;, [J/g] AH,, [J/g] % [%] X2 [%]

PLA 66.6 97.4 173.6 172.4 95.4 43.0 44.1 18.3 26.9

64.7 89.7 173.8 173.6 102.7 30.8 33.0 9.9 36.3
66.4 93.3 174.4 173.4 100.6 31.3 32.1 9.9 30.3
66.0 88.5 173.8 174.4 108.1 28.4 29.1 10.8 39.1
64.8 89.2 165.1 170.8 106.9 23.1 27.2 11.6 48.6
64.6 91.5 172.2 170.7 100.8 40.2 44.5 11.6 50.4
66.6 93.8 176.1 173.6 99.1 34.7 34.9 11.8 30.7
65.1 89.0 170.6 169.7 100.9 33.6 39.0 15.8 52.3
64.3 88.3 164.9 172.1 107.8 25.2 28.4 15.8 50.8
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Figure 8. DSC thermograms, showing the first and second heating scan, in bold and fine lines respectively.

Wide-angle X-Ray scattering (WAXS)

Both the pure PLA and all Arundo composites show a predominantly amorphous structure, a consequence of the rapid cooling of the
material during the injection moulding process. The diffraction patterns displayed in Figure 9 show a characteristic broad peak at 16.4°
(20), corresponding to the amorphous region of the matrix polymer and cellulose, followed by a shoulder that evolves into a second peak
with increasing filler ratio. The first distinctive peak, along with the prominent peak at 22° (20), were also observed in the raw fillers,
both in fibres and shredded Arundo [30], denoting their semi-crystalline nature and high cellulose content. The second reflection peak is
assigned to the crystallographic plane (002) of cellulose I [57], and as expected, its intensity is higher in the PLA.F40 and PLA.S40 series
due to the significant volume fraction of cellulosic filler.

The X-ray diffraction measurements are in agreement with other investigations in which the microcrystalline structure of cellulose
fillers are blended with PLA matrices and undergoes fast cooling during composite preparation [58,59]. It should be noted that the
alkaline retting process used to obtain the reed fibres does not produce significant changes in the crystalline structure of the composites.
This observation aligns with the findings of Le Maoigne et al. throughout flax composites [59], where the low NaOH concentration does
not induce structural modifications in the cellulose I-cellulose II transition either.
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Figure 9. Diffraction pattern for PLA and PLA/Arundo composites.

3.4. Mechanical and thermo-mechanical performance
Mechanical static tests

From the point of view of its performance under tensile and flexural loads (Table 2), the PLA composites with 10 % or 20 % fibres
and 10 % shredded biomass do not compromise the mechanical properties of the polymer matrix in terms of stiffness and ultimate stress.
Both fibrous formulations also slightly increase the impact strength of the material, without significant changes in hardness compared to
reference PLA. The decrease in hardness for PLA.S10 is not as drastic though. The materials with the highest fibre content (PLA.F40)
offer superior stiffness and impact strength compared to neat PLA, but are limited by the extent of the permissible deformation before it
breaks down, both in terms of bending and tensile strength. While the elastic modulus in both types of tests shows a fairly linear
correlation with filler content, maximum strain becomes the limiting factor in composites with 5 % and 40 % filler. This may be attributed
to the disruption of the PLA matrix resulting from the fillers, with 5% not being sufficient to produce any reinforcement due to an
insufficient matrix-fibre interaction [60] and 40% being too much biomass, as previously reported, which forms agglomerations and
decreases the matrix continuity [61]. The increase in flexural and tensile strength for 10 and 20 % fibrous composites are a sign of a
good adhesion between the PLA and the fibres, as this increase evidences a good stress transfer between both materials and confirmation
of high reinforcing efficiency of this filler [62—-64]. On the contrary, the tensile strength of composites with shredded particles shows no
significant differences for composites with only 10% filler, likely due to the aspect ratio of the fillers and a higher tendency for
agglomeration of the fillers to their shape [65-68].
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Table 2. Average values (= standard deviations) for mechanical properties of injection-moulded materials.

Tensile properties Flexural properties
Ball

Impact Strain at
indentation Tensile Elastic Elongation Flexural Elastic
Material strength flexural
hardness strength modulus at break strength modulus
[kJ/m?] strength
[N/mm?] [MPa] [MPa] [%] [MPa] [MPa] %]
%

118.6 = 3.4 48.6 = 5.3 2315.0 = 147.0 23 +0.3 98.2 + 0.6 3273.6 + 88.6 4.0 £ 0.1

101.8 = 7.9 31.5 =+ 3.4 1975.7 + 83.1 1.6 = 0.1 65.6 = 1.1 3550.3 + 133.4 1.9 £ 0.0
104.7 = 2.4 48.1 = 0.7 2266.5 + 133.1 2.4 0.1 94.4 = 1.7 3653.0 = 49.4 33 =*0.1
104.1 = 4.2 49.0 £ 2.3 2442.0 + 188.4 22+ 0.1 933 £ 1.5 4070.5 = 312.4 29 0.1
118.6 = 2.4 38.8 £ 24 2978.4 + 155.9 1.3 +0.1 83.5 £ 1.6 6759.3 + 92.8 1.5+ 0.0

107.6 = 3.4 36.8 £ 1.4 2307.5 £ 67.1 1.8 £ 0.1 66.4 = 0.7 3709.9 + 182.6 2.0 £ 0.0
111.1 £ 2.9 45.6 = 1.0 2250.4 + 171.8 2.4 +0.0 91.2 + 0.6 3490.3 + 118.9 3.5 0.0
107.4 = 6.4 26.0 = 2.3 2360.1 + 125.3 1.2 + 0.1 49.8 = 1.0 3920.5 + 180.5 1.4 £ 0.0
1119 £ 7.6 31.6 £ 2.1 2917.9 + 143.0 1.2 0.1 72.0 £ 0.4 6206.2 + 78.4 1.4 0.0

The overall mechanical performance of the manufactured samples is beneficial, especially for the 10% and 20% filled composites, as
confirmed by the stress—strain curves (Figure 10), which also show an improved elastic modulus for the 40% series. In particular, PLA.F10
and PLA.F20 exhibit curves that are almost overlapped with those of PLA, both for tensile and flexural testing.

110.0

100.0

Tensile stress [MPa]
Flexural stress [MPa]

0.015 0.020 0.025 0.030 X X . . 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Strain Strain

PLAF10 PLA.F20 PLA.F40 . PLAF10 . PLA.F40
PLA.S10 PLA.S20 . . PLA.S10 . PLA.S40

Figure 10. Stress-strain curves obtained from a) tensile and b) flexural tests for all series.

Dynamic Mechanical Thermal Analysis (DMTA)

By observing the relationship between storage moduli and loss modulijError! No se encuentra el origen de la referencia., it is
found that all composite materials show markedly elastic behaviour (DMTA plots are shown as supplementary material). While a higher

filler content would be expected to improve the PLA composite's elastic behaviour (higher E' values), some exceptions are observed for
PLA.F5, PLA.F20, and PLA.S10 in the glassy region. One explanation for this propensity for a lower storage modulus might be that the

filler agglomerates and functions as a weak point in the material, or it spreads out the PLA chains because it doesn't interact with them
[69].

In the glass transition region (PLA a-relaxation), the tan 8 maxima show an almost proportional reduction in the damping factor as
the filler content increases. This means that the viscous energy dissipation mechanisms will have less influence on the final material
properties as the amount of polymeric matrix is replaced by stiffer lignocellulosic filler material, regardless of whether it is fibrous filler
or shredded biomass. The second rubbery plateau evidences the higher stiffness of the composites with 40 % filler. The inflection point,
present at around 80°C in both composites and pure PLA, also determines the onset of the cold crystallization process.
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Table 3. DMTA results and related parameters for moulded, water-saturated (WA-wet) and reconditioned (WA-dry) samples. E' (storage modulus), E" (loss
modulus), tan 8 (damping factor), &, (elongation at break), B (brittleness), t, (glass transition temperature), DR (damping reduction), A (adhesion factor)

and C-Factor (effectiveness coefficient).

Performance at room temperature (25°C)

Material E E” £, B C-Factor
[10°Pa] noeral % g [10°Pa’ %]
PLA 14.235 0.246 0.017 2.3 0.030
PLA-WA_wet 10.366 0.190 0.018 - -
PLA-WA _dry 10.938 0.235 0.021 2.2 0.042
PLA.F5 11.214 0.162 0.014 1.6 0.056
PLA.F5-WA_wet 9.364 0.287 0.031 - -
PLA.F5-WA _dry 12.000 0.272 0.023 1.0 0.085
PLA.F10 16.140 0.232 0.014 2.4 0.026
PLA.F10-WA_wet 9.452 0.290 0.031 - -
PLA.F10-WA_dry 12.545 0.280 0.022 1.6 0.051
PLA.F20 11.848 0.200 0.017 2.2 0.038
PLA.F20-WA_wet 8.518 0.307 0.036 - -
PLA.F20-WA_dry 10.970 0.216 0.020 1.5 0.060
PLA.F40 26.452 0.497 0.019 1.3 0.028
PLA.F40-WA_wet 9.471 0.505 0.053 - -
PLA.F40-WA_dry 17.623 0.478 0.027 1.0 0.057
PLA.S5 17.579 0.378 0.021 1.8 0.032
PLA.S5-WA_wet 13.937 0.299 0.021 - -
PLA.S5-WA_dry 13.207 0.270 0.020 1.1 0.066
PLA.S10 12.641 0.183 0.014 2.4 0.034
PLA.S10-WA_wet 11.534 0.350 0.030 - -
PLA.S10-WA_dry 7.813 0.200 0.026 1.7 0.078
PLA.S20 19.382 0.337 0.017 1.2 0.043
PLA.S20-WA_wet 8.829 0.322 0.036 - -
PLA.S20-WA _dry 11.878 0.294 0.025 0.7 0.113
PLA.S40 23.660 0.519 0.022 1.2 0.037
PLA.S40-WA_wet 11.972 0.481 0.040 - -
PLA.S40-WA _dry 18.390 0.465 0.025 1.0 0.056

@ Damping reduction compared to neat moulded PLA.

Key findings from DMTA results shown in Table 3 relate to the interface and relationship between the filler material and the polymer
matrix. When compared to the pure PLA matrix, the C-factor indicates how well the Arundo filler improves the mechanical qualities of
the material. A lower C-factor indicates a more pronounced impact of the filler on thermomechanical properties change, suggesting that
the filler is effectively contributing to the overall strength and stiffness of the composite. As shown in Table 3, increasing the amount of
fibre or shredded reed significantly improves the efficiency of the filler, following a good linear fit, and demonstrating a strong correlation
between the efficiency of the reinforcement and the filler ratio of the composite, particularly at high temperatures (75°C, above the
softening temperature).

Finally, to assess the bond quality between the natural fibres and the surrounding matrix material, the adhesion factor (A) was
calculated. Despite the high reinforcement efficiency found in 40 % filler composites at moderate-high temperatures, the highest A value
(calculated below the softening temperature, at 40°C) was determined for these series as well, meaning the adhesion between both
materials is less efficient. This behaviour is consistent with that observed in static mechanical tests, where the greatest tensile and flexural
strength are found for 10 % and 20 % filler composites, and not for those with 40 % ratio, where the ultimate strength weakens. This
analysis demonstrates the interest of incorporating Arundo-derived materials into the PLA matrix as a way to widen the range of
applications and overcome the limitations of this biopolymer related to its behaviour at moderate temperatures.

3.5.  Physical properties and hygroscopicity

Density and porosity

The density of the two types of fillers used in the preparation of PLA-based formulations was determined in a previous work. Using
the gas pycnometer, a specific gravity of 1.546 g/cm® was found for Arundo fibres, while the measured value for the shredded fibre was
significantly lower at 1.173 g/cm?® due to the lower amount of cellulose in the composition [28]. Figure 11 shows the density of the
injection-moulded samples and compares it with the theoretical density calculated from the combined densities and ratios of the different
phases of the composite (PLA: 1.24 g/cm®). It was found that while the measured and calculated values for the fibrous series are
comparable, the values for the shredded series are inversely proportional. From this finding, it can be concluded that the switchover
pressure applied during the injection moulding process played a significant role in the compaction of the composite material. This
probably resulted in the elimination of internal voids in the structure of this type of filler.
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Figure 11. Average density vs theoretical density and porosity measured by computed tomography.

The utilisation of microCT for the observation of the integrity and internal composition of the moulded samples facilitated the
determination of an acceptable isotropic and homogeneous distribution of the filler particles within the matrix (Figure 12). Nonetheless,
it was observed some accumulation of the solid phase at the far end of the mould cavity, a phenomenon that was more pronounced in
the composites with low loading levels. Regarding porosity, an acceptable level and distribution were also confirmed. However, it is
noteworthy that the PLA.F5 sample demonstrated an exceptionally low porosity.

PLA.F5 PLA.F10 PLA.F40 PLA.S5 PLA.S10 PLA.S20 PLA.S40

Arundo filler

Figure 12. 3D computed tomography images presenting pores and filler distribution.

Water absorption

Moisture absorption and swelling are key challenges for PLA composites reinforced with natural fibres and cellulosic fillers, affecting
their mechanical performance and durability. Numerous internal factors, such as composite characteristics, fibre loading and alignment,
matrix type, fibre-matrix interaction, surface area, voids, lumen size, humidity, immersing medium temperature, and surface conditions,
affect how much water is absorbed by natural fibre composites. [70]. The hydrophilic nature of natural fibres, particularly the -OH
groups of cellulose and hemicellulose, enhances water absorption through hydrogen bonding [71]. On the other hand, the amorphous
regions allow water to penetrate and break hydrogen bonds, while crystalline areas restrict water diffusion [72]. Fillers from plant
biomass, such as the reed fillers studied, are hygroscopic, leading to increased moisture absorption in PLA composites compared to pure
PLA [70,73]. Water uptake can degrade the mechanical properties and accelerate the ageing of the composite, which can be beneficial
in a context of material biodegradation and waste reduction, but can also lead to a premature end of life of the products, depending on
their application and usage conditions.

As expected, Figure 13 clearly shows that a higher lignocellulosic loading results in higher water absorption. Compared to the 0.7 %
water absorption achieved by PLA after 4 weeks of soaking, the fibre composites reach a maximum of about 14 %, 6.3 %, 4.4 % and
3.2 % absorption depending on their content of 40, 20, 10 and 5 per cent of reed fibres. This is in line with other work where PLA
composites loaded with similar fillers, such as hemp or coconut fibres, were investigated [74,75]. It should be noted that, when the filler
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consists of shredded biomass, these values are significantly reduced (to almost half for 5 % filler) when comparing each series with its
fibrous counterpart. The needle-like morphology of the fibres, together with a higher aspect ratio than the shredded filler, could explain
this behaviour, as well as the slightly higher porosity for shredded composites compared to fibrous ones. Thus, a larger exposed surface
area of the reinforcement phase would facilitate moisture penetration into the composite (Figure 13).

Swelling occurs as fibres absorb water, causing expansion mainly perpendicular to the fibre direction and sometimes shrinkage along
the fibre axis, leading to internal stresses and potential damage at the fibre-matrix interface. Thickness swelling usually increases with
the natural filler content and is more pronounced when the biomass is more hydrophilic. The swelling measured in the Arundo samples
after soaking follows a similar trend to that observed for moisture absorption, it increases as the reed fibre content rises, but with smaller
and less proportional variation when using shredded fillers (Table 4).

16 1
14

12

Water uptake [%]

28
Time [days]

—&— 105 —&—PLAF5 —®&— PLAF10 —=— PLA.F20 —=— PLA.F40

—--0--- PLAS5 --©-- PLA.S10 - -&- - PLA.S20 - -&- - PLA.540
Figure 13. Evolution of water uptake vs time.

Table 4 displays the changes in additional hygroscopicity and water absorption kinetics parameters, including swelling, sorption,
permeability, and the Fick diffusion coefficient. The majority of the samples exhibited Fickian behaviour, with diffusion coefficients (D)
rising in direct proportion to the filler ratio and porosity. Fibrous composites exhibit higher values of swelling than particle-shaped ones,
due to the higher surface area of fibres compared to particles, because of their higher aspect ratio. When both diffusion and percolation
mechanisms are taken into account, water sorption illustrates the relationship between the mass of water absorbed by the sample and its
own weight. The water sorption capacity was found to be more significant for fibrous composites and was again primarily dependent on
the amount of Arundo filler.

Table 4. Variation of water uptake parameters and contact angle.

Material D (m?/s) Swelling (%) Sorption (g/g) Permeability (m?/s) Contact angle (°)

L105 2.98107 0.1 0.007 2.02:107° 74.2 = 3.4

PLA.F5 3.82:107° 1.4 0.032 1.2310" 74.5 + 3.8
PLA.F10 2.67:107° 5.0 0.044 1.1810" 78.6 = 2.1
PLA.F20 3.4310% 5.7 0.063 2.17:10™ 78.6 £ 2.1
PLA.F40 416107 6.1 0.139 5.79-10" 81.5 £ 6.3

PLA.S5 2.46101 -0.9 0.018 4.32:10"° 73.6 £ 1.2
PLA.S10 2.57:107 3.7 0.026 6.76:10"° 74.7 *£ 6.8
PLA.S20 4.69107° 4.0 0.051 2.3910™ 78.3 = 3.9
PLA.S40 3.77:107% 3.7 0.097 3.6410" 79.1 £ 2.8

Surface roughness and wettability

The water contact angle (WCA) is another key factor influencing water uptake. Thus, a lower contact angle indicates better wettability
of the composite by water, which results in higher absorption. Contrary to what might be expected, it was observed that wettability in
PLA-Arundo composites decreased slightly as the amount of filler increased (Table 4). While natural fibres are hydrophilic, the addition
of certain fillers can increase the contact angle, making the surface more hydrophobic (water-repelling). This effect is often observed
when the filler particles create a rougher surface [76] or when the filler material itself is hydrophobic. From the measurement of the
surface profiles and roughness parameters, using a stylus profilometer, a linear increase in both arithmetic mean roughness (Ra) and
maximum height of the profile (Ry) was determined (Table 5). Ra represents the average deviation of the surface profile from the mean
line, while Ry provides information about the vertical distance between the highest peak and the lowest valley within the entire
measurement length, highlighting extreme variations. The increases in both parameters correlate with the filler weight of the composite
for either fibrous or shredded fillers. This finding is consistent with similar behaviours found in the literature, and also with the WCA;
for instance, Alrawi et al. highlighted the influence of surface roughness on the hydrophilicity of PLA/MMT-TiO, bionanocomposites,
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finding that increasing the loading of montmorillonite (MMT) significantly enhanced surface roughness, which correlated with an
increase in WCA [77].

Kotan and Tutak explored the relationship between coating morphology and WCA, revealing that a smoother surface from a PLA
coating led to lower water contact angles compared to rougher counterparts, implying that surface smoothness can facilitate water
adhesion [78]. Therefore, they found that textured surfaces typically exhibit increased contact angles unless they are highly hydrophilic.
Furthermore, a recent study by Bomfim et al. explored how modifications in microstructural features, including surface roughness,
affected the interactions with water, providing insights into relationships between composition, morphologies, and wettability. They
reported a decline in wettability with increased porosity and roughness, which corroborates previous findings across various PLA studies
[79].

3.6. Aesthetic assessment

The visual appearance of the moulded PLA/Arundo composites was evaluated by comparative analysis of colour, opacity and gloss
(Table 5). The colour of the resulting composites is heavily dependent on the inherent hues of the natural fillers used. Thus, the reed
fibres series show a lighter yellowish colour due to bleaching during alkaline retting of the Arundo stems, while those prepared with
shredded biomass have a darker colour with less yellow hue as they contain untreated material from whole plant specimens, stems and
leaves. The decrease in the parameter AL* (lightness) denotes the darkening of the samples as the filler ratio increases, while lower values
of Aa* (red/green coordinate), observed in PLA.Sx series, indicate a trend from red to greener colours and lower Ab*(yellow/blue
coordinate) means a shift from yellow to blue hues. When comparing the different materials to each other, the total colour difference is
noticeable in all cases, except in the comparison between the PLA.S10 and PLA.S20 series, where the difference (AE < 1) can be
considered imperceptible.

The amorphous structure obtained by rapid cooling of the polymer during the moulding process produces transparent PLA samples.

Meanwhile, the incorporation of reed fibres causes a progressive increase in opacity that is nearly proportional to the amount of filler.
Whereas the PLA.F20 series still provides some translucency, when using shredded filler, the darker pigmentation of this type of filler
results in total opacity for the same loading rate. On the other hand, while pure PLA parts show a high gloss surface finish (gloss

measurement above 70 GU), this parameter is reduced as the amount of filler in the composite increases. Using the 60° measurement
angle, standard for semi-gloss surfaces, a progressive evolution towards more matte finishes is observed as the Arundo filler increases.
The loss of gloss is associated with an increase in surface roughness, which, as mentioned above, affects not only the visual appearance
but also the wettability of the samples.

Table 5. Colour, opacity, gloss and roughness measurements.

Colour Opacity Gloss Roughness
Material

L* a* b* Ab* © [%] 60° Ry

PLA 88.44 + 0.13 -1.06 = 0.02 1.13 £ 0.08 2.4 79.62 + 1.65 .27 = 0. 1.66 =
PLA-WA-dry 88.13 £ 0.05 -1.03 = 0.02 1.02 = 0.03 3.2 -

PLA.F5 63.77 =+ 0.44 460 + 0.29  39.55 * 0.36 23.1 55.60 = 1.81
PLA.F5-WA-dry 65.95 = 1.09 6.94 + 0.34  28.53 = 0.89 86.0 -

PLA.F10 5493 = 0.63 11.54 = 0.39 43.22 + 0.35 43.3 43.74 = 1.16
PLA.F10-WA-dry 63.85 = 0.57 7.53 + 0.30  25.68 = 0.59 95.5 -

PLA.F20 44.30 = 0.44 16.97 = 0.22 34.33 = 0.76 73.2 33.12 = 1.29
PLA.F20-WA-dry 60.04 =+ 1.20 8.03 + 0.65 24.10 = 1.10 99.6 -

PLA.F40 46.64 = 0.20 13.68 + 0.21  29.09 * 0.47 97.6 17.28 *+ 0.84
PLA.F40-WA-dry 66.56 = 0.60 572 + 0.21  23.33 = 1.06 99.9 -

PLA.S5 36.89 = 0.64 9.97 + 0.10 31.58 = 1.05 37.6 47.60 = 2.03
PLA.S5-WA-dry 4217 £ 0.65 6.96 +£ 0.32  23.36 = 1.42 72.1 -

PLA.S10 22.28 = 0.77 439 = 0.16 11.05 = 0.58 89.0 37.10 = 0.74
PLA.S10-WA-dry 38.67 £ 0.71 279 £ 0.11 16.95 = 0.48 98.1 -

PLA.S20 22.64 = 0.45 2.37 £ 0.10 6.30 = 0.42 98.9 29.64 = 0.68 .94 = 0. .38 =
PLA.S20-WA-dry 45.51 = 0.24  2.25 + 0.09 17.42 = 0.48 99.7 - -

PLA.S40 31.27 £ 1.97 231 £ 0.24 7.75 £ 0.62 99.1 20.26 = 1.42 .38 = 0. 10.18 + 2.82
PLA.S40-WA-dry 4744 = 147 265 + 0.29 14.13 = 0.64 100.0 - -

@ Differences in colour calculated with respect to neat moulded PLA.

3.7.  Effect of water soaking on mechanical and thermomechanical properties

This section summarizes the findings of the changes observed in the PLA composites due to their saturation with water. It is well-
known that moisture absorption plays a crucial role in the behaviour of PLA-lignocellulose composites. PLA is hydrophobic, while
lignocellulosic materials are inherently hydrophilic, leading to increased water absorption when the composites are subjected to humid
conditions. This water absorption can cause plasticization effects, reducing the glass transition temperature (Tg) and subsequently
increasing the mobility of the polymer chains within the composite matrix, thus altering viscoelastic and mechanical properties [80-82].
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Furthermore, it has been reported that water can lead to the formation of microcracks, which might also impact DMA results by altering
storage and loss moduli [80,82].

Additionally, the exposure to humidity can modify the interfacial adhesion between the PLA matrix and the lignocellulosic fibres.
This can lead to differences in the stress-strain responses of the samples upon re-drying, as the loss of moisture may cause the fillers to
swell and re-adhere differently within the polymer matrix [28], resulting in partial debonding. However, Bazan et al. performed these
studies with coconut and flax fibres, and despite the increase in water uptake and the swelling observed, no change in the mechanical
properties of the composite was found, probably because of the high stability of the HDPE matrix [83]. Due to the hydrolytic degradation
route of PLA, these assays might provide interesting insights into such composites when subjected to humid environments, such as
packaging, construction, or agricultural applications [84-87].

From tensile and flexural testing (Figure 14), it was observed that the most significant differences in mechanical performance of
composites are observed in the ultimate tensile strength, which is reduced by around half after degradation in water. This result is in
line with the findings of similar studies on the effect of water ageing on the mechanical performance of Kenaf/PLA biocomposites, where
reductions of up to 49.86 % were reported [88]. In terms of elastic moduli, although they also decrease, the drops are not as dramatic.
Thus, the stiffness is only slightly affected in the re-dried specimens, except for the flexural stress, particularly in the case of composites
with 40 % filler content. The most significant effect on ultimate tensile strain occurs in the series with low and medium filler content.
Meanwhile, when subjected to bending stresses, the maximum strain reached by the water-degraded parts remains close to the initial
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Figure 14. a) Tensile and b) flexural properties for original (solid lines and bars) and water-saturated (dashed lines and bars) materials.

From DMTA, noticeable differences for untreated, humid, and re-dried samples of PLA-lignocellulose composites are likely due to
the interplay of moisture absorption affecting physical properties, the mechanical integrity and behaviour influenced by fibre-matrix
interaction, and changes in polymer chain mobility under varying conditions. Hydrolitic degradation mechanisms are likely to be
accelerated due to the biomass incorporation, as previously found in degradation testing [89,90]. This was confirmed by the lower
viscosity determined for all sample series (data not shown). From the dynamic mechanical analysis of the moulded, water-saturated and
re-dried samples, the storage modulus (Figure S1), loss modulus (Figure S2) and tan 8 (Figure S3) plots were obtained and are shown in
the supplementary material. In addition, the key results from these tests are summarised in Table 3.

Looking at the storage modulus curves, as expected, it is shown that the stiffer materials are those that have not been subjected to
wet degradation. After water immersion and reconditioning, the PLA.S10 and PLA.S20 series exhibit the most pronounced drop in
stiffness, with reductions in elastic energy storage of nearly 40%. In contrast, the PLA.F5 series recovers its full stiffness after drying, and
the PLA.F20 series achieves a behaviour comparable to that of the original sample. When analysing the tests on wet specimens, the
influence of water uptake on the integrity and performance of the samples below their freezing point (0°C) can be clearly discerned.
Once room temperature is reached and the absorbed water is in a liquid state, the storage modulus of the composites (above 5 % filler)
is about half of that achieved after re-drying. From the tan § plots, the damping reductions and the shift in glass transition temperature
experienced by the material under the three conditions of use studied can be ascertained. The reduction of the damping factor in the
glassy region of the soaked and dried samples, compared to neat moulded PLA, varies with the amount of filler, from 24-25 % for the
lowest filler ratio to 62-64 % for the highest ratio composites. Regarding the glass transition temperature, determined from the peak of
tan 8, small variations of up to 4.7°C above are observed for PLA.S20, albeit with no discernible trend or pattern.

The composites’ brittleness values, calculated from the elongation at break and storage modulus at room temperature, show that all
reconditioned formulations become more brittle due to moisture absorption. Meanwhile, the higher C-factor in water-degraded fibrous
materials indicates less effective reinforcement, which is related to the higher moisture uptake of this series with a higher aspect ratio
filler. This is probably due to the debonding at the fibre-matrix interface that occurs after swelling (water absorption) and subsequent
shrinkage (drying) of the fibres and a possible filler pull-out [83,91].

In summary, it was observed that, in the transition from wet to dried samples, a partially recovery of properties was obtained, which
means that the original PLA structure tends to re-establish, although not entirely; some permanent changes are found due to degradation
processes that might have occurred during water exposure [82,84]. The mechanical and thermo-mechanical responses found in PLA-
Arundo composites, under water degradation conditions, suggest a versatile material capable of being employed in various industries,
including packaging, automotive, construction, agriculture and consumer products. The overall performance of all materials tested after
water-soaking and re-drying is far from catastrophic failure in the short term and demonstrates their viability to withstand medium loads
even after saturation with water.
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From an aesthetic point of view, water-degraded composites are lighter in colour and tend to yellow when using shredded biomass
fillers (Figure 15). The increase in opacity for all formulations is especially noticeable in composites with lower filler content. The shift
towards lighter colour and higher opacity in the water-soaked composites is usually due to changes in the matrix phase or in the bonding
interface, as a result of increased crystallinity or the presence of microvoids caused by degradation in water, respectively [92].

Figure 15. Injection moulded and water-degraded composite samples.
4. Conclusions

The urgent need to address the environmental challenges posed by conventional plastics has catalysed a shift towards biopolymers
and sustainable materials. The incorporation of renewable resources like Arundo Donax plant fillers into biopolymer composites,
particularly PLA, enhances their mechanical properties while promoting ecological sustainability. This path not only mitigate plastic
waste but also contributes to a circular economy by effectively utilizing agricultural by-products and reducing environmental footprints.
This study successfully explored the use of two different types of lignocellulosic fillers from giant reed, namely stem fibres and shredded
plant specimens, in a PLA matrix, assessing their performance, particularly in water contact applications, and evaluating how these
materials' properties change due to increased hydrophilicity resulting from filler incorporation.

FTIR spectra show that adding Arundo fillers has little effect on the chemical structure of composite materials, which remain similar
to neat PLA. However, the rheological behaviour changes significantly depending on the type and amount of filler used; low fibre loading
improves flow, while high loading creates jamming effects. Oscillatory rheometry might not be the most accurate technique to evaluate
the rheological behaviour of these composites, due to the size of the fillers (both particles and fibres) and the low viscosity of the matrix.
MEFTI analysis indicates that 40 % filler significantly reduces flowability, which affects processing. Additionally, thermal analyses show
that the lignocellulosic content has a slight influence on the degradation temperatures, maintaining thermal stability, suitable for
injection moulding, with the onset of degradation above 300°C.

Composites made with 10 % and 20 % reed fibre and 10 % shredded biomass show the best mechanical performance, matching the
tensile and flexural strength of the PLA matrix, improving stiffness and impact resistance while slightly reducing hardness. Using higher
ratios of fibre (40 %) boosts stiffness and impact strength but reduces deformability due to weaker adhesion and brittleness, which lowers
ultimate strength. MicroCT imaging showed uniform filler distribution and generally low porosity. Higher lignocellulosic loading,
especially with fibres, leads to higher water absorption, while increased surface roughness due to higher filler content reduces wettability.

The investigation found that water exposure significantly reduced the tensile strength of giant reed composites by about half,
although changes in elastic moduli were less severe. Although some properties were partially recovered when the samples were
reconditioned from wet to dry state, some permanent changes occurred evidencing some hydrolytic degradation. In summary, the
responses of PLA-Arundo composites suggest that they can be effective in various industries and withstand medium loads even after being
saturated with water. Future studies should explore long-term aging and cyclic wetting and drying effects for a comprehensive
understanding of material performance.
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Figure S1. Storage modulus (E’) of moulded, water-saturated and re-dried samples of each material formulation.
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Figure S2. Loss modulus (E”) of moulded, water-saturated and re-dried samples of each material formulation.
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OUTLOOK

7.1. CONCLUSIONS

This thesis presents the first in-depth analysis of Arundo donax composites with
HDPE and PLA matrices processed via injection moulding, rotational moulding and
compression moulding, which includes not only their mechanical, thermal or
rheological analysis, but also their recyclability and biodegradability assessment.
Arundo donaxhas been demonstrated as a promising sustainable reinforcement for
polymer composites. Giant reed is a fast-growing, renewable, and widely available
biomass, especially in regions like the Canary Islands and other arid regions, due to
its low requirements and good adaptability. The work performed contributes new
data to support the use of invasive plant biomass in the circular bioeconomy.

A specific methodology has been proposed to obtain high aspect ratio good quality
fibres from giant reed, based on a chemo-mechanical procedure. This process yields
giant reed fibres account with a high cellulose content (up to 70 %), favourable
thermal stability (>230 °C), and competitive mechanical properties (tensile strength
~900 MPa, modulus ~45 GPa), comparable to commercial natural fibres such as jute
or flax.

It has been proved that fibre morphology and processing play a critical role in
composite performance. Rheological behaviour, thermal stability, crystallinity, and
interfacial adhesion are all influenced by filler morphology and content.

From the analysis of fibre lengths during processing and reprocessing, it was found
that the mechanical processing (twin-screw extrusion) significantly reduces the fibre
length during compounding, especially in the first kneading zones of extrusion.
Despite this, processed fibres maintain sufficient aspect ratios to act as effective
reinforcements, even after several cycles of reprocessing.

Fibre-based composites consistently outperform those using shredded plant
material, particularly in stiffness and thermal properties, due to their better thermal
stability because of the reduced hemicellulose content and also to their high aspect
ratio.

HDPE-based Arundo composites show improved mechanical and thermal properties
compared to the neat matrix. For instance, tensile modulus increased by up to 78 %
with 20 % fibre loading. Similarly, composites exhibited better dimensional and
thermal stability, evidenced by increased HDT and decreased thermal expansion
coefficients. These enhancements suggest applications in technical packaging,
automotive interiors, and structural panels.

Arundo-HDPE composites are recyclable with minimal performance loss. Fibrous
HDPE composites retained over 80 % of their original tensile strength after multiple
recycling cycles. These showed increased stiffness and maintained thermal stability
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after five cycles of reprocessing. The use of Arundo may contribute antioxidant
properties, improving oxidation resistance and enabling closed-loop recycling
scenarios.

Arundo-PLA composites offer fully biobased, biodegradable alternatives. Injection-
moulded composites with 10 - 20 % fibre content showed optimal balance between
stiffness and toughness.

Biodisintegration of giant reed composites under composting conditions was faster
and more effective than neat PLA, especially under home composting settings, due
to the higher water absorption of composites, which favours the hydrolytic
degradation route of the biopolymer.

Water absorption is higher for fibre-filled PLA, due to the higher surface area of the
fibres compared to the shredded particles. Water absorption results in reduced
mechanical performance, although this can partially recover after re-drying.
Composite performance depends on filler type, content, and processing: fibre-filled
composites generally outperformed particle-filled ones due to higher aspect ratios
and better stress transfer. This does not preclude the use of shredded Arundo as a
reinforcement phase in polymer composites, as it provides acceptable mechanical
performance that could be considered as a more cost-effective and less resource-
intensive alternative for certain applications.

Finally, the industrial potential of the produced composites results evidence from the
performance they exhibit, although further studies are still needed. Applications
might include packaging, agriculture, consumer goods, and construction materials.
For instance, complete life cycle assessments (LCA) should be performed to
accurately determine the potential benefit of obtained composites. Some other
areas of exploration are the industrial-scale recycling, and the durability of
composites under UV or saline environments.
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7.2. FUTURE RESEARCH LINES

As a result of the work conducted to date, some new paths arise to continue developing the
work. Different possibilities can be followed to maximize the use of this natural resource,
Arundo donaxL., as a source of renewable eco-friendly material:

- Preparation of composites with biobased materials, such as PHA/PHB or PBS. An
exploration of these materials into film extrusion, blow moulding and thermoforming
systems should be conducted, aiming at producing materials for packaging
applications.

- Madification of the fibres and derived-biomass from reed, in order to enhance the
compatibility of the polymer matrix and the biomass and obtain tailored
performance to the applications. In this point, it is interesting to clarify that no
modifications were conducted in this work in order to reduce the environmental
footprint of the composites, due to the huge amount of water required for such
modifications. However, a comprehensive LCA should be accomplished to establish
the actual benefits on the use of such biomass into the composites sector.

- Complete the analysis of the performance of the composites by analysing their
acoustic properties and their behaviour under fire events, factors which are crucial
for the use of such materials into design, furniture and greening of interior spaces,
following the principles of Kansei engineering.

- Explore further alternatives to the use of the biomass, such as the separation of
lignin to produce the so-called transparent wood or fire-retardant additives.

- Establishment of an integrated cascade approach for maximizing the use of the
biomass derived from the reed, including the potential production of bioplastics
from the carbohydrates (sugar and starch) present in the plant naturally.

- Expand the extent of the recyclability assays to ensure its viability at long cycle times.
This should include the study of the aging behaviour of the composites compared to
the neat matrices; the incorporation of the raw reed, with extractives and
polyphenols could provide a stabilizing effect on the composite against reprocessing
and also against UV radiation.

- Complete and deep ageing testing on obtained composites, both with the HDPE and
the PLA matrices, under UV-radiation and hydrothermal cycles, in order to define the
durability of the composites under service conditions. Of particular interest would
be the analysis of the degradation behaviour of the composites under saline
atmosphere, as well as the biodegradation analysis of PLA composites in marine
environments.

- Settle a value chain across the valorisation of Arundo-derived biomass, which
considers the environmental, social and economic impacts from the entire
processing, from harvesting to end of life of products, establishing a range of
different applications.
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